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Pilot application of the Volcanic Unrest 
Index (VUI) for active volcanoes in Japan: Mount 
Tokachidake and Mount Meakandake
Takeshi Hashimoto1*, Hiroshi Aoyama1, Ryo Tanaka1, Takahiro Ohkura2, Toshiya Mori3, Ryo Takahashi4, 
Akimichi Takagi5, Mare Yamamoto6, Masahiro Ichiki6, Wataru Kanda7, Akihiko Terada7 and Mitsuru Utsugi8 

Abstract 

The quantitative assessment of volcanic unrest is essential for understanding volcanic processes and supporting 
decision-making. However, systematic approaches to evaluating unrest episodes remain underdeveloped, particularly 
during non-eruptive periods. The Volcanic Unrest Index (VUI), originally proposed in New Zealand as a communica-
tion tool, condenses diverse monitoring parameters into a single numerical index ranging from 0 to 4, with VUI 4 
indicating the highest unrest level. Here we present the first application of the VUI to Japanese volcanoes, focus-
ing on Mount Tokachidake and Mount Meakandake in Hokkaido, and develop an operational framework for its 
implementation using long-term monitoring datasets. Daily VUI values were constructed from monitoring datasets 
provided mainly by the Japan Meteorological Agency (JMA). For each data record, scores were assigned using thresh-
olds defined based on proportion-based distributions of assigned scores or, where not applicable, from geophysical 
or geochemical thresholds. These daily scores were then aggregated into overall VUI values using a hierarchical frame-
work, enabling daily evaluation through a sliding time-window approach across datasets spanning 50 years. The VUI 
captured episodes of heightened activity associated with eruptions and non-eruptive unrest. At Tokachidake, the VUI 
exhibited peaks corresponding to the 1985 phreatic eruption, the 1988–1989 magmatic eruption, and the 2004 phre-
atic event, and reflected prolonged fumarolic activity after 2018. At Meakandake, VUI 4 emerged four times over the 
study period. Three of these corresponded to the eruptive periods in 1988, 2006, and 2008. Meanwhile, two other 
eruptions in 1996 and 1998 were not associated with VUI 4, but were instead categorized as VUI 3 and 2, respectively. 
Integration of multiple parameters reduced responsiveness relative to individual datasets. These results highlight 
the effectiveness of the proposed framework in providing a consistent, quantitative basis for comparing volcanic 
activity over multi-decadal timescales, while also underscoring limitations stemming from data availability and aver-
aging across Categories. The study demonstrates that the VUI can serve not only as a framework for systematic 
evaluation of volcanic unrest in Japan but also as a computational platform for organizing and analyzing sub-eruptive 
activity, supporting future probabilistic eruption forecasting. Future directions include optimization of evaluation 
criteria across different volcanic settings and real-time automation.
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Graphical Abstract

1  Introduction
The assessment and characterization of volcanic activity 
provide crucial information that can facilitate decision-
making and encourage behavioral change among diverse 
stakeholders, including residents, government authori-
ties, tourists, climbers, and researchers, by presenting the 
activity status in a clear and accessible manner (e.g., John-
ston et al. 1999). Such assessments are necessary not only 
during eruptive periods but also during non-eruptive 
phases, particularly during episodes of unrest. In fact, 
over any given interval, many volcanoes remain in non-
eruptive phases, and the duration of quiescence, includ-
ing sub-eruptive unrest, often exceeds that of eruptions. 
Episodes of unrest that become frequent or prolonged 
can generate social anxiety and affect local economies 
(e.g., Peers et al. 2021). However, the distinction between 
background activity and unrest is not always clear, and 
systematic classification has not yet been sufficiently 
established. Furthermore, as Moran et al. (2011) pointed 
out, episodes of activity that are not followed by an erup-
tion tend to be underreported, potentially leading to a 
biased scientific understanding of volcanic processes.

What constitutes unrest varies from volcano to vol-
cano. Although observational data are diverse, simply 
listing individual parameters, for example, the number 
of volcanic earthquakes or sulfur dioxide emissions, does 
not readily provide information that is meaningful for 
decision-making, particularly for non-specialists. Despite 
the accumulation of multi-parameter monitoring data, 
a systematic framework for integrating these observa-
tions and quantitatively evaluating volcanic unrest over 
extended time periods remains underdeveloped.

