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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:  8 

• Waveform decorrelations in seismic ambient noise cross-correlation functions were 9 

detected repeatedly at Suwanosejima volcano, Japan. 10 

• Repeated decorrelations were well synchronized with tilt changes, indicating magma 11 

accumulation and injection beneath Suwanosejima. 12 

• Comparison of the amounts of decorrelation and tilt change revealed a positive 13 

correlation between them. 14 
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Abstract 16 

The continuous estimation of changes in seismic velocity and seismic scattering property by 17 

passive interferometry using seismic ambient noise is a promising tool for monitoring volcanoes. 18 

To improve the usefulness of this method, it is necessary not only to detect subsurface structural 19 

changes but also to quantitatively compare the estimated changes in seismic wave velocity and 20 

seismic wave scattering property with other observations such as ground deformation. We 21 

applied passive interferometry to continuous seismic records from Suwanosejima volcano, Japan, 22 

recorded between April 2017 and December 2021. We detected repeated significant waveform 23 

decorrelations in seismic ambient noise cross-correlation functions, indicating seismic scattering 24 

property changes in the shallow areas of the volcano. These decorrelations were observed from 2 25 

week to a few days before the increase in the number of explosions, suggesting that seismic 26 

scattering properties changed significantly during that period. We found that the timing of the 27 

decorrelation in seismic ambient noise cross-correlation functions and tilt changes related to 28 

magma accumulation and injection beneath Suwanosejima were well synchronized. The high 29 

correlation between the amounts of decorrelation and tilt change during the magma accumulation 30 

period suggests that a large volume of accumulated magma caused great changes in the 31 

scattering property. These results provide a significant first step toward a quantitative 32 

comparison of the amount of changes in the scattering property with the amount of magma 33 

accumulation beneath volcanoes. 34 

 35 

Plain Language Summary 36 

The continuous estimation of seismic velocity and seismic scattering property changes by passive 37 

interferometry using seismic ambient noise is a promising tool for monitoring volcanoes. Although 38 

many previous studies have reported seismic velocity changes related to volcanic activity, only a 39 

few of them analyzed the changes in seismic scattering properties beneath volcanoes. We 40 

compared the changes in seismic scattering property estimated by passive interferometry and 41 

ground deformation obtained from tilt records, at Suwanosejima volcano, Japan between April 42 

2017 and December 2021. This study is the first to investigate the correlation between the temporal 43 

changes in seismic scattering properties and tilt. We detected repeated significant waveform 44 

decorrelations in seismic ambient noise cross-correlation functions, and these were well 45 

synchronized to tilt changes. Moreover, we found a positive correlation between the amounts of 46 

waveform decorrelation and tilt change observed during the magma accumulation and injection 47 

periods. These results suggest the possibility to quantitatively compare the amount of changes in 48 

the scattering property inferred from passive interferometry using seismic ambient noise with the 49 

amount of magma accumulation beneath volcanoes.  50 

 51 

 52 

 53 
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1 Introduction 58 

The continuous estimation of seismic velocity and seismic scattering property changes by 59 

passive interferometry using seismic ambient noise (Curtis et al., 2006; Shapiro & Campillo, 60 

2004) is a promising tool for monitoring volcanoes. Many previous studies have reported seismic 61 

velocity changes related to volcanic activity (Brenguier et al., 2008; Budi-Santoso & Lesage, 62 

2016; Donaldson et al., 2019; Machacca-Puma et al., 2019; Nishida et al., 2020) or those 63 

associated with volcanic deformation during quiet periods (Donaldson et al., 2017; Hirose et al., 64 

2017; Takano et al., 2017). In many cases, seismic velocity changes beneath the volcanoes have 65 

been interpreted to be because of crack opening or closing due to stress changes from magma 66 

pressurization. In some volcanoes, strain (or stress) sensitivities to seismic velocity changes have 67 

been estimated (Hirose et al., 2017; Takano et al., 2017), and the relationships between seismic 68 

velocity changes and other observations have been discussed quantitatively. Changes in seismic 69 

scattering property are observed as reductions in waveform correlations (waveform 70 

decorrelations) in seismograms. These changes originate from the emergence of new scatterers 71 

due to the injection of volcanic fluid or the creation of new cracks, which changes the properties 72 

of the medium (Larose et al., 2010; Margerin et al., 2015; Planès et al., 2015). However, there 73 

are very few studies on the changes in seismic scattering properties beneath volcanoes 74 

(Obermann et al., 2013; Sánchez-Pastor et al., 2018). Therefore, the relationship between the 75 

changes in seismic scattering properties and other observations, such as ground deformation and 76 

other surface phenomena, is poorly understood. Obermann et al. (2013) mentioned the 77 

relationship between the changes in seismic scattering properties and magma ejection volumes. 78 

They compared the ejected magma volumes of an eruption at Piton de la Fournaise on Reunion 79 

Island and the scattering cross-sections, which were computed from the decorrelation values of 80 

two eruptions in 2010. They reported that a large scattering cross-section corresponded to a large 81 

ejected magma volume. Quantitative comparison of seismic scattering property changes and 82 

other observations will be the key to developing passive monitoring tools for volcanic activities. 83 

