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A modern digital seismic network, with many stations optimally distributed on the
earthquake causative seismic zone, enables detection of very low magnitude
earthquakes and determination of their source parameters. It is essential to
associate to such kind of networks procedures to analyze the huge amount of
continuously recorded data for monitoring the space-time-magnitude evolution
of natural and/or induced seismicity. Hence, the demand for near-real-time,
automated data collection and analysis procedures for assisting seismic
network operators in carrying out microearthquake monitoring is growing. In
response to this need, we designed a computational software platform, TREMOR,
for fast and reliable detection and characterization of seismicity recorded by a
dense local seismic network. TREMOR integrates different open-source
seismological algorithms for earthquake signal detection, location, and source
characterizations in a fully automatic workflow. We applied the platform in play-
back mode to the continuous waveform data recorded during 1 month at the
Japanese Hi-net seismic network in the Nagano region (Japan) and compared the
resulting catalog with the Japan Meteorological Agency bulletin in terms of
number of detections, location pattern and magnitudes. The results show that
the completeness magnitude of the new seismic catalog decreased by 0.35 units
of the local magnitude scale and consequently the number of events increased by
about 60% with respect to the available catalog. Moreover, the fault plane
solutions resulted coherent with the stress regime of the region, and the Vp/Vs
ratio well delineated the main structural features of the area. According to our
results, TREMOR has shown to be a valid tool for investigating and studying
earthquakes, especially to identify and monitor natural or induced micro-
seismicity.
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1 Introduction

Automatic detection, location, and source characterization of
small magnitude events are challenging tasks for seismic
monitoring, both in active fault zones and in areas of
underground resources exploitation. A reliable and fast
characterization of natural and/or induced seismicity is indeed
crucial for seismic hazard analyses, and an a priori condition for
correctly managing field operations in exploitation areas (Oye and
Roth, 2003; Tomic et al., 2009; Goertz-Allmann et al., 2011;
Yukutake et al., 2011; Zollo et al., 2014; Grigoli et al., 2017; Li
et al., 2019; Lomax and Savvaidis, 2019; Verdon et al., 2019). Given
recent technological developments, the availability of real-time and
continuous data from local, dense networks has significantly
increased, allowing detection of ultra and micro earthquakes
(M ≤ 0) and building of complete seismic catalogs with
magnitude down to very low, even negative, values (Poiata et al.,
2016; De Landro et al., 2019). The comprehensive study of micro-
seismicity can provide a valuable description of the geological
medium properties and earthquake related processes in the
investigated crustal volumes, such as for instance the
identification and geometrical characterization of active fault
structures (Shearer, 2002; Hauksson and Shearer, 2005; Lin et al.,
2007; De Landro et al., 2015; Adinolfi et al., 2019; Battimelli et al.,
2019; Adinolfi et al., 2022), the study of the regional stress field (De
Matteis et al., 2012; Terakawa, 2017; Maeda et al., 2020; De Matteis
et al., 2021), the small-scale variability of faulting style, stress and
strength (Prieto et al., 2004; Hardebeck, 2006; Syracuse et al., 2010;
Adinolfi et al., 2015; Stabile et al., 2012; Festa et al., 2021), and the
assessment of seismic hazard (Schorlemmer and Wiemer, 2005;
Bernard et al., 2006; Emolo et al., 2011). Such achievements have led
to an increasing demand for managing and analyzing large amounts
of seismic data, mostly consisting of small-magnitude seismic events
with signals comparable to or even below the noise level, for which
analysts’ manual operations are unfeasible (Yoon et al., 2015; Perol
et al., 2018; Mousavi et al., 2019; Scafidi et al., 2019; Scala et al.,
2022). Seismic monitoring is moving towards the development of
fully automated and robust processing approaches, able to exploit
the nowadays available huge amount of continuous data and to
speed up seismic analyses, which are important for seismic risk
assessment and reduction practices (Spallarossa et al., 2021a).

