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Abstract

The continuous estimation of changes in seismic velocity and seismic scattering property by passive interferometry using seismic
ambient noise is a promising tool for monitoring volcanoes. To improve the usefulness of this method, it is necessary not only
to detect subsurface structural changes but also to quantitatively compare the estimated changes in seismic wave velocity and
seismic wave scattering property with other observations such as ground deformation. We applied passive interferometry to
continuous seismic records from Suwanosejima volcano, Japan, recorded between April 2017 and December 2021. We detected
repeated significant waveform decorrelations in seismic ambient noise cross-correlation functions, indicating seismic scattering
property changes in the shallow areas of the volcano. These decorrelations were observed from 2 week to a few days before
the increase in the number of explosions, suggesting that seismic scattering properties changed significantly during that period.
We found that the timing of the decorrelation in seismic ambient noise cross-correlation functions and tilt changes related to
magma accumulation and injection beneath Suwanosejima were well synchronized. The high correlation between the amounts
of decorrelation and tilt change during the magma accumulation period suggests that a large volume of accumulated magma
caused great changes in the scattering property. These results provide a significant first step toward a quantitative comparison

of the amount of changes in the scattering property with the amount of magma accumulation beneath volcanoes.
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Key Points:

e \Waveform decorrelations in seismic ambient noise cross-correlation functions were
detected repeatedly at Suwanosejima volcano, Japan.

o Repeated decorrelations were well synchronized with tilt changes, indicating magma
accumulation and injection beneath Suwanosejima.

e Comparison of the amounts of decorrelation and tilt change revealed a positive
correlation between them.
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Abstract

The continuous estimation of changes in seismic velocity and seismic scattering property by
passive interferometry using seismic ambient noise is a promising tool for monitoring volcanoes.
To improve the usefulness of this method, it is necessary not only to detect subsurface structural
changes but also to quantitatively compare the estimated changes in seismic wave velocity and
seismic wave scattering property with other observations such as ground deformation. We
applied passive interferometry to continuous seismic records from Suwanosejima volcano, Japan,
recorded between April 2017 and December 2021. We detected repeated significant waveform
decorrelations in seismic ambient noise cross-correlation functions, indicating seismic scattering
property changes in the shallow areas of the volcano. These decorrelations were observed from 2
week to a few days before the increase in the number of explosions, suggesting that seismic
scattering properties changed significantly during that period. We found that the timing of the
decorrelation in seismic ambient noise cross-correlation functions and tilt changes related to
magma accumulation and injection beneath Suwanosejima were well synchronized. The high
correlation between the amounts of decorrelation and tilt change during the magma accumulation
period suggests that a large volume of accumulated magma caused great changes in the
scattering property. These results provide a significant first step toward a quantitative
comparison of the amount of changes in the scattering property with the amount of magma
accumulation beneath volcanoes.

Plain Language Summary

The continuous estimation of seismic velocity and seismic scattering property changes by passive
interferometry using seismic ambient noise is a promising tool for monitoring volcanoes. Although
many previous studies have reported seismic velocity changes related to volcanic activity, only a
few of them analyzed the changes in seismic scattering properties beneath volcanoes. We
compared the changes in seismic scattering property estimated by passive interferometry and
ground deformation obtained from tilt records, at Suwanosejima volcano, Japan between April
2017 and December 2021. This study is the first to investigate the correlation between the temporal
changes in seismic scattering properties and tilt. We detected repeated significant waveform
decorrelations in seismic ambient noise cross-correlation functions, and these were well
synchronized to tilt changes. Moreover, we found a positive correlation between the amounts of
waveform decorrelation and tilt change observed during the magma accumulation and injection
periods. These results suggest the possibility to quantitatively compare the amount of changes in
the scattering property inferred from passive interferometry using seismic ambient noise with the
amount of magma accumulation beneath volcanoes.

Key words: seismic scattering property change, seismic ambient noise, passive interferometry,
Suwanosejima, magma accumulation
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1 Introduction

