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Abstract. Following the 4 March 2010 Mw 6.4 Jiashian earthquake the seismicity rate 16	  

in southern Taiwan was determined to be significantly higher than before the quake 17	  

and aroused seismic hazard awareness. In this work, seismic hazards were 18	  

investigated in terms of earthquake activity, the Coulomb stress change, the rate-and-19	  

state friction model, and short-term seismic hazard assessments. The significantly 20	  

higher seismicity rate that followed the 2010 Jiashian earthquake was found to mainly 21	  

be attributed to aftershock decay, in terms of the modified Omori formula. The results 22	  

suggest that aftershock duration may continue until the end of 2012. The spatial 23	  

migration of seismicity was modeled using the Coulomb stress changes of large 24	  

earthquakes. Most of the consequent events were distributed in the vicinity of large 25	  

earthquakes. The observations corresponded to a remarkable stress increase within the 26	  

same area. Additionally, large events were located within regions with stress increases 27	  

promoted by previous earthquakes. The results confirm interactive relationships 28	  

between large events. By considering time-dependency, the seismicity rate evolution 29	  

was estimated using the rate-and-state friction model. The results indicated that a high 30	  

seismic rate will persist at least until the end of 2012. Short-term probabilistic seismic 31	  

hazard assessments were also applied in terms of the probability of strong ground 32	  

motion. Using this application, a sudden jump in seismic hazards in southern Taiwan 33	  

was accompanied by each large earthquake. At the end of 2012 it is expected that 34	  

hazards will return to a background level. Our results may be valuable in the future to 35	  

decision-makers and public officials engaged in seismic hazard mitigation. 36	  

37	  
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1. Introduction 38	  

Human life and property are threatened by devastating earthquakes. For this 39	  

reason, seismic hazard mitigation is an important issue for scientists and engineers. 40	  

Using traditional probabilistic seismic hazard assessments (PSHA) (McGuire, 1976; 41	  

Cornell, 1968; and references therein), seismic hazards have been determined to be 42	  

totally contributed by characteristic earthquakes that are independent of one another. 43	  

However, for the case of the 2010 Darfield, New Zealand, earthquake sequences have 44	  

determined limitations for this type of assumption (Chan et al., 2012). The Darfield 45	  

sequence was initiated during the occurrence of the 4 September 2010 M 7.1 Darfield 46	  

earthquake, located 40 km west of Christchurch. The earthquake caused the largest 47	  

recorded peak ground acceleration (PGA), 0.3 g, in downtown Christchurch 48	  

(http://www.geonet.org.nz/earthquake/historic-earthquakes/top-nz/quake-13.html). 49	  

On 21 February 2011, the M 6.3 Christchurch earthquake took place 40 km east of the 50	  

epicenter of the Darfield earthquake. In terms of spatial and temporal relationships, 51	  

the Christchurch earthquake can be regarded as an aftershock within the Darfield 52	  

sequence. However, a larger PGA, of 1.88 g, was recorded in downtown Christchurch 53	  

and resulted in severe damage and fatalities (http://www.geonet.org.nz/news/feb-54	  

2011-christchurch-badly-damaged-by-magnitude-6-3-earthquake.html). Such a 55	  

circumstance points to the importance of aftershock sequences for seismic hazard 56	  

evaluations.	  As demonstrated by the Darfield experience, a re-evaluation the seismic 57	  

hazards and risks immediately following a large earthquake is required.  58	  

An increase in the seismicity rate in southern Taiwan has recently aroused 59	  

awareness in seismic hazards. Since 2010, three large events with M ≥ 5.5 have 60	  

occurred – referred to as the 2010 Jiashian, the 2010 Taoyuan, and the 2012 Wutai 61	  
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earthquakes (the red stars in Figure 1 and Table 1) - representing an average of 1.5 62	  

events per year. By contrast, only three large events occurred between 1900 and 2009 63	  

(the blue stars in Figure 1), representing an average of 0.03 events per year. Some 64	  

previous studies have associated the burst of seismicity with the occurrence of the 4 65	  

March 2010 Mw 6.4 Jiashian earthquake. Huang et al. (2011) found that an aftershock 66	  

sequence followed the 2010 Jiashian earthquake, suggesting a seismicity rate 67	  

increase. However, the authors did not discuss the duration of the aftershock 68	  

sequence. Ching et al. (2011) and Hsu et al. (2011) modeled the Coulomb stress 69	  

changes imparted by the 2010 Jiashian earthquake on active faults in southern Taiwan 70	  

and estimated seismic hazards contributed by active faults. However, according to the 71	  

distributions in seismicity (Figure 1) and their corresponding focal mechanisms 72	  

(Figure 2a), the occurrence of most of the earthquakes in this region could not be 73	  

associated with the rupture of active faults (the red lines in Figures 1 and 2). 74	  

Therefore, a comprehensive study on seismic hazards in southern Taiwan is 75	  

necessary. 76	  

In this study, seismic hazards in southern Taiwan are discussed in terms of 77	  

earthquake activities, the Coulomb stress change, the rate-and-state friction model, 78	  

and short-term seismic hazard assessments. We first discuss the spatial and temporal 79	  

evolution of seismicity following the occurrence of the 2010 Jiashian earthquake. To 80	  

understand the physical interpretation, the Coulomb stress changes imparted by the 81	  

three large events are evaluated. To estimate earthquake evolution quantitatively, 82	  

using the results of the stress evolution, the rate-and-state friction model is 83	  

introduced. For evaluating seismic hazards in respect to ground motion for southern 84	  

