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SUMMARY
Very-long-period (VLP) seismic events at Asama volcano in central Japan are characterized by
a transient signal of 10–20 s duration. Associated with the transient motion, a high-frequency
(HF) oscillation within the 5–10 Hz band is observed. We investigated the location and size
of the oscillation source in the HF band (HF source) using an amplitude source location
method and compared our results with those for the VLP band (VLP source) deduced in our
previous waveform inversion study. We analysed 1437 VLP events recorded during an intense
observation campaign during 2008–2009, and additional 571 events surrounding an eruptive
activity in 2015 (including a VLP event that immediately preceded an eruption). The HF source
locations of most events were deeper than the VLP source locations by ∼150 m, although there
was almost no time lag between the signals. This suggests a strong connection between the two
sources, with one source immediately responding to the other. The eruptive VLP event had an
HF source location close to normal VLP events but had a greater event size. We surmise that
the HF signal is caused by an inflow of volcanic gas from depth into a semi-vertical crack-like
cavity (as imaged in our previous waveform inversion study), and the VLP signal is caused by
resultant inflation of the same cavity. The centroid of inflation (VLP source) is near the roof of
the cavity, where gas accumulates, whereas the HF oscillation is emitted more intensely from
lower and narrower portions of the cavity. This results in source depth differences between
the two signal bands. In this model, the inflation rate of the cavity is controlled by the volume
flux of the gas inflow, producing similar temporal variations between the VLP and HF signals.
According to this model, the eruptive VLP is associated with a greater amount of gas inflow
and accumulation, which likely played a key role in the eruption.
Key words: Earthquake source observations; Volcano seismology; Eruption mechanisms
and flow emplacement; Explosive volcanism; Volcano monitoring.

1 I N T RO D U C T I O N
Movements and volume changes of shallow volcanic fluids
markedly affect the occurrence and style of eruptions (e.g. Sparks
2003). Such fluid behaviour could be monitored via seismic observations, especially of very-long-period (VLP) seismic events that
have dominant periods of 2–100 s (Chouet & Matoza 2013). Over
the past two decades, waveform inversion has been used extensively
to study source mechanisms of VLP events. Study results reveal that
VLP events may be caused by movements and volume changes of
shallow volcanic fluids (e.g. Ohminato et al. 1998; Chouet et al.
2005). This interpretation was supported by analogue experiments
(e.g. James et al. 2006).


C

Some VLP events are associated with high-frequency (HF) oscillations, such as in the cases of Merapi in Indonesia (Hidayat et al.
2002), Stromboli in Italy (Chouet et al. 2003) and Ontake in Japan
(Nakamichi et al. 2009). HF oscillations may contain additional
information on the source processes of VLP events. For example, Ohminato (2006) analysed repetitive VLP events at SatsumaIwojima volcano in Japan, by waveform inversion in the VLP band
and an identification of increasing/decreasing stages of associated
HF tremor amplitudes, which led him to model the source process of the events by a cycle of heating and vaporization of underground water within a cavity and escape of the gas from it
through a constricted path. Jolly et al. (2017) analysed a seismic
swarm at White Island in New Zealand, by locating VLP and long-
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2 V L P S E I S M I C E V E N T S AT A S A M A
VOLCANO
Mount Asama (elevation: 2568 m) is one of the most active volcanoes in Japan. The volcano has a summit crater (diameter: 450 m;
depth: 250 m) from which Vulcanian eruptions of andesitic magma
have repeatedly occurred. Its recent activity involved moderatesized Vulcanian eruptions in 2004, with smaller eruptions in 2008,
2009 and 2015.

Fig. 1 shows the seismometer network for Asama volcano. Station
KMN was installed in 2011, while the other 16 permanent stations
located within 5 km of the summit were all installed before the 2008
activity. We conducted a campaign with 10 additional broad-band
seismometers within 1 km of the summit from 2008 September 22
to 2009 April 27.
This network has recorded VLP events at typical rates of several
to several tens a day (Yamamoto et al. 2005; Kazahaya et al. 2015).
The events are characterized by one-sided motion of around 10–
20 s duration (Figs 2a and b). Maeda & Takeo (2011) performed
waveform inversion of this transient motion using a frequency band
below 1 Hz and obtained a source time function above the noise
level from 0.002 to 0.1 Hz. The waveform inversion solution was an
inflation–deflation source at 2150 m above sea level (approximately
150 m below the crater floor), beneath the northern part of the
crater.
The VLP events at Asama volcano are associated with an HF
oscillation of around 5–10 Hz (Figs 2c and d). The large amplitude
portion (the main phase) of the oscillation within this HF band
(5–10 Hz) is synchronized with transient motion in the VLP band
(0.002–0.1 Hz). It is sometimes preceded by ∼20 s by another
small HF oscillation, called the precursory phase. For example, a
VLP event on 2008 October 28 consisted of a large HF oscillation
from 17:18:10 to 17:18:30, preceded by a small oscillation from
17:17:50 to 17:18:10 (Fig. 2c).
A VLP event with an exceptionally long duration took place
immediately before the eruption on 2015 June 16 (Figs 3a and b).
Hereafter, we refer to this event as the eruptive VLP event. This
event was also associated with an HF oscillation (Fig. 3c). Similar
VLP events were recorded before three small eruptions in August
2008. Precursory increases of VLP seismicity before both 2008 and
2015 eruptions were reported (Kazahaya et al. 2015; Takeo et al.
2015).

