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Abstract 15	

This study provides some new insights into earthquake forecasting models to the 16	

regions with subduction systems, including the depth-component for forecasting grids 17	

and time-dependent factors. To manifest the importance of depth-component, I 18	

incorporate three-dimensional grids into forecasting approaches and compare with 19	

those with two-dimensional cells. Through applications to the two subduction regions, 20	

Ryukyu and Kanto, the approaches with three-dimensional grids always obtain better 21	

forecasting ability. I thus confirm the importance of depth-dependency for 22	

forecasting, especially for the applications to a subduction environment or a region 23	

with non-vertical seismogenic structures. In addition, I discuss the role of time-24	

dependent factors for forecasting models. I conclude that time-dependency becomes 25	

crucial only when significant seismicity rate change follows a large earthquake. The 26	

insights into the applications of forecasting models could provide key information 27	

regarding seismic and tsunami hazard assessments. 28	

 29	
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1. Introduction 33	

Earthquake forecasting models generally provide essential knowledge for 34	

seismic hazards mitigation, i.e. they point out the regions with high seismicity activity 35	

and provide fundamental information regarding seismic hazard assessment 36	

(Marzocchi et al., 2003; Lombardi and Marzocchi, 2009). Therefore, studies and 37	

interest in this issue have significantly increased and many forecasting models have 38	

been proposed.  39	

However, most of the forecasting studies focus on the crustal earthquakes, i.e. 40	

their credibility remains controversial for the application to subduction environments. 41	

Such regions include non-vertical seismogenic structures, depth-independent grid 42	

cells thus become crucial for forecasting models. Besides of spatial distribution, 43	

temporal evolution of seismicity is another factor that dominates forecasting precision. 44	

Wiens et al. (1997) concluded that in comparison to crustal earthquakes sequence, a 45	

smaller number of aftershocks follows occurrence of a subduction event. Such 46	

differences in temporal behavior might result in forecasting bias.  47	

Thus, this study applies several forecasting models and discusses their feasibility 48	

for the applications to subduction regions. To precisely model the behaviours of non-49	

vertical seismogenic structures, I first develop approaches with three-dimensional 50	

grids cell. By comparing with those with two-dimensional cells, I manifest the 51	

importance of depth-component. To reveal the role of temporal factor for forecasting, 52	

I evaluate the forecasting ability of time-independent and renewal models. I apply the 53	

models to two subduction regions, the southwestern portion of the Ryukyu and Kanto. 54	

 55	



2. Forecasting models 56	

To examine the factors that control the feasibility of forecasting models in a 57	

subduction environment, this study introduces two forecasting approaches, the 58	

smoothing Kernel function and the rate-and-state friction model, described below. 59	

 60	

2.1 The smoothing Kernel function 61	

Woo (1996) proposed a forecasting model, which described time-independent 62	

seismicity rate 

€ 

λ M,x( )  at the site of interest,  , as a function of magnitude, 

€ 

M , as 63	

follows: 64	

λ M, x( ) =
K M, x − xi( )

TMi=1

NM

∑ ,         (1) 65	

where K M, x − xi( )  represents a smoothing Kernel as a function of magnitude and 66	

distance between the site of interest, , and the location of the i’th earthquake, ; TM  67	

represents the period of a complete catalog with a magnitude threshold; and 

€ 

NM  68	

represents the total number of earthquakes with magnitudes larger than the threshold. 69	

This study follows the procedure of Woo (1996) and describe the Kernel function 70	

K M, x − xi( )  as follows:  71	

K M, x − xi( ) = PL −1
πH 2 M( )
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where PL represents the power law index and H(M) represents the bandwidth function 73	

defined as the nearest distance to other events for each magnitude bin, M. The 74	

function can be represented as follows: 75	

H M( ) = c ⋅ed⋅M ,            (3) 76	

where c and d are constants and c is a length, obtained from regression analysis of 77	

earthquake spatial distribution. The Kernel function represents seismicity rate as a 78	

function of magnitude and its feasibility has been proven through implementation to 79	

various regions (e.g., Molina et al., 2001; Beauval et al., 2006; Chan et al., 2010; 80	

