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Abstract
The extremely active seismicity after the 2011 off the Pacific
Coast of Tohoku Earthquake (Tohoku Earthquake) caused
serious issues for the Earthguake Early Warning (EEW)
system in Japan. Multiple concurrent earthquakes generated
many false alarms due to the failure of correctly determining
the source location. In this study, we propose a method to
distinguish multiple concurrent events for EEW. We used the
outputs of a B-delta method and principal component analysis,
together with P-wave arrival times and amplitudes of
triggered stations. The information of non-triggered stations
Is also used to constrain the locations. We constructed a
likelihood function using the source parameters and solved
this optimization problem using the particle filter. The
appropriate choice of a likelihood function improves the
accuracy of the location determination, and the probabilistic
framework evaluates the uncertainty of the hypocenters. We
applied this method to 72 events for which warnings were
issued after the Tohoku Earthquake. The performance of
EEW was greatly improved, reducing the false alarms from
22 to 0. The percentage of inaccurate warnings was also

reduced from 66% to 6%.

Key words: Earthquake Early Warning, Multiple earthquakes,

Bayesian estimation, particle filter
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

1. Flow charts of (a) the current IMA EEW system and
(b) this study.

2. Example of prior probability density at the depth of
10km. (a) Past seismicity, (b) Voronoi cell, and (c)
product of (a) and (b). Open triangles show location of
stations. A filled triangle shows the first triggered station.
Bottom figures show the section at the triggered station.
Black dots show the seismicity between 1997 and 2012.
Note that each plot is normalized. Dashed line in (b)

shows the Voronoi cell of the first triggered station.

3. (@ A function of lower bound go in Eqg. 9. (b)
Probability density function f with =0 and ¢=1 in Eq.

10. It isnormal distribution with the lower bound of g.

4. Examples of likelihood for (a) B-A, (b) travel time,
and (c) amplitude. Filled and open triangles show
triggered and non-triggered station, respectively. A star
shows the epicenter location. Note that each plot is

normalized.

5. Example of the Tohoku Earthquake. Distribution of
samples at (a) t=2.1s and (b) t=9.1s. Color indicates the
weight of each sample. A cross shows an optimal
parameter 6 at the time. Open star shows the

hypocenter location in the JIMA catalog. Time series of

27
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Fig.

Fig.

(c) estimated magnitude, (d) distance error of estimated
location, (e) estimated depth. Dashed line shows the
value in the catalog. Horizontal axis shows the elapsed

time from the pick time of the first triggered station.

6. Example of two small earthquakes on Mar. 19, 2011.

See Fig. 5 for the caption.

7. Example of a small earthquake and noise on Aug. 8,

2013. See Fig. 5 for the caption.

8. Performance of EEW issued by current IMA system

and this study.

9. Histogram of the residual between the expected and
observed maximum seismic intensity scale. (a) Current

JMA system and (b) this study.

Table Captions

Table 1. List of EEW from Mar. 1, 2011 to Apr. 30, 2011, and

Aug. 8, 2013. Magnitude (M) and maximum observed
seismic intensity (Obs. 1.) in the JMA catalog, and
maximum expected seismic intensity (Exp. |.) of current

JMA system and this study are listed.

28
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Table 1

Catalog | ssued war ning This study
Date Region M Obs.I. Exp. |. Evaluation Exp.l.  Evaluation

1 2011/3/11  14:46 Off Miyagi Pref. 9.0 7 6- Accurate 7 Accurate

2 17:40 Fukushima Pref. 6.0 5+ 5+ Accurate 5- Accurate
3 19:35 Off Fukushima Pref. 51 4 5+ Inaccurate* 1 4 (No warning)
4 2011/3/12 3:11 Off Fukushima Pref. 6.0 3 5- Accurate 5- Inaccurate*3
5 3:59 Niigata Pref. 6.7 6+ 6- Accurate 6+ Accurate
6 4:08 Off Ibaraki Pref. 5.2 4 5- Accurate 5- Accurate

7 4:16 Off Fukushima Pref. 4.0 3 5+ Inaccurate* 2 4 (No warning)
8 4:31 Niigata Pref. 59 6- 5+ Inaccurate* 2 6- Accurate

