
Long-term seismic background level variations
reveal volcanic fluid supply and serve as a sensitive
indicator for volcano monitoring at Kusatsu-Shirane
volcano, Japan
Tsukasa KOBAYASHI 

Kanagawa-ken https://orcid.org/0009-0005-6013-6289
Mie Ichihara 

University of Tokyo: Tokyo Daigaku
Akihiko Terada 

Tokyo Tech: Tokyo Kogyo Daigaku
Kenji Nogami 

Tokyo Kogyo Daigaku
Yohei Yukutake 

University of Tokyo: Tokyo Daigaku

Research Article

Keywords: Seismic background level (SBL), Kusatsu-Shirane Volcano, Volcanic unrest, phreatic eruption,
hydrothermal system, volcano monitoring

Posted Date: March 10th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-8859259/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-8859259/v1
https://doi.org/10.21203/rs.3.rs-8859259/v1
https://orcid.org/0009-0005-6013-6289
https://doi.org/10.21203/rs.3.rs-8859259/v1
https://creativecommons.org/licenses/by/4.0/


Title page:  1 

Title: Long-term seismic background level variations reveal volcanic fluid supply 2 

and serve as a sensitive indicator for volcano monitoring at Kusatsu-Shirane 3 

volcano, Japan4 

Author #1: Tsukasa Kobayashi, Japan Meteorological Agency, Present address: Hot 5 

Springs Research Institute of Kanagawa Prefecture, 586 Iriuda, Odawara, Kanagawa, 6 

Japan, kobayashi-tsukasa@onken.odawara.kanagawa.jp7 

Author #2: Mie Ichihara, The Earthquake Research Institute, The University of Tokyo, 8 

Tokyo, 113-0032, Japan, ichihara@eri.u-tokyo.ac.jp9 

Author #3: Akihiko Terada, Volcano and Earthquake Research Division, 10 

Multidisciplinary Resilience Research Center, Institute of Integrated Research, Institute 11 

of Science Tokyo, 2‑12‑1 Ookayama, Meguro, Tokyo, 152-8551, Japan, 12 

terada@ksvo.titech.ac.jp13 

Author #4: Kenji Nogami, Volcano and Earthquake Research Division, 14 

Multidisciplinary Resilience Research Center, Institute of Integrated Research, Institute 15 

of Science Tokyo, 2‑12‑1 Ookayama, Meguro, Tokyo, 152-8551, Japan, 16 



knogami@ksvo.titech.ac.jp17 

Author #5: Yohei Yukutake, Earthquake Research Institute, The University of Tokyo, 1-18 

1-1 Yayoi, Bunkyo-ku, Tokyo, Japan, yukutake@eri.u-tokyo.ac.jp19 

Indicate the corresponding author20 

Tsukasa Kobayashi21 

22 

23 



Abstract 24 

Kusatsu-Shirane volcano in central Japan has repeatedly experienced phreatic eruptions, 25 

with the Yugama crater being one of the main centers of activity. To clarify long-term 26 

variations in volcanic activity around the Yugama crater, we analyzed more than 20 27 

years of continuous seismic records using a statistical approach to calculate the Seismic 28 

background level (SBL). This method enables the detection of weak volcanic signals 29 

that are buried in background noise. The results revealed that SBL increased during the 30 

unrest episodes in 2014 and 2018, with a strong correlation with both deep and shallow 31 

sources of ground deformation. These SBL increases are interpreted as reflecting 32 

changes in volcanic activity associated with the supply of volcanic fluids from deeper to 33 

shallower regions within the volcanic system. The SBL ratio between stations also 34 

changed during these unrest periods, indicating differences in the spatial distribution of 35 

the SBL vibration source. Variations in SBL were also detected during non-unrest 36 

periods, coinciding with minor surface phenomena such as color changes of the 37 

Yugama crater lake and the appearance of new fumaroles. These correspondences imply 38 

that the SBL reflects even subtle fluctuations in volcanic and hydrothermal activity 39 



without strong seismic or deformation signals. Overall, this study demonstrates that 40 

SBL analysis provides a sensitive and quantitative means of detecting weak volcanic 41 

signals associated with subsurface fluid activity. Although SBL analysis alone cannot 42 

replace conventional monitoring techniques, it offers a powerful tool for detecting 43 

subtle variations in volcanic activity. When combined with SBL ratio and particle 44 

motion analyses, it also provides spatial information about the vibration source, thereby 45 

improving volcano monitoring in hydrothermal and phreatic-eruption environments. 46 
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Main Text 54 

1.Introduction 55 

Long-term analysis of seismic data is important, because the evaluation of volcanic 56 

activity is difficult to achieve using individual datasets alone. Combining various 57 

observations provides a more reliable picture of the state of a volcano (Poland and 58 

Anderson 2020; Burchardt et al. 2022; Acocella et al. 2024; Stix et al. 2025). Recent 59 

studies have shown that an eruption forecasting model using data from multiple sensors 60 

or data streams with the Bayesian network method performs better than models using 61 

any single dataset (Behr et al. 2025).  62 

In recent years, attempts have been made to detect weak volcanic seismic signals buried 63 

in background noise and to track volcanic activity through long-term analysis. Ichihara 64 

et al. (2023) statistically processed seismic waveforms recorded during the nighttime 65 

period with low noise levels and defined the daily Seismic background level (SBL). 66 

They extracted weak volcanic signals (SBL vibrations) , which increased several 67 

months before the eruptions of Shinmoe-dake, an active cone of the Kirishima volcanic 68 

group in southern Kyushu, Japan. GNSS analysis also detected inflation several months 69 



before the eruptions, but the deformation source was located deep and away from 70 

Shinmoe-dake. The SBL signals are inferred to have originated from shallow regions 71 

directly beneath the volcano, and the fact that such weak signals were detected several 72 

months in advance is particularly significant. Ichihara et al. (2023) suggested that SBL 73 

amplitude variations may reflect changes in the state of the subsurface hydrothermal 74 

system or aquifer caused by interactions with magmatic fluids, and that SBL can serve 75 

as a new indicator for volcano monitoring. 76 

The SBL analysis is also useful for understanding the behavior of shallow fluids even in 77 

volcanic environments where phreatic eruptions occur. Kurihara (2023) applied the SBL 78 

analysis and detected signals associated with the 2015 phreatic eruption at Hakone 79 

volcano. Stix and De Moor (2018) proposed two conceptual models for phreatic 80 

eruptions and discussed the heating processes of hydrothermal systems and near-surface 81 

aquifers caused by the supply of volcanic fluids prior to eruption. Because a well-82 

developed hydrothermal system exists beneath the Yugama crater at Kusatsu-Shirane 83 

volcano (Hirabayashi 1999; Terada 2018), detecting variations in the subsurface 84 

hydrothermal system is crucial for understanding the state of volcanic activity. 85 



