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中文摘要  

中-大型地震前後地殼速度變化可以透過地震波走時層析成像法解析，然而，

兩個時期不相等的震源-測站之波線路徑在空間中的分佈會使層析成像的速度變化

結果產生偏差。為了測試由於地震波線分佈不相等對於解析速度構造變化造成的

偏差效應，本研究將地震前與地震後兩時期的走時資料，各別考量相對應地震對的

地震位置、震央距差值以及相對應波線對的波線方位角差值，挑選出地震前後兩時

期相似路徑的地震波線，並將走時資料依空間分佈分為三種：(1)不相等波線、(2)

相等波線不包含測站修正以及(3)相等波線包含測站修正，進行一系列的測試，研

究走時層析成像在時間-空間上的解析情形，檢驗不相等的地震波線空間分佈如何

影響三維速度構造。並以 2013 年 10 月 31 日發生於臺灣東部芮氏規模 6.4 的瑞穗

地震，檢驗使用震波走時層析成像法解析地殼速度變化的可行性。透過棋盤格測試、

解析能力測試以及反演程度差異的確認，解析出速度變化在空間中的可信區域。 

速度變化的結果顯示，P 波速度在震源區域有約 2%正值速度變化出現在深度

10 公里處，往下可延伸至 15 公里包圍震源並伴隨著量值增加至約 5%。在深度 20

公里處，正值速度變化以北北東-南南西的趨勢集中在距離震源位置大約 10-30 公

里的北北東區域，而此正值區域包圍斷層主要滑移區的周圍。此外，在深度 10 公

里處有約 3-8%負值速度變化出現在餘震集中之區域的東北邊。大多數餘震發生在

正值與負值速度變化的邊界。S 波速度在深度 10 公里處，有負值速度變化(~5-10%)

出現在震源位置的西側及東北側，而位於震源位置西側的負值速度變化向下延伸

至 15 公里伴隨著量值下降至約 3%。此外，在震源深度的正值速度變化(5-10%)出

現在距離震源大約 10-30 公里的北北東區域，與震源主要破裂區域符合，而此正值
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速度變化向下延伸、向北集中在離震源位置約 30 公里處。速度變化的結果顯示，

在主震區域的地震 P 波和 S 波速度沿著斷層破裂方向變快、大多數餘震集中在速

度變化梯度大的區域，而在斷層破裂終止、距離震源位置約 30 公里處，速度在約

深度 12-15 公里以上的區域變慢、20 公里區域變快。我們認為這樣的速度變化是

由於地震前後震源區域及其周圍應力調整、裂隙密度改變以及斷層下盤地塊的彈

性回跳所致。 

值得注意的是不單只是地震波線在空間上的分佈會影響速度構造反演的結果，

走時資料在挑波時的權重也會造成解析速度變化的偏差。然而，當我們考慮了兩時

期的地震波線在空間上具有相同分佈位置，而各時期走時資料具有各自反演速度

構造的能力，並且兩時期走時資料解析速度構造的能力相當，地震走時層析成像法

即可用以解析三維空間速度構造隨時間的變化。 

 

關鍵字：彈性回跳、地震波速度變化、時間相依震波層析成像、走時層析成像、瑞

穗地震 
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Abstract 

Using seismic travel time tomographic method, changes of seismic wave velocity in 

crust associated with moderate-to-large sized earthquakes could potentially be resolved 

with the tomographic images before and after the occurrence of an earthquake. However, 

unequal ray distribution during two time periods can also cause the artifacts in resulting 

of temporal seismic wave velocity changes. Thus, to selected the two travel time datasets 

with equal ray distribution, we considered the location distance of each event pair, the 

differences of epicentral distance and the gap of azimuths for each station-source pair. We 

then conducted a series of tests to investigate the temporal-spatial resolution of 

tomographic results, especially for examining how the unequal ray distributions can 

influence the three-dimensional VP and VS crustal structures. We demonstrated the 

feasibility of time-dependent tomographic method by applying it to image the velocity 

changes before and after an earthquake occurred on 2013 October 31, in Rueisuei in 

eastern Taiwan (ML = 6.4), which was well recorded by the Central Weather Bureau 

Seismic Network (CWBSN) stations, Taiwan Strong Motion Instrumental Program 

(TSMIP) and Broadband Array in Taiwan for Seismology (BATS) stations. In our 

tomographic results, quite different patterns were found between the results of equal and 

unequal type of ray distributions. Through investigating the checkerboard resolution tests, 

resolution maps and discrepancy between the checkerboard-like models within two time 

periods, the reliable region were revealed.  

In our results, in the source region of the 2013 Rueisuei earthquake, a positive 

velocity changes (the model difference, ΔM) in VP (~2-10%) appeared surrounding the 

source location at 15 km depth. This anomaly of velocity changes downwardly extended 

to ~10-30 km away in the northern region of source at 20 km depth with a tendency in 
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the NNE-SSW direction, which rupture of the fault plane propagated. In the north-eastern 

region of aftershocks, a negative ΔM (~3-8%) appeared in the north-eastern region at 10 

km depth and downwardly stretched to 15 km with decreased amplitude (~1-2%). For 

ΔM in VS, two negative ΔM (~5-10%) appeared in the north-eastern region and the west 

side of the source location, and these anomalies downwardly extended to 15 km depth 

with decreasing in intensity. In the region where most aftershocks located, a strong 

positive anomaly (~5-10%) was shown with the same trending in the NNE-SSW direction 

just located at the major slip area. This anomaly downwardly stretched and further 

localized in the north where there was ~30 km away from the source location at 20 km 

depth. We suggested that the observed ΔM in the source region were mainly caused by 

increasing in stress due to the rupture of the mainshock and elastic rebounded of crust.  

It is worth noting that not only will the distribution of rays affect the results of time-

dependent travel time tomographic inversion but also different weighting value of the 

arrival-pickings from travel time data in the pre-seismic and the post-seismic periods bias 

the structures in tomographic inversion procedure. When the comparable resolution 

before and after a moderated-to-large sized earthquake can be achieved with identical ray 

distribution, the travel time tomographic method is then able to resolve the seismic wave 

velocity changes.  

 

Keywords: elastic rebound, temporal change of seismic velocity, time-dependent 

tomography, travel time tomography, Rueisuei earthquake   
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Chapter 1 Introduction 

 Temporal changes of seismic wave velocity in crust can be found after the 

occurrences of earthquakes and volcanic activities (Boore et al., 1975; Kanamori and Fuis, 

1976; Poupinet et al., 1984; Lees and Nicholson, 1993; Zhao and Kanamori, 1995, 1996; 

Nishimura et al., 2000; Chen et al., 2001; Schaff and Beroza, 2004; Peng and Ben-Zion, 

2006; Brenguier et al., 2008; Xu et al., 2009; Chen et al., 2011; Yu and Hung, 2012; 

Koulakov et al., 2013, Yu et al., 2013; Kasatkina et al., 2014; Taira et al., 2015; Koulakov 

et al., 2016; Wu et al., 2016). These variabilities in seismic wave velocity were caused by 

different geophysical processes, including stress changes, deformation and fluid transport 

during the pre-eruption and eruption stage of volcanoes (Patanè et al., 2006; Koulakov et 

al., 2013, Kasatkina et al., 2014), strong ground shaking due to earthquakes (Peng and 

Ben-Zion, 2006; Brenguier et al., 2008; Yu and Hung, 2012; Taira et al., 2015), dynamic 

or static stress changes related to earthquakes (Xu et al., 2009; Taira et al., 2015), damages 

in the fault zones (Xu et al., 2009; Chen et al., 2011; Yu and Hung, 2012), increasing in 

crack density and fluid migrations in vicinity of source region before and after 

earthquakes (Chen et al., 2001). 