9 5:11 Off Miyagi Pref. 6.4 3 5+ False*2 4 (No warning)
10 5:42 Niigata Pref. 53 6- 5 Accurate 4 (Nowarning)*5
11 6:19 Nagano Pref. 37 3 6- False*2 4 (No warning)
12 6:34 Off Fukushima Pref. 4.8 3 6+ Inaccurate* 2 4 (No warning)
13 6:48 E off Chiba Pref. 4.6 3 5 Inaccurate* 3 4 (No warning)
14 22:15 Off Fukushima Pref. 6.2 5- 5- Inaccurate* 1 5+ Accurate
15 22:24 Off lwate Pref. 5.0 3 5 Inaccurate* 3 - (No warning)
16 22:26 Off lwate Pref. 54 2 5 False*2 4 (No warning)
17 23:34 Niigata Pref. 37 5 6+ Inaccurate* 2 4 (No warning)
18 23:43 Off lwate Pref. 5.9 4 5- Accurate 5- Accurate
19  2011/3/13 8:25 Off Miyagi Pref. 6.2 5 5 Inaccurate* 1 5- Accurate
20 10:26 Off Ibaraki Pref. 6.6 4 5 Inaccurate* 1 5-  (Nowarning)*6
21  2011/3/14  10:02 Off Ibaraki Pref. 6.2 5- 5- Accurate 5+ Accurate
22 15:12 Off Fukushima Pref. 52 4 6- False*2 4 (No warning)
23 16:25 Off Ibaraki Pref. 5.0 3 6- False*2 3 (No warning)
24 2011/3/15 1:36 Tokyo Bay 33 2 5 False*2 3 (No warning)
25 5:33 E off Chiba Pref. 36 1 5+ False*2 3 (No warning)
26 7:29 Fukushima Pref. 4.3 3 6+ Inaccurate* 2 4 (No warning)
27 22:31 Yamanashi Pref. 6.4 6+ 5- Accurate 6- Accurate
28 2011/3/16 2:40 Chiba Pref. 4.0 2 5+ False*2 4 (No warning)
29 12:23 Off Fukushima Pref. 47 2 5 False*2 3 (No warning)
30 12:52 E off Chiba Pref. 6.1 5- 6- Accurate 6- Accurate
31  2011/3/17  21:32 E off Chiba Pref. 5.7 4 5- Inaccurate*3 5- Accurate
32 2011/3/19 6:18 Off Ibaraki Pref. 48 2 5- False*2 3 (No warning)
33 8:32 Off lwate Pref. 57 4 5 Inaccurate* 2 4 (No warning)
34 18:56 Ibaraki Pref. 4.0 4 5+ Accurate 6- Inaccurate*3
35 . ’ 5- False*4

% 18:57 Ibaraki Pref. 6.1 5+ 5t False*4 6- Accurate
37 2011/3/20  14:19 Fukushima Pref. 47 3 6- Inaccurate* 2 4 (No warning)
38 2011/3/22  12:38 E off Chiba Pref. 59 4 6+ Inaccurate* 2 4 (No warning)
39  2011/3/23 1:12 Off Ibaraki Pref. 54 3 6+ Inaccurate* 2 3 (No warning)
40 7:12 Fukushima Pref. 6.0 5+ 5+ Accurate 6- Accurate
41 7:36 Fukushima Pref. 5.8 5+ 5+ Accurate 5+ (Nowarning)*6
42 8:46 E off Chiba Pref. 5.0 2 5 False*3 3 (No warning)
43 2011/3/25  20:36 Off Miyagi Pref. 6.3 4 6- Inaccurate* 3 5- Accurate
44 2011/3/27  19:23 E off Chiba Pref. 5.0 2 5+ False*2 3 (No warning)
45  2011/3/28 7:23 Off Miyagi Pref. 6.5 5 6- Inaccurate* 2 5- Accurate
46 2011/4/1 19:49 Akita Pref. 5.0 5+ 5- Accurate 5- Accurate
47 2011/4/3 16:38 Off Fukushima Pref. 54 4 5+ Inaccurate* 2 4 (No warning)
48 2011/4/4 18:29 Off Fukushima Pref. 4.0 2 5+ False*2 3 (No warning)
49 2011/4/7 23:33 Off Miyagi Pref. 7.2 6+ 6- Accurate 6- Accurate
50 2011/4/11  17:16 Fukushima Pref. 7.0 6- 6+ Accurate 7 Accurate
51 17:26 Fukushima Pref. 5.4 5- 5- Accurate 5+ Accurate
52 18:05 Fukushima Pref. 5.1 4 5- Accurate 5- Accurate
53 20:42 Off Fukushima Pref. 59 5 6- Accurate 4 (No warning)
54 2011/4/12 . ’ 7 Inaccurate* 2
55 8:08 E off Chiba Pref. 6.4 5 5 Inacourate* 2 5- Accurate
56 10:23 Chiba Pref. 4.2 2 5+ False*2 2 (No warning)
57 12:20 E off Chiba Pref. 38 2 5 False*2 - (No warning)
58 14:07 Fukushima Pref. 6.4 6- 6- Accurate 6+ Accurate
59 16:14 Nagano Pref. 31 2 6- False*3 4 (No warning)
60 2011/4/13  10:07 Fukushima Pref. 5.7 5- 6+ Inaccurate*2 5- Accurate
61  2011/4/14 6:43 Fukushima Pref. 41 3 6- False*2 3 (No warning)
62 12:08 Fukushima Pref. 54 4 5 Accurate 4 (No warning)
63 20:24 Fukushima Pref. 4.4 3 6- Inaccurate*2 5- Inaccurate*3
64 21:24 Fukushima Pref. 39 3 5 Accurate 4 (No warning)
65  2011/4/15  23:34 Off Iwate Pref. 5.0 3 6+ False*2 3 (No warning)
66  2011/4/16  11:19 lbaraki Pref. 5.9 5+ 5- Accurate 6+ Accurate
67  2011/4/19 4:14 Akita Pref. 49 5- 5- Inaccurate* 3 6- Inaccurate*3
68 6:33 Ibaraki Pref. 4.8 3 5 Inaccurate* 3 3 (No warning)
69  2011/4/21  22:37 ChibaPref. 6.0 5- 5- Accurate 5- Accurate
70  201V/4/24  20:50 Fukushima Pref. 31 3 6- Inaccurate* 2 4 (No warning)
71 2011/4/30 2:04 E off Chiba Pref. a7 3 6+ False*2 4 (No warning)
72 2013/8/8 16:56 Wakayama Pref. 2.3 0 7 False*3 - (No warning)

*1 Observation Blackout
*2 Simultaneous Occurrence

*3 The other

*4 Two events make three warnings

*5 Underestimate
*6 Only single station



