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Abstract

We detected shallow very low frequency earthquakes (VLFEs) off the Cape Muroto and Kii Channel in the Nankai subduction

zone and estimated their moment rate functions. Combining the new and previously estimated catalogs, we obtained the

comprehensive catalog of shallow VLFE moment rate functions along the Nankai Trough. We defined the shallow VLFE

swarms and investigated the scaling relationships of their cumulative moments, activity area, and durations in each region.

Detected swarms were considered candidates for shallow slow slip events. A similar scaling relationship was observed between

the cumulative moments and activity areas, irrespective of regions. It indicates similar stress drops in each region. However, the

relationship between the cumulative moments and durations varied. This difference was explained by the along-strike variations

in the faulting conditions of shallow slow earthquakes, such as material or hydrological properties.
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Key Points:

• Comprehensive detection and source parameter estimations of shallow very
low frequency earthquake swarms along the Nankai Trough.

• The scaling relationship between the activity areas and cumulative mo-
ments of the swarms roughly follows Mo � A3/2.

• Along-strike variations of the scaling law for swarm durations reflect dif-
ferences in the faulting conditions of slow earthquakes.

Abstract

We detected shallow very low frequency earthquakes (VLFEs) off the Cape
Muroto and Kii Channel in the Nankai subduction zone and estimated their
moment rate functions. Combining the new and previously estimated catalogs,
we obtained the comprehensive catalog of shallow VLFE moment rate functions
along the Nankai Trough. We defined the shallow VLFE swarms and investi-
gated the scaling relationships of their cumulative moments, activity area, and
durations in each region. Detected swarms were considered candidates for shal-
low slow slip events. A similar scaling relationship was observed between the
cumulative moments and activity areas, irrespective of regions. It indicates
similar stress drops in each region. However, the relationship between the cu-
mulative moments and durations varied. This difference was explained by the
along-strike variations in the faulting conditions of shallow slow earthquakes,
such as material or hydrological properties.
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Slow earthquakes are characterized as slips much slower than similar-size regular
earthquakes. Although interactions between the shallow slow earthquakes and
large tsunamigenic earthquakes have often been discussed, our knowledge of the
source characteristics and spatial variations of the shallow slow earthquakes is
still limited. In this study, we quantitatively investigated the activity charac-
teristics of shallow, very low frequency earthquakes (VLFEs) along the Nankai
Trough. Activity areas and released cumulative moments of shallow VLFE
swarms exhibited a similar scaling law irrespective of regions. However, the
duration and cumulative moments of the swarms varied in each region. These
characteristics can provide key information on the faulting conditions of slow
earthquakes in shallow plate boundaries.

1 Introduction

Regular (fast) and slow earthquakes occur along plate boundaries in subduc-
tion zones to release the accumulated stress due to subduction (summarized
in Obara & Kato, 2016; Uchida & Bürgmann, 2019). Different slip phenom-
ena are separately distributed on the plate boundaries (e.g., Dixon et al., 2014;
Nishikawa et al., 2019; Takemura, Okuwaki, et al., 2020; Vaca et al., 2018).
These slips can be captured from geodetic and seismic observations. The to-
tal slips of moderate-to-large earthquakes and small repeating earthquakes can
be evaluated by geodetic fault modeling (e.g., Hori et al., 2021; Okada, 1992)
and empirical relationships between seismic moments and slips (e.g., Nadeau
& Johnson, 1998), respectively. However, it is still difficult to evaluate small
deformations due to slow slip events (SSEs), which are geodetic slips of slow
earthquakes with durations of several days to years. SSEs with Mw 5.5 and
6.5 are the detectable limits in onshore and offshore regions, even when using
dense Global Navigation Satellite System observations in Japan (e.g., Agata et
al., 2019; Nishimura et al., 2013; Suito, 2016).