The continuous estimation of seismic velocity and seismic scattering property changes by
passive interferometry using seismic ambient noise (Curtis et al., 2006; Shapiro & Campillo,
2004) is a promising tool for monitoring volcanoes. Many previous studies have reported seismic
velocity changes related to volcanic activity (Brenguier et al., 2008; Budi-Santoso & Lesage,
2016; Donaldson et al., 2019; Machacca-Puma et al., 2019; Nishida et al., 2020) or those
associated with volcanic deformation during quiet periods (Donaldson et al., 2017; Hirose et al.,
2017; Takano et al., 2017). In many cases, seismic velocity changes beneath the volcanoes have
been interpreted to be because of crack opening or closing due to stress changes from magma
pressurization. In some volcanoes, strain (or stress) sensitivities to seismic velocity changes have
been estimated (Hirose et al., 2017; Takano et al., 2017), and the relationships between seismic
velocity changes and other observations have been discussed quantitatively. Changes in seismic
scattering property are observed as reductions in waveform correlations (waveform
decorrelations) in seismograms. These changes originate from the emergence of new scatterers
due to the injection of volcanic fluid or the creation of new cracks, which changes the properties
of the medium (Larose et al., 2010; Margerin et al., 2015; Planés et al., 2015). However, there
are very few studies on the changes in seismic scattering properties beneath volcanoes
(Obermann et al., 2013; Sanchez-Pastor et al., 2018). Therefore, the relationship between the
changes in seismic scattering properties and other observations, such as ground deformation and
other surface phenomena, is poorly understood. Obermann et al. (2013) mentioned the
relationship between the changes in seismic scattering properties and magma ejection volumes.
They compared the ejected magma volumes of an eruption at Piton de la Fournaise on Reunion
Island and the scattering cross-sections, which were computed from the decorrelation values of
two eruptions in 2010. They reported that a large scattering cross-section corresponded to a large
ejected magma volume. Quantitative comparison of seismic scattering property changes and
other observations will be the key to developing passive monitoring tools for volcanic activities.
To establish such a quantitative relationship, it is necessary to repeatedly detect changes in the
seismic wave scattering characteristics of the subsurface, associated with volcanic activities,
such as eruptions. However, no previous studies have focused on the repeated changes in seismic
scattering properties beneath the volcanoes caused by repeated eruptions.

Suwanosejima is an active volcanic island located on the Kyushu-Ryukyu arc in the
Pacific Ocean (Figure 1a). The island has an elliptical shape with major and minor axes of
approximately 8 km and 6 km, respectively. In 1813-1814 and 18841885, eruption-extruded
lava reached the western and eastern coasts of the island, respectively. A horseshoe-shaped
caldera, called Mount Otake (red triangle in Figure 1a), was formed at the summit, and
strombolian or vulcanian eruptions frequently occurred in a cinder cone in the caldera from 1957
to 1994 (Iguchi et al., 2008). Since the 2000s, volcanic activity at Suwanosejima has been
relatively high. Eruptive activity further increased since late October 2020, and the number of
eruptions increased rapidly by the end of December 2020. Volcanic activity quieted down in
January and February 2021, but the number of eruptions increased again at the beginning and
end of March 2021. The number of eruptions temporarily increased at the beginning and end of
May 2021, June 2021, July 2021, September 2021, and December 2021 (Japan Meteorological
Agency (JMA), 2022). Since December 2020, significant tilt changes in the western part of
Suwanosejima associated with magma accumulation and magma injection from the western part
of Suwanosejima to beneath the Otake crater have repeatedly been detected (JMA, 2022). These
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magma migrations may have caused repeated changes in the subsurface structures beneath
Suwanosejima.

We first attempted to detect seismic scattering property changes by passive
interferometry using seismic ambient noise. Then, we explored the relationship between the
changes in the scattering property and the changes in tilt related to magma migrations.

2 Data and Methods

2.1 Data

Figure 1a shows the location map of Suwanosejima volcano and the spatial distribution
of the seismic stations (black x-marks). Two short-period seismometers with a natural period of
1 s were installed on the ground surface (V.SWAZ1, July 2001) and at a depth of 94 m (V.SWAN,
August 2010), and a broadband seismometer was installed at a depth of 3 m (V.SOMS,
December 2016). All seismograms were recorded at a sampling frequency of 100 Hz. We used
continuous seismograms from these three seismic stations during the period April 1, 2017-
December 31, 2021. All continuous seismograms are available at the Data Management Center
of the National Research Institute for Earth Science and Disaster Resilience (NIED)
(http://www.hinet.bosai.go.jp).

Figure 1b shows the temporal changes in the spectra of continuous seismic records from
each station. We applied a fast Fourier transform to continuous seismic records every 10 min and
stacked the spectra over 1 day. The significantly small spectral amplitude observed at V.SWA1
between early December 2018 and mid-May 2019 was caused by seismometer malfunction.
Spectral amplitudes at frequencies between 0.5 and 1.5 Hz were relatively stable over time,
whereas those above 1.5 Hz fluctuated significantly. The dominant frequency of volcanic
tremors at Suwanosejima is probably approximately 2 to 6 Hz. To reduce the effect of volcanic
tremors, we used seismic ambient noise records at 0.5-1 Hz (indicated by red rectangles in
Figure 1b) in passive interferometry.
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Figure 1. (a) Spatial distributions of seismometers (x-marks), tilt meter (circle), and AMeDAS
(rain gauge) station (diamond). The red triangle represents the Otake crater. The ALOS Global
Digital Surface Model “ALOS World 3D - 30m (AW3D30)”
(https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm) was used to create the

topographic map. (b) Spectrograms of continuous seismic records between April 2017 and
December 2021 for each seismic station. The target frequency band of this study, 0.5-1 Hz, is

indicated by red-dashed rectangles.