In this work, we present a novel AuTomatic, iteRativE, Modular
computational platform for mOnitoring micRo-seismicity
(i.e., TREMOR1), and its application to the Nagano microseismicity.
TREMOR integrates different open-source seismological algorithms for
detecting, locating and characterizing very small earthquakes in a fully
automatic way (Figure 1). Innovatively, TREMOR provides, together
with the standard estimates of earthquake locations, the local, moment,
and energy magnitudes, fault plane solutions and the VP/VS ratio at
each recording station, as a function of space and time with the aim of
monitoring the medium properties.

We applied the platform to the continuous waveforms recorded
during May 2011 at 25 stations of the Japanese Hi-net seismic
network (https://doi.org/10.17598/NIED.0003) (Obara et al., 2005)
located in an area of about 70 km × 75 km in the Nagano region.
This area was selected considering: 1) the high station density, with
mean station spacing of about 10 km; 2) the high rate of micro-
seismicity (more than 100 events per month); and 3) the high quality
of waveform recording (since most stations are in boreholes). The
platform performance is evaluated by comparing its results with
respect to the Japan Meteorological Agency (JMA, https://www.jma.
go.jp/jma/indexe.html) catalog obtained with the same network.

2 Automatic monitoring platform

The computational platform TREMOR is designed using a
Python modular architecture (version 3.6.9), in which each step
of the data processing is performed by a specific module. The
software block diagram is shown in Figure 1. The main outputs
of the analysis are: 1) an earthquake catalog, which contains the
time, location, and magnitudes of earthquakes, together with
auxiliary information such as phase readings, fault plane
solutions and strong motion parameters; and 2) a catalog of
earthquake waveforms which contains the seismic traces,
windowed around the origin time, of the seismic events plus
other information including the seismic station coordinates and
the earthquake time, location, magnitude, and phase readings.

The innovations of TREMOR are represented by the estimation
of: 1) the earthquake source parameters, 2) the ground motion and
3) the medium properties. In fact, unlike other software used for
seismic monitoring, TREMOR calculates energy and moment
magnitudes and focal mechanism automatically. The estimation
of these parameters for micro-seismicity represents a significant
advance towards a complete characterization of the seismic source.
Moreover, TREMOR provides ground motion estimates in terms of
peak ground velocity (PGV) and acceleration (PGA) with the aim to
give more accurate metrics relevant in earthquake engineering and
seismic hazard studies. Finally, TREMOR calculates the Vp/Vs ratios
to gather information on the physical properties of the medium,
which are very useful for studying the influence of fluids in
generating earthquakes.

In the following we present a brief description of the methods
used in the different platform modules, especially the innovative
ones of TREMOR. More details on the platform architecture and
moduli interactions can be found in the Supplementary Material.

2.1 Earthquake detection

Earthquake detection is carried out following the coherence-
based approach proposed by Adinolfi et al. (2020). The detection
module performs a time-shifting and stacking of characteristic
functions computed on seismic traces recorded at different
stations, aiming to identify and preliminarily locate earthquakes
inside a pre-defined spatial grid of potential source locations. In this
module, only the S-wave arrivals are used for the detection. Then,
the module classifies detected seismic events as real or false based on
the presence of a minimum number of triggered stations, their

1 TREMOR is the advanced version of AMEDASC, the Automatic Micro-
Earthquake Detection And Source Characterization software platform,
developed as part of a research project funded by ENI-UNINA
(Copyright © 2019-2021 ENI-UNINA). The modules of focal mechanism
and Vp/Vs ratio computation are not provided in AMEDASC.
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distances from the epicenter, and the coherence of their arrival times
(see Heimann et al., 2017; Adinolfi et al., 2019).

2.2 Phase picking

The picking of P- and S-wave arrival times is based on the
algorithm of Ross and Ben-Zion (2014) using the triggered stations
from the Earthquake Detection Module. Specifically, the P-pick is
performed by requiring the exceedance of a threshold of the STA/
LTA characteristic function around the theoretical P-wave arrival
time. The S-pick is performed by searching the maximum point of
the kurtosis derivative function.