Taiwan, in this work, short-term seismic hazard assessments are also proposed. 85	  
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 86	  

2. The seismic activity associated with the Jiashian earthquake 87	  

2.1 The CWBSN catalog 88	  

Since 1991, the Central Weather Bureau Seismic Network (CWBSN) has been 89	  

responsible for monitoring earthquake activities in Taiwan. In this network, real-time 90	  

digital recording has been performed (Wu et al., 2008). Since the end of 1993, the 91	  

CWBSN has turned to recording signals continuously from the trigger recording 92	  

mode and has greatly enhanced earthquake monitoring capability (Wu and Chiao, 93	  

2006). To evaluate the reliability of the catalog, the magnitude of completeness (Mc), 94	  

using the maximum curvature approach (Wiemer and Wyss, 2000), was calculated. A 95	  

Mc of 1.7 for the study region was obtained.  96	  

 97	  

2.2 The distribution of earthquakes associated with the Jiashian earthquake 98	  

As mentioned above, large earthquakes became more active following the 2010 99	  

Jiashian earthquake. In this section, the activities of smaller earthquakes are further 100	  

discussed. We used the same time-interval of two years, before and after the 2010 101	  

Jiashian earthquake, to compare the spatial variation of earthquakes (plotted as blue 102	  

and red dots, respectively, in Figure 1). Considering the Mc of the CWBSN and crust 103	  

events in this region, earthquakes with M ≥ 1.7 and a hypocentral depth ≤ 40 km were 104	  

analyzed. Similar spatial patterns were obtained for these two periods. During the post 105	  

2010 Jiashian earthquake, more earthquakes occurred in regions close to the three M 106	  

≥ 5.5 events. In terms of the spatial distribution, consequent earthquakes following the 107	  

three large events are regarded as the aftershock sequence. 108	  
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In order to investigate aftershock behaviors following the 2010 Jiashian 109	  

earthquake, the temporal distribution of an aftershock sequence was modeled using 110	  

the modified Omori formula (Utsu, 1961), as follows: 111	  

n = K
C + t( )P

,                    (1) 112	  

where n is the seismicity rate at time t since a mainshock; K is the amplitude; C is the 113	  

parameter of the time offset; and P is the decay rate. In this study, K, P, and C were 114	  

obtained through regression. The observed seismicity rates for each time span were 115	  

tested using different time span intervals (from 1-30 days) and reported in the 116	  

corresponding regression of the modified Omori formula. The fit of the observations 117	  

between the Jiashian and Wutai earthquakes was best when a time interval of 18 days 118	  

was assumed (Figure 3a). Using this regression, the temporal distribution of 119	  

consequent earthquakes following the 2010 Jiashian earthquake could be modeled as 120	  

follows (Figure 3): 121	  

n = 100.0
63.1+ t( )0.74

.                    (2) 122	  

Worth mentioning here is that the relatively high C-value and low P-value could be 123	  

attributed to the occurrence of the Taoyuan and Wutai earthquakes and their 124	  

consequent events. According to the seismicity rate two years before the 2010 125	  

Jiashian earthquake, the background seismicity rate was 0.76 events per day. The 126	  

seismicity rate modeled using the modified Omori formula was equal to the 127	  

background seismicity rate when a t of 670 days was assumed, and can be regarded as 128	  

the aftershock duration of the 2010 Jiashian earthquake. Since the time interval 129	  

between the 2010 Jiashian and 2010 Taoyuan earthquakes is 143 days, the 2010 130	  
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Taoyuan earthquake could be regarded as an aftershock of the 2010 Jiashian 131	  

earthquake. If the standard deviation of the Omori fitting (+0.11) was considered, the 132	  

aftershock duration became 970 days. The model suggests that the seismicity rate 133	  

should still have been higher than background when the 2012 Wutai earthquake 134	  

occurred (724 days after the 2010 Jiashian earthquake). In addition to modeling the 135	  

entire sequence following the Jiashian earthquake (Figure 3a), seismic patterns for 136	  

different periods were also determined in terms of the modified Omori decay. The 137	  

seismicity between the Jiashian and Taoyuan earthquakes was modeled (Figure 3b). 138	  

The modeled seismicity rate was equal to the background seismicity rate when a t of 139	  

301 days was assumed. According to this result, the 2010 Taoyuan earthquake can be 140	  

regarded as an aftershock of the 2010 Jiashian earthquake. For the sequence following 141	  

the Taoyuan earthquakes (Figure 3c), a high C-value of 794 days was obtained. The 142	  

pattern suggests insignificant decay during this period. 143	  

Since the estimated aftershock durations were long for such moderately-sized 144	  

earthquakes, seismicity following the 2010 Jiashian and Taoyuan earthquakes could 145	  

not solely be explained as an aftershock pattern. To determine aftershock behaviors 146	  

for different aspects, a time series of the seismicity rate within the study region was 147	  

determined (Figure 4). Following the occurrence of each large event the time series 148	  

displayed a sudden increase in the seismicity rate. However, the seismicity rate 149	  

remained at a high level for several months following the 2010 Taoyuan earthquake 150	  