At Kusatsu-Shirane volcano, recent activity is dominated by phreatic eruptions (Terada 86 

2018; Ishizaki et al. 2025). There, long-term evaluations of volcanic activity have been 87 

conducted through various types of observations, such as geochemical monitoring of 88 

lake water in the Yugama crater and adjacent Fumarolic gases (Ohba and Yaguchi 2025)89 

and geomagnetic measurements (Takahashi and Fujii 2014; Kanda et al. 2025).  90 

Seismic observations also have a long history. Continuous monitoring has been 91 

conducted since the Japan Meteorological Agency (JMA) installed a seismometer in 92 

1978 (Yamasato 2005). Some seismic instruments have been operated very close to the 93 

Yugama crater, making the area an excellent field site for studying phreatic eruptions. 94 

However, studies using seismometer data have mainly focused on short-term earthquake 95 

features. For example, Kumagai et al. (2002a) analyzed long-period (LP) events and 96 

discussed temporal changes in the physical properties of fluid in cracks beneath the 97 

Yugama crater lake from August 1992 to January 1993. Long-term evaluations of 98 

volcanic activity of Kusatsu-Shirane using seismic data remain insufficient. 99 

In this study, we analyzed more than 20 years of seismic data recorded around the 100 

Yugama crater. As a result, we identified, for the first time, the presence of SBL 101 



vibrations beneath the Yugama crater. The aim of this study is to clarify how the SBL 102 

correspond to volcanic activity. This understanding will improve our knowledge of the 103 

relationship between the supply of volcanic fluids and the shallow aquifer or 104 

hydrothermal system in a phreatic-eruption environment. 105 

106 

2. Background of Kusatsu-Shirane Volcano 107 

2.1 Geological setting 108 

Kusatsu-Shirane volcano, an active volcano located in the north-western part of Gunma 109 

Prefecture, consists of a group of pyroclastic cones including Shirane, Ainomine, and 110 

Motoshirane, which are aligned in a north–south direction (Fig. 1a). At the 111 

northernmost cone lies the Yugama crater lake, around which phreatic eruptions have 112 

frequently occurred (Terada 2018; Ishizaki et al. 2025). 113 

2.2 Recent activity (2014-2023) 114 

Since 2014, Kusatsu-Shirane volcano has experienced episodes of volcanic unrest that 115 

might have been driven by a supply of volcanic fluids from deeper levels of the system 116 

(Munekane 2021). In both 2014 and 2018, seismic activity markedly increased around 117 



the Yugama crater (Fig. 1b), accompanied by inflation directly beneath the crater 118 

(Terada et al. 2025). Analyses of regional GNSS measurements revealed an inflation 119 

source located a few kilometers northwest of the Yugama crater at a depth of 120 

approximately 4 km. The inflation at this deep source began before the onset of both the 121 

2014 and 2018 unrests (Munekane 2021).  122 

The 2018 unrest was particularly close to a pre-eruptive condition, as indicated by 123 

several precursory signals. A rapid increase in seismic activity around Yugama was 124 

observed on 22 April 2018, accompanied by a crustal deformation signal. Tiltmeter 125 

observations indicated a pressure source located to the west of Yugama (JMA 2018a, b; 126 

Terada et al. 2021, 2025). The hypocenters of volcano-tectonic (VT) earthquakes 127 

became progressively shallower with time (Kobayashi et al. 2019). During this activity, 128 

a very-long-period (VLP) earthquake, which is regarded as an important tool for 129 

assessing the probability of a future eruption (Stix and De Moor 2018; Niu and Song 130 

2020; Takeo et al. 2022), was recorded, followed by the reversed change of the tilt trend 131 

and the gradual decrease of the seismic activity (JMA 2018a, b). The occurrences of a 132 

VLP earthquake and migration of VT-earthquake hypocenters suggested that the 133 



volcanic system was close to eruption. Another similar episode of sudden intensification 134 

of seismic activity occurred in late September 2018. 135 

In June 2018, a dark-colored change was observed on the surface of the Yugama crater 136 

lake (JMA 2018c; Terada and Kuwahara 2025). A dark-colored change on the surface of 137 

a lake had been observed in the past. In January 1989, similar black floating materials 138 

were observed on the lake surface, which were interpreted as evidence of a sudden 139 

discharge of volcanic gas and hydrothermal fluid beneath the lake surface (Ida et al. 140 

1989). 141 

Although no eruption occurred around the Yugama crater during each unrest, a phreatic 142 

eruption took place at Motoshirane, located about 2 km south of the Yugama, in January 143 

2018 (Kametani et al. 2025). Munekane (2021) suggested that a deep deformation 144 

source may have influenced the volcanic activities at the Yugama crater and possibly 145 

the eruption at Motoshirane through the shallow hydrothermal fluid reservoir (C2a) 146 

identified by Matsunaga et al. (2020a, b). 147 

These observations indicate that detailed analyses of the 2014 and 2018 episodes of 148 

volcanic unrest are crucial for understanding the activity of Kusatsu-Shirane volcano 149 



and the mechanisms of phreatic eruptions. 150 

2.3 Long-term observation (late 1990s-2023) 151 

When focusing on the 30-years trend of seismicity, the number of earthquakes has 152 

gradually increased since the early 2000s (Fig. 1b). In addition, several surface 153 

phenomena have been observed around the Yugama crater, including the appearance of 154 

a water jet, color changes on the surface of the Yugama crater lake, as indicated by blue 155 

triangles in Fig. 1b (Volcanic Fluid Research Center, Tokyo Institute of Technology 156 

2004; JMA 2013), and the emergence of new fumaroles around the crater, as indicated 157 

by yellow squares in Fig. 1b (JMA 2008a, b, 2013). 158 

These facts suggest that, after a relatively quiet period following the early 1990’s 159 

activity, volcanic activity gradually intensified and eventually culminated in the 2014 160 

and 2018 unrests. Therefore, analyzing and interpreting volcanic activity in decades, 161 

including the period before the 2014 unrest, is essential for interpreting the 2014 and 162 