3 A N A LY S I S M E T H O D
Given that the HF oscillation was emergent, it was difficult to identify the onset time (Fig. 2c). Therefore, we investigated its source
using the ASL method. We conducted the ASL analyses for the
entire campaign period (from 2008 September 22 to 2009 April
27), as well as a 13-d period surrounding the eruptive activity in
2015 (from 2015 June 10 to 22, with eruptions on 2015 June 16
and 19; Japan Meteorological Agency 2015). We detected VLP
events during these periods using an algorithm proposed by Kazahaya et al. (2015) and evaluated their data quality (Appendix A) to
avoid analysing events having small signal-to-noise ratios or those
contaminated by another earthquake. A total of 1437 events from
the 2008–2009 campaign and additional 571 events in 2015 passed
these criteria. We investigated the ASLs of the main phase for all
these selected events. We also analysed the eruptive VLP event
(Fig. 3), although it did not meet these data quality criteria due to
the event duration longer than what was assumed in the criteria. We
only analysed the precursory phase of events within the 2008–2009
period, given the dense campaign network available. A total of 152
events from this period satisfied our data quality criteria for the
precursory phase.
We determined site amplification factors using the coda normalization method (Aki & Chouet 1975). We investigated these
factors for two time periods independently; from 2008 September
30 to November 3 (2008 period) and from 2011 November 1 to
December 31 (2011 period). We selected nine regional earthquakes
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period (LP) band sources with a semblance method and an HF
band source with a traveltime analysis. They pointed out that the
VLP source was deeper than the LP and HF sources, which they
interpreted by excitations of a magma carapace and an overlying hydrothermal system, respectively, caused by an upward migration of
fluids.
Despite their importance, however, the HF oscillations associated
with VLP events were filtered out in most previous studies because
strong path effects make it difficult to perform analyses in the HF
bands. Recent studies have shown that the amplitude source location (ASL) method (Battaglia & Aki 2003; Kumagai et al. 2010) is
useful for locating the HF signal sources of volcanoes. This method
assumes isotropic radiation of an S wave, produced by multiple
scattering of the wave due to small-scale heterogeneities within
the medium (Takemura et al. 2009; Kumagai et al. 2010; Morioka
et al. 2017). It has been applied to volcano-tectonic, LP and explosive events, as well as tremors associated with magmatic and
phreatic eruptions, underground dyke propagations and debris flows
(e.g. Taisne et al. 2011; Kumagai et al. 2013; Ogiso & Yomogida
2015; Ogiso et al. 2015; Kurokawa et al. 2016; Caudron et al.
2018). It could potentially be applied to HF oscillations associated
with VLP events to better constrain the source processes of VLP
events.
The ASL method makes use of HF bands to locate sources of
volcano-seismic signals. There are two advantages of adding ASL
analyses for HF bands in VLP seismic studies. One is that it provides computational efficiency. Given that waveform inversion requires large amounts of computational time and memory, it is often
the case that only several typical events are analysed, even when
thousands of VLP events are observed. Using the ASL method,
thousands of events can be analysed in a short time with a small
amount of computational resources. The other advantage is that the
short wavelengths of HF bands result in improved spatiotemporal
resolution. Kumagai et al. (2011a) conducted combined analyses
of waveform inversion of a VLP band and ASL analysis for an HF
band for an explosion earthquake measured at Tungurahua volcano
in Ecuador. The waveform inversion study suggested an isotropic
source at 5-km depth, while the ASL analysis identified an upwardmoving source during the event. Together, these data are consistent
with a pressure wave propagating through a magma conduit being
the trigger of the explosion. Their study clearly shows the advantage
of combining the two analyses.
In this study, we applied an ASL analysis to HF oscillations
associated with VLP events at Asama volcano in Japan. First, we
describe the characteristics of VLP events at Asama volcano, before
outlining our analysis method. We show the location and size of the
HF source obtained from the ASL analysis and compare these data
with those for the VLP source determined in our previous waveform
inversion study (Maeda & Takeo 2011). On the basis of these results,
we discuss a process that could simultaneously generate both HF
and VLP signals.

High-and low-frequency sources at Asama
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Figure 2. Waveforms and Fourier spectra for a very-long-period (VLP) event at 17:18:13 on 2008 October 28. (a–c) Vertical velocity waveforms at station
KAE for raw, VLP (0.002–0.1 Hz) and high-frequency (HF; 5–10 Hz) bands which are defined based on waveform inversion (Maeda & Takeo 2011) and the
amplitude source location (ASL) analysis (this study). The inset indicates an extension around the onset. (d) Smoothed Fourier amplitude spectra of the event
at stations on the crater rim (KA5, KA6, KA8, KA9, KAE and KAW; black) and outside the rim but within 1 km of the crater (KA0-KA3, KME and KMS;
grey). The bars represent the VLP and HF bands corresponding to panels (b) and (c), respectively. Instrument responses were deconvolved with a low-cut filter
of 0.002 Hz.

during the 2008 period and 14 earthquakes during the 2011 period, with magnitudes greater than 2 and depths less than 100 km
from a catalogue issued by Japan Meteorological Agency, taking
into account signal-to-noise ratios and azimuthal distributions. We
manually removed the traces significantly contaminated by local
noise or some other non-earthquake signals. For each remaining
trace of each earthquake, we calculated the envelope amplitude in a
5–10 Hz frequency band averaged over five 5-s-long time windows
starting from twice the S-wave traveltime and overlapping by 2.5 s;
in these time windows, the waveforms are dominated by the coda
(Rautian & Khalturin 1978). The ratios of these coda amplitudes at
individual stations to a reference station (MAE), averaged over all
earthquakes, are regarded as the site amplification factors, which

are shown in Table 1. The factors for the 2008 and 2011 periods
showed similar values at each station.
In the ASL analysis of each event, we calculated vertical component envelope amplitudes in the HF band at individual stations,
averaged over an analysis time window, the choice of which is described at the end of Section 3. We corrected for site amplification
factors for the 2008 period (Table 1, left); for station KMN, we
used the factors for the 2011 period (Table 1, right). We compared
the corrected amplitude at each station with a value obtained using
the following expression (Battaglia & Aki 2003; Kumagai et al.
2010):
v = S0 exp (−π f T /Q) /r, T = r/Vs ,

(1)
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Figure 1. Station network at Asama volcano. Closed and open symbols represent permanent and campaign stations, respectively. Station KMN (square) was
installed in 2011. Contours represent the topography. The inset indicates the location of Asama volcano at a regional scale.
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M0 (N m) = 1.53 × 1016 UKAE (m) ,

Figure 3. Waveforms and Fourier spectra for a VLP event at 8:49:20 on 2015
June 16 that immediately preceded an eruption (the eruptive VLP event). (a–
c) Vertical velocity waveforms at station KAE for raw, VLP (0.002–0.1 Hz)
and HF (5–10 Hz) bands. The grey bar represents the eruption onset time,
estimated from an infrasonic record (Ohminato et al. 2015). The arrow in
panel (c) shows the time window used in the ASL analysis. (d) A vertical
displacement waveform at station KAE. The arrow represents our estimate
of the displacement amplitude.

where r and T are the distance and traveltime from an assumed
source location to the station, respectively; Vs and Q are the S-wave
velocity and the quality factor of the medium, respectively; f is
the central frequency of the analysis band (7.5 Hz); S0 is a source
amplitude that represents a theoretical amplitude at a unit distance
from the source; and v is the velocity amplitude. We assumed a
P-wave velocity Vp = 2500 m s−1 (Aoki et al. 2009; Maeda &
√
Takeo 2011) and an S-wave velocity Vs = Vp / 3. We used Q = 50,
which has been used in previous ASL studies of other volcanoes
(Kumagai et al. 2013). We conducted a grid search for the assumed
source location (at intervals of 50 m) to identify the location that
best explained the observed amplitude distribution for each event.
For each candidate source location, we derived the source amplitude
S0 using the least-squares fit of eq. (1) to the data. We examined
the dependence of ASL results on assumed Q value and velocity
structure using several different values of them (Appendix B). We
also performed the ASL analysis using the theoretical amplitude
expression of Morioka et al. (2017) and compared these results
with those based on eq. (1) (Appendix C). Finally, we examined
the effects of errors of the site amplification factors on the ASLs
(Appendix D).
The source amplitude S0 obtained using the ASL analysis could
be considered a measure of the event size in the HF band (Kumagai
et al. 2013). We compared S0 values with the seismic moment and
displacement amplitude, both considered as measures of the event
size in the VLP band. Maeda & Takeo (2011) conducted a waveform
inversion study of 23 selected VLP events during the 2008–2009