2012).  81	

The smoothing Kernel function forecasts seismicity rate based on the seismic 82	

activity during an observation period, i.e. this model minimizes the factor of temporal 83	

evolution and provides a time-independent model. 84	

  85	

2.2 The rate-and-state friction model 86	

Another implemented forecasting approach is the rate-and-state friction model 87	

(Dieterich, 1994), which evaluates seismicity rate evolution based on earthquake 88	

Coulomb stress changes (ΔCFS ). According to the constant apparent friction law 89	

(Harris, 1998; Cocco and Rice, 2002), ΔCFS  is expressed as follows: 90	

ΔCFS = Δτ + "µ Δσ n ,                             (4) 91	

where Δτ  represents the shear stress change along the slip direction; µ '  represents 92	

the apparent friction coefficient; and 

€ 

Δσn  represents the normal stress change on the 93	



assumed plane. The law suggests that a positive ΔCFS  enhances the occurrence of 94	

subsequent events, while a negative stress change inhibits future seismic activity. 95	

According to the law, however, Coulomb stress change model does not quantify 96	

seismicity rate changes. 97	

To quantify seismicity rate evolution, Dieterich (1994) proposed the rate-and-98	

state friction model. This model presents the evolution of the seismicity rate 99	

ΔR M, x, t( )  by considering the n’th source event ΔCFSn x( )  at the site of interest x  100	

as a function of magnitude, M , and time, t , as below: 101	

ΔR M, x, t( ) =
λ M, x( )

λ M, x( )
ΔRn−1 M, x( )

exp −
ΔCFSn x( )

Aσ

#

$
%

&

'
(−1

)

*
+
+

,

-
.
.
exp −

t − tn
tna

#

$
%

&

'
(+1

,  (5) 102	

where 

€ 

λ M,x( )  represents the time-independent seismicity rate shown in equation (1); 103	

ΔRn−1 M, x( )  represents the seismicity rate change just before the occurrence of the 104	

nth source event (i.e.,ΔR0 = λ M, x( ) ); 

€ 

Aσ  represents a constitutive parameter of the 105	

model with the dimension of a stress; tn  represents the occurrence time of the nth 106	

source event; and tna  represents the aftershock duration. The rate-and-state friction 107	

model forecasts the temporal evolution of seismicity rate after occurrence of large 108	

earthquakes. 109	

 110	

3. Forecasting application to the Ryukyu region 111	

3.1 Tectonic setting and earthquake catalog 112	



The southwestern portion of the Ryukyu trench near Taiwan is seismically 113	

active since the Philippine Sea Plate subducts from the south to the Eurasian Plate 114	

(Figure 1). In addition to high seismic activity, this region also contains an earthquake 115	

catalog with good quality. The Taiwan Telemetered Seismic Network (TTSN), the 116	

modern seismic network, initiated in the early 1970s (Tsai et al., 1981). Since the 117	

beginning of its operation, approximately 4,000 earthquake events have been recorded 118	

each year. After the early 1990’s, TTSN stations were integrated into the Central 119	

Weather Bureau Seismic Network (CWBSN), which records approximately 20,000 120	

events each year (Shin, 1992). With a large amount of seismic activity and high 121	

quality earthquake catalogs, the region is an ideal site for earthquake forecasting test. 122	

 123	

3.2 Procedure of application 124	

3.2.1 The smoothing Kernel function 125	

Implementing the earthquake catalog for a complete portion is a key factor for 126	

precise forecast. I checked magnitude of completeness, Mc, for the catalogs by the 127	

maximum curvature approach (Wiemer and Wyss, 2000). Due to station coverage, 128	

both of the TTSN and CWBSN catalogs (represented in Figures 1a and b, respectively) 129	

obtain better observation quality inland than in the offshore region. The Mc for the 130	

CWBSN catalog (Figure 1b) was lower than that for the TTSN (Figure 1a) and the 131	

regions with a Mc ≤ 4.0 for the TTSN and a Mc ≤ 3.0 for the CWBSN are nearly the 132	

same. Thus, the intersection of the two catalogs, regions with Mc ≤ 4.0 for TTSN and 133	