2018 unrests and for characterizing the baseline behavior of Kusatsu-Shirane volcano as 163 

a site of phreatic eruptions.164 

165 



3. Data and methods 166 

3.1 Data 167 

We analyzed data from short-period seismometers installed near the Yugama crater by 168 

the JMA and the Tokyo Institute of Technology (Reorganized to Institute of Science 169 

Tokyo in October 2024) (Fig. 2). The installation depths of the seismometers are as 170 

follows: KSHA is installed on the ground surface, KSAO at a depth of 95 m, KSE at 50 171 

m, KSW at 220 m, and KSS at 110 m (Mori et al. 2003). 172 

We processed nearly 20 years of data covering the period from 2 March 2002 to 31 173 

December 2023, although the starting date of analysis differs among the stations. 174 

3.2 Method: Calculation of SBL 175 

We analyzed the data using the SBL calculation method developed by Ichihara et al. 176 

(2023). While they used all three components of the seismometer data, we used only the 177 

vertical component, because the horizontal components sometimes had problems. A 178 

schematic diagram illustrating the calculation procedure is shown in Fig. 3. The detailed 179 

procedure is as follows. 180 

Step1-1. 181 



We calculated the power spectral densities (PSDs), 𝑃௙(ݐ, ݂), from the vertical 182 

seismograms at each station using a time window of 10.24 s sliding every 10 s. The 183 

variables t and f denote the central time of the window and the frequency, respectively. 184 

The calculation was restricted to the period between 18:00 of the previous day and 185 

06:00 of the following day to avoid the influence of anthropogenic noise, which is 186 

predominant during daytime. The calculation of PSDs was performed on an hourly 187 

basis, and time periods with more than 30% missing data were excluded from the 188 

analysis because the data acquisition was unstable during those periods. 189 

Step1-2. 190 

We calculated the seismic power by integrating the PSDs over a limited frequency 191 

range. Ichihara et al. (2023) used the frequency band 3.5–7.0 Hz to include continuous 192 

volcanic signals and exclude characteristic noise associate with high precipitation at 193 

Kirishima volcano. We employed the same frequency band, which we validate later. 194 

Seismic Power:     (ݐ)ܧ = ∫ 𝑃௙(ݐ, ݂)݂݀7.0
3.5 , (1)195 

Step1-3. 196 

The data were divided into two time windows: 18:00–24:00 of the previous day and 197 



00:00–06:00 of the following day. For each time window, a representative value of the 198 

seismic power was determined through statistical processing of the dataset. Specifically, 199 

we adopted the lowest 20th percentile of the seismic power values. This percentile-200 

based approach is intended to suppress the influence of transient earthquakes, thereby 201 

extracting weak volcanic signals. The square root of the representative seismic power 202 

value was then defined as the SBL. 203 

Seismic background level:   ܵܮܤ = ,(ݐ)ܧ√  (2)204 

SBL values (raw SBL) were obtained two per day unless data are missing. 205 

Step2. 206 

A smoothing process was applied to exclude short-term fluctuations by selecting the 207 

20th percentile of the raw SBL values within the previous seven days including the 208 

current day (up to 14 samples). When fewer than 70% of the data (i.e. fewer than 10 209 

samples) were available, the value for that day was excluded from the analysis. This 210 

procedure effectively suppressed day-to-day variations related to weather conditions, as 211 

shown in Fig. 3b, and yielded the final time series of SBL. 212 

3.3 Method: Calculation of normalized SBL ratio 213 



To identify differences in the temporal evolution of the SBL among observation sites, 214 

we calculated the SBL ratios between station pairs. In this process, we first computed 215 

the normalized SBL by dividing the smoothed SBL by its mean value over a reference 216 

period, and then took the ratio between stations. For the reference period, we selected 217 

December 2019 to January 2020, when the station with the longest continuous record 218 

(KSHA) exhibited its highest SBL levels. 219 

3.4 Method: Calculation of SBL spectra 220 

We also calculated daily spectra to examine variations in the spectral components and to 221 

obtain supplementary information on the onset and termination of weak signals. 222 

Specifically, we stacked the power spectral densities of time windows corresponding to 223 

the 5th to 20th percentiles of seismic power. Although Ichihara et al. (2023) normalized 224 

the stacked spectra by the maximum value within 1–15 Hz, we used the maximum 225 

within the 3.5-7.0 Hz band used for the SBL calculation. This approach was adopted to 226 

focus on the spectral characteristics within the SBL calculation band. 227 

3.5 Method: Reclassification of earthquake types based on JMA catalog 228 

We reclassified the events into three groups: high-frequency (A- and BH-type), low-229 



frequency (BL-type), and harmonic/monochromatic (BP- and BT-type) earthquakes, 230 

where the type names follow the JMA classification (JMA 2024). A-type earthquakes 231 

are VT events, whereas B-type earthquakes are low-frequency events with unclear 232 

phase onsets. Among the B-type earthquakes, those with relatively high-frequency 233 

components are classified as BH-type, those with relatively low-frequency components 234 

as BL-type, those exhibiting harmonic oscillations as BP-type, and those with gradually 235 

decaying monochromatic tail as BT-type. 236 

237 

4. Results 238 

4.1 Overview of temporal changes of SBL 239 

4.1.1 SBL 240 

Figure 4b shows the temporal changes in the SBL, whereas Fig. 4a shows the periods 241 

defined by focusing on the temporal evolution of the SBL at KSHA, which has the 242 

longest observation record. The specific periods and their characteristic trends are 243 

summarized in Table 1. 244 

Although there are slight differences among the stations, they exhibit similar variation 245 



trends. No obvious annual periodicity (seasonal variation) is observed. When multiple 246 

stations are operated, their SBL variations are in general coherent. 247 

4.1.2 Normalized SBL ratio 248 

Figure 4c shows the normalized SBL ratios (see Section 3.3) since 2011, when station 249 

KSAO was installed. For each station pair, we selected KSAO, the station farthest from 250 

the Yugama crater, as the reference and compared the ratios of KSHA/KSAO and 251 

KSW/KSAO. The normalized SBL ratio of KSHA/KSAO increased during the 2018 252 

unrest, while it remained low during the 2014 unrest. In contrast, the normalized SBL 253 

ratio of KSW/KSAO remained approximately constant (~1) throughout both unrest 254 

periods. These temporal changes in the normalized SBL ratios are evident in the 255 

logarithmic plots of SBL growth (Fig. 4b). 256 

4.2 Comparison with seismicity 257 

We compared the temporal variations in the SBL with seismic activity to investigate 258 

their temporal correspondence and characteristic differences among the unrest episodes. 259 