To establish such a quantitative relationship, it is necessary to repeatedly detect changes in the 84 

seismic wave scattering characteristics of the subsurface, associated with volcanic activities, 85 

such as eruptions. However, no previous studies have focused on the repeated changes in seismic 86 

scattering properties beneath the volcanoes caused by repeated eruptions. 87 

Suwanosejima is an active volcanic island located on the Kyushu-Ryukyu arc in the 88 

Pacific Ocean (Figure 1a). The island has an elliptical shape with major and minor axes of 89 

approximately 8 km and 6 km, respectively. In 1813–1814 and 1884–1885, eruption-extruded 90 

lava reached the western and eastern coasts of the island, respectively. A horseshoe-shaped 91 

caldera, called Mount Otake (red triangle in Figure 1a), was formed at the summit, and 92 

strombolian or vulcanian eruptions frequently occurred in a cinder cone in the caldera from 1957 93 

to 1994 (Iguchi et al., 2008). Since the 2000s, volcanic activity at Suwanosejima has been 94 

relatively high. Eruptive activity further increased since late October 2020, and the number of 95 

eruptions increased rapidly by the end of December 2020. Volcanic activity quieted down in 96 

January and February 2021, but the number of eruptions increased again at the beginning and 97 

end of March 2021. The number of eruptions temporarily increased at the beginning and end of 98 

May 2021, June 2021, July 2021, September 2021, and December 2021 (Japan Meteorological 99 

Agency (JMA), 2022). Since December 2020, significant tilt changes in the western part of 100 

Suwanosejima associated with magma accumulation and magma injection from the western part 101 

of Suwanosejima to beneath the Otake crater have repeatedly been detected (JMA, 2022). These 102 
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magma migrations may have caused repeated changes in the subsurface structures beneath 103 

Suwanosejima.  104 

We first attempted to detect seismic scattering property changes by passive 105 

interferometry using seismic ambient noise. Then, we explored the relationship between the 106 

changes in the scattering property and the changes in tilt related to magma migrations.  107 

2 Data and Methods 108 

2.1 Data 109 

Figure 1a shows the location map of Suwanosejima volcano and the spatial distribution 110 

of the seismic stations (black x-marks). Two short-period seismometers with a natural period of 111 

1 s were installed on the ground surface (V.SWA1, July 2001) and at a depth of 94 m (V.SWAN, 112 

August 2010), and a broadband seismometer was installed at a depth of 3 m (V.SOMS, 113 

December 2016). All seismograms were recorded at a sampling frequency of 100 Hz. We used 114 

continuous seismograms from these three seismic stations during the period April 1, 2017–115 

December 31, 2021. All continuous seismograms are available at the Data Management Center 116 

of the National Research Institute for Earth Science and Disaster Resilience (NIED) 117 

(http://www.hinet.bosai.go.jp).  118 

Figure 1b shows the temporal changes in the spectra of continuous seismic records from 119 

each station. We applied a fast Fourier transform to continuous seismic records every 10 min and 120 

stacked the spectra over 1 day. The significantly small spectral amplitude observed at V.SWA1 121 

between early December 2018 and mid-May 2019 was caused by seismometer malfunction. 122 

Spectral amplitudes at frequencies between 0.5 and 1.5 Hz were relatively stable over time, 123 

whereas those above 1.5 Hz fluctuated significantly. The dominant frequency of volcanic 124 

tremors at Suwanosejima is probably approximately 2 to 6 Hz. To reduce the effect of volcanic 125 

tremors, we used seismic ambient noise records at 0.5–1 Hz (indicated by red rectangles in 126 

Figure 1b) in passive interferometry. 127 

 128 

http://www.hinet.bosai.go.jp/
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129 
Figure 1. (a) Spatial distributions of seismometers (x-marks), tilt meter (circle), and AMeDAS 130 

(rain gauge) station (diamond). The red triangle represents the Otake crater. The ALOS Global 131 

Digital Surface Model “ALOS World 3D - 30m (AW3D30)” 132 

(https://www.eorc.jaxa.jp/ALOS/en/dataset/aw3d30/aw3d30_e.htm) was used to create the 133 

topographic map. (b) Spectrograms of continuous seismic records between April 2017 and 134 