Mc ≤ 3.0 for the CWBSN (Figure 1c), determines our study region and the magnitude 134	

thresholds. I implemented the earthquakes before 2009 for model construction and 135	

referred those in 2010 and 2011 as forecasting events for retrospective test. Based on 136	



the earthquakes before 2009, the linear regression determined that the c and d values 137	

of the bandwidth function in equation (3) were 0.0174 km and 1.1209, respectively. 138	

 139	

3.2.2 The rate-and-state friction model 140	

To calculate ΔCFS , rupture behaviors of source earthquakes and mechanisms 141	

of receiver fault planes are two important factors. For the source earthquake 142	

parameters, I obtained the hypocenter location, the moment magnitude, and the focal 143	

mechanisms, through the Broadband Array in Taiwan for Seismology (BATS) 144	

website (http://bats.earth.sinica.edu.tw/) and determined fault dimension and 145	

magnitude of slip through the scaling laws of Yen and Ma (2011). For receiver fault 146	

mechanisms, I followed the procedure of Catalli and Chan (2012) and assumed a 147	

spatially variable receiver fault plane for each calculation grid. A receiver fault plane 148	

for each grid consists with the closest reference focal mechanism determined by Wu 149	

et al. (2010). For each grid node, I evaluated the ΔCFS  on both nodal planes and 150	

reported the higher value. To minimize depth uncertainty, this study followed the 151	

procedure of Catalli and Chan (2012) that evaluated the ∆CFS among seismogenic 152	

depth and reported the maximum value for each calculation grid. Since earthquakes 153	

with small magnitudes or those that have occurred far in the past do not significantly 154	

influence the current seismicity rate within the model (Catalli et al., 2008), I only 155	

analyzed the ∆CFS for the M ≥ 4.5 events (Table 1). An intermediate value of µ '= 156	

0.4 was assumed for evaluating the ∆CFS. Application of the rate-and-state friction 157	

model requires parameters of 

€ 

Aσ  and ta . Previous studies (e.g. Toda and Stein, 2003; 158	

Toda et al., 2005; Catalli et al., 2008) have suggested that the physically reasonable 159	

range for 

€ 

Aσ  is between 0.1 and 0.4 bars. I assumed a fixed 

€ 

Aσ  of 0.2 bars, 160	



corresponding to the assumption of previous studies (e.g. Chan et al., 2012; 2013). ta  161	

was assumed to be a function of the moment magnitude (Mw ), as proposed by 162	

Burkhard and Grünthal (2009), described as follows: 163	

ta = e
(−4.77+ 0.62+17.32⋅Mw )   for Mw < 7.8  ;      (14) 164	

ta = e
(6.44+0.06⋅Mw )    for Mw ≥ 7.8 .      (15) 165	

The unit of ta  is in day. ta  is determined based on the magnitude of each source 166	

events (Table 1). I calculated the ∆CFS within a homogeneous half-space by applying 167	

the program of COULOMB 3.3 (Toda and Stein, 2002). 168	

 169	

3.3 Results 170	

3.3.1 The two-dimensional models 171	

I first represent the forecasting models based on two-dimensional calculation 172	

cells with a 0.1º × 0.1º size (i.e. the depth-independent model). For application of the 173	

smoothing Kernel function, x − xi  in Equation 1 was the epicenter distance between 174	

the site of interest and the epicenter of earthquakes (i.e. depth-independent). The 175	

model forecasted higher rates along the coastline of Taiwan and for the area east of 176	

latitude 122.5˚, which correpond to the distribution of the forecasting events during 177	

2010 and 2011 (Figure 2a). 178	

For the ∆CFS calculation on the two-dimensional grids, the target depth 179	

corresponds to the hypocentral depth of each source event (Table 1). Through the 180	

rate-and state friction model, I calculated the time-dependent rate evolutions for 181	



different moments (Figure 3). In comparison with the spatiao-temporal pattern of the 182	

forecasting events (open circles in Figure 3), many of the consequent earthquakes are 183	

in the region with rate decrease (green stars in Figure 3), i.e. the feasibility of this 184	

model is difficult to confirm. 185	

 186	

3.3.2 The three-dimensional models 187	

I then propose the forecasting models based on three-dimensional cells with 0.1º 188	