To address this gap, this study applies the Volcanic 
Unrest Index (VUI, Potter et al. 2015a; 2015b) to Japanese 
volcanoes and develops a time-series framework for the 

continuous and quantitative characterization of volcanic 
unrest over multi-decadal timescales. The VUI is a simple 
and transparent index that summarizes multiple observa-
tional parameters into a single numerical value, providing 
a practical means of describing the state of volcanic activ-
ity. This study implements the VUI by introducing a slid-
ing time-window approach to construct continuous time 
series based on long-term monitoring data.

As part of a research project conducted from 2019 to 
2023, we applied the VUI to five well-monitored volca-
noes in Japan. In this paper, we focus on Mount Tokachi-
dake and Mount Meakandake in Hokkaido, for which 
VUI worksheets were developed under a common frame-
work. These volcanoes were selected because they pos-
sess long-term observational records, have experienced 
multiple episodes of eruptions and unrest during the 
observational period, and are associated with significant 
levels of human exposure, including tourism and moun-
taineering. The full calculation workflow is provided in 
the supplementary spreadsheets (Additional files 1 and 
2).

The proposed framework enables systematic and con-
tinuous evaluation of volcanic unrest over extended peri-
ods, facilitating and providing a basis for future statistical 
analyses of eruption precursors. At the same time, the 
approach requires sufficiently long and stable monitor-
ing datasets, ideally encompassing multiple episodes of 
unrest and quiescence, to establish meaningful statisti-
cal thresholds. Accordingly, the present analysis is best 
suited to well-monitored volcanoes.

In the following sections, we first describe briefly the 
background of the VUI in relation to the existing system 
of volcanic alert levels in Japan. Next, we describe the 
methodology for constructing the VUI worksheets and 
the criteria used for evaluation. We then examine the 
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correspondence between the resulting VUI time series 
and observed volcanic activity, and discuss the strengths 
and the limitations of the approach, as well as directions 
for future improvement. The VUI worksheets presented 
in this study were developed as part of an exploratory 
analysis. They are not intended for direct use in the cur-
rent alert system, nor in municipal volcanic disaster man-
agement plans.

2 � Background
The VUI was developed as a practical framework for 
characterizing the intensity of volcanic unrest using 
multiple observational parameters in a structured and 
transparent manner (Potter et al. 2015a; 2015b). The VUI 
evaluates the state of volcanic activity over a defined time 
period by assigning scores to several categories of obser-
vations, such as seismicity, deformation, and gas emis-
sions. Each parameter is assessed on a discrete scale, and 
the overall index is obtained by averaging these values 
and rounding to an integer, typically ranging from 0 to 4.

One of the key advantages of the VUI is its ability to 
integrate heterogeneous observational data into a single 
quantitative measure, facilitating comparison across time 
periods and between volcanoes. In addition, its relatively 
simple formulation enhances transparency and interpret-
ability, making it suitable not only for scientific analysis 
but also for communication with non-specialists. The 
framework can accommodate datasets with different 
temporal resolutions and can be adapted for semi-auto-
mated or fully automated processing.

At the same time, several limitations of the VUI should 
be noted. Because the index aggregates multiple param-
eters, it may reduce sensitivity to short-term or param-
eter-specific changes. Furthermore, the simplification 
inherent in reducing complex volcanic processes to a 
single numerical value can obscure important details 
contained in individual observations. The selection of 
parameters and the definition of evaluation criteria 
therefore require careful consideration, particularly when 
adapting the framework to different volcanic settings.

The VUI worksheet is not a fixed template and must 
be tailored to the characteristics of each volcano and 
the availability of observational data. Previous applica-
tions have demonstrated its flexibility in both short-term 
assessments of discrete unrest episodes and longer-term 
evaluations based on continuous monitoring records.

