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Abstract

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

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

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

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

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

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

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

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

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

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

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

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

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

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

that the SBL reflects even subtle fluctuations in volcanic and hydrothermal activity
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without strong seismic or deformation signals. Overall, this study demonstrates that
SBL analysis provides a sensitive and quantitative means of detecting weak volcanic
signals associated with subsurface fluid activity. Although SBL analysis alone cannot
replace conventional monitoring techniques, it offers a powerful tool for detecting
subtle variations in volcanic activity. When combined with SBL ratio and particle
motion analyses, it also provides spatial information about the vibration source, thereby

improving volcano monitoring in hydrothermal and phreatic-eruption environments.

Keywords

Seismic background level (SBL), Kusatsu-Shirane Volcano, Volcanic unrest, phreatic

eruption, hydrothermal system, volcano monitoring
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Main Text

1.Introduction

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

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

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

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

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

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

any single dataset (Behr et al. 2025).

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

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

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

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

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

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

group in southern Kyushu, Japan. GNSS analysis also detected inflation several months
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before the eruptions, but the deformation source was located deep and away from

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

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

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

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

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

as a new indicator for volcano monitoring.

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

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

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

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

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

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

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

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

hydrothermal system is crucial for understanding the state of volcanic activity.
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At Kusatsu-Shirane volcano, recent activity is dominated by phreatic eruptions (Terada

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Yugama crater. As a result, we identified, for the first time, the presence of SBL.
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vibrations beneath the Yugama crater. The aim of this study is to clarify how the SBL

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

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

hydrothermal system in a phreatic-eruption environment.

2. Background of Kusatsu-Shirane Volcano

2.1 Geological setting

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

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

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

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

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

2.2 Recent activity (2014-2023)

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

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

(Munekane 2021). In both 2014 and 2018, seismic activity markedly increased around
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the Yugama crater (Fig. 1b), accompanied by inflation directly beneath the crater

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

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

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

2014 and 2018 unrests (Munekane 2021).

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

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

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

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

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

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

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

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

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

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

VLP earthquake and migration of VT-earthquake hypocenters suggested that the
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volcanic system was close to eruption. Another similar episode of sudden intensification

of seismic activity occurred in late September 2018.

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

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

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

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

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

1989).

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

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

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

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

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

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

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

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



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

and the mechanisms of phreatic eruptions.

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

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

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

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

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

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

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

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

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

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

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

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

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

a site of phreatic eruptions.
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3. Data and methods

3.1 Data

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

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

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

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

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

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

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

3.2 Method: Calculation of SBL

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

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

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

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

procedure is as follows.

Stepl1-1.
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We calculated the power spectral densities (PSDs), Pr (t, f), from the vertical
seismograms at each station using a time window of 10.24 s sliding every 10 s. The
variables  and f denote the central time of the window and the frequency, respectively.
The calculation was restricted to the period between 18:00 of the previous day and
06:00 of the following day to avoid the influence of anthropogenic noise, which is
predominant during daytime. The calculation of PSDs was performed on an hourly
basis, and time periods with more than 30% missing data were excluded from the
analysis because the data acquisition was unstable during those periods.

Stepl-2.

We calculated the seismic power by integrating the PSDs over a limited frequency
range. Ichihara et al. (2023) used the frequency band 3.5-7.0 Hz to include continuous
volcanic signals and exclude characteristic noise associate with high precipitation at

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

7.0

Seismic Power: E(t) =f Pe(t, f)df, (D
3.5
Step1-3.

The data were divided into two time windows: 18:00-24:00 of the previous day and
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00:00-06:00 of the following day. For each time window, a representative value of the
seismic power was determined through statistical processing of the dataset. Specifically,
we adopted the lowest 20th percentile of the seismic power values. This percentile-
based approach is intended to suppress the influence of transient earthquakes, thereby
extracting weak volcanic signals. The square root of the representative seismic power
value was then defined as the SBL.