December 2021 for each seismic station. The target frequency band of this study, 0.5–1 Hz, is 135 

indicated by red-dashed rectangles. 136 

 137 

 138 

2.2 Estimation method of seismic scattering property changes 139 

Cross-correlation functions (CCFs) of seismic ambient noise were computed in the 140 

frequency band 0.5–1 Hz, which had relatively stable spectral amplitudes over time. We first 141 

divided the continuous seismogram into 10-min segments and applied spectral whitening and 1-142 

bit normalization to reduce the effect of monochromatic noise sources and transient signals with 143 

large amplitudes (Bensen et al., 2007). Then, the CCFs of seismic ambient noise were computed 144 

for every 10 min, and the daily CCFs were obtained by stacking the 10-min CCFs every day. To 145 

improve the signal-to-noise ratio of the CCFs, we stacked the daily CCFs over 3 days with a 146 

sliding time window every day (hereafter called SCCF). Figure 2 shows the SCCF waveforms 147 

for the V.SWAN–V.SOMS station pair in the 0.5- to 1-Hz band. The SCCFs were relatively 148 

stable over time, except for some periods. For example, wave packets with large amplitudes 149 

observed with a lag time between −5 and +5 s did not show seasonal variations. A similar 150 

temporal stability in the CCFs was obtained for the other station pairs. Therefore, seasonal 151 

variations in noise sources (Stehly et al., 2006) did not strongly affect the CCFs of seismic 152 

ambient noise in the 0.5-to 1-Hz band at Suwanosejima.  153 
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We applied the stretching method (Sens-Schönfelder & Wegler, 2006) to compute the 154 

waveform correlations (hereafter CC), which represent seismic scattering property changes and 155 

relative seismic velocity changes (hereafter dv/v). This method consists of simulating an artificial 156 

seismic velocity change by stretching the wavelet through a factor 𝜀 and applying the 157 

transformation 𝐶𝐶𝐹(𝑡)  →  𝐶𝐶𝐹((1 − 𝜀)𝑡). The CCFs were stretched to several possible values 158 

of 𝜀. The optimum dv/v maximized the CC computed between the stretched and reference CCF 159 

(RCCF) values as follows: 160 

𝐶𝐶(𝜀) =
∫ 𝐶𝐶𝐹((1 − 𝜀) × 𝑡)𝐶𝐶𝐹𝑟𝑒𝑓(𝑡)𝑑𝑡

𝑡2

𝑡1

√∫ 𝐶𝐶𝐹((1 − 𝜀) × 𝑡)2𝑑𝑡
𝑡2

𝑡1
∫ 𝐶𝐶𝐹𝑟𝑒𝑓(𝑡)2𝑑𝑡

𝑡2

𝑡1

. (1) 161 

where 𝑡1 and 𝑡2 represent the start and end times of the processed time window, 162 

respectively. In this study, we defined 𝑡1 as an arrival time of direct Rayleigh wave (1.15 km/s) 163 

and 𝑡2 = 𝑡1 + 15 s.  The used time window is shown by green-dashed rectangles in Figure 2. 164 

The choice of period to construct an RCCF affects the measurement of CC (and dv/v) (Sens-165 

Schönfelder et al., 2014). The RCCF was calculated as follows: first, we calculated the CC 166 

values for all possible combinations of SCCFs during the study period; then, we selected the 167 

SCCFs whose average CC values between these in other days were greater than 0.9 to construct 168 

the RCCF. By this selection, 34–58 % of the SCCFs were excluded for each station pair. Finally, 169 

the RCCF was calculated by stacking the selected SCCFs. The calculated RCCFs were less 170 

affected by the SCCFs with low CCs. To compute CC (and dv/v), the stretching method was 171 

applied individually to the causal and acausal parts of the SCCF and the results were averaged.  172 

 173 

Figure 2. SCCF waveforms in the 0.5–1 Hz band for the station pair V.SWAN–V.SOMS. The 174 

portions of SCCFs represented by green-dashed rectangles were used in dv/v and CC 175 

measurements. 176 

 177 

Ap r
2 0 1 7

Ja n
2 0 1 8

Ja n
2 0 1 9

Ja n
2 0 2 0

Ja n
2 0 2 1

Ja n
2 0 2 2

− 2 0

− 1 5

− 1 0

− 5

0

5

1 0

1 5

2 0

L
a

g
 T

im
e

 [
s

]

0 .5 -1  H z

-0 .0 0 2 -0 .0 0 1 0 .0 0 0 0 .0 0 1 0 .0 0 2

Am p lit u d e

V.S WAN .U-V.S OM S .w U



manuscript submitted to JGR: Solid Earth 

 

3 Results 178 

Significant waveform CC reductions (decorrelations) in the CCFs of seismic ambient 179 

noise were observed during the study period. Figure 3 shows the temporal changes in CC for all 180 

pairs of stations in the 0.5- to 1-Hz band. For the V.SWAN–V.SOMS station pair, the CC values 181 

usually exceeded 0.9 before December 2020, except for some periods. However, significant 182 

decorrelations were observed repeatedly from mid-December 2020. CC values often dropped 183 

below 0.5 during this period. Similar repeated decorrelations were also estimated for the station 184 

pairs, V.SWA1–V.SOMS and V.SWA1–V.SWAN from mid-December 2020. All station pairs 185 

also showed significant repeated decorrelations during May 2017–August 2017. Repeated 186 

decorrelations were also estimated for station pair V.SWA1–V.SOMS during October 2019–187 

