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CHAPTER I  
INTRODUCTION 

 
1.1 Background 

 Among the tectonic plate boundaries, the Sumatra–Andaman subduction zone 
(SASZ) is defined as one of the most seismically active (Pailoplee and Choowong, 
2014). Tectonically, the SASZ formed according to the Indo-Australian and Eurasian 
plate collision and subduction with the rate of plate movement around 46 mm/year (Oishi 
and Sato, 2007). The average dip angle of subduction estimated from the cross section 
earthquakes distribution is ~20  , and the earthquakes were observed down to the 
depths of 700 km.  

Based on literature review, the seismic history of the SASZ from the late 1600s 
through the early instrumental period (starting about 1900) were reported in the large 
number of previous works e.g., Banghar (1987); Dasgupta and Mukhopadhyay (1993); 
Dasgupta et al. (2003); Eguchi et al. (1979); Kumar Ravi et al. (1996); Sun and Pan 
(1995). The significant earthquakes were assigned very approximate magnitudes of 8.9 
(in 1833) and 8.5 (in 1861). In addition, the evidences for moderate sized (Mw<8.0) 
subduction earthquakes in 1847, 1881, and 1941 was presented by Bilham et al. (2005). 
The 1881 event produced a tsunami that was recorded in the Bay of Bengal (Ortiz and 
Bilham, 2003).  

Moreover based on around 50-year time span of the instrumental earthquake 
records, the SASZ still posed continuously a number of hazardous earthquakes (Figure 
1.1). Among these, the Mw-9.0 earthquake generated on December 26th, 2004 was 
defined as the third largest earthquake in the world since 1900 (Park et al., 2005). This 
Mw-9.0 earthquake caused ground shaking in the countries surrounding its source 
including Thailand (Figure1.2); (Martin, 2005). In addition according to this giant 
earthquake, the tsunami devastated severely the number of coastal communities 
located along the Indian Ocean killing over 230,000 people in fourteen countries (Figure 
1.3). Based on Paris et al. (2007), it was one of the deadliest natural disasters in 

http://en.wikipedia.org/wiki/List_of_natural_disasters_by_death_toll#Ten_deadliest_natural_disasters_of_the_past_century
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recorded history. In addition, not only was the last tsunami originated by a Mw-9.0 
earthquake on December 26th, 2004, but also paleotsunami evidence supports that the 
SASZ is a significant tsunamogenic source (Jankaew et al., 2008; Monecke et al., 2008).  

 
 

 
Figure 1.1. Map of the SASZ showing the boundary of study area. Grey circles is the 

epicentral distribution of the earthquake recorded instrumentally along the 
SASZ. The yellow stars denote some significant hazardous earthquake.  
 

http://en.wikipedia.org/wiki/List_of_natural_disasters_by_death_toll#Ten_deadliest_natural_disasters_of_the_past_century
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Figure 1.2. Map of the Mainland Southeast Asia showing location of the Mw-9.0 

Sumatra-Andaman earthquakes (red star) and the area over which it was 
felt by the earthquake ground shaking. Colored shades depict the 
maximum observed European Macro-seismic Scale intensity (Martin, 
2005). 

 
Geographically, the tsunami hazard created here impacts upon a number of 

countries surrounding the Indian Ocean. And also such far-field SASZ earthquakes 
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normally generate long-period ground motions that directly affect tall buildings, and in 
particular in Bangkok, the capital city of Thailand. Hence, some researchers have 
attempted to clarify both the seismogenic and tsunamogenic situation along the SASZ 
(Gahalaut et al., 2006; Jankaew et al., 2008)  

 

 
Figure 1.3. Map of the countries located along the Indian Ocean showing the worst-

affected districts (red area) and tsunami affected countries (yellow area) 
according to the tsunami posed in December 26th, 2004 (Jaffe et al., 2006).  

 
In addition, according to statistical seismology, the prospective areas of the 

upcoming earthquakes were also clarified along the SASZ. After the Mw-9.0 earthquake, 
Nuannin et al. (2005) estimated b values from the frequency-magnitude distribution 
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model (FMD); (Gutenberg and Richter, 1944) in the southern segment of the SASZ. They 
concluded that using 50 closest earthquake events of each site of interest, the 
comparatively low of b values are strongly related to the seismotectonic stress 
accumulated and the following major earthquakes. Thereafter, based mainly on the 
Nuannin et al. (2005)’s assumption, Pailoplee et al. (2013) investigated further to the 
northern segment of the SASZ. They proposed 3 prospect areas that might generate the 
hazardous earthquakes in the future (Figure 1.4), i.e., southern and northern offshore of 
Nicobar Islands including the inland Sittwe city, western Myanmar. However up to the 
present of 2015, no earthquake has been posed hazardously in the vicinity of those 
mentioned prospective areas so as to need monitoring carefully. 

Since the last 2 decades, Sobolev (1995) proposed the existing of seismicity 
rate change, i.e., quiescence and or activation stages, preceding the strong-to-major 
earthquake. A number of research works, investigating such changes, have done 
successfully based mainly on 3 statistical approaches, i.e., β-value (Matthews and 
Reasenberg, 1988), Z value (Wiemer and Wyss, 1994), and region-time-length (RTL) 
algorithm (Huang et al., 2001). Among these approaches, Z value is one of the 
alternative technique that detecting effectively the precursory seismic quiescence of the 
strong-to-major earthquakes as mentioned by Chouliaras and Stavrakakis (2001), 
Rudolf-Navarro et al. (2010), Katsumata (2011a), and Kawamura et al. (2014). 

In addition as a result of extended practice, a number of RTL investigations have 
revealed the successful correlation between the quiescent and/or activation stages and 
the subsequent moderate-to-major earthquakes in various seismogenic settings, such 
as the Mw-7.2 Kobe earthquake, Japan (Huang et al., 2001), Mw-6.8 Nemuro earthquake, 
Japan (Huang and Sobolev, 2002), Mw-7.3 Izmit earthquake, Turkey (Huang et al., 
2002), MS-7.3 Tottori earthquake, Japan (Huang and Nagao, 2002), earthquakes with 
Mw≥ 5.0 in northern China (Jiang et al., 2004), earthquakes with MS≥ 6.0 in the Yunnan 
area (Liu and Su, 2006), Mw-7.3 Chi-Chi earthquake, Taiwan (Chen and Wu, 2006), Mw-
8.0 Wenchuan earthquake, China (Huang, 2008) and the latest hazardous event of the 
Mw-9.0 Tohoku earthquake, Japan (Huang and Ding, 2012).  
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Therefore in order to investigate and constrain further the prospective areas of 
the forthcoming earthquakes proposed previously along the SASZ (Pailoplee et al., 
2013), both approach of Z value and RTL algorithm, implying precursory seismic 
quiescence, were applied in this study to the most up-to-date seismicity data recorded 
along the SASZ. 
 
1.2 Study Area and Scope of Study 

 In this study covering the SASZ is located between latitudes 2oS-24oN and 
longitudes 88oE-100oE. Geographically, if the segment ruptures of SASZ, in particular for 
vertical movement, the earthquake will generate the potential hazards of both ground 
shaking and local tsunami for Myanmar and India, including Thailand. This study, 
therefore, attempted to clarify the hazardous situation of the SASZ by investigating the 
anomalies  in the Z value and RTL algorithm. The obtained results should be useful for 
preparing long-term mitigation plans for both seismic and tsunami hazards. 

 

1.3 Objectives 

 The purposes of this study are,  
- To evaluate the potential areas prior to large earthquakes along the SASZ 

according to the Z value. 
- To evaluate the potential areas prior to large earthquakes along the SASZ 

according to the RTL algorithm. 
- According to both Z value and RTL algorithm obtained above the prospective 

area prior to the large earthquake are interpreted along SASZ and proposed in 
this study.   
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Figure 1.4. Distribution of b-values along the Northern segment of the SASZ, as derived 

using the seismicity data recorded during 1980–2010. Red star indicate 
earthquakes with mb ≥ 7.0 that was generated after the utilized seismicity 
data set (Pailoplee et al., 2013). 
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CHAPTER II 
 THEORY AND METHODOLOGY 

 
2.1 Theory 

 2.1.1 Z-value 

In order to find out the precursory seismic quiescence which is a significant 
decrease of the mean seismicity rate as compared to the background rate in the same 
crustal  volume (Figure 2.1), the statistic method called Z value was applied in this study 
using the Long Term Average or LTA (t) function as expressed in Equation (2.1) (Wiemer 
and Wyss, 1994). 
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(2.1) 

 
where Z detects the seismic quiescence in terms of the difference between the average 
seismicity rate within considered time window (Rw) and the background rate outside the 
window recognized (Rbg). Sw and Sbg are the standard deviation whereas Nw and Nbg 
denote the corresponding number of earthquake data considered the seismicity rate, 
respectively (see also Figure 2.1b). Seismically, positive and negative values of Z imply 
that the seismicity rate is lower, and higher, than the background rate, respectively. 
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 (b)  
Figure 2.1. Simplified model of quiescent interval. (a) the number of earthquakes against 

time. (b) cumulative number as a function of time. 
 
 2.1.2 RTL algorithm 

 As mentioned previously, i.e., Sobolev (1995), laboratory rock experiments 
indicates the acoustic emissions may accelerate as load increases. However, the 
number of relatively weak signals tends to decrease after loading reaches a maximum, 
because small cracks are no longer generated due to a partial reduction in stress. 
During the final stage before the main rupture, acoustic activity increases again. In other 
words, acoustic emission passes through stages of quiescence and activation prior to 
the main rupture Sobolev (1995).   
 Theoretically, the RTL algorithm (Huang et al., 2001; Sobolev and Tyupkin, 1997) 

takes into account the influence weight of each prior event in the main event under 

investigation depends on all three parameters (time, place and magnitude) of 

earthquakes. The weight becomes larger when the prior earthquake is larger in 

magnitude or is closer to the investigated place or time. Mathematically, the RTL 

parameter is defined as the product of the following three functions after normalized by 

their standard deviations: epicentral distance, R(x, y, z, t); time, T (x, y, z, t); and rupture 

length, L(x, y, z, t) (equations (2.2-2.4)), 



 

 

10 

R(x,y,z,t) = ),,,()exp(
1 0

tzyxR
r

r
bk

n

i

i 











, 
(2.2) 

T(x,y,z,t) = ),,,()exp(
1 0

tzyxT
t

tt
bk

n

i

i 






 




, 
(2.3) 

L(x,y,z,t) = ),,,()(
1

tzyxL
r

l
bk

n

i i

i 










, 
(2.4) 

 
where R, T, L are functions of space (x, y, z) and time (t), l i , ti, and ri are the rupture 
dimension (a function of magnitude Mi), the occurrence time, and the distance from the 
position (x, y, z) to the epicenter of the ith event, respectively; Rbk(x, y, z, t), Tbk(x, y, z, t) 
and Lbk(x, y, z, t) are the trends (background values) of R(x, y, z, t), T (x, y, z, t) and        
L(x, y, z, t); r0 and t0 are a characteristic distance and time-span, respectively; n is the 
number of events satisfying some criteria, e.g., M i ≥ Mmin (Mi is the magnitude of the ith 
earthquake and Mmin is the cut-off magnitude ensuring the completeness of the 
earthquake catalogue), ri ≤ Rmax = 2r0 and (t − ti ) ≤ Tmax = 2t0. Thus, the RTL parameter 
describes the deviation from the background level of seismicity and is in units of the 
standard deviation and normalized (Equation 2.5) 
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According to the Equation (2.5), it makes the RTL function changing within [-1, 1] 

and the expectation value is zero. RTL>0 or RTL<0 imply respectively seismic activation 

or quiescence upon background values.  

