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Irregular Rupture Evolution During the Large/Great Earthquakes:

Resolved by High-Frequency Radiation Sources and Co-seismic Slip

Distribution

Abstract

Earthquake is a dynamic shear rupture on a fault surface. Detailed imaging by using

the real seismic waveforms is crucial to understand diverse rupture evolution during an

earthquake. Waveform backprojection (BP) has been used for unwrapping the hidden

irregularity of the rupture-front propagation during the large and great earthquakes

by tracking the spatiotemporal locations of the high-frequency radiation sources. Such

advances in our capability of rupture imaging have been made by the BP’s applicability

to the high-frequency waveforms since high-frequency radiation is induced by the sudden

change of the rupture-front propagation. However, the causality of the irregular rupture

propagation and the high-frequency radiation has been still unclear due to the limited

resolution of the BP image. Furthermore, the BP image has a possible bias, which

may be critical for evaluating the widely-accepted idea of the depth-dependent rupture

segmentation of the subduction zone.

This dissertation is devoted to exploring the causal relationship between the high-

frequency radiation and the irregular rupture propagation, by focusing on examining

the role of barrier in a fault system, which is thought as the main cause of rupture

irregularity. Rupture processes of the MW 7.9 2008 Wenchuan, China and the MW

8.3 2015 Illapel, Chile, earthquakes are studied by using a hybrid backprojection (HBP)

method; a variant of the BP techniques that enhances the image resolution. The analyses

of these earthquakes highlight the significant role of the two end-members of the barriers;
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geometric and inhomogeneous barriers, which are characteristics of the fault system

of the inland and subduction zone earthquakes, respectively. Intense high-frequency

radiations and the scattering of slip vectors are observed at the geometric barriers (fault-

segment boundaries), suggesting that the rupture propagation is decelerated, and the

resultant stress concentration may trigger and accelerate the subsequent rupture across

the barrier. We also show that the inhomogeneous barrier (heterogeneity of fault strength

without obvious geometrical discontinuity), also controls the irregular rupturing paths

in a manner of avoiding the barrier, resulting in up- and down-dip-zigzagging migration

of the rupture front.

The latter half of this dissertation is assigned to the review of the mathematical

expressions and the clarification of the meaning of the BP and HBP images, revealing

that the signal intensity of the BP and HBP images is proportional to the amplitude of

the Green’s function, which results in the signal intensity being depth dependent and not

directly comparable to the slip motion. Thus, the BP and HBP images are inherently

biased when they are used for discussing slip motion, and the widely-accepted idea of the

depth-dependent rupture property of the subduction zone megathrust earthquakes may

not be valid. In order to relate the BP and HBP images to slip motion on a fault surface,

the variant BP techniques, called kinematic BP and HBP methods, are proposed. The

original BP and HBP images remain useful for assessing the spatiotemporal strength of

the wave radiation, which is related to the amplitude of the Green’s function, whereas

the kinematic BP and HBP methods are suitable for imaging the slip motion that is

responsible for the high-frequency radiation produced during the rupture process.

Keywords: Earthquake rupture, Rupture irregularity, High-frequency radiation, Uncer-

tainty in source imaging, Backprojection, Waveform inversion
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1 | General introduction

Earthquake is one of the intense geophysical phenomena, which can be described as a

dynamic shear rupture along the fault interface (e.g., Aki and Richards, 2002). Resolving

the spatial and temporal evolution of the earthquake rupture in detail with observation

data has long been an endeavor since 1970s (e.g., Trifunac, 1974). One principal tool

for rigorous imaging of the earthquake rupture is waveform inversion (e.g., Olson and

Apsel, 1982; Hartzell and Heaton, 1983; Ji et al., 2002; Yagi and Fukahata, 2011a).

It resolves the spatiotemporal dislocation of fault (slip) in a finite parametric model

space, by sufficiently reproducing the observed waveforms at the Earth’s surface. The

waveform inversion has widely been used to prove the heterogeneous distribution of slip

(e.g., Beroza and Spudich, 1988), and the kinematic information drawn from the data

has been indispensable for evaluation of the dynamic simulation of earthquake rupture

and the laboratory experiments (e.g., Quin, 1990; Miyatake, 1992; Okubo and Dieterich,

1984).

However, in practice, the waveform inversion suffers from the non-uniqueness of the

resultant slip distribution. The slip model of an earthquake is often different from the

ones obtained from the different researches and different inversion schemes (Beresnev,

2003; Mai et al., 2017). The inversion procedure requires the modeling constraints for

adequately representing the slip in a finite model space and stabilize the solution; for

example, rupture extents, rupture velocity, slip function on a discretized source node,

and the Green’s function. The inappropriate selection of such constraints often violates

the inversion solution and makes it non-unique, and especially, the uncertainty of the

Green’s function is the main source of modeling error (Yagi and Fukahata, 2011a). Due

to our insufficient knowledge of the Earth’s interior, it is basically difficult to rigorously
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represent the Green’s function; a response due to an internal force (unit slip along the

fault) to a receiver (station on an Earth’s surface). Introducing the uncertainty of the

Green’s function into the data covariance matrix has been the fundamental utilization in

the inversion scheme for mitigating the effects of the uncertainty of the Green’s function

(Yagi and Fukahata, 2011a; Minson et al., 2013; Duputel et al., 2014).

Due to the inevitable requirement for the adequate reproduction of waveforms in

the source inversion, however, the frequency range where the waveform inversion can

be applied is limited to the low frequency (e.g., Okuwaki et al., 2014). According to

the theoretical studies, the higher-frequency waves (above 1 Hz) are generated by the

abrupt change of the rupture-front velocity and/or slip rate (Madariaga, 1977; Bernard

and Madariaga, 1984; Spudich and Frazer, 1984; Madariaga et al., 2006; Beresnev, 2017),

which is a key phenomenon to understand the detailed and complex rupture evolution

that may not be well captured by using the waveform inversion. Thus, tracking when,

where, and how the high-frequency waves are radiated from the source region during the

earthquake should be critical for the more detailed, finer-scale imaging of the earthquake

rupture process.

To overcome the difficulty in handling the higher-frequency waveforms, and to clarify

more detailed rupture evolution, waveform backprojection (BP) (Ishii et al., 2005, 2007)

has been a strong tool for the last 15 years in the source-imaging community. For the BP

method, imaging the spatiotemporal evolution of the high-frequency sources is made by

just staking (summing) the observed waveforms that are shifted by the theoretical travel

times of the possible source locations. Based on the relative strength of the coherency

of the stacked waveforms, the spatiotemporal location of the wave-radiation sources can

be obtained, which is often referred to the similar idea of the computerized tomography

(CT) scanning in the medical field. With the prominent feature of the BP method that

does not need to reproduce observed waveforms, the BP can be applied to the higher-

frequency waveforms. After the successful application to the MW 9.2 2004 Sumatra-

Andaman earthquake (Ishii et al., 2005), the BP has been useful for easy-estimate of the

spatiotemporal evolution of earthquake rupture, which has been overlooked by analyses
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of low-frequency waveforms by kinematic source inversion alone, including, for example,

irregular rupture migration within the complex fault system (e.g., Uchide et al., 2013;

Okuwaki and Yagi, 2018), cascade evolution of asperity ruptures (e.g., Okuwaki et al.,

2014, 2016), triggering of very early aftershocks (e.g., Kiser and Ishii, 2013; Fan and

Shearer, 2016), multiple branching ruptures (e.g., Meng et al., 2012b; Fan et al., 2016),

frequency-dependent wave radiation of subduction zone megathrust earthquakes (e.g.,

Kiser and Ishii, 2011; Yao et al., 2013; Satriano et al., 2014; Yin et al., 2016), and

mechanisms of deep earthquakes (Suzuki and Yagi, 2011; Kiser et al., 2011; Ye et al.,

2013).

Following the development of the BP method, a hybrid BP (HBP) method has been

proposed by Yagi et al. (2012a). The HBP method improves the original BP method

by mitigating the dummy imaging of the depth phases (pP and sP phases), which

distorts the temporal distribution of the high-frequency radiation (Yagi et al., 2012a;

Okuwaki et al., 2014), by introducing the cross-correlation function between the observed

waveforms and theoretical Green’s function (a detailed description of the HBP method

is appeared on chapter 3). The HBP method can be applied to the globally observed

stations that cover the large variation of the radiation pattern, which improves the

spatial resolution of projected image upon the original BP image.

The series of development of the BP techniques has made it possible to track the

high-frequency radiation sources, and opened a window into the extreme complexity

of the earthquake rupture process (e.g., Meng et al., 2012b). However, clarifying the

deterministic relationship between the high-frequency radiation and the irregularity in

rupture propagation is still left unsettled in the observational side. One critical factor

that controls the rupture irregularity is barrier. The barrier is the geometrical and/or

mechanical discontinuity of the strength of the fault (e.g., Aki, 1979), but its role on the

rupture irregularity is not well captured in the observations, even by the BP method. In

the chapter 2, we tackled on this problem. We further developed the HBP technique, in

which we explicitly assumed the complex geometry of the fault segments and allowed the

spatiotemporal variation of the rake angle, which make it possible to connect the irregular
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rupture evolution and the geometrical discontinuity of the fault system. We clarified the

deterministic relationship between the rupture irregularity and the geometric barriers

through the application of the refined HBP method (Yagi et al., 2012a; Okuwaki et al.,

2014) to the MW 7.9 2008 Wenchuan, China, earthquake. We also tried to clarify

the role of the inhomogeneous barrier, which is another end-member of the barrier of

spatial heterogeneity of strength without obvious geometric discontinuity of fault system.

We analyzed the source process of the MW 8.3 2015 Illapel, Chile, earthquake, with

the integrated use of the HBP method and the waveform inversion, by evaluating the

migration of the high-frequency sources within the smooth slip area and the region of

the dense, swarm earthquake, which may work as the inhomogeneous barrier.

Uncertainty in the BP image is another fundamental problem in earthquake source

imaging, that is left unsolved. As introduced above, there are plenty of studies that

documented the source evolution related to the high-frequency radiation. The easiness

of computation and the robustness of the result are enough for making the BP method so

popular in the earthquake source imaging community, and today, the BP method is even

utilized as the automatic routine of estimating the rupture extent of large earthquakes

(Incorporated Research Institutions for Seismology Data Services Products: BackProjec-

tion; https://ds.iris.edu/ds/products/backprojection/). However, behind such

a popularity of the BP method, the physical meaning of the BP image and the theoret-

ical background of the BP method, that are essential bases for discussing the rupture

property through the BP image, are still ambiguous. The accumulation of the BP ob-

servations in the last decade has been used to deduce the well-known idea of the rupture

segmentation along depth of the subduction zone (e.g., Lay et al., 2012), together with

the comparison of the co-seismic slip distribution resolved by the waveform inversion.

Based on the spatial relationship of the intense high-frequency sources located along the

down-dip part of the large slip zone, the depth-dependent rupture property has been

proposed in the subduction zone megathrust earthquakes. However, we have little basis

of the theoretical background and/or uncertainty of the BP method, which can be used

to evaluate the idea of the rupture segmentation. In the last five years, kicked off by

4
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the pioneering study of Fukahata et al. (2014), clarifying the theoretical background of

the BP method and the hidden uncertainty/bias in the BP image has been an active

research field in the source imaging community (e.g., Meng et al., 2016; Fan and Shearer,

2017). In chapter 3, we clarified the theoretical background of the BP and HBP methods,

and found that the BP and HBP images have inherent depth-dependent bias. Plus, we

proposed the variants of the BP and HBP methods that suppress the depth-dependent

bias, which may provide the more intuitive view of the earthquake rupture process, that

is consistent with the theoretical knowledge of the high-frequency radiation.

The deterministic relationship between the irregularity of earthquake rupture and the

geometric/inhomogeneous barriers would provide the better constraints for the hazard

assessment of future large earthquakes, since the resonant frequencies of buildings lie in

the frequency band for the high-frequency waves applied in this thesis (Clinton, 2006;

Snieder and Şafak, 2006; Kohler et al., 2007). Observational basis for the relationship be-

tween rupture irregularity and the barriers may highlight the importance for integration

of the seismological data with the different types of observation in a wide scale range,

such as geological and geodetic information including the satellite images, which may

provide primary sources for the barrier or extrinsic factor that controlls the complex

earthquake-rupture propagation. Irregular, complex rupture evolution, in the various

tectonic settings (e.g., intraslab and oceanic transform fault; Okuwaki and Yagi, 2017;

Hicks et al., In prep.; Okuwaki et al., In prep.), has been recently reported from the

works using the newly developed waveform inversion (Shimizu et al., In prep.). Bet-

ter imaging techniques for the high-frequency waveforms developed in this thesis, will

be used for evaluating such independent findings in a various tectonic settings for the

unified understanding of the earthquake source physics.
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2 | Barriers and rupture irregularity

How an earthquake rupture evolves; including nucleation, acceleration, deceleration

and/or termination are fundamental questions in earthquake source physics. The idea

of barrier (Das and Aki, 1977; Aki, 1979) is one of the critical factors for answering

these questions. In this chapter, we show that two types of barrier; geometric barrier

and inhomogeneous barrier (Fig. 2.1), should play a key role on controlling the irregular

rupture evolution, through the detailed analyses of the MW 7.9 2008 Wenchuan, China

and the MW 8.3 2015 Illapel, Chile, earthquakes.

Figure 2.1 Schematic figure of the (a) geometric and (b) inhomogeneous barriers. (a)
Colored rectangles represent the fault segments. (b) Color shows the inter-
seismic coupling of the plate boundary. Dense pinkish areas and dots are
the possible large slip areas and small patches of slip (earthquake swarms).
Inhomogeneous barrier is denoted as the region outlined by dashed line.
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2.1 | Geometric barrier

It is known that an earthquake fault has a geometric complexity and discontinuity in a

wide scale range in nature referred to as barrier (Aki, 1979; King and Nábělek, 1985;

Wesnousky, 2008), including steps and jogs that leads to the rupture irregularity when

the rupture front encounters the spot where the material strength is greater than the

regional-tectonic stress, and/or due to the dynamic-stress disturbance (Aki, 1979; Das

and Aki, 1977; Kase and Day, 2006). Abrupt changes of slip velocity and/or rupture

velocity are induced and the high-frequency waves are enhanced by such irregularities

according to the theoretical studies of the earthquake rupture (Madariaga, 1977; Bernard

and Madariaga, 1984; Spudich and Frazer, 1984; Madariaga et al., 2006). Considering

the resonant frequency of buildings, where and how the high-frequency waves are radi-

ated are the center of concern for both the seismologists and engineers (Clinton, 2006;

Snieder and Şafak, 2006; Kohler et al., 2007). Particularly because many earthquakes

in dense-populated inland areas involve geometric complexity in their fault systems

(Sekiguchi, 2000; Wright et al., 2001; Michel and Avouac, 2002; Xu et al., 2009a), as-

sessing the generation mechanism of high-frequency waves along these fault systems in

detail may provide valuable information about rupture evolution that can be used to

mitigate future-earthquake hazard.

In 1990s, envelope inversion has been developed for analysis of the the high-frequency

waveforms (e.g., Gusev and Pavlov, 1991; Zeng et al., 1993; Kakehi and Irikura, 1996).

The envelope inversion utilizes to fit the observed and computed envelope of the high-

frequency seismograms, instead of fully reproducing the complex phases of the high-

frequency waveforms in the conventional waveform inversion. The detailed source process

associated with the generation of high-frequency waves has been investigated by using the

envelope inversion. For example during the 1995 Kobe, Japan, earthquake, Kakehi et al.