February 2020. It is assumed that Rayleigh waves are predominant in the CCFs of seismic 188 

ambient noise. Therefore, these significant decorrelations indicate the changes in seismic 189 

scattering property occurred in the shallow parts of the volcano, at depths of 0–700 m. Moreover, 190 

heavy rainfall possibly causes seismic velocity or scattering property changes (Obermann et al., 191 

2014; Rivet et al., 2015; Sens-Schönfelder & Wegler, 2006). The bottom panel of Figure 3 192 

shows the daily precipitation at Suwanosejima. Precipitation of more than 100 mm/d was often 193 

observed at Suwanosejima during the monsoon seasons. However, repeated decorrelations did 194 

not clearly correlate with precipitation. Furthermore, temporal changes in the CC values did not 195 

show seasonal variations.  196 
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 197 

Figure 3. (top) Temporal changes in CC for each seismic station and the averaged one. The 198 

horizontal black lines indicate the level of CC=1. (bottom) Daily precipitation recorded at the 199 

AMeDAS (rain gauge) station at Suwanosejima (see Figure 1a). Precipitation data of 200 

Suwanosejima are available at 201 

https://www.data.jma.go.jp/obd/stats/etrn/index.php?prec_no=88&block_no=1654&year=&mont202 

h=&day=&view=.  203 

 204 

4 Discussion 205 

4.1 Comparison with other observations during October 2020–December 2021 206 

4.1.1 The number of explosions and temporal changes in waveform correlation 207 

We first compared the number of explosions (eruptions with strong infrasound) and 208 

temporal changes in CC to discuss the relationship between seismic scattering property changes 209 

and volcano eruptions. At Suwanosejima, the number of explosions began to increase slightly 210 

https://www.data.jma.go.jp/obd/stats/etrn/index.php?prec_no=88&block_no=1654&year=&month=&day=&view=
https://www.data.jma.go.jp/obd/stats/etrn/index.php?prec_no=88&block_no=1654&year=&month=&day=&view=
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from October 2020. The green bars in Figure 4 indicate the number of daily explosions. An 211 

epidemic increase in the number of explosions occurred on December 21, 2020, and such a high 212 

daily activity continued for a week: 89 and 81 explosions on December 21 and 27, 2020, 213 

respectively. In 2021, there was a temporal increase in the number of explosions in almost all the 214 

months. The highest numbers of explosions, 141 and 169, were observed on December 17, 2021, 215 

and December 24, 2021, respectively. The temporal changes in the CC for each pair of stations 216 

and the average CC during the same period are shown in Figure 4. The most striking result is that 217 

an increase in the number of explosions is often accompanied by precursor decorrelations. For 218 

example, decorrelation was observed 1 week before the increased number of explosions that 219 

occurred from December 21, 2020. Similar precursory decorrelations were also detected 5 days 220 

and 14 days before the increased volcanic activities on July 6, 2021, and September 12, 2021, 221 

respectively. In most cases, the CCs almost recovered before the end of the temporal increase in 222 

the number of explosions. These results imply that the seismic scattering properties changed 223 

significantly before highly active explosions. 224 
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 225 

Figure 4. Daily number of explosions at Suwanosejima (green bars) and temporal changes in CC 226 

between October 2020 and December 2021 for each station pair (red-, orange- and yellow- 227 

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

Suwanosejima are provided by JMA (https://www.data.jma.go.jp/svd/vois/data/fukuoka/open-229 

data/data/511_num_data.html).  230 

 231 

https://www.data.jma.go.jp/svd/vois/data/fukuoka/open-data/data/511_num_data.html
https://www.data.jma.go.jp/svd/vois/data/fukuoka/open-data/data/511_num_data.html
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4.1.2 Temporal changes in tilt and waveform correlation 232 

To discuss the possible cause of these decorrelations, we compared the temporal changes 233 

in the tilt and CCs. Figure 5a shows the east–west component of the tilt record at the V.SWAN 234 

station between October 2020 and December 2021 (see Figure 1). The tiltmeter was installed at a 235 

depth of 94 m, and the north–south and east–west components of the tilts were recorded at a 236 

sampling frequency of 1 Hz. The continuous tilt record was first decimated to hourly tilt records. 237 

The effects of tides were removed (Tamura et al., 1991) and those of rain were removed using a 238 

tank model (Kimura et al., 2015; Takagi & Onizawa, 2016; Ueda et al., 2010) (Appendix A). 239 

Significant tilt changes in the west-up and east-up components were repeatedly observed from 240 