Slow earthquakes can also be observed at seismic stations. Low frequency earth-
quakes (LFEs) and tectonic tremors are observed in frequency ranges of 2-8 Hz
(e.g., Obara, 2002). Tremors can be considered superpositions of small LFEs
(e.g., Shelly et al., 2007). Very low frequency earthquakes (VLFEs) are observed
in the lower frequency band (0.02–0.05 Hz) (e.g., Ghosh et al., 2015; Obara &
Ito, 2005). When seismic slow earthquake swarms occur simultaneously during
SSEs, they are called episodic tremor and slip (ETS; Hirose & Obara, 2006;
Rogers & Dragert, 2003). Small swarms of tremors and VLFEs without obvious
geodetic signals have often been observed around the world. Such small swarms
can be considered proxies of SSEs that have Mw smaller than the detectable
limits of geodetic observations. Thus, using dense onshore seismic networks, the
characteristics of the swarms of deep LFEs and tremors, which occur at deeper
extensions of megathrust zones, have been investigated (e.g., Aiken & Obara,
2021; Daiku et al., 2018; Frank & Brodsky, 2019; Passarelli et al., 2021). Empir-
ical relationships between the geodetic moments of SSEs and seismic moments
(or energies) of swarms have been proposed for the monitoring of slips on plate
boundaries.
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Slow earthquakes occur at shallower extensions of megathrust zones in the off-
shore regions of the Nankai subduction zone (Figure 1). Offshore observations
revealed that spatiotemporal correlation of various-type shallow slow earthquake
phenomena (e.g., Araki et al., 2017; Nakano et al., 2018; Yokota & Ishikawa,
2020). Because very low-frequency surface waves from shallow VLFEs effectively
propagate even in onshore regions and the offshore observations are still limited,
long-term activities of shallow VLFEs, especially in Nankai, have been investi-
gated from onshore broadband records (e.g., Baba et al., 2020; Takemura, Mat-
suzawa, et al., 2019). From comparisons between their long-term catalogs and
tectonic environments, shallow VLFEs tend to be effectively activated by me-
chanical weakening due to pore fluid pressure in the areas surrounding strongly
locked zones.

To obtain more detailed characteristics of shallow VLFEs, Takemura et al.
(2022) conducted template matching and relocation for shallow VLFEs and
evaluated their moment rate functions southeast of the Kii Peninsula, Japan
(Regions A and B in Figure 1). Due to their techniques, estimations of epi-
center locations and moment rate functions were improved from the previous
catalogs (Baba et al., 2020; Takemura, Matsuzawa, et al., 2019). From the
spatial distributions of the cumulative moments of shallow VLFEs, they con-
firmed a spatial relationship between the cumulative moment of shallow VLFE
and the paleo-Zenisu ridge, which subducted southeast off the Kii Peninsula.
In this study, we extend our previous work (Takemura et al., 2022) to off the
Cape Muroto and Kii Channel (Region C in Figure 1) to reveal along-strike
variations in shallow VLFE activity along the Nankai Trough. Then, we inves-
tigate the source characteristics of shallow VLFE swarms, which are candidates
for shallow SSEs, using our new comprehensive moment-rate-function catalog
of shallow VLFEs along the Nankai Trough. We compare the cumulative mo-
ments of shallow VLFE swarms with the geodetic moments of the corresponding
shallow SSEs to discuss slip monitoring on the shallow plate boundary.

2 Data and Methods

We used broadband records from full-range seismograph network stations (F-
net; Aoi et al., 2020) that are operated by the National Research Institute for
Earth Science and Disaster Resilience (NIED), Japan. To avoid microseismic
signals, we used a zero-phase Butterworth filter with frequencies of 0.02–0.05
Hz. The analyzed period in this study ranged from April 2004 to March 2021.
The detection and relocation processes of shallow VLFEs were similar to those
in Takemura, Noda, et al. (2019) (see Text S1 and Figure S1 of Takemura et
al., 2022). We conducted template matching analysis using template shallow
VLFEs (blue focal spheres in Figure 1). We divided the study area into three
regions: (A) southeast of the Kii Peninsula, (B) south of the Kii Peninsula, and
(C) off the Cape Muroto and Kii Channel (dashed rectangles in Figure 1).

After detection and relocation (gray circles in Figure 1), we estimated the mo-
ment rate functions of the shallow VLFEs in Region C, which were constructed
using a series of 6-s Küpper wavelets. The weights of each Küpper pulse were es-
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timated using a Monte-Carlo-based simulated annealing method (Takemura et
al., 2022). In our previous work (Takemura et al., 2022), we already estimated
moment rate functions of shallow VLFEs in Regions A and B. The synthetic
waveforms from sources with a single 6-s Küpper pulse were evaluated by re-
ciprocal calculations via OpenSWPC (Maeda et al., 2017) using the regional
three-dimensional velocity structure model (Koketsu et al., 2012; Takemura,
Yabe, et al., 2020; Tonegawa et al., 2017). Other technical details are provided
in Text S1. An example of the estimated moment rate function of the shallow
VLFEs in Region C is illustrated in Figure S1. The fitness between the ob-
served and synthetic waveforms improved compared to those from the previous
catalog (Takemura, Matsuzawa, et al., 2019). We also compared the estimated
moment rate function with the velocity waveforms of the tremor band (2–8 Hz)
at N.KMTF (Figure S2) and several Hi-net stations (Figure S3). The envelope
shapes of tremors typically correlate with the moment rate functions of VLFEs
(e.g., Ide et al., 2008; Yabe et al., 2019). Although high-frequency seismograms
can be complicated due to small-scale heterogeneities and subducting oceanic
plates (e.g., Furumura & Singh, 2002; Takemura et al., 2017), tremor envelopes
also have multi-peak packets. This supports the longer-duration and multi-peak
moment rate functions of a shallow VLFE. The shallow VLFEs with moment
rates of approximately 5.0×1012 Nm/s is the detectable lower limits (Figure 5b
of Takemura et al., 2022).