(2)

was investigated by Kazahaya et al. (2015), where UKAE is the
vertical displacement amplitude at station KAE. This relation was
derived from waveform inversion results for the selected VLP events
in October 2008 analysed by Maeda & Takeo (2011) and additional
VLP events in June 2009 analysed by Kazahaya et al. (2011). This
relation enabled us to compare the size estimates for the VLP events
based on both HF and VLP bands, despite having no direct determination of the seismic moment for most of them. The waveforms
at KAE have been used as a representative record for VLP seismic
studies. This is because station KAE is one of the permanent stations that is the closest to the crater, has a flat response from 0.02 to
360 s and has been operating since 2007. To automatically compute
UKAE values for every event from the velocity waveform, we used
the average value over an interval of 10–40 s before the event time
as the baseline.
We report ASL results for a fixed 60 s window, covering the
interval from 20 s before to 40 s after the event time, which includes
the main phase of the HF oscillation (Fig. 2). We also tested a 10 s
moving window with a 5 s overlap, as used in previous ASL studies
(Kumagai et al. 2013). We found no systematic difference between
the source locations, when using the 10 and 60 s windows, although
the source amplitude for the 60 s window correlated better with
the seismic moment. In our analysis of the precursory phase, we
used a time window of 10–30 s before the event time. We took into
account the traveltime from the assumed source to each station when
calculating the observed HF amplitudes in these time windows.
In the case of the eruptive VLP event, which had an exceptionally long duration (Fig. 3), the 60 s window was not long enough
to encompass the main phase. We manually determined that a 100
s window from 8:48:50 to 8:50:30 (Fig. 3c) was the appropriate
interval for ASL analysis of this event. We used the interval from
8:47:10 to 7:47:20 to evaluate the noise level at each station. For
the eruptive VLP event, the station KMN did not pass the data
quality criteria (Appendix A) because the maximum amplitude was
recorded during the later stages of the long-lasting signal than assumed in the criteria. Nevertheless, we used this station in our ASL
analysis because it was essential to constrain the N–S source location. We also investigated the displacement amplitude of this event
manually (Fig. 3d) because our automated baseline correction using a 10–40 s interval before the event resulted in the subtraction of
some of the signals.
The time lags between the signals in the two frequency bands
provided an additional constraint on the source processes of these
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campaign and obtained stable estimates of the eigenvalues for the
moment tensors for 19 of these events. The eigenvalue ratios of this
subset were approximately M1 :M2 :M3 = 5:3:2, where M1 , M2 and
M3 are the largest, intermediate and smallest eigenvalues, respectively. Using this relationship, the seismic moment of each event in
the VLP band was evaluated as M0 ∼ (M1 /5 + M2 /3 + M3 /2)/3. For
18 of these events, we investigated the source amplitude in the HF
band (one event did not pass the data quality criteria for the ASL
analysis because of contamination by another VLP event). In this
way, we obtained both the source amplitude in the HF band and the
seismic moment in the VLP band for these 18 VLP events. For the
remaining events, although we did not have the seismic moment,
we assumed that this quantity was proportional to the displacement
amplitude in the VLP band in the near field. Theoretically, these
quantities are proportional to each other in homogeneous infinite
medium (cf. Aki & Richards 2002). At Asama volcano, the proportional relationship between them, given by
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Table 1. Site amplification factors relative to station MAE for the 5–10 Hz frequency band in 2008 and 2011 periods,
estimated from earthquakes shown in Figs 4(a) and (b), respectively.
Stationa

0.860217
1.157685
0.385381
0.389988
0.285422
1.058188
0.128999
0.270507
0.368157
0.302654
0.718062
0.446550
0.359157
0.581637
0.352131
0.438836
0.547960
0.521147
0.450797
0.828588

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.171495 (8)
0.128870 (6)
0.088623 (9)
0.069043 (9)
0.118086 (7)
0.034310 (9)
0.041468 (9)
0.052621 (9)
0.059776 (9)
0.045607 (9)
0.090880 (9)
0.033439 (9)
0.034661 (9)
0.092333 (9)
0.051119 (9)
0.086155 (9)
0.101293 (9)
0.049200 (9)
0.072102 (9)
0.060143 (9)

0.701210
0.435702
0.954542
0.488836
0.238670

±
±
±
±
±

0.034540 (9)
0.055562 (9)
0.082768 (8)
0.231540 (7)
0.087947 (9)

Factorb (2011)
0.955673 ± 0.203454 (14)

1.256552 ± 0.182442 (12)
0.173922 ± 0.062184 (14)

0.490106
0.404019
0.790972
0.503987
0.647564
0.447347
1.040720

±
±
±
±
±
±
±

0.102517 (14)
0.046872 (13)
0.129957 (14)
0.128427 (14)
0.116878 (14)
0.091834 (14)
0.230430 (14)

0.321357 ± 0.088162 (14)

a Locations
b The

of these stations are shown in Fig. 1.
numbers of earthquakes used are shown in the parentheses.

Figure 4. Earthquakes used for estimating site amplification factors in time periods (a) from 2008 September 30 to November 3 and (b) from 2011 November
1 to December 31 (black circles). Triangles indicate the location of Asama volcano. Grey circles show all the earthquakes in the catalogue issued by the Japan
Meteorological Agency with magnitudes greater than 2 and depths less than 100 km occurred during individual analysis periods.
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ASMB
ASMC
ASMD
ASMG
ASS2
FJM
GIP
KA0
KA1
KA2
KA3
KA4
KA5
KA6
KA7
KA8
KA9
KAE
KAW
KME
KMN
KMS
KUR
SAN
SEN2
YUN2

Factorb (2008)
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VLP events. Figs 2(b) and (c) show similar temporal variations, with
almost no visible time lag between the amplitudes of the waveforms
in the two frequency bands. To quantify the lag, we calculated
cross-correlations between the waveforms in the VLP band and
the envelope waveforms in the HF band for all events, creating a
histogram representing the best-correlated time lags.