Over the past few decades, there are two methods have been wildly used to detect 

variations in seismic velocity. One is measuring time lapse of characteristic arrivals 

between stations, which can be represented by variations in seismic velocity, by using the 

empirical Green's function (EGF) retrieved from cross-correlation functions (CCFs) of 

continuous seismic coda waves, ambient noise or by changes in waveforms of repeating 

earthquakes (Poupinet et al., 1984; Schaff and Beroza, 2004; Peng and Ben-Zion, 2006; 

Brenguier et al., 2008; Chao and Peng, 2009; Chen et al., 2011; Yu and Hung, 2012; Yu 

et al., 2013; Soidati et al., 2015; Taira et al., 2015; Wu et al., 2016). The abilities of CCFs 
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method can detect the values of velocity variation on the order of few per cent or even 

less. However, waveform cross-correlation-based method reveals total effects along the 

ray path between station pairs without spatial resolvability. To spatially resolve the 

seismic velocity changes before and after an earthquake in three-dimension (3-D), the 

time-dependent seismic tomography is a more potentially alternative. Using time-

dependent seismic tomography, Foulger et al. (1997) and Gunasekera et al. (2003) 

examined the VP and VP/VS structures of the Geysers geothermal area in California from 

1991 to 1998 and found that the variations of VP/VS ratio indicated the changes of 

pressures and/or liquid saturation in reservoir. Patanè et al. (2006) monitored magma 

intrusions and eruption cycle of Mount Etna from August 2001 to January 2003 including 

several explosive activities and found that anomalies with low VP/VS value beneath the 

central part of volcanic mount was increasing during the 2002-2003 eruption. Koulakov 

et al. (2013) presented time-dependent tomography for the Kluchevskoy and Bezymianny 

volcanoes in Kamchatka, Russia, from 1999 to 2009 and successfully found the 

characteristics of magmatic activities and revealed channels of volcanic system beneath 

the Kluchevskoy volcano. Koulakov et al. (2016) conducted time-dependent tomography 

in Tohoku region, in Japan, before and after the 2011 Tohoku-Oki earthquake. They 

suggested that the observed velocity changes might correspond to compression of crustal 

rocks, the large aftershocks and volatile release from the coupling zone of the slab. 

Consequently, time-dependent seismic tomography provides a practical approach for us 

to evaluate the changes of seismic wave velocity in Earth structure.  

The travel time tomographic method has been well developed and applied to not 

only image regional and uppermost mantle structures in Taiwan (Chen et al., 1994; Rau 

and Wu, 1995; Ma et al., 1996; Cheng, 2000; Chen et al., 2001; Kim et al., 2005; Wu et 

al., 2007, 2009; Kuo‐Chen et al., 2012; Huang et al., 2014; Koulakov et al., 2014) but 
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also understand the rock mechanical properties (Lees and Nicholson, 1993; Zhao and 

Kanamori, 1995, 1996; Chen et al., 2011). These previous studies have suggested that 

variability in the material properties of the fault zone might be responsible for variations 

in the seismogenic behaviors (Lees and Nicholson, 1993; Zhao and Kanamori, 1995, 1996; 

Chen et al., 2011). In Taiwan, Chen et al. (2001) observed the temporal velocity changes 

around source area of the 1999 ML 7.3 Chi-Chi earthquake. They proposed that the 

changes in VP and VP/VS anomalies corresponded to the localized stress changes caused 

by the major slip of rupture and also found that larger aftershocks mostly occurred in the 

regions of high gradient of VP and VP/VS anomalies. The inception of dense seismic 

networks in Taiwan in the early 1990s supplies a good opportunity to investigate temporal 

velocity changes associated with moderate-sized crustal earthquakes (ML > 6 and focal 

depth ≤ 40 km) in Taiwan.  

However, it is still being debated that whether real changes of material properties in 

the Earth could be correctly revealed trough tomographic method due to the distinct 

earthquake locations and seismic networks, and observational errors in each time period. 

Unequal ray distributions during two time periods can be one of the main factors causing 

the artifacts of temporal seismic velocity changes (Julian and Foulger, 2010; Koulakov et 

al., 2016). Thus, in this study, we considered the location distance of each event pairs, the 

differences of epicentral distance and the gap of azimuth for each station-source pairs to 

select travel time data with equal ray distribution. We applied travel time tomographic 

algorithm developed by Huang et al. (2014) to obtain 3-D VP and VS crustal structures of 

time periods before and after the 2013 ML 6.4 Rueisuei earthquake, with a focal depth of 

14.98 km in eastern Taiwan, which was well recorded by the Central Weather Bureau 

Seismic Network (CWBSN) stations, Taiwan Strong Motion Instrumental Program 

(TSMIP) and Broadband Array in Taiwan for Seismology (BATS) stations. We also 
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conducted a series of tests to investigate the temporal-spatial resolution of tomographic 

results, especially for examining how the unequal ray distributions can influence the 3-D 

VP and VS crustal structures. 
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Chapter 2 Data and analysis procedure   

2.1 The 2013 Rueisuei earthquake 

The Rueisuei earthquake occurred on 31 October 2013 in the Longitudinal Valley 

(LV) in eastern Taiwan where was considering to be the suture zone of the Philippine Sea 

Plate and the Eurasian Plate. The mainshock was reported by the CWB with epicentral 

location at 121.348°E, 23.566°N, focal depth of 14.98 km and local magnitude (ML) equal 

to 6.4. The fault plane, with a strike of 209° and a westward dip of 59°, was determined 

from the CWB Centroid Moment Tensor (CMT) solution (Figure 2.1(a)). Hundreds of 

aftershocks occurred in the following few days and most of the aftershocks were located 

in the northern region of the mainshock with a trending in NNE-SSW direction fitting 

well with the strike of the LV. 

 

2.2 Data  

For tomographic inversion, the selection of the background earthquakes before and 

after the 2013 Rueisuei earthquake (ML = 6.4) from relocated catalog of Wu et al. (2008, 

recently updated to 2015) was based on the following criteria: (1) earthquakes occurred 

in a grid with a ±0.6° range for both latitude and longitude, with considering epicenter of 

mainshock as the center and 0-60 km range in the depth; (2) local magnitude of events is 

larger than or equal to 2.0; (3) all events have a station coverage gap of less than 270°; (4) 

each event was recorded by at least 8 stations with both good-quality reading of P-wave 

and S-wave. Figure 2.1(a) shows the background seismicity from 1994 to the end of 2013 

after selection.  