2.3 Probabilistic earthquake location

This module implements the procedure proposed by Zollo et al.
(2021) for event locations following a probabilistic approach based on
the P- and S-phase picks and the travel-time grids generated by the
NLLoc software (Lomax et al., 2000; http://alomax.free.fr/nlloc). The
module gives as output the earthquake location and a map of the PDF
distribution with the maximum likelihood hypocenter. The location
errors are defined by considering the 31% and 68% significance levels of
the probability density function (PDF), which corresponds to ±1σ.

2.4 Energy magnitude

This module exploits an approach proposed by Picozzi et al.
(2017) for earthquake early warning purposes and extended to
monitoring applications by Picozzi et al. (2018, 2019), and
Spallarossa et al. (2021b). For each record, it obtains an estimate
of the apparent energy by integrating the S-transform instantaneous
spectrum, after correcting it for the geometrical spreading. Then, the
event radiated energy is computed as the average among single
station estimates. The corrective factor for geometrical spreading is
set in the configuration file. In addition, this module measures peak
ground velocity (PGV) and acceleration (PGA) for the three
component recordings.

2.5 Moment magnitude

With the aim of determining the seismic moment (M0) and
the moment magnitude (Mw) of an earthquake, this module
exploits the time evolution of the P-wave amplitude as proposed
by Colombelli et al. (2014, 2015), and Nazeri et al. (2019). The
logarithm of the P-wave peak (acceleration and velocity)
amplitude is measured on the vertical component of
recorded waveforms, in expanding time windows after the
P-wave arrival, and after correction of the amplitude for the

FIGURE 1
Workflow of the processing scheme implemented in the computational earthquake monitoring platform. Computational modules inside the
program are shown.
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FIGURE 2
Location map of the study area (A, B) and epicentral map of the JMA earthquakes used as reference catalog in this study (C). (A) Location of the area
of interest, Nagano prefecture, along the ISTL line. The yellow contoured area is the location of the area plotted in the (B) and (C) panels (modified after
Panayotopoulos et al., 2016). (B) The blue rectangle (70 km × 75 km) shows the location of the volumetric grid of potential hypocenters investigated in
this work, the red rectangle delineates the target area (40 km × 40 km) used for the final selection of events. (C) Circles depict micro-seismicity
recorded by the Japanese seismographic network Hi-net (yellow triangles) during May 2011 occurred within the target area [red square in (B)]. This area is
the region best covered by the selected seismic network stations. The earthquake locations are from the JMA catalog. The sizes and colors of the circles
are coded according to the magnitude and depth of the earthquakes, respectively.
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geometrical spreading. Corrective factors are set in a
configuration file.

2.6 Focal mechanism

This module inverts the observed, absolute initial P-wave peak
amplitudes, corrected for the geometrical attenuation effect, and the
P- polarities to estimate focal mechanisms in a Bayesian framework
(Tarantino et al., 2019). Data for the focal mechanism estimation are
selected using an SNR threshold, which is set in the configuration file
along with the minimum number of readings to perform the
estimation.

2.7 VP/VS ratio

This module evaluates the average VP/VS ratio along the ray
paths to each seismic station from observations of the difference
between P- and S- arrival times divided by the P-wave travel time

from the source to the station (Wadati and Oki, 1933; Kisslinger and
Engdahl, 1973; Lucente et al., 2010; Chiarabba et al., 2009). The
temporal evolution of the VP/VS ratio for a set of stations can enable
identification of both spatial and temporal changes in the medium
properties (Amoroso et al., 2018; De Landro et al., 2022).