According to a comparison of size distributions between Takemura et al. (2022)
and Nakano et al. (2019), our catalog can stably include shallow VLFEs with
Mw � 3.7. Spatiotemporal distributions of shallow VLFE activity are illustrated
in Figure 2. The cumulative moment of shallow VLFEs at each region or grid
was calculated by the sum of seismic moments of shallow VLFEs with variance
reductions (VRs) � 30 % at a certain region or grid. Our new catalog could catch
larger cumulative moment releases than Takemura, Matsuzawa, et al. (2019),
due to template matching and our estimation method of moment rate function,
but obtained spatial variations are roughly similar as in previous studies (Take-
mura, Matsuzawa, et al., 2019). The relationship between shallow VLFEs and
tectonic environments, such as fluid and seamounts, have also been discussed in
other previous studies (e.g., Sun et al., 2020; Takemura et al., 2022; Takemura,
Matsuzawa, et al., 2019; Toh et al., 2020; Tonegawa et al., 2017). Then, we
focus our attention on characteristics of shallow VLFE swarms. After estimat-
ing the moment rate function for shallow VLFEs in region C, we combined this
catalog with our previous catalog (Takemura et al., 2022; Regions A and B).
From new catalog, we detected the shallow VLFE swarms in each region based
on the criteria proposed by Kurihara & Obara (2021). First, we evaluated the
expected inter-event times in each region by dividing the analysis period (17 y)
by the total number of shallow VLFEs in each region. In this study, shallow
VLFE swarms were defined as more than ten consequent shallow VLFEs with
inter-event times shorter than the expected inter-event time in each region. Ex-
amples of shallow VLFE swarms are presented in Figure 2. The shallow VLFE
episode from December 2020 was constructed by four shallow VLFE swarms in
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regions A and B.

After swarm detection, we evaluated the cumulative moment, swarm duration,
activity areas, and along-strike spreading distance of each shallow VLFE swarm.
The swarm durations were calculated by the difference between the first and last
events in each swarm. The swarm duration of A-14 is illustrated in Figure 3a.
The activity areas and along-strike spreading distances were calculated using
the convex hull in the Python module (red enclosed area in Figure 2b). To
evaluate the cumulative moments and activity areas of the swarms, we used the
shallow VLFEs with VRs equal to or greater than 30%. The signals of shallow
VLFEs with VRs < 30 % tend to be weak compared to the noise signals. It
should also be noted that because the along-dip locations of shallow VLFEs have
relatively large uncertainties due to station distributions (see Figures 1b and 1d
of Takemura, Noda, et al., 2019, and Figure S1 of Takemura et al., 2022), their
swarm areas are expected to be overestimated. The epicenter distributions in
the along-dip direction seem to be roughly two times larger than those estimated
using ocean bottom seismometers (Nakano et al., 2018).

Figure 1. Map of the Nankai region. Blue focal spheres are the template
shallow VLFEs, which are well-constrained centroid moment tensor solutions
derived from Takemura, Matsuzawa, et al. (2019). Gray circles are the epicen-
ters of the detected shallow VLFEs. Shallow VLFEs in regions A and B are
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from Takemura et al. (2022). Shallow VLFEs in region C are from this study.
Triangles denote the F-net stations. Stations with solid black and blue triangles
were used for template matching and relocation. Stations represented by solid
gray triangles were not used in the analysis. Moment rate function estimates
for the detected VLFEs were derived from the data of the solid blue triangles.
The black rectangle represents the horizontal calculation region for Green’s func-
tions. Background color in the map represents the shear stress change rate due
to subduction of the Philippine Sea Plate (Noda et al., 2018). The gray dashed
line represents the deformation front (Nankai Trough).