 In addition according to (Huang et al., 2002), the parameter Q(x, y, z, t1, t2), 

representing as an average of the RTL values over some time window [t1, t2], was 

adopted newly to quantify the seismic quiescence at position (x, y, z) during [t1, t2]. The 

parameter Q(x, y, z, t1, t2) is defined as Equation 2.6. 

 



 

 

11 

Q(x,y,z,t1,t2) = 


m
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itzyxRTL
m 1

),,,(
1 ,    (2.6) 

where m is the number of data points of RTL in the window [t1, t2] (RTL parameter is 
calculated by Equation (2.4)) available in [t1, t2]. Thus, one can obtain the spatial 
distribution of seismic quiescence as a function of position. 
   
2.2 Literature Review 

 2.2.1 Z-value 

 Ozturk and Bayrak (2009) identified the starting time and duration of precursory 
quiescence prior to the Bingol earthquake, Turkey with the magnitude 6.4 Mw. Based on 
the iterative test of Z-value investigation, a decrease of the seismicity rate was found 
with the Zmax = 2.5 level on the date 1997.6. After that around 5.73 years, the Bingol 
earthquake posed on May 1st, 2003 followed an outstanding seismic quiescence. 
(Figure 2.2). 
 

 
Figure 2.2. Map of eastern Turkey showing the distribution of Z values evaluated at the 

time slice 1997.6. The epicenter of main shocks with MD≥5.0 is indicated 
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by “+” symbol. Red color represents a decrease in the seismicity rate 
(Ozturk and Bayrak, 2009). 

 
 Katsumata (2011a) investigated the variations in seismicity pattern in the Japan 
region before the Mw-8.3 Tokachi-Oki, Japan, earthquake by calculating the standard 
normal deviate of the Z value. Based on careful investigation, Katsumata (2011a) found 
that the 2003 Tokachi-oki earthquake is preceded by two neighboring seismic 
quiescence anomalies (Figure 2.3a). As shown in Figures 2.3b and c., the maximum 
value of Z are +3.9 and +4.0 that started around the beginning of 1999, 5 years prior to 
the main shock  occurred (Figure 2.3). 
 

\ 
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Figure 2.3. (a) Distribution of epicenters in the areas of Anomaly 1 (A1, red open circles) 

and Anomaly 2 (A2, closed blue circles). (b and c) show the cumulative 
number (black line), the Z value (blue line), and a theoretical curve for the 
cumulative number, assuming that the stressing rate ratio is 0.5 (red line) 
(Katsumata, 2011a).  

 
 Katsumata (2011b) found that a long-term seismic quiescence started 23.4 
years before the 2011 off the Pacific coast of Tohoku Earthquake, Japan (Mw = 9.0). The 
quiescence-anomaly area is located around the deeper edge of the asperity ruptured by 
the main shock, and the maximum Z value was estimated around +4.9 (Figure 2.4). 
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Figure 2.4. Maps of Japan showing Z value distribution at different time slide of interest, 

i.e., 1984-1996. The Z obtained here were estimated using the Japan 
Meteorological Agency (JMA) earthquake catalogue. A red color area 
(positive Z value) represents a decrease in the seismicity rate (Katsumata, 
2011b). Black stars denote the epicenter of the Mw-9.0 Tohoku earthquake.       

 
 Sorbi et al. (2012) investigated the variations of seismicity rate changes prior to 
the September 10th, 2008 (Mw = 6.1) Qeshm earthquake, Southern Iran. Both temporal 
and spatial of Z values was investigated. Regarding to temporal investigation, the 
cumulative number and the Z value as a function of time illustrates a precursory seismic 
quiescence, i.e., Zmax = 3.0, preceding the 2008 Qeshm earthquake.  The spatial 
distribution map of the standard deviation, Z, also exhibits an obvious precursory 
seismic quiescence region located in the vicinity of the epicenter of the Qeshm 
earthquake (Figure 2.5). Interestingly, the precursory seismic anomaly region is 
approximately consistent with the comparatively low b value anomaly region, implying 
the comparatively high of the seismotectonic stress accumulated in the region. 
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Figure 2.5. Map of Southern Iran showing the distribution of Z values. The white star 

marks the epicenter of the 2008 Qeshm main shock. Red color means 
positive Z value, that is, decrease in seismicity rate and blue color refer to 
increase at the seismicity rate (Sorbi et al., 2012). 
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 2.2.2 RTL algorithm 

 Huang and Sobolev (2002) investigated the characteristics of the precursory 
seismicity change associated with the Mw = 6.8 Nemuro Peninsula earthquake posed 
on January 28th, 2000. The RTL parameters at the earthquake epicenter (Figure 2.6) 
indicated that a seismic quiescence started in 1995 and reached its minimum during 
October 1996. An activation stage with a duration of about eight months, followed 
(Figure 2.7). 
 

 
Figure 2.6. The spatial distribution of seismic quiescence in 1996. A significant seismic 

quiescence appeared three years before the Nemuro Peninsula earthquake. 
The scale on the right corresponds to the RTL value in units of standard 
deviation. The black star represents the epicenter of the Nemuro Peninsula 
earthquake (146.71E, 42.98N) (Huang and Sobolev, 2002). 
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Figure 2.7. The temporal distribution of RTL score varies with time evaluated at the 

epicenter of the 2000 Nemuro Peninsula earthquake. A significant 
quiescence appeared in 1996, followed by an activation pattern. The arrow 
indicates the occurrence time of the main shock. 

  
 Jiang et al. (2004) applied retrospective examinations of RTL algorithm in North 
China and found that the anomalies obtained by the RTL algorithm show the short or 
intermediate-short term precursory features in most cases of some hazardous 
earthquake recognized (Figure 2.8).  
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Figure 2.8. Temporal variation of VRTL curves before 15 events of the moderate or 

strong earthquakes in North China (Jiang et al., 2004). 
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 Chen and Wu (2006) examined the precursory seismic activities occurred prior 

to the 1999, Mw = 7.6, Chi-Chi earthquake around its epicenter. Based on the 

calculation of the RTL values, the epicentral area has been found to strongly exhibit the 

signs of anomalous activity, associated with the seismic quiescence and activation, 

before the main shock (Figure 2.9). 

 

 
Figure 2.9. Temporal variation in the RTL function at the epicenter of the 1999 Chi-Chi 

earthquake. Seismic activation appeared around 1999 and seismic 
quiescence can be found around 1997 (Chen and Wu, 2006).  

 
 Shashidhar et al. (2010) investigated the seismicity patterns associated with the 
M~5 earthquakes in the artificial water reservoir triggered zone of the Koyna region 
situated near the west coast of India by means of the RTL algorithm. After careful 
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investigation, They found that epicentral area showed both of anomalous seismic 
activation and quiescence before the main earthquake posed (Figure 2.10).  
 

 
 

Figure 2.10. (a) Spatial variation of RTL score in the Koyna-Warna region during the 
observation period from 2007 to 2008. The scale on the right corresponds 
to the RTL value in the units of the standard deviation. (b) Temporal 
variation of RTL of the cells A, B, C, D shown in Figure.2.10a. The arrow 
indicates the occurrence time of the M 5.0 earthquake on 16 September 
2008 (Shashidhar et al., 2010). 

.    
2.3 Methodology 

In this study, the methodology for investigating both Z value and RTL algorithm 

are described consecutively as shown below (see also Figure 2.11). 
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Figure 2.11. Simplified flow chart showing the methodology applied in this study. 
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2.3.1 Literature Review 

 Regarding to the section of literature review, the previous works, in particular for 
the theory aspect, were viewed. The main aim of this procedure is to summarize the 
methodology, including complying the variables, i.e., the number of earthquakes and 
the time window for Z investigation, and radius and time window for RTL investigation, 
used in various areas. The outcome obtained in this section is the guideline of using the 
variable useful for finding out the most suitable variable for the study area, i.e., SASZ. 

2.3.2 Catalogue Improvement 

In the past, the obtained original earthquake catalogues have been recorded 
non-systematically in practice, those data are, therefore, un-reliable and not available for 
evaluation of the seismic activities. As a result, before any evaluation of statistical 
seismology, the obtained earthquake catalogue must be improved. In this study, the 
improved methodology following Caceres and Kulhanek (2000) is applied as shown in 
Figure 2.11, and described in more detail in Chapter III.  

2.3.3 Estimation of Characteristic Parameters in Z-value and RTL Algorithm 

 As mentioned above, both Z and RTL investigations need some variable suitable 
for any area of interest. Based on literature review, no guideline of previous work has 
been done successfully for the SASZ. Therefore, the variable of characteristic 
parameters should be analyzed which is the main aim of this study. 

2.3.4 Seismicity Rate Change Investigation  

 According to the suitable characteristic parameters obtained from the previous 
section, the seismicity rate change, i.e., Z value, is analyzed using the most up-to-date 
data. The outcome obtained here is the maps showing Z anomalies implying the 
prospective areas of the upcoming earthquakes.  

2.3.5 Region-Time-Length Algorithm Investigation 

 As similar as the section of seismicity rate change investigation, the RTL 

algorithm is also investigated simultaneously. According to the different assumption 
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between Z and RTL investigation, the result obtained in this section constrains the 

precision and accuracy of the prospective areas of the upcoming earthquakes 

2.3.6 Comparative Interpretation of Rate Change and Region-Time-Length 
Algorithm  

 According to both Z and RTL investigations, the prospective area is interpreted 

and finally proposed in term of map showing distribution of the seismic anomalies 

implying the prospective areas might be posed by the forthcoming earthquake. 
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CHAPTER III 
 SEISMICITY DATA AND COMPLETENESS 

 
Up to the present, it is worldwidely accepted that although the instrumental 

earthquake records cover a much shorter time period than paleo-seismological data, the 
instrumental earthquake records, i.e., earthquake catalogue, are a valuable result of 
fundamental seismological practice and they form the basis for seismicity, 
seismotectonic, seismic risk and hazard investigations. However, in practice, the 
existing earthquake catalogue is normally incomplete in terms of representing the 
seismotectonic activities of any time span and site specific of interest. This is because 
earthquake catalogs are produced by the recording of seismic waves in seismological 
networks that change in time and space with varying operational practices and 
procedures.  

Therefore, in order to obtain reliable results from a statistical analysis, the critical 
issue to be addressed is to assess the quantity, quality, and consistency of those 
earthquake data. Consequently, the unified earthquake catalogue is needed. In this 
chapter, the seismicity data, i.e., earthquake catalogue, within the study area are 
clarified in order to improve the completeness of data meaningful for both  Z and RTL 
investigation in the next chapter.  The methodology for analyzing seismicity data is 
according to Caceres and Kulhanek (2000) as follows (see also Chapter 2 in Figure 
2.11). 

 
3.1 Earthquake Catalogue Combination 

From earthquake catalogue investigation, some networks of instrumental 
earthquake recording stations, which recorded the present-day earthquakes covered 
the study area, have been developed. These include three global networks operated by 
the International Seismological Center (ISC), the National Earthquake Information Center 
(NEIC), and the Global Centroid Moment Tensor (GCMT) (Figure 3.1). The recorded 
earthquakes include location (longitude, latitude and depth), time (year, month, day, 
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hour, minute) and  various kinds of magnitude are reported in these catalogues 
including the body wave magnitude (mb), the surface wave magnitude (MS), the moment 
magnitude (Mw) and some local magnitudes (ML) (Table 3.1). 