(Figure 4). The seismicity rate between three months following the 2010 Taoyuan and 151	  

2012 Wutai earthquakes was 43% higher than background. Such a continuously high 152	  

rate level could not be modeled using the modified Omori formula (as shown in 153	  

equation (2)).   154	  
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The earthquake distribution during different periods represents the many events 155	  

that have occurred in the vicinity of previously occurring larger events (Figure 5). The 156	  

observations could be associated with aftershock decays. Worth mentioning here is 157	  

that some of the earthquakes took place in the vicinity of the 2010 Taoyuan 158	  

earthquake before the occurrence of this earthquake (light grey dots in Figure 5). Such 159	  

an observation may imply an interaction between the 2010 Jiashian earthquake and 160	  

the fault system near Taoyuan. 161	  

Through the spatial-temporal distribution of earthquakes within the study region, 162	  

some patterns of earthquake activity could not simply be explained by aftershock 163	  

behavior using the modified Omori formula. In the discussion that follows, the 164	  

Coulomb stress change and the rate-and-state friction model are introduced in order to 165	  

model the observation. 166	  

 167	  

3. The Coulomb stress changes imparted by the three large earthquakes 168	  

3.1 The procedure and the parameter setting 169	  

The general expression of the ∆CFS (Coulomb stress change) can be represented 170	  

as follows (Harris, 1998; Cocco and Rice, 2002): 171	  

nCFS σµτ Δ+Δ=Δ ' ,                   (3) 172	  

where τΔ is the shear stress change computed along the slip direction on the receiver 173	  

fault; 'µ  is the apparent friction coefficient; and nσΔ is the normal stress change 174	  

perpendicular to the receiver fault. 175	  
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The focal mechanism responsible for the receiver fault is a key parameter for 176	  

∆CFS calculations. Generally, it can be represented in the following forms: (1) 177	  

optimally oriented fault planes through a combination of the regional stress field and a 178	  

stress change caused by the source event (King et al., 1994); (2) mechanisms of active 179	  

faults (Toda et al., 1998); and (3) different focal mechanisms of earthquakes in sub-180	  

regions (Chan and Stein, 2009). For the study region, since the stress field in terms of 181	  

the orientation and the magnitude remains controversial, it is difficult to apply 182	  

optimally oriented fault planes as receiver faults. Additionally, most of the 183	  

earthquakes occurring in this study region are rarely related to the rupture of active 184	  

faults (Figure 1 and Figure 2a). Therefore, it is not practical to assume that active 185	  

faults are receivers. Using this information we followed the procedure outlined in 186	  

previous studies (Chan et al., 2010; Hainzl et al., 2010; Toda and Enescu, 2011) and 187	  

assumed spatially variable receiver faults for each calculation grid. The focal 188	  

mechanisms determined by Wu et al. (2010) were introduced as a reference (Figure 189	  

2a). The spatial variable receiver fault was assumed to consist of the reference focal 190	  

mechanism with the shortest epicentral distance to each specified grid (Figure 2b). 191	  

The ∆CFS on each 0.01º × 0.01º grid was estimated using a spatial variable receiver 192	  

fault by applying the COULOMB 3.2 program (Toda and Stein, 2002). We followed 193	  

the procedures proposed by Catalli and Chan (2012) and reported the maximum 194	  

∆CFS among seismogenic depths for each calculation grid. Using these procedures, 195	  

the uncertainties of earthquake location and the rupture geometry for the calculation 196	  

could be minimized.  197	  

 198	  

3.2 The slip models of the three events 199	  
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An application of Coulomb model calculations requires knowledge of the rupture 200	  

parameters for source events, such as the geometry of the rupturing fault and the slip 201	  

magnitude. In Taiwan, these relationships were scaled by Yen and Ma (2011) as 202	  

follows: 203	  

( ) ( ) 08.8log21 0 −= MLLog ;         (4) 204	  

( ) ( ) 08.8log21 0 −= MWLog ;         (5) 205	  

( ) 68.1=ADLog ;                    (6) 206	  

where 

€ 

L  is the fault length in kilometers; M0  is the seismic moment in Newton-207	  

meter; 

€ 

W  is the fault width in kilometers; and 

€ 

AD is the average slip in centimeters. 208	  

In order to evaluate the seismic moment using the local magnitude of each 209	  

earthquake, a relationship between the moment magnitude, MW , and the local 210	  

magnitude, ML , should be introduced. We used the relationship by Wu et al. (2005), 211	  

who considered earthquakes with 4.7 ≥ MW  ≥ 6.2 in Taiwan, as follows:  212	  

2.0−= LW MM .                   (7) 213	  

According to the relationship and the source parameters of each earthquake, the 214	  

rupture parameters were assumed to be those listed in Table 1. 215	  

 216	  

3.3 The correlation of the distribution with consequence events 217	  

The ΔCFS imparted by the 2010 Jiashian, the 2010 Taoyuan, and the 2012 Wutai 218	  

earthquakes was evaluated (Figure 6). The results indicated a remarkable increase in 219	  
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∆CFS in the vicinity of each event, and decay with the epicentral distance. 220	  