Figure 4d shows the monthly number of earthquakes since August 2002, mainly 260 

occurring around the Yugama crater and Ainomine areas (JMA 2013).  261 



4.2.1 Before 2014 unrest (Period I-IV) 262 

During Period I, the SBL showed an increasing trend, whereas it decreased during 263 

Period II. During both periods, no notable change in seismic activity was observed. In 264 

Period III (2007), a slight increase in seismicity was observed, during which the SBL 265 

showed an increasing trend. In Period IV (2011), there were periods when the number 266 

of earthquakes exceeded that of the 2007 activity. The SBL remained at higher levels 267 

than those in the previous years, but no distinct increase in the SBL was observed. 268 

4.2.2 2014 unrest (Period V-VI) 269 

In Period V with the increasing SBL, an unrest has been reported with many volcanic 270 

earthquakes around the Yugama crater (Fig. 4b,d). The left column of Fig. 5 focuses on 271 

the 2014 unrest, which began in March 2014. 272 

According to JMA (2014), small-amplitude volcanic earthquakes with shallow 273 

hypocenters beneath the Yugama crater started to increase around 16:00 on 6 March 274 

2014. The activity became more intense in early May 2014 (Fig. 5g). The events were 275 

classified as high-frequency earthquakes (Fig. 5k). Subsequently, the SBL began to 276 

increase around May 2014 (Fig. 5a), slightly delayed relative to the onset of seismic 277 



activity. In the SBL spectra, a spectral component around 3 Hz appeared in March 2014. 278 

In May 2014, the 3 Hz component became more pronounced, and another component 279 

around 4–5 Hz strengthened. Although the daily number of earthquakes decreased in 280 

July 2014, the SBL continued to increase. The SBL began to decline between July and 281 

September 2015, during which the seismic activity further decreased (Fig. 5a, g). Then 282 

the SBL continued to decrease until late 2016, at which time the spectral components 283 

around 3 Hz and 4–5 Hz disappeared (Fig. 5a, e). 284 

4.2.3 2018 unrest (Period VII-IX) 285 

A prolonged unrest occurred from 2018 to 2022. The right column of Fig. 5 focuses on 286 

the 2018 unrest. The SBL began to increase in late 2017, preceding the increase in 287 

seismic activity (Fig. 5b). Volcanic earthquakes increased in April 2018 (Fig. 5h). This 288 

increase was characterized by a sudden rise in activity and large amplitudes (Fig. 5j). 289 

The sharpness of this onset was particularly striking compared with that of the 2014 290 

unrest. At the beginning of the activity, high-frequency earthquakes were dominant. 291 

Then, harmonic events became predominant (Fig. 5l). 292 

In 2018, the SBLs at KSHA, KSE, and KSW showed synchronous fluctuations, which 293 



were most pronounced at KSW (Fig. 5b). The SBL kept growing until early 2020, after 294 

which it remained at a high level. A component around 5–6 Hz appeared in late 2017, 295 

when the SBL started increasing, and became more pronounced in April 2018, when the 296 

seismic unrest started (Fig. 5f). 297 

Around early 2022, when the number of earthquakes markedly decreased (Fig. 4d), the 298 

SBL began to show a slight decline (Fig. 4b). 299 

4.3 Comparison with ground deformation 300 

We compared the temporal variations in the SBL with ground deformation to examine 301 

their relationship and the depth dependence of the sources of activity. 302 

Figure 4e shows the time series of baseline length changes between the GNSS stations 303 

G03 and G07, which are located on opposite sides of the Yugama crater (Fig. 2b). The 304 

baseline length is about 1,227 m, and such a local-scale baseline is generally sensitive to 305 

shallow deformation sources. Figure 4f presents the regional-scale areal strain 306 

calculated from three GEONET stations (Fig. 2a), which is instead sensitive to deeper 307 

crustal deformation sources. It should be noted that the areal strain calculation did not 308 

correct for the postseismic deformation following the 2011 Tohoku-Oki earthquake. 309 



4.3.1 Before 2014 unrest (Period I-IV) 310 

No obvious increase in areal strain corresponding to Period-I (2004–around April 2005) 311 

or Period-III (around May 2007–2008) was observed (Fig. 4f). For Period IV (after 312 

March 2011), volcanic-related deformation cannot be distinguished from the 313 

postseismic deformation. Although the baseline length shows an overall trend of 314 

contraction (Fig. 4e), the data sampling was insufficient during these periods, and 315 

therefore the changes remain uncertain. 316 

4.3.2 2014 unrest (Period V-VI) 317 

The local extension started between the two data points in August 2012 and July 2014 318 

(Fig. 4e). The SBL also began to increase in May 2014 (Period V). It turned to decrease 319 

around May 2015 (Period VI), while the local extension seems to continue until the 320 

measurement in May 2016. The subsequent baseline measurements (September 2016 321 

and June 2017) show that the local deformation was in a contraction phase in the latter 322 

half of Period-VI, when the SBL had returned to its pre-2014 level. The detailed 323 

comparison between the SBL and the local deformation is limited because of the sparse 324 

sampling interval, which we discuss in Section 5.1.1. 325 



The areal strain began to increase in early 2014 (Fig. 4f), preceding the increase in the 326 

SBL from around May 2014 (Period V). The increase in areal strain slowed down 327 

around February 2015, and the areal strain began to decrease around November 2015. 328 

Coherently, the SBL started to decline around the boundary between Periods V and IV. 329 

4.3.3 2018 unrest (Period VII-IX) 330 

The local extension data in May 2018 showed an extension compared with the previous 331 

measurements around the boundary between VI and VII (Fig. 4e), indicating that the 332 

preceding contraction trend had at least weakened. The SBL had already started 333 

growing. The baseline length turned to a contraction trend in 2022, while the SBL 334 

slightly decreased around early 2022 (Period IX) and stabilized in Period X (Fig. 4b). 335 

The areal strain (Fig. 4f) began to increase in late 2017 (around the boundary between 336 

Periods VI and VII), around which the SBL showed a slight upward trend. In Period IX 337 

when the SBL slightly decreased, the increasing trend in areal strain became less 338 

obvious. 339 

340 

5. Discussion 341 



5.1 Relationship between SBL and volcanic activity 342 

Table 2 summarizes the sequences presented in Section 4. Here we assume that the 343 