(1996) found that the high-frequency wave sources were located around the step over

of the fault system, which was interpreted as the step over acted as a geometric barrier

and the high-frequency waves were emitted when the rupture from jumped across the

barrier. The complementary distribution of the high-frequency sources and the inverted
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slip distribution inferred by using the low-frequency waveforms has also found for the

MW 7.1 1989 Loma Prieta, California, earthquake Zeng et al. (1993) and the MW 7.6

1993 Kushiro-oki, Japan, earthquake Kakehi and Irikura (1996). However, as reviewed

in detail by Nakahara (2008), this complementarity is not always true, but sometimes

the high-frequency sources and the large slip area collocated (e.g., the MW 7.7 1993

Hokkaido Nansei-oki, Japan, earthquake (Kakehi and Irikura, 1997) and the MS 7.1

1994 Northridge, California, earthquake (Hartzell et al., 1996)), which may partly be

resulted from the insufficient spatial resolution of the envelope inversion (e.g., Kakehi

and Irikura, 1997).

Following the developments of the envelope inversion, Backprojection (BP) techniques

were first applied to the great 2004 Sumatra-Andaman earthquake (Krüger and Ohrn-

berger, 2005; Ishii et al., 2005), and have since made it possible to track sources of

the high-frequency waves. Further developments of BP techniques have uncovered the

hidden-rupture images of earthquake rupture that had previously been difficult to resolve

by the kinematic waveform inversion alone, for example, multiple branching ruptures and

the triggering of asperity ruptures (e.g., Meng et al., 2012b; Fan et al., 2016; Allmann

and Shearer, 2007). Enhancement of the spatial resolution of the projected image by

adopting the globally observed stations, not limited to the arrays, with good azimuthal

coverage (Walker et al., 2005; Allmann and Shearer, 2007; Yagi et al., 2012a; Okuwaki

et al., 2014; Fan and Shearer, 2015) is another advance for the observation of high-

frequency radiation. It has become available for discussion of the relationship between

the high-frequency-enhanced rupture evolution and the geometric complexity of the fault

system by the integrated analysis of the BP method and the waveform inversion (e.g.,

Uchide et al., 2013). However due to the limited resolution in depth of the BP method

(e.g., Xu et al., 2009b), it has been difficult to image sources of high-frequency waves

that are possibly extending to deeper part of fault. Besides, the spatiotemporal variation

of focal mechanism, related to the geometric feature of the fault system, is not explicitly

taken into account by the BP method, and may not be well enough resolved so that we

could discuss the role of geometric barrier on the rupture evolution. The Hybrid BP
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(HBP) method (Yagi et al., 2012a; Okuwaki et al., 2014); a variant of the BP methods,

ensures better resolution at depth by using the differences of travel times and phase

amplitudes between the P -phase and depth phases (pP and sP ), extracted by cross

correlation of observed waveforms with the theoretically computed Green’s functions.

An explicit use of the Green’s functions enables us to assume fault geometry, and the

HBP method can then be used to assess how fault geometry is related to the emission

of high-frequency waves, and to irregular rupture propagation.

2.1.1 The 2008 Wenchuan, China, earthquake

The MW 7.9 2008 Wenchuan, China, earthquake is knows as the earthquake involves

the distinguished surface ruptures revealed by the analyses of the Global Positioning

System (GPS) and interferometric synthetic aperture radar (InSAR) data, suggesting

that co-seismic rupture propagated along a multi-segment fault system characterized by

steps and sub-parallel faults (Xu et al., 2009a; Hashimoto et al., 2010; Fielding et al.,

2013; Wan et al., 2017) (Fig. 2.2). Thus, the 2008 Wenchuan earthquake should be

one of the notable research subjects for investigating the relationship between geometric

complexity in a fault system and irregular rupture propagation by analysis of high-

frequency waveforms. The mapped-surface ruptures of the 2008 Wenchuan earthquake

generally trend northeast along the Longmen Shan thrust belt, which lies along the

eastern margin of the Tibetan Plateau in an area where the elevation of the land rises

steeply westward from 500 m to more than 4000 m above the Sichuan basin (Burchfiel

et al., 2008). Focal mechanisms of relocated aftershocks and seismic reflection data have

shown that the fault dipping steepens from southwest to northeast of the epicenter (Yu

et al., 2010; Hubbard and Shaw, 2009; Hubbard et al., 2010). A notable feature of

the fault system is that both the southern Beichuan fault (SBF) segment and the sub-

parallel Pengguan segment are cut by the Xiaoyudong fault (XDF), a small, vertical tear

fault that strikes roughly perpendicular to the Beichuan and Pengguan fault segments

(Liu-Zeng et al., 2012) and works as a kink for both of them (Fig. 2.2). The XDF has

attracted the attention of seismologists because of its possible role in irregular rupture

10



Figure 2.2 Summary plots of the study area, model setting, and data used in this chapter
(a) Star denotes the epicenter. Black dots are the relocated aftershocks (Yu
et al., 2010). Beach ball represents the Global Centroid Moment Tensor solu-
tion (http://www.globalcmt.org, last accessed on August 12, 2017). White
and green circles are the locations of surface ruptures along the Beichuan-
Pengguan segments and the XDF, respectively, (Xu et al., 2009a). Blue and
red rectangles are the presumed fault segments used as the model-fault planes
in this study (SBF, south Beichuan fault; SCBF, south-central Beichuan fault;
NCBF, north-central Beichuan fault; NBF, north Beichuan fault; SPF, south
Pengguan fault; and NPF, north Pengguan fault). Gray lines represent the
shallowest edge of each fault segment. The 2010 Global Multi-resolution
Terrain Elevation Data 7.5-arcsecond spaced mean elevations (Danielson and
Gesch, 2011) is used for the background topography. Inset shows the study
area of (a). (b) Three-dimensional view of the model-fault segments. The
Beichuan and the Pengguan segments are represented by blue and red lines.
Star denotes the hypocenter. White and green circles show the measurement
points where the surface rupture was observed along the Beichuan-Pengguan
segments and the XDF segment (Xu et al., 2009a). (c) Station distribution
(triangles). The star marks the epicenter, and the gray circles denote the
epicentral distances of 30◦ and 90◦.
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propagation along the fault system (e.g., Hartzell et al., 2013).

The co-seismic slip patterns of the 2008 Wenchuan earthquake have been proposed

in numerous seismic source models constructed by solely or jointly inverting the seismic

waveforms observed at teleseismic or near-field distances, the GPS data, and the InSAR

data (Shen et al., 2009; Yagi et al., 2012b; Fielding et al., 2013; Hartzell et al., 2013),

and the common knowledge drawn from these studies are the almost unilateral rupture

propagation towards northeast involving several sub-patches of large slip and the variable

slip motions generally rotating from reverse to right-lateral faulting as rupture front

propagates northeast from the epicenter. The BP studies using the high-frequency (∼1

Hz) teleseismic P waveforms (Xu et al., 2009b; Zhang and Ge, 2010) have also shown

that the rupture propagated almost unilaterally toward northeast with the average speed

of 2.8 to 3.0 km/s, which is consistent with the inverted slip models using the low-

frequency waveforms, and pointed out that there are several bursts of high-frequency

wave radiation that coincide with the areas suffering severe damages (Xu et al., 2009b).

However, because the BP images are only projected at the surface and have insufficient

resolution along the dip directions, evaluations of high-frequency wave radiations in a

context of the complex fault geometry have yet been done.

Here we estimate a spatiotemporal distribution of high-frequency wave radiators by

using the globally observed teleseismic P waveforms of the 2008 Wenchuan earthquake,

and discuss a role of geometric barriers along the fault system that controls the irregular

rupture evolution.

2.1.2 Model faults for the 2008 Wenchuan earthquake

We covered a possible source region of the Beichuan fault and its sub-parallel, Peng-

guan fault with seven rectangular fault segments composed of discretized source nodes

with spatial intervals of 2 km × 2 km along the strike and dip directions to ensure

the sufficient-spatial resolution of the HBP method (Fig. 2.2 and Table 2.1). Each

fault segment is arranged to trace the surface ruptures mapped by the filed surveys

(Xu et al., 2009a) and the geodetic measurements of the SAR pixel offsets (Field-
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Table 2.1 Geometric parameters of fault segments for the 2008 Wenchuan earthquake.
Segment Strike (◦) Dip (◦) Length (km) Width (km)
SBF 221 45 130 42
SCBF 224 54 28 42
NCBF 224 54 66 42
NBF 230 70 114 42
SPF 223 34 66 42
NPF 223 34 80 42

ing et al., 2013). The selection of the dip angle and the depth-extent for each fault

segment is guided by the focal mechanisms of the relocated aftershocks (Yu et al.,

2010) and the three-dimensional fault model constructed by using the seismic reflec-

tion and the surface geological data (Hubbard and Shaw, 2009; Hubbard et al., 2010).

Non-uniqueness of the assumption of the fault model is considered by using the sin-

gle monoplane fault model (Fig. 2.3), and we confirmed that the arbitrariness of the

geometrical-model setting does not affect the whole discussion presented in chapter

4. We did not include the XDF into the fault model since its length (∼7 km) (Liu-

Zeng et al., 2012) is close to the spatial resolution of the HBP method for the high-

frequency waveforms (Fig. 2.4). We adopted the epicenter (31.002◦N, 103.32◦E) deter-

mined by the U.S. Geological Survey, National Earthquake Information Center (https:

//earthquake.usgs.gov/earthquakes/eventpage/usp000g650). Hypocentral depth

was assumed to be on 15 km depth as the initial rupture point where the SBF and the

south Pengguan fault (SPF) intersect at that depth in our fault model.
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Figure 2.3 Caption next page.
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Figure 2.3 Alternative results by using monoplane-model fault. (a) Map showing the epi-
center (star), the relocated aftershocks (black dots) (Yu et al., 2010), locations
of surface ruptures along the Beichuan-Pengguan segments (white circles) and
the XDF (green circles) (Xu et al., 2009a), the monoplane model fault (thick
black rectangle) used for the validation of the main analyses (Fig. 2.5) and the
synthetic tests of the HBP method (Fig. 2.4), and the segmented model fault
(thin black rectangles; Fig. 2.2). The monoplane model fault was constructed
based on the fault geometry of the SBF (Table 1) with the length of 320 km
and the width of 42 km. Gray lines represent the shallowest edge of each fault
segment. Orange line is the projection line drawn from the epicenter along the
strike (221◦) direction, used for generating Figs. 3, S1d, S1e, S2c, and S2d.
Background topography is derived from 2010 Global Multi-resolution Terrain
Elevation Data 7.5-arcsecond spaced mean elevations (Danielson and Gesch,
2011). (b) Spatial distribution of high-frequency sources in a strike vs. depth
view. Background colors represent normalized signal intensities. Arrows show
rake angles, which for clarity are shown only on source cells for which signal
intensities are greater than 0.5. Green lines indicate the estimated location
of the XDF and the star marks the hypocenter. (c) Same as Fig. 2.3b, but
for the low-frequency result. (d) Colored circles indicate the spatiotemporal
distribution of locations of high-frequency (HF) signals along the monoplane
model fault. Color scheme is the same as in Fig. 2.5. For clarity, only sources
of normalized intensity greater than 0.3 are shown. The abscissae are dis-
tances from the epicenter along the strike (221◦) direction, and the ordinate
is an elapsed time from the hypocentral time. The estimated locations of the
XDF (green line) and reference rupture speeds (gray lines) are also shown. (e)
Same as Fig. 2.3d, but for the low-frequency (LF) result. (f) Distributions of
maximum, median, and mean values of signal intensity along the dip direction
of the monoplane model fault. The abscissae give distances along strike from
the left-bottom corner of the model fault, and the ordinate is a normalized
signal intensity. Cold and warm colors represent the high- and low-frequency
(HF and LF) results, respectively. The estimated locations of the XDF (green
lines) and the location of the hypocenter (gray dotted line) are also shown.
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Figure 2.4 Caption next page.
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Figure 2.4 Synthetic test of the HBP method. (a) Spatial distribution of high-frequency
sources in a strike vs. depth view. Background colors represent normal-
ized signal intensities. Arrows show rake angles, which for clarity are shown
only on source cells for which signal intensities are greater than 0.5. The
star marks the hypocenter. We generated synthetic waveforms with multiple
point sources depicted as white circles located along the monoplane model
fault presented in Fig. 2.3. Each point source has the uniform potency gen-
erated with the rise time of 0.25 s of the triangle slip-rate function, and we
assumed that each rise of the slip-rate function was triggered by the constant-
propagating rupture front at 3 km/s. The Green’s functions for generating the
synthetic waveforms were calculated as the same procedure for the HBP anal-
ysis adopted in this study. (b) Same as Fig. 2.4a, but for the low-frequency
result. (c) Colored circles indicate the spatiotemporal distribution of loca-
tions of high-frequency (HF) signals along the monoplane model fault. Color
scheme is the same as in Fig. 2.5. For clarity, only sources of normalized
intensity greater than 0.3 are shown. The abscissae are distances from the
epicenter along the strike (221◦) direction, and the ordinate is an elapsed time
from initial rupture time. The locations of synthetic point sources (gray cir-
cles) and the reference rupture speed at 3 km/s (gray line) are also shown.
(d) Same as Fig. 2.4c, but for the low-frequency (LF) result.
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2.1.3 Data processing for estimating the high- and low-frequency sources

We used 44 vertical-component P -waveforms of the 2008 Wenchuan earthquake, recorded

at the Global Seismograph Network (GSN) stations at teleseismic distances (between

30◦ and 90◦), downloaded through the Incorporated Research Institutions for Seismology

Data Management Center (IRIS DMC; Fig. 2.2c). We selected the data to ensure good

azimuthal coverage and sufficient signal to noise ratio. We manually picked the first

arrival of the P -phase on each waveform, and deconvolved the instrumental response to

velocity at a sampling rate of 0.05 s.

The spatiotemporal distribution of high- and low-frequency radiation sources were

obtained by solving the following equations:

cij(t, ϕk, δk, λk) = uj(t)×̂Gij(t, ϕk, δk, λk)√∫
u2

j(t)dt ·
√∫

G2
ij(t, ϕk, δk, λk)dt

, (2.1)

ri(t, ϕk, δk, λk) =
∑

j

aj|cij|
1
N · cij

|cij|
(t, ϕk, δk, λk), (2.2)

si(t) = max
k

|ri|N · ri

|ri|
(t, ϕk, δk, λk). (2.3)

First, we calculated the normalized cross correlation function cij of the observed wave-

form uj at jth station and the corresponding Green’s function Gij for each pair of jth

station and ith source node (eq. 2.1). ri is then calculated by stacking N -th root of

the cij for all the stations by preserving each sign of cij, where aj is a controlling factor

to prevent possible bias due to the station distribution (eq. 2.2). In this study, we

introduced components of focal mechanism k (strike ϕk, dip δk, and rake λk, defined

by Aki and Richards (2002)) on each source node for calculating Green’s functions, and

we finally obtained the signal intensity si at each source node that maximizes N -th

power of ri among the components of focal mechanism (eq. 2.3). Note that strike and

dip angles were fixed for each fault segment (Table 2.1), and the range of rake angle,

between 0◦ and 180◦ with an increment of 5◦, was constrained by geological surveys of
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Table 2.2 Near-source structure used to calculate Green’s functions for the 2008
Wenchuan earthquake.