Figure 2. Spatiotemporal variations of 17 y of shallow VLFE data along the
Nankai Trough. (a) Temporal variations of the cumulative moments of shal-
low VLFEs in each region. Blue solid, purple dotted, and red bold lines are
cumulative moments of shallow VLFEs in regions A, B, and C, respectively.
(b) Temporal variations of the along-strike shallow VLFE activity. The colors
of each circle in (b) represent the moment rates of individual shallow VLFEs.
Gray circles represent shallow VLFEs with VRs < 30%. (c) Spatial variation
of cumulative moments from 17 y of shallow VLFE data. Spatial smoothing of
the cumulative number and moments of shallow VLFEs were conducted within
the region of 0.05° × 0.05° on the map via the gridding algorithm provided by
Generic Mapping Tools (Wessel et al., 2013). The shaded areas represent the
subducted seamounts around this region inferred from dense seismic surveys
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(Kodaira et al., 2000; Park et al., 2004).

Figure 3. An example of shallow VLFE swarm detection. An example episode
occurred in regions A and B from 6 December 2020 to 14 January 2021 (JST).
Gray circles represent shallow VLFEs with VRs < 30%. (a) Temporal variations
of shallow VLFE locations along-strike (X-X’) and along-dip (Y-Y’). Colors
represent swarm indices. (b) Map view of the shallow VLFE swarms from 6
December 2020 to 14 January 2021. The red enclosed area is the convex-hull of
the swarm A-14. The intersection point between X-X’ and Y-Y’ in (b) represents
X = 0 km and Y = 0 km in (a).

3 Results

We detected 16, 4, and 9 shallow VLFE swarms in regions A, B, and C, respec-
tively (Table S1, Figure 4). The catalog of shallow VLFE including swarm index
can be referred in Data Set S1. We discarded the A-01 swarm that started on
September 6, 2004 (light blue square in Figure 4) since this swarm might be
triggered by the Mw 7.4 intraslab earthquake and aftershocks in region A and
several migrations within the similar area were confirmed (Figure S4). Figure
4a shows the relationship between the cumulative moments and areas of the
shallow VLFE swarms. Although along-dip locations of the relocated shallow
VLFEs had relatively large uncertainties due to station distributions, the rup-
ture area A approximately follows a scaling law similar to regular earthquakes
and deep SSEs (Mo � A3/2; Gao et al., 2012; Kanamori & Brodsky, 2004). A
similar scaling law between the cumulative moments and areas irrespective of
the regions indicates that stress drops of the shallow VLFE swarms should be
similar in all regions. Regional differences were observed in the relationship
between the cumulative moments and durations of the shallow VLFE swarms.
The durations of the shallow VLFE swarms in region C were almost one order
larger than those in region A. It was recently reported that LFEs, and LFE
clusters likely follow Mo � �3 rather than Mo � � (e.g., Aiken & Obara, 2021;
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Supino et al., 2020). The durations of the shallow VLFE swarms in region A
roughly followed Mo � �3, rather than Mo � �. The Mo � � is a typical scaling
law of slow earthquake families (Ide et al., 2007). Such studies were difficult in
regions B and C because of the insufficient number of shallow VLFE swarms.

Longer swarm durations in region C also indicate its slower spreading. Figure 4c
shows the relationship between the cumulative moments and apparent spreading
speeds, calculated by dividing the along-strike distances by each swarm duration.
These speeds can be considered as the average along-strike rupture speeds of
possible shallow SSEs when ruptures of possible shallow SSEs unilaterally prop-
agate. The apparent spreading speeds in region A range from 5 to 10 km/day,
corresponding to the typical migration speeds of slow earthquakes (e.g., Hous-
ton et al., 2011; Obara, 2010). Several rapid (20–30 km/day, like A-15 in Figure
2) spreadings have also been confirmed in this study. Shallow VLFE swarms
in region C exhibit very slow (~1 km/day) spreading or cluster-like occurrences.
Slower migrations in region C are also confirmed in Figure 2b. The apparent
spreading speeds in region B are intermediate between those of regions A and
C.

Figure 4. Scaling characteristics of shallow VLFE swarms along the Nankai
Trough. Blue circles, purple triangles, and red diamonds are the resultant val-
ues in regions A, B, and C, respectively. The light blue square represents the
A-01 shallow VLFE swarm that started on September 6, 2004, which can be
considered as a triggered VLFE swarm due to the Mw 7.4 intraslab earthquake.
Cumulative moments versus (a) swarm activity areas, (b) swarm durations, and
(c) apparent spreading speeds. The apparent spreading speed was evaluated by
dividing the along-strike distance by the duration of each shallow VLFE swarm.
Along-strike directions were 239º in regions A and B, and 245º in region C.