GNSS observations of the local extension (Fig. 4e) and the areal strain (Fig. 4f) 344 

represent the shallow and deep deformations, respectively (see Appendix A). We 345 

combine the results in Table 2 and other observations to infer the relevant volcanic 346 

activity.347 

5.1.1 2014 and 2018 unrest 348 

We identified two common features. First, the SBL increases before or during the 349 

enhanced volcanic seismic activity. Second, the SBL tends to increase during the 350 

inflation phases of both deep and shallow deformation sources, and to decrease when 351 

the inflating trend slows down, stagnates, or reverses. 352 

Terada et al. (2025) reported the tiltmeter observations around the Yugama crater (at 353 

KSE, KSS, and KSW), which complement the sparse GNSS data of the local extension. 354 

They recorded two distinct deformation phases. From 3 March 2014, all stations exhibit 355 

northwest-up tilts, indicating a deep source. From 14 March 2014 to October 2015, a 356 

radial pattern of uplifts indicated an inflation at a shallow source around Yugama. A 357 



comparison between the tiltmeter observations and the SBL variations suggests that the 358 

SBL began to decrease during the period when the uplift around Yugama continued. 359 

Knowing that the ground deformations are of volcanic origin (Munekane 2021; Terada 360 

et al. 2025), we interpret the observed relationship between the SBL and the 361 

deformation of the deep and shallow sources as indicative of the supply of volcanic 362 

fluids from deeper to shallower regions within the volcanic system. 363 

5.1.2 Before 2014 unrest 364 

SBL variations were also observed in Periods I－III without significant volcanic unrest. 365 

Terada and Kuwahara (2025) reported the daily mean temperature of the Yugama crater 366 

lake and showed that the lake water temperature has never fallen below 0 °C even 367 

during winter since 2009, including both unrest and non-unrest periods. This 368 

observation suggests the continuous presence of a heat contribution to the shallow 369 

region beneath Yugama, either through the direct supply of volcanic fluids or through 370 

thermal input not directly associated with the fluids themselves. Therefore, it is 371 

reasonable to consider that volcanic vibration signals have been present throughout the 372 

entire period after Period-I. 373 



In Period-I, a water jet and a color change of the lake surface were observed at Yugama 374 

on 17 May 2004 (Volcanic Fluid Research Center, Tokyo Institute of Technology 2004; 375 

JMA 2013). In Period-II, no notable surface phenomena were reported, while the SBL 376 

showed a decreasing trend. In Period-III, the number of volcanic earthquakes slightly 377 

increased, and the appearance of new fumaroles around Yugama was reported (JMA 378 

2008a, b, 2013). No inflation of the deep deformation source was detected during these 379 

periods.  380 

Although shallow deformation was not clearly resolved, geomagnetic measurements 381 

indicated an increase in rock magnetization beneath the Yugama crater lake, interpreted 382 

as the thermomagnetic effect associated with progressive cooling of the subsurface 383 

(Takahashi and Fujii 2014). This cooling trend is consistent with the reduced upward 384 

flux of hydrothermal fluids from the depth after 1992. In addition, chemical analyses of 385 

the lake water revealed that the system was in a self-sealing stage, during which the 386 

development of the self-sealing zone suppressed the supply of magmatic fluids from the 387 

deeper part of the system (Yaguchi et al. 2021). The increase in SBL observed during 388 

these periods may represent a minor fluctuation in volcanic activity occurring in the 389 



shallow depth beneath Yugama, within an overall declining and cooling trend of the 390 

hydrothermal system. 391 

5.2 Location of the SBL vibrations source 392 

As a preliminary step towards understanding the mechanism of SBL vibrations, we 393 

attempted to estimate their source locations. 394 

5.2.1 Polarization analysis 395 

Hirose and Ueda (2025) analyzed the location of continuous tremor observed at 396 

Kirishima Volcano using the three-component data from a single seismometer about 2 397 

km from the active crater. They estimated the back azimuths of the signals by applying 398 

Rayleigh-wave-based polarization analysis, and subsequently combined the results from 399 

multiple stations to infer the source location. 400 

We conducted a polarization analysis on the SBL vibrations, following the method of 401 

Hirose and Ueda (2025) (see Appendix B). The analysis targeted the period from 402 

December 2019 to January 2020, when the SBL level was relatively high. The joint 403 

probability distribution obtained from the combined analysis of KSHA, KSE, KSW, and 404 

KSS showed a very high probability around the Yugama crater (Fig. 6a). The horizontal 405 



distance between the seismometers and the estimated vibration source was less than 406 

approximately 1 km away. If Rayleigh waves are observed at such short distances, the 407 

source should be shallow. 408 

5.2.2 A slight difference of the location of SBL vibrations and causes of normalized 409 

SBL ratio changes 410 

We found that the horizontal location of the SBL vibration source estimated in Section 411 

5.2.1 was near the Yugama crater. This region is close to the hypocenters of high-412 

frequency earthquakes observed during the same period (Fig. 6b). We therefore focused 413 

on the hypocenters of high-frequency earthquakes associated with the 2014 and 2018 414 

unrests. As shown in Fig. 6c and 6d, the hypocenters during the 2018 unrest were 415 

located slightly to the northeast compared with those during the 2014 unrest, that is, in 416 

the direction closer to KSHA and KSE. Consistently, Terada et al. (2025) showed that 417 

the deformation source inferred from tiltmeter data during the 2018 unrest was located 418 

further to the northeast than that during the 2014 unrest. 419 

To examine vertical differences in the SBL vibration source location, we focused on  420 

contrasts in earthquake types between the 2014 and 2018 unrests. The 2018 unrest was 421 



characterized by the occurrence of many harmonic earthquakes (Table 2). Sources of 422 

the same type observed during 1992–1993 were reported to be located at a depth of 423 

approximately 200 m directly beneath the Yugama crater lake (Kumagai et al., 2002b). 424 

This suggests that, compared with the 2014 unrest, the 2018 unrest involved a larger 425 

proportion of earthquakes with shallower hypocenters. We infer that the 2018 unrest 426 

affected shallower portions of the hydrothermal system. This interpretation is consistent 427 

with Kanda et al. (2025). They estimated the locations of thermal demagnetization 428 

sources beneath the Yugama area for May 2014 (the 2014 unrest) and for the period 429 

from April 2018 to July 2021 (the 2018 unrest), and reported that the source depths 430 

during the 2018 unrest were shallower than those during the 2014 unrest. 431 

Although the source locations of SBL vibrations do not necessarily coincide with those 432 

of hypocenters or thermal demagnetization sources, we may explain the observed 433 

temporal variations in the normalized SBL ratios (Section 4.1.2) by a northeastward and 434 

upward shift of its source location. Namely, the activity center during the 2018 unrest 435 

was likely closer to stations KSE and KSHA than during the 2014 unrest. The relative 436 

values of the SBL ratio can thus provide spatial information about the source location. 437 