A seemingly similar framework for describing volcanic 
activity is the Volcanic Alert Level (VAL) system used 
in Japan operated by the Japan Meteorological Agency 
(JMA). The current VAL is a five-level scheme that, while 
informed by the state of volcanic activity, is fundamen-
tally oriented toward hazard communication, incorpo-
rating expected impacts and recommended actions in 

coordination with local disaster management authori-
ties (Japan Meteorological Agency 2026). In this sense, 
the VAL is closely tied to societal response and risk 
mitigation.

In contrast, the VUI is designed to quantify the state of 
volcanic activity itself based primarily on observational 
data, and it is not currently implemented as an official 
operational tool in Japan. Its framework is constructed 
independently of hazard or response considerations, 
focusing instead on the systematic characterization of 
volcanic unrest.

This distinction is essential for interpreting the role of 
the VUI in this study: rather than serving as a warning 
system, it provides a complementary, data-driven frame-
work for describing volcanic activity, which may support 
but does not replace existing alert systems such as the 
VAL.

3 � Methods
3.1 � Basic workflow
The basic structure of the VUI worksheet used in this 
study follows Potter et al. (2015a; 2015b). Building on this 
framework, we developed evaluation procedures tailored 
to Japanese volcanoes. A key modification introduced 
in this study is the explicit definition of a hierarchical 
structure, comprising Categories, Items, and Targets, to 
provide a logical and consistent basis for determining 
evaluation criteria, which was not fully formalized in the 
previous studies. The VUI evaluation is hierarchical, pro-
gressing from individual data records to Category-level 
indices and ultimately to the integrated VUI, as illus-
trated by schematic examples in Fig. 1.

The primary observational dataset relied on long-term, 
stable records maintained by the JMA. Complementary 
observations and analyses from other institutions were 
likewise considered valuable and incorporated into the 
evaluation whenever feasible. Rather than homogeniz-
ing or merging datasets at the raw data level, each dataset 
was evaluated independently and converted into a stand-
ardized index, allowing consistent integration of datasets 
with different units and measurement characteristics. It 
should be noted that the different observation types are 
characterized by markedly different temporal resolu-
tions. Some parameters (e.g., direct gas sampling) being 
available only at relatively long intervals. We take advan-
tage of the key feature of the VUI, namely its capability of 
integrate such datasets with differing measurement inter-
vals. When a particular assessment element (Category, 
Item, or Target) was absent on the evaluation day, it was 
excluded from the VUI calculation.

We considered four evaluation Categories: seismicity, 
deformation, thermal activity, and geochemical features 
for Tokachidake. However, the geochemical Category was 
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Fig. 1  Conceptual framework of the VUI used in this study. The framework consists of three levels: Categories, Items, and Targets. Each Target 
represents an individual observational record from which an individual unrest index (iVUI) is derived. The maximum iVUI is selected within each 
Item, and the maximum Item-level value is selected within each Category to obtain Category-level indices. The overall VUI is then calculated 
by averaging across Categories. Examples of observational parameters used in this study are shown for each level. This figure does not represent 
the exact configurations used for Mt Tokachidake or Mt Meakandake
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omitted for Meakandake because suitable data records 
were not available. Each Category comprised one or 
more assessment Items, when deemed applicable. For 
example, the “thermal activity” Category for Tokachidake 
included plume height, crater temperature, and mag-
netic changes, which collectively reflect the behavior of 
a dynamic hydrothermal system. For Items with multiple 
Targets (e.g., multiple craters or observation points), we 
first assessed each record individually, and then adopted 
the maximum value to represent the evaluation Item. 
This choice ensures that localized or migrating activity 
signals are not overlooked. Integration among Items can, 
in principle, be performed using either the maximum or 
the mean; however, in this study, we applied the same 
maximum-value principle to avoid signal dilution in 
Categories arising from averaging over a larger number 
of Items. Finally, the integrated VUI was obtained as the 
mean across Categories and then rounded to the near-
est integer, allowing all Categories, representing different 
physical and chemical processes to contribute compara-
bly to the final index. Throughout the manuscript, indi-
vidual unrest indices for each Target, Item or Category 
are denoted as “iVUI”, whereas the plain (unmarked) 
“VUI” refers either to the integrated index, or more gen-
erally to the volcanic unrest index in a broader sense.