4 R E S U LT S

and

 obs
2 N  obs 2 1/2
N
An − Asyn,vlp
/n=1 An ] ,
E vlp = [n=1
n

(4)

where N is the number of stations, Aobs
n is the observed HF ampliand Asyn,vlp
are synthetic HF amtude at nth station, and Asyn,best
n
n
plitudes at nth station calculated from the best-fit and VLP source
locations, respectively. The significance of the residual difference
between the two solutions is examined by the F-test. We assumed
syn,best
syn,vlp
and Aobs
obey Gaussian distributions
that Aobs
n − An
n − An
with average 0 and standard deviations σ best and σ vlp , respectively.
2
2
2
2
/σbest
can be evaluated by E vlp
/E best
, which obeys the
The ratio σvlp
F-distribution with the freedom (N − 1, N − 1). In the case of the
2
2
/E best
= 24.72 /14.22 = 3.03 which
analysed event, N = 25 and E vlp
exceeds 1 per cent point (2.66) of the F-distribution, indicating that
the residual difference between 14.2 and 24.7 per cent is significant
for 1 per cent significance level.
We also compared the amplitudes at stations on the crater rim
(KA5, KA6, KA8, KA9, KAE and KAW) with those outside the
rim in the summit region (KA0–KA3, KME and KMS). If the amplitudes at stations on the crater rim were systematically larger than
those outside the rim, then a shallow source would be expected. In
the VLP band, the spectral amplitudes at stations on the crater rim
were systematically larger than those outside the rim (Fig. 2d). This
distance-dependent amplitude distribution is unlikely explained by
a radiation pattern given a semi-vertical tensile crack-like source
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A spatial distribution of the residuals between observed and synthetic HF amplitudes for the main phase of a typical VLP event
(Fig. 2) is given in Fig. 5(a). There is a region of small residuals at
around 1500–2000 m above sea level beneath the crater. The best-fit
location from the ASL analysis of the HF band (HF source; white
stars) was south of and deeper than that identified by waveform
inversion of the VLP band (VLP source; black stars). In Fig. 5(a),
we also plot the spatial distribution of the residuals (black contours)
between observed and synthetic waveforms in the VLP band, determined by waveform inversion in Maeda & Takeo (2011). The
residual for the best-fit waveform was 23.1 per cent. There is a
region of small residuals (of less than 30 per cent and indicated
by the black contour closest to the VLP source) at above 1900 m
above sea level in the northern region of the crater; this region in the
VLP band was complementary to that in the HF band (see the N–S
section, Fig. 5a), suggesting that the HF source was deeper than the
VLP one.
To examine whether this depth difference was significant, we
plotted the HF amplitudes for all stations against their distances
from the two sources. The observed HF amplitudes were well fitted
by eq. (1) against distance from the HF source (Fig. 5b; with a
residual Ebest = 14.2 per cent), whereas the amplitudes were more
scattered when plotted against the distance from the VLP source
(Fig. 5c; with a residual Evlp = 24.7 per cent). Here the residuals
were defined by
 obs
2 N  obs 2 1/2
N
An − Asyn,best
/n=1 An ]
(3)
E best = [n=1
n

mechanism (Maeda & Takeo 2011). It would more easily be explained by a shallow source. We found no such systematic amplitude
difference in the HF band between the two station groups (Fig. 2d).
Consistent with this observation, the observed HF amplitudes at
the stations outside the rim were larger than synthetic ones, when
plotted against distance from the VLP source (Fig. 5c). We note
that, even though a radiation pattern might remain in the HF band
when observed at very close distances, the large scatter in Fig. 5(c)
is unlikely explained by it because the spatial distribution of the HF
amplitudes does not show what is expected from the VLP source
mechanism (approximately an N–S opening semi-vertical tensile
crack; Maeda & Takeo 2011). These observations suggest that the
HF source was indeed deeper than the VLP one.
We carried out ASL analyses for the main phase for all 1437
events in the 2008–2009 period and 571 events in the 2015 period. The number of events located at each grid node is shown in
Fig. 6(a). Most events were located southwest and downward of
the location of the VLP source (stars). The elevations of the HF
source were 1997 (average) ± 71 (standard deviation) m for the
2008–2009 period and 1935 ± 116 m for the 2015 period. The
larger standard deviation for the 2015 period may be related to
the number of summit stations, which was smaller in 2015 than
in 2008–2009. The HF source location of the eruptive VLP event
(diamonds) was within the HF source region of normal VLP events.
In Fig. 6(b), we show the average source amplitude of the events
located at each grid node. Deeper events tended to have larger
source amplitudes. The standard deviation for the source amplitude
at each depth was relatively large because the frequency distribution
of the source amplitude did not resemble a Gaussian distribution.
As in the Gutenberg–Richter relationship for tectonic earthquakes,
smaller events took place more frequently than larger events at
each depth (Fig. 6c). The distributions at different depths show that
large events were relatively more frequent at greater depth, resulting in the average source amplitude increasing with depth (Fig. 6b).
This tendency was unlikely an artefact of the detection limit, given
that our event selection criteria (Appendix A) required the signals to be observed at flank stations located lower than the source
altitudes.
We investigated the effects of assumed Q values, velocity structures and error in the site amplification factors on the ASL results
(Appendices B and D). In all cases, the HF sources were deeper
than the VLP ones.
In Fig. 7(a), we compare the seismic moment M0 from the VLP
band and source amplitude S0 of the main phase of the HF band for
18 VLP events having both estimates. A linear relationship, with S0
(m2 s−1 ) = 1.03 × 10−15 M0 (N m), was obtained from this analysis
using the 60 s window (circles), with the coefficient of determination
R2 = 0.928. Using the 10 s moving window, a less clear relationship
between S0 and M0 (triangles) was obtained (R2 = 0.867). Given
the 60 s window covered the entire duration of each event, while
the 10 s window did not, the S0 obtained from the 60 s window
was regarded as representative of the cumulative amplitude of an
event, while that from the 10 s window was more closely related to
the maximum amplitude of the event. Thus, Fig. 7(a) suggests that
the seismic moment correlated better with the cumulative amplitude
than the maximum amplitude of the HF band. Figs 7(b) and (c) show
a relationship between the vertical displacement amplitude at station
KAE (UKAE ) in the VLP band and the source amplitude of the HF
band. A linear relationship, with S0 = aUKAE , was observed, having
best-fit slopes of a = 2.07 × 101 m s−1 for the 2008–2009 period
and a = 1.63 × 101 m s−1 for the 2015 period. The displacement
amplitude and source amplitude for the eruptive VLP event (Fig. 3)
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were larger than those of normal VLP events, with values near the
fitting line for normal VLP events (Fig. 7c, diamond).
Figs 2(b) and (c) show similar temporal variations, with almost
no visible time lag between the amplitudes of the waveforms in
the VLP and HF bands. This suggests that the time lag, even if
exists, is negligibly small compared to the timescale of the duration of each VLP event. Indeed, a histogram showing the bestcorrelated time lags between the waveform of the VLP band and
the envelope waveform of the HF band (Figs 7d and e) showed
that lags were 0.93 (average) ± 2.12 (standard deviation) s for
the 2008–2009 period and 0.04 ± 2.19 s for the 2015 period.
This suggests that the VLP signal occurred almost simultaneously (within one standard deviation) to the main phase of the HF
signal.
The number of events at each grid node for the precursory phase
analysis for the 2008–2009 period is shown in Fig. 8(a). Events
were located at 1789 ± 196 m above sea level. Standard deviation
of the elevations was relatively large, and the elevation where events
were most frequently recorded (or the mode) was 1900 m above sea
level (Fig. 8a). The average elevation for the precursory phase was
less than that for the main phase. The elevation of the mode for the
precursory phase was also less than that of the average for the main
phase, although the difference between them was smaller than that
between the averages of the two phases. The relationship between
the source amplitudes of the precursory and main phases showed
a positive correlation but with a relatively large scatter (Fig. 8b).