December 2020 (indicated by the black horizontal arrows in Figure 5a). These tilt changes are 241 

interpreted as the accumulation of magma west of Suwanosejima (west-up tilt change) and 242 

injection of magma beneath the crater (east-up tilt change) (JMA, 2022). Seven magma 243 

migration periods (P1–P7) reported by JMA are marked in Figure 5a. West-up tilt changes were 244 

observed before the number of explosions increased, and east-up tilt changes were observed 245 

during highly active periods. Figure 5b shows the temporal changes in the CC and tilt during the 246 

magma migration periods. During P1, decorrelation and the west-up tilt change became 247 

significant from December 12, 2020, and were correlated. In the case of P2, the temporal 248 

changes in the tilt and CC appeared to be less correlated than those in P1. CC and tilt changes 249 

were well synchronized during the periods P3, P4, and P6. During P5, a clear decorrelation 250 

occurred. The timings of the largest waveform decorrelations and west-up tilt changes were 251 

almost synchronized during P3–P6. During P7, the west-up change lasted approximately 2 252 

weeks, and a gradual decorrelation was observed during this period. In most cases, the CC values 253 

gradually decreased during changes in the west-up tilt and gradually recovered during changes in 254 

the east-up tilt. Thus, temporal changes in the CC and tilt were well correlated. This indicated 255 

that the changes in the seismic scattering property that caused changes in the CCFs of seismic 256 

ambient noise were due to magma migration beneath Suwanosejima. 257 

The relationship between seismic velocity and ground deformation at active volcanoes 258 

has been discussed in previous studies. Donaldson et al. (2017) showed that seismic velocity 259 

changes at Kilauea volcano are well correlated with tilt changes on a time scale of days to weeks. 260 

They interpreted that such synchronized temporal changes in seismic velocity and deformation 261 

were related to the closing or opening of cracks due to deflation–inflation of the magma 262 

reservoir. Although they used seismic velocity changes and not decorrelations, their results were 263 

similar to those of this study. To our knowledge, this study is the first to investigate the 264 

correlation between temporal changes in seismic scattering properties and tilt. 265 
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 266 

Figure 5. (a) East–west component of the tilt record at the V.SWAN station between October 267 

2020 and December 2021. The horizontal black arrows represent periods of accumulation and 268 

injection of magma (P1–P7). The light-green bars represent the daily number of explosions. (b) 269 

Temporal changes in tilt (green lines) and CC (red, orange, and yellow lines) for P1–P7. 270 

Horizontal blue and magenta arrows represent periods for computing tilt and CC levels before 271 

changes, respectively. Blue and magenta x-marks represent the maximum tilt change and 272 

minimum CC levels within each period, respectively. 273 

 274 



manuscript submitted to JGR: Solid Earth 

 

4.1.3 Seismic velocity changes at Suwanosejima 275 

We estimated the temporal changes in seismic velocity (dv/v) using the stretching 276 

method. Figure 6 shows the temporal changes in dv/v for all pairs of stations in the 0.5- to 1-Hz 277 

band. The errors in the dv/v estimation were evaluated using the following relationship (Weaver 278 

et al., 2011): 279 

𝑟𝑚𝑠 =
√1 − 𝐶𝐶2

2CC
√

6√
π
2 𝑇

ω𝑐
2(𝑡2

3 − 𝑡1
3)

. (2)
 280 

where T is the inverse of the central frequency of the target frequency band, 𝑡1 and 𝑡2 are 281 

the start time and end time of the processed time window, respectively, 𝜔𝑐 = 2𝜋𝑓𝑐 is the central 282 

angular frequency (𝑓𝑐 is the central frequency), and 𝐶𝐶 is the correlation value between RCCF 283 

and SCCF. Seismic velocity decreased by a few percentages for all station pairs from mid-284 

December 2020 to February 2021. Further, seismic velocity decreased between July and August 285 

2017 for all pairs of stations. However, in the case of seismic velocities, the common temporal 286 

changes between all pairs of stations were less prominent than those in the CCs. The uncertainty 287 

in the estimated dv/v becomes high in the case of a low CC (Equation 2). Daily precipitation 288 

(bottom panel of Figure 6) and dv/v did not appear to be correlated. 289 

We compared the temporal changes in dv/v and tilt, as we did for CC changes. Figure 7 290 

shows a comparison between the changes in tilt and dv/v for the periods of magma migration 291 

(P1–P7). Temporal changes in tilt and dv/v were correlated during P1 and P5. However, the 292 

correlations were less significant than in the case of changes in tilt and CC. We suggest three 293 

possible interpretations for this low correlation between temporal changes in dv/v and tilt. First, 294 

an unstable estimation of dv/v led to a low correlation. As mentioned above, the uncertainty in a 295 

dv/v computation depends on the waveform correlation, CC (Equation 2). During magma 296 

accumulation and injection, significant decorrelations were detected, which might have affected 297 

the dv/v computation. The second interpretation is that the region of subsurface structural 298 

changes due to magma migration did not extend widely. Previous studies located change regions 299 

in seismic velocities whose sizes of larger than the wavelength (e.g., Brenguier et al., 2008; 300 

Obermann et al., 2013; Machacca-Puma et al., 2019). In our case, the wavelength of Rayleigh 301 

waves ranges 1.15–1.5 km. The third interpretation is that seismic velocity changes are less 302 

sensitive to fluid injection compared to waveform decorrelations. In a laboratory experiment by 303 

measuring dv/v and CC, Théry et al. (2020) demonstrated that decorrelations were more sensitive 304 

to the injection of fluid into a porous medium as the amount of injected water increases. 305 

Recently, Tonegawa et al. (2022) succeeded in detecting waveform decorrelations in seismic 306 

ambient noise CCFs before and during slow earthquakes in the Nankai accretionary prism, 307 

