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ABSTRACT: The 2011 off the Pacific coast of Tohoku Earthquake caused an extremely high level of seismic
activity over a wide area. All of the detectable earthquakes could not be fully examined, so the Japan
Meteorological Agency (JMA) set the higher threshold magnitude for registration in the JMA unified catalog
(M > 3 offshore and M > 2 inland in the Tohoku region). The current study used the automatic hypocenter
determination method (the PF method) to analyze the continuous seismic waveform data for March 2011. That
method was implemented on the Petabyte-scale Large Continuous Seismic Data Analyzing System at the
Earthquake Research Institute. As a result, this system identified 122,353 events, which is more than twice the
number in the JMA unified catalog (55,273 events) for March 2011. A comparison of the current results and
the JMA unified catalog indicates that numerous missing events were identified; the rate of detection was
approximately 90% for M > 1 events in shallow inland areas (depth < 30 km). In addition, the completeness
magnitude decreased by about 1.0 unit in the Tohoku region. Results indicated that the PF method can be used
to effectively monitor spatio-temporal aftershock activity even in a wide area of aftershocks such as that
following the Nankai Trough earthquake.
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Fig. 1 Number of operating stations. (a), (b), and (c) indicate the distribution of operating stations, at
00:00 March 1, 17:00 March 11, and 00:00 March 18, respectively.
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Fig. 2 Histogram of the epicentral error. (a) Inland and shallow (depth < 30 km) events, (b) offshore or
deep events. The left, center, and right panels show the origin time (OT) error, latitude error, and
longitude error, respectively. The black bar indicates the epicentral error in the JMA unified catalog.
The red bar indicates the epicentral error in the automatically processed catalog. The red dots and
line indicate the rate of detection in the automatically processed catalog.
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Fig. 3 Epicentral distribution and frequency-magnitude distribution in the Tohoku region in March
2011. (a) and (b) show the epicentral distribution in the JMA unified catalog and in the automatically
processed catalog, respectively. Colored dots indicate the depth of well-determined hypocenters,
with an OT error < 0.2 sec and a horizontal error < 0.5 min for inland and shallow areas (depth < 30
km) and an OT error < 0.5 sec and a horizontal error < 2.0 min for other areas (deep or offshore).
Gray dots in (b) indicate the other hypocenters. (¢) Frequency-magnitude distribution for each region
in panels (a) and (b). Black and red circles indicate the frequency in the JMA unified catalog and in
the automatically processed catalog, respectively.
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Fig. 6 Completeness magnitude (Mc) distribution. (a) JMA unified catalog, (b) Automatically processed
catalog, (c) Comparison of (a) and (b). The depth range is 0—50 km. Mc is estimated using the entire
magnitude range (EMR) method with bootstrapping (Woessner and Wiemer, 2005). Bootstrapping
is achieved by calculating the mean Mc based on 200 trials. In each trial, the catalog was resampled
by picking at least 50 hypocenters in 1.0°x 1.0° grid cells overlapping by 0.5°.
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Table 1 Comparison of the JMA unified catalog and the
automatically processed catalog. (a) Shallow and
inland areas (depth < 30 km). (b) Deep or offshore
areas. The rate of detection is the number of events
that coincide with automatically processed

hypocenters with respect to all events in the JIMA

unified catalog.

a Shallow inland
IMA Automatic processd catalog Detection
catalog All Matched Rest rate
0<M<1 10560 33163 8669 24494 82.1%
1<M<2 13469 22885 11845 11040 87.9%
2<M<3 3349 4025 3191 834 95.3%
3<M<4 527 598 506 92 96.0%
4<M 82 97 80 17 97.6%
b Deep / offshore
IMA Automatic processd catalog Detection
catalog All Matched Rest rate
0<M<1 968 2346 745 1601 77.0%
1< M<2 4770 13967 3701 10266 77.6%
2<M<3 9992 14927 8153 6774 81.6%
3<M<4 6769 6835 4850 1985 71.7%
4<M 3165 2519 1898 621 60.0%
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Table 2 Residuals between the JMA unified catalog and the corresponding automatically processed

catalog. The upper table shows averages (avg) and standard deviations (o), and the lower table shows

the proportion of the automatically processed catalog within 1 and 5 km in distance and 0.1 and 0.5

units of magnitude of the JMA unified catalog, respectively.

Latitude [km] Longitude [km] Depth [km] Magnitude
avg. c avg. c avg. c avg. c
Shallow inland 0.09 2.02 -0.31 2.38 0.02 2.81 -0.02 0.16
Deep / offshore 0.08 4.23 -0.10 5.25 1.00 9.99 0.01 0.20
Latitude [km] Longitude [km] Depth [km] Magnitude
<lkm <Skm | <lkm <Skm | <lkm  <Skm [ <0.lunit <0.5unit
Shallow inland 84.5%  97.8%| 83.3% 94.8%| 57.5% 91.7%| 74.4%  99.2%
Deep / offshore 51.0%  90.2%| 43.5%  87.1%| 31.0% 744%| 75.9% 97.7%
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Fig. 7 Epicentral distribution of automatically processed hypocenters after the M7.3 foreshock at 11:45
on March 9. (a), (b), and (c) show the results 1, 2, and 3 hours after the foreshock, respectively.
Circles indicate the well-determined hypocenters, with an OT error < 0.2 sec and a horizontal error
< 0.5 min for inland and shallow areas (depth < 30 km) and an OT error < 0.5 sec and a horizontal
error < 2.0 min for other areas (deep or offshore). Crosses indicate the other hypocenters, which

may be misidentified hypocenters.
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Table 3 Runtime comparison. N shows the number of hypocenters. Examples of March 1, 2011, March

11, 2011, and April 16, 2016 show runtimes under normal conditions, during a swarm offshore, and

during a swarm inland, respectively.

particle {2011/03/01 00:00-01:00 [ 2011/03/11 15:00-16:00 | 2016/04/16 02:00-03:00
size runtime N runtime N runtime N

1000 12:39.9 22 1:06:28.3 114 25:00.6 201

500 12:32.5 23 48:28.7 112 22:25.6 197

200 12:35.9 22 39:04.9 116 21:14.4 194

100 12:31.8 20 38:17.4 109 22:41.8 189
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