In Fig. 8(c), we plot the number of VLP events with and without a
precursory phase, showing that larger events were more frequently
associated with a precursory phase of a detectable level.

5 DISCUSSION
Maeda & Takeo (2011) investigated the source time functions of six
moment tensor components in the VLP band using waveform inversion. The moment tensor was consistent with an inflation/deflation
source having an eigenvalue ratio of 5:3:2. There were several source
geometries compatible with this eigenvalue ratio, including inflation
of a tensile crack and a pipe (3:1:1 + 2:2:1 = 5:3:2; Maeda & Takeo
2011), two orthogonal tensile cracks (9:3:3 + 1:3:1 = 10:6:4) and
fluid movement from a sphere to a thin ellipsoidal crack with pressure recovery (Mizuno et al. 2015). All these candidate geometries
involve a semi-vertical tensile crack. Estimates based on the largest
principal axis show that the crack opens approximately in an N–S
direction (Maeda & Takeo 2011). The source time functions of the
moment tensors show an initial rapid inflation of the source volume
on a timescale of 10 s, followed by a gradual deflation on a timescale
of 100 s (Maeda & Takeo 2011). Several tens of seconds after each
VLP event, an episodic degassing event occurs from a vent at the
crater floor, with the amount of degassing being proportional to the
seismic moment of the VLP event (Kazahaya et al. 2011). This suggests that deflation is related to gas escaping from the VLP source
to the surface. In contrast, inflation is assumed to be caused by an
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Figure 5. Results of the ASL analysis of the main phase of the VLP event shown in Fig. 2. (a) A spatial distribution of the residual between observed and
synthetic HF amplitudes (grey scale); minimum values along the orthogonal directions are plotted on horizontal, E–W and N–S sections. White and black
stars represent the best-fit locations from the ASL analysis of the HF band (HF source) and waveform inversion of the VLP band (VLP source; Maeda &
Takeo 2011), respectively. Black contours represent the residuals (at 10 per cent intervals) between observed and synthetic waveforms of the VLP band from
the waveform inversion of Maeda & Takeo (2011). Grey contours represent the topography. (b) Comparisons of observed (circles) and synthetic (lines) HF
amplitudes plotted against their distances from the HF source and (c) from the VLP source, assuming the HF signals originated from the VLP event source
location. Black- and grey-filled circles represent the data at stations on the crater rim (KA5, KA6, KA8, KA9, KAE and KAW) and outside the rim but within
1 km of the crater (KA0-KA3, KME and KMS), respectively. The amplitudes at other stations having intermediate or greater distances are plotted with open
circles.
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inflow of gas from greater depth to the VLP source (Kazahaya et al.
2015). In summary, the VLP events at Asama volcano are related
to a rapid inflow of volcanic gas from depth into an N–S-opening
semi-vertical crack-like source volume on the timescale of 10 s,
followed by a gradual escape of the gas from the source volume to
the surface over a timescale of 100 s.
The HF oscillation associated with VLP events lasts for 10–
20 s. The first arrival of this signal is unclear (Fig. 2c). These
characteristics are consistent with volcanic tremors. One of the most
common interpretations of the process underlying volcanic tremors

is a flow-induced oscillation within a narrow passage (e.g. Julian
1994). In our VLP source model for Asama volcano, fluid flows may
exist below and above the VLP source, corresponding to inflow and
outflow of gas, respectively. Our ASL analysis indicates that the HF
source of the main phase is deeper than the VLP source, suggesting
that the HF oscillation is caused by inflow of gas from a depth greater
than that of the VLP source. The longer duration of the gas outflow
from the VLP source to the surface produces seismic signals that
are weaker than those associated with rapid gas inflows to the VLP
source.
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Figure 6. Results of the ASL analysis of the main phase of all VLP events. (a) The numbers of events located at each grid node for the 2008–2009 (left) and
2015 (right) analysis periods. (b) Average source amplitudes at each grid node for these periods, plotted for grid nodes having more than 10 events. The top left,
bottom left and top right frames in each panel show horizontal, E–W and N–S sections, respectively. The quantities are summed/averaged over the orthogonal
axes. The bottom right frame in each panel shows the quantities summed/averaged over the horizontal plane at each elevation; the curves in panel (a) and the
bars in panel (b) represent Gaussian fits and standard deviations, respectively. Stars and black contours indicate the best-fit VLP source location and the spatial
distribution of the residual between observed and synthetic waveforms in the VLP band (at 10 per cent intervals) from the waveform inversion of Maeda &
Takeo (2011). Diamonds represent the HF source location for the eruptive VLP event shown in Fig. 3. Grey contours represent the topography. (c) Histograms
for the source amplitude versus the cumulative number of events at each elevation for the two analysis periods.
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Figure 8. Results of the ASL analysis of the precursory phase. (a) The number of events located at each grid node for the 2008–2009 analysis period. (b) The
relationship between the source amplitudes of the main and precursory phases. (c) The numbers of events with and without a detectable precursory phase in
each source amplitude range (dark and light grey bars, respectively). The line with the circles represents the ratio of the number of events having a precursory
phase.

The occurrence of the HF signal at a deeper location than the
VLP one is opposite to analysis results for a seismic swarm at
White Island in New Zealand (Jolly et al. 2017). The model of
Ohminato (2006) for VLP events at Satsuma-Iwojima volcano in

Japan also assumed that HF oscillations occur at an outlet side
of the VLP source. In the case of White Island, the VLP signal
starts earlier than the HF one, and the durations in the two bands
are different with each other (fig. 4c in Jolly et al. 2017). In the
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Figure 7. Comparison of event sizes and timings derived from the VLP and HF bands. (a) A relationship between the seismic moment in the VLP band and
the source amplitude in the HF band for the 18 events in 2008 that have both estimates (circles and the solid line: 60 s window; triangles and dashed line:
10 s window). (b) Relationship between the vertical displacement amplitude at station KAE in the VLP band and the source amplitude in the HF band (60 s
window) for the 2008–2009 and (c) 2015 analysis periods. The diamond shows the relationship for the eruptive VLP event shown in Fig. 3. The horizontal
axis scales for seismic moment (panel a) and displacement amplitude (panels b and c) were chosen to be consistent with eq. (2). (d) The best-correlated time
lags between the waveform of the VLP band and the envelope of the HF band from the vertical component at KAE for the 2008–2009 and (e) 2015 analysis
periods. A positive sign indicates that the HF oscillation occurred later than the VLP signal. The lines represent Gaussian fits to the data.
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observed values, using μ = 4.3 × 109 Pa (Maeda & Takeo 2011), we
obtain V = {[5.598/(5μ) + 3.387/(3μ) + 2.260/(2μ)]/3} × 1012 N
m = 2.6 × 102 m3 . This volume change for the tensile crack can be
explained by a 0.01 m opening of a 260 m × 100 m crack, although
the opening dislocation and area of the crack cannot be uniquely
determined from the volume change. This calculation suggests that
assuming a tensile crack source, the observed depth difference of
250 m between the VLP and HF sources for this event (Fig. 5) would
represent the height of the crack.
In this model, the temporal variation of the source cavity volume
V(t) is controlled by the inflow and outflow of the gas given by the
relationship:
dV (t) /dt = Q in (t) − Q out (t) ,