We adopted the maximum-value principle within each 
assessment Item when multiple related records are avail-
able. This choice is motivated by the need to capture 
significant but potentially localized or shifting activity 
signals, a situation commonly observed in volcanic sys-
tems, particularly in thermal, geochemical, and some 
seismic observations. In such cases, the apparent level 
of overall activity may remain similar while the locus of 
activity migrates, and averaging across locations may 
obscure these signals. For deformation observations and 
some seismic Items, only a single Target was assigned 
to each Item and therefore the maximum-value opera-
tion had no practical effect. At Tokachidake, the earth-
quake Item includes both A- and B-type earthquakes, 
which may reflect different source regions or temporal 
evolutions of volcanic activity, further supporting the 
use of the maximum-value principle. By contrast, when 
integrating the different Categories into a composite 
VUI, we employed the mean. Since each Category rep-
resents a distinct physical process, averaging allows all 
Categories to contribute to the integrated index in a bal-
anced manner, rather than restricting their influence to 
an all-or-nothing contribution. It should also be noted 
that each parameter is first transformed into a standard-
ized iVUI scale (0–4), with thresholds defined so that the 
frequency distributions are broadly comparable among 
datasets. This standardization allows different types of 
observations to be integrated on a common basis. At 

the intermediate level of integration (Item), either the 
maximum or the mean could in principle be applied; in 
this study, however, we adopted the maximum value to 
ensure that meaningful signals are not overlooked.

In this study, we developed a scheme to calculate daily 
VUI values, with the prospect of future automation ena-
bling real-time computation on a daily basis. For each 
record, a 90-day sliding window preceding the target 
day was defined. This choice follows the original VUI 
concept (Potter et  al. 2015a), which recommends using 
a sliding time window comparable to the longest inter-
val between regular observations or samples, so that the 
maximum available parameters are incorporated into 
the evaluation. In the present dataset, some parameters 
are observed at intervals comparable to this timescale. 
In addition, certain unrest phenomena, such as earth-
quake swarms and ground deformation, may persist 
over timescales of several months, and once a high iVUI 
value emerged, a 90-day window allows it sustained for 
this timescale, even if the relevant activity has temporar-
ily waned. At the same time, it avoids excessive smooth-
ing and retains sensitivity to temporal changes in waning 
phases. The maximum value within this window was 
extracted and assigned an iVUI score from 0 to 4 accord-
ing to predefined criteria. This approach is robust against 
data gaps: in the absence of larger subsequent values, the 
same score is retained for approximately 90  days, while 
waxing activity is promptly reflected.

The choice of a 90-day evaluation window was not 
based on a strict physical rationale, but rather on practi-
cal considerations. Elevated activity is assumed to require 
monitoring over at least several months, and field obser-
vations are typically conducted one to several times per 
year, mainly between spring and autumn in Hokkaido. 
Setting the validity period to three months ensures cover-
age for most of the year. If no data are available within the 
90-day evaluation window, the day is treated as missing 
(#N/A). Extending the window would reduce the number 
of missing values but was avoided to prevent prolonged 
reliance on outdated observations.

The evaluation criteria were established primarily 
according to a proportion-based approach. Thresholds 
were iteratively adjusted so that the distribution of iVUI 
values approximates 40% for iVUI 0, 30% for iVUI 1, 
20% for iVUI 2, 9% for iVUI 3, and 1% for iVUI 4. This 
ensures balanced weighting across datasets, while allow-
ing threshold values to differ between volcanoes depend-
ing on their characteristics and observational conditions. 
For some parameters, however, thresholds were defined 
based on physical or chemical grounds (e.g., boiling point 
of water for crater temperature, and SO₂/H₂S and SO₂/
HCl ratios derived from on-site measurements or direct 
sampling for volcanic gas composition).
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Data requiring extensive modeling (e.g., source param-
eter calculations) were excluded to maintain simplicity 
and reproducibility. Since this study prioritized repre-
senting the overall magnitude of sub-eruptive volcanic 
activity based on multiple types of observational datasets, 
we avoided using specific hazard-related components.