The relocated earthquake catalog (Wu et al., 2008, recently updated to 2015) was 

combining a large dataset of P-wave, S-wave phases arrivals and S-P times from several 
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seismic networks. In this study, we used the P-wave and S-wave travel time data recorded 

by the CWBSN, TSMIP and BATS stations. The CWBSN is a permanent seismic network 

in charge of routinely monitoring seismicity in Taiwan (Shin, 1992, 1993). The TSMIP 

consists of over 800 free-field stations densely spread over the Taiwan region with an 

average inter-station spacing of about 5 km except for the high mountain regions (Shin, 

2003). The BATS stations are the Broadband Array in Taiwan for Seismology operated 

by the Institute of Earth Sciences (IES) of Academia Sinica and frequently used in 

seismological research (Kao et al., 1998).   

 

2.3 Selection of ray distribution  

In order to examine the influence of ray distribution on tomographic results, we 

performed three types of datasets based on the critical value of location distance of each 

event pair, the differences of epicentral distance and the gap of azimuth for each station-

source pair chosen to be 0.03° and 4 km and 2°: (1) unequal-type travel time data (10210-

/10254-arrivals, including 5105-/5127-arrivals for both P-wave and S-wave in two time 

periods, respectively), (2) equal-type travel time data (4000-arrivals, including 2000-

/2000-arrivals for both P-wave and S-wave) without station corrections of time residuals 

and (3) equal-type travel time data (4000-arrivals, including 2000-/2000-arrivals for both 

P-wave and S-wave) with station corrections of time residuals to remove the site effect of 

each station. Schematic illustration of the selected criteria of equal rays was shown in 

Figure 2.2. Figure 2.3 demonstrates the difference of event location, epicenter distance, 

gap of azimuths and time difference of P-wave and S-wave arrivals for each pair of 

seismic rays which represented by the equal-type travel time data but without station 

corrections. Value of correcting time residuals were from the station correction term of 
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joint hypocenter relocation method (Frohlich, 1979; Wu et al., 2003) for a recently 

relocated earthquake catalog (Wu et al., 2008, recently updated to 2015) which 

represented the localized shallow structure beneath each station (Figure 2.4). The time 

periods before and after the 2013 Rueisuei earthquake were determined by considering a 

uniform counts of seismic rays in the study area (8 June 2013 to 30 October 2013 and 31 

October 2013 to 31 January 2014 for pre-seismic and post-seismic time periods of 

unequal-type travel time data, respectively; 31 January 2013 to 30 October 2013 and 31 

October 2013 to 31 January 2014 for pre-seismic and post-seismic time periods of equal-

type travel time data, respectively). In order to obtain more uniform distribution of 

seismicity for inverting the dataset with unequal ray distribution, a source selection 

method proposed by Liang et al. (2004) was adopted with 1 km radius. Table 2.1 

summarizes numbers of selected events, seismic stations, and phase arrivals of equal and 

unequal type of datasets for tomographic inversions. Distributions of selected earthquakes, 

seismic stations and ray coverages before and after the occurrence of the 2013 Rueisuei 

earthquake were shown in Figure 2.1(b-e).  
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Figure 2.1 Distribution map of seismicity, seismic stations and ray coverages in different 

time periods before and after the 2013 Rueisuei earthquake. Seismic events used in travel 

time tomographic inversions are denoted by circles with focal-depth-based color in (b-e). 

Background color shows the relief, and grey lines indicate the fault traces on surface. (a) 

Color dots display the seismicity from 1994 to the end of 2013 in the study region. 

Inverted triangles with red, white and blue colors represent stations of the Central Weather 

Bureau Seismic Network (CWBSN), Taiwan Strong Motion Instrumental Program 

(TSMIP) and Broadband Array in Taiwan for Seismology (BATS), respectively. The 

beach ball shows the focal mechanism of the 2013 Rueisuei mainshock reported by the 

CWB, with a strike of 209° and a westward dip of 59°. The light blue block represents 

the boundary of Figures 4.4, 4.5, 5.1, 5.2 and 5.5. Circles with purple color show the 

earthquakes occurred in 10 days following the mainshock in the blocked region. (b-e) 

show the ray coverages with equal and unequal ray distributions before and after the 2013 

Rueisuei mainshock. (b) and (d) Ray coverage with 4000-arrivals which represent the 

equal ray distribution. (c) and (e) Ray coverage with 10210-/10254-arrivals which 

represent the unequal ray distribution. 
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Figure 2.2 Schematic illustration of the selected criteria of equal rays. Blue stars and 

inverted triangles with black solid line indicate the event and stations in the pre-seismic 

time period. White stars and inverted triangles with orange solid line indicate the event 

and stations in the post-seismic time period. Blue inverted triangles with orange solid line 

represent the stations exist both in pre-seismic and post-seismic time periods. Blue and 

grey strait lines indicate the epicenter distance of earthquake occurred in the pre-seismic 

and post-seismic time periods, respectively.   

 

 

Table 2.1 Numbers of phases arrivals, selected seismic events and stations of datasets. 

TYPE OF RAY DISTRIBUTION Equal Unequal 

Pre-seismic time period 2013/1/31-2013/10/30 2013/6/8-2013/10/30 

Phases arrivals 4000 10210 

Earthquake events 489 405 

Seismic stations 37 38 

Post-seismic time period 2013/10/31-2014/1/31 2013/10/31-2014/1/31 

Phases arrivals 4000 10254 

Earthquake events 468 371 

Seismic stations 42 64 
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Figure 2.3 Statistical plots of equal-type travel time data which without considering the 

station corrections. (a) The difference of event location, epicenter distance, and gap of 

azimuths for each pair of seismic rays, respectively. (b) The time difference of P-wave 

and S-wave arrivals versus the difference of event location, and counts of time difference 

in arrivals, respectively.   

 

doi:10.6342/NTU201601358



 11 

 

Figure 2.4 Station corrections of relocating travel time residuals from catalogue. Large 

and small circles display the value of station corrections in P-wave and S-wave with 

colors, respectively. The color in the background represents the topography. 

 

 

2.4 Flowchart analysis 

The aim of this study is to evaluate the influence of different ray distribution on the 

results of time-dependent tomography. As mentioned in section 2.3, based on the location 

distance of each event pair, the differences of epicentral distance, and the gap of azimuth 

for each station-source pair, the input travel time data were selected in three types: 

unequal-type, equal-type without station corrections, and equal-type with station 

corrections in two time periods before and after the 2013 mainshock. Then, travel time 

tomographic inversion was repeated to obtain the 3-D velocity structures in pre-seismic 
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and post-seismic time periods and retrieve the changes of seismic velocities in between. 

In this study, considering the reduction of total residual Root Mean Square (RMS) in 

iterations and constraints of the source-station paths, 15 iterations were conducted for 

each dataset without updated event locations. 

The stepwise procedures (Figure 2.5) were presented as follows: (1) relocating all 

selected earthquakes by the relocation program 3DCOR (Wu et al., 2003) with the 3-D 

velocity model proposed by Wu et al. (2009); (2) adopting a source selection method 

proposed by Liang et al. (2004) to have a uniform event distribution in space for unequal 

type of ray distribution and considering the critical value of location distance of each 

event pair, the differences of epicentral distance and the gap of azimuths for each station-

source pair chosen to sort out the equal type of ray distribution; (3) setting a 1-D velocity 

model to be the initial velocity value in the first iteration for tomographic inversion with 

whole time periods data including pre-seismic and post-seismic time periods to construct 

the referred 3-D model; (4) inverting the 3-D velocity structure with 15 iterations and 

without updated event locations; (5) retrieving difference between two models before and 

after the mainshock. Therefore, the changes in seismic velocity were determined; (6) 

correcting the travel time residuals to remove the site effect of each station; then go 

through step (3), (4) and (5) to get model difference between two time periods.  