(5)

where t is time, and Qin (t) and Qout (t) are volume fluxes of the inflow
and outflow, respectively. We neglected temporal variation of the gas
pressure, because it is expected to equalize with lithostatic pressure
through cavity wall deformation over a short time frame. As was
mentioned earlier, the timescale of the outflow (∼100 s) is an order
of magnitude larger than that of the inflow (∼10 s), suggesting that
the relationship Qin (t)  Qout (t) holds during the initial stage of
each event. During this initial period, eq. (5) can be simplified to
dV (t) /dt = Q in (t) ,

(6)

showing inflation directly related to the inflow. We focused on
this inflation stage, during which strong HF signals were observed
(Fig. 2c). The left-hand side of eq. (6) is proportional to the moment
rate function, which is in turn proportional to the seismic velocity
in the near field, when traveltime from the source is substantially
smaller than the timescale of the source time function (e.g. Aki &
Richards 2002). In this case, we have
vVLP (t) ∝ dM (t) /dt ∝ dV (t) /dt = Q in (t) ,

(7)

where vVLP (t) and M(t) are the near-field seismic velocity and the
moment function, respectively. Typically, the near-field term is dominant in the VLP band, because its form approximates time integration of the far-field terms; the time integration is equivalent to a
division by angular frequency in the frequency domain, which amplifies the low-frequency content. Thus eq. (7) suggests that the
typical duration of 10–20 s of each VLP event is characteristic of
the gas inflow interval.
A quantitative relationship between the volume flux Qin (t) and the
HF amplitude |vHF (t)| may be complex, but it is natural to assume
that a larger volume flux Qin (t) produces a larger amplitude HF
signal, assuming that the VLP events start by episodic inflow of
the gas. In the simplest case, we assumed the relationship: Qin (t) ∝
|vHF (t)|. In this case, eq. (7) reduces to
vVLP (t) ∝ dM (t) /dt ∝ |vHF (t)| ,

(8)

which is consistent with our observation that the VLP waveform and
HF amplitude have similar temporal variations (Fig. 2). Integrating
eq. (8) with time gives
 te
|vHF (t)| dt,
(9)
M0 = M (te ) − M (ts ) ∝
ts

where ts and te are the start and end times of the gas inflow. Because
our analysis time window of 60 s encompasses the period from ts to
te , the right-hand side of eq. (9) should be positively correlated with
the source amplitude of the HF signal. Thus, eq. (9) underlies the
linear relationship between seismic moment and source amplitude
(Fig. 7a).
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case of Satsuma-Iwojima, the HF oscillations start after the occurrence of each VLP event (fig. 4 in Ohminato 2006). In contrast, the
HF signal at Asama volcano is almost synchronized with the VLP
one (Figs 2 and 7), suggesting that the excitation mechanisms of
the HF oscillations at the three volcanoes are different with each
other.
The depth difference between the VLP and HF sources at Asama
volcano was estimated to be ∼150 m (Figs 5 and 6a). Despite
this spatial separation, almost no time lag was found between the
signals of these two bands (Figs 7d and e). In addition, temporal variation of the HF amplitude was consistent with the waveform of the VLP band (Figs 2b and c), while the source amplitude of the HF band correlated well with the seismic moment of
the VLP band (Figs 7a–c). These observations suggest a strong
connection between the two sources, in which the VLP source immediately and directly responds to the HF source. This immediate
response is not an instantaneous phenomenon but continues over a
10–20 s interval for each VLP event, suggesting a relatively stable
connection.
Taking into account these constraints, we proposed a conceptual
model (Fig. 9a) for the VLP and associated HF signals. In this
model, gas exsolved from the magma travels upwards, through the
semi-vertical crack-like cavity (imaged using waveform inversion),
until it reaches a permeability boundary, at which point further
ascent is blocked. The HF and VLP signals are generated by the
upward gas flow into the cavity and resultant inflation at the cavity,
respectively. To understand this model, note that both the waveform inversion and ASL analysis use point source approximations,
whereas the real source has a finite size. It is likely that the signals
of both bands are emitted from the entire cavity but with different
spatial intensity distributions. The gas accumulation and resultant
inflation, observed as the VLP signal, mainly occur near the roof of
the cavity, because the low-density gas phase will migrate upward
under buoyancy. The HF oscillation appears to be emitted more
intensely from near the lowest end of the cavity, where the aperture
is expected to be narrower than that near the roof (Fig. 9a); the
gas flow through a narrow passage has been considered a candidate
source process of tremor-like signals (e.g. Julian 1994; Ohminato
2006). This spatial difference results in different point source locations for the two bands, although the rapid equilibration of the
gas pressure within the cavity (at the sound speed of the gas; several hundred meters per second assuming a single gas phase in the
cavity) yields almost no time lag and similar temporal variations
in both frequency bands. Note that the depth difference of ∼150 m
is too large to let gas move between them instantly; a time lag of
more than several tens of seconds between each VLP event and
the following eruption/degassing event suggests a gentle gas flow
at velocities substantially less than the sound speed. A similar discussion has been made by Jolly et al. (2018) to distinguish a mass
movement and a stress perturbation.
We examined this conceptual model by evaluating the observed
and expected source depth differences between the two bands for
the typical VLP event occurring at 17:18:13 on 2008 October 28
(Fig. 2). Maeda & Takeo (2011) determined the principal moment
tensor of this event to be (5.598, 3.387, 2.260) × 1012 N m, which
they interpreted as simultaneous inflations of a tensile crack and a
pipe. The inflation within the tensile crack by volume V results
in a moment tensor of (3μV, μV, μV), while that in the pipe
gives (2μV, 2μV, μV), yielding a total of (5μV, 3μV,
2μV) assuming a common V for the crack and pipe, where
μ is the rigidity of the surrounding elastic medium. Comparing
this theoretical expression for the principal moment tensor with
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The assumption that Qin (t) ∝ |vHF (t)| may be difficult to validate using models having flow-induced oscillation along a single
pathway, but the validation may be realized using models having
simultaneous flow-induced oscillations from many small channels.
In this case, the oscillation amplitude |vHF (t)| may be proportional
to the number of gas flow channels, which may in turn be proportional to the net volume flux Qin (t). A similar scenario was
discussed in Battaglia et al. (2005). This interpretation is also consistent with an isotropic radiation pattern. Previous ASL studies
have assumed multiple scattering of an S wave to produce isotropic
radiation (Kumagai et al. 2010). However, our analysis is based
on data collected at stations that were, in some cases, only several hundred metres from the source. At such close distances, the
wave may be insufficiently scattered to achieve isotropic radiation
as the mean free path for Asama volcano has been estimated to be
up to 1 km (Yamamoto & Sato 2010). A numerical simulation of
scattering (Kumagai et al. 2011b) also suggests that a distance of
several hundred metres is insufficient to achieve isotropic S-wave
radiation. In Appendix C, we show that eq. (1) is better than the
theoretical distance–amplitude relationship of eq. (C1) in explaining the data, although the latter is expected to hold under conditions
of multiple scattering (Fig. C1). These data suggest that multiple
scattering is not dominant in our case; nevertheless, the observed
amplitudes were explained well by isotropic radiation (Fig. 5b).
We surmise that isotropic radiation in the HF band of the VLP
events at Asama volcano is realized via simultaneous oscillation
of many subvertical channels whose azimuths are randomly oriented. Thus, the radiation pattern at the source is already isotropic,
and the ASL analysis based on eq. (1) works without notable scattering. Similar interpretation has been proposed by Taisne et al.
(2011).
Larger events tend to have HF sources at greater depth (Figs 6b
and c). As was mentioned earlier, this tendency is unlikely an artefact of the detection limit since we used only the events observed
at flank stations located lower than the source altitudes. Rather, this
observation is explained as follows: because larger events have a
greater gas-filled cavity, its bottom is deeper, even though the centroid of the inflation (VLP source) appears to be only weakly related
to event size (Figs 9b and c).