2.2 Estimation method of seismic scattering property changes

Cross-correlation functions (CCFs) of seismic ambient noise were computed in the
frequency band 0.5-1 Hz, which had relatively stable spectral amplitudes over time. We first
divided the continuous seismogram into 10-min segments and applied spectral whitening and 1-
bit normalization to reduce the effect of monochromatic noise sources and transient signals with
large amplitudes (Bensen et al., 2007). Then, the CCFs of seismic ambient noise were computed
for every 10 min, and the daily CCFs were obtained by stacking the 10-min CCFs every day. To
improve the signal-to-noise ratio of the CCFs, we stacked the daily CCFs over 3 days with a
sliding time window every day (hereafter called SCCF). Figure 2 shows the SCCF waveforms
for the V.SWAN-V.SOMS station pair in the 0.5- to 1-Hz band. The SCCFs were relatively
stable over time, except for some periods. For example, wave packets with large amplitudes
observed with a lag time between —5 and +5 s did not show seasonal variations. A similar
temporal stability in the CCFs was obtained for the other station pairs. Therefore, seasonal
variations in noise sources (Stehly et al., 2006) did not strongly affect the CCFs of seismic
ambient noise in the 0.5-to 1-Hz band at Suwanosejima.


https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm

154
155
156
157
158
159
160

161

162
163
164
165
166
167
168
169
170
171
172

173

174
175
176

177

manuscript submitted to JGR: Solid Earth

We applied the stretching method (Sens-Schonfelder & Wegler, 2006) to compute the
waveform correlations (hereafter CC), which represent seismic scattering property changes and
relative seismic velocity changes (hereafter dv/v). This method consists of simulating an artificial
seismic velocity change by stretching the wavelet through a factor ¢ and applying the
transformation CCF(t) — CCF((1 — &)t). The CCFs were stretched to several possible values
of €. The optimum dv/v maximized the CC computed between the stretched and reference CCF
(RCCEF) values as follows:

fff CCF((1 — &) X t)CCFop(t)dt

CC(e) = (1)

J ft’f CCF((1 — &) X t)2dt ft’f CCFrep (£)2dt

where t; and t, represent the start and end times of the processed time window,
respectively. In this study, we defined t, as an arrival time of direct Rayleigh wave (1.15 km/s)
and t, = t; + 15s. The used time window is shown by green-dashed rectangles in Figure 2.
The choice of period to construct an RCCF affects the measurement of CC (and dv/v) (Sens-
Schonfelder et al., 2014). The RCCF was calculated as follows: first, we calculated the CC
values for all possible combinations of SCCFs during the study period; then, we selected the
SCCFs whose average CC values between these in other days were greater than 0.9 to construct
the RCCF. By this selection, 34-58 % of the SCCFs were excluded for each station pair. Finally,
the RCCF was calculated by stacking the selected SCCFs. The calculated RCCFs were less
affected by the SCCFs with low CCs. To compute CC (and dv/v), the stretching method was
applied individually to the causal and acausal parts of the SCCF and the results were averaged.

V.SWAN.U-V.SOMS.wU
—-20 rrrrrrreyprerrrrrerrrrryrrrrrrrrrreprrrerrrrrrrrp rrLrrrrr il
| 0.5-1 Hz

-15F

Lag Time [s]

15 | : —
20 NEREEERA NN NRRRNENENRRERRARRANINRRERRRRNARARRRANRRE
Apr Jan Jan Jan Jan Jan
2017 2018 2019 2020 2021 2022
4T T
-0.002 -0.001 0.000 0.001 0.002
Amplitude

Figure 2. SCCF waveforms in the 0.5-1 Hz band for the station pair V.SWAN-V.SOMS. The
portions of SCCFs represented by green-dashed rectangles were used in dv/iv and CC
measurements.
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3 Results