However, except for tomographic inversions with real data of each time period, we 

also performed the checkerboard resolution tests and synthetic tests to verify our results 

in each time period in the step (4) with 15 iterations. 
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Figure 2.5 Flowchart of stepwise analysis. 
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Chapter 3 Method 

The regional travel time tomographic algorithm of Huang et al. (2014) was adopted 

in this study to image crustal structures of time periods before and after the 2013 Rueisuei 

earthquake. In order to improve fine initial earthquake locations for tomographic 

algorithm we applied the three-dimensional earthquake relocation program with station 

corrections, 3DCOR, proposed by Wu et al. (2003), to relocate initial seismic data by 

using the 3-D velocity model (Wu et al., 2009). The theoretical arrival time of P-wave 

and S-wave were calculated through 3-D ray tracing (Um and Thurber, 1987; Koketsu 

and Sekine, 1998) and the station corrections were determined from the averaged time 

residuals at each station.  

After earthquake relocation, the initial 1-D model and whole time periods of data 

including pre-seismic and post-seismic time periods were used to derive a reference 3-D 

model for each dataset (shown in Appendix A). This 3-D model was used as an initial 

model to invert the 3-D structure for both pre-seismic and post-seismic time periods, 

respectively for each dataset. Travel time tomography was applied repeatedly for each 

dataset to obtain the 3-D structures of VP and VS of two time periods before and after the 

mainshock. Further, the model difference (ΔM) between different time periods that 

represented seismic velocity changes were retrieved. In addition, a number of tests, 

including checkerboard resolution tests and resolution maps, were conducted to verify the 

robustness of our results, which will be described in Chapter 4.  

Other tests were also carried out for considering the same initial 3-D velocity model 

with different value of smoothing and damping factors (Appendix B), and the same initial 

3-D velocity model with datasets which overlapped adding travel time data represented 

expanding on time (Appendix C). Finally, the result of tests considering the initial 1-D 
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velocity model and equal-type travel time without station corrections was presented in 

Appendix D. 

 

3.1 Determination of earthquake location 

The travel time of seismic phases is the spending time of seismic waves propagating 

from an hypocenter of earthquake n to the seismic station k with a known velocity model, 

𝐦 = (𝑥, 𝑦, 𝑧, 𝑡). The arrival time 𝑇𝑛 can be expressed as the summation of earthquake 

origin time 𝜏𝑛 and travel time of the seismic phases, as following equation: 

 𝑇𝑛 = 𝜏𝑛 + ∫ 𝑢𝑑𝑠
𝑘

𝑛
 (1) 

where u and s are the slowness and the length on the path which seismic wave passes 

through. In general, this non-linear problem should be linearized by expanding in a Taylor 

series with neglecting the high-order terms. Then we can linearized the relationship 

between the adjustment of earthquake location, ∆𝒎𝑛 = (∆𝑥𝑛, ∆𝑦𝑛, ∆𝑧𝑛, ∆𝜏𝑛) , the 

predicted travel time 𝑡𝑘
𝑛, and the travel time residual 𝑟𝑘

𝑛, as following equation, which 

presents the discrepancy in location and earthquake origin time:  

 
𝜕𝑡𝑘

𝑛

𝜕𝑥
∆𝑥𝑛 +

𝜕𝑡𝑘
𝑛

𝜕𝑦
∆𝑦𝑛 +

𝜕𝑡𝑘
𝑛

𝜕𝑧
∆𝑧𝑛 + ∆𝜏𝑛 = 𝑟𝑘

𝑛 (2) 

It can also be expressed as:  

 
𝜕𝑡𝑘

𝑛

𝜕𝒎
∆𝒎𝑛 = 𝑟𝑘

𝑛 (3) 

The travel time residual 𝑟𝑘
𝑛  indicates the difference between the observed and the 

predicted data, 𝑟𝑘
𝑛 = (𝑡𝑜𝑏𝑠 − 𝑡𝑝𝑟𝑒𝑑)𝑘

𝑛. The predicted travel time 𝑡𝑝𝑟𝑒𝑑 were calculated 

based on ray tracing through a known velocity model. According to the adjustments of 

event location, the new location of earthquake can be obtained as following equation:  

 𝐦𝒏𝒆𝒘 = 𝒎𝒐𝒍𝒅
𝒏 + ∆𝒎𝑛 (4) 
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Then, the event location would be updated for next iteration. After a number of iterations, 

the value of travel time residuals will converge to a stable value which means the location 

of earthquakes would not change too much in the following iterations and these locations 

represent the hypocenters of earthquakes. In this study, we obtained the eventual locations 

of our seismic data by 3 iterations. 

 

3.2 Travel time tomographic inversion 

As mentioned above, travel time residuals ∆𝑇 on ray i passing through the model 

m can be obtained by observed travel time 𝑡𝑖
𝑜𝑏𝑠 subtract predicted one 𝑡𝑖

𝑝𝑟𝑒𝑑
. And its 

information going through the grid j with the slowness ∆𝑢𝑗  in model space can be 

expressed as the data kernel 𝐺𝑖𝑗. The equation can be represented as follow:  

 ∆𝑇𝑖 = 𝑡𝑖
𝑜𝑏𝑠 − 𝑡𝑖

𝑝𝑟𝑒𝑑 = ∑ 𝐺𝑖𝑗∆𝑢𝑗𝑗  (5) 

We can write the equation (5) in a form of 𝒅 = 𝑮𝒎 where d represents data vector, G 

represents kernel matrix, and m represents the model vector. The model vector can be 

separated into two terms of slowness S and source H, respectively. Here, the perturbations 

of the model vector in S and H terms are represented as ∆𝑠𝑖 and ∆ℎ𝑖: 

 𝑑 = 𝑡𝑖
𝑜𝑏𝑠 − 𝑡𝑖

𝑝𝑟𝑒𝑑 = ∑ (
𝜕𝑡

𝜕𝑠
)

𝑖
∆𝑠𝑖 + ∑ (

𝜕𝑡

𝜕ℎ
)

𝑖
∆ℎ𝑖 = 𝐺 [

𝑆
𝐻

] (6) 

The linear system of tomographic inversion here can then be expressed as a matrix form 

as: 

 (
𝐺𝑃 0 𝐺ℎ

0 𝐺𝑆 𝐺ℎ
) (

𝑚𝑃

𝑚𝑆

𝑚ℎ

) = (
𝑑𝑃

𝑑𝑆
) (7) 

where G, m and d represent the partial derivatives of travel times, model perturbations 

and residual vectors for P-/S-wave and source location.  
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The damping 𝜆 and smoothing 𝜑 factors are introduced for stabilizing inversion 

process of sparse matrix.   

 (
𝑊𝐺̃
𝜆𝐼
𝜑𝐿

) 𝒎̃ = (
𝑊𝑑̃

0
0

) (8) 

I and L are the unit matrix and Laplacian operator. W is the data weighting. 𝐺̃, 𝑚̃ and 

𝑑̃ represent the matrix form of the data kernel, model vector and data vector. The optimal 

𝜆 and 𝜑 factors are chosen from the concave value of trade-off curve. 