 

  
  

  
Figure 3.1. Relationships between the magnitude and date of earthquakes recorded in 

individual earthquake catalogues, (a) ISC (b) NEIC (c) GCMT, and (d) 
Composite. 
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Empirically, any earthquake catalogue is the result of seismological signals 
recorded on complex, spatially and temporally heterogeneous networks of 
seismometers, and processed using a variety of software, assumptions and also the 
judgments (Habermann, 1987; Habermann, 1991; Habermann and Creamer, 1994; 
Zuniga and Wiemer, 1999). 
 
Table 3.1. Examples of earthquake catalogue. 

Long Lat Year Month Day Depth Hour Min Sec Mw mb MS ML 

95.060 15.970 2010 5 22 0 23 7 22 - 3.6 - 3.8 
95.140 5.520 2010 5 24 61 19 11 41 - 4.2 - 4.1 

92.015 11.185 2010 5 25 0 0 51 55 - 4.3 3.7 3.9 

94.250 11.850 2010 5 25 10 0 52 33 - 4.2 - 4.2 

92.694 6.885 2010 5 25 0 9 4 32 - 3.4 - - 

92.847 13.684 2010 5 26 0 6 53 3 - 3.6 - 4.3 

93.120 13.847 2010 5 26 0 19 39 41 - 3.4 - 3.2 

93.534 11.529 2010 5 28 35 19 21 51 - 3.8 - - 

93.505 12.587 2010 5 28 101.7 19 22 3 - 3.3 - 4.0 
92.645 11.681 2010 5 30 26 15 21 11 - 3.6 - - 

93.700 11.060 2010 5 31 122 19 51 48 6.4 6.2 - 6.7 

92.994 15.958 2010 6 4 0 12 43 4 - 3.2 3.0 3.6 

93.022 13.994 2010 6 4 41 16 24 5 - 3.5 - - 

 
The earthquake catalogues contributed by these different networks, therefore, 

have both advantages and disadvantages themselves in terms of the continuity, 
recording time span, and limit of the recordable magnitude range including the type of 
proposed magnitude scales of their records. The far-field global networks (i.e., ISC, 
NEIC, and GCMT) are recordable continuously with the large to medium size 
earthquakes over a long time span (see also Figure 3.1). In addition, in the magnitude 
scales, the GCMT catalogue records simultaneously the moment magnitude (Mw), 
surface wave magnitude (Ms), and body wave magnitude (mb) for individual earthquake 
events whereas the rest catalogues record the earthquakes non-systematically in 
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different scales. The ISC and NEIC catalogues record variably the earthquake size in Ms, 
mb, ML, and Mw in the order of amount.  

Statistically, the longer of earthquake recording time span, the wider detectable 
of the magnitude range including reliable recording magnitude scale cause the more 
accurate in the statistical analysis of seismic activity.   

To improve the quantity and quality of earthquake data, combination a new 
earthquake catalogue is prepared. The earthquake catalogs are different in reported 
magnitude scales, period of availability and the number of the listed events (Table 3.2).  
All existing earthquake catalogues (i.e. ISC, NEIC, and GCMT) are merged in this study 
(See also Figure 3.1d). 

  
Table 3.2. Parameters of catalogs used 

Catalog No. of events Time period 
ISC 59,815  1965-2012 

NEIC 12,438  1985-2014 
GCMT 1,330  1976-2014 

 
As a result, the composite earthquake catalogue contains totally 73,583 number 

of data, ranging in Mw from 2.4 to 9.0 during the 50 year period from 1965–2014 in the 
study area (Figure 3.1d).  

 
3.2 Earthquake Magnitude Conversion 

After combining all earthquake data in the previous section, the new merged 
earthquake catalogue composed of the heterogeneous magnitude scales (including Mw, 
Ms, mb, and ML). In practically, it is noted that each scale is derived from a specific 
assumption and analytical method which have a valid but different value and unique 
meaning. The mb analyzed is obtained from the first arrival P-wave from a seismogram 
and the Ms and ML are from the surface wave and S-wave, respectively. 
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 Based on Hanks and Kanamori (1979), Mw directly represents the physical 
properties of an earthquake source while the other scales may be affected by the 
"saturation phenomenon” particularly for large seismic moments (Figure 3.2) (Campbell, 
1985). Therefore, in this study the different scales (i.e., mb, Ms, and ML) were converted 
systematically to Mw in order to investigate the other qualities of the composite 
earthquake catalogue. 
 

 

Figure 3.2. The graph shows the saturation of the various magnitude scales (Campbell, 
1985). 
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At first, the earthquake data recorded in the study area are used to develop 
relationships between the different magnitude scales and thus converted the remains 
mb, Ms, and ML to the standard Mw. Based on those records that have reported 
simultaneously the different magnitude scales in the composite earthquake catalogue. 
These data are carefully used to calibrate the empirical relationships between these 
different scales are shown in Figure 3.3, along with the regression derived equation 
between each pair of different scales.  
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Figure 3.3. Empirical relationships between a) body wave magnitude (mb) and moment 

magnitude (Mw), b) surface wave magnitude (Ms) and moment magnitude 
(Mw), and c) local magnitude (ML) and body wave magnitude (mb). 
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Due to the calibration curves as shown in Figure 3.3, the relationships of mb and Ms to Mw 
are formulated as shown as equations 3.1 and 3.2. For ML result, the empirical 
relationship between ML and mb (Equation 3.3) is applied in this study, and then re-
convert mb to Mw by using equation 3.1. 
 

841.2094.0108.0 2  mbmbMw  ; 4.7mb  (3.1) 

310.4163.0075.0 2  MsMsMw  ; 9.8Ms  (3.2) 

744.4911.0177.0 2  MLMLmb  ; 8.6ML  (3.3) 

 
3.3 Earthquake Declustering 

In nature, when any cluster of earthquakes occurs, the earthquake can classify 
temporally into 3 types; foreshock, main shock, and aftershock, relatively. Foreshocks 
are earthquakes which precede larger earthquakes in the same or nearby location, 
whereas aftershocks are smaller earthquakes which occur in the same general area 
during the days to years following a larger event or "main shock". Seismotectonically, the 
main shock refers directly to the released tectonic stress. Meanwhile, the foreshock and 
aftershock is a by-product according to the pre- and co-seismic stress change of the 
individual main shock (Felzer et al., 2004).  

For instance, the time histogram and the cumulative number of earthquakes 
(Figure 3.4a) reveal a sudden increase in the seismicity from the end of 2004 after the 
Mw-9.0 Sumatra-Andaman earthquake was posed. This ensured the impaction of the 
aftershock sequences of the Mw-9.0 event and if not corrected, it would introduce bias 
into investigations in any related seismotectonic activities.  

Therefore, before further seismotectonic investigation, the earthquake data 
obtained from the previous procedures need to be de-clustered by filtering main shocks 
from foreshocks and aftershocks in order to obtain a complete independent earthquake 
(i.e., only main shock) distribution. 
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Figure 3.4. The cumulative number of earthquakes as a function of time for a) Non- 

declustered catalogue b) Declustered catalog, the red and blue lines 
indicate the incompleteness and completeness of the catalogue, 
respectively. 
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In the earthquake declustering, the empirical model proposed by Gardner and 
Knopoff (1974) is applied in this study similar to Petersen et al. (2004) who declustered 
the earthquake data in the Sumatra-Andaman subduction zone region. Windowing 
algorithms for cluster identification make use of a space and time windows around and 
following each event, whether it is a cluster event or not. Any earthquake occurring 
within the window is deemed a cluster event. The extension in time and in space of the 
window depends on the magnitude of the earthquake. The window is opened wider for 
stronger predecessor events (above the  red lines in Figure 3.5).  
 

 
Figure 3.5. The parameters used to decluster and remove foreshocks and aftershocks 

according to the model of Gardner and Knopoff (1974). (a) time window and 
(b) space window. The earthquakes (blue stars) above the red lines of both 
time and space windows are identified as main-shock events. 

 
According to the assumption of Gardner and Knopoff (1974) and as 

implemented in the ZMAP program (Wiemer, 2001). The declustering process 
distinguished 729 clusters from 73,583 earthquake events. Of these events, a total of 
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72,564 events (98%) was classified as foreshocks or aftershocks and, therefore, were 
eliminated. As a result, 1,019 main shock events, representing the seismotectonic 
activities were defined (Figure 3.6). The cumulative number of earthquakes after 
declustering did not show sudden increases, as shown by the red line in Figure 3.4b, 
and so this declustered subset of 1,019 main shock events was then used in all further 
analysis here (Figure 3.6).  

 

 
 

Figure 3.6. Map of Sumatra-Andaman Subduction Zone showing the epicentral 
distributions of earthquakes before (gray circles) and after (red circles) 
declustering with the algorithm according to Gardner and Knopoff (1974). 
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3.4 Man-Made Change Seismicity 

 Empirically, the apparent earthquake catalogue is normally contaminated by the 
varying operational procedures. As a result, biases and heterogeneity in the rate of 
reporting different magnitude earthquakes are present, which may distort the 
earthquake catalogue (Habermann and Wyss, 1984; Wyss, 1991; Zuniga et al., 2005). 
To avoid these artifacts in the reporting procedure, the statistical method called GENAS 
algorithm (Habermann, 1987; Habermann and Wyss, 1984) was employed in this study. 
Based on GENAS algorithm as implemented in ZMAP (Wiemer, 2001), the seismicity 
rate changes for a certain point in time for different magnitude bands are tested for 
difference by calculating the Z value (equation (2.1)).  

Regarding to Figure 3.7, on the left side in the plot are the results for the 
magnitude bands “smaller than”plotted. The right side shows the results for the 
magnitude bands “greater than”. For each magnitude band and for each time point, 
GENAS calculates Z and determines its significance. If a value is significant, a marker is 
plotted. A circle stands for a negative Z-value, a cross for a positive z-value. The more 
significant the rate change, the larger the marker. If a rate change at a certain time 
appears in most of the magnitude bands “smaller than”, i.e., when the markers form a 
horizontal line starting at the left side, and in some of the magnitude bands “greater 
than”, i.e., the horizontal marker line from the left part of the figure is continued into the 
right part of the figure, it can be assumed that “something” has happened at that time.  

Figure 3.7 shows the output of the GENAS algorithm as the times of significant 
rate changes. There are obvious rate changes in the reported events that can be 
identified, increases with Mw < 4.5 in 1977 and some minor changes in the earthquake 
records with a Mw < 4.0 throughout the 1990-2000. This does not coincide with any of 
the network expansion or upgrading events, implying no artificial-change impacted 
upon the composite catalogue with Mw   4.0 throughout the 1980–2014 period, as 
shown in the red square of Figure 3.7, are deemed to be effective. 
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Figure 3.7. Rate changes as a function of time found by GENAS for the composite 

catalogue. The larger the markers, the larger the absolute z-value for the 
seismicity rate change at that time, and the more significant the change. 
Circles stand for increases in seismicity rates (negative z-values), crosses 
stand for decreases in seismicity rates (positive z-values). The left hand side 
of plot show the changes in seismicity rates for magnitudes “smaller than” 
and the right hand side displays them for magnitudes “greater than”. 