Seismic background level: SBL = \/m, (2)
SBL values (raw SBL) were obtained two per day unless data are missing.
Step2.
A smoothing process was applied to exclude short-term fluctuations by selecting the
20th percentile of the raw SBL values within the previous seven days including the
current day (up to 14 samples). When fewer than 70% of the data (i.e. fewer than 10
samples) were available, the value for that day was excluded from the analysis. This
procedure effectively suppressed day-to-day variations related to weather conditions, as
shown in Fig. 3b, and yielded the final time series of SBL.

3.3 Method: Calculation of normalized SBL ratio
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To identify differences in the temporal evolution of the SBL among observation sites,

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

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

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

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

(KSHA) exhibited its highest SBL levels.

3.4 Method: Calculation of SBL spectra

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

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

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

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

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

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

focus on the spectral characteristics within the SBL calculation band.

3.5 Method: Reclassification of earthquake types based on JMA catalog

We reclassified the events into three groups: high-frequency (A- and BH-type), low-
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frequency (BL-type), and harmonic/monochromatic (BP- and BT-type) earthquakes,

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

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

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

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

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

decaying monochromatic tail as BT-type.

4. Results

4.1 Overview of temporal changes of SBL

4.1.1 SBL

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

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

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

summarized in Table 1.

Although there are slight differences among the stations, they exhibit similar variation
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trends. No obvious annual periodicity (seasonal variation) is observed. When multiple

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

4.1.2 Normalized SBL ratio

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

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

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

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

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

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

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

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

4.2 Comparison with seismicity

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

their temporal correspondence and characteristic differences among the unrest episodes.

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

occurring around the Yugama crater and Ainomine areas (JMA 2013).
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4.2.1 Before 2014 unrest (Period I-1V)

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

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

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

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

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

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

4.2.2 2014 unrest (Period V-VI)

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

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

the 2014 unrest, which began in March 2014.

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

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

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

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

increase around May 2014 (Fig. 5a), slightly delayed relative to the onset of seismic
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activity. In the SBL spectra, a spectral component around 3 Hz appeared in March 2014.

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

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

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

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

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

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

4.2.3 2018 unrest (Period VII-IX)

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

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

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

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

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

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

Then, harmonic events became predominant (Fig. 51).

In 2018, the SBLs at KSHA, KSE, and KSW showed synchronous fluctuations, which
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were most pronounced at KSW (Fig. 5b). The SBL kept growing until early 2020, after

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

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

seismic unrest started (Fig. 5f).

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

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

4.3 Comparison with ground deformation

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

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

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

GO03 and GO7, which are located on opposite sides of the Yugama crater (Fig. 2b). The

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

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

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

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

correct for the postseismic deformation following the 2011 Tohoku-Oki earthquake.
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4.3.1 Before 2014 unrest (Period I-1V)

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

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

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

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

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

therefore the changes remain uncertain.

4.3.2 2014 unrest (Period V-VI)

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

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

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

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

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

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

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

sampling interval, which we discuss in Section 5.1.1.
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The areal strain began to increase in early 2014 (Fig. 4f), preceding the increase in the

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

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

Coherently, the SBL started to decline around the boundary between Periods V and 1V.

4.3.3 2018 unrest (Period VII-IX)

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

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

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

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

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

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

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

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

obvious.

5. Discussion
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5.1 Relationship between SBL and volcanic activity

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

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

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

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

activity.

5.1.1 2014 and 2018 unrest

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

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

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

the inflating trend slows down, stagnates, or reverses.

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

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

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

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

radial pattern of uplifts indicated an inflation at a shallow source around Yugama. A
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comparison between the tiltmeter observations and the SBL variations suggests that the

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

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

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

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

fluids from deeper to shallower regions within the volcanic system.

5.1.2 Before 2014 unrest

SBL variations were also observed in Periods I—1III without significant volcanic unrest.

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

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

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

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

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

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

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

entire period after Period-1.
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In Period-1, a water jet and a color change of the lake surface were observed at Yugama

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

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

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

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

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

periods.