Significant waveform CC reductions (decorrelations) in the CCFs of seismic ambient
noise were observed during the study period. Figure 3 shows the temporal changes in CC for all
pairs of stations in the 0.5- to 1-Hz band. For the V.SWAN-V.SOMS station pair, the CC values
usually exceeded 0.9 before December 2020, except for some periods. However, significant
decorrelations were observed repeatedly from mid-December 2020. CC values often dropped
below 0.5 during this period. Similar repeated decorrelations were also estimated for the station
pairs, V.SWA1-V.SOMS and V.SWA1-V.SWAN from mid-December 2020. All station pairs
also showed significant repeated decorrelations during May 2017—-August 2017. Repeated
decorrelations were also estimated for station pair V.SWA1-V.SOMS during October 2019-
February 2020. It is assumed that Rayleigh waves are predominant in the CCFs of seismic
ambient noise. Therefore, these significant decorrelations indicate the changes in seismic
scattering property occurred in the shallow parts of the volcano, at depths of 0-700 m. Moreover,
heavy rainfall possibly causes seismic velocity or scattering property changes (Obermann et al.,
2014; Rivet et al., 2015; Sens-Schonfelder & Wegler, 2006). The bottom panel of Figure 3
shows the daily precipitation at Suwanosejima. Precipitation of more than 100 mm/d was often
observed at Suwanosejima during the monsoon seasons. However, repeated decorrelations did
not clearly correlate with precipitation. Furthermore, temporal changes in the CC values did not
show seasonal variations.
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Figure 3. (top) Temporal changes in CC for each seismic station and the averaged one. The
horizontal black lines indicate the level of CC=1. (bottom) Daily precipitation recorded at the
AMeDAS (rain gauge) station at Suwanosejima (see Figure 1a). Precipitation data of
Suwanosejima are available at
https://www.data.jma.go.jp/obd/stats/etrn/index.php?prec_no=88&block_no=1654&year=&mont
h=&day=&view=.

4 Discussion
4.1 Comparison with other observations during October 2020—December 2021

4.1.1 The number of explosions and temporal changes in waveform correlation

We first compared the number of explosions (eruptions with strong infrasound) and
temporal changes in CC to discuss the relationship between seismic scattering property changes
and volcano eruptions. At Suwanosejima, the number of explosions began to increase slightly
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from October 2020. The green bars in Figure 4 indicate the number of daily explosions. An
epidemic increase in the number of explosions occurred on December 21, 2020, and such a high
daily activity continued for a week: 89 and 81 explosions on December 21 and 27, 2020,
respectively. In 2021, there was a temporal increase in the number of explosions in almost all the
months. The highest numbers of explosions, 141 and 169, were observed on December 17, 2021,
and December 24, 2021, respectively. The temporal changes in the CC for each pair of stations
and the average CC during the same period are shown in Figure 4. The most striking result is that
an increase in the number of explosions is often accompanied by precursor decorrelations. For
example, decorrelation was observed 1 week before the increased number of explosions that
occurred from December 21, 2020. Similar precursory decorrelations were also detected 5 days
and 14 days before the increased volcanic activities on July 6, 2021, and September 12, 2021,
respectively. In most cases, the CCs almost recovered before the end of the temporal increase in
the number of explosions. These results imply that the seismic scattering properties changed
significantly before highly active explosions.
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226 Figure 4. Daily number of explosions at Suwanosejima (green bars) and temporal changes in CC
227 between October 2020 and December 2021 for each station pair (red-, orange- and yellow-

228  dashed lines) and averaged one (red-solid line). The recent daily numbers of explosions at

229  Suwanosejima are provided by JMA (https://www.data.jma.go.jp/svd/vois/data/fukuoka/open-
230  data/data/511 num_data.html).
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4.1.2 Temporal changes in tilt and waveform correlation

To discuss the possible cause of these decorrelations, we compared the temporal changes
in the tilt and CCs. Figure 5a shows the east-west component of the tilt record at the V.SWAN
station between October 2020 and December 2021 (see Figure 1). The tiltmeter was installed at a
depth of 94 m, and the north—south and east-west components of the tilts were recorded at a
sampling frequency of 1 Hz. The continuous tilt record was first decimated to hourly tilt records.
The effects of tides were removed (Tamura et al., 1991) and those of rain were removed using a
tank model (Kimura et al., 2015; Takagi & Onizawa, 2016; Ueda et al., 2010) (Appendix A).
Significant tilt changes in the west-up and east-up components were repeatedly observed from
December 2020 (indicated by the black horizontal arrows in Figure 5a). These tilt changes are
interpreted as the accumulation of magma west of Suwanosejima (west-up tilt change) and
injection of magma beneath the crater (east-up tilt change) (JMA, 2022). Seven magma
migration periods (P1-P7) reported by JMA are marked in Figure 5a. West-up tilt changes were
observed before the number of explosions increased, and east-up tilt changes were observed
during highly active periods. Figure 5b shows the temporal changes in the CC and tilt during the
magma migration periods. During P1, decorrelation and the west-up tilt change became
significant from December 12, 2020, and were correlated. In the case of P2, the temporal
changes in the tilt and CC appeared to be less correlated than those in P1. CC and tilt changes
were well synchronized during the periods P3, P4, and P6. During P5, a clear decorrelation
occurred. The timings of the largest waveform decorrelations and west-up tilt changes were
almost synchronized during P3-P6. During P7, the west-up change lasted approximately 2
weeks, and a gradual decorrelation was observed during this period. In most cases, the CC values
gradually decreased during changes in the west-up tilt and gradually recovered during changes in
the east-up tilt. Thus, temporal changes in the CC and tilt were well correlated. This indicated
that the changes in the seismic scattering property that caused changes in the CCFs of seismic
ambient noise were due to magma migration beneath Suwanosejima.