 
3.5 Limitation of Earthquake Detection 

 Theoretically, in order to evaluate the location, time and magnitude of individual 
earthquake, the range of an earthquake signal must cover an area with at least four 
seismic recording stations. However, in practice, it lies in the nature of earthquake 
reporting that small earthquakes are more difficult to detect. Signals of small 
earthquakes do not travel far. The energy is quickly lost and the signal recorded by 
stations at a certain distance is weak. As a result, for every seismic recording network, 
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there exists a level above which all earthquakes that occur in the region, i.e. 100%, are 
actually reported. This limit is called the magnitude of completeness, Mc, which 
indicates the smallest magnitude earthquake that can be detected reliably by the 
existent seismic recording stations across that time period and so forms a complete 
record in both space and time (Rydelek and Sacks, 1989; Taylor et al., 1990; Wiemer 
and Wyss, 2000). For a certain space and time, a simple power-law can approximate 
the frequency-magnitude distribution (FMD). The FMD describes the relationship 
between the frequency of occurrence and the magnitude of earthquakes, as expressed 
in equation (3.4) (Gutenberg and Richter, 1944; Ishimoto and K., 1939); 
 

Log(N) = a - bM, (3.4) 
where N is the cumulative number of earthquakes having magnitudes larger than M, and     
a and b are constants.  
 As shown in Figure 3.8, the FMD follows a straight line on a log-normal-diagram 
for the magnitude range in which all earthquakes are reported. Below a certain 
magnitude, the line flattens. For magnitudes smaller than the start of the curvature, not 
all earthquakes are reported. This point of flexing is Mc. Below Mc, the reporting 
homogeneity often varies and produces seismicity rate changes that are not of a natural 
origin. Cutting the earthquake catalog at the highest Mc in the whole data set rules out 
any seismicity rate changes introduced by changes in the network and in its ability to 
detect earthquakes. If an earthquake catalogue is cut at Mc, the incompletely reported 
earthquakes are simply ignored.  

Therefore, in this study the Mc was estimated according to the Entire Magnitude 
Range method (EMR) (Woessner and Wiemer, 2005). Figure 3.8 illustrates the FMD plot, 
from which a is 5.13 and b is 0.512 ± 0.02. By the EMR method, the estimated Mc for the 
bulk data was found to be approximately 4.4 Mw that represents the level of the 
complete report. 
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Figure 3.8. The FMD plot of the seismicity data recorded Mw  4.4 during 1980-2014. 
Triangles indicate the number of earthquakes of each magnitude; squares 
represent the cumulative number of earthquakes equal to or larger than 
each magnitude. The solid line is the line of best fit according to Woessner 
and Wiemer (2005). Mc is defined as the magnitude of completeness. 

 

3.6 Cross Section of Earthquake Distribution 

 Seismotectonically, the earthquakes’ distribution, in particular for this subduction 
zone earthquake of the SASZ, was occupied by the two different seismotectonic 
settings, i.e., i) shallow crustal and ii) deep intraslab earthquakes. In order to separate 
the dataset according to these two seismotectonic regimes, three lines of cross-section 
were established perpendicular the strike of SASZ, as shown in Figure 3.9a. The 
earthquake distributions in each cross-section point of view illustrated clearly that the 
Indo-Australian plate is subducting underneath the Eurasian plate (Figure 3.9a-c). 
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Crustal earthquakes were generated in the depth range of 0–45 km while the slab dips 
northwards with a dip angle of about 40–45o. Therefore, in order to focus only the 
interplate and intraplate earthquake that might generate the tsunami hazard, the 
completeness earthquake data were separated into shallow crustal earthquakes  with a 
focal depth range between 0–45 km, meanwhile the deep intraslab earthquakes from 
the slab down to 200 km underneath the Eurasian plate were excluded (Figure 3.9). 
 

 

(a)

 

(b)

 

(c)

 

 
Figure 3.9. (a) Map of the SASZ showing cross section line of earthquake distribution as 

shown in Figures a-c. 
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CHAPTER IV 
 SEISMICITY RATE CHANGE INVESTIGATION 

 
Practically in order to investigate the Z value, the N numbers of earthquake data, 

closest to any site of interest, were selected and plot the cumulative number of 
earthquake versus time. Thereafter, the Z value was estimated temporally by moving a 
short time window, T, moved step by step forward through the time series of considered 
earthquake data. The factors of both N and T are therefore variable depending on the 
specific time and region of interest.  

Therefore, after synthesizing the completeness of the utilized earthquake data, 
the obtained earthquake catalogue was used, in this chapter, to test retrospectively in 
both spatial and temporal aspects using the seismicity rate changes (Z-value). To satisfy 
this, the seismic precursors were investigated before the occurrences of 8 major 
earthquakes (Mw ≥ 7.0) which occurred along the SASZ (88–100oE and 2oS–24oN) 
(Table 4.1). In an individual earthquake case study listed in Table 1, the factor N was 
varied between 50 and 200 events with a 25 events interval, whereas T was investigated 
from 1 and 15 year with a 0.5-year stepping time window. Thus, in each case study, 
totally 210 (7 x 30) conditions of pair factors were tested iteratively. 

  
Table 4.1. Case study of major earthquakes, i.e., Mw 7, used for the retrospective test. 

Case Year Month Date Origin time H 
Min Sec 

Latitude  
(  ) 

Longitude  
(  ) 

Depth 
(km) 

Mw 

1 2004 12 26 00 58 53 1.75 95.60 30 9.0 
2 2005 3 28 16 10 31 1.67 97.07 26 8.6 
3 2005 7 24 15 42 06 7.92 92.19 16 7.2 
4 2008 2 20 08 08 30 2.76 95.96 26 7.3 
5 2009 8 10 19 56 05 14.16 92.94 22 7.5 
6 2010 4 6 22 15 18 2.07 96.74 18 7.8 
7 2010 6 12 19 26 59 7.85 91.65 33 7.5 
8 2012 4 11 08 39 31 2.35 92.82 45 8.6 
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4.1 Temporal Investigation 

In each condition of free parameters, the Z values were evaluated temporally in 
steps of 0.04 years (∼14 days) through the time series starting at the available 
completeness data, i.e., 1980 and ending at the occurrence time of each earthquake 
considered. After iterative tests, it is revealed that if take N = 50 events and T= 2 year, 
all 8 earthquake case studies were preceded by the seismic quiescence. Figure 4.1 
illustrates histograms of cumulative number of earthquakes and Z values calculated at 
individual 8 epicenters which the major earthquake is generated. The maximum of Z is in 
the range of 6.7-7.0 imply that the anomalous quiescence obtained in this study is 
obvious (see also Table 4.2). The explanations of temporal variation can be described 
as follows; 

 
Table 4.2. List of large earthquake (Mw ≥ 7.0) calculated by using Z parameter N = 50 

and Tw = 2. The parameters Zmax, Ts, and Duration indicate a maximum of Z 
values at the epicenter of the earthquake, starting time of seismic 
quiescence, and the duration between the starting time of seismic 
quiescence and the occurrence time of main shock, respectively. 

Case Sample Size, N Window Length, 
Tw (years) 

Zmax Start Date, Ts Duration 
(years) 

1 50 2 7.0 1999.68 5.3 
2 50 2 6.9 1999.68 5.6 
3 50 2 6.7 2001.48 4.1 
4 50 2 6.8 2005.24 2.9 
5 50 2 6.8 2002.44 7.2 
6 50 2 6.9 2005.24 5.0 
7 50 2 6.8 2008.31 2.1 
8 50 2 6.9 2005.01 7.3 
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i) In Figure 4.1a, before the December 26, 2004 Mw-9.0 earthquake (the 
Sumatra-Andaman earthquake), the calculated Zmax = 7.0 was found in 1999.68 at 
latitude 1.75oN longitude 95.60oE (around the epicenter of the earthquake). This value of 
the maximum Z represents directly the anomalous decreasing of the seismicity rate. The 
time span between the mentioned quiescence and the corresponding earthquake 
occurred are around 5.3.   
 ii) Quite similar to Figure 4.1a, the temporal variation of Z as shown in Figure 
4.1b revealed the prominent Zmax = 6.9 in 1999.68. After that around 4 years later, the 
Mw-8.6 earthquake posed at the same location at latitude 1.75oN longitude 95.60oE on 
March 28, 2005. As this event occurred after the 2004 Sumatra-Andaman earthquake 
about 3 months and 163 km away from the epicenter, the anomaly of decreasing of the 
seismicity rate was detected at the same time and in the same area before both major 
earthquakes occurred (see also Figures 4.1a and b). 
 iii) Regarding to Figure 4.1c, there is only one prominent time span from 2001.48 
to 2002.59 showing the anomalously high Z, i.e., Zmax = 6.7. After that around 4.1 years 
after the end of high Z mentioned, the earthquake with Mw 7.2 was posed in July 24, 
2005 in the vicinity of the mentioned anomalies, i.e., at the latitude 8.50oN longitude 
92.35oE. 
 iv) According to Figures 4.1d and 4.1e, before the February 20, 2008 Mw-7.3 
earthquake and the August 10, 2009 Mw-7.5 earthquake, the Zmax = 6.8 was found far 
away from the epicenter about 155 km posed in 2005.24 and 383 km posed in 2002.44, 
respectively. These represent the anomalies of decreasing of the seismicity rate before 
the major earthquakes occurred about 2.9 and 7.2 years near the epicenter of the 
earthquakes. 

v) Based on Figure 4.1f, before the April 6, 2010 Mw-7.8 earthquake, the Zmax = 
6.9 was found at latitude 1.75oN longitude 97.26oE far away from the epicenter about 68 
km posed in 2005.24. This represents the anomaly of decreasing of the seismicity rate 
before the major earthquake occurred about 5 years near the epicenter of the 
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earthquake and also related to the constant or a flat cumulative number of earthquakes 
(blue line in Figure 4.1f).    
 vi) Regarding to Figure 4.1g, before the June 12, 2010 Mw-7.5 earthquake, the 
Zmax = 6.8 was found at latitude 9.50oN longitude 92.25oE far away from the epicenter 
about 195 km posed in 2008.31. This represents the anomaly of decreasing of the 
seismicity rate before the major earthquake occurred about 2.1 years near the epicenter 
of the earthquake. In addition, the Zmax = 6.8 was found in 2002.44 and followed the 
2005 Mw-7.2 earthquake indicate the anomaly of decreasing of the seismicity rate before 
the major earthquake occurred about 3.1 years.  
 vii) Different from the other case studies described above, there are 2 anomalies 
of the comparatively high Z that can be detected in the Figure 4.1h. The Zmax is 
estimated around 6.9 in the 1982.15 to 1983.76 and 2005.01 (see Table 4.1h). After that 
at the same location of latitude 4.50oN longitude 92.01oE the earthquake with magnitude 
8.6 Mw were posed on April 11, 2012. Regarding to the queiscence of 1982.15, the 
previous researches mentioned that this is normally caused by the initial improvement of 
the seismic recording network leading to the incompleteness of earthquake catalogue. 
This may result in high Z value during that period. Regarding to the last quiescence 
mentioned in 2005.01, there is no evidence of any man-made change of seismicity. 
Therefore, the time span between the quiescence and the occurrence time of the 
following earthquake is estimated around 7.3 years. 
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Figure 4.1. Cumulative number of earthquake (blue line) and Z value (red line) plot 

versus time interval of the (a) December 26, 2004 Mw-9.0 earthquake 
(95.6◦E, 1.75◦N), (b) March 28, 2005 Mw-8.6 earthquake (95.6◦E, 1.75◦N), (c) 
July 24, 2005 Mw-7.2 earthquake (92.35◦E, 8.5◦N), (d) February 20, 2008 Mw-
7.3 earthquake (97.26◦E, 2.25◦N), (e) August 10, 2009 Mw-7.5 earthquake 
(91.51◦E, 11◦N), (f) April 6, 2010 Mw-7.8 earthquake (97.26◦E, 1.75◦N), (g) 
June 12, 2010 Mw-7.5 earthquake (92.26◦E, 9.5◦N), (h) April 11, 2012 Mw-8.6 
earthquake (92.01◦E, 4.5◦N). 