4. Discussion

Spatiotemporal correlations between seismic and geodetic slow earthquakes have
been found in deep slow earthquakes (e.g., Bartlow et al., 2011; Ito et al., 2007).
During shallow SSE in April 2016, temporal increment in pore-fluid pressure at
borehole observatory southeast off the Kii Peninsula, which reflected temporal
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change in the volumetric strain due to the shallow SSE, well correlated tempo-
ral change in cumulative moments of corresponding shallow VLFEs (Nakano et
al., 2018). Thus, the source characteristics of the shallow VLFE swarms can
correlate with those of the background shallow SSEs. According to the relation-
ship between cumulative moments and areas of shallow VLFE swarms (Figure
4a), the stress drops of shallow SSEs are expected to be similar irrespective of
regions. However, the rupture velocities of shallow SSEs are different in the
three regions (Figures 4b,c). This difference might be related to differences in
the faulting conditions of each region (e.g., material properties). Pore fluid pres-
sure may also be important. Laboratory experiments show that a small change
in the ratio between the average fluid pressure and the average normal stress
on the fault can induce a large change in rupture velocity (Passelègue et al.,
2020). Tonegawa et al. (2017, 2022) suggested that pore fluid pressure around
the plate boundary in region C is expected to be higher than that in region A.
Observed differences in the migration velocity may also be caused by such fluid
distribution.

To obtain the broadband characteristics of shallow slow earthquakes along the
Nankai Trough, we compared the cumulative moments of shallow VLFE swarms
with those of corresponding shallow SSEs (Table S2). The cumulative moments
of shallow VLFEs were approximately 1–15 % of those of the corresponding
shallow SSEs. In this comparison, we also discarded shallow VLFEs with VRs
< 30 %. We note that the effects of shallow VLFEs with VRs < 30 % on
cumulative moment evaluation are limited. We estimated the swarm areas,
but we did not provide swarm stress drop estimations in this study, because
static stress drop from shallow VLFE swarms are expected to be 1-15 % of the
corresponding shallow SSEs.

In contrast, the cumulative moment of deep VLFEs was only 0.1-1% of the cor-
responding deep SSEs (e.g., Ito et al., 2009; Takeo et al., 2010). Passarelli et al.
(2021) investigated the seismic productivities of slow earthquakes that were cal-
culated by dividing the cumulative seismic moments of tremors (or earthquake
swarms) by the geodetic moments of the corresponding SSEs. It was observed
that seismic productivity decreases with increasing depth (Figures 2 and 4 in
Passarelli et al., 2021). Daiku et al. (2018) demonstrated the relationship be-
tween the seismic productivities of deep ETSs and thermal structures at depths
of 30–40 km in the Nankai Trough. Thus, we think that differences in seis-
mic productivities between the shallow and deep VLFE swarms in the Nankai
Trough may be correlated with depth differences in temperature, which control
the frictional and rheological properties of the faults.

A smaller number of shallow SSEs were reported (see Table S2) compared with
the deep SSEs (see http://www-solid.eps.s.u-tokyo.ac.jp/~sloweq/; Kano et al.,
2018). More shallow SSE fault models will allow us to analyze the quantitative
relationship between them and VLFEs. In the future, the statistical character-
istics of seismic productivity of shallow slow earthquakes in each region shall
be obtained. Consequently, we will quantitatively monitor slips on the shallow

9

http://www-solid.eps.s.u-tokyo.ac.jp/~sloweq/


plate boundary from seismic slow earthquakes (LFE, tremor, and VLFE).

5 Conclusions

Using continuous broadband records around the Nankai region, Japan, we re-
vealed the along-strike variations in shallow VLFE activity and source char-
acteristics of shallow VLFE swarms. Shallow VLFEs actively occur off the
Cape Muroto, Kii Channel, and southeast off the Kii Peninsula (regions A and
C). These spatial variations of cumulative moments from shallow VLFEs were
updated and well agreed with the relationships with tectonic environments in
previous studies. Heterogeneous stress and structural properties due to the sub-
ducted seamounts promote shallow slow earthquakes along the Nankai Trough.