Japan. They interpreted that those decorrelations were caused by fluid migrations. In their 308 

results, temporal changes in CC are more correlated to occurrences of slow earthquakes than 309 

those in seismic velocities. Based on the differences in the temporal changes (spatiotemporal 310 

changes) of dv/v and CC, further studies are needed to clarify in detail the factors that cause 311 

subsurface structural changes. Simultaneous computations of dv/v and CC for various regions, 312 

both volcanic and non-volcanic, are important to access these points. 313 
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 314 

Figure 6. (top) Temporal changes in dv/v for each seismic station and the averaged one. (bottom) 315 

Daily precipitation recorded at the AMeDAS station.  316 

 317 
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 318 

Figure 7. Temporal changes in tilt (green lines) and dv/v (blue, green, and purple lines) for P1–319 

P7.  320 

 321 

 322 

4.2 Correlation between CC and tilt changes throughout the study period 323 

In the previous section, we showed the synchronized changes in CC and tilt for the 324 

periods of magma migration from October 2020 (P1–P7). Here, we computed these correlations 325 

throughout the study period to estimate the correlations between the temporal changes in CC and 326 

tilt before October 2020. Figure 8a shows the temporal changes in CC averaged over all three 327 

station pairs (red line) and the east–west component of the tilt record at V.SWAN (green line), 328 

between April 2017 and December 2021. Figure 8b shows the temporal changes in the 329 

correlation functions between the CC and changes in tilt for three different (11-day, 21- day, 31-330 

day) time windows. We computed them by sliding the time window for every day. We defined 331 

the tilt changes as a reference; therefore, a positive lag time means that a CC change is delayed 332 

to tilt changes. As it is difficult to determine the suitable length for the time window, we 333 

estimated the results on three different time windows. Before calculating the correlation 334 

functions between the CC and tilt, the hourly tilt records were averaged and decimated to daily 335 

records. Changes in CC and tilt were well correlated during the periods P1–P7 and are indicated 336 
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by black horizontal bars in Figure 8. For these periods, the maximum amplitudes of the 337 

correlation functions exceeded 0.7. Such periods of high correlation between CC and tilt changes 338 

were also estimated in 2017 and 2018, as indicated by the black horizontal bars (hereafter called 339 

P8–P12) in Figure 8. Although a similar high correlation between CC and tilt changes was 340 

detected during June–August 2020, tilt records in these periods were highly scattered, and it was 341 

difficult to compare the CC and tilt changes. Therefore, we did not use these periods in this 342 

study. 343 

Figure 9 shows the temporal changes in tilt and CC for the periods P8–P12. The timings 344 

of the decorrelation and tilt changes were well synchronized. During P8, the CC value fell 345 

significantly from 0.95 to 0.4, although the changes in tilt were not higher than those in other 346 

periods. To estimate the difference in SCCF for P8 and those for other periods, we computed the 347 

similarities between the waveforms using the stretching method. Figure 10 shows the correlation 348 

matrix of SCCFs for P1–P12 for the V.SWAN–V.SOMS station pair. The SCCFs for the days 349 

with the lowest CCs within each period were used for the computation. The SCCF for P8 showed 350 

a very low correlation with the SCCF for other periods. The decorrelation observed for P8 might 351 

not be related to magma accumulation and injection beneath Suwanosejima; other factors might 352 

have caused this decorrelation. Although the JMA did not report P9–P12 as magma accumulation 353 

and injection periods in 2017 and 2018, changes in the scattering property similar to P1–P7 could 354 

also have occurred in P9–P12.  355 
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 356 

Figure 8. (top) Temporal changes in CC averaged for all station pairs (red line) and tilt record on 357 

the east–west component at the station V.SWAN (green line) between April 2017 and December 358 

2021. The horizontal black bars correspond to magma accumulation and injection periods (P1–359 

P7) and other periods for which the changes in CC and tilt show a high correlation (P8–P12). 360 
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 362 

Figure 9. Similar to Figure 5b, but for P8–P12. 363 

 364 

 365 

Figure 10. A correlation matrix of SCCFs for P1–P12 for the V.SWAN-V.SOMS station pair. 366 

 367 
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4.3 Relationship between amounts of decorrelation and tilt change 368 