Additionally, the 2010 M 6.4 Jiashian earthquake (Figure 6a) caused a wider and 221	  

larger stress increase. By contrast, the 2010 M 5.5 Taoyuan earthquake caused less 222	  

significant stress changes. Such a discrepancy can be attributed to the magnitude 223	  

difference between the two events (Table 1). Additionally, it appears that the 224	  

distribution of the ∆CFS of earthquakes can be associated with the distribution of 225	  

consequent events. Following the occurrence of each event (Figure 6), most of the 226	  

consequent events were distributed in its vicinity. The greater number of earthquakes 227	  

following the 2010 Jiashian mainshock could be associated with the corresponding 228	  

∆CFS pattern (Figure 6a). 229	  

 230	  

3.4 The interactions between large events 231	  

A correlation between the ∆CFS and the occurrence of small events was 232	  

obtained. However, in respect to seismic hazards, larger earthquakes were more 233	  

important. In respect to determining seismic hazards, the stress change for each 234	  

consequent event was evaluated (Figure 6). As imparted by the 2010 Jiashian 235	  

earthquake, the stress changes determined for the 2010 Taoyuan and 2012 Wutai 236	  

epicenters were +1.78 and +0.20 bars, respectively. The results suggest that the 2010 237	  

Jiashian earthquake promoted failure on fault systems near the epicenters of the 2010 238	  

Taoyuan and the 2012 Wutai earthquakes. As imparted by the 2010 Taoyuan 239	  

earthquake, the stress change determined for the epicenter of the 2012 Wutai 240	  

earthquake was +0.03 bars, a value higher than the magnitude of tidal triggering 241	  

(+0.01 bars) as observed by Stein (2004). 242	  
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 243	  

4. The seismic rate evolution modeled using the rate-and-state friction model 244	  

4.1 The procedure and parameter setting 245	  

Above, the ∆CFS of the earthquakes are presented. In order to quantify the impact 246	  

of the ∆CFS on the seismicity rate, the rate-and-state friction model (Dieterich, 1994) 247	  

was used. We followed Chan et al. (2010) and determined the evolution of the 248	  

seismicity rate R M, x, t( )  using the ∆CFS of the n’th source event ( )xCFSnΔ  at the 249	  

site of interest, x , as a function of the magnitude, M , and the time, t , as follows: 250	  

€ 

R M,x,t( ) =
λ M,x( )

λ M,x( )
Rn−1 M,x( )

exp −
ΔCFSn x( )

Aσ

& 

' 
( 

) 

* 
+ −1

, 

- 
. 

/ 

0 
1 exp −

t − tn
tna

& 

' 
( 

) 

* 
+ +1

,  (8) 251	  

where ( )xMRn ,1−  is the short-term seismicity rate promptly before the occurrence of 252	  

the n’th source event (i.e. ( )xMR ,0 λ= ); σA  is a constitutive parameter of the model 253	  

as described by Dieterich (1994); nt  is the occurrence time of the n’th source event; 254	  

and nat  is the aftershock duration. The relationship describes the short-term seismicity 255	  

rate evolution by considering a series of source events and presents a generalization of 256	  

the relationships. 257	  

Previous studies (e.g. Catalli et al., 2008; Nakata et al., 2008) have proposed 258	  

several analysis approaches for obtaining the value of σA . However, the 259	  

acquirement of this parameter for the study region is beyond	  the scope of this work. In 260	  

order to reduce the number of assumptions in the model, a fixed value of 0.4 bars for 261	  

σA  was assumed. The value is in accordance with physically reasonable ranges 262	  
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between 0.1 and 0.4 bars (Catalli et al., 2008; Chan et al., 2012; Toda and Stein, 2003; 263	  

Toda et al., 2005). A tna  of 670 days was assumed, corresponding to the aftershock 264	  

duration of the 2010 Jiashian mainshock (Figure 3). 265	  

 266	  

4.2 Results 267	  

A seismicity rate evolution for southern Taiwan was calculated using the rate-and-268	  

state friction model (Figure 7). Remarkable increases were determined for the 269	  

seismicity rate within the region close to the three M ≥ 5.5 earthquakes. By contrast, 270	  

in regions far from earthquakes, rate perturbations were insignificant. Rate decay with 271	  

time is illustrated here with rate changes at various time spots (e.g. Figure 7a and b). 272	  

Note that the results suggest that the seismicity rate near the 2012 Wutai epicenter 273	  

should remain high until the end of 2012 (Figure 7f). To associate the calculated rates 274	  

with the occurrence of large events, we found an increase in seismicity rate by 396%	  275	  

at the epicenter of the 2010 Taoyuan earthquake, immediately prior to its occurrence 276	  

(Figure 7b). Additionally, a slight increase in the seismicity rate by 18% was obtained 277	  

at the epicenter of the 2012 Wutai earthquake (Figure 7d). 278	  

 279	  

5. Discussion 280	  

5.1 Earthquake interactions since the Jiashian earthquake 281	  

Several models have been proposed for the relationships between the earthquakes in 282	  

southern Taiwan that have occurred since 2010. Temporal aftershock behavior 283	  

following the 2010 Jiashian mainshock was forecast using the modified Omori 284	  
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formula (Figure 3). The results indicate that the 2010 Taoyuan and 2012 Wutai 285	  

earthquakes could be regarded as aftershocks of the 2010 Jiashian mainshock. 286	  

Additionally, the result also suggests a higher seismic hazard due to the 2010 Jiashian 287	  

earthquake sequence until the end of 2012. In order to model the stress evolution, the 288	  