VP VS Density Thickness
(km/s) (km/s) (103kg/cm3) (km)

4.50 2.51 2.45 4.50
5.00 2.88 2.54 2.00
6.10 3.53 2.74 11.35
6.50 3.71 2.83 12.76
6.90 3.93 2.92 21.35
8.02 4.46 3.31 0.00

the surface ruptures, which show that the reverse faulting is dominant in the vertical

off-sets (Xu et al., 2009a; Yu et al., 2010). Eqs. (2.2) and (2.3) represent the N -th root

stacking (N = 4) (Muirhead and Datt, 1976) to enhance the signal to noise ratio of the

cij. Green’s functions were computed based on the method of Kikuchi and Kanamori

(1991). The travel times, the geometrical spreading factors, and the ray parameters

were calculated with the ak135 model (Kennett et al., 1995), and the CRUST1.0 model

(Laske et al., 2013) was used to construct the near-source structure (Table 2.2) for cal-

culation of the Haskell propagator matrix in the Green’s function. High-frequency (0.5

to 2.0 Hz) and low-frequency (0.1 to 0.5 Hz) Butterworth bandpass filters were applied

to both the observed waveforms and the Green’s functions before cross correlation for

the high- and low-frequency analyses, respectively.

2.1.4 High-frequency sources

Our analysis showed that sources of high-frequency (0.5 to 2.0 Hz) waves with strong

signal intensity were concentrated near geometric discontinuities of the fault system

where the XDF cuts the middle part of the SBF (∼70 km along strike), and where

it crosses near the boundary between the SPF and the north Pengguan fault (NPF)

segments at 5 to 10 km depth at 15 to 25 s from the hypocentral time (Figs. 2.5a, 2.6a

and 2.7a). Other sources of high-frequency waves of modest intensity were observed

at the northeastern edge of the NPF and at the boundaries between the SBF and the
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Figure 2.5 (a) Cross section of the high-frequency sources in a strike-depth view. Star
denotes the hypocenter. Estimated location of the XDF is shown as green
lines. Background colors represent normalized signal intensities. Arrows show
rake angles, which for clarity are shown only on source cells for which signal
intensities are greater than 0.5. White rectangles represent the locations of
modest intensity of high-frequency sources. (b) Same as Fig. 2.5a, but for
the low-frequency result. Configuration of the fault segments is summarized
at top-left corner on each panel. See caption of Fig. 2.2a for fault segment
names.
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Figure 2.6 Spatiotemporal distribution of sources of high- and low-frequency waves. (a)
Colored circles indicate the spatiotemporal distribution of locations of high-
frequency (HF). Color scheme is the same as in Fig. 2.5. For clarity, only
sources of normalized intensity greater than 0.3 are shown. The abscissae are
distances from the epicenter along the strike (221◦) direction, and the ordinate
is an elapsed time from the hypocentral time. The estimated locations of the
XDF (green line) and reference rupture speeds (gray dashed lines) are also
shown. Gray solid lines represent the segment boundaries. (b) Same as Fig.
2.6a, but for the low-frequency (LF) result.
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Figure 2.7 Selected snapshots of Fig. 2.5. (a) Selected snapshots of the high-frequency
(HF) result shown in Fig. 2.5a taken at interval of 5 s. Background color
represents the normalized signal intensity. Time range from the hypocentral
time where the snapshot is taken is denoted at left-top of each panel. Layout
of fault segments is the same as Fig. 2.5a. Arrows show rake angles, which for
clarity are shown only on source cells for which signal intensities are greater
than 0.5. Green lines indicate the estimated location of the XDF and the star
marks the hypocenter. (b) Same as Fig. 2.7a, but for the low-frequency (LF)
result.
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south-central Beichuan fault (SCBF) segments, and between the SCBF and the north-

central Beichuan fault (NCBF) at 50 to 60 s from the hypocentral time (Figs. 2.5a

and 2.6a). The estimated rupture velocity was 2 to 3 km/s along the strike direction

of the SBF (221◦) from the epicenter (Fig. 2.6a), assuming that the high-frequency P

waves were radiated from the rupture front. Rupture front generally propagated toward

northeast from the epicenter, but for the first ∼10 s from the earthquake origin time,

high-frequency sources with modest intensity appeared southwest of the epicenter along

both the SBF and the SPF (Fig. 2.6a), suggesting that the source process involved the

bilateral propagation soon after the initiation of rupture. The southwestward rupture

was also observed on the SPF, after the strong bursts of high-frequency waves near its

intersection with the XDF. Notably, the rake angles for the sources with intense high-

frequency radiations showed scattered distribution (Fig. 2.5a), making it difficult to

retrieve a typical direction of slip motion, unlike in the low-frequency result that we will

see in the following section.

2.1.5 Low-frequency sources

We estimated the locations of sources of low-frequency (0.1 to 0.5 Hz) waves as we

did for the high-frequency waveforms (Figs. 2.5b, 2.6b and Fig. 2.7b). Intense low-

frequency radiations were observed in the middle of the SBF and the SPF, showing the

complementary locations with those for the high-frequency locations, which located near

the geometric discontinuities of the fault, as we presented in the previous section. The

distributions of low-frequency sources on the sub-parallel SBF and SPF are similar, as

are those of the SCBF and the northeastern edge of the NPF (Fig. 2.5b), because the

spatial resolution of the low-frequency sources is inferior to that of the high-frequency

sources (Fig. 2.4), and the spatial resolution is within the spatial distance between the

fault segments for the low-frequency sources resolved by the HBP method. The sources of

low-frequency waves propagated mainly northeastward until ∼20 s after the hypocentral

time, but thereafter they migrated bilaterally southwestward and northeastward from

the XDF (Fig. 2.6b). The southwestward propagation quickly ceased ∼30 s after the
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hypocentral time, whereas the northeastward propagation continued until ∼50 s from

the hypocentral time (Fig. 2.6b). Note that estimation of rupture velocity from the

low-frequency data is difficult because of the spatial resolution. The rake angles for

the intense low-frequency sources showed smoother distribution that those for the high-

frequency sources (Fig. 2.5b). Reverse faulting is dominant for the southwestern part of

the SBF and the middle part of the SPF, whereas right-lateral faulting is evident near

the XDF.

24



2.2 | Inhomogeneous barrier

Inhomogeneous barrier; another end-member of barrier (e.g., Aki, 1979), is a spatial

heterogeneity of strength of the fault, which is known to control the earthquake-rupture

evolution. The inhomogeneous barrier is classified as the barrier without the obvious

geometric discontinuity. Aki (1979) introduced to the inhomogeneous barrier as the stop-

ping point of earthquake rupture, associated with the anomaly of the seismic velocity,

existence of volcanos, and the seamount subduction (e.g., Kelleher and McCann, 1976).

Recently, Holtkamp and Brudzinski (2014) reported that the rupture area of the sub-

duction zone megathrust earthquake is often surrounded by the region where the active

earthquake swarm occurs, which is a intense seismicity where the decay of seismicity rate

does not follow the Omori’s law (e.g., Llenos et al., 2009), and the earthquake swarm

may be a proxy for the inhomogeneous barrier against the earthquake rupture. In this

section, we investigated the possible role of the inhomogeneous barrier on the dynamic

earthquake rupture evolution through the analysis of the source process of the MW 8.3

2015 Illapel, Chile, earthquake, where the intense earthquake swarm has been observed

in and around the rupture area (e.g., Lemoine et al., 2001; Nishikawa and Ide, 2017),

by using the hybrid backprojection and the waveform inversion.

2.2.1 The 2015 Illapel, Chile, earthquake

The MW 8.3 2015 Illapel, Chile, earthquake occurred at north central Chile, and the

coast near the source region experienced the severe shaking (the maximum Mercalli

intensity scale of VIII was observed in the Coquimbo region) and tsunami (Aránguiz

et al., 2016). The focal mechanism for this earthquake, determined by the Global Cen-

troid Moment Tensor project (GCMT: http://www.globalcmt.org/CMTsearch.html)

shows a low-angle thrust faulting (Fig. 2.8), indicating that the 2015 Illapel earthquake

was an interplate earthquake where the Nazca plate is subducting beneath the South

America plate at a rate of about 74 mm/y (DeMets et al., 2010, Fig. 2.8). Following the

mainshock, a tsunami struck the coast with a significant impact near the source region,
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Figure 2.8 The epicenters of the 2015 Illapel earthquake (CSN) and the 1943 Illapel
earthquake (Centennial Catalog; Engdahl, 2002) are denoted as yellow and
white stars, respectively. Epicenters of 1-week-aftershock (M ≥ 3 and shal-
lower than 50 km depth, CSN) are drawn as black dots. Inset is a moment-rate
function obtained by the finite-fault inversion. Beach ball is the focal mech-
anism determined by the GCMT project. The estimated rupture length of
the 1943 Illapel earthquake is shown as the vertical bar (Beck et al., 1998).
The relative motion of the Nazca plate to the fixed South America plate, em-
ploying the MORVEL model (DeMets et al., 2010) is represented by arrows.
The relocated epicenters of the 1997-1998 swarms (5.5 ≤ mb ≤ 6.2; Pardo
et al., 2002) are shown as open black circles. The estimated area where the
1997-1998 earthquake swarm (Lemoine et al., 2001) is denoted as blue-rimmed
areas. The station C003, which is used for the analysis of the strong motion
records in section 4.2.4, is shown as red triangle. The slip contour is every
1.04 m. Background topography and bathymetry are from ETOPO1 (Amante
and Eakins, 2009).
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and the maximum run-up was observed at Totoral village (Fig. 2.8), where it reached

10.8 m (Aránguiz et al., 2016).

The source region of the 2015 Illapel earthquake belongs to the seismically active

Coquimbo-Illapel region (30◦ to 32◦S). The greatest historical Chilean earthquake cov-

ering this area was the 1730 earthquake whose magnitude is estimated to be MS 8.5

to 9 (Lomnitz, 2004), and its rupture area is estimated to be extended from Coquimbo

(30◦S) down to the northern part (35◦S) of the rupture zone of the 2010 Maule, Chile,

earthquake (e.g., Udías et al., 2012). The last significant earthquake in this region,

but much smaller than the 1730 earthquake, was the MS 7.9 1943 Illapel earthquake

(Centennial Catalog; Engdahl, 2002), and its source region overlaps the rupture area

of the 2015 Illapel earthquake (Beck et al., 1998, Fig. 2.8). Estimated source region

of the 1943 Illapel earthquake overlaps the rupture area of the 2015 Illapel earthquake

(Fig. 1). After the occurrence of the 1943 Illapel earthquake, the seismic gap along the

Coquimbo-Illapel region was partially reactivated during 1997–1998 by M6 swarm events

(1997–1998 earthquake sequence; Lemoine et al., 2001; Pardo et al., 2002) (Fig. 2.8).

Seismicity rate in the northern part (29.5◦ to 31◦S) of Coquimbo-Illapel region suddenly

increased on July 1997 when some M6 shallow-thrust events occurred along the plate

interface, and the MW 7.1 1997 Punitaqui earthquake (15 October 1997) followed these

earthquake sequence (Lemoine et al., 2001). The 1997 Punitaqui earthquake was inside

the Nazca plate below the down-dip edge of the seismogenic zone and characterized

by a normal faulting moment tensor (Lemoine et al., 2001; Pardo et al., 2002). Sev-

eral M6 inter-plate earthquakes followed the 1997 Punitaqui earthquake by the end of

1998, and the seismicity rate remains higher than that before the 1997–1998 earthquake

sequence (Gardi et al., 2006). Gardi et al. (2006) found that the 1997–1998 swarms

can be explained as a result of the stress transfer from the aseismic slip ( 65 mm/y)

below the down-dip edge of the seismogenic zone. Moreno et al. (2010) derived the

plate-interface locking degree before the MW 8.8 2010 Maule Chile earthquake during

1996–2008 by using the global positioning system (GPS) observations, and pointed out

that the middle part of the Coquimbo-Illapel region ( 31◦S) is highly locked (almost
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100% coupled) and has a potential of occurrence of future earthquake. Métois et al.

(2013) also used the GPS data to invert a degree of interplate coupling and showed

a heterogeneous distribution of locking degree along the plate interface: almost 100%

coupled at 15 to 25 km depth from center to south of the Coquimbo-Illapel area, and

relatively low coupling in the north of the Coquimbo-Illapel area which corresponds to

the north region where the active swarm activity had been observed in 1997 to 1998.

Based on the plate-coupling degree inferred from the GPS measurements and the swarm

activity along the Coquimbo-Illapel region, the 2015 Illapel earthquake occurred where

the stress build-up has been conducted non-uniformly in both space and time after the

occurrence of the 1943 Illapel earthquake.

In this section, we aim to investigate a detailed rupture history of the 2015 Illapel

earthquake. We modeled a seismic source model by estimating the spatiotemporal dis-

tribution of inverted slip and high-frequency (0.3 to 2.0 Hz) radiation sources. We used

the finite-fault slip inversion method taking into account the uncertainty of the Green’s

function (Yagi and Fukahata, 2011a) and the HBP method (Yagi et al., 2012a; Okuwaki

et al., 2014) to track the high-frequency sources. The integrated use of the inversion and

the HBP method by using a wide range of frequency contents of the teleseismic records

is essential for resolving the detailed rupture history, because the high-frequency waves

(around 1 Hz) are generated by abrupt changes in rupture velocity and/or slip-rate

(e.g., Madariaga, 1977; Bernard and Madariaga, 1984; Spudich and Frazer, 1984), and

the high-frequency signal can be an index of the rapid change of rupture behavior that

is difficult to be resolved solely with low-frequency waveforms (Okuwaki et al., 2014;

Yagi and Okuwaki, 2015). By comparing the inverted slip and high-frequency source

distributions, we present a complex, seismic source model involving two rupture episodes

characterized by along-dip, zigzagging rupture propagation at variable rupture speeds.
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Figure 2.9 (a) Teleseismic stations used for both the waveform inversion and the HBP
analyses. The epicenter and the stations are denoted as star and triangles.
Reference teleseismic distances at 30◦ and 90◦ are represented as dashed lines.
(b) Unfiltered traces of the teleseismic records used in both the finite-fault
inversion and the HBP, normalized by the maximum amplitude of each trace.
The X axis is the time from the first arrival of P-phase.

2.2.2 Data processing for estimating the high-frequency sources and the

co-seismic slip distribution

We downloaded 42 teleseismic, vertical component of P-waveforms through the Incor-

porated Research Institutions for Seismology - Data Management Center (IRIS-DMC;

Fig. 2.9a). The data were selected to ensure good azimuthal coverage and high signal-

to-noise ratios. The first rise of the P-phase on each seismogram was manually picked

(Fig. 2.9b), and we excluded the data whose P-phase is difficult to be reliably picked

(Fig. 2.10). The instrument response of each waveform was deconvolved to velocity with

the sampling rates of 0.05 s for the HBP analysis and 1.0 s for the inversion analysis.

The data were then filtered into frequency bands of 0.3 to 2.0 Hz for the HBP analysis

and 0.001 to 0.36 Hz for the inversion analysis.