In the tomographic algorithm of Huang et al. (2014), the model is constructed in a 

spherical coordinate. The seismic rays are traced by a 3-D pseudo-bending ray-tracing 

algorithm (Um and Thurber, 1987; Koketsu and Sekine, 1998). Models of VP and VS are 

simultaneously inverted with updated event locations in every iteration. In this study, 

owing to the small reduction of total residual Root Mean Square (RMS) between the 12th 

to 15th iterations (Figure 3.1) and constraints of the source-station paths, 15 iterations 

were performed for each dataset without updated event locations. 

  

3.3 Parameter setting 

For the tomographic inversion procedure, we constructed a mesh with a horizontal 

spacing of 0.06° and vertical grid points were distributed at the depths of -0.5, 0, 3, 6, 10, 

15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 km. The initial 1-D P-wave model was directly 

averaged from the result of Huang et al. (2014). Then, an initial 1-D S-wave model was 

converted from P-wave model by assuming VP/VS value of 1.728 (Figure 3.2). Using this 

initial 1-D model and the data of entire time periods including pre-seismic and post-

seismic time periods, we first derived a 3-D model as a reference model for each time 

period, and then this 3-D model was used as an initial model to invert the 3-D velocity 
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structures for pre-seismic and post-seismic time periods, respectively. 

The optimal value of 𝜆 and 𝜑 factors were chosen to be 20 and 10 for unequal-

type travel time data and 30 and 20 for equal-type travel time data for both VP and VS 

models from trade-off curve tests (data variance reduction versus model variance 

relationship; Figure 3.3). 

 

3.4 Model difference 

The 3-D structures of VP and VS of two time periods before and after the mainshock 

were retrieved from our tomographic inversions. The temporal changes of seismic 

velocities were presented as model difference (ΔM) defined as  

 𝛥𝑀 =   
(𝑀𝑎𝑓𝑡𝑒𝑟−𝑀𝑏𝑒𝑓𝑜𝑟𝑒)

𝑀𝑏𝑒𝑓𝑜𝑟𝑒     × 100% (9) 
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Figure 3.1 The Root Mean Square (RMS) of total travel time residuals in each iteration.  

 

 

Figure 3.2 The initial 1-D velocity model and value of VP/VS ratio. 
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Figure 3.3 Trade-off curve testing of the damping (λ) and smoothing (φ) factors. (a) 

Unequal-type travel time data. (b) Equal-type travel time data without station corrections. 

  

(a) 

(b) 
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Chapter 4 Resolution verification  

We performed the checkerboard resolution tests and constructed the checkerboard-

like velocity models in VP and VS with ±10%, a block size spanning three nodes of model 

in horizontal (0.18˚× 0.18˚) and in vertical (varies with depth). The recovery level of 

synthetic models was translated into a resolvability factor, R (Zelt, 1998). According to 

the previous study in Taiwan (Huang et al., 2014), we chose a threshold value of R factor 

equal to 0.6 as a lower bound of well-resolved area. In the tomographic algorithm of 

Huang et al. (2014), models of VP and VS were simultaneously inverted. Owing to the 

small reduction between the 12th to 15th iterations, in this study, 15 iterations were 

performed for both checkerboard resolution tests and real data inversions without updated 

event locations. 

To ensure the seismic velocity changes of each time dependent tomographic result 

were reliable, the same recovery level should be achieved in the results of both two time 

periods. Thus, we checked the results of checkerboard resolution tests, resolution maps 

and discrepancy of checkerboard resolution between two time periods (Figures 4.1-4.5). 

Here, we also performed the synthetic test to verify the robustness of inverted 

structures (in Appendix E, only show the result of synthetic test considering the equal-

type travel time data with station corrections).  

 

4.1 Checkerboard resolution tests 

Figures 4.1, 4.2 and 4.3 show the results of checkerboard resolution tests in VP and 

VS at depth of 10, 15 and 20 km for both two time periods of each dataset. As expected, 

the checkerboard-like patterns both in VP and VS were best well recovered in the results 

of unequal-type travel time data (10210-/10254-arrivals) as more travel time data were 
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used. Results of checkerboard-like models which inverted with equal-type travel time 

data show generally good recovery around the source especially in northern region at 15 

km depth. Different recovered amplitudes in the results of checkerboard resolution tests 

for two time periods (Figures 4.4 and 4.5) imply different weighting value of the arrival-

pickings from travel time data in the two time periods (shown in Appendix F). 

 

4.2 Discrepancy of checkerboard-like structures 

The different recovery levels in VP and VS structures between two time periods can 

clearly be seen in Figures 4.4 and 4.5, showing the R value in resolution maps and 

discrepancy of checkerboard-like models (velocity difference, dV) which defined as 

𝑑𝑉 =  𝑉𝐶𝐾𝐵
𝑎𝑓𝑡𝑒𝑟

− 𝑉𝐶𝐾𝐵
𝑏𝑒𝑓𝑜𝑟𝑒

 between two time periods at 10, 15 and 20 km depth. Here, 

considering the effect of different recovery levels in two time periods, different weighting 

values on arrival-pickings from travel time data and the effect caused by our selection 

criterion of equal ray distribution, we shaded the region which have the dV value over of 

range ±1.5% and the R value less than 0.6. Therefore, in our results, only where the value 

of ΔM larger than 2% or smaller than -2% would be discussed. 

The results of resolution maps presented that the resolvability became quite well 

when more input travel time data were used in inversion and the R value almost over 0.8 

around the source region. Although the results of checkerboard resolution tests which 

inverted with more travel time data (10210-/10254-arrivals in unequal type of ray 

distribution) had better performance in recovering checkerboard-like structures (Figure 

4.1), the discrepancy of recovering checkerboard-like structures showed different degree 

of recovery almost around the whole source region (Figures 4.4 and 4.5). 

doi:10.6342/NTU201601358



 23 

 

Figure 4.1 Recovered checkerboard-like models using unequal-type travel time data 

(10210-/10254-arrivals) at 10, 15 and 20 km depth in two time periods before and after 

the 2013 Rueisuei earthquake. White stars represent the epicenter of the 2013 Rueisuei 

mainshock. Red dash lines encircle the region with R value larger than 0.6. The grey 

boxes indicate the boundary of Figures 5.1 and 5.2. (a) and (c) show the results in VP and 

VS before the 2013 Rueisuei earthquake. (b) and (d) show the results in VP and VS after 

the 2013 Rueisuei earthquake. 
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Figure 4.2 Recovered checkerboard-like models using equal-type travel time data (4000-

arrivals) without travel time correction at 10, 15 and 20 km depth in two time periods 

before and after the 2013 Rueisuei earthquake. (a-d) see figure caption in Figure 4.1. 

doi:10.6342/NTU201601358



 25 

 

 

Figure 4.3 Recovered checkerboard-like models using equal-type travel time data (4000-

arrivals) with travel time correction at 10, 15 and 20 km depth in two time periods before 

and after the 2013 Rueisuei earthquake. (a-d) see figure caption in Figure 4.1 
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With different recovery levels between two time periods, the retrieved seismic 

velocity changes from structures of two time periods would be biased. In contrast to the 

results inverted with unequal-type travel time data, the same recovery levels appeared to 

be in vicinity of the source region shown in the results of inverting with equal-type travel 

time data both of which without and with station corrections (Figures 4.4 and 4.5) and 

some dV anomalies had decreasing in intensity of anomalies when the travel time data 

were corrected, which clearly shown in the vertical sections (Figures 4.6 and 4.7). 