 
4.2 Spatial Investigation 

 In order to constrain the potential of the Z value for detecting the earthquake 
precursor along the SASZ, this work applied also spatial investigation to investigate the 
upcoming major earthquake in this area. At first, the study areas were divided by a grid 
from latitude 2oS- 24oN and longitude 88-100oE, with an interval of 0.25◦ gridded 
spacing. Thus, the total number of nodes is 4,992. In each grid node, a circle is drawn 
around by radius (r) that it was increased until it includes a total of earthquake number 
(N) = 50 events. However, in this study the limit of radius r = 250 km was fixed. The 
radius more than 250 km will be cut-off because this area lack of the seismicity data, for 
preventing the meaningless anomaly. 
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Afterward, the cumulative number of earthquakes event versus time is plotted for 
every grid node the same as what have been done previously in temporal investigation, 
starting at a time t0 (January 1, 1980) and ending at a time te (before the occurrence time 
of considered earthquake case study). A time window is placed, starting at Ts and 

ending at Ts +Tw, where t0 ≤ Ts ≤ Ts +Tw ≤ te. Tw value of 2 years is used here, and Ts is 
moved forward in steps period of 0.04 years (∼14 days). Then, in each interval position 
the Z value is calculated, generating the Long Time Average (LTA) function defined by 
Wiemer and Wyss (1994), which measures the significance of the difference between 
the mean seismicity rate and the background rate which is defined in the equation (2.1).  
As the number of effective grid nodes is 4,992 for each time slice, and since there are 
more than 900 time slices, the total number of effective grid nodes, where Z value was 
calculated, are more than 4,555,200. 

According to the temporal variation of Z in the individual grid node, the Z value 
of every node was selected systematically at the time span mentioned in Figure 4.1. 
Thereafter, the obtained series of Z values were then contoured and mapped as shown 
in Figure 4.2. As shown in Figure 4.2, the Z value in each time slice indicates the spatial 
distribution of the seismicity rate of each case study of the major earthquakes. Positive 
and negative Z values represent that the seismicity rate is lower, and higher, than the 
mean rate, respectively. Seismically, the positive of Z value represents the decreasing of 
earthquake in the study area (seismic quiescence). The results of spatial investigation at 
the starting time of seismicity quiescence indicated as follows (see also Figure 4.2); 
 i) For instance, in Figures 4.2a and 4.2b, these Z value maps show the obvious 
area of quiescence after 1999.68, near the epicenter of the Mw-9.0 and Mw-8.6 
earthquakes posed in 2004 and 2005, with Z value ranged between +6.4 and +7.0, 
respectively, cover latitude 1.25-4.5oN longitude 95.35-96.6oE  (red areas). After that 
around 5.3 and 5.6 year, the earthquakes of Mw 9.0 and 8.6 mentioned above posed, 
respectively.  

ii) In addition, in Figure 4.2c, the comparative high Z value, i.e., between +6.2 
and +6.9 , defined in 2001.48 at off coast between Nicobar and Aceh cities is quite 
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conform to the epicenter of the Mw-7.2 earthquake posed 4.1 years later in  July 4th, 2005 
(Figure 4c).  

iii) According to Figure 4.2d and 4.2f, this quiescence of the west coast of 
Sumatra Island were grouped into the same quiescence because the two quiescences 
are located very close and they start almost simultaneously. Thereafter, the quiescence 
mentioned was also followed by the major earthquakes with Mw 6.8 and 6.9, 
respectively.  

iv) As noticeable in Figures 4.2e, another seismic quiescence was posed in the 
Nicobar Islands, since 2002.44-2005.24. Four years later, the earthquake with Mw 7.5 
posed in August 10th, 2009.  

v) Regarding to Figure 4.2g, before the June 12, 2010 Mw-7.5 earthquake, Z 
value between +5.6 and +6.7 was found cover the latitude 8.75–11.25oN longitude 
92.01-94.01oE in 2008.31. This represents the anomaly of decreasing of seismicity rate 
cover far away from the epicenter about 182 km before the major earthquake occurred 
about 2.1 years. 

vi) Although Figure 4.2h shows sparsely the quiescence distribution, the 
following earthquake with 8.6 Mw posed a in April 11th, 2012 (Figure 4.2h).  

Therefore, it appears that by using N = 50 events and T = 2 years, results and 
methodology in this study enabled to map the anomalous high Z implying the seismic 
quiescence with a reasonable accuracy, the precursory seismicity patterns associated 
with the impending earthquake might generated along the SASZ.  

 
 
 
 
 
 
 
 



 

 

48 

   
   

   
   



 

 

49 

  

 
 
 
 
 
 
 
 
 

 
Z-value 

 
Figure 4.2. Map showing spatial distribution of Z values, at the starting time of 

quiescence of the (a) December 26, 2004 Mw-9.0 earthquake (95.6◦E, 
1.75◦N), (b) March 28, 2005 Mw-8.6 earthquake (95.6◦E, 1.75◦N), (c) July 
24, 2005 Mw-7.2 earthquake (92.35◦E, 8.5◦N), (d) February 20, 2008 Mw-7.3 
earthquake (97.26◦E, 2.25◦N), (e) August 10, 2009 Mw-7.5 earthquake 
(91.51◦E, 11◦N), (f) April 6, 2010 Mw-7.8 earthquake (97.26◦E, 1.75◦N), (g) 
June 12, 2010 Mw-7.5 earthquake (92.26◦E, 9.5◦N), (h) April 11, 2012 Mw-
8.6 earthquake (92.01◦E, 4.5◦N). The anomalous zone is indicated as 
shaded area and the epicenter is shown as yellow star. 

 

4.3 Present-day Seismic Quiescence 

Beside retrospective test constraining the possibility of earthquake forecasting 
with Z value, the investigations of the present-day seismic quiescence are also the main 
aim of this study. By using the suitable factors of N = 50 event and T = 2 year, spatial 
distributions of Z values were evaluated for every 14 days during 1980-2014. Based on 
144 time slice of Z map, 1 specific areas showing anomalous Z can be defined by the 
maximum of Z = 6.5, i.e., Nicobar Islands (Figures 4.3). 



 

 

50 

For instance in the Nicobar Islands, the Z value peaked with 6.5 at 2007.89-
2014.99 (Figures 4.3). Thus, it can be observed that the duration of quiescence is 5 
years.  

 

 
 

 
Z-value 

Figure 4.3. Map of SASZ showing distribution of Z values. 
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CHAPTER V  
REGION-TIME-LENGTH ALGORITHM INVESTIGATION 

 
 Beside the Z value utilized in the previous chapter, the Region-Time-Length 
algorithm (RTL) is also used in this chapter to investigate the significance of rate 
changes in space and time. In order to (i) test the potential of the RTL algorithm as a 
reliable marker of an earthquake precursor and (ii) find out the suitable RTL 
characteristics of r0 and t0 corresponding to Rmax and Tmax, eight major earthquakes that 
occurred along the SASZ (88–100oE and 2oS–24oN) during 1980–2014 (Table 4.1) were 
investigated retrospectively using the RTL algorithm. The parameter Rmax was varied 
between 25 and 250 km with a 25-km space window, while Tmax was evaluated between 
0.5 and 15 year with a 0.5-year time window. Thus, in total 300 (10 x 30) characteristic 
conditions were tested iteratively. 
 
5.1 Temporal investigation 

 In each epicenter of the demonstrated earthquake (Table 4.1), the RTL score 
was calculated every 14 days starting from 1980 up to the recorded occurrence of the 
earthquake. According to these iterative tests, values of Rmax=200 km and Tmax=2.5 year, 
i.e., r0 = 100 km and t0 = 1.25 years, allowed detection of the anomalous drop in the RTL 
score prior to the occurrence of all recognized earthquakes (Table 5.1 and Figure 5.1). 

After the seismicity change calculation, the results of the retrospective temporal 
investigation found 8 seismicity precursors from 8 major earthquake events (100%). In 
the overview, the minimum RTL score varied between -0.3 and -0.6. This indicates that 
the anomalous drop in the RTL score was fairly obvious as a quiescence precursor. 
However, in this study, no prominent evidence of the activation stage was found, as has 
also been mentioned previously for the Mw-7.2 Kobe earthquake, Japan (Huang et al., 
2001), Mw-6.8 Nemuro earthquake, Japan (Huang and Sobolev, 2002) and Mw-7.3 Chi-
Chi earthquake, Taiwan (Chen and Wu, 2006). For detail explanation, the temporal 
variation of RTL can be described as follows; 
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Table 5.1. List of major earthquakes (Mw ≥ 7.0) calculated by using RTL parameter 
Rmax = 200 and Tmax = 2.5. The parameters RTLmin, Ts, and Duration 
indicate a minimum of RTL score at the epicenter of the earthquake, starting 
time of seismic quiescence, and the duration between the starting time of 
seismic quiescence and the occurrence time of main shock, respectively. 

 
 i) As illustrated in Figure 5.1c, In the case of the devastating Mw-9.0 earthquake 

at the end of 2004, the quiescence stage was evident from 2001 at latitude 1.75oN 
longitude 95.60oE. The RTL score reached its minimum RTL value = (-0.3) in 2001.94. 
After that around 3 years later, a Mw-9.0 earthquake occurred in December 26, 2004 
(Figue 5.1c).  

ii) Based on Figure 5.1b, before the March 28, 2005 Mw-8.6 earthquake, the 
RTLmin = -0.3 was found in 2001.94 in the vicinity of the earthquake epicenter. As this 
event occurred about 3 months after the 2004 Sumatra earthquake and 163 km away 
from the 2004 epicenter, the seismic quiescence was detected at the same time and in 
the same area before the major earthquake occurred about 3.3 years. 
  

iii) According to Figure 5.1c, during 2004.59, the RTLmin = -0.6 was found at 
latitude 8.50oN longitude 92.35oE. After that, only 1 year later, a Mw-7.2 earthquake 
occurred in July 24, 2005. 