3 Application to Nagano region (Japan)

3.1 Data pre-processing

We validated the TREMOR platform by applying it to a
dataset of continuous waveforms from the Northern Nagano
region (Japan) that was recorded by the Japanese High Sensitivity
Seismograph Network (Hi-net, https://www.hinet.bosai.go.jp/),
operated by the National Research Institute for Earth Science and
Disaster Prevention (National Research Institute for Earth
Science and Disaster Resilience, 2019). We selected the
Nagano area in Honshu, Japan, for two reasons: 1) its high
seismogenic potential and seismicity due to the presence of

FIGURE 3
Example of arrival-time coherence detection for anMV 2.5 earthquake on 16/05/2011 at 13:25:04 (JST). (A)Waveforms used for detections sorted by
epicentral distance. (B) Characteristic functions (normalized amplitude) calculated for each station. They are corrected according to the S-wave velocity
(red lines) for the travel time and stacked to obtain the final global image function in (D). The markers indicate the best fit arrival times for the P- and S-
phases. The black markers indicate the time window over which the characteristic function amplitude is considered for the definition of triggered or
not-triggered stations. (C) Stack of the coherencemap for the search region with available seismic stations (black triangles) and the event detected (white
star at 0 s). The color bar shows coherence values. (D)Global image functions corresponding to the best fit of the source position along a processing time
window centered on the origin time of the detected earthquake. Thewhite star indicates the detected event above a fixed threshold value (black line). The
white star on the right, at 75 s, is a second event, which was subsequently detected.
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the Itoigawa–Shizuoka Tectonic Line (ISTL), which cuts the
Island of Honshu and extends for ~150 km from Itoigawa City
on the Sea of Japan to Shizuoka City on the Pacific Ocean
(Figure 2A); and 2) the high station density in this area, with
an average inter-station distance of about 10 km over a maximum
aperture of 70 km.

The ISTL strikes NNE–SSW to NNW–SSE and is one of the
most active faults in Japan, since it forms one arm of the triple
junction of the Eurasian, North American, and Philippine Sea plates.
The northernmost segment of the ISTL, the Kamishiro fault, has
been shown to be an active thrust fault (Sato et al., 2004; Takeda
et al., 2004). On the other hand, the Otari–Nakayama fault, which
runs parallel to the Kamishiro and East Matsumoto Basin faults,
shows no geomorphological evidence of late Quaternary activity
(Matsuta et al., 2004; Ueki, 2008).

We selected a study area of about 40 km × 40 km (blue rectangle
in Figure 2B) internal to the larger area covered by the network and
collected continuous three-component velocity recordings from
25 borehole stations of Hi-net network in and near this area,
(yellow triangles in Figure 2C) with a sampling rate of 100 Hz.
Continuous waveform data were downloaded from NIED Hi-net
website (https://www.hinet.bosai.go.jp/). We considered the period
from the 1st to the 31st of May 2011, for which the Japan
Meteorological Agency (JMA) reported 101 earthquakes with
magnitudes ranging between −0.6 and 2.6 and depths up to
15 km (Figure 2C, circles). The JMA catalog magnitude of
completeness estimated for this time period is 0.2.

Before running the code, we formatted the data in mseed format,
organized it in files of one-hour length, and wrote input files with all
necessary information (e.g., seismic network, velocity model).

FIGURE 4
Example of P- and S- phase-picking for the MV 2.5 earthquake on 16/05/2011 at 13:25:04 (JST) in the Nagano region. (A) (From the top): 1) the 3-C
velocity waveforms, 2) the STA/LTA characteristic functions for the P- (vertical) and S- waves (horizontal) polarized components, and 3) the kurtosis
characteristic function calculated for the S-polarized horizontal components. The red and blue vertical lines show the P- and S-wave picks, respectively.
(B) Seismic sections for vertical and (C) horizontal components of the stations for which a P-pick (red vertical line) and S-pick are available.

FIGURE 5
Example of probabilistic earthquake location for the Mv 2.5 earthquake which occurred on 16/05/2011 at 13:25:04 (JST) in the Nagano region. The
earthquake location in the horizontal and vertical planes, with uncertainties (dotted lines), is marked by a yellow star. The normalized probability density
function is shown along N-S and E-W directions and along a vertical section.
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Moreover, we modified each control file for TREMORmodules with
a set of parameters properly tuned for the characteristics of Nagano
seismicity to be analyzed (for more details see Supplementary Tables
S1–S6).