At the same time, caution is required when comparing absolute SBL values at the same 438 

station across different periods, because they do not necessarily represent the level of 439 

volcanic activity but the relative distances of the source. Indeed, the SBL amplitudes at 440 

KSHA and KSE were larger during the 2018 unrest than during the 2014 unrest, 441 

whereas at KSW, KSS, and KSAO, the SBL amplitudes were larger during the 2014 442 

unrest. 443 

5.3 Possible mechanism of the SBL vibrations 444 

We consider it more reasonable to assume a non-destructive mechanism for the SBL 445 

vibration source, because the vibrations persist continuously over long periods. In 446 

volcanic regions, one possible continuous vibration source is tremor associated with 447 

fumarolic activity. A geothermal zone developed on the northern outer slope of the 448 

Yugama crater rim, where fumaroles are present (Ohba and Yaguchi 2025). However, 449 

based on the results presented in Section 5.2.1, the estimated SBL source location 450 

differs from this fumarolic area, and this mechanism is therefore considered unlikely. 451 

Instead, we propose that the SBL vibrations are related to non-destructive processes 452 

within a shallow hydrothermal system. Jolly et al. (2020) suggested that persistent 453 



tremor observed at Whakaari (White Island) may be generated by frothing within a 454 

hydrothermal system. Ichihara et al. (2023) proposed that the SBL vibrations may 455 

involve similar processes. 456 

Around the Yugama crater, a well-developed hydrothermal system and shallow 457 

groundwater aquifers are present (Hirabayashi 1999; Terada 2018). We suggest that the 458 

supply of volcanic fluids—whether magma itself or volcanic gases separated from it—459 

to the shallower region beneath Yugama heated these subsurface systems, thereby 460 

generating the vibrations. Because the SBL source is inferred to be located in a very 461 

shallow region directly beneath the Yugama crater (Section 5.2.1), conditions allowing 462 

the coexistence of gas and liquid phases are plausible (Kumagai et al. 2002a; Taguchi et 463 

al. 2018). Therefore, this mechanism represents one plausible explanation for the 464 

observed SBL vibrations. 465 

In this study, a quantitative estimation of the source depth has not yet been achieved. 466 

Constraining the depth of the vibration source would enable the comparison with the 467 

subsurface structure derived from magnetotelluric (MT) soundings (Matsunaga and 468 

Kanda 2025) and would contribute to a more detailed understanding of the vibration 469 



mechanism. 470 

471 

6. Conclusion 472 

In this study, we applied a statistical approach to long-term seismic observations around 473 

the Yugama crater at Kusatsu-Shirane volcano and clarified temporal variations in the 474 

SBL. The analysis of nearly 20 years of data revealed that the SBL increased during the 475 

unrest episodes in 2014 and 2018, showing good correlation with both deep and shallow 476 

sources of ground deformation. This result is interpreted as reflecting changes in 477 

volcanic activity driven by the supply of volcanic fluids. The variation in normalized 478 

SBL ratios between the two unrest episodes further suggests slight differences in the 479 

activity center. 480 

Overall, the results demonstrate that SBL analysis is a powerful tool for monitoring 481 

volcanic activity. In particular, the SBL can reveal subtle variations in the state of the 482 

hydrothermal system, even during non-unrest periods. When combined with SBL ratio 483 

analysis, it also provides spatial information on the vibration source. 484 

485 



Appendix A: Ground deformation 486 

A1. ground deformation by volcanic activity of Kusatsu-Shirane, Yugama area 487 

Two major sources of ground deformation have been reported to be associated with the 488 

volcanic activity around the Yugama crater of Kusatsu-Shirane volcano. 489 

Shallow source beneath Yugama crater lake 490 

JMA (2016) reported the presence of an inflation source located in the very shallow 491 

region directly beneath the Yugama crater (at an elevation of approximately 1660 m), 492 

based on the results of GNSS campaign observations conducted in July and November 493 

2014. The GNSS stations used for the baseline length changes shown in Fig. 4e are the 494 

same as those used in that report. Therefore, we infer that the baseline length changes in 495 

Fig. 4e reflect the inflation of the shallow deformation source beneath Yugama. 496 

Similarly, an analysis of tiltmeter data around Yugama also revealed a shallow 497 

deformation source beneath the crater (Terada et al. 2025). 498 

Deep source at approximately 2km northwest from the Yugama area 499 

Munekane (2021) analyzed GEONET data and identified a deformation source located 500 

approximately 2 km northwest of the Yugama crater at a depth of about 4 km. 501 



According to that study, the Kusatsu-Shirane source was generally inflating after 2013, 502 

with distinct inflation episodes from late 2013 to 2015 and again from late 2017 503 

onward, which corresponded to the periods of volcanic unrest around Yugama in 2014 504 

and 2018, respectively. 505 

Munekane (2021) reported results only for the period from 2013 to 2020 and therefore 506 

did not cover the full duration of our SBL analysis. To examine longer-term changes, 507 

we calculated the areal strain for the GNSS stations shown in Fig. 2a using the 508 

GEONET F5 provided by the Geospatial Information Authority of Japan (Takamatsu et 509 

al. 2023). To reduce short-term fluctuations, a 30-day moving average was applied. 510 

Seasonal variations were extracted from the stable period of 2008–2010 and removed 511 

from the entire dataset using the obtained seasonal component. The resulting areal strain 512 

was compared with that estimated from the volume change reported by (Munekane 513 

2021). For simplicity, we fixed the latitude, longitude, and depth of the deformation 514 

source and used the elevation-modified Mogi model (Fukui 2008). Although the 515 

amplitude of the changes in 2014 differed slightly between the two datasets, their 516 

temporal trends were consistent, and both the amplitude and the trend showed good 517 



agreement after 2015. Therefore, we assumed that the areal strain reflects the behavior 518 

of the deep deformation source throughout the analysis period. 519 

520 

Appendix B: Polarization analysis of SBL vibrations 521 

B1. Method 522 

This analysis is based on the polarization analysis approach developed by Hirose and 523 

Ueda (2025), which extends the method of Meza‐Fajardo et al. (2015). Our approach 524 

differs from that of Hirose and Ueda (2025) in the way back azimuths are determined, 525 

and also in that Kernel Density Estimation (KDE) is employed for estimating the 526 

directional distribution. The following sections describe the computational procedure, as 527 

well as the definitions of the probability density estimation and the joint probability 528 

used in this study. For detailed derivations of back-azimuth estimation for each 529 

frequency in each time window, the reader is referred to Hirose and Ueda (2025). 530 