Case Rmax (km) Tmax (years) RTLmin Start Date, Ts  Duration (years) 
1 200 2.5 -0.3 2001.94 3.0 
2 200 2.5 -0.3 2001.94 3.3 
3 200 2.5 -0.6 2004.59 1.0 
4 200 2.5 -0.4 2007.81 0.3 
5 200 2.5 -0.4 2004.90 4.7 
6 200 2.5 -0.5 2007.89 2.4 
7 200 2.5 -0.4 2004.78 5.7 
8 200 2.5 -0.3 2007.12 5.2 
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iv) According to Figure 5.1d before the February 20, 2008 Mw-7.3 earthquake, the 
RTLmin = -0.4 was found far away from the epicenter about 155 km, occurred in 
2007.81. This represents the seismic quiescence before the major earthquake occurred 
about 0.3 years near the epicenter of the earthquake. However, variation pattern of RTL 
is not complete which decreases quickly from 0 and there is no evident turning. The 
major earthquake occurs in the short period around the peak RTL, in which RTLmin was 
found after Zmax about 2.6 years. 

v) According to Figure 5.1e, before the August 10, 2009 Mw-7.5 earthquake, the 
RTLmin = -0.4 was found far away from the epicenter about 383 km occurred in 
2004.90. This represents the seismic quiescence before the major earthquake occurred 
about 4.7 years near the epicenter of the earthquake. Moreover, variation pattern of RTL 
is complete which decreases from 0 and turning and rising, indicate seismic quiescence 
followed by seismic activation before the major earthquake.  
 vi) Based on Figure 5.1f, before the April 6, 2010 Mw-7.8 earthquake, the RTLmin 
= -0.5 was found at latitude 1.75oN longitude 97.26oE away from the epicenter about 68 
km occurred in 2007.89. This represents the anomaly of decreasing of the seismicity 
rate before the major earthquake occurred about 2.4 years near the epicenter of the 
earthquake. In addition, variation pattern of RTL is complete and show dropping from 0 
and turning before the major earthquake, and RTLmin was found after Zmax about 2.6 
years. 
 vii) Regarding to Figure 5.1g, before the June 12, 2010 Mw-7.5 earthquake, the 
RTLmin = -0.4 was found at latitude 9.50oN longitude 92.25oE away from the epicenter 
about 195 km occurred in 2004.78. This represents the seismic quiescence before the 
major earthquake occurred about 5.7 years near the epicenter of the earthquake. 
However, Only this case that RTLmin was found before Zmax about 3.6 years.   
 viii) In the final case in Figure 4.1h, before the April 11, 2012 Mw-8.6 earthquake, 
the RTLmin = -0.3 was found at latitude 4.50oN longitude 92.01oE away from the 
epicenter about 255 km occurred in 2007.12. This represents the seismic quiescence 
before the major earthquake occurred about 5.2 years near the epicenter of the 
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earthquake. However, variation pattern of RTL is complete which decreases from 0 and 
turning and rising indicate seismic quiescence followed by seismic activation before the 
major earthquake. In addition, also the RTL = -0.3 was found from 1984.38 to 1985.14 
that initial of earthquake catalogue. The previous researches found initial of earthquake 
catalogue are not completeness. This may result in low RTL during that period. 

Regarding the time span between the occurrences of an anomalous RTL score 
and subsequent major earthquakes (see also Table 1), most case studies illustrated a 
short time period of 0.3–5.7 years (Figure 5.1a–h). This indicates that monitoring of the 
RTL measurements with r0 = 100 km and t0 = 2 years may be useful for the intermediate-
term (months, years) earthquake forecasting along the SASZ. 
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Figure 5.1. Temporal variation of the RTL parameter of the (a) December 26, 2004 Mw-

9.0 earthquake (95.6◦E, 1.75◦N), (b) March 28, 2005 Mw-8.6 earthquake 
(95.6◦E, 1.75◦N), (c) July 24, 2005 Mw-7.2 earthquake (92.35◦E, 8.5◦N), (d) 
February 20, 2008 Mw-7.3 earthquake (97.26◦E, 2.25◦N), (e) August 10, 2009 
Mw-7.5 earthquake (91.51◦E, 11◦N), (f) April 6, 2010 Mw-7.8 earthquake 
(97.26◦E, 1.75◦N), (g) June 12, 2010 Mw-7.5 earthquake (92.26◦E, 9.5◦N), (h) 
April 11, 2012 Mw-8.6 earthquake (92.01◦E, 4.5◦N). 
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5.2 Spatial Investigation 

In order to constrain the potential of the RTL algorithm for intermediate-term 
earthquake forecasting, the spatial distribution of the RTL score was also evaluated in 
this study. At first, the area in the vicinity of SASZ was gridded with a 0.25o x 0.25o 
spacing and the temporal variations of RTL scores were evaluated at each grid node. As 
the number of effective grid nodes is 4,992 for each time slice, and since there are more 
than 900 time slices, the total number of effective grid nodes, where RTL values were 
calculated, are more than 4,555,200. Thereafter, an average of the RTL score 
(Q(x,y,z,t1,t2)) at each grid node (x,y,z) over the time span of interest (t1,t2) was 
determined systematically as reported (Huang et al., 2002) according to Equation (2.6). 
According to Figure 5.2, the spatial distribution of the average RTL score in the 
individual time spans of interest in the eight major earthquakes revealed that all these 
earthquakes were generated in the vicinity of a comparatively low RTL score. The 
detailed results of spatial investigation between the duration of seismicity quiescence 
stage indicated as follows; 

i) For example, based on both Figures 5.2a and 5.2b, prior to the Mw-9.0 
earthquake of December 26, 2004 and the March 28, 2005 Mw-8.6 earthquake on the 
offshore western Sumatra Island an anomalous RTL score, i.e., between -0.05 and -0.3, 
was evident 0.15 y during 2001.41-2002.06 (Figures 5a and 5b).  
 ii) Regarding to Figure 5.2c, RTL score between -0.05 and -0.6 was found during 
2003.55-2004.97 in the southern part of Nicobar Islands cover latitude 1.00-12.75oN 
longitude 92.01-96.01oE. This represents the seismic quiescence of the earthquake with  
Mw 7.2 posed in  July 24, 2005. 
 iii) As well as Figures 5.2a and 5.2b, the RTL anomalies, ranged -0.05 to -0.4, 
exposed again during in the vicinity of the west coast of Sumatra Island during 2007.39-
2008.12 (Figures 5.2d and 5.2f).  After that around 0.3-2.4 years, the Mw-7.3 earthquake 
posed in  February 20, 2008 including the Mw-7.8 earthquake generated on April 6, 
2010. 
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 iv) During 2003.44-2005.01, the RTL score between -0.05 and -0.4 was detected 
cover the latitude 7.5-12.5oN longitude 91.51-94.26oE (Nicobar Island). Thereafter, about 
4.7 years later, the Mw-7.5 earthquake was posed in August 10, 2009.  
 v) Regarding to Figure 5.2g, before the June 12, 2010 Mw-7.5 earthquake, RTL 
score between -0.05 and -0.4 was found cover the latitude 7.75–12.00oN longitude 
92.01-93.76oE posed during 2003.59-2004.97. This represents the quiescence cover far 
away from the epicenter about 95 km before the major earthquake occurred about 5.7 
years. However, RTL anomaly was closer to the epicenter of earthquake than Z anomaly 
(Figure 4.2g).  
 vi) In final case of Figure 5.2h, before the April 11, 2012 Mw-8.6 earthquake, an 
RTL score between -0.05 and -0.4 was found covered two areas of latitude 12.00–
7.75oN longitude 92.01-93.76oE and latitude 12.25–13.50oN longitude 92.76-94.76oE 
posed in 2003.59-2004.97. This represents the seismic quiescence cover far away from 
the epicenter about 113 km before the major earthquake occurred about 5.2 years. 
Furthermore, distribution of RTL anomaly was similar to Z anomaly before the major 
earthquake (Figure 4.2h). 
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RTL 

 

Figure 5.2. Map of the SASZ showing spatial distribution of RTL score, at the starting 
time of quiescence of the (a) December 26, 2004 Mw-9.0 earthquake 
(95.6◦E, 1.75◦N), (b) March 28, 2005 Mw-8.6 earthquake (95.6◦E, 1.75◦N), (c) 
July 24, 2005 Mw-7.2 earthquake (92.35◦E, 8.5◦N), (d) February 20, 2008 Mw-
7.3 earthquake (97.26◦E, 2.25◦N), (e) August 10, 2009 Mw-7.5 earthquake 
(91.51◦E, 11◦N), (f) April 6, 2010 Mw-7.8 earthquake (97.26◦E, 1.75◦N), (g) 



 

 

59 

June 12, 2010 Mw-7.5 earthquake (92.26◦E, 9.5◦N), (h) April 11, 2012 Mw-8.6 
earthquake (92.01◦E, 4.5◦N). The anomalous zone indicated as shaded area 
and the epicenter is shown as blue star. 

 

5.3 Present-day Investigation 

Based on the suitable values of r0 and t0 obtained from the retrospective test, the 
spatial distribution of the RTL anomalies were also investigated carefully in this study 
with the most up-to-date seismicity data. As a result, one areas showed noticeable RTL 
anomalies were detected around northern Nicobar Islands, the anomalies existed for 
almost 2 year during 2008.54–2013.45 (Figures 5.3). 
 No significant earthquakes have been reported in the vicinity of this region since 
2012, and so this region is additionally proposed as being high seismic risk areas that 
are likely to experience an earthquake in the near future. 
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Figure 5.3. Spatial distributions of the average RTL scores determined during 2008–
2013. 
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CHAPTER VI 
 DISCUSSION 

 
In order to constrain that the seismicity rate change (Z value) and RTL algorithm 

can utilized as earthquake forecaster tools along the SASZ. In this chapter, the results in 
previous chapters were considered with each other and comparing with the previous 
researches which corresponded to this study. The comparison of rational results is 
described below. 

 
6.1 Completeness of Earthquake Data 

 Due to the seismicity data which applied in the statistical seismology should 
have homogeneous database, the existing seismicity catalogues after the procedures of 
earthquake data improvement should imply only the main shock which directly related to 
tectonic activities (excluding foreshock, aftershock, man-made earthquake, and the 
maximum magnitude which seismic instrument cannot recorded 100%). In order to 
constrain the results of completeness of seismicity data, several works were attempted 
to observe the relationships of cumulative number of earthquakes against time. The 
results indicated that the trend line of cumulative number versus time or magnitude 
scales more smoothly and reformed to the straight line after the process such as 
earthquake declustering, man-made cut-off, magnitude of completeness (Chouliaras, 
2009; Katsumata, 2011a; Katsumata and Sakai, 2013; Rudolf-Navarro et al., 2010). 
Therefore, this work also observed the cumulative number of earthquakes against time 
in each procedure of completeness seismicity data. At first, the curve of cumulative 
number of the total seismicity data represents the flat trend line between 1960 and 1980. 
After that, the cumulative curve raised gradually until 2004, then the curve suddenly rose 
until the end of the data.  

Secondly, the cumulative number curve after declustering indicates the flat trend 
line during 1960 and 1980. Afterward, the cumulative curve developed gradually until 
the end of the data. The overall trend line of declustered seismicity catalogue seems to 
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be straighter than before. The cumulative number curve after removing the man-made 
earthquake do not show the flat trend line. Moreover, the cumulative number curve 
increased gradually as a straight line during the time span.  Finally, the cumulative 
number rate of the earthquake data with magnitude scales ≥ 4.4 indicate the trend of 
straight line also formed, smoothly along the function of time (Figure 6.1c). 
Consequently, the seismicity data improvement in each procedure in Chapter III can 
improve earthquake catalogue along the SASZ. Then, it can mention that the seismicity 
catalogue before applying to Z value and RTL algorithm investigation here are the 
reliable earthquake catalogues. 
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Figure 6.1. The cumulative number of earthquakes along the SASZ plotted against time. 
a)  Before declustering. b) After declustering. c) After man-made cut-off. 
Dash lines indicate the linear trend line. 

 
6.2 The Precursor Parameters Comparison 

 In addition to constrain the results of both methods, this work attempt to 
compare the characteristic parameters of both methods with previous researches as 
well. The previous studies indicated the maximum Z value (Zmax) before main shock 
varied between Z = 2.5 and Z = 7.4, while the results of Zmax before a major 
earthquake of this work showed the Z value in the ranged of that the previous work 
proposed. Although both tectonic and geologic setting are different in individual areas, 
i.e., previous work and this study area, it is reveal that the  trend of Zmax in this study 
(Z≥6.7) were higher than several previous researches indicate anomaly of decreasing 
of seismicity rate before major earthquake along the SASZ are very clear comparing with 
the previous works (Figure 6.2).Therefore, it can mention that the Z-value investigation 
along the SASZ by using Z parameter N = 50 earthquake events and Tw = 2 years can 
generate the Zmax around the epicenter of major earthquake clearly and all of Z values 
in this work are reliable. 
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Figure 6.2. The Z value comparisons between this study and previous research works. 