Some VLP events were associated with a precursory phase, exemplified by the small oscillation portion occurring at 17:17:50–
17:18:10 in Fig. 2(c). Among the 1437 events analysed for the
2008–2009 period, at least 152 events had a detectable precursory
phase, satisfying our detection criteria that required the signal-tonoise ratio to exceed 2. We observed that larger events were more
frequently associated with a detectable precursory phase (Fig. 8c),
suggesting that some seismic events without the detected precursory phase were associated with precursory phases having signalto-noise ratios that were below the detection threshold. The source
location of the precursory phase was deeper than that of the main
phase, implying that the precursory phase may be related to gas
exsolution or gas flow at a region deeper than the VLP event source
cavity. The relatively large time difference of ∼20 s between the
precursory and main phases (Fig. 2c) as well as the relatively large
scatter among their source amplitudes (Fig. 8b) indicate that some
spatial separation may exist between sources of precursory and main
phase signal components.
The eruptive VLP event (Fig. 3) had a larger displacement amplitude and source amplitude than other VLP events (Fig. 7). Except for
this difference, our results for eruptive versus normal VLP events
were similar (Figs 6 and 7), suggesting that an eruptive VLP event
takes place essentially via the same process as other VLP events,
but with larger gas inflows that last longer (Fig. 3). The accumulation of large amounts of gas in the cavity provides sufficient energy
for an eruption to occur. We note that VLP events with exceptionally long durations also occurred immediately before the three
small eruptions in 2008. Thus, the amount of gas that flows into
the cavity during a VLP event may be the controlling factor behind
eruptions.

6 C O N C LU S I O N S
In this study, we conducted an ASL analysis of the HF (5–10 Hz)
oscillation associated with VLP seismic events at Asama volcano
in Japan. We analysed 1437 events from a dense field campaign in
2008–2009, as well as 571 events surrounding an eruptive period
in 2015, including a VLP event that immediately preceded an eruption. The locations of the HF source of the main phase were deeper
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Figure 9. (a) Schematic illustration of the VLP and HF source processes. Schematic images of the source cavities for (b) small and (c) large events, showing
that the location of the bottom of the crack is more sensitive than that of the centroid of the crack to event size.
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for larger events. They were, on average, ∼150 m deeper than the
VLP band source region identified in our previous waveform inversion study (Maeda & Takeo 2011). Despite this depth difference,
the cross-correlations between the envelope waveforms of the HF
band and the waveforms of the VLP band showed almost no time
lags. The source amplitude, a measure of the event size from ASL
analysis of the HF band, correlated well with both seismic moment
and displacement amplitude, which are measures of the event size
derived from the VLP band. Some events were preceded by ∼20 s
by another small oscillation in the HF band, identified as a precursory phase. The ASLs of the precursory phase were, on average,
∼200 m deeper than those of the main phase. The source amplitude
of the precursory phase showed a positive correlation with that of
the main phase, although this relationship was weak. The results for
both normal and eruptive VLP events were similar, except that the
eruptive VLP event was larger in size.
We surmise that the HF (main phase) and VLP signals were
caused by an inflow of volcanic gas from depth into an N–S-opening
semi-vertical crack-like cavity (imaged in our previous waveform
inversion study) and a resultant inflation of the cavity, respectively.
The gas accumulation and resultant inflation, observed as the VLP
signal, were centred within the upper region of the cavity, whereas
the HF oscillation was emitted more intensely from lower and narrower parts of the cavity. This explains the depth difference of
∼150 m between the two sources. Because they are related to different parts of the same gas-filled volume, the VLP and HF band
sources immediately and directly respond to each other, resulting
in similar temporal variations with almost no time lag and wellcorrelated amplitudes between the signals of these two bands. The
eruptive VLP event was likely to be caused by the same process but
involved a greater gas inflow of longer duration. This larger amount
of gas provided sufficient energy for an eruption to take place. Thus,
the volume of the gas inflow appears to underpin eruptions at this
site.
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A P P E N D I X A : D ATA Q UA L I T Y
CRITERIA USED FOR EVENT
SELECTION
We detected VLP events by applying the algorithm of Kazahaya
et al. (2015) to the vertical waveform of VLP signals recorded at
station KAE (Fig. 1). This algorithm uses the signal-to-noise ratios
in several frequency bands and the positive–negative pattern of the
waveform to distinguish VLP events from tectonic earthquakes,
microseismic noise and electronic noise. The time point having

maximum amplitude in the 0.005–0.2 Hz band is referred to as the
event time.
Some of the detected VLP events were not appropriate for the
ASL analysis because of their small signal-to-noise ratios at distant
stations or contamination from another earthquake signal. To evaluate data quality, we calculated the average envelope amplitude in
a 5–10 Hz band in every 10 s window from 60 s before to 60 s after
the event time derived from the waveform of event signals recorded
at each station. In our analysis of the main phase, the waveform was
considered good, if the envelope amplitude was maximal in the 10 s
window immediately before or immediately after the event time (indicating no or little contamination from another event signal); this
maximum amplitude needed to be more than twice the amplitude
recorded 30–40 s before the event time (indicating a high signal-tonoise ratio). In our analysis of the precursory phase, the waveform
was considered good, if the envelope amplitude in either the 10–20
or 20–30 s windows before the event time were more than twice
that at 30–40 s before the event time (indicating the existence of a
precursory phase with a large signal-to-noise ratio). In addition, the
two criteria for the main phase must be satisfied. For the 2008–2009
period, we carried out ASL analysis of a given event, whenever the
waveforms at 7 or more of the total 14 summit stations (located less
than 1 km from the crater centre) and 6 or more of the total 12 flank
stations (located 1–5 km from the crater centre) had good quality
waveforms. In the 2015 period, we carried out the analysis when
the waveforms at all permanent summit stations (KAE, KAW, KME
and KMS), the northern station KMN and 6 or more flank stations
had good form.