Spatiotemporal distribution of high-frequency sources is estimated by the HBP method

(Yagi et al., 2012a; Okuwaki et al., 2014) (a sensitivity test is shown in Fig. 2.11). High-
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Figure S8 
Comparison of the waveforms at the GSN-broadband network between (a) the ones 
that are used in this study and (b) not used in this study. Each trace is the vertical 
component of unfiltered velocity waveform, and normalized by its maximum absolute 
amplitude. Closed triangle on each trace of (a) indicates the onset of the P-phase 
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Figure 2.10 Comparison of the waveforms at the GSN-broadband network between (a)
the ones that are used in this study and (b) not used in this study. Each trace
is the vertical component of unfiltered velocity waveform, and normalized
by its maximum absolute amplitude. Closed triangle on each trace of (a)
indicates the onset of the P-phase that is manually picked. Open triangle
on each trace on (b) indicates the estimated onset of P-phase that is hardly
or not reliably picked, compared to the traces on (a). (c) Open and closed
red triangles are the stations applied in this study, and the squares are the
GSN-broadband stations that are not used in this study corresponding to
the traces depicted in (b).
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frequency signals from the target ith source node along the fault is extracted by solving

the following equations,

Sl(t) = |sl(t)|N · sl(t)
|sl(t)|

, (2.4)

sl(t) =
∑

j

Aj |wjl(t)|
1
N · wjl(t)

|wjl(t)|
, (2.5)

wjl(t) =
u̇j×̂Gcalc

jl (t)

max0≤α≤T

√∫ T
0 u̇2

j(τ + α)dτ ·
√∫ T

0

(
Ġcalc

jl

)2
(τ)dτ

, (2.6)

u̇j×̂Ġcalc
jl =

∑
l′

(
Ḋl′ ∗ Ġtrue

jl′

)
×̂Ġcalc

jl (t),

=
(
Ḋl ∗ Ġtrue

jl

)
×̂Ġcalc

jl +
∑
l′ ̸=l

(
Ḋl′ ∗ Ġtrue

jl′

)
×̂Ġcalc

jl (t). (2.7)

Eqs. (2.4) and (2.5) represent the non-linear Nth root stacking (e.g., Muirhead and

Datt, 1976) of the normalized cross-correlation (×̂) function wjl between the observed

waveform u̇j at jth station and the theoretically calculated Green’s function Ġcalc
jl , which

enhances the signal to noise ratio of the image. Since the observed waveform are rep-

resented as the summation of the convolution (∗) of the impulsive slip-rate Ḋl and the

true Green’s function Ġtrue
jl along all the source nodes l′, the cross-correlation function

is unfolded as Eq. (2.7). The first term of the right hand side of Eqs. (2.7) is the

contribution from the target lth source node (signal part) and the second term is the

contribution from the other (l′ ̸= l) source nodes (noise part). If we calculate the better

Green’s function that is similar to the true Green’s function, we can get a high coherence

of the cross correlation function because the noise part is cancelled out by stacking, and

the signal from the target lth source node that is related to the slip motion Ḋl can

be extracted at high resolution. High-frequency (0.3–2.0 Hz) butter-worth band pass
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filter is applied to both the observed waveform and the Green’s function before cross-

correlation, and we adopted N = 4 for the Nth root stacking in this study. The HBP

method is a variant of the backprojection (BP) method (Ishii et al., 2005). The HBP

method can mitigate the systematic delay of projected images of high-frequency sources

distorted by the depth phases (pP and sP phases) in the BP method, and by using

globally observed waveforms it can produce higher-resolution images than array-based

BP methods (e.g., Walker et al., 2005; Okuwaki et al., 2014; Fan and Shearer, 2015).

The HBP image can be used as a constraint for the waveform inversion, since it does

not require a priori assumption of the maximum rupture velocity, rupture direction, and

the rupture duration (Okuwaki et al., 2014).

Kinematic waveform inversion methods have been developed since 1980s (e.g., Olson

and Apsel, 1982; Hartzell and Heaton, 1983) and applied to the numerous earthquakes to

resolve a spatiotemporal behavior of rupture propagation. We estimate the spatiotem-

poral distribution of co-seismic slip by adopting the inversion formulation developed by

Yagi and Fukahata (2011a). This inversion scheme is based on a multi-time window

inversion (e.g., Hartzell and Heaton, 1983) that flexibly solves multiple slip events dur-

ing an earthquake. What is improved from conventional inversion formulations is an

introduction of errors (uncertainty) in Green’s function (Eq. 6 in Yagi and Fukahata

(2011a)), which had been a major source of modeling errors in waveform inversion (e.g.,

Yagi and Fukahata, 2011a). The strength of the smoothening constraint for the inverted

slip and the data covariance matrix including the uncertainty in Green’s function are ob-

jectively determined by minimizing the Akaike’s Bayesian Information Criterion (ABIC

Akaike, 1980), which is expressed as Eq. 26 in Yagi and Fukahata (2011a)). Such advan-

tageous features of this inversion formulation are confirmed by applying, for example, for

the 2011 Tohoku-oki earthquake (Yagi and Fukahata, 2011b) and the 2008 Wenchuan,

China, earthquake (Yagi et al., 2012b). In the 2011 Tohoku-oki earthquake, Yagi and

Fukahata (2011b) shows that the modeling errors are regarded as signals, and the slip

distribution is distorted by the errors if we neglect the data covariance components orig-

inated from the uncertainty in Green’s function. In the 2008 Wenchuan earthquake,
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Figure S6 
We performed a synthetic resolution test of the HBP method. 21 nodes, depicted 
white circles in the above panels, are randomly picked as point sources. Each point 
source has a triangle slip-velocity function with a half-rise time of 0.25 s and its onset 
is triggered by a rupture front expanding from the hypocenter and propagating along 
the fault at constant speed of 3 km/s. Synthetic waveforms were calculated at the 
sampling rate of 0.05 s (20 Hz), and then filtered in high-frequency (0.3–2.0 Hz) band. 
The fault geometry, adopted stations, and the procedure of the HBP analysis are the 
same as written in the Data and Methods section in the manuscript. Above panels 
shows the snapshots of the high-frequency sources every 5 s. The dotted circles on 
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Figure 2.11 Resolution test of the HBP method. 21 nodes, depicted white circles in the
above panels, are randomly picked as point sources. Each point source has a
triangle slip-velocity function with a half-rise time of 0.25 s and its onset is
triggered by a rupture front expanding from the hypocenter and propagating
along the fault at constant speed of 3 km/s. Synthetic waveforms were
calculated at the sampling rate of 0.05 s (20 Hz), and then filtered in high-
frequency (0.3 to 2.0 Hz) band. The fault geometry, adopted stations, and
the procedure of the HBP analysis are the same as written in the Data and
Methods section. Above panels shows the snapshots of the high-frequency
sources every 5 s. The dotted circles on each snapshot represent the rupture
fronts at the beginning and the ending time of each snapshot (e.g., rupture
fronts at 0 s and 5 s for the snapshot “0–5 s”). As can be seen in the right-
bottom panel, the strength of response from the multiple point sources at
the shallower part is, in general, weaker than that at the deeper part, despite
the fact that we placed the exact same amplitude of the slip velocity function
at the point sources. This imaging-artifact may come from the difference of
the amplitude of Green’s functions along depth due to the assumed velocity
structure near the source, and needs to be considered when interpreting the
real observation.
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more reliable slip-rake angles, that have consistency with the geological observations,

are extracted by accounting for the modeling errors due to the uncertainty in Green’s

function (Yagi et al., 2012b).

For both the HBP and the inversion analyses, the fault geometry was constructed

with the constant strike and dip angles being 2.7◦ and 15.0◦, respectively, based on

the W phase source inversion by Duputel et al. (http://wphase.unistra.fr/events/

illapel_2015/index.html, last accessed on 16 November 2015) and the slab geometry

around the source region (Hayes et al., 2012; Tassara and Echaurren, 2012). The initial

rupture point adopted (assumed hypocenter) was the epicenter (determined by the Cen-

tro Sismológico Nacional, Universidad de Chile (CSN: http://www.sismologia.cl)) of

31.637◦S, 71.741◦W, and 25 km depth. For the HBP analysis, the rake angle on each

source node was assumed to be pure thrust motion relative to the plate-motion direc-

tion, referring the MORVEL model (DeMets et al., 2010). The validity of assumption of

the rake angle is tested against the variable rake angles interpolated from the inversion

result (Fig. 2.12). From a simple observation of the teleseismic records, there is a clear

directivity of rupture toward northern azimuth (Fig. 2.13), and the aftershocks during

1 week following the main shock are densely distributed around and northern part of

the epicenter (Fig. 2.8). A preliminary HBP and the BP results hitherto published (Ye

et al., 2016a; Melgar et al., 2016) indicates that the high-frequency signals are located

northern part of the epicenter. Guided by these information, total available rupture area

for both the inversion and the HBP analyses is assumed to be 190 km length and 130

km width, and the initial rupture point is set at 30 km from the southern edge of the

fault model. A maximum rupture velocity for the inversion analysis is assumed to be 1.8

km/s based on the preliminary HBP analysis, and the alternative results assuming var-

ious maximum rupture velocities are provided in Figs 2.14 and 2.15. The source-node

interval along strike and dip directions were 2 km by 2km for the HBP analysis and 10

km by 10 km for the inversion analysis. For the inversion analysis, slip-rate function on

each source node was represented as linear B splines with a time length of 35 s and a

time interval of 1.0 s, and total source duration was set to be 90 s. Green’s functions
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Figure 2.12 The HBP result assuming the variable rake angle obtained from the inversion
analysis. Since the node interval for the HBP analysis is finer (2 × 2 km)
than that for the inversion (10 × 10 km), we distribute the rake angle on
each source node for the HBP analysis by linear-interpolating the inverted
rake angle. (a) The distribution of the rake angles, which is interpolated
from the inversion result, and (b) the distribution of the pure thrust rake
angles adopted for the main HBP analysis in the manuscript. (c) Snapshots
of the source model taken at every 5 s, with the static distribution at the
right-bottom panel and the time is denoted at top-left on each panel. Color
represents the normalized intensity of high-frequency signals obtained by
the HBP method. For the snapshots, contours are the slip-rate distribution
every 0.11 m/s. For the static slip distribution, the contours shows the slip
distribution every 1.04 m. The reference rupture-front speeds, expanding
from the hypocenter at constant speeds of 1, 2, and 3 km/s are represented
as dashed circles. Star denotes the epicenter.
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Figure S10  
Normalized traces of the unfiltered vertical component of P waveforms sorted by 
azimuth. The set of stations is the same as used in the inversion and the HBP 
analyses. Positive side of each trace is shaded.  
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Figure 2.13 Normalized traces of the unfiltered vertical component of P waveforms sorted
by azimuth. The set of stations is the same as used in the inversion and the
HBP analyses. Positive side of each trace is shaded.
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(a) 1.5 km/s (peak slip 11.0 m)

(d) 2.4 km/s (peak slip 8.1 m)(c) 2.1 km/s (peak slip 9.9 m)

(b) 1.8 km/s (peak slip 10.4 m)

Figure 2.14 Comparison of the slip models from the different assumptions of the maxi-
mum rupture velocity of (a) 1.5, (b) 1.8, (c) 2.1, and (d) 2.4 km/s. A contour
on each figure represents every 1.04 m slip, and the color map is common for
all slip models as the main analysis (b). The star and the arrow denote the
hypocenter and the slip vector, respectively.
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Figure S4 
The plot shows the assumed maximum rupture velocity versus the minimum value 
of the ABIC and the variance between the observed waveforms and the synthetics 
shown in Fig. S3. Red symbols are from the result of the main analysis assuming 
1.8 km/s rupture velocity.  
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Figure 2.15 The plot shows the assumed maximum rupture velocity versus the minimum
value of the ABIC and the variance between the observed waveforms and the
synthetics shown in Fig. 2.14. Red symbols are from the result of the main
analysis assuming 1.8 km/s rupture velocity.
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Table 2.3 Near-source structure used to calculate Green’s functions for the 2015 Illapel
Chile earthquake

VP VS Density Thickness
(km/s) (km/s) (103kg/cm3) (km)

1.50 0.00 1.02 4.00
4.80 2.77 2.72 4.00
5.50 3.18 2.72 4.00
6.00 3.46 2.86 4.00
6.40 3.70 2.86 6.00
6.80 3.93 3.03 8.00
7.80 4.32 3.42 0.00

are calculated based on the method of Kikuchi and Kanamori (1991) with the local

velocity structure (Table 2.3) extracted from the tomographic 2-D velocity-depth model

of Contreras-Reyes et al. (2014) and the CRUST1.0 model (Laske et al., 2013). Travel

times, geometrical spreading factors and ray parameters for the pair of each source node

and station are calculated with the ak135 model (Kennett et al., 1995).

2.2.3 Co-seismic slip evolution

The total slip distribution and the moment-rate function are shown in Fig 2.8. The slip-

rake angles obtained by the waveform inversion are generally consistent with the thrust

motion against the plate convergence (Fig. 2.16). Large slip focuses on shallow, up-dip

portion of the fault plane where a maximum slip reaches 10.4 m at 72 km northwest

of the epicenter. The total seismic moment release leads to 3.3 × 1021 Nm (MW 8.3).

Slight difference in the seismic moment from other study (e.g., 2.67 × 1021 Nm Ye et al.,

2016b) may be due to the differences in the assumption of the model-fault geometry

and the resultant locations of the inverted slip along the dip direction, since the seismic

moment depends on assumed rigidity, which increases with depth.

Fig. 2.17 shows the spatiotemporal distribution of slip-rate and high-frequency sources,

and we project the Fig. 2.17 into the strike (Fig. 2.18a) and dip directions (Fig. 2.18b)

in order to present the details of the rupture propagation history. For the first 25
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Figure S1 
Total slip distribution for the main analysis in a strike-dip view. The star and the arrow 
denote the hypocenter and the slip vector, respectively. The contour outlines the slip 
every 1.04 m.  
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Figure 2.16 Total slip distribution for the main analysis in a strike-dip view. The star
and the arrow denote the hypocenter and the slip vector, respectively. The
contour outlines the slip every 1.04 m.

s after the hypocentral time, the rupture initiated at the hypocenter and propagated

mainly north-westward with rupture speed of 2 km/s, and left large slip-rate area at 16

km northwest of the epicenter. Then from 30 s after the initiation of rupture, the rup-

ture front started propagating from the down-dip portion at 60 km northeast from the

epicenter. The rupture front propagated to the shallow, up-dip part of the fault plane,

and brought about the largest slip at 72 km northwest of the epicenter at 50 s from the

hypocentral time, where the peak seismic moment release-rate (8.8 × 1019 Nm/s) was

obtained, and the slip terminated at 90 s.

2.2.4 Evolution of high-frequency sources

Spatiotemporal distribution of high-frequency sources shows that relatively weak strength

of high-frequency sources initially propagated down-dip, northeast of the epicenter, and

then returned to the up-dip portion of the fault plane at the speed of 2 km/s (Fig.
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Figure 2.17 Snapshots of inverted slip-rate and high-frequency source evolution taken at 5
s interval, and the relevant time window is denoted at top-left on each panel.
The color represents the relative intensity of the high-frequency signal. Solid
contour shows the slip-rate distribution drawn at 0.11 m/s interval. Dashed
contour shows the reference rupture speed expanding from the hypocenter
at 1, 2, and 3 km/s. The static slip distribution (1.04 m contour) and the
high-frequency sources are shown in the right-bottom panel. Lines A–A’ and
B–B’ are corresponding to the projections of Figs. 2.18a and b.
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Figure 2.18 Time evolution of the slip-rate and the high-frequency sources along (a)
the strike and (b) dip directions. Abscissa represents the distance from the
epicenter along (a) the strike and (b) dip directions. Ordinate is the elapsed
time from the hypocentral time. Solid lines are the reference rupture speeds.
Background color and contour interval is the same as Fig. 2.17.
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2.18b). From 20 s, the high-frequency sources started propagating down-dip again at

the speed of 3 km/s along the dip direction, and at 25 s to 27 s the relatively strong

high-frequency radiation was observed at 60 km northeast of the epicenter. From 30 s to

90 s, high-frequency sources seemed to propagate up-dip at the speed of about 3 km/s

along the dip direction (Fig. 2.18b). The strength of high-frequency sources is relatively

weak at this sequence, and the high-frequency radiation ceased after 80 s.
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3 | Uncertainty in backprojection image

As shown in the last chapter, the BP technique should be a strong tool for imaging the

high-frequency sources, and hence the rupture irregularity. However, the relationship

between the BP image and the fault slip is still unclear, which should be an obstacle

for the direct comparison with the co-seismic slip distribution resolved by the waveform

inversion, and the physical interpretation of the BP image. In this chapter, we clarify the

theoretical background of the BP and HBP methods, and show that the BP and HBP

images have an inherent depth-dependent bias. We then propose the new formulations

for the BP and HBP methods that suppress the depth-dependent bias and relate the

BP image to the slip motion along the fault interface.
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3.1 | Introduction to backprojection: What is left unsolved?