We investigated the shallow VLFE swarms in each region, which could be candi-
dates for shallow SSEs. We conclude that the cumulative moments and activity
areas of shallow VLFE swarms follow a similar scaling law irrespective of region,
indicated by similar stress drop values. However, relationships between the cu-
mulative moments and durations of the shallow VLFE swarms vary in each
region. The apparent spreading speeds are also variable characteristics. These
differences can be explained by regional differences in the faulting conditions of
the shallow slow earthquakes, such as material or hydrological properties.
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The methods for the detection and moment rate function estimation are 
described in Text S1. Figure S1 shows an example of the resultant moment rate 
function for a shallow VLFE. Figures S2 and S3 are comparative plots of the 
estimated moment rate functions and filtered velocity envelopes with frequencies 
of 2–8 Hz. Spatiotemporal variations of shallow VLFEs in the A-1, A-2, and A-3 
swarms are illustrated in Figure S4. Particularly, the A-1 swarm is considered to be 
the triggered by the Mw 7.4 intra-slab earthquake. The source characteristics of 
the shallow VLFE swarms are listed in Table S1. Table S2 shows the comparisons 
between the shallow SSEs and the corresponding swarms.  
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Text S1. 

To detect the shallow very low frequency earthquakes (VLFEs), we calculated 
the cross-correlation coefficients (CCs) between the filtered template and observed 
seismograms every 1 s. We employed the 2nd order zero-phase Butterworth filter in the 
frequency range of 0.02–0.05 Hz. The blue focal spheres in Figure 1 show the template 
events of the shallow VLFEs. Template waveforms can be downloaded from Takemura, 
Noda, et al. (2019). Assuming 3.8 km/s as the propagation velocity of surface wave, the 
CCs at the stations were back-propagated to possible shallow VLFE epicenters, which 
were uniformly distributed at an interval of 0.025° on the plate boundary. We detected 
the events with station-averaged CCs ≥ 0.45 as shallow VLFE candidates. To avoid 
regular earthquakes and duplicate detections, we removed the local regular earthquakes 
listed in the unified hypocenter catalog of the Japan Meteorological Agency. We selected 
a shallow VLFE candidate with a maximum CC every 60 s.  

We estimated the moment rate functions of the detected shallow VLFEs using a 
Monte Carlo-based simulated annealing technique. An open-source seismic wave 
propagation code (OpenSWPC; Maeda et al., 2017) was used for the calculation of the 
Green’s function. The simulation model covered an area of 360 × 480 × 80 km3 (black 
rectangle in Figure 1), discretized by grid intervals of 0.2 km in the horizontal direction 
and 0.1 km in the vertical direction. The 3D velocity model was constructed by 
combining the Japan Integrated Velocity Structure Model (JIVSM Koketsu et al., 2012) 
and 1D velocity models beneath the DONET stations 
(https://doi.org/10.5281/zenodo.4158946 Tonegawa et al., 2017). The detailed model 
construction process is described in Takemura et al. (2020). The possible source grids 
were distributed at an interval of 0.025°.  

The moment rate function was estimated as follows: The epicenters and depths 
were fixed as relocation results and the depth of the upper surface of the Philippine Sea 
Plate. Previous studies have revealed that shallow VLFEs can be modeled as low-angle 
thrust faults on the plate boundary (e.g., Sugioka et al., 2012; Takemura et al., 2018). 
Thus, focal mechanisms were assumed to be low-angle thrust faults constructed by the 
plate geometry of JIVSM and the convergence directions of NUVEL-1A (DeMets et al., 
2010). The moment rate function was constructed using a series of Küpper wavelets with 
a duration of 6 s. The synthetic velocity waveform vij(t) from the j-th source grid to the i-
th station can be written as follows: 

𝑣!"(𝑡) = 𝐴# ' 𝑤$%𝐺!"(𝑡 − 𝑘Δ𝑡)
&!'(

$)#

 

where Gij is the Green’s function of the j-th source with a 6-s Küpper wavelet, wk2 is the 
weight of the k-th Küpper wavelet, and Dt is the offset of each pulse (3 s). Non-negative 
conditions (wk2) were imposed in our estimation. A0 is the optimal relative amplitude 
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estimated by fitting the observed waveforms to synthetic waveforms based on variance 
reduction (e.g., Yabe et al., 2021). Using the observed waveform and amplitude-adjusted 
model seismogram vsyn, the objective function used in this analysis is as follows: 

𝐸 = ∑ ∑ /𝑣!"*+,(𝑡- + 𝜏) − 𝑣!"
,./(𝑡-)/-!   

where t is the delay time and the length of the time window is 200 s (tl = 0–200 s). The 
parameters wk2 and t were estimated using a Monte Carlo-based simulated annealing 
procedure. Dw = 0.02 and Dt = 0.5 s were perturbed at each time step for the source 
weights (wk) and delay time (t), respectively. According to shallow VLFE duration 
measurements derived from offshore broadband analysis (Sugioka et al., 2012), the 
number of source weight parameters was 40; thus, the maximum duration of the modeled 
moment rate function was 123 s.  