Although shallow deformation was not clearly resolved, geomagnetic measurements

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

as the thermomagnetic effect associated with progressive cooling of the subsurface

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

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

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

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

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

these periods may represent a minor fluctuation in volcanic activity occurring in the
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shallow depth beneath Yugama, within an overall declining and cooling trend of the

hydrothermal system.

5.2 Location of the SBL vibrations source

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

attempted to estimate their source locations.

5.2.1 Polarization analysis

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

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

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

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

multiple stations to infer the source location.

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

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

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

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

KSS showed a very high probability around the Yugama crater (Fig. 6a). The horizontal
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distance between the seismometers and the estimated vibration source was less than

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

source should be shallow.

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

SBL ratio changes

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

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

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

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

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

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

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

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

further to the northeast than that during the 2014 unrest.

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

contrasts in earthquake types between the 2014 and 2018 unrests. The 2018 unrest was
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characterized by the occurrence of many harmonic earthquakes (Table 2). Sources of

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



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

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

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

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

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

443  unrest.

444 5.3 Possible mechanism of the SBL vibrations

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

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

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

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

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

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

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

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

453  within a shallow hydrothermal system. Jolly et al. (2020) suggested that persistent
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tremor observed at Whakaari (White Island) may be generated by frothing within a

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

involve similar processes.

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

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

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

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

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

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

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

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

observed SBL vibrations.

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

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

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

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

6. Conclusion

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

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

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

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

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

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

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

activity center.

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

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

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

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



486 Appendix A: Ground deformation

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

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

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

490  Shallow source beneath Yugama crater lake

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

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

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

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

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

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

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

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

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

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

501  approximately 2 km northwest of the Yugama crater at a depth of about 4 km.
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According to that study, the Kusatsu-Shirane source was generally inflating after 2013,

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

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

and 2018, respectively.

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

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

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

GEONET FS5 provided by the Geospatial Information Authority of Japan (Takamatsu et

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

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

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

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

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

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

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

temporal trends were consistent, and both the amplitude and the trend showed good
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agreement after 2015. Therefore, we assumed that the areal strain reflects the behavior

of the deep deformation source throughout the analysis period.

Appendix B: Polarization analysis of SBL vibrations

B1. Method

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

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

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

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

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

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

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

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

Stepl:

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

window using the method of Hirose and Ueda (2025). The analysis was applied to time
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windows where the Seismic Power percentile was between the 20th and 40th. After
applying the NIP filter, the back azimuth corresponding to the frequency with the
largest mean amplitude within the 3.5—7.0 Hz band was adopted as the back azimuth for
that time window.
Step2:
We estimated the density distribution of the back-azimuth dataset for each day using a
non-parametric method.
1 n
GRS WACETN (B.1)
i=1

where, K, = K(6/h)/h is kernel function, and % is smoothing parameter (Taylor

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

K(; u k) = el cos(0-p) (B.2)

2mly (k)
where, [, is the modified Bessel function of order 0. k is concentration parameter and

is the reciprocal of 4. From Equations (B.1) and (B.2), the kernel density estimation

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

f(6;1) =

1 n
YI(ZTI()(K)Z exp{x cos(6 — 6,)} (B.3)

In this study, we compared the estimated density distribution with the observed
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frequency distribution and adopted x = 50, which showed a good agreement between
the two. The half width at half maximum (HWHM) in this case is approximately 9.6°.
The grid interval (6; spacing) used for summing the kernel functions was set to 0.5°. In
addition, datasets with fewer than 100 samples were excluded from the analysis.

Step3:

The probability density distributions estimated for each day were averaged over the
analysis period, and the resulting mean distribution was regarded as the probability
density distribution for that period.

Step4:

We applied the cross-bearings approach (Lehr et al. 2019; Hirose and Ueda 2025) to the
probability density distributions of back azimuths estimated at each of the four
observation sites to estimate the vibration source location. Specifically, the probability
density distributions obtained in Step 3 were back-projected onto the grid. The joint

probability of the intersecting beams is given by:

1 fi(é:))
(I fi(9ip))

p(x,y;) = (B.4)

where ¢;; is the back azimuth at i-th station for a signal starting at a j-th search grid
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which location is (xj, y]-). The grid covers the area from 36.62°N to 36.66°N in latitude
and from 138.51°E to 138.56°E in longitude, with a spacing of 0.001° in both
directions.