Waveform backprojection (BP) is a technique for tracking the source evolution of specific

seismic phases (e.g., the P phase) during an earthquake (see Kiser and Ishii, 2017,

for a comprehensive review of BP). Owing to its robustness and applicability to high-

frequency waveforms, BP has been used for extracting information about earthquake-

rupture evolution that is missed by the analyses of low-frequency waveforms by kinematic

source inversion, including, for example, complex rupture evolution associated with the

geometric features of a fault system (Meng et al., 2012a; Uchide et al., 2013; Vallée

and Satriano, 2014; Okuwaki and Yagi, 2018), cascading asperity ruptures (Okuwaki

et al., 2014, 2016), triggering ruptures of very early aftershocks (D’Amico et al., 2010;

Kiser and Ishii, 2013; Fan and Shearer, 2016), multiple branching ruptures (Meng et al.,

2012b; Satriano et al., 2012; Fan et al., 2016, 2017), frequency-dependent wave radiation

of subduction zone megathrust earthquakes (Kiser and Ishii, 2011; Wang and Mori, 2011;

Yao et al., 2013; Satriano et al., 2014; Yin et al., 2016, 2018), and mechanisms of deep

earthquakes (Suzuki and Yagi, 2011; Kiser et al., 2011; Ye et al., 2013).

High-frequency waves are generated by abrupt changes of rupture velocity and/or slip

velocity according to theoretical works and dynamic simulation of rupture propagation

(Madariaga, 1977; Bernard and Madariaga, 1984; Spudich and Frazer, 1984; Madariaga

et al., 2006; Beresnev, 2017). Fluctuation of rupture evolution can be cased when the

source area involves barriers or asperities, inluding fault roughness along the fault surface

(Das and Aki, 1977; Aki, 1979; Dunham et al., 2011; Shi and Day, 2013; Bruhat et al.,

2016; Mai et al., 2017). The series of observations using the BP techniques have shown

that the intense high-frequency radiation occurs just before the rupture-front penetrates

a large-slip region or geometric barriers (e.g., Uchide et al., 2013; Yagi and Okuwaki,

2015; Okuwaki and Yagi, 2018), which is consistent with our theoretical understanding

of the generation of high-frequency radiation. However, in the case of some subduction-

zone megathrust earthquakes, a distinct anti-correlation between the high-frequency

sources and large-slip zone with respect to depth has been reported. The intense high-

frequency signal tends to locate at down-dip part of the shallow large slip area, which
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may reflect the rupture of heterogeneous, small high-stress patches. This finding leads

to the idea that rupture properties within these subduction zones are segmented along

depth (Koper et al., 2012; Lay et al., 2012; Ye et al., 2016b). This idea may be useful

for a unified understanding of subduction-zone megathrust earthquakes involving the

apparent diversity of source rupture evolution.

However, the tendency of lacking intense high-frequency signal at the shallow part of

the seismogenic zone generally observed through application of BP methods may not

directly draw conclusion that the intensity of kinematic features responsible for high-

frequency radiation increases with depth. Since the observations show that the rupture

front often goes along both up-dip and down-dip directions (e.g., MW 9.0 2011 Tohoku-

oki, Japan and MW 8.3 2015 Illapel, Chile, earthquakes; Meng et al., 2011; Melgar et al.,

2016; Meng et al., 2018), it is plausible that there exist kinematic features around the

rupture tip or the healing front (e.g., Madariaga et al., 2006) even at shallow. In fact, as

shown in Section 4.3.4, BP and HBP images are not simple representation of kinematic

features of the source process, and they have an inherent depth-dependent bias that is

proportional to the amplitude of the Green’s function.

In this chapter, we propose variant BP techniques that enable us to extract kinematic

features of rupture evolution from high-frequency waveform data. We first review the

mathematical representation of the BP method, following the pioneering work of Fuka-

hata et al. (2014), who have clarified the theoretical background of the BP techniques

and showed that a BP image can be related to slip motion as either slip velocity or slip

acceleration. However, because Fukahata et al. (2014) basically considered the case of

a point source, they did not discuss in detail the normalizing factor adopted for the BP

methods. We point out the importance of the normalizing factor, which plays a critical

role in the resultant signal intensity for the case of multiple-point sources. We consider

both the original time-domain BP method (e.g., Ishii et al., 2005) and the Hybrid back-

projection (HBP) method (Yagi et al., 2012a; Okuwaki et al., 2014) that we introduced

in the previous chapters. We clarify the theoretical meaning of the signal intensity ob-

tained by the BP and HBP methods, which depends on the amplitude of the Green’s
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function and is not directly related to the slip motion. We examine this theoretical

outcome through numerical experiments using synthetic waveforms generated with the

controlled-synthetic sources, and confirm that the resultant signal intensity obtained by

the original BP and HBP methods have an inherent depth dependence, which is orig-

inated from the specific design of the normalizing factor. We propose new variants of

the BP and HBP methods; called kinematic BP and HBP methods, by taking the effect

of the normalizing factor into account. The kinematic BP and HBP methods allow us

to remove the depth-dependent bias in the original BP and HBP images and retrieve

signal intensities that are related to slip velocity or slip acceleration. We test the newly

proposed methods through the numerical experiments and application to the real wave-

forms of the MW 8.3 2015 Illapel, Chile, earthquake, and confirm that the relative signal

intensity is related to the slip motion by the kinematic BP and HBP methods.

3.2 | Depth dependence in the BP and HBP images

In this section, we investigate the mathematical expressions of the original BP and HBP

methods, following the pioneering works by Ishii et al. (2005, 2007); Yagi et al. (2012a);

Fukahata et al. (2014). Particularly, we consider the role of the normalizing factors in

the implementations and their effect on the resultant signal intensity, which was not

addressed in detail by Fukahata et al. (2014). We then perform a numerical test by

using synthetic waveforms to demonstrate that both the BP and HBP images have an

inherent depth dependence that is proportional to the amplitude of the Green’s function

for a unit-step slip.

3.2.1 Representation of BP

A BP image is made by stacking observed waveforms as follows:

sBP
i (t) =

∑
j

wj

uj(t + tp
ij)

Aj

, (3.1)
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where sBP
i (t) is the signal intensity of the BP image at the ith source location at hypocen-

tral time t (where t = 0 corresponds to the origin time of the earthquake), and uj(t+ tp
ij)

is the observed waveform at the jth station that is time-shifted by the theoretical travel

time of the P phase tp
ij between the ith source location and the jth station. For simplic-

ity, we neglect the calibration of travel time error (Ishii et al., 2007; Fan and Shearer,

2017) and the slowness correction (Meng et al., 2016). wj is a weighting factor for each

waveform, which is introduced to avoid spatial bias due to the station distribution; wj

is usually designed to be negatively correlated with station density and sums to 1, that

is, ∑
j wj = 1 (details are shown in Section 3.2.3). The normalizing term Aj is given by

the root-sum-square of the observed waveform,

Aj = pol(uj) ·
√∫ T

0
u2

j(τ + tp
j)dτ , (3.2)

where pol(uj) ∈ {−1, +1} is the polarity of the first motion of waveform uj, tp
j is the

P -phase arrival time at the jth station, and T is the waveform length. The normalizing

factor can also be represented by the maximum amplitude of the observed waveform, al-

though these forms of the normalizing factor were not presented explicitly in the relevant

papers. In this study, we use the representation in eq. (3.2), because of its similarity to

the normalizing factor in the HBP method defined in eq. (3.8). The observed waveform

uj can be expressed as

uj(t) =
∑
i′

(ai′ ∗ Gi′j) (t)

= (ai ∗ Gij) (t) +
∑

i′ (̸=i)
(ai′ ∗ Gi′j) (t), (3.3)

where ai is the slip motion at the ith source location on the fault surface, ∗ denotes

convolution, and we neglect the background noise of the observed waveform for simplic-

ity. The Green’s function Gij in eq. (3.3) is the deformation at the jth station due to a

unit-step slip on the ith subfault. For the velocity data uj, slip motion ai may represent

slip velocity if the Green’s function is a propagator from slip velocity to far-field velocity,
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or slip acceleration if the Green’s function is a propagator from slip velocity to far-field

displacement (Fukahata et al., 2014). Hereafter, we refer to the slip motion ai as slip

velocity, considering together that the waveform uj is velocity data and the Green’s

function Gij is for unit-step slip velocity. By substituting eq. (3.3) into eq. (3.1), we

get the following expression for the signal intensity,

sBP
i (t) =

∑
j

wj

Aj

(ai ∗ Gij) (t + tp
ij) +

∑
i′ (̸=i)

(ai′ ∗ Gi′j) (t + tp
ij)

. (3.4)

As shown in eq. (3.4), eq. (3.1) is divided into two terms: the first term is the signal

that corresponds to the contribution from the ith source, and the second term is noise,

which is the contribution from other i′th locations. If the noise term can be assumed to

be suppressed by stacking (Fukahata et al., 2014) as,

∑
j

wj

Aj

 ∑
i′ (̸=i)

(ai′ ∗ Gi′j) (t + tp
ij)

 ≈ 0, (3.5)

then the signal intensity at the ith location can ideally be represented as

sBP
i (t) ≈

∑
j

wj

Aj

(ai ∗ Gij) (t + tp
ij), (3.6)

where the signal intensity at the ith source location sBP
i represents the slip velocity at

the ith source location ai, which scales with the normalizing factor Aj and the Green’s

function Gij. Hence, the signal intensity sBP
i is not uniquely determined by the amplitude

of the slip velocity at the ith source location ai, but is additionally controlled by a

scaling factor composed of Aj and Gij, which depends on the source location because

its numerator includes Gij.
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3.2.2 Representation of HBP

The HBP image is made by stacking cross-correlation functions of the observed waveform

and the Green’s function:

sHBP
i (t) =

∑
j

wj

(
uj×̂Gp

ij

)
(t)

Aij

=
∑

j

wj

∫ T
0 uj(τ)Gp

ij(τ − t)dτ

Aij

(3.7)

where ×̂ denotes cross-correlation, and Gp
ij is the theoretical Green’s function that cor-

responds to the deformation due to a unit-step slip velocity. T is the time period of

the cross-correlation function of the waveform and the Green’s function. The weighting

factor wj is the same as in eq. (3.1), and the normalizing factor Aij is represented as

Aij =
√∫ T

0
u2

j(τ + tp
j)dτ ·

√∫ T

0
Gp

ij
2(τ + tp

ij)dτ , (3.8)

which is designed to normalize the cross-correlation function in the numerator of eq.

(3.7). Eq. (3.3) can be used to expand eq. (3.7) into signal and noise terms as follows:

sHBP
i (t) =

∑
j

wj

Aij

(
(ai ∗ Gij) ×̂Gp

ij

)
(t) +

∑
i′ (̸=i)

(
(ai′ ∗ Gi′j) ×̂Gp

ij

)
(t)

 . (3.9)

If the noise term can be assumed to be suppressed by stacking (Fukahata et al., 2014)

as

∑
j

wj

Aij

 ∑
i′ (̸=i)

(ai′ ∗ Gi′j) ×̂Gp
ij

 (t) ≈ 0, (3.10)

the final form of the signal intensity is

sHBP
i (t) ≈

∑
j

wj

Aij

(
(ai ∗ Gij) ×̂Gp

ij

)
(t). (3.11)

The resultant signal intensity at the ith source location sHBP
i represents the slip velocity

ai scaled with a weighting factor wj, the normalizing factor Aij and the cross-correlation
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function of the Green’s functions. Eq. (3.11) indicates that the resultant signal intensity

of the HBP method is also expected to correlate with the source location because the

scaling factor includes the Green’s functions.

3.2.3 Numerical test

As seen in eqs. (3.6) and (3.11), the signal intensity of the BP and HBP images is not

a simple representation of the slip motion at the specific source location; but rather, it

includes additional contributions from the normalizing factors and the Green’s functions.

We performed a numerical test with synthetic waveforms computed using a known slip

velocity a to empirically show how the scaling factors in eqs. (3.6) and (3.11) affect

the resultant BP and HBP images. First, we generated synthetic waveforms using 20

point sources that were randomly distributed on a dipping model plane in the Chilean

subduction zone (Fig. 3.1a). Each point source has a uniform potency of 4 × 106 m3

(2 × 2 km2 area × 1 m slip for pure thrust motion against the relative plate motion;

DeMets et al., 2010), which is composed of a triangular slip-rate function with a half-rise

time of 0.25 s computed at a sampling frequency of 20 Hz (Fig. 3.1d). The model plane

is a 190 × 130 km2 rectangle with strike and dip angles of 2.7◦ and 15◦, respectively,

that has been discretized for point sources with a spatial resolution of 2 km × 2 km

in both strike and dip directions. The initial rupture point (hypocenter) is located at

31.637◦S, 71.741◦W, and 25-km depth. Each point source is triggered to rupture by

the expanding circular rupture front propagating at a constant speed of 3 km/s from

the hypocenter (Fig. 3.1c). The Green’s function that is convolved with the slip-rate

function to generate the synthetic waveforms is calculated by the method of Kikuchi

and Kanamori (1991). Near the source area, a layered medium (Table 3.1) is used for

calculating the Haskell propagator matrix for the Green’s function, and the ak135 model

(Kennett et al., 1995) is used to calculate geometrical spreading factors, ray parameters,

and travel times. The synthetic waveforms were calculated for the stations at teleseismic

distances between 30◦ to 90◦ (Fig. 3.1e), and the weighting factor wj in eqs. (3.1) and
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Figure 3.1 (a) The distributions of randomly selected point sources for the case #1 and
(b) all the point sources through the cases #1 to #100 are shown as colored
dots. Star denotes the initial rupture point (epicenter). The model-fault
plane with a dip angle of 15◦ is outlined by the gray rectangle, with the up-
dip limit as black line. The coastline is shown as thin-gray curved line. (c)
Relation between the point-source location (red dot) and the rupture front
for the case 1. The star denotes the nucleation point. Gray circles represent
the constantly propagating rupture front snapshotted at 10 s interval. (d)
Slip-rate function (SRF) built in each point source. (e) Observation station
distribution denoted as triangles. The star denotes the nucleation point, and
the gray dashed circles show epicentral distances at 30◦ and 90◦. Color of
each triangle represents the weight defined in eq. (3.12).

