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ABSTRACT: The Japan Meteorological Agency (JMA) has been distinguishing a class of events marked as
low-frequency earthquakes (LFEs) in the JMA's seismic catalog since 1999. LFEs have isolated S phase with
dominant frequencies lower than ordinary earthquakes. The JMA's seismic catalog has about 24,000 events of
tectonic LFEs in the Nankai Trough under Southwest Japan from September 1999 to June 2014. Recent
studies support that tremors in the Nankai Trough consist of a swarm of LFEs that occur as shear faulting on
the plate interface. It is thought that monitoring LFE activity is important for surmising the state of the plate
interface. However, it is difficult to detect LFEs by STA/LTA ratio, because of the lack of impulsive phase
arrivals, used to detect and locate hypocenters of ordinary earthquakes. Hence, LFEs are not easily detected.

Therefore, a Matched-Filter technique (MFT) was used to detect events of tectonic LFEs in Southwest
Japan automatically with the use of continuous three-component velocity seismograms at 75 stations. These
stations belong to the integrated seismic network of Japan. The 1,455 events that are listed in the JMA's
seismic catalog are used as template events. In the analysis, first 2—-8 Hz bandpass filter was applied to
templates and continuous seismograms, and these decimated to 20 samples per second. For the template there
are 4 second time windows 1.5 seconds before the calculated S phase arrival. Next, the time window of the
template is shifted around the calculated S phase arrival in an increment of 0.05 second through continuous
seismograms. At each time point, correlation coefficient value between templates and a part of continuous
seismograms are computed, and the sum of correlation coefficient values for all stations is calculated. A LFE
can be detected when the sum of correlation coefficient values exceed a threshold. Finally, the grid search
method is used to make a hypocenter of detected events more precise. As a result of MFT analysis, 5,188
events and 3,744 hypocenters of LFEs were obtained. Although the false detection rate is as low as 4%, the
number of hypocenters determined by MFT is about twice that listed in the JMA's seismic catalog. Since the
frequency distribution of events by MFT and that of manually detected events have almost the same change
trend, the change of activity of LFEs can be monitored by MFT. In the spatial distribution of epicenter, a
belt-like distribution of epicenters of LFEs and the migration of these along the strike of the subducting plate
were also observed. Numerous hypocenters of small LFEs not listed in the JMA's seismic catalog were
determined by MFT. Therefore, new fine-scale epicenter clusters were discovered in spatio-temporal
distribution of hypocenters determined by MFT.
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Fig. 1 Epicenter distribution of LFEs in Southwest Japan. Red dots indicate epicenters of tectonic LFEs listed in
the JMA's seismic catalog from September 1, 1999 to June 30, 2014. The cyan contours denote the isodepth
contours of the upper surface of Philippine Sea plate at 10 km intervals from a depth of 10 to 50 km.
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Fig. 2 The Data Flow Diagrams (DFD) of Matched-Filter technique (MFT). (a) is the DFD of the whole process of
MFT. (b) and (c) are that of event detection and hypocenter determination process, which are part of the

Matched-Filter technique, respectively.
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Table 1 Specifications of the server.

CPU Memory
srvl Xeon 2.5GHz 32Gbyte
srv2 Xeon 2.0GHz 16Gbyte
srv34 Xeon 3.1GHz 4Gbyte
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Fig. 3 Epicenter distribution of template events. Gray dots and black crosses denote epicenters of template
and stations used in analysis, respectively. Gray quadrangles (from A to H) show subareas analyzed in this

study.
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Fig. 4 Example of LFE -event detection.
Three-component continuous waveform of the
LFE event that occurred in western Aichi
prefecture on September 4, 2014. Waveforms
were passband filtered between 2.0 to 8.0 Hz.
Continuous waveforms are shown in black, and
template event waveforms red lines for each
component of 12 stations. The value of NCC is
shown in the top right corner.
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Fig. 5 Epicenter distribution of LFEs in Southwest Japan, (top) MFT locations, (bottom) the JMA's seismic
catalog locations. Orange and blue dots indicate epicenters determined by MFT and of the JMA's

seismic catalog, respectively.
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Fig. 7 Example of three-component continuous waveforms at the region from Southern Nagano to Aichi prefecture
with a duration of 20 minutes from 22:00 on September 2, 2014 (JST). Waveforms were passband filtered
between 2.0 to 8.0 Hz. Red waveforms indicate LFEs that are listed in the JMA's seismic catalog (left panel),