Step1: 531 

The polarization analysis was performed for waveform data within a 10.24-s time 532 

window using the method of Hirose and Ueda (2025). The analysis was applied to time 533 



windows where the Seismic Power percentile was between the 20th and 40th. After 534 

applying the NIP filter, the back azimuth corresponding to the frequency with the 535 

largest mean amplitude within the 3.5–7.0 Hz band was adopted as the back azimuth for 536 

that time window. 537 

Step2: 538 

We estimated the density distribution of the back-azimuth dataset for each day using a 539 

non-parametric method. 540 

;ߠ)݂  ℎ) = 1݊ ∑ ߠ)ℎܭ − ௜)௡ߠ
௜=1 .ܤ) 1)541 

where, ܭℎ = ߠ)ܭ ℎ⁄ ) ℎ⁄  is kernel function, and h is smoothing parameter (Taylor 542 

2008). We used the von Mises distribution (Mardia and Jupp 2010) as the kernel.543 

;ߠ)ܭ ,ߤ (ߢ = (ߢ)0ܫߨ12 ݁఑ cos(ఏ−ఓ) .ܤ) 2)544 

where, 0ܫ is the modified Bessel function of order 0. ߢ is concentration parameter and 545 

is the reciprocal of h. From Equations (B.1) and (B.2), the kernel density estimation 546 

using the von Mises distribution as the kernel is given by: 547 

;ߠ)݂  (ߢ = ∑(ߢ)0ܫ(ߨ2)1݊ ߢ}݌ݔ݁ cos(ߠ − ௜)}௡ߠ
௜=1 .ܤ) 3)548 

In this study, we compared the estimated density distribution with the observed 549 



frequency distribution and adopted ߢ = 50, which showed a good agreement between 550 

the two. The half width at half maximum (HWHM) in this case is approximately 9.6°. 551 

The grid interval (ߠ௜ spacing) used for summing the kernel functions was set to 0.5°. In 552 

addition, datasets with fewer than 100 samples were excluded from the analysis. 553 

Step3: 554 

The probability density distributions estimated for each day were averaged over the 555 

analysis period, and the resulting mean distribution was regarded as the probability 556 

density distribution for that period. 557 

Step4: 558 

We applied the cross-bearings approach (Lehr et al. 2019; Hirose and Ueda 2025) to the 559 

probability density distributions of back azimuths estimated at each of the four 560 

observation sites to estimate the vibration source location. Specifically, the probability 561 

density distributions obtained in Step 3 were back-projected onto the grid. The joint 562 

probability of the intersecting beams is given by: 563 

௝ݔ)݌ , (௝ݕ = ∏ ௜݂(߶௜௝)ெ௜∑ (∏ ௜݂(߶௜௝)ெ௜ )ே௜=1 .ܤ) 4)564 

where ߶௜௝ is the back azimuth at i-th station for a signal starting at a j-th search grid 565 



which location is (ݔ௝ ,  ௝). The grid covers the area from 36.62°N to 36.66°N in latitude 566ݕ

and from 138.51°E to 138.56°E in longitude, with a spacing of 0.001° in both 567 

directions. 568 

B2. Result 569 

Figure B2 shows the probability distributions obtained by back-projecting the 570 

directional density distributions from each station onto the grid, together with the joint 571 

probability obtained by combining the results from multiple stations. The probability is 572 

high around the Yugama crater. 573 

574 

575 
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Caption 807 

Table 1 808 

Period defined from SBL at KSHA. 809 

[footnote] 810 

* The decrease in Period IX can be more clearly recognized when the results from KSE 811 

are also taken into account. 812 

** Dates in parentheses correspond to the time intervals used for color coding in Fig. 4. 813 

814 

815 

Table 2 816 

Summary of characteristic differences in the SBL, seismicity, and ground deformation. 817 

818 

819 

Figure 1 820 

Location of Kusatsu, and seismicity and volcanic surface phenomena near the Yugama 821 

crater. 822 



(a) Location of Kusatsu and Yugama. 823 

(b) Monthly number of earthquakes and volcanic surface phenomena near the Yugama 824 

crater. 825 

Black bars show the monthly number of earthquakes counted by JMA. 826 

Gray dashed line indicates the change in earthquake-counting rules. 827 

Red triangles indicate eruptions. 828 

Blue triangles indicate color changes of the Yugama crater lake and water jets. 829 

Orange squares indicate the appearance of new fumaroles near Yugama. 830 

831 

832 

Figure 2 833 

Locations of observation sites and sources of ground deformation. 834 

(a) Regional map. The dashed square shows the area shown in panel (b). 835 

(b) Local map around the Yugama crater. 836 

Squares indicate seismometers. Filled symbols are installed by the JMA, and open 837 

symbols by the Institute of Science Tokyo. 838 



Circles indicate GNSS stations. Filled symbols are installed by JMA, and open symbols 839 

by the Geospatial Information Authority of Japan (GSI). 840 

Plus sign indicates deep source of ground deformation reported by Munekane (2021). 841 

Cross indicates the near-Yugama source of ground deformation reported by JMA 842 

(2015). 843 

844 

Figure 3 845 

Schematic illustration of the calculation method for the Seismic background level 846 

(SBL). 847 

(a) Daily calculation of raw SBL (example: site KSAO, vertical component). 848 

(b) Calculation of time series of smoothed SBL. 849 

850 

851 

Figure 4 852 

Long-term variations in the SBL, seismicity, and ground deformation (shallow and 853 

deep). 854 



(a) Periods listed in Table 1 and volcanic surface phenomena. The symbols are the same 855 

as in Figure 1b. 856 

(b) SBL at sites around the Yugama crater (KSE, KSHA, KSS, KSW, KSAO). 857 

(c) Normalized SBL ratio. The reference period for normalization is December 2019 to 858 

January 2020. Green shows KSHA/KSAO. Pink shows KSW/KSAO. 859 

(d) Seismicity (monthly number of high-frequency, low-frequency, and harmonic and 860 

monochromatic events). Data shown is from August 2002 onwards. 861 

(e) GNSS baseline length change, mainly reflecting deformation of the shallow source. 862 

Red symbols indicate results from GNSS campaign observations, and blue symbols 863 

indicate continuous GNSS data (observations suspended during the snowy season). 864 