Comparing the amounts of decorrelation and tilt change will contribute to improving 369 

volcano monitoring with seismic scattering property changes. Here, we compared the amounts 370 

of decorrelation and tilt change observed during the magma migration periods. We defined the 371 

amount of decorrelation as the difference between the CC level in the period before the 372 

decorrelation corresponding to the tilt change occurred and the CC value when the CC dropped 373 

the most. For example, during P1, the decorrelation corresponding to the tilt change occurred 374 

once (see Figure 5b). The median CC level in the period indicated by the horizontal magenta 375 

arrow was assumed to be the CC level before the change and that indicated by the magenta x-376 

mark to be the minimum CC level. The average CC values of all three station pairs were used 377 

in the calculations. The amount of tilt change for P1 was defined as the difference between the 378 

amount of tilt before the change (blue horizontal arrows in Figure 5b) and the amount of tilt 379 

when the tilt from east to west was at its maximum (blue x mark in Figure 5b). The amounts of 380 

decorrelation and tilt changes for P2–P7 and P9–P12 were computed using the same 381 

procedure. The decorrelation event during P8 was not used because the decorrelation in this 382 

period was attributed to a different factor than that in the other periods. Figure 11 shows the 383 

relationship between the amounts of decorrelation and the change in tilt for the 13 data points 384 

from P1 to P7 and P9 to P12. Large tilt changes appeared to cause large decorrelation. The 385 

correlation coefficient was 0.76 (p-value = 0.003). The amounts of decorrelation and tilt 386 

changes in P9–P12 were smaller than those in P1–P3, P5, and P7. The number of explosions in 387 

P9–P12 was significantly lower than that in P1–P3, P5, and P7. Therefore, the activity level of 388 

the surface phenomena might correlate with the amount of decorrelation. 389 

Obermann et al. (2013) compared the ejected magma volumes of an eruption at Piton de 390 

la Fournaise on Reunion Island and the scattering cross sections, which were computed from the 391 

decorrelation values for the two eruptions in 2010. They reported that a large scattering cross 392 

section corresponded to a large magma volume and that the ejected magma volume was of the 393 

order of the cubic value of the scattering cross section. No further studies have discussed this 394 

type of scaling relationship in active volcanoes. Although Obermann et al. (2013) used only two 395 

events, their study inspired us to investigate the repeated occurrence of decorrelations at 396 

Suwanosejima that were synchronized with the tilt changes and to discuss the relationship 397 

between the amounts of tilt change and decorrelation using a large data set.  398 

The following is a summary of the phenomena that might have occurred beneath the 399 

Suwanosejima volcano during P1–P7 and P9–P12: 400 

(1) Magma accumulation period: Magma accumulation occurred in the shallow areas of 401 

Suwanosejima, and this accumulation caused a west-up tilt change at the V.SWAN station. 402 

The scattering property of the subsurface area around the magma accumulation changed 403 

significantly, and this caused waveform changes (decorrelations) in the CCFs of seismic 404 

ambient noise. The west-up tilt change at the V.SWAN station indicated an accumulation of 405 

magma on the western part of Suwanosejima. We assume that the accumulation of magma 406 

occurs below 1 km depth because the penetration depth of Rayleigh waves at 0.5–1 Hz is 407 

approximately 700 m. 408 

(2) Magma injection period: After the accumulation of magma in the shallow parts of western 409 

Suwanosejima, the magma was injected beneath the crater. This was indicated by the east-up 410 

tilt change at the V.SWAN station. The number of explosions increased during this period. As 411 

magma accumulated in the previous stage moved beneath the crater and was emitted by 412 
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eruptions, the CC value of the CCFs of seismic ambient noise was recovered. Observations in 413 

these two stages suggest that the changes in the CCFs of seismic ambient noise, caused by 414 

changes in the scattering properties, were due to magma accumulation in the shallow parts of 415 

western Suwanosejima.  416 

The high correlation between the amounts of decorrelation and tilt change suggests that a 417 

large volume of magma accumulated during the magma accumulation period caused great 418 

changes in the scattering property. At present, it is difficult to discuss in detail the relationships 419 

between the amount of decorrelation and the accumulated magma volume because the spatial 420 

distribution of the changes in the scattering property and the parameters of the pressure sources 421 

(location, geometry, and amount of volume change) obtaining from geodetic data are not 422 

available for Suwanosejima. However, the results of this study suggest the possibility to 423 

quantitatively compare the amount of changes in the scattering property inferred from passive 424 

interferometry using seismic ambient noise with the amount of magma accumulation beneath 425 

volcanoes.  426 

 427 

Figure 11. A relationship between the amounts of decorrelation (1-CC) and tilt change. The 428 

results for P1–P7 are indicated by closed circles, and those for P9–P12 are indicated by x-marks. 429 

Some periods include two or three decorrelation events. For example, P9-1 and P9-2 mean the 430 

first and second decorrelation events in P9 (see also Figure 9), respectively.  431 

 432 

5 Conclusion 433 

We applied passive interferometry to continuous seismic records from Suwanosejima 434 

volcano, Japan, recorded during April 2017–December 2021. We detected repeated significant 435 

reductions in waveform correlation (waveform decorrelations) in seismic ambient noise CCFs, 436 
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indicating seismic scattering property changes in the shallow parts of the volcano. These 437 

decorrelations started from 2 weeks to few days before the increase in the number of explosions, 438 

suggesting that seismic scattering properties changed significantly before highly active 439 

explosions. Further, we found that the timing of the waveform decorrelation in seismic ambient 440 

noise CCFs and tilt changes, related to magma accumulation and injection beneath 441 

Suwanosejima, were well synchronized. Magma accumulations in the western part of 442 