× 0.1º × 10 km sizes (i.e. the depth-dependent model). For the smoothing Kernel 189	

function application, x − xi  in Equation (1) was the hypocenter distance between the 190	

site of interest and the hypocenter of earthquakes (i.e. depth-dependent). Two profiles 191	

along the longitudes of 122.0˚ and 122.5˚ (Figures 2b and c, respectively) presented 192	

higher forecasted rates above the depth of 30 km and along the subduction slab 193	

dipping to the north, which fit the distribution of the forecasting earthquakes (the open 194	

circles in Figures 2b and c) well. 195	

For the rate-and-state friction model application, I evaluated the maximum 196	

∆CFS along the seismogenic depth for each cell and modeled the corresponding 197	

seismicity rate evolution (Figure 4). Departing from the outcomes of the two-198	

dimensional model (Figure 3), a significant rate increase near the epicenter of each 199	

source event corresponds to the distribution of forecasting events (Figure 4). 200	

 201	

4. Forecasting application to the Kanto region 202	

4.1 Tectonic setting and earthquake catalog 203	



The Kanto, Japan, region is an area with complex tectonic setting. Most parts of 204	

this region sit on the Eurasian Plate, under which the Philippine Sea Plate subducts 205	

from the south. At further depth, the Pacific Plate subducts from the east (Toda et al., 206	

2008). The complex plate interactions in this region result in seismic activity. 207	

Fortunately, this region has not only high seismic activity but also a high-quality 208	

earthquake catalog. The modern seismic network maintained by the Japan 209	

Meteorological Agency (JMA) Network was initiated in 1923 and has been 210	

modernized over time (Nanjo et al., 2010). In addition, significant change in the 211	

seismicity behavior in the Kanto region followed the 2011 M9.0 Tohoku earthquake 212	

(Ishibe et al., 2011; Toda et al., 2011). Such spatial-temporal condition provides an 213	

ideal environment for testing credibility of forecasting models in respect of both depth 214	

and time factors. 215	

 216	

4.2 Procedure of application 217	

Due to the seismic network modernization, Mc of the JMA catalog decreased 218	

dramatically after 1980 and 1990, respectively (Nanjo et al., 2010). Thus, I analyzed 219	

the catalog with various magnitude threshold in the three periods: magnitudes 4.5, 3.5 220	

and 2.5 for 1923-1979, 1980-1989 and 1990-2011, respectively. The thresholds 221	

correspond to the Mc determined by Nanjo et al. (2010) through the Entire Magnitude 222	

Range (EMR) method (Woessner and Wiemer, 2005). I input the complete part of the 223	

JMA catalog until the end of 2009 for forecast model construction, and referred those 224	

in 2010 and 2011 for retrospective test. The linear regression determined that the c 225	

and d values of the bandwidth function were 0.9271 km and 0.6722, respectively. The 226	



parameters obtained above provide basis for application of the smoothing Kernel 227	

approach. 228	

For the forecast using the rate-and-state friction model, I calculated the ∆CFS 229	

for the M≥6.0 events during 2010 and 2011 (Figure 5). The ∆CFS calculation for the 230	

2011 M9.0 Tohoku earthquake is based on the coseismic dislocation model obtained 231	

by tsunami waveform inversion (Fujii et al., 2011). For the rest of the source events, I 232	

obtained the parameters by the F-net catalog maintained by National Research 233	

Institute for Earth Science and Disaster Prevention, Japan (NIED) 234	

(http://www.fnet.bosai.go.jp/event/search.php?LANG=en) and determined fault 235	

dimension and magnitude of slip through the scaling laws proposed by Wells and 236	

Coppersmith (1994). A receiver fault plane for each grid consists with the closest 237	

reference focal mechanism from the F-net catalog. 238	

 239	

4.3 Results 240	

4.3.1 The two-dimensional model 241	

This study first forecasts on two-dimensional calculation cells with 0.2º × 0.2º 242	

sizes defined by the Collaboratory for the Study of Earthquake Predictability (CSEP) 243	

Japan Testing Center for the Kanto region (Tsuruoka et al., 2012). The target depth 244	

for the ∆CFS calculation is 47.5 km, which corresponds to the averaged hypocentral 245	

depth of the earthquakes in the region. The models represent higher seismicity rates 246	

for smaller magnitude ranges (e.g. Figure 6a) than for larger ones (e.g. Figure 6d), 247	

consisting with the Gutenberg–Richter law (Gutenberg and Richter, 1954). In addition, 248	

due to stress-enhanced by the Tohoku sequence (Ishibe et al., 2011; Todal et al., 249	