∆CFS imparted by the three earthquakes was calculated (Figure 6). A remarkable 289	  

∆CFS increase was obtained in the vicinity region of each epicenter, where most 290	  

consequent earthquakes take place (Figure 6). The results also confirmed interactive 291	  

relationships between these three large events. By further considering the time-292	  

dependency, the seismicity rate evolution in southern Taiwan was evaluated using the 293	  

rate-and state friction model (Figure 7). In addition to the similar spatial pattern of the 294	  

∆CFS (Figure 6), the temporal rate evolution is illustrated and shows a decay in the 295	  

seismicity rate following a larger event. The result corresponds to a pattern of 296	  

aftershock decay (Figure 3). Moreover, the modeled seismicity rate remained 297	  

continuously high following the 2010 Jiashian earthquake, possibly associated with a 298	  

significantly higher rate following the 2010 Jiashian earthquake (Figure 4). According 299	  

to the ∆CFS model a higher seismicity rate is expected as a result of the occurrence of 300	  

the 2010 Jiashian earthquake. Considering the rate-and-state friction model, high 301	  

seismic hazards could persist at least until the end of 2012. A higher rate is expected 302	  

if another large event occurs. 303	  

 304	  

5.2 The evolution of seismic hazards in terms of the short-term PSHA 305	  

The short-term PSHA (probabilistic seismic hazard assessments), in terms of the 306	  

probability of strong ground motion, were evaluated for some of the cities in southern 307	  

Taiwan. We followed the approach proposed by Chan et al. (2012) and Chan et al. 308	  
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(submitted). Using this approach, the background seismicity rate was obtained 309	  

through the zoneless approach of Woo (1996). The approach was summed over all of 310	  

the events in the complete catalog and divided by the corresponding duration. To 311	  

build up the background rate model, earthquakes with M ≥ 5.0, since 1940 were, 312	  

considered since all earthquakes that pass this threshold in magnitude and time are 313	  

recorded by the CWBSN (Chan et al., submitted). Then, the short-term rate 314	  

perturbation was evaluated using the rate-and-state friction model (equation (8)). In 315	  

addition to a reliable seismicity rate model, another item that should be considered for 316	  

a PSHA is ground motion behaviors due to path and site effects. For path effects, 317	  

ground motion prediction equations (GMPEs) were introduced. Since several studies 318	  

(Crouse et al., 1988 and references therein) have pointed out that the attenuation 319	  

behaviors for subduction earthquakes and crustal earthquakes are different, the 320	  

GMPEs obtained by Lin (2009), and Lin and Lee (2008) were considered for crustal 321	  

and subduction events, respectively. To consider site amplification, we introduced the 322	  

averaged shear-velocity down to 30 m (Vs30) at the CWBSN and Taiwan Strong 323	  

Motion Instrumentation Program (TSMIP) stations as obtained by Lee and Tsai 324	  

(2008). Information from these five stations, CHY125, KAU069, KAU077, TTN, and 325	  

KAU, was used to present site amplifications for the cities of Tainan, Maolin, Wutai, 326	  

Taitung, and Kaohsiung, respectively. 327	  

Through the procedure and parameters mentioned above, the short-term PSHA 328	  

was applied to the five cities in southern Taiwan (Figure 8). Prior to the 2010 Jiashian 329	  

earthquake, the seismic hazard in Taitung was the highest amongst the five cities. The 330	  

lowest hazard was determined for the city of Kaohsiung. The results correspond to 331	  

previous results (Cheng, 2002; Cheng et al., 2007; Campbell et al., 2002) where 332	  

traditional PSHA approaches were applied (Cornell, 1968; McGuire, 1976). 333	  
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Following the Jiashian earthquake, a sudden jump in seismic hazards was determined 334	  

for all of the cities. The highest hazard was found for Maolin, since it has the shortest 335	  

epicentral distance to the 2010 Jiashian earthquake. Other abrupt seismic hazard 336	  

increases were accompanied by the 2010 Taoyuan and 2012 Wutai earthquakes. The 337	  

hazards level occurring at the end of 2012 is expected to be similar to background. 338	  

 339	  

5.3 Seismic hazard maps following the occurrence of the three earthquakes 340	  

The evolution of seismic hazards in some of the cities in southern Taiwan during 341	  

2010 and 2013 are presented in Figure 8. The results indicate that significantly higher 342	  

hazards followed the three M ≥ 5.5 earthquakes. Here, the spatial distribution of 343	  

seismic hazards is further evaluated. Site amplification for each site (triangles in 344	  

Figure 9) was considered using a function of Vs30 as obtained by Lee and Tsai 345	  

(2008). Seismic hazard maps at various time spots were evaluated. Before the 346	  

perturbations (Figure 9a), higher hazards were determined in the Tainan and Taitung 347	  

regions; within the Kaohsiung region, in contrast, the hazard was relatively low. Such 348	  

a result corresponds to the temporal evolution of seismic hazards prior to the 2010 349	  

Jiashian earthquake (Figure 8). Following the occurrence of the Jiashian earthquake 350	  

(Figure 9b), significantly higher hazards were determined at the periphery of the 351	  

epicenter. Note that the higher hazard in the west can be attributed to shorter 352	  

epicentral distances for stations in this direction. Following the occurrence of the 353	  