3.2 Earthquake detection

For the earthquake detection, we defined a 3D grid of
potential source locations with a size of 70 km × 75 km ×
20 km, with spacing equal to 1.5 km and centered on the
barycenter of the seismic network used (blue rectangle in

Figure 2B). For the parameter tuning, a specific analysis on a
10-day training dataset was carried out by modifying the
parameters and optimizing them based on the number of real
and false detections. After a visual inspection of the waveforms,
we compared the preliminary results of this analysis with
seismicity data from the JMA catalog. The chosen detection
parameters are: coherence greater than 700, a signal-to-noise
ratio greater than or equal to 3, which is used for the definition of
triggered stations (with 10 s of signal, 3 s of noise), and three
triggered stations among the 10 closest stations to the epicenter.
Figure 3 shows an example of the detection module application
for an MV 2.5 earthquake (velocity magnitude as calculated by

FIGURE 6
Results of TREMOR application to Nagano seismicity occurred during May 2011, in terms of location quality (A) and earthquake spatial distribution
(B). (A) Histograms for numbers of P- and S- readings, RMS of travel time residuals, and horizontal and vertical errors for the earthquake locations. For
each histogram, themean and standard deviation values are reported. (B) Earthquake epicenters located by the platform inside the target area (red square
in Figure 2B) for the Nagano region during the time period analyzed. Symbols and colors are the same as in Figure 2C.
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JMA), which occurred on 16/05/2011 at 13:25:04 (JST) in the
study area. Waveforms (Figure 3A) and characteristic functions
(Figure 3B, normalized amplitudes) are calculated for each
station to evaluate the vertical stack of the coherence map for
the search region (Figure 3C) and global image functions
corresponding to the best fit source time (Figure 3D).

Despite this positive performance, it is worth noting that the
TREMOR event detection algorithm missed 5 earthquakes which are
in the JMA catalog, with Mv < 0, while other six events that were
external to the seismic network and target areawhichweremislocated at
the border of the location grid. These cases can occur when very small
magnitude events (Mv < 0) are not detected or are detected with low
SNR, resulting in mis-location inside the target area or at the border of
the grid due to too few and/or incorrect phase readings.

3.3 Earthquake location

To properly set the parameters that guide the picking procedure,
we performed an optimization analysis based on comparisons
between manual and automatic P-wave arrival time identifications
on a sub-set of Nagano events. We explored a wide range of possible
parameters and selected as the “best” configuration the one that
minimizes the average differences between manual and automatic
picks, for all source-station pairs and for both the vertical and
horizontal components (average on the order of 0.05 s). In the
optimization procedure, we also tried to minimize the number of
missed picks (less than 15% for the “best” parameters). The picking
parameters that we selected are listed in the Supplementary Table S4.

For the earthquake locations, we used the same 1D velocity models
that JMA uses for locating Japanese seismicity (Ueno, 2002). We
parameterized the crustal structure using a 3D grid with spacing
0.5 km and size of 70 km × 75 km × 20 km. The theoretical travel
times from the grid nodes to the seismic stations were calculated using
the Eikonal finite-difference scheme of (Podvin and Lecomte, 1991), as
implemented by the Non LinLoc software (Lomax et al., 2000) for
absolute earthquake locations in 3D velocity media. We used the same
3D grid for both location steps during the analysis. We located
earthquakes with at least 2 P- and 2 S-phase picks, after discarding

arrival times with residuals for P- and S-waves higher than 0.5 s and
1 s, respectively. Although it is common practice to use a higher
minimumnumber of phases, we have chosen to use only four phases to
maximize the number of micro-earthquake locations.

Figure 4 shows an example of the picking module application for
an MV 2.5 earthquake which occurred on 16/05/2011 at 13:25:04
(JST) in the study area. The characteristic functions (Figure 4A) and
the phase picking on the vertical (Figure 4B) and horizontal
(Figure 4C) velocity records are shown.