and detected by MFT (right panel).
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Fig. 9  Seismicity distribution of LFEs in the region from Southern Nagano to Aichi prefecture located by MFT (a)
and that of the JMA's seismic catalog (b). The time span of these data is July to December 2014. (a) At the top,
epicenter distribution, red and gray circles show epicenters of LFEs and ordinary earthquakes, respectively, at
the second from top, spatio-temporal distribution, at the third from top, Magnitude-Time diagram of LFEs, at the
bottom, frequency magnitude distribution of LFEs. (b) Those of the JMA's seismic catalog. (¢) Comparison of
the epicenter locations between epicenters of MFT and those of the JMA's seismic catalog. Red circles show the
epicenters of MFT, the other end of the solid bars shows those of JMA's seismic catalog. (d), (e) and (f) are the
histogram of LFE number versus horizontal distance, azimuth and the difference in magnitude between the
hypocenter located by MFT and that of the JMA's seismic catalog, respectively.
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Examples of false detection. At the left panel, three-component continuous waveforms of the event (M5.1)

that occurred to the east of Fukushima prefecture on September 24, 2014. Waveforms were passband filtered
between 2.0 to 8.0 Hz. At the right panel, these of the event (M3.8) that occurred to the east of Ibaraki
prefecture on December 31, 2014. Continuous waveforms are shown in black, and template event waveforms
red lines for each component of nine stations. The values of NCC are shown in top left corner for each panel.
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Fig. 12 Number of detected and located LFEs that
occurred in the region from Ise Bay to Kii Channel.
The number is counted when a signal exists in one
minute waveform data. (a) Number of manually
detected LFEs is shown; (b) and (c¢) that of detected
and located LFEs by MFT is shown, respectively;
(d) that of LFEs listed in the JMA's seismic
catalog.
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Fig. 13 Seismicity distribution of LFEs in the region from Ise Bay to Kii Channel located by MFT (a) and that of the
JMA's seismic catalog (b). The time span of these data is July to December 2014. (a) At the top, epicenter
distribution, red and gray circles show epicenters of LFEs and ordinary earthquakes, respectively, LFEs
surrounded by blue lines are newly detected these by MFT, at the second from top, spatio-temporal distribution, at
the third from top, Magnitude-Time diagram of LFEs, at the bottom, frequency magnitude distribution of LFEs.
(b) those of the IMA's seismic catalog. (¢) Comparison of the epicenter locations between epicenters of MFT and
those of the JMA's seismic catalog. Red circles show the epicenters of MFT, the other end of the solid bars shows
those of JMA's seismic catalog.(d), (e¢) and (f) are the histogram of LFE number versus horizontal distance,
azimuth and the difference of magnitude between the hypocenter located by MFT and that in the JMA's seismic
catalog, respectively.
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Fig. 14 Three-component broadband seismograms of the earthquake (M6.7) which occurred in Northern Nagano
prefecture on November 22, 2014 at N.WATF station, and envelopes of it at KATADA station. Broadband
seismograms and envelopes were passband filtered between 0.01 to 0.1 Hz and 2.0 to 8.0Hz, respectively. Blue
dashed line on broadband seismograms indicates the theoretical arrival time of surface waves. There are signals

of LFEs in a part of envelopes surrounded by red line. The right map shows a hypocenter location of Northern
Nagano earthquake (red star at top) and distribution of seismic station (black crosses) and epicenters of LFEs
(gray circle). Red and green cross denote locations of KATADA and N.WATF stations, respectively. Yellow stars

indicate triggered LFEs.
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of manually detected LFEs is shown; (b) and (c)
that of detected and located LFEs by MFT is
shown, respectively; (d) that of LFEs listed in the
JMA's seismic catalog.
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Fig. 16 Seismicity distribution of LFEs in the region from Shikoku to Bungo Channel located by MFT (a) and that
of the JMA's seismic catalog (b). The time span of these data is July to December 2014. (a) At the top, epicenter
distribution, red and gray circles show epicenters of LFEs and ordinary earthquakes, respectively, at the second
from top, spatio-temporal distribution, at the third from top, Magnitude-Time diagram of LFEs, at the bottom,
frequency magnitude distribution of LFEs. (b) those of the JMAs seismic catalog. (c) Comparison of the
epicenter locations between epicenters of MFT and those of the JMA's seismic catalog. Red circles show the
epicenters of MFT, the other end of the solid bars shows those of JMA's seismic catalog. (d), (e) and (f) are the
histogram of LFE number versus horizontal distance, azimuth and the difference in magnitude between the
hypocenter located by MFT and that of the JMA's seismic catalog, respectively.
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Fig. A1 Comparison between the hypocenter distribution of MFT and that of the JMA's seismic catalog.(a)
Hypocenter distribution of MFT between November 18 and 30, 2014. (a)-1 Hypocenter distribution, blue circles
denote hypocenters, black crosses denotes stations. Yellow and red stars indicate hypocenters of the mainshock
(11/22/2014 22:08 M6.7) and the largest aftershock (11/22/2014 22:37 M4.5), respectively. (a)-2, (a)-3 and (a)-4
are spatio-temporal distribution, Magnitude-Time diagram and cumulative number of earthquakes. (b) Those of
the JMA's seismic catalog.
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