The initial temperature and cooling rate in the simulated annealing were T0 = 
3E0 and g = 0.996, respectively (e.g., Tocheport et al., 2007). We initially assumed wk2 = 
1, which was not able to reproduce the observed seismograms (Figure 2b). Tk = gkT0 gives 
the annealing schedule at the k-th iteration. The perturbation at the k-th iteration with DEk 
(= Ek-Ek-1) < 0 was fully accepted. We also accepted the perturbation with DEk ≥ 0 and 
the probability of P = exp(-DEk/Tk) equal to less than a, which is a random number 
between 0 and 1 at each iteration. 

The estimations were conducted using a frequency band of 0.02–0.05 Hz to 
avoid the effects of microseisms at onshore stations (e.g., Nishida, 2017). In some cases, 
the resultant moment rate functions have longer-duration late moment releases, which do 
not contribute to the reproducibility of observed shallow VLFE signals with frequencies 
of 0.02–0.05 Hz (e.g., Figure 2 of Takemura et al., 2021). Due to such band-limited 
analysis, we could not distinguish whether the longer-duration late moment release in the 
simulated annealing result was a source energy release or an artifact (Figure S3 of 
Takemura et al., 2021). Additionally, our method might model the reverberations of later 
weak surface waves within the oceanic sediments and noise signals as a seismic moment 
release from the source for cases with a low signal-to-noise ratio. Therefore, to avoid 
misestimating the moment rate functions after simulated annealing, especially due to 
noise signals, we calculated the variance reductions (VRs) between the observed and 
synthetic seismograms that were constructed using N Küpper pulses. We adopted the N-
th (N = 1–40) parameters, which achieved 90% of the maximum VR (VRm) for simulated 
annealing. Several thresholds were tested in a previous study (Takemura et al., 2021). 

After obtaining the optimal solution, we calculated the VR values between the 
observed and optimal syntenic seismograms. These VR values represented the goodness-
of-fit factors for the optimal solutions. For shallow VLFEs with lower VRs (<30%), the 
signals at onshore F-net stations could be weak compared to the noise signals; 
consequently, their durations might be misestimated due to low signal-to-noise ratio 
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conditions. Therefore, in subsequent discussions of shallow VLFE activities, we 
discarded the results with VRs <30%. 
 
 

 

Figure S1. Comparison of estimated moment rate functions between this study (blue 
lines) and a previous study (red lines, Takemura, Matsuzawa, et al., 2019). In the upper 
panel, gray, red, and blue lines represent the observed waveforms, synthetic waveforms 
of Takemura, Matsuzawa, et al. (2019), and synthetic waveforms of this study, 
respectively. A band-pass filter of 0.02–0.05 Hz was applied. Station locations are shown 
on the map. Estimated moment rate functions are illustrated in the left bottom panel. 
Estimated seismic moments of Takemura, Matsuzawa, et al. (2019) and this study are 
7.24 × 1014 and 2.04 × 1015 Nm, respectively. 
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Figure S2. Comparison of low-frequency waveforms and high-frequency envelopes at 
N.KMTF during a shallow VLFE occurred at 20:16:53 on May 7, 2018 (JST). We also 
plotted the estimated moment rate function of a shallow VLFE (blue line) in the upper 
panel.  
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Figure S3. Examples of high-frequency (2–8 Hz) envelopes of vertical velocity 
seismograms at Hi-net (National Research Institute for Earth Science and Disaster 
Resilience, 2019) stations during a shallow VLFE that occurred at 20:16:53 on May 7, 
2018 (JST). We also plotted the estimated moment rate function of a shallow VLFE (blue 
line) in the upper panel. Locations of used Hi-net stations are shown in the map. 
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Figure S4. Spatiotemporal variations of shallow VLFEs during swarms A-01, 02, and 03. 
Gray circles indicate the shallow VLFEs with VR <30%. 
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Table S1. List of the detected shallow VLFE swarms in this study. Durations of the 
swarms are times between the initial and final shallow VLFEs in each swarm. The areas 
and cumulative moments were evaluated using shallow VLFEs with VRs equal to or 
greater than 30%. 