Figure 5 shows the probabilistic location for the same event.
After the first run of data processing with the defined spatial grid,
406 earthquakes were detected by the platform of which 339 were
effectively located. Based on their location, pick number, and
location quality, 157 earthquakes were identified as located
within the smaller target grid (red rectangle in Figure 2B). Of the
157 events, 96 are also in the JMA catalog. Five events in the JMA
catalog (with M ≤ 0) were missed by TREMOR, while it provided
61 new detections. After visual inspection, we confirmed that all of
the new detected events are real earthquakes, with no false
detections.

For the 157 detected and located events in the study area, TREMOR
provided 1286 P-wave picks and 1216 S-wave picks in the two steps of
phase picking. To evaluate the quality and robustness of the automatic
picking, we manually picked a subset of 100 events among the final
catalog, selected in order to be representative in terms of location and
magnitude of the entire seismicity, and we compared the automatic and
manual P and S picks (see Supplementary Material). The mean values of
the time differences betweenmanual and automatic P- and S-wave onsets
are equal to −0.06 and 0.08 s, respectively, with standard deviations of
0.29 and 0.31 (Supplementary Figure S1). These mean values, along with
the histograms in Supplementary Figure S1, indicate that the automatic
arrival time picks tend to be slightly later than the manual picks.

In the first step of the locations, the events were located with mean
errors of 1.2, 2.0, and 2.0 km for the NS, EW and vertical directions,
respectively, with an average root-mean-square (RMS) of 0.5 s and amean
of 5 P- and 5 S- phases. The final earthquake locations, shown in Figure 6,
have mean location errors equal to 1.1, 1.9, 2.0 km along the NS, and EW
horizontal and vertical directions, respectively, a mean RMS (weighted) of
0.2 s, and a mean of 8 P- and 8 S-phases per event (Figure 6A).

FIGURE 7
Magnitude estimates for the earthquakes identified by TREMOR in the Nagano region. From left to right, calculated Mv (A), ME (B) and Mw (C) are
plotted versus MJMA. MJMA stands for velocity magnitude calculated by JMA.
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The seismicity pattern delineated by the 157 located events
correlates well with the main seismicity features of the area
(Figure 6B; Supplementary Figure S2). The seismicity appears
mainly aligned along the two segments of the ISTL, the Kamishiro
and the Otari–Nakayama faults, down to a depth of 15 km, under the
currently dominant east–west compressional stress field (Ando et al.,
2017; Panayotopoulos et al., 2014; Panayotopoulos et al., 2016). The
hypocenters of the 157 events show the same features of the
earthquakes clustered mainly along Otari–Nakayama fault and its
NE branch fault, in the southern and eastern part ofMatsumoto basin,
defining in depth an E-dipping plane (Supplementary Figure S2).

3.4 Earthquake characterization

The JMA assigns earthquakes a velocity magnitude (MJMA),
determined from the maximum amplitudes of velocity seismograms
(Funasaki and Earthquake Prediction Information Division, 2004).
Unfortunately, we could not use the Mv relation directly because the
distance and depth corrections are not accessible from JMA web
service. So, to better compare our results with those of the JMA
catalog, we calculated a velocity magnitude (Mv) based on a linear
regression between the maximum horizontal velocities at selected
seismic stations and JMA catalog magnitudes. Looking at Figure 7, a

FIGURE 8
Example of fault plane solution computed for the MV 2.5 earthquake on 16/05/2011 at 13:25:04 (JST) in the Nagano region. (A) On the left: focal
mechanism solution with the largest probability. The open circles correspond to automatic negative polarities; the crosses are for automatic positive
polarities. Station names are labeled in red. On the right: Kagan angle distribution between the best solution and all solutions up to 95% of themaximumof
the probability. (B)Map of epicenter location and seismic stations used for focal mechanism calculus. The color-bar refers to the residual between
the observed and predicted P-wave amplitude at the available stations.
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good agreement exists between the magnitude estimates of
TREMOR and the JMA magnitude values. Approximately linear
scaling relations with MJMA are evident for Mv, Me and Mw, with
mean differences of 0.09, −0.34, −0.55 and standard deviations of
0.17, 0.17, 0.39, respectively.