2011), high seismicity rate is forecasted along the coast and at the offshore of the 250	

Pacific Ocean and 40 km northeast of Tokyo. Note that the stress shadow zone at the 251	

target depth by the source events (including the 2011 Tohoku mainshock) resulted in 252	

some low forecasted-rate zones at offshore of the Pacific Ocean.  253	

 254	

4.3.2 The three-dimensional model 255	

I then proposed a depth-dependent model based on three-dimensional cells with 256	

0.2º × 0.2º × 5 km sizes. Comparing with the forecast with two-dimensional cells, the 257	

three-dimensional model illustrated detailed patterns along the depth (Figure 7b-d), 258	

e.g. the high seismicity rate at 40 km northeast of Tokyo is identified at depths in 259	

between 30 and 70 km (Figure 7b); the high rate along the coast and at the offshore of 260	

the Pacific Ocean locates at the depth of 25-75 km (Figure 7d), consistent with the 261	

boundary between the Pacific and Eurasia Plates (Toda et al., 2008). 262	

 263	

5. Discussion and conclusion 264	

5.1 Forecasting ability of each forecasting model 265	

To validate the forecasting ability statistically, I compared models with the 266	

distribution of forecasting earthquakes through the Molchan diagram (Molchan, 1990, 267	

and references therein). The diagram was designed for evaluating forecasting ability 268	

through presenting the fraction of alarm-occupied space versus the fraction of failure 269	

in forecasting by considering the locations of the forecasting earthquakes with respect 270	

to the distribution of forecasting seismicity density rate. The “fraction of alarm-271	



occupied space” indicates the percentage of events within the study region with 272	

a forecasting level equal to or higher than “alarm”. The “fraction of failure in 273	

forecasting” represents the percentage of consequent earthquakes having a lower 274	

forecasting level than the alarm, corresponding to ‘miss rate’ defined by some 275	

previous studies (e.g. Zechar and Jordan, 2008). For each event, the area with 276	

forecasting rate equal to or smaller than that at the location of the forecasting 277	

earthquake is extracted and represented as a percentage of the entire study area. The 278	

events are then sorted according to percentage of area and plotted against event count, 279	

represented as the percentage of the total number of forecasting events. In the diagram, 280	

when data points distribute along a diagonal line, the distribution of target 281	

earthquakes is independent of forecasting; convex distribution suggests that the 282	

majority of consequent earthquakes occur within regions with a lower forecasted rate, 283	

whereas concavity suggests that the majority of consequent earthquakes are within 284	

high forecasted rate area. An optimistic forecasting is represented in the Molchan 285	

diagram by a condition of having the lowest fraction of alarm-occupied space, and the 286	

lowest fraction of failure in forecasting. 287	

We compared the forecasted seismicity rate obtained using different models 288	

with the locations of earthquakes in Molchan diagrams for the Ryukyu and Kanto 289	

cases (shown in Figures 8 and 9, respectively). Most of the models show concavity 290	

distribution, suggesting good forecasting ability, except the case of the combining two 291	

models in two-dimensional grids in Kanto (the yellow dots in Figure 9). Such 292	

exception can be attributed to slip model misfit and hypocentral depth uncertainties of 293	

forecasting earthqukes (Catalli and Chan, 2012). To further confirm the significance 294	

of the forecasting ability for the rest of models, the null hypothesis (Zechar and 295	

Jordan, 2008) is implemented. The 99 % significance level, i.e. α =1%  in equation (3) 296	



of Zechar and Jordan (2008) for both Ryukyu and Kanto case (the grey dots in Figure 297	

8 and 9, respectively) is plotted based on the number of the forecasting earthquakes 298	

(1640 and 703 earthquakes, respectively). Most of the models cannot be rejected by 299	

the 99 % confidence level the null hypothesis (the data below the grey dots in Figures 300	