Blue squares indicated Z value of previous works. The rang of Z value 
obtained from this study according to the retrospective test of 8 case study 
of major earthquakes is illustrated as red squares. 

 

Regarding to RTL algorithm, the minimum RTL value (RTLmin) obtained in this 
study cannot compare with the previous works because several previous studies did not 
normalize the RTL values. However, the RTL curve of retrospective temporal 
investigation indicated the similar results as previous works (some events are better). 
Hence, it can conclude that the RTL investigation along the SASZ by using 
characteristic parameter r0 = 100 km and t0 = 1.25 year can generate anomaly of the 
RTL value before major earthquakes in particular for the region of SASZ.  
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6.3 The Starting Time of Seismic Quiescence 

 In order to check if the Z value and RTL algorithm investigation are effective or 
not to evaluate precursory seismicity pattern changes in the short-term and 
intermediate-term, this work also compared the duration time between the starting time 
of seismic quiescence and the occurrence time of the main shock (Q-time) from both 
techniques with the previous researches. At the beginning, after review the previous 
researches of Z value, the Z value investigation can categorize the forecasting duration 
in 2 groups. The first group is the intermediate-term investigation (months - 10 years) 
because most previous studies indicated the duration of Q-time varied in the range of 1 
– 7 years (Chouliaras, 2009; Katsumata, 2011a; Katsumata and Sakai, 2013; Murru et 
al., 1999; Ozturk and Bayrak, 2009; Sorbi et al., 2012). The second group is the long-
term investigation (more than 10 years) because there is one research indicate the 
quiescence detection more than 20 years (Katsumata, 2011b). However, the results 
after calculating Z value along the SASZ indicate the detection time of quiescence 
varies in the zone of intermediate-term, the quiescence detection time before major 
earthquake of this work is inside the Q-time range of previous surveys. Therefore, 
according to the reasons mentioned above, the quiescence detection time of this work 
which is calculated by Z-value investigations are effective in particular for the 
intermediate-term earthquake forecasting (Figure 6.3).  

Secondly, after review the previous researches of RTL algorithm, all previous 
research reported the RTL investigation can classify the forecasting duration as short-
term and intermediate-term (Chen and Wu, 2006; Gambino et al., 2014; Gentili., 2010; 
Huang, 2004; Huang, 2005; Huang and Sobolev, 2002; Sobolev and Tyupkin, 1997). 
These previous studies indicated the detection of quiescence time, which was 
calculated by RTL algorithm varied between 0 and 3 years. In the same way as 
mentioned works, the duration time between starting time of seismic quiescence and the 
occurrence time of the main shock for Mw-9.0 earthquake on December 26, 2004, Mw-8.6 
earthquake on March 28, 2005, Mw-7.2 earthquake on July 24, 2005, Mw-7.3 earthquake 
on February 20, 2008 and Mw-7.8 earthquake on April 6, 2010 developed in the same 
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term of previous studies. However, the quiescence detection time of Mw-7.5 earthquake 
on August 10, 2009, Mw-7.5 earthquake on June 12, 2010 and Mw-8.6 earthquake on 
April 11, 2012 also found in the duration of intermediate-term forecasting. Then, 
regarding to the rationale mentioned above, the quiescence detection time of this work 
which calculated by RTL algorithm is also reliable as the intermediate-term earthquake 
forecastor (Figure 6.4). 
 

 
Figure 6.3. The duration time between starting time of seismic quiescence and the 

occurrence time of the main shock (Q-time), calculated by Z-value 
investigation. Blue squares indicate seismic quiescence detection time of 
previous works in intermediate-term and long-term forecasting. Meanwhile, 
the quiescence detection times obtained in this study are shown in red 
squares. 
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Figure 6.4. The duration time between the starting time of seismic quiescence and the 

occurrence time of the main shock (Q-time), investigated by RTL algorithm. 
Blue squares indicate seismic quiescence detection time of previous works, 
whereas the results of this study are expressed as red squares. 

 
6.4 The Relationship of Precursor and Magnitude of Major Earthquake along the SASZ. 

 Regarding to the Zmax and RTLmin represented the seismic quiescence before 

major earthquake, previous researches were not clear about the relationship of levels of 

seismic quiescence and magnitude of a major earthquake. In this work, it is noticeable 

from the obtained results that the higher Zmax were found before larger earthquake 

(Figure 6.5). However, for the RTLmin, this work show the lower RTLmin were found 

before smaller earthquake (Figure 6.6), but it is not clear about relationships of 

precursor and magnitude of the major earthquake along the SASZ. 
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Figure 6.5. The relationship of Zmax and the earthquake magnitude of various case 

studies of retrospective test in this study. Dash lines indicate the linear trend 
line. 
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Figure 6.6. The relationship of RTLmin and the earthquake magnitude of various case 

studies of retrospective test in this study. Dash lines indicate the linear trend 
line. 

 
6.5 Comparison between Temporal Variation of Z and RTL values. 

 Regarding to the results of the temporal variation of Z and RTL values, there are 
7 of 8 events that Z-value anomalies were found before major earthquakes and followed 
by the anomalies of RTL after 1-2 years. However, before Mw-7.5 earthquake on June 12, 
2010 anomalies of RTL and Z were found in 2003 and 2007, respectively (Figure 6.7g). 
Therefore, regarding to the technical aspect, it is implied that whenever the RTL 
anomalies was found, the effective mitigation plan should be contributed urgently. 
Meanwhile, if the anomalies are obtained from the Z-value investigation, there are some 
more time span for mitigation plan. 
 

 



 

 

70 

(a) Mw-9.0 earthquake on December 26, 2004 

 
(b) Mw-8.6 earthquake on March 28, 2005 

 
 (c) Mw-7.2 earthquake on July 24, 2005 
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 (d) Mw-7.3 earthquake on February 20, 2008 

 
 (e) Mw-7.5 earthquake on August 10, 2009 

 
 (f) Mw-7.8 earthquake on April 6, 2010 
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(g) Mw-7.5 earthquake on June 12, 2010 

 
(h) Mw-8.6 earthquake on April 11, 2012 

 
Figure 6.7. Comparing between the temporal variations of Z and RTL values evaluated 

from various earthquake case studies considered in this study. Grey shaded 
area shows duration time between the starting time of seismic quiescence 
and the occurrence time of the main shock. 
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6.6 Comparison between Spatial Distribution of Z and RTL values 

 In addition, regarding spatial investigation of Z and RTL values, the both 
quiescences locate in the vicinity of the epicenters of major earthquakes generated 
previously along the SASZ (Figure 6.8). Due to no evidence of man-made seismicity, 
both temporal and spatial Z anomalies obtained in this study, therefore, imply 
empirically the precursor of the earthquakes.  
 
(a) Mw-9.0 earthquake on December 26, 2004 
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(b) Mw-8.6 earthquake on March 28, 2005 

 
(c) Mw-7.2 earthquake on July 24, 2005 
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(d) Mw-7.3 earthquake on February 20, 2008 

 
(e) Mw-7.5 earthquake on August 10, 2009 
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(f) Mw-7.8 earthquake on April 6, 2010 

 
(g) Mw-7.5 earthquake on June 12, 2010 

 
 
 



 

 

77 

(h) Mw-8.6 earthquake on April 11, 2012 

 

  
Z-value RTL 

Figure 6.8. The Spatial distribution of Z and RTL value before a number of retrospective 
case study recognized in this study. Stars indicate epicenter of main 
shocks. 

 
6.7 Pattern of Seismicity before major earthquake along the SASZ. 

 Regarding to the results of the temporal variation of RTL along the SASZ, the 
anomalies show the short or intermediate-terms that there are four types of RTL patterns 
before the main shock. For the I-type, the variation pattern of the RTL is complete and 
dropping from 0 and turning to the background level before the main shock (Figure 6.9). 
For the II-type, similar to the I-type is dropping from 0 turning to the background level of 
the main shock (Figure 6.10a). For the III-type, dropping from 0 and turning to the 
background level and rising before the main shock (Figure 6.11). For the IV-type, the 
variation pattern of RTL is not complete, which decreases quickly from 0 and there is no 
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evident turning, the main shock occurs in the short period around the peak RTL (Figure 
6.10b). Furthermore, in this work indicate before major earthquake were found the most 
variation pattern of the RTL are Type I, i.e., the variation pattern of the RTL is complete 
and dropping from 0 and turning to the background level before main shock.      
 

 
Figure 6.9. The variation pattern of RTL in I-Type before (a) Mw-9.0 earthquake on 

December 26, 2004, (b) Mw-8.6 earthquake on March 28, 2005 (c) Mw-7.8 
earthquake on April 6, 2010, and (d) Mw-7.5 earthquake on June 12, 2010.  
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Figure 6.10. The variation pattern of RTL in II-type and IV-type before (a) Mw-7.2 

earthquake on July 24, 2005 and (b) Mw-7.3 earthquake on February 20, 
2008, respectively.  

 

 
Figure 6.11. The variation pattern of RTL in III-type before (a) Mw-7.5 earthquake on 

August 10, 2009 and (b) Mw-8.6 earthquake on April 11, 2012. 
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6.8 Prospective Areas of the Upcoming Earthquake Sources 

 In this work, the obtain results were compared with b-value of FMD (Pailoplee et 
al., 2013). Seismotectonically, the lower RTL and higher Z value implied the higher of 
seismic quiescence. Meanwhile, the lower b-value of FMD relates empirically to higher 
stress accumulated. After comparing all methods mentioned above, the results revealed 
that the time span is not same and different of data set with b-value lead to the low of 
RTL and high Z region (this study) are in the southern part comparing with the area 
showing low b anomalies  which analyzed from the seismicity data recorded during 
1984-2010 mentioned by Pailoplee et al. (2013) (Figure 6.12). Furthermore, there is one 
location, where Z, RTL and b anomalies are very clear which is Andaman and Nicobar 
Islands which is still quiescence from the major earthquakes. Therefore, the effective 
mitigation plan should be contributed urgently. 
 

 

  
Z-value RTL 
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Figure 6.12. Spatial distribution of a) Z values evaluated at the time slice 2013, b) RTL 

values mapped during July 2008 – June 2013 time span, and c) b values 
analyze from the seismicity data recorded during 1984 – 2010 (Pailoplee et 
al., 2013). 

 
6.9 Correlation Coefficient of RTL Algorithm 

Regarding to several studies of RTL algorithm mentioned that the characteristic 
parameters (r0 and t0) affect directly to the RTL investigation (Chen and Wu, 2006; 
Huang, 2004; Huang, 2005). Therefore, in order to observe such changes, this work 
repeated the RTL calculations by using the different characteristic RTL parameters, 
subsequently plotted the results of RTL curves at each conditions for considering the 
suitable characteristic RTL parameters. Furthermore, after varied that conditions, this 
research also computes the correlation coefficient in each condition of major 
earthquakes for determining whether the values of two variables are associated. For 
simplification briefly, the suitable condition r0= 100 km and t0= 1.25 years were 
calculated correlation coefficient by comparison with different RTL conditions which 
increase/decrease r0 = 25 km and increase/decrease t0 = 0.25 years from the suitable 
characteristic RTL parameter used in this study. Then, the significance in each 
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correction coefficient was considered by using Pearson correlation coefficient r (P-
value). If the probability of P-value is lower than the conventional 5% (P<0.05) the 
correlation coefficient is called statistically significant. Hence, the maximum level of P-
value for determining whether the anomalies are random samples or normal distribution 
was set equal to 0.05 (Bendat and Piersol, 2000) (Table 6.1). In addition, The RTL score 
at the epicenter of the major earthquake was investigated temporally in Appendix.  