Table 3.1 Near-source structure used to calculate Green’s function.
VP VS Density Thickness

(km/s) (km/s) (103kg/cm3) (km)
1.50 0.00 1.02 4.00
4.80 2.77 2.72 4.00
5.50 3.18 2.72 4.00
6.00 3.46 2.86 4.00
6.40 3.70 2.86 6.00
6.80 3.93 3.03 8.00
7.80 4.32 3.42 0.00
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(3.7) is calculated according to the following rules:

wj = rj∑
j rj

,

rj = 1∑
j′ mjj′

,

mjj′ =

 1 (∆jj′ ≤ 20◦)

0 (∆jj′ > 20◦),
(3.12)

where ∆jj′ is the epicentral distance between a pair of stations. In the BP method,

this weighting factor is based on globally distributed stations (e.g., Fan and Shearer,

2015), whereas when the BP method is applied to an array of stations, the weighting

factor is represented by, for example, a cosine function (Ishii et al., 2007), and the

weight given to the waveform decays with distance from the centre of the station array.

Note that in this test, the hypocenter, fault geometry, station configuration, and near-

source velocity structures are those used in seismic source study of the MW 8.3 2015

Illapel, Chile, earthquake (Okuwaki et al., 2016). We used the BP and HBP methods to

backproject the synthetic waveforms onto the fault. To show systematic bias independent

of specific point-source distributions, we computed backprojection images for 100 cases

of 20 randomly selected point sources (Fig. 3.1b).

We then plotted the backprojected signal intensities at the locations of point sources

shown in Fig. 3.1(b) both in map view (Figs. 3.2a and b) and along depth (Figs.

3.3a and b). The result shows a clear depth dependence of the backprojected signal

intensity on the model fault plane, where the signal intensity increases with the depth

of the point sources even though we generated the synthetic waveforms by assuming

the same potency at all the point sources. The mean values of the signal intensities

measured within 5-km-depth bins monotonically increase from the shallowest to deepest

bins; 0.52 ± 0.13 to 0.85 ± 0.12 and 0.55 ± 0.10 to 0.90 ± 0.10 for the original BP and

HBP methods, respectively (Figs. 3.3a and b). This depth dependence in both the

BP and HBP images reflects the depth dependence of the fractions in eqs. (3.6) and

(3.11), which have the Green’s functions as their numerator and the normalizing factor
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Figure 3.2 Map view of the result with the (a) original BP, (b) original HBP, (c) kinematic
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of the backprojected signal among the source duration, which is normalized
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to #100. The gray rectangle outlines the model fault plane, the black line is
the up-dip limit of the fault area, and the star denotes the nucleation point
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Figure 3.3 Depth view of the normalized intensity of images obtained by the (a) original
BP, (b) original HBP, (c) kinematic BP, and (d) kinematic HBP methods.
Abscissa is the depth of point sources, and the ordinate is the normalized
intensity of the backprojected images. Black dot is the mean value of the
signal intensities within each 5-km-depth bin. One standard deviation of the
signal intensities within each depth bin is shown as the vertical error bar.
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Figure 3.4 Maximum amplitude of Green’s functions (GF amp.) for all the pairs of source
node and station in 10−6m as a function of depth of the source node, used in
both the synthetic tests and the real application. Color represents the station
azimuth. Gray vertical line shows the standard deviation of the amplitude
within 5-km-depth bins.

as their denominator, because we used the unified amplitude of slip-rate function for

generating the synthetic waveforms. In our numerical experiments, we assumed the

model-fault plane dipping at 15◦ embedded in a layered medium (Table 3.1), and the

Green’s function displays a depth dependence related to the rigidity of the medium and

to geometrical spreading factors, both of which become larger with depth (Fig. 3.4).

Thus, from both the mathematical expressions and the numerical experiments, we can

conclude that the BP and HBP methods are inherently designed to retrieve contributions

of wave radiation to entire waveforms, which should be proportional to the amplitude

of the Green’s functions. Note that the weighting factor wj fluctuates at most 9% for

the station configuration adopted in this numerical test (Fig. 3.1e), which does not

significantly affect the signal intensity. The numerical test presented in this chapter

extends the result of Fukahata et al. (2014), where they did not consider the effect of

a scaling factor due to the amplitude of the Green’s function, because they considered

the case of a single point source and did not take into account the effect that depends

on the source location. For the case of multiple-point sources (Fig. 3.1), however, the

dependence of the signal intensity on the source location has clearly emerged (Figs. 3.2a

and b and 3.3a and b), because the scaling factor is proportional to the amplitude of

the Green’s function which depends on the source location, which is shown in eqs. (3.6)

and (3.11).
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3.3 | Beyond the depth-dependent bias: Kinematic BP and HBP

methods to image slip motion

The depth dependence of the BP and HBP images (Figs. 3.2a and b and 3.3a and

b) highlights the inherent design of the BP and HBP methods, which extracts the

relative strength of the wave radiation that is proportional to the amplitude of the

Green’s function. In other words, the BP and HBP images are biased when they are

interpreted as the slip motion, and the BP and HBP images cannot directly be compared

to the slip distribution to discuss the rupture property. However, BP and HBP methods

are potentially useful for investigating the details of rupture properties or slip motion

recorded in high-frequency waveforms. Therefore, it would be convenient if we can design

BP and HBP methods to retrieve the slip motion on a fault plane from the backprojected

images. For this purpose, we propose variants of the BP and HBP methods in which

the normalizing factors in eqs. (3.1) and (3.7) of the original BP and HBP methods are

appropriately modified. We then test the proposed methods in the same situation as

described in Section 3.2.3 and also apply them to real waveforms of the MW 8.3 2015

Illapel, Chile, earthquake.

3.3.1 Modification in kinematic BP and HBP methods and synthetic test

In order to retrieve the slip motion from the signal intensity, we modify the BP and HBP

methods by changing the normalizing factors to cancel out the numerators of the signal

terms, Gij in eq. (3.6) and Gij×̂Gp
ij in eq. (3.11). For the BP method, we propose a

normalizing factor AkBP
ij as

AkBP
ij = gp

ij, (3.13)

where gp
ij is the amplitude of the first motion of the theoretical Green’s function, which

corresponds to the first local maximum (or minimum if polarity is down) of the amplitude

from the arrival time. For the HBP method, we modify the normalizing factor Aij in
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eq. (3.8) by using the theoretical Green’s function Gp
ij:

AkHBP
ij =

∫ T

0
Gp

ij
2(τ + tp

ij)dτ. (3.14)

The bias in the original BP and HBP images (Section 3.2.3) is expected to be corrected

by this modification of the normalizing factors. Thus, the kinematic BP and HBP images

should be more directly related to the slip motion on a fault.

The same numerical test that we carried out in Section 3.2.3 is performed to examine

how the proposed normalization factors modify the resultant signal intensity. As shown

in Figs. 3.2 to 3.5, the depth dependence seen in the original BP and HBP images

has mostly disappeared; basically uniform distribution of signal intensity with depth

is obtained by the kinematic BP and HBP methods. The mean values of the signal

intensities within the shallowest bins have been increased by 1.48 and 1.47 with the

kinematic BP and HBP methods, respectively (Fig. 3.3), compared to the mean values of

the original results. These results indicate that the input potency used for generating the

synthetic waveforms is backprojected onto the point source without the depth-dependent

bias.

3.3.2 Theoretical background of kinematic BP and HBP methods

Here, we consider the theoretical background of the kinematic BP and HBP methods,

which successfully suppressed the depth-dependent bias, following the procedure taken

in Fukahata et al. (2014) with the modified normalizing factors of eqs. (3.13) and (3.14).

In the kinematic BP method as well as in the original BP method, we first assume

that the Green’s function in eq. (3.6) is an impulsive response function (Fukahata et al.,

2014), which can be represented by Dirac’s delta function with the amplitude of the

first motion of the Green’s function as a scale factor on the basis that later phases and

inelastic attenuation can be neglected:

Gij(t + tij) ≈ gijδ(t), (3.15)
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Figure 3.5 Histograms of the normalized intensity of the signals obtained by (a) the
original and kinematic BP methods, and (b) the original and kinematic HBP
methods.

where gij is the amplitude of the first motion of the true Green’s function, and tij is the

true travel time of the P phase. If we can further assume that the true travel time tij is

approximately equal to the theoretical travel time of tp
ij,

tp
ij ≈ tij, (3.16)

eq. (3.15) becomes

Gij(t + tp
ij) ≈ gijδ(t). (3.17)

Substituting Eq. (3.17) into eq. (3.6), we obtain

skBP
i =

∑
j

wj

Aj

aigij(t). (3.18)
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If we can compute a Green’s function for the P phase that satisfies

gp
ij ≈ gij, (3.19)

the fraction of the Green’s function and the normalizing factor in eq. (3.18) is canceled

out in the kinematic BP method because we now have defined the normalizing factor

as in eq. (3.13). Hence, the modified signal intensity at the ith source location skBP
i

becomes

skBP
i (t) ≈ ai(t), (3.20)

where we used ∑
j wj = 1. In eq. (3.20) the signal intensity in the kinematic BP method,

skBP
i , directly corresponds to the slip velocity ai. Which of the Green’s function due to

unit-step slip velocity or displacement can well satisfy the assumption of eq. (3.17) is

hard to be determined (Fukahata et al., 2014), but we note if the effect of the attenuation

for the teleseismic body waves can be neglected, the slip motion ai corresponds to the

slip acceleration for the velocity data uj.

In the kinematic HBP method as well as in the original HBP method, we first assume

that the theoretical Green’s function is a good approximation of the true Green’s function

as

Gp
ij(t) ≈ Gij(t). (3.21)

Substituting eq. (3.21) into eq. (3.11), we obtain

skHBP
i (t) ≈

∑
j

wj

((
ai ∗ Gp

ij

)
×̂Gp

ij

)
(t)

Aij

. (3.22)

If we use the normalizing factor defined by eq. (3.14), the fraction that is composed of

the cross-correlation of the Green’s functions and the normalizing factor in eq. (3.22)

results in the normalized auto-correlation function of the Green’s function. Therefore,
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if we can assume that the stacked auto-correlation functions is like the Dirac’s delta

function with certain amplitude (Fukahata et al., 2014), eq. (3.22) becomes

∑
j

wj

(
Gp

ij×̂Gp
ij

)
(t)∫ T

0 Gp
ij

2(τ + tp
ij)dτ

≈ δ(t), (3.23)

where we used ∑
j wj = 1. Then, the modified signal intensity at the ith source location

skHBP
i is finally expressed as

skHBP
i (t) ≈ ai(t). (3.24)

In eq. (3.24) the signal intensity of the kinematic HBP image, skHBP
i , directly corresponds

to the slip velocity ai.

3.3.3 Application to the real data

In order to demonstrate how the relative signal intensity is modified by the kinematic

BP and HBP methods for the real case, we applied them to the waveforms of the MW

8.3 2015 Illapel, Chile, earthquake with the same procedure adopted by Okuwaki et al.

(2016), where they used the original HBP method (Fig. 3.6). Here, 4th root stacking

(e.g., McFadden et al., 1986) was used to enhance the signal-to-noise ratio of the image,

and the data were filtered in the 0.3 to 2.0 Hz frequency band. Compared with the

original BP and HBP methods, the signal intensities of the kinematic BP and HBP

methods in the region shallower than 25-km depth have been increased by 1.25 and 1.33

of their mean values, respectively (Figs. 3.6c and f), which are similar to the ones for

the numerical tests measured within 0 to 25-km-depth bin; 1.28 and 1.31. We note that

the mean values of the real applications and the numerical tests may not be simply

compared since for the real applications, the mean values were measured among all

the point sources in the model fault, while for the numerical tests, we only used the

intensities on the input-source points (Fig. 3.1b). Based on the numerical test, we can

consider that the depth-dependent bias included in the original BP and HBP method is
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Figure 3.6 Comparison of the real-data application of the original and the kinematic
BP and HBP methods for the MW 8.3 2015 Illapel Chile earthquake. (a, b,
d, e) Color represents the normalized intensity of the backprojected signal.
The gray rectangle outlines the model fault plane with a dip angle of 15◦,
the black line on the west side is the up-dip limit of the fault area, and the
star denotes the nucleation point (hypocenter). The thin gray curve shows the
coastline. (c, f) Histograms of the normalized intensity of the signals obtained
by the original and the kinematic BP and HBP methods. µ and µk are the
mean values of the original and the kinematic BP and HBP signal intensities,
respectively.
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successfully suppressed by the kinematic BP and HBP methods. The source models of

the 2015 Illapel earthquake showed a complex rupture evolution along both the up-dip

and down-dip directions (Melgar et al., 2016; An et al., 2017; Yin et al., 2018; Meng

et al., 2018), which is more consistent with the image obtained by the kinematic BP and

HBP methods. The increased signal in the shallow part should reflect the source of high-

frequency radiation from the up-dip rupture propagation. The general difference between

the BP and HBP images, especially in the shallow region, reflects the enhancement of

the spatial resolution in dip direction of the HBP method by adopting the information

of depth phases of the Green’s function (Yagi et al., 2012a). While in the region deeper

than 25-km depth, the distributions of the signal intensities remain almost the same for

the original and kinematic BP and HBP methods (Figs. 3.6c and f). This suggests that

the previous discussion of the deep-intense high-frequency radiation, which may result

from the rupture of small high-stress patches that accelerate the following large slip (e.g.,

Okuwaki et al., 2016), should not be affected significantly even by the kinematic BP and

HBP methods, at least in the case of the 2015 Illapel earthquake. The real applications

suggest that the heterogeneity of the fracture energy or stress drop that perturbs the

rupture-front propagation (e.g., Husseini et al., 1975; Fukuyama and Madariaga, 1998)

may exist in both shallow and deep part of the fault, though the degree of heterogeneity

may be different depending on depth.
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4 | General discussion

4.1 | Geometric barrier and rupture evolution

Analytical studies and numerical experiments of rupture propagation have shown that

irregular-rupture propagation can enhance high-frequency wave radiations (Das and Aki,

1977; Madariaga, 1977; Bernard and Madariaga, 1984; Spudich and Frazer, 1984). Ir-

regular rupture propagation occurs when rupture front encounters a barrier that stops

or slows rupture propagation (Das and Aki, 1977; Aki, 1979). In particular, the role

of barriers in the form of geometric discontinuities in fault system has extensively been

studied in numerical simulations, suggesting that the geometric barrier contributes to

perturbation of rupture evolution (Kase and Day, 2006; Oglesby, 2008; Oglesby and Mai,

2012; Madariaga et al., 2006).

4.1.1 Deceleration and acceleration of rupture front due to geometric barrier

In section 2.1, we showed through the analysis of the 2008 Wenchuan earthquake that

the intense high-frequency signals were mainly concentrated around the geometric dis-

continuities of the fault system; around the XDF cross-cutting the other fault segments,

the steps around the northern end of the NPF, and the boundary between the SBF

and SCBF segments, which have been recognized as geometric barriers to rupture prop-

agation based on the surface-rupture measurements by pioneering study of the 2008

Wenchuan earthquake (e.g., Fielding et al., 2013). As can be seen from the spatiotem-

poral evolution of the high-frequency signals (Fig. 2.6a), the high-frequency sources

along both the SBF and SPF segments were temporarily arrested around the XDF at 15

s to 25 s from the hypocentral time, and then, further evolved bilaterally into the south-
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western and northeastern segments from the XDF. These behavior of the high-frequency

signal can be interpreted as deceleration of rupture front when it encountered geometric

discontinuity of the XDF, followed by acceleration of rupture front when it came to

pass across the XDF and recommenced propagation bilaterally away from the geometric

barrier through the adjacent fault segments. The deceleration of rupture front at the

XDF inferred from the high-frequency observation is consistent with the independent

finding by the inverted slip model, where the deficiency of co-seismic slip or transient

suspension of rupture propagation was reported near the XDF at 10 s to 20 s from the

hypocentral time (Yagi et al., 2012b). We also note that high-frequency signals of mod-

est intensity at the southwestern ends of the SBF and the SPF during the very early

stage of rupture (∼10 s from the hypocentral time) are consistent with the rupture man-

ner inferred from the co-seismic slip model (Hartzell et al., 2013), where they reported

southwestward propagation of the co-seismic slip along the Pengguan fault. Thus, we

interpret these high-frequency signals to represent stopping phases (Madariaga, 1977)

of the initial southward propagation of rupture at the southwestern ends of the SPF

and SBF. Bilateral-rupture propagation can also be seen along the SCBF at 50 s to

60 s after the hypocentral time (Fig. 2.6a), and the high-frequency sources observed

at the boundaries of the SBF-SCBF and SCBF-NCBF and the northwestern edge of

the NPF (Fig. 2.6a) can also be interpreted as the stopping phases or abrupt rupture

decelerations.