Taoyuan and Wutai earthquakes (Figure 9c and d), the seismic hazard peaks migrated 354	  

to the south, corresponding to the migration of seismicity activities (Figure 5). Such 355	  

results could provide essential information for emergency response regarding victim 356	  

sheltering and relocation immediately following a devastating earthquake. 357	  
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 358	  

6. Conclusions 359	  

With various aspects (i.e. earthquake activities, the Coulomb stress change, the 360	  

rate-and-state friction model, and short-term seismic hazard assessments), here, 361	  

seismic hazards for southern Taiwan have been outlined. All of the results suggest a 362	  

larger amount of hazards following the 2010 Jiashian earthquake. The increase in 363	  

hazards could be sustained for several months following the 2012 Wutai earthquake 364	  

(as suggested by the results of the short-term seismic hazard assessment) or longer (as 365	  

suggested by the results of the ∆CFS and the rate-and-state friction model). Our 366	  

results may be valuable in the future to decision-makers, public officials, and 367	  

engineers engaged in seismic hazard mitigation. One possible application of our 368	  

results is to provide probabilistic seismic hazard information following the occurrence 369	  

of a devastating earthquake. The probability of time dependent ground motion levels 370	  

can be assessed using our approach. Such results could provide important information 371	  

for emergency response regarding victim sheltering and relocation. Another possible 372	  

application is a combination with deterministic earthquake scenarios. Scenarios are 373	  

also useful for proposals of seismic hazard mitigation, in terms of building codes and 374	  

the site selection of pubic structures (McGuire, 2001). The occurrence probability of a 375	  

scenario earthquake can be re-evaluated following a neighboring large earthquake. 376	  

Such estimations could be performed using the de-aggregation and determination of 377	  

dominant earthquakes. Additionally, our approach provides different insights for 378	  

seismic hazards, and can be considered as a branch of the logic-tree approach for 379	  

PSHA. 380	  

 381	  



18	  

	  

Acknowledgements 382	  

Our work was supported by the National Science Council and the Central Weather 383	  

Bureau in Taiwan. We thank Prof. Bor-ming Jahn and three anonymous reviewers for 384	  

their constructive comments. 385	  

386	  



19	  

	  

References 387	  

Campbell, K.W., Thenhaus, P.C., Barnard, T.P., Hampson, D.B., 2002. Seismic 388	  

hazard model for loss estimation and risk management in Taiwan. Soil Dynamics and 389	  

Earthquake Engineering, 22, 743-754, doi: 10.1016/S0267-7261(02)00095-7. 390	  

Catalli, F., Chan, C.H., 2012. New insights into the application of the Coulomb 391	  

model in real time, Geophysical Journal International, 188, 583–599, doi: 392	  

10.1111/j.1365-246X.2011.05276.x. 393	  

Chan, C.H., Stein R.S., 2009. Stress evolution following the 1999 Chi-Chi, Taiwan, 394	  

earthquake: Consequences for afterslip, relaxation, aftershocks, and departures from 395	  

Omori decay, Geophysical Journal International, doi: 10.1111/j.1365-396	  

246X.2008.04069.x. 397	  

Chan, C.H., Sørensen, M.B., Stromeyer, D., Grünthal, G., Heidbach, O., 398	  

Hakimhashemi, A., Catalli, F., 2010 Forecasting Italian seismicity through a spatio-399	  

temporal physical model: importance of considering time dependency and reliability 400	  

of the forecast, Annals of Geophysics, 53(3), doi: 10.4401/ag-4761. 401	  

Chan, C.H., Wu, Y.M., Lin, T.L., 2012. A short term seismic hazard assessment in 402	  

Christchurch, New Zealand, after the M7.1, 4 September 2010 Darfield earthquake: 403	  

An application of a smoothing Kernel and rate-and-state friction model, Terrestrial 404	  

Atmospheric and Oceanic Sciences, 23(2), doi: 10.3319/TAO.2011.09.23.02(T). 405	  

Chan, C.H., Wu, Y.M., Cheng, C.T., Lin, P.S., submitted. Short-term probabilistic 406	  

seismic hazard assessment and its application to Hualien City, Taiwan. 407	  

Cheng, C.T., 2002. Uncertainty analysis and de-aggregation of seismic hazard in 408	  

Taiwan, Ph.D. Dissertation, Institute of Geophysics, National Central University, 409	  



20	  

	  

Chung-Li, Taiwan (in Chinese). 410	  

Cheng, C.T., Chiou, S.J., Lee, C.T., Tsai, Y.B., 2007. Study on probabilistic seismic 411	  

hazard maps of Taiwan after Chi-Chi earthquake, Journal of GeoEngineering, 2(1), 412	  

19-28. 413	  

Ching, K.E., Johnson, K.M., Rau, R.J., Chuang, R.Y., Kuo, L.C., Leu, P.L., 2011. 414	  

Inferred fault geometry and slip distribution of the 2010 Jiashian, Taiwan, earthquake 415	  

is consistent with a thick-skinned deformation model, Earth and Planetary Science 416	  

Letters, EPSL-S-10-00445, doi:10.1016/j.epsl.2010.10.021. 417	  

Cocco, M., Rice, J.R, 2002. Pore pressure and poroelasticity effects in Coulomb 418	  

stress analysis of earthquake interactions, Journal of Geophysical Research, 107(B2), 419	  