The relationship between seismic velocity and ground deformation at active volcanoes
has been discussed in previous studies. Donaldson et al. (2017) showed that seismic velocity
changes at Kilauea volcano are well correlated with tilt changes on a time scale of days to weeks.
They interpreted that such synchronized temporal changes in seismic velocity and deformation
were related to the closing or opening of cracks due to deflation—inflation of the magma
reservoir. Although they used seismic velocity changes and not decorrelations, their results were
similar to those of this study. To our knowledge, this study is the first to investigate the
correlation between temporal changes in seismic scattering properties and tilt.



manuscript submitted to JGR: Solid Earth

~_~
o
p—

©
<)

1
1 \?Vestl up

—
g kel
2 150 E
B = . S 3
o9f ] o
=
o, g 100 ()
= . 0
95 s
2= 504 50
= 4 .
< - ot
a : =

04 ~7.0
Oct Jan
2020 2021
b) . .

g ] =) ]
<l \ ©
g 014 =014
= i = ~
2 0.0 g 0.0
E =
< —0.1- < —0.1
(&) 4 o 4
= 0.2 = 02
&= =)

11-28  12-08 12-18 12-28 01-07 01-17 02-06 02-16 02-26 03-08

2020 2020 2020 2020 2021 2021 2021 2021 2021 2021

P4

= R 1.0
g g ] N [
= 5 01 Xy L os
) © L
) o 0049 Los©
2 z ] 0.6 3
< <= —0.1- I
S o ] o4
= = 0.2 L
&= &= e NN UM UMM 0.2

03-14 0324  04-03 04-13  04-23 04-18 0428 0508 0518 0528

2021 2021 2021 2021 2021 2021 2021 2021 2021 2021
— 02 — 024 .
g ] g ]
g g r
5 011 5o )
o 3 © L
o 0.0+ L O o 8]
: 1 068 : W 68
= —0.1 & 014 -
© ] o ] o4
= 0.2 = 0.2+ F
= &= ERERaZEELIL RAREaEaZ EmEmEmaLs 0.2

06-17 0627 07-07 07-17  07-27 09-10 09-20 09-30 10-10
2021 2021 2021 2021 2021 2021 2021 2021 2021
3
= --- V.SWAN.U-V.SOMS.wU|
> V.SWA1.U-V.SOMS.wU
2 ] V.SWA1.U-V.SWAN.U
g 0.1 r = Average
B ] 0.4
= 0.2
o e e e e 0.2
11-28 12-08 12-18 12-28
2021 2021 2021 2021

266

267  Figure 5. (a) East-west component of the tilt record at the V.SWAN station between October
268 2020 and December 2021. The horizontal black arrows represent periods of accumulation and
269 injection of magma (P1-P7). The light-green bars represent the daily number of explosions. (b)
270  Temporal changes in tilt (green lines) and CC (red, orange, and yellow lines) for P1-P7.

271 Horizontal blue and magenta arrows represent periods for computing tilt and CC levels before
272 changes, respectively. Blue and magenta x-marks represent the maximum tilt change and

273 minimum CC levels within each period, respectively.

274
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4.1.3 Seismic velocity changes at Suwanosejima

We estimated the temporal changes in seismic velocity (dv/v) using the stretching
method. Figure 6 shows the temporal changes in dv/v for all pairs of stations in the 0.5- to 1-Hz
band. The errors in the dv/v estimation were evaluated using the following relationship (Weaver
etal., 2011):

(2)

where T is the inverse of the central frequency of the target frequency band, ¢, and t, are
the start time and end time of the processed time window, respectively, w. = 27 f is the central
angular frequency (f, is the central frequency), and CC is the correlation value between RCCF
and SCCF. Seismic velocity decreased by a few percentages for all station pairs from mid-
December 2020 to February 2021. Further, seismic velocity decreased between July and August
2017 for all pairs of stations. However, in the case of seismic velocities, the common temporal
changes between all pairs of stations were less prominent than those in the CCs. The uncertainty
in the estimated dv/v becomes high in the case of a low CC (Equation 2). Daily precipitation
(bottom panel of Figure 6) and dv/v did not appear to be correlated.