4.1.2 Complementarity of high- and low-frequency radiations

If we consider the distribution of the maximum, median, and mean values of high- and

low-frequency signal intensities along the dip directions of the fault segments (Fig. 4.1),

we see that the distributions of sources of high- and low-frequency waves are roughly

complementary in the southwestern segments (SBF, SCBF, SPF, and NPF); these dis-

tributions are consistent with the underlying theoretical framework, which predicts that

propagation of a rupture front at constant speed does not contribute to high-frequency

radiations (Spudich and Frazer, 1984). The complementary relationship between the
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Figure 4.1 Distributions of maximum, median, and mean values of signal intensity along
the dip direction of each fault segment (see Fig. 2.2a caption for fault segment
names). The abscissae give distances along strike from the left-bottom cor-
ner of each fault segment, and the ordinate is a normalized signal intensity.
Cold and warm colors represent the high- and low-frequency (HF and LF)
results, respectively. The estimated locations of the XDF (green lines) and
the location of the hypocenter (gray dotted line) are also shown.

high-frequency sources and the large slip area has generally been reported by the pre-

vious studies (Meng et al., 2012a; Uchide et al., 2013; Okuwaki et al., 2014; Grandin

et al., 2015; Yagi and Okuwaki, 2015; Okuwaki et al., 2016). We infer that the high-

frequency sources should be correspond to the areas where the rupture-front propagation

is disturbed by the geometric discontinuities within or between the fault segments, while

the low-frequency sources should be corresponding to the region where the smooth and

persistent rupture propagation is going along the continuous and linear section of fault

segments. A seismic source model for the MW 7.2 2010 El Mayor-Cucapah earthquake

(Uchide et al., 2013) shares general similarity to our result, which also reported the

intense high-frequency radiation was observed near the boundaries of fault segments,

which can be interpreted as the geometric barriers. While in the northeastern segments

(NCBF and NBF) in Fig. 4.1, the relative intensities of high- and low-frequency signals

are almost identical, and this may result from either the cases of that the signal inten-

sity for both the high- and low-frequency waves are inherently weak compared to the

ones in the southwestern segments, or that the intensities of both the HF and LF waves

in the northeastern segments may be contaminated and weaken by the later phases of

the main rupture along the southwestern segments. These effects may also explain the
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lack of the high-frequency radiation around the boundary between the NCBF and NBF,

even though the geometric discontinuity is recognized in the surface ruptures and some

amounts of slip are observed in the waveform inversion (e.g., Yagi et al., 2012b).

4.1.3 Difference in rupture irregularity for inland and subduction zone

earthquakes

While for the subduction zone earthquakes where there is no such geometrical discon-

tinuities are recognized, the high-frequency wave radiations have been observed at the

edges of the large asperity ruptures with the same approach adopted in this study to-

gether with the waveform inversion (Okuwaki et al., 2014, 2016), and they interpret

that the heterogeneous distribution of the fracture energy or stress drop could be the

sources of high-frequency wave radiation where rupture accelerates and triggers the fol-

lowing smooth large slip, which are consistent with the cascading rupture model (Ide

and Aochi, 2005). The above descriptions of the rupturing manner for the subduction

zone earthquakes, that are observable through the analyses of the high-frequency wave

radiation, are not exactly the same as what we here observed in the 2008 Wenchuan

earthquake, where the significant geometrical discontinuities exist in the fault system.

Our observation could imply that, when the fault system involves the geometric barriers,

the observable rupturing manner captured via the teleseismic high-frequency waveforms

would be more complex than that for the subduction zone earthquakes in the sense

that the high-frequency wave radiation could be observed as a result from the abrupt

deceleration or stopping of rupture propagation, or even acceleration of rupture to go

through the adjacent-fault segment.

4.1.4 Scattering of rake angles and stress perturbation due to geometric

barrier

As shown in Figure 2.5a, the resulting rake angles for the high-frequency model exhibit

more scattered behavior than those for the low-frequency model (Fig. 2.5b). Numerical
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experiments with non-uniform frictional fault that involves the high strength locations

(barriers) retrieve the irregular distribution of the rupture front, resulting heterogeneous

distribution of final slip vectors (Mikumo and Miyatake, 1978). The dynamic rupture

modeling, assuming the slip weakening law and isotropic friction, has also shown that

the rake rotation can be occurred under the condition of low initial shear stress level with

spatially variable direction of stress (Guatteri and Spudich, 1998). If we consider the

geometric barriers, recognized as the XDF and the steps between the fault segment, as

the high strength areas where the shear stress direction is locally changed, the scattering

or rotation of rake-angle can be interpreted as a result of higher stress drop than the

initial stress level or perturbations of stress at the barriers, and may also be consistent

with the field observations of fault exposures showing the intermixed distribution of the

vertical and horizontal offsets, especially at around the XDF (Xu et al., 2009a; Yu et al.,

2010). However, there is also a possibility that the HBP method does not have enough

ability to constrain rake angles from intensity of signals. Since the high-frequency waves

contain more complex and scattered phases than those of the low-frequency waveforms,

the slight changes of waveform amplitude responsible for the rake variations may be

buried or not resolved with the HBP method. For example, even if we fix the rake

angle of pre-calculated Green’s function as 90◦ for all the source node, we get the similar

result as the ones allowing rake variability of Green’s functions for the high-frequency

analysis (Fig. 4.2). This instability raised from the high degree of freedom of the rake

angle may explain the ghost image of the high-frequency signals shown at -200 km from

the epicenter at 30 to 50 s after the origin time shown in Fig. 2.6a. In contrast, the

rake angles for the low-frequency model shows smoother distribution than those for the

high-frequency model, generally showing reverse faulting at around the hypocenter and

the middle parts of the SPF and the southern parts of the SBF, while horizontal slip at

around the XDF for both the SPF and the SBF, which are consistent with the seismic

source model by using the low-frequency waveforms (Yagi et al., 2012b; Hartzell et al.,

2013).

Note that we only draw the representative rake angle for each source node with max-
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Figure 4.2 Alternative results with fixed rake angle at 90◦. (a) Spatial distribution of
high-frequency sources in a strike vs. depth view. Rake angle in Green’s
function is fixed at 90◦ for all the source nodes. Background colors represent
normalized signal intensities. Arrows show rake angles, which for clarity are
shown only on source cells for which signal intensities are greater than 0.5.
Green lines indicate the estimated location of the XDF and the star marks
the hypocenter. See caption of Fig. 2.5a for fault segment names. (b) Same
as Fig. 4.2a, but for the low-frequency result.
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imum signal intensity along the set of rake angles used for calculation of the Green’s

functions for the visibility of Figure 2.5, and we constrain the range of variability of the

rake angle (0◦ to 180◦) according to the field observations (Xu et al., 2009a; Yu et al.,

2010). However, histograms of the full range of rake angles (-180◦ to 180◦) weighted ac-

cording to single intensity show symmetric distributions with twin peaks at about -90◦

and 90◦ for both high- and low-frequency analyses (Fig. 4.3). Even if we searched the

best rake angle for each source node according the maximum intensity along all the set

of rake angles, it was difficult to distinguish a unique rake angle (e.g., 120◦ or -60◦) in our

methodology, because the polarity of the P -phase in the Green’s function can be flipped

by 180◦ by phase shifts when we use a narrow low-frequency bandpass filter. However,

constraining the range of rake angles on the basis of the field observations allowed us

to estimate the reliable rake angles that are comparable to those obtained by inversion

modeling by using low-frequency waveforms.
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4.1.5 Geometric barrier: a proxy for future earthquake hazard

Irregularity of rupture propagation is significant for earthquakes in fault systems that

include geometric barriers. Such a rupture behavior, which was captured through the

analysis of the teleseismic high-frequency waveforms and discussed in this study, may

only be valid in a certain length scale around 100 to 101 km. However in finer scale, fault

roughness (topographic variations of the fault surface) also generates high-frequency

radiation, as quantitatively shown by dynamic rupture simulations (e.g., Dunham et al.,

2011; Shi and Day, 2013; Bruhat et al., 2016; Mai et al., 2017), and the roughness-

induced irregularity of rupture propagation also plays a key role in high-frequency wave

radiation, although it is difficult to consider the stochastic nature of the fault surface in

this study due to the limited spatial resolution of the HBP method.

4.2 | Inhomogeneous barrier and rupture evolution

4.2.1 Zigzagging rupture episodes

The seismic source model of the MW 8.3 Illapel, Chile, earthquake, which integrates the

inverted slip together with the high-frequency sources, shows that the rupture process

involves two distinct episodes of rupture propagation, which can be divided into the

first 25 s from the hypocentral time and the following ruptures. In the first sequence

(0 s to 25 s), rupture mainly propagates up-dip to the northwest of the epicenter at

the rupture-front velocity less than 2 km/s, and temporarily terminates at about 16 km

northwest of the epicenter. High-frequency sources generally follow the rupture front

edges but are distributed mainly at the deeper parts of the slip. During the second

sequence (25 s to 90 s), rupture starts propagating up-dip from the down-dip part of

the fault plane, after the excitation of the relatively strong high-frequency radiation at

around 27 s. This burst of the high-frequency signals, shown in the panel of 26 s to 30 s

in Fig. 2.17, is consistent with the rise of the moment rate function at around 25 s (Fig.

2.8). The propagation speed of rupture-front varies along the strike and dip directions.
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The rupture speed along the strike direction (Fig. 2.18a) is estimated to be less than 2

km/s, which is the same as in the first rupture sequence, but the rupture velocity along

the dip direction is relatively fast, exceeding 3 km/s (Fig. 2.18b).

4.2.2 High-frequency radiation triggers the secondary rupture episode

The switch from the first to the second rupture episodes is marked by the strong high-

frequency radiation at the down-dip edge of the slip area below the coast. Theoretical

studies show that high-frequency waves are generated by abrupt changes in rupture ve-

locity and/or slip-rate (e.g., Madariaga, 1977; Bernard and Madariaga, 1984; Spudich

and Frazer, 1984), and Spudich and Frazer (1984) concluded that it is difficult to dis-

tinguish which factor, discontinuity in rupture velocity or slip-rate, could be the main

generator of high-frequency waves. Ohnaka and Yamashita (1989) also shows that slip-

rate increases as the rupture velocity accelerates and diverges if the rupture velocity

equals to shear wave velocity for the anti-plane crack, and Rayleigh wave velocity for

the in-plane crack. Although we cannot see a clear propagation path from the first to the

second rupture episode, the strong high-frequency radiation at the down-dip edge of the

slip area may reflect the acceleration of the slip-rate or rupture velocity that could have

triggered the second rupture sequence that produced the large slip. Such an interaction

between the preceding strong high-frequency radiation and the following large-asperity

rupture is also observed during the MW 8.8 2010 Maule, Chile, earthquake (Okuwaki

et al., 2014).

4.2.3 Depth dependence of high-frequency radiation

In both the rupture episodes during the 2015 Illapel earthquake, high-frequency sources

tend to be distributed at deeper part of the slip distribution, and the strength of high-

frequency sources is relatively weak in areas of ongoing large slip. The similar, spatial

relationship between high-frequency sources and the large-inverted slip has been docu-

mented during the MW 8.8 2010 Maule, Chile, earthquake (Okuwaki et al., 2014) using

the same methodology as this study, as well as for the 2015 Illapel earthquake (Ye et al.,
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2016a; Melgar et al., 2016), and other subduction-zone megathrust earthquakes (e.g.,

Koper et al., 2012; Lay et al., 2012). Theoretical studies suggest that spatial hetero-

geneity of fracture energy or stress drop induces discontinuities in rupture propagation

(e.g., Husseini et al., 1975; Fukuyama and Madariaga, 1998), which in turn generates

high-frequency waves (e.g., Spudich and Frazer, 1984). Hence our source model may

reflect the heterogeneous distribution of fracture energy or stress drop along the fault.

However, the observations, which apparently show the depth dependence of the high-

frequency radiation, may not fully be consistent with the theoretical mechanism of the

high-frequency radiation because, especially for the 2015 Illapel earthquake, we observed

the rupture-front migration in both up- and down-dip directions, which should have the

fluctuations of rupture propagation when the rupture direction switches to one another,

but showed generally weak intensity of high-frequency signal in the shallow part of the

model fault. We will discuss this intriguing discrepancy between the observation and

theoretical knowledge in Chapter 4.3 from the viewpoint of the biassing effect of the BP

methods.