Suwanosejima were detected as west-up tilt changes and probably caused seismic scattering 443 

property changes. Magma injections beneath the crater were detected as east-up tilt changes and 444 

caused recovery in waveform correlations. Repeated occurrence of decorrelations at 445 

Suwanosejima that were synchronized with the tilt changes allowed us to discuss the relationship 446 

between the amounts of decorrelation and tilt change. The high correlation between the amounts 447 

of decorrelation and tilt change suggests that the large volume of accumulated magma caused 448 

great changes in the scattering property. Further detailed discussion is limited because the spatial 449 

distribution of the changes in the scattering property and the parameters of the pressure sources 450 

obtained from geodetic data are not available for Suwanosejima. However, our results are the 451 

first to show a high correlation between the temporal changes in seismic scattering properties and 452 

tilt and provide a significant first step toward quantitative comparison of the amount of changes 453 

in the scattering property with the amount of magma accumulation beneath volcanoes. 454 
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Appendix 483 

A1. Correction of rain effects in tilt records 484 

The tilt changes caused by rainfall are among the largest noises in the tilt records. At 485 

Suwanosejima, more than 100 mm of precipitation is often observed daily during the monsoon 486 

season. Such heavy rains were also observed during magma accumulation and injection periods. 487 

To improve our comparison of temporal changes in tilt and CC (dv/v), we corrected for 488 

precipitation effects in the tilt records. 489 

A tank model consisting of three vertically connected tanks was used (Figure A1). Each 490 

tank corresponded to an aquifer at different depths. The downward force due to the load on each 491 

tank was assumed to be proportional to the water level, and the tilt variation due to the load was 492 

assumed to be proportional to the force as in the case of a semi-infinite homogeneous elastic 493 

body. The tilt record was corrected using a model combined with a first-order delay system. In 494 

the tank model, the water level at time 𝑡𝑛 in the i-th aquifer, 𝑦𝑖(𝑡𝑛), is expressed as follows: 495 

𝑦𝑖(𝑡𝑛+1) = {
(1 − 𝑟𝑖)𝑦𝑖(𝑡𝑛) + 𝑃(𝑡𝑛)  for 𝑖 = 1

(1 − 𝑟𝑗)𝑦𝑖(𝑡𝑛) + 𝑟𝑖−1𝑦𝑖−1(𝑡𝑛)  for 𝑖 ≠ 1.
(𝐴1) 496 

where 𝑟𝑖 represents the penetration rate of the i-th aquifer and 𝑃(𝑡𝑛) represents 497 

precipitation at time 𝑡𝑛. The first layer was directly affected by rainfall. In this study, we 498 

corrected hourly tilt records using hourly precipitation data recorded at the AMeDAS station at 499 

Suwanosejima. The synthetic tilt change ∆𝑇 caused by rainfall was calculated as the sum of the 500 

loading from each aquifer: 501 

∆𝑇(𝑡𝑛) = ∑ 𝐴𝑖𝑦𝑖(𝑡𝑛)

3

𝑖=1

. (𝐴2) 502 

Here, 𝐴𝑖 is a constant value that is determined by fitting the synthetic tilt changes to the 503 

observed values between August 1 and August 15, 2017 (light-green curve in Figure A2). Note 504 

that the effects of tides were already removed in that observed tilt (Tamura et al., 1991). During 505 

this period, only a few eruptions occurred; thus, we expect that tilt changes during this period 506 

were mainly caused by heavy rainfall.  507 

The best-fit values of 𝐴𝑖 and 𝑟𝑖 (i=1,2,3) were determined using a grid search. The search 508 

ranges of 𝐴𝑖 and 𝑟𝑖 were −0.05 to 0.05 and 0.001–0.5, respectively. The best-fit values were 509 

determined to be (𝐴1, 𝐴2, 𝐴3) = (−0.0005, 0.0001, −0.005) and (𝑟1, 𝑟2, 𝑟3) = (0.1, 0.01, 0.05). 510 

The gray curve in Figure A2 represents ∆𝑇 from the best-fit values of 𝐴𝑖 and 𝑟𝑖. This synthesized 511 

tilt change almost explains the largest tilt change around August 7, 2017, in the original tilt 512 

record (light-green curve). The dark-green curve in Figure A2 represents the tilt changes after 513 

subtracting the tilt changes synthesized by the tank model from the original tilt record. Although 514 

we used a simple tank model, the effects of heavy rain were almost completely eliminated. 515 

Finally, we corrected the tilt records of the study period using a tank model with the same 𝐴𝑖 and 516 

𝑟𝑖. The tilt changes shown in Figures 5, 7, 8, and 9 were those after removing the effects of 517 

rainfall. 518 

 519 
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 520 

Figure A1. A schematic illustration of the tank model.  521 

 522 

 523 

Figure A2. Tilt records after removing the tide effect (light-green line), after removing the tide 524 

and rain effects (dark-green line), and the synthesized tilt change due to rain (gray line) between 525 

August 1, 2017, and August 15, 2017. The blue bars represent the hourly precipitations.  526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 
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