(f) GNSS areal strain, mainly reflecting deformation of the deep source. Black dots 865 

show the raw areal strain calculated from GEONET, and the red line shows the strain 866 

after smoothing and removing the seasonal trend. Blue dots show volume change 867 

reported by Munekane (2021). The dashed line indicates the date of the Tohoku–Pacific 868 

Ocean earthquake on March 11, 2011. The deformation drawn by gray background 869 

color immediately after the event was due to postseismic deformation. 870 



871 

872 

Figure 5 873 

Comparison of the onset of volcanic unrest in 2014 and 2018. 874 

(a, b) SBL at sites around the Yugama crater (KSE, KSHA, KSS, KSW, KSAO). Left 875 

blue dashed line in panel (a) indicates March 6, 2014. Right blue dashed line in panel 876 

(a) indicates May 1, 2014. Blue dashed line in panel (b) indicates April 21, 2018. The 877 

same goes for the following panels. 878 

(c, d) Normalized SBL ratio. Green shows KSHA/KSAO. Pink shows KSW/KSAO.  879 

(e, f) Daily SBL spectra at KSHA. 880 

(g, h) Seismicity (daily number of earthquakes). 881 

(i, j) Seismicity (maximum amplitudes of earthquakes). In the 2018 unrest graph, the 882 

dashed line shows all earthquakes, whereas the solid line excludes the earthquake that 883 

occurred at 18:10 on April 30, 2018. This earthquake was the largest event since 2014 884 

(JMA, 2018) and had a magnitude of 0.6 (JMA catalog). 885 

(k, l) Monthly ratio of volcanic earthquake types. Red indicates high-frequency 886 



earthquakes, green indicates low-frequency earthquakes, and blue indicates harmonic 887 

and monochromatic earthquakes. 888 

889 

890 

Figure 6 891 

Location of the SBL vibration source estimated by polarization analysis and the joint-892 

probability method, and distribution of hypocenters around the Yugama crater. 893 

(a) Result of the joint-probability analysis. Black squares indicate seismic stations used 894 

for the polarization analysis (KSE, KSHA, KSW, KSS). 895 

(b) Distribution of hypocenters of high-frequency earthquakes during the same period as 896 

the polarization analysis. 897 

(c) Distribution of hypocenters of high-frequency earthquakes. Blue shows the 2014 898 

unrest (January 2014 – December 2017), and red shows the 2018 unrest (January 2018 – 899 

December 2023). The green rectangle shows the area of hypocenters used in panel (d). 900 

(d) Spatiotemporal distribution of hypocenters projected onto the KSS–KSHA cross 901 

section. Colors of the plots are the same as in panel (c). 902 



903 

904 

Figure A1 905 

Comparison between areal strain calculated from GEONET and that inferred from the 906 

volume change reported by Munekane (2021). 907 

Gray circles show the raw areal strain calculated from GEONET. 908 

The red line shows the areal strain after smoothing and removing the seasonal trend. 909 

Orange circles show the areal strain calculated from the volume change reported by 910 

Munekane (2021). 911 

Blue circles (right axis) show the volume change reported by Munekane (2021). 912 

913 

914 

Figure B1 915 

Schematic illustration of the calculation method for the polarization analysis and back-916 

projection at each observation site. 917 

918 



919 

Figure B2 920 

Location of the SBL source estimated by polarization analysis and the joint-probability 921 

method. 922 

(a) Joint probability of the SBL source location. 923 

(b–e) Probability distributions estimated from the polarization analysis at KSHA, KSE, 924 

KSW, and KSS, respectively. 925 

Black squares indicate seismic stations used for the polarization analysis (KSE, KSHA, 926 

KSW, KSS). 927 















Table 1

Period start end SBL 

I 
2004 

(2004/1/1) 

April 2005 

(2005/4/30) 
increase 

II 
around May 2005 

(2005/5/1) 

around May 2007 

(2007/5/31) 
decrease 

III 
around May 2007 

(2007/6/1) 

2008 

(2008/12/31) 
increase 

IV 
2009 

(2009/1/1) 

around May 2014 

(2014/4/30) 
no significant change 

V 
around May 2014 

(2014/5/1) 

around May 2015 

(2015/5/31) 
increase 

VI 
around May 2015 

(2015/6/1) 

mid-2017 

(2017/8/31) 
decrease 

VII 
late 2017 

(2017/9/1) 

around January 2020

(2019/12/31) 
increase 

VIII 
January 2020 

(2020/1/1) 

around January 2022

(2021/12/31) 
keeping high levels 

IX 
January 2022 

(2022/1/1) 

April 2022 

(2022/4/30) 
decrease * 

X 
May 2022 

(2022/5/1) 

May 2023 

(2023/5/31) 
no significant change 

XI 
around June 2023 

(2023/6/1) 
decrease 

[footnote]

* The decrease in Period IX can be more clearly recognized when the results from KSE are 

also taken into account.

** Dates in parentheses correspond to the time intervals used for color coding in Fig. 4.



Table 2

before 2014 unrest 2014 unrest 2018 unrest 

SBL 

2004 � around April 2005(Period-I ): 

 increase 

around May 2005 � around May 2007(Period-II): 

 decrease 

around May 2007 � 2008 (Period-III): 

 increase 

2009 � around May 2014 (Period-IV): 

 no significant change 

2014/05 - 2015/05 (Period-V): 

 increase 

2015/05 - mid 2017 (Period-VI): 

 decrease 

late 2017 � 2020/01 (Period-VII): 

 increase (In 2018, unstable) 

2020/01 � 2022/01 (Period-VIII): 

 keeping high levels 

2022/01 � 2022/04 (Period-IX): 

 decrease 

2022/05 � 2023/05 (Period-X): 

 no significant change 

SBL spectrum - 
2014/03 - late2016: 3Hz 

2014/05 - late2016: 4-5Hz 

mid to late 2017-: 5-6Hz 

Seismicity: 

 (number, amplitude, type) 

number: 

 2007/11 (Period-III) slight increase 

 2011 (Period-IV) slight increase 

type: 

 High-frequency 

number: 

 2014/03 increase 

 2014/05 further increase 

 2014/07 decrease 

type: 

 High-frequency 

number: 

 2018/04 rapidly increase 

amplitude: 

 larger than 2014unrest 

type: 

 High-frequency to harmonic 

Ground deformation: 

Shallow source 

not clearly identified 2014-2015: inflation 2018-2021: inflation 

Ground deformation: 

Deep source 

no volcanic signals early 2014 - 2015: inflation late 2017 - 2021: inflation 
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