4.2.4 Confirmation of rupture episodes by strong motion records

The two rupture episodes observed from our analyses of teleseismic records are also

confirmed by the strong motion record at CO03 station, located at 134 km northeast of

the epicenter (Fig. 4.4). The strong motion record indicates the modest amplitude of

waves at the first rupture episode continuing about 15 s from the onset of the first P-

phase, and then the large amplitude follows during the second rupture episode. Similar

observation of the initial rupture phase followed by the intense secondary rupture event

can be recognized during the 2014 Iquique, Chile, earthquake (Yagi et al., 2014; Ruiz

et al., 2014), although the clear intense foreshock activity, which is the remarkable feature

of the 2014 Iquique earthquake, has not been reported for the 2015 Illapel earthquake.
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Figure 4.4 (a) Three components (east-west, north-south, and vertical from top to bot-
tom) of unfiltered trace of velocity waveform at CO03 station (c) from the
network of C1 operated by Red Sismologica Nacional, Universidad de Chile.
Each trace is normalized by its absolute maximum amplitude. (b) The en-
larged view of the upper panel. P1 and S2 indicate the onsets of P-phase
and S-phase, which are manually picked. S1? and P2? are expected onset
of S and P phase related to the P1 and S2 phases, respectively. Theoretical
S-P time at CO03 station is calculated by using TauP (Crotwell et al., 1999)
based on ak135 model (Kennett et al., 1995).
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4.2.5 Gradual termination of rupture: Role of inhomogeneous barrier

Other prominent feature of our integrated source model can be highlighted at the termi-

nation of the second rupture episode (60 s to 90 s), where slip-rate gently declines from

about 60 s, and high-frequency sources are almost absent. This tendency is contrary to

what is observed during the 2015 Gorkha, Nepal, earthquake (Yagi and Okuwaki, 2015),

where the rupture-front velocity abruptly decelerates and the strong high-frequency ra-

diation is observed at the end of the rupture sequence, which can be interpreted as

stopping phase (e.g., Madariaga, 1977). The northern end of the 2015 Illapel source re-

gion coincides with the transition zone between high- and low- coupled region (Moreno

et al., 2010; Métois et al., 2013) based on the GPS observation and also coincides with

the southern end of the northern part of the 1997–1998 swarm area (Lemoine et al., 2001;

Pardo et al., 2002, Fig. 2.8). Holtkamp and Brudzinski (2014) discusses that the rupture

of the large and mega earthquakes in subduction zone worldwide often terminates around

the region where the active earthquake swarm is observed, and the collocation of this

may be explained by the spatial change of stress regime, and the swarm activity may act

as a proxy for the segmentation of the megathrust rupture. The weak excitation of high-

frequency radiation at the northern end of rupture observed in our analyses of the 2015

Illapel earthquake may reflect gradual rupture deceleration (e.g., Spudich and Frazer,

1984), and this gradual-rupture-stopping behavior might suggest that the rupture front

penetrates into the swarm-dominated region, where the significant change in frictional

property or stress state may exist (e.g., Kaneko et al., 2010). As discussed in Meng

et al. (2018), the intense earthquake swarm and the repeating earthquakes have been

observed in and around the source region of the 2015 Illapel earthquake (Nishikawa and

Ide, 2017; Huang et al., 2017, Fig. 4.5), suggesting that the source region is wrapped by

the aseismic region, which may work as the inhomogeneous barrier against the rupture-

front propagation. Independently, the GPS observations resolved the low-coupling area

around the source region (Métois et al., 2016), which may also regarded as another proxy

for the aseismic-transient zone that refused the further penetration of rupture front or

intense generation of high-frequency radiation. However, we should note that the discus-
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Figure 4.5 Snapshots selected from Fig. 2.17. White dots are the earthquake swarms de-
tected by Nishikawa and Ide (2017). Arrow indicates the estimated rupturing
path based on the high-frequency source location.

sion of the relative intensity of high-frequency signal resolved in the HBP method should

carefully be done. As can be seen in the sensitivity test for the HBP method (Fig. 2.11),

the strength of response from the multiple synthetic point sources at the shallower part

of the fault is, in general, at most 30 to 40% weaker than that at the deeper part. This

tendency of lacking the intense high-frequency signal at the shallow part of the model

fault is the depth-dependent artifact of the HBP image, which is further discussed in the

Chapter 3 in this thesis. Even considered this imaging-artifact in the synthetic test, the

strength of the observed signals at around the terminus of the second rupture episode

(60 s to 90 s) is still weaker than that of the strong high-frequency signals observed at

the initiation of the second rupture episode at the down-dip edge of the slip, and this

artifact does not significantly affect the validity of the discussion.

4.2.6 Background seismicity and rupture evolution

Slip distribution inferred from the waveform inversion analysis correlates well with the

highly locked region in the plate-coupling models by Moreno et al. (2010) and Métois

et al. (2013). The locations of the 1997–1998 swarms coincide with the northern and

north-eastern edges of the slip area (Fig. 2.8), and for at least 5 years before the

2015 Illapel earthquake, seismicity around and south of the epicenter (from the CSN

earthquake catalog) was more active than in the rest of the source region (Fig. 4.6).
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These pre-seismic activities outline the source region of the 2015 Illapel earthquake and

may have had a role in determining the area favorable to rupture. However, the slip

deficit amounts to 5.3 m if assuming 100% coupled from the 1943 earthquake, while

the maximum inverted slip is much larger than 5.3 m (Fig. 2.8). Although the peak

slip amplitude is slightly fluctuated by the assumption of the maximum rupture velocity

(Fig. 2.14), the slip deficit is still much less than the amount of inverted slip. We believe

that the slip deficit since the 1943 earthquake is not enough for the occurrence of the

2015 event, and some amounts of slip deficit further before the 1943 earthquake should

be necessary. Moreover, the field surveys of affected tsunami have suggested that there

are spatial differences between tsunami inundation areas along the coast between the

1943 and the 2015 Illapel earthquakes (Aránguiz et al., 2016). Thus, the 2015 Illapel

earthquake is not likely a simple re-occurrence of the 1943 earthquake.

4.2.7 Rupture process controls tsunami generation

According to the post tsunami surveys, the tsunami arrival time at the Totoral village,

near the northern edge of the slip area (Fig. 2.8) where the maximum tsunami inun-

dation height reached 10.8 m, was 6 to 10 minutes. This arrival time is shorter than

for other tsunamigenic earthquakes in the Chilean subduction zone (Aránguiz et al.,

2016). Numerical tsunami simulation suggests that this rapid tsunami propagation can

be explained if the large slip patch is close to the coastline and a narrow continental

shelf and steep bathymetry are present (Aránguiz et al., 2016). Although the rupture

front reaches the shallowest part near the trench in our source model (Fig. 2.17), the

area of large slip concentrates at about 15 to 20 km depth on the fault plane close to

the coast (Fig. 2.8). The occurrence of large slip near the coast in the second rupture

episode may account for the shorter arrival time and large run-ups of tsunami near the

northern edge of the source region.
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Figure S11 
Comparison between the total slip distribution and the seismicity in 5 years before 
the 2015 Illapel earthquake. The contour outlines the slip every 1.04 m. Black dots 
correspond to the epicenters determined by the Centro Sismológico Nacional, 
Universidad de Chile (CSN: http://www.sismologia.cl, last accessed on 16 November 
2015). Inset graph shows the cumulative number of the earthquakes (total 1161 
events) counted by 0.1˚ sliding window along Latitude, with the criteria of M ≥ 3, 
shallower than 50 km depth, date 2010/09/16–2015/09/15, -32˚ ≤ Latitude ≤ -30˚ and 
-72.6˚ ≤ Longitude ≤ -71.1˚ (area within the rectangle). Star denotes the epicenter 
determined by the CSN. Background topography and bathymetry are from ETOPO1 
(Amante and Eakins 2009).  
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Figure 4.6 Comparison between the total slip distribution and the seismicity in 5 years
before the 2015 Illapel earthquake. The contour outlines the slip every 1.04
m. Black dots correspond to the epicenters determined by the Centro Sis-
mológico Nacional, Universidad de Chile (CSN: http://www.sismologia.cl,
last accessed on 16 November 2015). Inset graph shows the cumulative num-
ber of the earthquakes (total 1161 events) counted by 0.1◦ sliding window
along Latitude, with the criteria of M ≥ 3, shallower than 50 km depth, date
2010/09/16–2015/09/15, -32◦ ≤ Latitude ≤ -30◦ and -72.6◦ ≤ Longitude ≤ -
71.1◦ (area within the rectangle). Star denotes the epicenter determined by the
CSN. Background topography and bathymetry are from ETOPO1 (Amante
and Eakins, 2009)
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4.3 | Uncertainty in backprojection

4.3.1 Inherent depth dependence of backprojection

In Chapter 3.3.1, we proposed the variants of the BP and HBP methods in order to di-

rectly retrieve the slip motion from the backprojected images by modifying the normal-

izing factors adopted in the original BP and HBP methods, which successfully removes

the depth-dependent bias in the original BP and HBP methods. However, the depth

dependence of the signal intensity in the original BP and HBP images for megathrust

earthquakes in subduction zone is still crucial information for assessing future-earthquake

damage due to strong shaking, considering the resonant frequencies of the buildings that

lie in the frequency band adopted for the BP analyses (e.g., Snieder and Şafak, 2006;

Meng et al., 2012a). The relative intensity of high-frequency wave radiation by a unit

slip in the deeper part of the seismogenic zone tends to be stronger than that of the

radiation in the shallower part of the fault, provided that a fault is dipping and the

rigidity of the medium increases with depth.

4.3.2 Further uncertainty in backprojection image

As shown in Section 4.3.4, both mathematical representations and numerical test indicate

that the signal intensity of the original BP and HBP images does not directly related to

the slip amplitude. We verified through the numerical tests that the kinematic BP and

HBP methods were well utilized for removing depth dependence of the signal intensity

and extracting slip motion on a fault, which should be useful for unbiased discussion of

high-frequency radiation during an earthquake rupture by using the BP techniques in the

context of the source-rupture evolution, with the direct comparison with the inverted slip

distribution. However, as can be seen in the numerical test, even if the kinematic BP and

HBP methods are used, in the ideal model setting to generate the synthetic waveforms,

the input sources were still imperfectly recovered, and the normalized intensity of the

backprojected signal ranged from about 0.5 to 1.0 (Figs. 3.3 and 3.5). This spread

in the distribution of signal intensity can be explained due to the noise given in the
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second terms in eqs. (3.4) and (3.9). We assumed for both the original and kinematic

BP and HBP methods that the noise terms can be suppressed by stacking as shown in

eqs. (3.5) and (3.10) based on Fukahata et al. (2014). However, in our numerical test,

where we assumed the multiple-point sources with a uniform slip-rate function (Fig.

3.1), the interference of the noise and signal terms cannot be neglected when the sources

are close to each other because the convolution functions of the slip velocity and the

Green’s function get similar among the neighboring locations. As a result, the signal

intensity may be either intensified or weakened by the noise, and the signal intensity at

the specific source point may not exactly represent the slip amplitude. This imperfect

recovery of the input sources is a common feature in both the original and kinematic

BP and HBP methods, irrespective of the implementation of the normalizing factor,

because this comes from the resemblance of the Green’s function at sources (Fukahata

et al., 2014). We also have to mention that the assumptions we made in eqs. (3.19) and

(3.21) may not work efficiently for the analysis of real data, because of the limitation

to calculate the Green’s function accurately (e.g., Yagi and Fukahata, 2011a), and the

uncertainty of the depth and focal mechanism of the source may distort the kinematic

BP and HBP images for real applications.

4.3.3 Revisiting complementarity of high- and low-frequency radiations

It is a general agreement that the low-frequency backprojection image becomes blurry

compared to the one using the high-frequency data (e.g., Satriano et al., 2012; Fan

and Shearer, 2015). As we discussed above, incoherence of the slip motion ai and the

ones from the other sources ai′ as well as dissimilarity among the Green’s functions

(Gij and Gi′j) are necessary conditions for the BP and HBP methods to well extract

the signal terms from eqs. (3.4) and (3.9), by suppressing the noise terms. In other

words, the resolvability of the signal at the specific location is controlled by similarity

of the convolution functions of the slip velocity and the Green’s function between the

neighboring locations. Such a similarity length is broaden in space and time when the

low-frequency bandpass filter is applied to the data, compared to that filtered in high
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frequency range. As a result, we obtain the blurred, low-frequency backprojection image.

As discussed in Section 4.1.2, another notable observation of the backprojection study

is that the spatiotemporal location of the intense high-frequency source is shifted from

the center of the low-frequency source to the edge of it (e.g., Kiser et al., 2011; Okuwaki

and Yagi, 2018). The similarity length for the high-frequency data is expected to be

shorter than that for the low-frequency data. Thus, the small-scale change of slip be-

haviour is preferable to be resolved for the high-frequency backprojection. While the

similarity length is extended by using the low-frequency filter and the coherent slip

motion during the smooth asperity rupture can be emphasized by the low-frequency

backprojection. As a result, the high-frequency signal of the backprojection is located

at the edge of the low-frequency signal, which should also be a basis that explains the

relationship between the intense high-frequency BP signals and the large-inverted slip

distribution (e.g., Uchide et al., 2013). Thus, the concept of the similarities of the slip

motion and the Green’s function, that explains the imperfect recovery of the signal in

the numerical test, may also provide a clue to explain the frequency dependence of the

backprojection image, which highlights the difference of the slip behaviour.

4.3.4 Non-linearity between the backprojected signal and slip motion of the

original BP/HBP images

Through section , we argued the cause of depth dependence of the signal intensity in

the original BP and HBP images by only considering the scaling factors involving the

Green’s functions in the numerators of the signal terms in eqs. (3.4) and (3.9). The

normalizing factors adopted in the original BP and HBP methods, however, also contain

the term of slip motion ai since the normalizing factors are composed of the waveform

uj (eq. 3.3). For example, eq. (3.6) can be represented in an exact form by substituting

eq. (3.3) as

sBP
i (t) ≈

∑
j

wj

(ai ∗ Gij)
(
t + tp

ij

)
pol(uj) ·

√∫ T
0

[∑
i′ (ai′ ∗ Gi′j) (τ + tp

j)
]2

dτ

, (4.1)
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for the original BP method, where ai is included in both the numerator and denominator.

Therefore in the original BP and HBP method, the relationship between the resultant

signal intensity and the slip motion ai is basically non-linear, which makes it difficult to

clarify the effect of the Green’s function on the depth dependence of the signal intensity.

While in the kinematic BP and HBP methods, the normalizing factors are designed to

solely include the Green’s function. This feature in the formulations of the kinematic BP

and HBP methods, directly relating the signal intensity to the slip motion, establishes

a linear connection between the signal intensity and the slip motion.

4.3.5 A gap between mathematical expression and resultant image of

kinematic BP and HBP methods

In the mathematical expressions, the signal intensity of the kinematic BP and HBP

methods corresponds to the slip velocity or slip acceleration, but as discussed above, the

noise term, which is a contribution from the neighboring source locations, is not negligi-

ble, and the signal at a certain location could work as the noise to other sources. Thus,

the signal intensity at the specific source point does not exactly represent the slip. In the

sense we should consider that the signal contains contributions from the nearby sources

with a certain extent, which determines the spatial resolution of the backprojected im-

age (Fukahata et al., 2014), the image obtained by the kinematic BP and HBP methods

may represent the potency distribution. Specifically, the signal intensity is related to

the potency density tensor (Ampuero and Dahlen, 2005) of the specific components,

since we fixed the fault geometry and the slip direction when calculating the theoretical

Green’s function in the numerical tests and the real application.

81



5 | Conclusions

In this thesis, we considered the deterministic relationship between the irregularity of

earthquake-rupture evolution and the geometric and inhomogeneous barriers along the

fault, though the analyses of the 2008 Wenchuan, China, and the 2015 Illapel, Chile,

earthquakes by using the globally observed, high-frequency teleseismic waveforms in

Chapter 2. We found that the geometric barrier played a role on deceleration and ac-

celeration of rupture-front propagation, which may reflect the stress concentration and

following triggering of rupture across the barriers during the 2008 Wenchuan earthquake.

While in the 2015 Illapel earthquake, we found that the rupture front avoided the inho-

mogeneous barrier (intense swarm region), resulting in zigzagging, irregular rupturing

paths. We also found that the rupture gradually decelerated and terminated with the

weak excitation of high-frequency radiation, reflecting the gradual change of frictional

property or stress state along the fault, which is dissimilar manner to the one with

the geometric barrier. Our observations of high-frequency radiations highlight the crit-

ical role of the barriers as the extrinsic factor that controls the irregularity of rupture

evolution.

We also considered the theoretical background of the BP methods in Chapter 3.

Through the mathematical reviews and numerical tests of the time-domain BP and

HBP methods, we confirmed that the signal intensity in the original BP and HBP meth-

ods was designed to retrieve the relative strength of wave radiation. Therefore, the signal

intensity is proportional to the amplitude of the Green’s function, which leads to clear

depth dependence of the signal intensity. In other words, the original BP and HBP im-

ages involve a bias when the images are interpreted as rupture property along the fault,

which are not directly comparable to the inverted slip distribution. The kinematic BP
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and HBP methods, newly proposed in this thesis, can directly relate the signal intensity

to the slip motion on a fault surface, which is free from the depth-dependent bias. The

proposed methods are useful for quantifying the depth dependence of the high-frequency

sources, which would deepen our understanding of the high-frequency radiation and its

role on the rupture property during an earthquake.
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