 

4.3 Summary  

The results of checkerboard resolution tests with different types of datasets indicate 

that not only will the distribution of rays influence the results of time-dependent travel 

time tomographic inversion but different weighting values of the arrival-pickings in travel 

time data also lead to artificial structures even though these rays are within the same paths 

in two time periods. The decreasing in intensity of dV anomalies are found to be 

accompanying with uniformly expanding resolvable region. Small dV anomalies around 

the source region give us a confidence in explanation of seismic velocity changes from 

our time-dependent tomographic results.  
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Figure 4.4 Discrepancy in resulting of checkerboard tests (dV) and resolution maps (R) in 

VP and VS using unequal-type travel time data, equal-type travel time data without station 

corrections and equal-type travel time data with station corrections between two time 

periods at (a) 10 km, (b) 15 km and (c) 20 km depth. White stars represent the epicenter 

of the 2013 Rueisuei mainshock. The region which have the dV value over of ±1.5% 
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between two time periods and the R value less than 0.6 are shaded. Red dash lines in 

resolution maps show the R value with 0.1 in interval. 

 

 

Figure 4.5 (Continued). 
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Chapter 5 Results and discussion  

The ΔM in VP and VS before and after the 2013 Rueisuei earthquake for each dataset 

at 10, 15 and 20 km depth were shown in Figures 5.1 and 5.2 with the unreliable region 

being shaded. In the results of unequal-type travel time data, almost whole region had 

been shaded (Figures 5.1(a) and 5.2(a)), and it demonstrates how unequal ray distribution 

causes the artifacts in velocity structures. In contrast, the ΔM in the results of both two 

equal-type travel time data show very similar patterns and display a main tendency in the 

direction of north-east to south-west in velocity changes at all these three depth. 

 

5.1 Model difference in VP and VS 

For ΔM in VP (Figure 5.1), a positive ΔM (~2%) was shown nearby the source 

location at 10 km depth and downwardly extended to encircle the source with a slightly 

increasing in intensity to ~5% at 15 km depth (Figure 5.1(c-1) and (c-2)). At 10 km depth, 

a negative ΔM (~3-8%) appeared in the north-eastern part of the source region and 

downwardly stretched to 15 km with decreasing in intensity (~1-2%). The aftershocks 

were mostly located at the high gradient changes in VP around the source depth. 

Furthermore, at 20 km depth, a strong positive anomaly (~5-10%) was shown with a 

tendency in the NNE-SSW direction, which rupture of the fault plane propagated and 

where the following aftershocks occurred. 

For ΔM in VS (Figure 5.2) at 10 km depth, as same as ΔM in VP, a negative ΔM (~5-

10%) appeared in the north-eastern region of source location. Moreover, another negative 

ΔM (~5-10%) located at the west side of the source location and this anomaly 

downwardly extended to 15 km depth with decreasing in intensity to ~-3%. However, at 

15 km depth, a strong positive anomaly (~5-10%) was shown with the same trending in  
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Figure 5.1 The model difference (ΔM) in VP and VS. (a) unequal-type travel time data, (b) 

equal-type travel time data without station corrections and (c) equal-type with station 

corrections in horizontal slices at 10、15、20 km depth with shaded unreliable region. 

White stars represent the epicenter of the 2013 Rueisuei mainshock. White dots and grey 

dots indicate the locations of input earthquakes projected on to the horizontal slice from 

2.5 km each side before and after the 2013 Rueisuei mainshock and red dots represent the 

projected earthquakes occurred in following 10 days after the mainshock. 
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Figure 5.2 (Continued). 
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the NNE-SSW direction as ΔM in VP at 20 km depth in the region most aftershocks 

occurred. This positive anomaly downwardly stretched and further localized in the north 

where is ~30 km away from the source location at 20 km depth. The mainshock located 

at high-gradient of changes in VS. 

 

5.2 Discussion  

Previous studies (O’connell et al., 1974; Sibson et al., 1975; Winkler and Nur, 1979) 

have suggested that at the time of nucleation of an earthquake cracks and fractures are 

generated in stress dilatation zone. After the occurrence of earthquakes, migrating fluids 

can fill in these spaces and carry on material dissolved from the source rocks with not 

only a range of transported period of days to months but also a dimension from centimeter 

to kilometer (Sibson et al., 1975). The maximum change in velocity would able to reach 

to on the order of 10-15%. Stress-induced changes of crack density have considered to be 

one of major mechanisms causing variations in seismic velocities (Zhao et al., 1996; Chen 

et al., 2001; Vidale and Li, 2003; Chao and Peng, 2009; Taira et al., 2015). According to 

the hypothesis of stress-induced variations in seismic velocities, we compared our results 

of ΔM to the slip model on the fault plane (Lee et al, 2014; Figures 5.3 and 5.4, solid lines 

in vertical profiles which represent major slip area) and found that the positive changes 

in VP (3-5%) and VS (3-8%) taking place on the major slip area along the rupture direction 

to the north (vertical profile BB’ in Figures 5.3 and 5.4). The negative anomalies located 

in the northern portion of major slip area at shallow depth from 8 to 15 km (vertical 

profiles AA’, BB’ and CC’ in Figures 5.3 and 5.4). Most of the aftershocks were located 

on the boundary of the major slip area where there was high gradient change in VP. 

Furthermore, another positive anomaly (~5-10%) also appeared in the northern portion of 

doi:10.6342/NTU201601358



 35 

the major slip area where there was ~10-30 km away from source location at around 20 

km depth. In addition, the positive change in VS (~5-10%), which located at major slip 

area along the direction of rupture (vertical profiles BB’ and CC’ in Figures 5.3 and 5.4), 

also localized in the northern portion of the major slip area.  

During the occurrence of earthquakes, energy is releasing from rapid slipping of the 

fault plane especially on asperities which dominantly causing the stress changes. In 

general, aftershocks will occur in following days after the mainshock to re-arrange the 

stress. Owing to the re-arrangement of the stress field, cracks could be either closure or 

opening and the seismic velocities must be perturbed (Nur 1971, Schaff and Beroza, 

2004). Moreover, changes of stress are not only in the vicinity of source region but several 

kilometers away from the rupture zones (Vidale and Li, 2003). The stress concentrates on 

the boundary of the rupture area and the increasing stress in the region where has been 

compressed will respond to the positive changes in seismic velocities. On the contrary, in 

the opposite direction of rupture, the velocity will decrease because of extension.  