After evaluating the correlation coefficient in each major earthquake which found 
the correlation coefficients indicated that most the varied cases listed in Table 6.1 
correlated at a significance of 0.05. As a result, one can conclude that the values of r0 = 
100 km and t0 = 1.25 year utilized in this study are meaningful for RTL investigation 
along the SASZ and that the seismic quiescence obtained here is not an artifact due to 
parameter selections. 

 
Table 6.1. Correlation of RTL values between different characteristic parameters r0 and t0 

of the (a) Mw-9.0 earthquake on December 26, 2004, (b) Mw-8.6 earthquake 
on March 28, 2005, (c) Mw-7.2 earthquake on July 24, 2005, (d) Mw-7.3 
earthquake on February 20, 2008, (e) Mw-7.5 earthquake on August 10, 2009, 
(f) Mw-7.8 earthquake on April 6, 2010, (g) Mw-7.5 earthquake on June 12, 
2010 and (h) Mw-8.6 earthquake on April 11, 2012. Case A shows the suitable 
values of independent characteristic parameters, case B the different 
characteristic RTL parameters that we using for comparison with suitable 
conditions.  

 (a) Mw-9.0 earthquake on December 26, 2004 

  

 

Case A (a)  r0 = 100 km, t0 = 1.25 years 
B (b)  r0 = 75 

km 
(c)  r0 = 125 

km 
(d)  t0 = 1 

year 
(e)  t0 = 1.5 

years 
correlation between A and B 0.817 0.579 0.854 0.816 
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(b) Mw-8.6 earthquake on March 28, 2005 

 

(c) Mw-7.2 earthquake on July 24, 2005 

 

(d) Mw-7.3 earthquake on February 20, 2008 

 

(e) Mw-7.5 earthquake on August 10, 2009 

 

 

 

Case A (a)  r0 = 100 km, t0 = 1.25 years 
B (b)  r0 = 75 

km 
(c)  r0 = 125 

km 
(d)  t0 = 1 

year 
(e)  t0 = 1.5 

years 
correlation between A and B 0.817 0.579 0.854 0.816 

Case A (a)  r0 = 100 km, t0 = 1.25 years 
B (b)  r0 = 75 

km 
(c)  r0 = 125 

km 
(d)  t0 = 1 

year 
(e)  t0 = 1.5 

years 
correlation between A and B 0.804 0.847 0.914 0.912 

Case A (a)  r0 = 100 km, t0 = 1.25 years 
B (b)  r0 = 75 

km 
(c)  r0 = 125 

km 
(d)  t0 = 1 

year 
(e)  t0 = 1.5 

years 
correlation between A and B 0.337 0.415 0.428 0.460 

Case A (a)  r0 = 100 km, t0 = 1.25 years 
B (b)  r0 = 75 

km 
(c)  r0 = 125 

km 
(d)  t0 = 1 

year 
(e)  t0 = 1.5 

years 
correlation between A and B 0.621 0.907 0.765 0.844 
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 (f) Mw-7.8 earthquake on April 6, 2010 

 

 (g) Mw-7.5 earthquake on June 12, 2010 

 

(h) Mw-8.6 earthquake on April 11, 2012 

 
6.10 Stochastic Tests of Z and RTL 

 According to Huang (2005), in order to constrain that the anomalous areas of Z 
value and RTL algorithm investigation are not involved the random phenomena of 
earthquake occurrence, the statistical method called stochastic test is used here. For 
explaining the details of stochastic test, at first, the random seismicity catalogues (e.g., 
N = 10,000) were produced by randomizing the space (longitude and latitude) and time 
of earthquake data. Afterward, for each random catalogue, the Z value and RTL 
parameter were computed at the location of main shock of the investigated major 
earthquake. The identical criteria applied in the computations for the real catalogue 

Case A (a)  r0 = 100 km, t0 = 1.25 years 
B (b)  r0 = 75 

km 
(c)  r0 = 125 

km 
(d)  t0 = 1 

year 
(e)  t0 = 1.5 

years 
correlation between A and B 0.394 0.417 0.429 0.468 

Case A (a)  r0 = 100 km, t0 = 1.25 years 
B (b)  r0 = 75 

km 
(c)  r0 = 125 

km 
(d)  t0 = 1 

year 
(e)  t0 = 1.5 

years 
correlation between A and B 0.886 0.865 0.851 0.904 

Case A (a)  r0 = 100 km, t0 = 1.25 years 
B (b)  r0 = 75 

km 
(c)  r0 = 125 

km 
(d)  t0 = 1 

year 
(e)  t0 = 1.5 

years 
correlation between A and B 0.925 0.493 0.744 0.766 
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were chosen in the investigations. After quantifying the positive anomaly of Z-value and 
the negative anomaly of the RTL parameter, one can consider whether Z and RTL 
anomalies appear or not. Eventually, one can analyze the Z-value and RTL parameters 
at the location of main shock for all random catalogues and estimate the probability of 
occurrence of Z and RTL anomalies. According to Huang (2005), in order to corroborate 
that the Z and RTL anomalies are not synthesized, the prospective probability of the 
observed Z and RTL anomalies before the occurrence of major earthquake should be 
nearly 0. 
 After investigating stochastic of the positive Z and the negative RTL anomalies. 

The results indicated that the probability of Z value higher than that obtained the RTL 

algorithm. Statistically, it can mention that the anomalies of RTL algorithm are more 

significant than the anomalies of Z parameter. The detailed study of stochastic of Z 

value and RTL parameter impending to the occurrence major earthquake along the 

SASZ showed in Figures 6.13 and 6.14. Therefore, using RTL algorithm analysis of 

precursory seismicity rate change along the SASZ generate more reliable anomalies 

than Z. 

(a) Mw-9.0 earthquake on December 26, 

2004 

 

(b) Mw-8.6 earthquake on March 28, 2005 
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(c) Mw-7.2 earthquake on July 24, 2005 

 

 

(d) Mw-7.3 earthquake on February 20, 

2008 

 
(e) Mw-7.5 earthquake on August 10, 

2009 

 

(f) Mw-7.8 earthquake on April 6, 2010 

 

 
(g) Mw-7.5 earthquake on June 12, 2010 

 

(h) Mw-8.6 earthquake on April 11, 2012 

 
Figure 6.13. Stochastic tests of Z values at the epicenters of (a) Mw 9.0 earthquake on 

December 26, 2004, (b) Mw-8.6 earthquake on March 28, 2005, (c) Mw-7.2 
earthquake on July 24, 2005, (d) Mw-7.3 earthquake on February 20, 2008, 
(e) Mw-7.5 earthquake on August 10, 2009, (f) Mw-7.8 earthquake on April 
6, 2010, (g) Mw-7.5 earthquake on June 12, 2010 and (h) Mw-8.6 
earthquake on April 11, 2012. 
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(a) Mw-9.0 earthquake on December 26, 

2004 

 

(b) Mw-8.6 earthquake on March 28, 2005 

 

 
 

(c) Mw-7.2 earthquake on July 24, 2005 

 

 
 

(d) Mw-7.3 earthquake on February 20, 

2008 

 

(e) Mw-7.5 earthquake on August 10, 2009 

 

(f) Mw-7.8 earthquake on April 6, 2010 
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(g) Mw-7.5 earthquake on June 12, 2010 

 

(h) Mw-8.6 earthquake on April 11, 2012 

 
Figure 6.14. Stochastic tests of RTL values at the epicenters of (a) Mw-9.0 earthquake on 

December 26, 2004, (b) Mw-8.6 earthquake on March 28, 2005, (c) Mw-7.2 
earthquake on July 24, 2005, (d) Mw-7.3 earthquake on February 20, 2008, 
(e) Mw-7.5 earthquake on August 10, 2009, (f) Mw-7.8 earthquake on April 
6, 2010, (g) Mw-7.5 earthquake on June 12, 2010 and (h) Mw-8.6 
earthquake on April 11, 2012. 
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CHAPTER VII 
 CONCLUSION AND RECOMMENDATION 

 
7.1 Conclusion 

This study attempt to investigate the precursory seismic quiescence before the 
major earthquakes along the SASZ by using simultaneously both Z value and RTL 
algorithm. The obtained results lead to the conclusion as follows; 

i) After complete all recommended improving procedures of the earthquake 
catalogue, the cumulative number rate trend in straight line indicates the completeness 
of seismicity data obtained in this study. 

ii) The Z value anomalies show clearly decreasing of the seismicity rate at Z ≥ 
6.7. Comparing with Z obtained from the other areas mentioned in the number of 
previous works, it is concluded that such  Z ≥ 6.7 is significant as the precursory 
anomalies noticeable before the major earthquake along the SASZ.  

iii) In this study, the time span between the seismic quiescence and the following 
major earthquake are in the range of 2-7 year. Comparing with the previous works, it 
reveals that both Z and RTL are effective for the intermediate-term earthquake 
forecasting, i.e., month-10 years, along the SASZ. 

iv) Although the higher Z value were found before the larger earthquake, the  
seismic quiescence are not clear to relate the magnitude of the earthquake. Meanwhile, 
for the RTL, the lower of RTL score relate significantly to the larger earthquake 
magnitude. 

v) Regarding to temporal investigation, the anomalies of Z are normally found 
before the anomalous RTL was generated. After that, the following earthquakes were 
reported. 

vi) Regarding to spatial distribution, the distribution of Z and RTL anomalies 
relate to the epicenters of major earthquake indicate location of an upcoming major 
earthquake along the SASZ. 
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vii) In this study, seismicity pattern change can be classified to be 4 types of 
precursor and the most variation pattern of the RTL are Type I, i.e., the variation pattern 
of the RTL is complete and dropping from 0 and turning to the background level before 
main shock.      

viii) According to the present-day activities, the Nicobar Islands are covered by 
Z and RTL anomalies which still quiescence from the major earthquake and represent 
the risk area. 

ix) The correlation coefficient in each major earthquake show that RTL anomalies  
found before the major earthquakes are not an artifact due to parameter selections 
indicate significance of precursory seismic quiescence. 

x) The stochastic of Z value and RTL parameter indicate the anomalies of RTL 
algorithm are more significant than the anomalies of Z parameter along the SASZ. 
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7.2. Recommendation 

According toShearer and Burgmann (2010), it is notable that although both Mw-
9.0 and Mw-8.6 earthquake were reported preliminarily the earthquake epicenter at the 
similar location, the rupture process of these earthquake mentioned above are different. 
The Mw-9.0 earthquake generate northward to the Nicobar Islands meanwhile the Mw-8.6 
generate southward to the Java Island. Therefore although both RTL and Z anomalies 
can be defined in the same locations in this study, the more details of both tectonic and 
geological data should be interpreted. 
 

 

Figure 7.1. Map showing tectonic context and earthquake history along the SASZ 

(Shearer and Burgmann, 2010). 
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Mw-8.6 earthquake on March 28, 2005 
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Mw-7.2 earthquake on July 24, 2005 
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Mw-7.3 earthquake on February 20, 2008 
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Mw-7.5 earthquake on August 10, 2009 
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Mw-7.8 earthquake on April 6, 2010 
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Mw-7.5 earthquake on June 12, 2010 
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Mw-8.6 earthquake on April 11, 2012 
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