Fault plane solutions range from reverse to strike-slip (Figures 8,
9A), in accordance with the complex stress regime of this region. We
found 57 focal mechanism solutions with an average RMS equal to
0.18 and a mean mismatch on polarity equal to 0.21 (see

Supplementary Material). Matsumoto basin is characterized by
the interaction of the Kamishiro fault with dip 30°–45° SE and
the Otari-Nakayama fault that dips more steeply, at 50°–65° SE.
According to Panayotopoulos et al. (2016), focal mechanism
solutions for aftershocks of the 2014, M 6.7 Northern Nagano
earthquake exhibit both reverse and left-lateral components, with
a large strike-slip component distributed along a branch fault with a
steep dip-angle (i.e., Otari-Nakayama), consistent with the fault
plane solutions estimated by TREMOR.

FIGURE 9
(A) On the left: plot of our focal mechanism solutions for the Nagano region with at least six P-wave readings. On the right: histograms of the
magnitude distribution and of the P-wave amplitudemisfits for the computed fault plane solutions. (B) Spatial distribution of the VP/VS ratio in the Nagano
region. The ratios, computed at each seismic station (triangles) and interpolated, are indicated by the contour lines and colors.
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In order to validate the VP/VS values obtained by the automatic
module application, we compared our results with the tomographic results
from the work of Panayotopoulos et al. (2014) (Figures 6C, 8). First, we
calculated a VP/VS ratio value for each station by averaging the values
obtained for the entire month (Supplementary Figure S3). Then, we
interpolated the VP/VS ratios at the stations to obtain a map that can be
compared to the tomographic image. The VP/VSmap shown in Figure 9B
agreeswith the results byPanayotopoulos et al. (2014)). Indeed, they found
a range of VP/VS ratio between 1.5 and 1.9, high VP/VS anomalies along
the ISTL fault and a mean VP/VS value of about 1.73 for the other areas.

Figure 10 compares the frequency-magnitude distributions
(Gutenberg and Richter, 1942; Aki, 1965; Wiemer, 2001) for the
TREMOR and JMA catalogs for the same area and time period. We
observe that the TREMOR catalog hasmore small-magnitude events than
the JMA catalog and a lowermagnitude of completeness,Mc, ofMv−0.12.
In comparison, the JMA catalogue is complete for Mv 0.20 and larger.

4 Discussion and conclusion

We have presented a software platform for microearthquake
monitoring, TREMOR, which combines a series of open-software and
newly developed algorithms useful for monitoring and studying of
natural or induced seismicity. Through TREMOR, a complete and
detailed analysis of seismicity can be performed. After an appropriate
tuning of a set of input parameters, the continuous seismic waveforms are
automatically analyzed to obtain a high-resolution catalog of seismicity
which occurred within a target area in a defined time period.

As a consequence of the rapid development of dense seismic networks
and the need for reliable catalogs for monitoring purposes, in recent years
the research in thisfield has gradually shifted from the traditional standard
processing workflow where each event is identified and characterized by
analysts to advanced automatic processing and interpretation techniques.
TREMOR includes algorithms for detecting weak seismic signals and

characterizing each event in terms of local magnitude, moment
magnitude, seismic energy, and focal mechanism, with the goal of
producing an informative seismic catalog that is potentially complete
to very small magnitudes. TREMOR provides a detailed analysis of
earthquake source by computing Me and Mw, offering a clearer
picture of the seismicity and the physics of the rupture process.
Although representing a challenge for small earthquakes, one of the
most innovative tasks of TREMOR is the focal mechanism computation.
This information has become a routine analysis by seismological agencies
only for earthquakes of M ≥ 4. As evidenced by the Nagano application,
TREMOR can reliably calculate fault plane solutions even for small
magnitude earthquakes, when recorded by a dense seismic network.
The information on the geometry of the rupture provided by the focal
mechanisms is essential for identifying the fracture patterns or activated
fault segments for seismotectonic studies or formonitoring the space-time
evolution of seismicity during the underground industrial operations.
Moreover, peak ground motion parameters computed by TREMOR for
small magnitude events represent a novelty, very useful to have a robust
metric of the ground shaking or to compute detailed maps of temporal/
spatial variability of ground-motions. In addition to the seismic source
characterization, amodule for the near-real-timemonitoring of the VP/VS