We compared the temporal changes in dv/v and tilt, as we did for CC changes. Figure 7
shows a comparison between the changes in tilt and dv/v for the periods of magma migration
(P1-P7). Temporal changes in tilt and dv/v were correlated during P1 and P5. However, the
correlations were less significant than in the case of changes in tilt and CC. We suggest three
possible interpretations for this low correlation between temporal changes in dv/v and tilt. First,
an unstable estimation of dv/v led to a low correlation. As mentioned above, the uncertainty in a
dv/v computation depends on the waveform correlation, CC (Equation 2). During magma
accumulation and injection, significant decorrelations were detected, which might have affected
the dv/v computation. The second interpretation is that the region of subsurface structural
changes due to magma migration did not extend widely. Previous studies located change regions
in seismic velocities whose sizes of larger than the wavelength (e.g., Brenguier et al., 2008;
Obermann et al., 2013; Machacca-Puma et al., 2019). In our case, the wavelength of Rayleigh
waves ranges 1.15-1.5 km. The third interpretation is that seismic velocity changes are less
sensitive to fluid injection compared to waveform decorrelations. In a laboratory experiment by
measuring dv/v and CC, Théry et al. (2020) demonstrated that decorrelations were more sensitive
to the injection of fluid into a porous medium as the amount of injected water increases.
Recently, Tonegawa et al. (2022) succeeded in detecting waveform decorrelations in seismic
ambient noise CCFs before and during slow earthquakes in the Nankai accretionary prism,
Japan. They interpreted that those decorrelations were caused by fluid migrations. In their
results, temporal changes in CC are more correlated to occurrences of slow earthquakes than
those in seismic velocities. Based on the differences in the temporal changes (spatiotemporal
changes) of dv/v and CC, further studies are needed to clarify in detail the factors that cause
subsurface structural changes. Simultaneous computations of dv/v and CC for various regions,
both volcanic and non-volcanic, are important to access these points.
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Figure 7. Temporal changes in tilt (green lines) and dv/v (blue, green, and purple lines) for P1-
P7.

4.2 Correlation between CC and tilt changes throughout the study period

In the previous section, we showed the synchronized changes in CC and tilt for the
periods of magma migration from October 2020 (P1-P7). Here, we computed these correlations
throughout the study period to estimate the correlations between the temporal changes in CC and
tilt before October 2020. Figure 8a shows the temporal changes in CC averaged over all three
station pairs (red line) and the east—west component of the tilt record at V.SWAN (green line),
between April 2017 and December 2021. Figure 8b shows the temporal changes in the
correlation functions between the CC and changes in tilt for three different (11-day, 21- day, 31-
day) time windows. We computed them by sliding the time window for every day. We defined
the tilt changes as a reference; therefore, a positive lag time means that a CC change is delayed
to tilt changes. As it is difficult to determine the suitable length for the time window, we
estimated the results on three different time windows. Before calculating the correlation
functions between the CC and tilt, the hourly tilt records were averaged and decimated to daily
records. Changes in CC and tilt were well correlated during the periods P1-P7 and are indicated
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by black horizontal bars in Figure 8. For these periods, the maximum amplitudes of the
correlation functions exceeded 0.7. Such periods of high correlation between CC and tilt changes
were also estimated in 2017 and 2018, as indicated by the black horizontal bars (hereafter called
P8-P12) in Figure 8. Although a similar high correlation between CC and tilt changes was
detected during June—August 2020, tilt records in these periods were highly scattered, and it was
difficult to compare the CC and tilt changes. Therefore, we did not use these periods in this
study.

Figure 9 shows the temporal changes in tilt and CC for the periods P8—P12. The timings
of the decorrelation and tilt changes were well synchronized. During P8, the CC value fell
significantly from 0.95 to 0.4, although the changes in tilt were not higher than those in other
periods. To estimate the difference in SCCF for P8 and those for other periods, we computed the
similarities between the waveforms using the stretching method. Figure 10 shows the correlation
matrix of SCCFs for P1-P12 for the V.SWAN-V.SOMS station pair. The SCCFs for the days
with the lowest CCs within each period were used for the computation. The SCCF for P8 showed
a very low correlation with the SCCF for other periods. The decorrelation observed for P8 might
not be related to magma accumulation and injection beneath Suwanosejima; other factors might
have caused this decorrelation. Although the JMA did not report P9—P12 as magma accumulation
and injection periods in 2017 and 2018, changes in the scattering property similar to P1-P7 could
also have occurred in P9—P12.
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4.3 Relationship between amounts of decorrelation and tilt change