Index Initial date 
(JST) 

Duration  
[s] Areas [m2] 

Along-
strike dist. 

[m] 

Cum. Moment 
[Nm] 

A-01 2004-09-06T04:40:12.00 3485898.0  3.59E+09 82153.8  1.38E+18 
A-02 2004-10-22T00:58:02.50 336205.0  9.28E+08 39336.1  5.14E+16 
A-03 2004-10-28T11:46:34.00 360075.5  1.79E+09 63303.8  8.26E+16 
A-04 2004-11-13T00:07:21.00 264886.0  1.17E+09 47603.7  5.12E+16 
A-05 2004-12-13T02:26:08.50 180772.0  1.18E+09 50479.7  1.17E+17 
A-06 2004-12-27T02:52:39.00 328496.5  2.55E+08 19132.6  4.00E+16 
A-07 2005-08-29T00:28:33.50 366288.0  9.94E+08 34807.2  9.46E+16 
A-08 2007-07-21T04:13:54.00 326033.5  9.12E+08 37379.0  1.71E+16 
A-09 2009-03-24T04:16:39.00 959886.5  2.78E+09 79642.1  3.11E+17 
A-10 2009-04-08T21:09:14.50 347819.0  8.23E+08 32544.7  2.98E+16 
A-11 2009-04-27T14:11:43.50 97245.5  1.64E+08 7415.6  1.24E+16 
A-12 2016-04-03T07:01:47.00 731415.5  7.43E+08 30236.3  4.18E+16 
A-13 2018-05-03T11:06:20.50 100466.0  6.13E+07 7417.1  2.38E+15 
A-14 2020-12-06T21:12:18.50 1458580.0  2.68E+09 69854.3  2.92E+17 
A-15 2020-12-28T12:49:51.50 153422.5  1.10E+09 42753.7  5.73E+16 
A-16 2021-01-12T04:13:09.00 179378.0  5.23E+08 27757.4  1.16E+16 
B-01 2004-04-29T21:53:19.00 1517602.5  3.28E+08 32067.2  1.30E+16 
B-02 2008-03-23T01:07:54.00 1120895.0  1.46E+08 15425.3  5.00E+15 
B-03 2016-04-06T07:12:00.00 360198.0  6.15E+07 9684.3  2.70E+15 
B-04 2020-12-30T23:24:55.00 1229535.5  4.08E+08 40898.4  6.21E+15 
C-01 2004-09-06T15:03:51.50 2418988.5  1.77E+09 90990.3  5.88E+16 
C-02 2004-10-31T22:04:16.50 3341780.0  3.05E+08 35122.4  5.83E+15 
C-03 2006-08-19T00:31:25.00 1674820.5  1.46E+08 8947.2  1.02E+16 
C-04 2009-03-19T01:17:53.50 10884568.5  5.15E+09 102606.0  1.44E+17 
C-05 2010-01-13T04:29:05.00 5602565.0  1.56E+09 61370.3  1.50E+16 
C-06 2011-03-08T21:28:16.00 2567116.5  3.76E+09 113715.0  2.87E+16 
C-07 2014-12-01T18:28:55.50 974671.0  2.02E+08 10625.4  2.35E+16 
C-08 2015-08-25T16:45:28.50 2686835.0  1.91E+08 15826.8  3.00E+16 
C-09 2018-02-28T08:27:26.00 7952416.0 3.12E+09 80469.0 1.35E+17 
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Table S2. Comparisons of seismic moments between shallow SSEs and VLFE swarms. 

Period Reg. 
Mo of  

Shallow SSE  
[Nm] 

Reference of  
shallow SSEs 

Cum. Mo of 
shallow 
VLFEs 
[Nm] 

VLFE 
swarms 
index 

VLEs/SSEs 
[%] 

March 2009~ 
July 2009 C 2.51×1018 Yokota & Ishikawa, 

2020 1.44×1017 C-04 5.7 

April 2016 A 2.51×1018 Itaba, 2018 0.46×1017 A-12 and  
B-03 1.8 

March 2018~ 
May 2018 C 10.0×1018 Yokota & Ishikawa, 

2020 1.34×1017 C-09 1.3 

Dec. 2020~ 
Jan. 2021 A 2.5~10.0×1018 Geological Survey of 

Japan AIST, 2021 3.67×1017 A-14, 15, 16,  
and B-04 3.6~14.7 
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