2030, doi:10.1029/2000JB000138. 420	  

Cornell, C.A., 1968. Engineering seismic risk analysis, Bulletin of the Seismological 421	  

Society of America, 58, 1583-1606. 422	  

Crouse, C.B., Vyas, Y.K., Schell, B.A., 1988 Ground motion from subduction-zone 423	  

earthquakes. Bull. Seismol. Soc. Am., 78(1), 1–25. 424	  

Dieterich, J.H., 1994. A constitutive law for rate of earthquake production and its 425	  

application to earthquake clustering, Journal of Geophysical Research, 99, 426	  

(18):2601-2618. 427	  

Hainzl, S., Zoeller, G., Wang, R., 2010. Impact of the receiver fault distribution on 428	  

aftershock activity, Journal of Geophysical Research, 115, B05315, 429	  

doi:10.1029/2008JB006224. 430	  



21	  

	  

Harris, R.A., 1998. Introduction to special section: Stress triggers, stress shadows, 431	  

and implications for seismic hazard, Journal of Geophysical Research, 103, 24347–432	  

24358. 433	  

Hsu, Y.R., Yu, S.B., Kuo, L.C., Tsai Y.C., Chen, H.Y., 2011. Coseismic deformation 434	  

of the 2010 Jiashian, Taiwan earthquake and implications for fault activities in 435	  

southwestern Taiwan, Tectonophysics, 502, 328–335. 436	  

Huang, H.H., Wu, Y.M., Lin, T.L., Chao, W.A., Shyu, J.B.H., Chan, C.H., Chang, 437	  

C.H., 2011. The Preliminary Study of the 4 March 2010 Mw 6.3 Jiasian, Taiwan 438	  

Earthquake Sequence, Terrestrial Atmospheric and Oceanic Sciences,	  22(3), 283-290, 439	  

doi: 10.3319/TAO.2010.12.13.01(T). 440	  

King, G.C.P., Stein, R.S., Lin, J., 1994. Static stress changes and the triggering of 441	  

earthquakes, Bulletin of the Seismological Society of America, 84, 935-953. 442	  

Lee, C.T., Tsai, B.R., 2008. Mapping Vs30 in Taiwan, Terrestrial Atmospheric and 443	  

Oceanic Sciences,	  19(6), doi: 10.3319/TAO.2008.19.6.671(PT). 444	  

Lin, P.S., 2009. Ground-motion attenuation relationship and path-effect study using 445	  

Taiwan Data set, Ph.D. Dissertation, Institute of Geophysics, National Central 446	  

University, Chung-Li, Taiwan (in Chinese). 447	  

Lin P.S., Lee, C.T., 2008. Ground-motion attenuation relationships for subduction-448	  

zone earthquakes in northeastern Taiwan, Bulletin of the Seismological Society of 449	  

America, 98(1), 220–240, doi: 10.1785/0120060002. 450	  

McGuire, R., 1976. FORTRAN computer program for seismic risk analysis, U.S. 451	  

Geological Survey, Open-File Rept. 76-67, 90 pp. 452	  

McGuire, R.: Deterministic vs. probabilistic earthquake hazard and risks. Soil 453	  



22	  

	  

Dynamics and Earthquake Engineering, 21, 377-384, 2001. 454	  

Nakata, R., Suda, N., Tsuruoka, H., 2008. Non-volcanic tremor resulting from the 455	  

combined effect of Earth tides and slow slip events. Nature Geosci., 1, 676–678. 456	  

Stein, R.S., 2004. Tidal triggering caught in the act, Science, 305, 1248–1249. 457	  

Toda, S., Enescu, B., 2011. Rate/state Coulomb stress transfer model for the CSEP 458	  

Japan seismicity forecast, Earth, Planets and Space, 63, 171-185, 459	  

doi:10.5047/eps.2011.01.004. 460	  

Toda, S., Stein, R.S., 2003. Toggling of seismicity by the 1997 Kagoshima 461	  

earthquake couplet: A demonstration of time-dependent stress transfer, Journal of 462	  

Geophysical Research, 108(B12), 2567, doi:10.1029/2003JB002527. 463	  

Toda, S., Stein, R.S., Reasenberg, P.A., Dieterich, J.H., Yoshida, A., 1998. Stress 464	  

transferred by the Mw=6.9 Kobe, Japan, shock: Effect on aftershocks and future 465	  

earthquake probabilities, Journal of Geophysical Research, 103, 24543-24565. 466	  

Toda, S., Stein, R.S., Richards-Dinger, K., Bozkurt, S.B., 2005. Forecasting the 467	  

evolution of seismicity in southern California: Animations built on earthquake stress 468	  

transfer, Journal of Geophysical Research, 110 (B5), B05S16. 469	  

Utsu, T., 1961. Statistical study on the occurrence of aftershocks, Geophysical 470	  

Magazine, 30, 521– 605. 471	  

Wiemer, S., Wyss, M., 2000. Minimum Magnitude of Completeness in Earthquake 472	  

Catalogs: Examples from Alaska, the Western United States, and Japan, Bulletin of 473	  

the Seismological Society of America, 90(4), 859–869. 474	  

Woo, G., 1996. Kernel Estimation Methods for Seismic Hazard Area Source 475	  

Modeling, Bull. Seismol. Soc. Am., 86 353-362. 476	  



23	  

	  