B2. Result

Figure B2 shows the probability distributions obtained by back-projecting the
directional density distributions from each station onto the grid, together with the joint
probability obtained by combining the results from multiple stations. The probability is

high around the Yugama crater.
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List of abbreviations

GEONET: GNSS Earth Observation Network System

GNSS: Continuous global navigation satellite system

GSI: Geospatial Information Authority of Japan

HWHM: the half width at half maximum

JMA: Japan Meteorological Agency

KDE: Kernel Density Estimation

SBL: Seismic background level

VLP earthquake: very-long-period earthquake

VT earthquake: volcano-tectonic earthquake
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Caption

Table 1

Period defined from SBL at KSHA.

[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

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

Figure 1

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

crater.
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(a) Location of Kusatsu and Yugama.

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

crater.

Black bars show the monthly number of earthquakes counted by IMA.

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

Red triangles indicate eruptions.

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

Orange squares indicate the appearance of new fumaroles near Yugama.

Figure 2

Locations of observation sites and sources of ground deformation.

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

(b) Local map around the Yugama crater.

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

symbols by the Institute of Science Tokyo.
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Circles indicate GNSS stations. Filled symbols are installed by JMA, and open symbols

by the Geospatial Information Authority of Japan (GSI).

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

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

(2015).

Figure 3

Schematic illustration of the calculation method for the Seismic background level

(SBL).

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

(b) Calculation of time series of smoothed SBL.

Figure 4

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

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

as in Figure 1b.

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

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

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

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

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

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

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

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

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

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

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

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

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

color immediately after the event was due to postseismic deformation.
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Figure 5

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

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

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

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

same goes for the following panels.

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

(e, f) Daily SBL spectra at KSHA.

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

(1, J) Seismicity (maximum amplitudes of earthquakes). In the 2018 unrest graph, the

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

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

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

(k, 1) Monthly ratio of volcanic earthquake types. Red indicates high-frequency
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earthquakes, green indicates low-frequency earthquakes, and blue indicates harmonic

and monochromatic earthquakes.

Figure 6

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

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

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

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

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

the polarization analysis.

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

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

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

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

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

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

volume change reported by Munekane (2021).

Gray circles show the raw areal strain calculated from GEONET.

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

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

Munekane (2021).

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

Figure B1

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

projection at each observation site.
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Figure B2

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

method.

(a) Joint probability of the SBL source location.

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

KSW, and KSS, respectively.

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

KSW, KSS).
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Flowchart of SBL calculation

(a) Step1: Daily calculation of raw SBL

2days vertical seismograms (site:KSAQ)

Time series

(b) Step2: calculate time series of smoothed SBL
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Table 1

Period start end SBL
2004 April 2005 .
I increase
(2004/1/1) (2005/4/30)
around May 2005 around May 2007
[l decrease
(2005/5/1) (2007/5/31)
around May 2007 2008
[ increase
(2007/6/1) (2008/12/31)
2009 around May 2014
IV no significant change
(2009/1/1) (2014/4/30)
around May 2014 around May 2015 _
V increase
(2014/5/1) (2015/5/31)
around May 2015 mid-2017
VI decrease
(2015/6/1) (2017/8/31)
late 2017 around January 2020 _
VII increase
(2017/9/1) (2019/12/31)
January 2020 around January 2022 _ _
VI keeping high levels
(2020/1/1) (2021/12/31)
January 2022 April 2022
IX decrease *
(2022/1/1) (2022/4/30)
May 2022 May 2023
X no significant change
(2022/5/1) (2023/5/31)
around June 2023
Xl decrease
(2023/6/1)
[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-1):

increase

around May 2005 — around May 2007 (Period-11):

decrease

around May 2007 — 2008 (Period-IIl):

increase

2009 - around May 2014 (Period-1V):

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-1X):
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-Ill) slight increase
2011 (Period-1V) 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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