8 and 9), confirming their robustness. 301	

 302	

5.2 Importance of the temporal factor 303	

Since the smoothing Kernel function averages the seismic activity during the 304	

observation period, it can be regarded as a time-independent model. On the contrary, 305	

the rate-and-state friction model forecasts temporal evolution of seismicity rate 306	

disturbed by a series of source events and can be renewed with time. The comparison 307	

between the two models may indicate the importance of the temporal factor for 308	

forecasting. 309	

The Molchan diagram in the Ryukyu case shows lower fraction of failure in 310	

forecasting for the smoothing Kernel model using the two-dimensional grids (the blue 311	

dots in Figure 8) than that for the rate-and-state friction model (the red dots in Figure 312	

8) when fraction of alarm-occupied space is fixed. Such result confirms a better 313	

forecasting ability for the smoothing Kernel model. Similar conclusion can be 314	

obtained for the three-dimensional models (the yellow and green dotes in Figure 8). 315	

This finding corresponds to the conclusion of Chan et al. (2012), obtained from 316	

forecasting experience in entire Taiwan. For the Kanto case (Figure 9), by contrast, 317	

departing from conclusion of the Ryukyu case, the rate-and-state friction model 318	

provides a better performance.  319	



The discrepant conclusions between the two cases might be attributed to the 320	

effect of recent earthquakes. For the cases of Ryukyu and Chan et al. (2012), there 321	

was no significant short-term rate perturbation during the forecasting periods. For the 322	

Kanto case, on the contrary, the time-dependency becomes a crucial factor to forecast 323	

the consequence after the 2011 Tohoku earthquake (Ishibe et al., 2011; Toda et al., 324	

2011). 325	

 326	

5.3 Importance of the depth factor 327	

Both of the Ryukyu and Kanto cases have qualitatively shown that three-328	

dimensional models have a better performance in Figures 2 and 7, respectively. The 329	

smoothing Kernel function using three-dimensional grids forecasted destribution 330	

along depth in detail. For the rate-and-state friction model, the three-dimensional 331	

applications presented significant rate increase for most regions near the epicenter of 332	

each source event, corresponds to the distribution of forecasting events. 333	

For the Ryukyu application, comparing between forecasted rates obtained using 334	

the smoothing Kernel function and the locations of target earthquakes using the 335	

Molchan diagram (blue and yellow dots in Figure 8), the three-dimensional 336	

forecasting model had a better forecasting ability, i.e. a smaller fraction of failure to 337	

predict. For the rate-and-state friction model, the three-dimensional applications grids 338	

also provide a better forecasting ability (green dots in Figure 8) in comparison to the 339	

two-dimensional ones (red dots in Figure 8). 340	

The application to the Kanto region also confirmed the better performance of the 341	

three-dimensional models (yellow and green dots in Figure 9). In addition, in the 342	



Kanto case, the Molchan diagram raised the disadvantage for the rate-and-state model 343	

using two dimensional calculation grids. When the fraction of alarm-occupied space is 344	

large, convex distributions are presented (red and yellow dots in Figure 9), i.e. some 345	

earthquakes took place in the region with low/no forecasted rates (region in white in 346	

Figure 6), suggesting forecasting failure. In contrast with to the two-dimensional 347	

models, the three-dimensional ones has proved their forecasting ability (green dots in 348	

Figure 9). The conclusion is consistant with the findings of Catalli and Chan (2012) 349	

and confirms that the depth-factor is one of the upmost important parameter for 350	

Coulomb stress calculation. 351	

Through the applications to different forecasting appraoches, I have confirmed 352	

that models with three-dimensional grids always obtain better forecasting ability. I 353	

thus determined the importance of depth-dependency for forecasting models, 354	

especially for the application to a subduction environment or within a region with 355	

non-vertical seismogenic structures. 356	

 357	
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No. 
of 

event 
Year Month Day Longitude Latitude Depth 

(km) Magnitude Strike Dip Rake 

1 2010 2 26 122.84 23.60 44 5.0 200.9 33.8 97.7 

2 2010 6 15 121.63 24.06 16 5.1 261.3 42.8 142.5 

3 2010 7 8 122.00 24.40 24 4.7 290.6 21.4 -110.9 

4 2010 7 9 122.66 24.66 116 4.8 216.5 60.9 20.4 

5 2010 8 30 122.11 24.92 11 4.6 189.8 26.5 -141.1 

6 2010 11 12 122.43 24.05 29 4.6 327.7 65.9 160.4 

7 2010 11 21 121.75 23.83 46 5.2 248.9 22.4 141.3 

8 2011 2 1 121.80 24.24 23 4.9 329.1 27.7 -131.0 

9 2011 5 22 121.72 24.15 19 4.7 215.1 63.9 -4.3 

	470	

 471	

Table 1 Source parameters for the source events used for the inputs of the rate-and-472	