Wu, Y.M., Chiao, L.Y., 2006. Seismic quiescence before the 1999 Chi-Chi, Taiwan 477	  

Mw7.6 earthquake, Bulletin of the Seismological Society of America, 96, 321–327. 478	  

Wu, Y.M., Allen, R.M., Wu, C.F., 2005. Revised ML determination for crustal 479	  

earthquakes in Taiwan, Bulletin of the Seismological Society of America, 95, 2517–480	  

2524. 481	  

Wu, Y.M., Chang, C.H., Zhao, L., Teng, T.L., Nakamura, M., 2008. A 482	  

Comprehensive Relocation of Earthquakes in Taiwan from 1991 to 2005, Bulletin of 483	  

the Seismological Society of America, 98, 1471–1481, doi: 10.1785/0120070166. 484	  

Wu, Y.M., Hsu, Y.J., Chang, C.H., Teng, L.S., Nakamura, M., 2010. Temporal and 485	  

spatial variation of stress field in Taiwan from 1991 to 2007: Insights from 486	  

comprehensive first motion focal mechanism catalog, Earth and Planetary Science 487	  

Letters, 298, 306–316, doi:10.1016/j.epsl.2010.07.047. 488	  

Yen, Y.T., Ma K.F., 2011. Source-Scaling Relationship for M 4.6–8.9 Earthquakes, 489	  

Specifically for Earthquakes in the Collision Zone of Taiwan, Bulletin of the 490	  

Seismological Society of America, 101(2), doi: 10.1785/0120100046. 491	  

492	  



24	  

	  

Table caption 493	  

Table 1 494	  

Rupture parameters for the source events used to calculate the seismicity rate change 495	  

using the rate-and-state friction model. 496	  

 497	  

Figure captions 498	  

Figure 1 499	  

Seismicity within the study region. Earthquakes with M ≥ 5.5 and M ≥ 1.7 are shown 500	  

with stars and circles, respectively. Red lines represent the surface trace of active 501	  

faults. Earthquakes shown in different colors represent various occurrence times. 502	  

 503	  

Figure 2 504	  

(a) The reference focal mechanisms (blue) collected by Wu et al. (2010). The focal 505	  

mechanisms of M ≥ 5.5 earthquakes (red) obtained from various studies (Table 1). (b) 506	  

The focal mechanisms as spatial variable receiver faults for the ∆CFS calculation. 507	  

Note that the actual calculation grids (0.01˚ × 0.01˚) are denser than the spacing 508	  

presented in the figure.  509	  

 510	  

Figure 3 511	  

Observations and the modelled temporal earthquake distribution following the 2010 512	  

Jiashian mainshock. The modelled distribution was obtained using the modified 513	  
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Omori formula. The residuals between the various observations and the models 514	  

obtained using different time intervals are shown in the inset. 515	  

 516	  

Figure 4 517	  

The time series of earthquakes within the study region since 2008; M ≥ 1.7 518	  

earthquakes were considered. The mean values and the standard deviations of the 519	  

seismicity rates for various periods are represented by solid and dashed lines, 520	  

respectively. 521	  

 522	  

Figure 5 523	  

The seismicity of different periods within the study region; earthquakes larger than 524	  

1.7 were considered. Earthquakes shown with different colors represent different 525	  

occurrence times. Red lines represent the surface trace of active faults. 526	  

 527	  

Figure 6 528	  

The Coulomb stress change imparted by the (a) 2010 Jiashian, (b) 2010 Taoyuan, and 529	  

(c) 2012 Wutai earthquakes. The stress changes solved for each large earthquake 530	  

(denoted as dashed stars) are represented. 531	  

 532	  

Figure 7 533	  
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The modeled short-term seismicity rate change determined using the rate-and-state 534	  

friction model at various locations. Rupture parameters for the three source events of 535	  

the rate change calculations are shown in Table 1. The rate change before the 536	  

Taoyuan and Wutai earthquakes is shown in (b) and (d), respectively. Triangles 537	  

represent the five cities used for short-term seismic hazard evaluations (Figure 8). 538	  

 539	  

Figure 8 540	  

The temporal evolution of seismic hazards for the 2.1‰ annual exceedance 541	  

probability in five cities (triangles in the inset). Variations in seismic hazards are 542	  

attributed to the seismicity rate change imparted by large events (Figure 7). 543	  

 544	  

Figure 9 545	  

The seismic hazard maps, as follows: (a) before Jiashian, (b) immediately following 546	  

Jiashian, (c) immediately following Taoyuan, and (d) immediately following Wutai. 547	  

Stars represent the epicenters of the three earthquakes. Triangles represent the TSMIP 548	  

and CWBSN stations. 549	  



Eearthquake Jiashian Taoyuan Wutai
Year 2010 2010 2012

Month 3 7 2
Day 4 25 26

Longitude(˚) 120.70 120.74 120.78
Latitude (˚) 22.96 22.84 22.74

ML 6.4 5.5 6.1
Depth (km) 23.2 16.62 20.4
Strike (˚) 313 14 320
Dip (˚) 41 58 20
Rake (˚) 42 91 52

Fault width (km) 16.6 3.51 9.89
Fault length (km) 16.6 3.51 9.89

Avg. slip (cm) 47.86 47.86 47.86

References Huang et al. (2011) BATS
CWB (earthquake location)
USGS/WPHASE (focal mech.)

Table 1
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