Although the VUI was originally designed as an index 
for volcanic activity below the eruption level (Potter et al 
2015a), we also applied the same criteria to eruptive peri-
ods in this study. Here, eruptive activity is treated as the 
upper bound of the activity spectrum, effectively corre-
sponding to saturation at VUI 4, rather than being used 
to quantify eruption magnitude. This approach allows 
for a discussion of the correspondence between erup-
tive events and the VUI, particularly with regard to their 
timing. While the VUI is expressed as an integer from 0 
to 4 for communication purposes, the non-integer VUI 
before rounding also has scientific significance as a com-
prehensive and objective measure of volcanic activity. It 

retains subtle variations that are lost in the integer VUI 
through rounding; therefore, we primarily referred to the 
non-integer VUI when discussing its responses to spe-
cific events in later sections. Since the averaging involves 
three or four Categories, values are meaningful only to 
the first decimal place.

3.2 � Overview of the target volcanoes and data used 
in the analysis

3.2.1 � Mount Tokachidake
The Tokachidake volcanic group is a Quaternary volcanic 
complex in central Hokkaido. Mount Tokachidake, with 
an elevation of 2077 m, is one of its edifices and is clas-
sified as an active volcano (Figs.  2 and 3). In the twen-
tieth century, it experienced three magmatic eruptions 
in 1926, 1962, and 1988–1989. The 1926 eruption (VEI 
1, based on the Volcanic Explosivity Index; Newhall 
and Self 1982) caused a partial collapse of the Central 
Crater Cone, forming the Taisho crater and triggering 

Fig. 2  Locations of Mt Tokachidake and Mt Meakandake (red triangles)
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large-scale debris flows. The 1962 event  was  a major 
eruption (VEI 3)  from the southern part of the Cen-
tral Crater Cone, generating an ash plume that reached 
12 km in height and forming multiple craters, including 
the 62–2 crater, which continues fumarolic activity to 
the present. The latest magmatic eruption occurred at 
the 62–2 crater in 1988–1989. A minor phreatic eruption 
took place at the same crater in 2004, and no eruptions 
have been observed since then (Japan Meteorological 
Agency 2013).

Significant ground deformation indicative of shallow 
inflation near the 62–2 crater was detected between 2006 
and 2017. Beginning around 2018, fumarolic activity at 
both the 62–2 crater and the Furikozawa fumarole field 
progressively intensified, continuing until about 2021. 
Seismicity, although fluctuating since roughly 2010, has 
remained at generally elevated levels (Additional file  3: 
Figs. S1–3). Since 2018, shallow ground deformation has 
shifted to contraction; nevertheless, notable fumarolic 
activity persists at the Taisho crater, the 62–2 crater, and 
the Furikozawa fumarole field as of 2025.

More than 35 years have passed since the most recent 
magmatic eruption at this volcano. Although such a 
duration alone does not necessarily indicate elevated 
concern, the magmatic eruptive history since the twen-
tieth century suggests that it is approaching the range 
of past inter-eruption intervals. Continuous monitoring 

by the JMA has been conducted at Tokachidake since 
the mid-1960s. The JMA provided the data for seismic-
ity, deformation, plume height, crater temperatures, and 
part of the SO2 flux measurements. The following section 
describes the datasets used in this study to construct the 
VUI worksheet in detail. The locations of the observation 
sites are shown in Figs. 2 and 3.