The Philippine Sea Plate moved north-north-westward to obliquely collide with the 

Eurasian Plate. The CMT solution of the 2013 Rueisuei earthquake indicated a high-angle 

thrust focal mechanism with some left-lateral movement along the similar strike of the 

Longitudinal Valley, the onland suture between the Philippine Sea Plate and the Eurasian 

Plate. Considering the plate tectonic setting in eastern Taiwan and the numerical 

earthquake model proposed by Lee et al. (2014), we suggested the main cause of the 

velocity changes was due to the elastic rebound of the down-going foot wall block. Figure 

5.5 illustrates the image of our interpretation. In the pre-seismic time period, the fault was 

locked. Some cracks were generated in the dilatation zone and the locked block was 

deformed at the same time. Since the mainshock occurred, the locked foot wall block 

rebounded downdip to the north (the white arrow in Figure 5.5) and so that the stress in 
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the northern region of the source location had been increased. Therefore, the positive 

changes in VP and VS were in the northern portion of major slip area and the northern 

region around the end of rupture due to the compression of crust. On the other hand, the 

regions in the opposite direction of rupture were extension in order that the velocities 

were decreased in those region. Therefore, these behaviors directly lead to variations in 

velocity structure after the occurrences of earthquakes. In this way, we suggested that the 

observed ΔM around the source region indicated the changes in stress due to the rupture 

of the mainshock and elastic rebound of the pre-locked block. 
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Figure 5.5 A perspective view of the fault plane of the 2013 Rueisuei earthquake in the 

northern Longitudinal Valley with the velocity changes (P-wave at 20 km depth) and the 

aftershocks distribution (circles). The fault plane was proposed by Lee et al. (2014). The 

yellow stars and the beach ball represent the hypocenter, epicenter and the CMT solution 

of the mainshock, respectively. Active faults are shown with green lines. The black arrow 

indicates the convergence rate of the Philippine Sea Plate (PSP) toward the Eurasian Plate 

(EP). The white arrow represents the downdip direction of the rebounded foot wall block.  
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Chapter 6 Conclusions 

Real changes of material properties in Earth can be revealed by using repeated travel 

time tomographic inversion with equal ray distribution in different time periods based on 

the selection criteria of travel time data. In this study, we set up the location distance of 

each event pair to be 0.03°, the differences of epicentral distance to be 4 km and the gap 

of azimuths for each station-source pair to be 2° to sort out three types of datasets, 

including unequal-type, equal-type without station corrections and equal-type with station 

corrections in travel time data for examining the influence of ray distribution on 

tomographic results. Based on the checkerboard resolution tests, resolution maps and 

discrepancy between checkerboard-like models within two time periods, we found that 

the region with different recovery levels could be further reduced when the travel time 

data were corrected. 

To conclude, in source region of the 2013 Rueisuei earthquake, a positive ΔM (~2%) 

in VP was shown nearby the source location at 10 km depth and downwardly extended to 

encircle the source with slightly increasing in intensity to ~5% at 15 km depth. This 

anomaly downward and northward extended to ~10-30 km away from the source location 

at 20 km depth with a tendency in the NNE-SSW direction, which the rupture of the fault 

plane propagated. In the north-eastern region of where the aftershocks distributed, a 

negative ΔM (~3-8%) appeared at 10 km depth and downwardly stretched to 15 km with 

decreasing in intensity (~1-2%). For ΔM in VS, two negative ΔM (~5-10%) appeared in 

the north-eastern region and the west side of the source location, and these anomalies 

downwardly extended to 15 km depth with decreasing in intensity to ~-3%. In the region 

where most aftershocks located, a strong positive anomaly (~5-10%) was shown with the 

same trending in the NNE-SSW direction just located at the major slip area. This anomaly 
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downwardly stretched and further localized in the north where there was ~30 km away 

from the source location at 20 km depth. We suggested that the observed ΔM in the source 

region were mainly caused by increasing in stress due to the rupture of the mainshock and 

elastic rebound of crust. However, more efforts are needed for further understanding the 

mechanism of seismic velocity changes after occurrences of moderate-to-large 

earthquakes. The notable observation in this study is that not only will the distribution of 

rays affect the results of time-dependent travel time tomographic inversion but also 

different weighting values of the arrival-pickings in travel time data will bias the 

structures in tomographic inversion procedure. In addition, in order to sort out the equal 

ray distributions within different time periods, the seismic events should stably occur in 

the study area. When the comparable resolution of the two velocity images can be 

achieved, the travel time tomographic method could be a good means to help spatially 

delineate the changes in seismic velocities occur associated with the moderate-to-large 

sized earthquakes. 
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Appendices  

A. Initial 3-D velocity models for tomographic inversion 

In inversion process, the initial velocity model is one of the dominant constraints on 

the results. For tomographic inversion, certainly, more stable and feasible results would 

be obtained through a realistic initial model especially using less travel time data.  

Based on such considerations we changed the initial 1-D velocity model to 3-D 

models which inverted with an initial 1-D velocity model and travel time data of entire 

time periods including pre-seismic and post-seismic time periods of the mainshock, for 

repeated tomographic inversion described in Chapter 2. Here, we also conducted a 

number of tests to ensure the recovery abilities in each time period. Figures A1-A6 show 

the initial 3-D models for each type of travel time data and their results of checkerboard 

resolution tests at depth of 10, 15 and 20 km, respectively. 
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Figure A 1. The initial 3-D model of unequal-type travel time data. 

 

 
Figure A 2. Recovered checkerboard-like structure for the initial 3-D model of unequal-

type travel time data. 

  

doi:10.6342/NTU201601358



 51 

 
Figure A 3. The initial 3-D model of equal-type travel time data without station 

corrections. 

 

 
Figure A 4. Recovered checkerboard-like structure for the initial 3-D model of equal-type 

travel time data without station corrections. 
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Figure A 5. The initial 3-D model of equal-type travel time data with station corrections. 

 

 
Figure A 6. Recovered checkerboard-like structure for the initial 3-D model of equal-type 

travel time data with station corrections. 
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B. Testing for different value of smoothing and damping 

factors  

Except for the initial model, the value of smoothing and damping factors also play a 

critical role in what we can see through the inversion procedure. Value of smoothing 

factor dominantly limit the adjustment in scales over the model space and value of 

damping factor dominantly constrain the degree of fitting of data.   

Here, different values of smoothing and damping factors were tested for 

tomographic inversion with equal-type travel time data without station corrections to 

demonstrate how these two factors constrain the inversions. Figures B1 and B2 represent 

the results of ΔM with fixing the value of damping factor to be 30 and changing the 

smoothing value to be 10 and 50. In Figure B1, some small anomalies were retrieved in 

results of ΔM and some strong anomalies were appeared on the boundary of study area 

due to a smaller value of smoothing factor. However, because of a larger value of 

smoothing factor used in tomographic inversion Figure B2 shows quite smooth structure 

in results of ΔM rather than Figure B1. Figures B3 and B4 represent the results of ΔM 

with fixing the value of smoothing factor to be 20 and changing the damping value to be 

15 and 50. In Figure B3, most anomalies were retrieved in results of ΔM with strong 

amplitude due to a smaller value of damping factor. However, when the value of damping 

factor increased, these amplitude of anomalies became weaker. 
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Figure B 1. The results of ΔM using the initial 3-D model, equal-type travel time data 

without station corrections. The value of smoothing and damping factors were chosen to 

be 10 and 30 (Figure 3.3 (b)), respectively. 

 

 
Figure B 2. The results of ΔM using the initial 3-D model, equal-type travel time data 

without station corrections. The value of smoothing and damping factors were chosen to 

be 50 and 30 (Figure 3.3 (b)), respectively.  
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Figure B 3. The results of ΔM using the initial 3-D model, equal-type travel time data 

without station corrections. The value of smoothing and damping factors were chosen to 

be 20 and 15 (Figure 3.3 (b)), respectively. 