state friction model. Earthquakes with MW ≥ 4.5 that occurred in 2010 and 2011 were 473	

considered. Parameters were determined based on the Broadband Array in Taiwan for 474	

Seismology (BATS). 475	

  476	



Figure captions 477	

Figure 1 The magnitude of completeness (Mc) for (a) the TTSN and (b) the CWBSN 478	

catalogs. (c) The study area shown in gray, with the intersection of regions with Mc ≤ 479	

4.0 for the TTSN shown with dashed lines and with Mc ≤ 3.0 for the CWBSN shown 480	

with solid lines. The Mc for each grid is determined according to the events that 481	

occurred within 30 km from center of each grid. 482	

Figure 2 (a) A map-view and (b-c) profiles of the forecasted seismicity rate for M ≥ 483	

3.0 modeled by the epicenter-smoothing Kernel function. White circles denote the 484	

earthquakes from 2010 to 2011. Earthquakes within 25 kilometers of each side of the 485	

profiles are presented. 486	

Figure 3 The seismicity rate evolution at different time moments. The target depth for 487	

the ∆CFS calculation corresponds to the hypocentral depth of each source event 488	

(Table 1). Source events from 2010 to 2011 are shown as open green stars. Open 489	

circles denote earthquakes during each time sequence. 490	

Figure 4 The seismicity rate evolution at different time moments. The ∆CFS for each 491	

grid is defined as the maximum Coulomb stress changes among the entire 492	

seismogenic depth. Source parameters for the source events for calculating are shown 493	

in Table 1.  494	

Figure 5 Distribution of the M≥6.0 earthquakes during January of 2010 and August 495	

of 2011, which took place in or near the Kanto region. The coseismic dislocation 496	

model of the 2011 M9.0 Tohoku earthquake is obtained by tsunami waveform 497	

inversion (Fujii et al., 2011), whereas the focal mechanisms of the others are obtained 498	

from the F-net catalog. 499	



Figure 6 The two-dimensional forecasting models for the magnitudes in between (a) 500	

4.0 and 4.9; (b) 5.0 and 5.9; (c) 6.0 and 6.9; and (d) 7.0 and 7.9, respectively, in the 501	

end of August, 2011.  Black dots denote the M≥4.0 earthquakes during January of 502	

2010 and August of 2011. 503	

Figure 7 (a) Map-view, and (b)-(d) profiles of the three-dimensional forecasting 504	

models in the end of August, 2011 and the distribution of the target earthquakes 505	

during 2010-2011. Black dots represent the earthquakes during 2010-2011. Black dots 506	

denote the M≥4.0 earthquakes during January of 2010 and August of 2011. 507	

Earthquakes within 5 kilometers of each side of the profiles are presented. 508	

Figure 8 The Molchan diagram used for investigating the correlation between 509	

different forecasting models and earthquakes during the forecasting period (2010-510	

2011) for the Ryukyu case. Blue and yellow dots represent the results for the models 511	

using the smoothing Kernel models in two- and three-dimensional grids, respectively; 512	

red and green dots represent the results for the models using the rate-and-state friction 513	

models in two- and three-dimensional grids, respectively; Grey dots represent the 99 514	

% significance level determined by 1640 forecasting events. 515	

Figure 9 The Molchan diagram used for investigating the correlation between 516	

different forecasting models and earthquakes during the forecasting period (January, 517	

2010 - August, 2011) for the Kanto case. Blue and red dots denote the results for the 518	

models using the smoothing Kernel function and the rate-and-state friction model, 519	

respectively; yellow and green dots denote the results for the combination models in 520	

two- and three-dimensional grids, respectively; Grey dots represent the 99 % 521	

significance level determined by 703 forecasting events. 522	
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