A P P E N D I X B : A S L A N A LY S I S W I T H
D I F F E R E N T Q VA L U E S A N D V E L O C I T Y
S T RU C T U R E S
We carried out ASL analyses using Q values ranging from 20 to
100 (at intervals of 10). We also used a value of Q = 110 to discriminate between events having a best Q of 100 from those with a
larger best Q. We evaluated the suitability of the Q value using two
criteria. One was the residual between the observed and synthetic
HF amplitudes averaged over all events, yielding Q = 50 as the
best value (Fig. B1a). We calculated the square root of the average
of the square residuals for all events (instead of using a simple average of the residuals) to ensure consistency with maximizing the
total probability density for a Gaussian distribution. The second
criterion was to tally the number of events for which the residual
was minimal at each Q value. Using this criterion, Q = 40 had the
best result, with Q = 50 being the second-best option (Fig. B1b).
Figs B1(a) and (b) suggest that Q = 50 is a plausible assumption.
Fig. B1(c) shows spatial distributions of the numbers of events
located at each grid node for Q values ranging from 20 to 100.
Compared with Q = 50 (Fig. 6a), Q = 20 and Q = 100 resulted
in deeper and shallower source locations, respectively. Even in the
case of Q = 100, the source locations for most events were located
outside of the small residual region of the VLP source (see N–S
section; Fig. B1c). Therefore, our main conclusion of this paper—
that the high-frequency (HF) source location was not identical to
the VLP source location—is robust to the assumed Q value.
We also evaluated the effects of an assumed velocity structure
on the ASL results. When we used homogeneous velocity structures with Vp = 2000 and 3000 m s−1 , the results did not change
significantly from the case of Vp = 2500 m s−1 . Note that using
Vp = 2000 m s−1 (3000 m s−1 ) and Q = 50 provides the same
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Maeda & Takeo (2011). We used the distance and traveltime along
the bending ray for r and T in eq. (1), respectively. The ASLs from
this velocity model (Fig. B2) were similar to those from the homogeneous models. In all cases, the HF source locations were deeper
than the VLP ones.

A P P E N D I X C : A S L A N A LY S I S U S I N G A
THEORETICAL AMPLITUDE
EXPRESSION
Morioka et al. (2017) theoretically determined that multiple scattering of an S wave would result in a seismic amplitude, given by
v = S0 exp (−π f T /Q d ) /r 0.75 ,
Figure B2. The number of events located at each grid node, plotted using
the same format as Fig. 6(a), for the main phase of all VLP events in the
2008–2009 period using a 1-D velocity model based on Aoki et al. (2009).
In this model, Vp linearly increases with depth from 2000 m s−1 at 2500 m
above sea level (near the summit) to 4000 m s−1 at sea level.

attenuation as using Vp = 2500 m s−1 and Q = 40 (60) (eq. 1). We
also used a 1-D velocity structure, with Vp linearly increasing with
depth from 2000 m s−1 at 2500 m above sea level (near the summit)
to 4000 m s−1 at sea level. This velocity model is an approximation
of Aoki et al. (2009) and has been used by waveform inversion by

T = r/Vs ,

(C1)

where S’0 and Qd are constants. They point out that this equation
(with Qd = 17) gives a distance-amplitude relationship that is close
to the one given by eq. (1) (with Q = 50). They considered this
similarity of the two equations to be a theoretical basis for ASL
analysis. Their theory suggests that eq. (C1) would be more appropriate for ASL analysis, although any application of this expression
to real data has yet to be reported.
We conducted an ASL analysis based on the theory of Morioka
et al. (2017) for the main phase of the HF oscillation associated
with VLP events at Asama volcano in the 2008–2009 period. We
used the same procedure described in the main text, except that
we used eq. (C1) with Qd = 17, instead of eq. (1) with Q = 50.
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Figure B1. Results of ASL analyses for the 2008–2009 period with various Q values. (a) Residuals between observed and synthetic high-frequency amplitudes
averaged over all events for various Q values. (b) The number of events having a minimum residual for each Q value. Note that 169 events of the total of 1437
had a best Q of greater than 100 (omitted from the plot). (c) The numbers of events located at each grid node estimated with Q = 20 (left) versus Q = 100
(right), using the same format as Fig. 6(a).
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Our results (Fig. C1a) indicated that the source elevations estimated
with eq. (C1) were systematically deeper than those estimated with
eq. (1), whereas horizontal locations of the two estimates were
almost identical. The elevations based on eq. (C1) were 1847 (average) ± 97 (standard deviation) m, showing a depth difference of
∼150 m from those based on eq. (1). Theoretically, eq. (C1) should
better explain the data; however, residuals between observed and
synthetic amplitudes from eq. (C1) were slightly larger than those
for eq. (1) for most events (Fig. C1b). We emphasize that our conclusion that the HF source was deeper than the VLP one, remains
unchanged, whether we use eq. (C1) or eq. (1).
APPENDIX D: EFFECTS OF SITE
A M P L I F I C AT I O N FA C T O R S O N T H E
ASLs
Walsh et al. (2017) showed that site amplification factors may have
significant impacts on ASLs. We examined this effect for VLP

events at Asama volcano. Following Walsh et al. (2017), we generated 1000 random sets of site amplification factors using a Gaussian
distribution with the averages and standard deviations given by Table 1 (2008 period). Using each random set, we conducted the ASL
analysis for the VLP event shown in Fig. 2. The estimated HF source
locations were mostly southwest-downward of the VLP source location (Fig. D1a), showing that our main conclusion does not change
by taking into account the errors of the site amplification factors.
We also conducted the ASL analysis for all 571 VLP events in the
2015 period using the site amplification factors in 2011 (Table 1,
right). The results (Fig. D1b) were similar to those from the site
amplification factors in 2008 (Fig. 6a). We can therefore conclude
that the HF source locations are deeper than the VLP ones regardless
of which set of the site amplification factors is used.
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Figure C1. Results of the ASL analysis for the 2008–2009 analysis period based on the theory of Morioka et al. (2017). (a) The number of events located
at each grid node estimated with eq. (C1) and plotted using the same format as Fig. 6(a). (b) A comparison of the residuals between observed and synthetic
amplitudes from the ASL analyses based on eqs (1) (horizontal axis) and (C1) (vertical axis). The two residuals are equal along the dashed line.
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Figure D1. Results of the ASL analysis of the main phase of VLP events from various site amplification factors. (a) Results for a VLP event shown in Fig. 2
from 1000 random sets of site amplification factors generated by a Gaussian distribution based on Table 1 (2008 period; left). The number of random sets from
which the event was located at each grid node is shown using the same format as Fig. 6(a). (b) The number of events in the 2015 analysis period located at
each grid node from site amplification factors in the 2011 period (Table 1, right).