 

 
Figure B 4. The results of ΔM using the initial 3-D model, equal-type travel time data 

without station corrections. The value of smoothing and damping factors were chosen to 

be 20 and 50 (Figure 3.3 (b)), respectively.  
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C. Time-expending tomographic inversion 

Testing of repeating tomography to find temporal-spatial velocity change in crust, 

we sort out 4000-arrivals from relocated earthquake catalog based on the selection 

criteria of equal-type travel time data in ray distribution before and after the mainshock, 

which described in Chapter 2. Then overlapped adding travel time data from 3200 to 4000 

to represent extending over time. The VP and VS structures were obtained through the 

regional travel time tomography algorithm proposed by Huang et al. (2014) with the 

initial 3-D velocity structure which were retrieved from inverting with travel time data of 

entire time periods, and 15 iterations were executed without updated event locations. In 

order to examine the reliability of resolvable region, we also conducted checkerboard 

resolution tests, resolution maps and discrepancy of checkerboard-like models.  

The ΔM before and after the 2013 Rueisuei earthquake of each dataset at 10, 15 and 

20 km depth were shown in Figures C1, C2 and C3 with the shaded unreliable region. 

Similar to the results of dV the anomalies become localized with the systematically 

increasing in travel time data. In a comprehensive consideration of the results of R value 

and dV between two time periods, 3200-arrivals seem insufficient to obtain a well 

recovered structure from tomographic inversion. However, the patterns of dV have similar 

trend with the dV results using 3600 to 4000-arrivals. With systematically increasing in 

travel time data from 3600 to 4000-arrivals, these anomalies become localized and have 

a decreasing in the intensity of anomaly. As expected, the best resolvable region appears 

in the results of inverting with 4000-arrivals.  
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Figure C 1. Discrepancy of checkerboard-like structures, resolution maps and ΔM in VP 

at 10 km depth considering an initial 3-D velocity model the equal-type travel time data 

(3200, 3600 and 4000-arrivals), and no station corrections between two time periods.  
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Figure C 2. Discrepancy of checkerboard-like structures, resolution maps and ΔM in VP 

at 15 km depth considering an initial 3-D velocity model the equal-type travel time data 

(3200, 3600 and 4000-arrivals), and no station corrections between two time periods. 
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Figure C 3. Discrepancy of checkerboard-like structures, resolution maps and ΔM in VP 

at 20 km depth considering an initial 3-D velocity model the equal-type travel time data 

(3200, 3600 and 4000-arrivals), and no station corrections between two time periods. 
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Figure C 4. Discrepancy of checkerboard-like structures, resolution maps and ΔM in VS 

at 10 km depth considering an initial 3-D velocity model the equal-type travel time data 

(3200, 3600 and 4000-arrivals), and no station corrections between two time periods.   
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Figure C 5. Discrepancy of checkerboard-like structures, resolution maps and ΔM in VS 

at 15 km depth considering an initial 3-D velocity model, the equal-type travel time data 

(3200, 3600 and 4000-arrivals), and no station corrections between two time periods. 
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Figure C 6. Discrepancy of checkerboard-like structures, resolution maps and ΔM in VS 

at 20 km depth considering an initial 3-D velocity model, the equal-type travel time data 

(3200, 3600 and 4000-arrivals), and no station corrections between two time periods. 
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D. Tomographic inversion with an initial 1-D velocity model 

and equal-type travel time data 

Figure D2 shows the ΔM results of equal-type travel time data inverted with an initial 

1-D velocity model and the optimal value of damping (λ) and smoothing (φ) factors 

(Figure D1). Many strong anomalies appeared on the boundary of study area due to 

lacking of ray coverages (Figure 2.1(b) and (d)). It again demonstrated how initial 

velocity model and data constrain the inversion. 
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Figure D 1. The trade-off curve test considering the equal-type travel time data and an 

initial 1-D model. 

 

 
Figure D 2. The results of ΔM considering an initial 1-D model, equal-type travel time 

data and no station corrections. The value of damping (λ) and smoothing (φ) factors 

were determined from the trade-off curve test (Figure D1) which were chosen to be 15 

and 20, respectively. 
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E. Synthetic test considering an initial 3-D velocity model and 

equal-type travel time data  

In order to test the robustness of obtained results, we constructed a synthetic model 

with three velocity anomalies according to the initial 3-D model (Figures E1(a) and E2(a)): 

two negative velocity anomalies (0.18˚×0.12˚ in horizontal with 10% in amplitude) and 

one positive velocity anomaly (0.30˚×0.18˚ in horizontal with 8% in amplitude). The 

negative anomalies in the northeastern and in the southwestern region of the epicenter 

location had the range of depth from 6 km to 10 km and from 10 km to 15 km, respectively. 

The positive anomaly had the range of depth from 15 km to 20 km. The equal-type travel 

time data and the constructed synthetic structure were used to forwardly get the artificial 

travel times. Further, these artificial travel time data were inverted to recovered the 

synthetic structure (Figure E1 (a) and Figure E2 (a)).  

Figures E1 (b and c) and E2 (b and c) show the results of synthetic test in VP and VS 

for pre-seismic and post-seismic time periods at 10, 15 and 20 km depth, respectively. 

The shapes of input anomalies were recovered well, especially at depth of 15 and 20 km 

and the difference of recovery levels in between were quite small, too (Figure E1 (d) and 

Figure E2 (d)). 
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Figure E 1. The results of synthetic test in VP considering an initial 3-D model, three 

anomalies and equal-type travel time data with station corrections in 10, 15 and 20 km 

depth. (a) The constructed synthetic model. (b) The result of pre-seismic periods. (c) The 

result of post-seismic periods. (d) The difference between (b) and (c).  
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Figure E 2. The results of synthetic test in VS considering an initial 3-D model, three 

anomalies and equal-type travel time data with station corrections in 10, 15 and 20 km 

depth. (a) The constructed synthetic model. (b) The result of pre-seismic periods. (c) The 

result of post-seismic periods. (d) The difference between (b) and (c).   
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F. Testing the influence of weighting value of arrival-pickings 

in travel time data on tomography with the checkerboard-

like structure considering an initial 3-D velocity model and 

equal-type travel time data 

Owing to examine the effect of weighting value of arrival-pickings in travel time 

data to tomography, we performed the checkerboard resolution test considering an initial 

3-D velocity model and the equal-type travel time data with station corrections and all 

travel time data had the same weighting value of arrival-pickings. The checkerboard-like 

structures both of pre-seismic and post-seismic time periods were retrieved after 15 

iterations.  

Figures F1 and F2 show the results of dV and R maps in VP and VS. Some localized 

dV in Figures 4.4 and 4.5 disappeared, especially in VP. Generally, P-wave arrivals are 

easier to pick than S-wave arrivals so that the more uniform dV distributed in VP than in 

VS. However, in order to check the recovery level distribution of inverted velocity 

structures, the weighting value referred to real arrival pickings should be considered 

rather than the same value.  
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Figure F 1. Discrepancy of checkerboard-like structures, resolution maps in VP and VS at 

10, 15 and 20 km depth considering an initial 3-D velocity model and the equal-type 

travel time data with station corrections and the same weighting value between two time 

periods.   

 

 

Figure F 2. (Continued.)  
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