ratio is also included.Although the limitation of the calculatedVP/VS ratio,
as the assumption that this is constant along the ray-path, the obtained
values can be used as first order estimates. The latter quantity is directly
correlatedwith the presence of fluidswithin the crust (Thurber et al., 1995;
De Landro et al., 2020) and the analysis of its spatio-temporal variations
allows for the 4D imaging of large-scale medium properties (Amoroso
et al., 2018; De Landro et al., 2022).

The main advantages of the computation platform can be
summarized as follows.

1. Full-automatic processing. After the parameter tuning and the setting
of control files, continuous waveform data are analyzed from
earthquake detection to source parameter determination without

FIGURE 10
Gutenberg-Richter cumulative frequency-magnitude plots for (A) the JMA catalog and (B) the catalog retrieved in this study by the computational
platform. Data are for the seismicity in the Nagano region (target area) during May 2011. The magnitudes are velocity magnitude, Mv. The completeness
magnitude Mc for both catalogs is indicated with dashed lines.
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anymanual effort by an operator. Furthermore, by selecting near-real-
time processing (batch-mode), the data analysis could be
programmed in time according to raw-data timeslot. Once
configured, the platform automatically: 1) searches the waveform
data availability recursively, makes the conversion of the data into the
necessary format (mseed), runs the processing for the time slots of raw
data, and deletes the data already processed to save disk space.

2. Complete and detailed seismic analysis. TREMOR enables study of
seismicity starting with the identification of events from continuous
waveform data to their characterization in terms of the magnitudes
ML, Mw and Me, peak ground motion parameters, and fault plane
solutions. In addition, through the analysis of VP/VS ratios, the
platform provides information about the medium properties of an
area. This analysis represents the main innovation brought by
TREMOR which, unlike the common softwares used for seismic
monitoring, offers an in-depth characterization of the seismic
source, even in the case of micro-seismicity, in terms of
momentum and energy magnitude and fault kinematics.

3. Iterative, refining earthquake location. TREMOR is designed to
perform two-step of processing for phase picking and earthquake
location in order to: 1) reduce location errors by refining the phase
picks, guided by predicted arrival times for a preliminary location; 2)
obtainmore robust solutions by addingmore arrival time picks; and 3)
reduce the number of false detections that can occur if a settable
minimum number of spurious or unrelated phase readings is
identified on the seismic recordings.

4. Modular architecture. The platform involves separating the data
processing into independent building blocks or modules, each
containing all of the parts needed to execute a single step of the
analysis.Moreover, in post-earthquake processing, eachmodule can be
activated or dis-activated to run modules separately. This functionality
can be very useful for focusing on specific seismological analyses,
repeating analyses when necessary, or parameter tuning of the
platform module. Moreover, the modularity allows users to quickly
update the platform with new modules that carry out new processing
functions or analyses, or to quickly modify those already present.

As demonstrated for our test case in the Nagano region, TREMOR
can very successfully monitor micro-seismicity recorded by local dense
seismic networks and can be a valid tool for investigating and studying
natural or induced earthquakes by seismological agencies or laboratories
at local scales. Future tests of TREMOR will focus on seismic sequences
of moderate magnitude (M > 5) earthquakes and multiple earthquakes
repeated over time as in the case of a swarm or seismic sequence.
Furthermore, we want to expand the use of TREMOR to seismic
networks at regional scales (>100 km). Such large-scale applications
with large numbers of seismic stations requires optimization of PC
memory demand and reduction of computational times.
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