Comparing the amounts of decorrelation and tilt change will contribute to improving
volcano monitoring with seismic scattering property changes. Here, we compared the amounts
of decorrelation and tilt change observed during the magma migration periods. We defined the
amount of decorrelation as the difference between the CC level in the period before the
decorrelation corresponding to the tilt change occurred and the CC value when the CC dropped
the most. For example, during P1, the decorrelation corresponding to the tilt change occurred
once (see Figure 5b). The median CC level in the period indicated by the horizontal magenta
arrow was assumed to be the CC level before the change and that indicated by the magenta x-
mark to be the minimum CC level. The average CC values of all three station pairs were used
in the calculations. The amount of tilt change for P1 was defined as the difference between the
amount of tilt before the change (blue horizontal arrows in Figure 5b) and the amount of tilt
when the tilt from east to west was at its maximum (blue x mark in Figure 5b). The amounts of
decorrelation and tilt changes for P2—P7 and P9—P12 were computed using the same
procedure. The decorrelation event during P8 was not used because the decorrelation in this
period was attributed to a different factor than that in the other periods. Figure 11 shows the
relationship between the amounts of decorrelation and the change in tilt for the 13 data points
from P1 to P7 and P9 to P12. Large tilt changes appeared to cause large decorrelation. The
correlation coefficient was 0.76 (p-value = 0.003). The amounts of decorrelation and tilt
changes in P9—P12 were smaller than those in P1-P3, P5, and P7. The number of explosions in
P9-P12 was significantly lower than that in P1-P3, P5, and P7. Therefore, the activity level of
the surface phenomena might correlate with the amount of decorrelation.

Obermann et al. (2013) compared the ejected magma volumes of an eruption at Piton de
la Fournaise on Reunion Island and the scattering cross sections, which were computed from the
decorrelation values for the two eruptions in 2010. They reported that a large scattering cross
section corresponded to a large magma volume and that the ejected magma volume was of the
order of the cubic value of the scattering cross section. No further studies have discussed this
type of scaling relationship in active volcanoes. Although Obermann et al. (2013) used only two
events, their study inspired us to investigate the repeated occurrence of decorrelations at
Suwanosejima that were synchronized with the tilt changes and to discuss the relationship
between the amounts of tilt change and decorrelation using a large data set.

The following is a summary of the phenomena that might have occurred beneath the

Suwanosejima volcano during P1-P7 and P9-P12:

(1) Magma accumulation period: Magma accumulation occurred in the shallow areas of
Suwanosejima, and this accumulation caused a west-up tilt change at the V.SWAN station.
The scattering property of the subsurface area around the magma accumulation changed
significantly, and this caused waveform changes (decorrelations) in the CCFs of seismic
ambient noise. The west-up tilt change at the V.SWAN station indicated an accumulation of
magma on the western part of Suwanosejima. We assume that the accumulation of magma
occurs below 1 km depth because the penetration depth of Rayleigh waves at 0.5-1 Hz is
approximately 700 m.

(2) Magma injection period: After the accumulation of magma in the shallow parts of western
Suwanosejima, the magma was injected beneath the crater. This was indicated by the east-up
tilt change at the V.SWAN station. The number of explosions increased during this period. As
magma accumulated in the previous stage moved beneath the crater and was emitted by
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eruptions, the CC value of the CCFs of seismic ambient noise was recovered. Observations in
these two stages suggest that the changes in the CCFs of seismic ambient noise, caused by
changes in the scattering properties, were due to magma accumulation in the shallow parts of
western Suwanosejima.

The high correlation between the amounts of decorrelation and tilt change suggests that a
large volume of magma accumulated during the magma accumulation period caused great
changes in the scattering property. At present, it is difficult to discuss in detail the relationships
between the amount of decorrelation and the accumulated magma volume because the spatial
distribution of the changes in the scattering property and the parameters of the pressure sources
(location, geometry, and amount of volume change) obtaining from geodetic data are not
available for Suwanosejima. However, the results of this study suggest the possibility to
quantitatively compare the amount of changes in the scattering property inferred from passive
interferometry using seismic ambient noise with the amount of magma accumulation beneath
volcanoes.

05 1 1 1 | 1 1 1 | 1
) i P2 B
“IJ 0.4 -
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S i B
=
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Figure 11. A relationship between the amounts of decorrelation (1-CC) and tilt change. The
results for P1-P7 are indicated by closed circles, and those for P9—P12 are indicated by x-marks.
Some periods include two or three decorrelation events. For example, P9-1 and P9-2 mean the
first and second decorrelation events in P9 (see also Figure 9), respectively.

5 Conclusion

We applied passive interferometry to continuous seismic records from Suwanosejima
volcano, Japan, recorded during April 2017-December 2021. We detected repeated significant
reductions in waveform correlation (waveform decorrelations) in seismic ambient noise CCFs,
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indicating seismic scattering property changes in the shallow parts of the volcano. These
decorrelations started from 2 weeks to few days before the increase in the number of explosions,
suggesting that seismic scattering properties changed significantly before highly active
explosions. Further, we found that the timing of the waveform decorrelation in seismic ambient
noise CCFs and tilt changes, related to magma accumulation and injection beneath
Suwanosejima, were well synchronized. Magma accumulations in the western part of
Suwanosejima were detected as west-up tilt changes and probably caused seismic scattering
property changes. Magma injections beneath the crater were detected as east-up tilt changes and
caused recovery in waveform correlations. Repeated occurrence of decorrelations at
Suwanosejima that were synchronized with the tilt changes allowed us to discuss the relationship
between the amounts of decorrelation and tilt change. The high correlation between the amounts
of decorrelation and tilt change suggests that the large volume of accumulated magma caused
great changes in the scattering property. Further detailed discussion is limited because the spatial
distribution of the changes in the scattering property and the parameters of the pressure sources
obtained from geodetic data are not available for Suwanosejima. However, our results are the
first to show a high correlation between the temporal changes in seismic scattering properties and
tilt and provide a significant first step toward quantitative comparison of the amount of changes
in the scattering property with the amount of magma accumulation beneath volcanoes.
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https://www.data.jma.go.jp/obd/stats/etrn/index.php?prec_no=88&block_no=1654&year=&mont
h=&day=&view=. The recent daily number of explosions at Suwanosejima was provided by the
JMA (https://www.data.jma.go.jp/svd/vois/data/fukuoka/open-data/data/511 num_data.html).
The DEM data, ALOS Global Digital Surface Model “ALOS World 3D - 30m (AW3D30),” used
to create a topographic map, are available at
https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm.
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Appendix
Al. Correction of rain effects in tilt records

The tilt changes caused by rainfall are among the largest noises in the tilt records. At
Suwanosejima, more than 100 mm of precipitation is often observed daily during the monsoon
season. Such heavy rains were also observed during magma accumulation and injection periods.
To improve our comparison of temporal changes in tilt and CC (dv/v), we corrected for
precipitation effects in the tilt records.

A tank model consisting of three vertically connected tanks was used (Figure A1). Each
tank corresponded to an aquifer at different depths. The downward force due to the load on each
tank was assumed to be proportional to the water level, and the tilt variation due to the load was
assumed to be proportional to the force as in the case of a semi-infinite homogeneous elastic
body. The tilt record was corrected using a model combined with a first-order delay system. In
the tank model, the water level at time t,, in the i-th aquifer, y;(t,,), is expressed as follows:

(1 =1r)yi(tn) + P(tn) for i=1
(1 - j)yi(tn) +121yi-1(t,)  for i+ 1.
where r; represents the penetration rate of the i-th aquifer and P(t,,) represents
precipitation at time t,,. The first layer was directly affected by rainfall. In this study, we
corrected hourly tilt records using hourly precipitation data recorded at the AMeDAS station at

Suwanosejima. The synthetic tilt change AT caused by rainfall was calculated as the sum of the
loading from each aquifer:

Yi(tne1) = { (A1)

3
AT(6) = ) Ai(tn). (42)

Here, A; is a constant value that is determined by fitting the synthetic tilt changes to the
observed values between August 1 and August 15, 2017 (light-green curve in Figure A2). Note
that the effects of tides were already removed in that observed tilt (Tamura et al., 1991). During
this period, only a few eruptions occurred; thus, we expect that tilt changes during this period
were mainly caused by heavy rainfall.

The best-fit values of 4; and r; (i=1,2,3) were determined using a grid search. The search
ranges of A; and r; were —0.05 to 0.05 and 0.001-0.5, respectively. The best-fit values were
determined to be (4,,4,,A43) = (—0.0005,0.0001,—0.005) and (r,7,,73) = (0.1,0.01,0.05).
The gray curve in Figure A2 represents AT from the best-fit values of A; and r;. This synthesized
tilt change almost explains the largest tilt change around August 7, 2017, in the original tilt
record (light-green curve). The dark-green curve in Figure A2 represents the tilt changes after
subtracting the tilt changes synthesized by the tank model from the original tilt record. Although
we used a simple tank model, the effects of heavy rain were almost completely eliminated.
Finally, we corrected the tilt records of the study period using a tank model with the same A; and
r;. The tilt changes shown in Figures 5, 7, 8, and 9 were those after removing the effects of
rainfall.
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