3.2.1.1  Seismicity  Among the various monitoring activ-
ities conducted at Tokachidake, seismic observation has 
the longest history. In this study, we analyzed daily earth-
quake counts since 1970 obtained at the JMA’s Iwozawa 
station (station code: TOKA). The JMA classifies volcanic 
earthquakes into different types using multiple lines of 
information, including waveform characteristics, hypo-
central location, and S-P time (i.e., the time difference 
between the arrivals of P and S waves). In JMA operational 
procedures, volcanic earthquakes are identified using cri-
teria including amplitudes ≥ 0.05 μm and S-P times ≤ 2 s. 
S-P time is also used as a proxy for source distance or 
depth when precise hypocenter determination is diffi-
cult. In this study, we used the events classified by JMA 
as type A (high-frequency volcano-tectonic earthquakes) 
and type B (low-frequency events typically associated 
with fluid movement) (Minakami 1960). Type A earth-
quakes generally represent activity at relatively greater 
depths, whereas type B corresponds to shallower activity 

Fig. 3  Topography, major landmarks, and observation sites around Mt Tokachidake. The square in panel a shows the area depicted in panel b. 
TOKA: seismic station used for counting earthquakes; J081, J088, and MTK: GNSS stations; The solid line connecting the J081 and J088 stations 
indicates the baseline used to evaluate the crustal deformation; TKNM: geomagnetic station
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immediately beneath active craters. In this study, seismic-
ity is defined as the total number of volcanic earthquakes 
reported by the JMA. Although the operational procedure 
does not strictly define a fixed spatial boundary, these 
events effectively correspond to seismicity occurring 
within an area of approximately 20 × 20  km around the 
volcano, representing the typical extent of monitored vol-
canic seismicity. Both types typically occur fewer than 100 
times per year on average, and days without any detected 
events are common. To capture low-level background 
activity during quiescent periods, we calculated a 15-day 
cumulative count for each day. The iVUI values for type A 
and type B were evaluated separately using the maximum 
value within the preceding 90-day window (Additional 
file 3: Fig. S1).

More advanced seismic parameters such as Real-time 
Seismic Amplitude Measurement (RSAM; Endo and 
Murray 1991) and Displacement Seismic Amplitude 
Ratio (DSAR; Caudron et al. 2019) were not included, as 
they require consistent reprocessing of continuous wave-
form data, which is not uniformly available over the full 
observation period considered in this study.

3.2.1.2  Deformation  This Category incorporates two 
types of data records. The first consists of daily Global 
Navigation Satellite System (GNSS) positions of station 
MTK, located approximately 200  m west of the 62–2 
crater. MTK was originally installed and operated by the 
Hokkaido Research Organization (HRO) and Hokkaido 
University, and since 2022 has been taken over by the 
JMA. The daily positions, calculated relative to the Bou-
gakudai station (J081, approximately 3  km northwest of 
the crater area), are available for the period from 30 May 
2003 through the end of 2023. Only the horizontal com-
ponents were considered in this study.

To suppress noise and outliers, a 15-day moving 
median was applied. Subsequently, the slope, i.e., the 
horizontal displacement rate, was estimated daily using 
a linear fit over a 365-day moving window. The maxi-
mum slope within the preceding 90 days was then eval-
uated and converted into iVUI (Additional file  3: Fig. 
S2a–d). The use of a one-year window reflects the chal-
lenging observational environment at MTK: during 
winter, snow frequently covers the solar panels, causing 
prolonged data outages. Data quality often deteriorates 
around such gaps, sometimes producing spurious slopes; 
shorter windows were found to exaggerate these effects 
and artificially elevate iVUI values. To address this issue, 
we adopted the one-year window despite its lower tem-
poral responsiveness. Nevertheless, characteristic events, 
such as the enhanced activity in 2009 and 2012 and the 
abrupt change in 2016, are adequately captured in the 
displacement-rate record. For volcanoes with more stable 

datasets and fewer gaps, shorter window lengths may be 
used without concern.

The second dataset consists of long GNSS baseline 
measurements spanning the volcano, provided by the 
JMA. Specifically, the baseline between the JMA sta-
tions at Bogakudai (J081) and Yunotaki (J088; ca.  7  km 
southeast), with a length of approximately 11  km, has 
been available since August 2011. The same processing 
procedure as the MTK record was applied to this data-
set: a 15-day running median was used, followed by the 
calculation of the annual slope, and the maximum value 
over the preceding 90  days was evaluated (Additional 
file 3: Fig. S2e–g). While the MTK station reflects shal-
low sources directly beneath the crater, the J081–J088 
baseline is considered to capture pressure variations at 
greater depths.

3.2.1.3  Thermal activity  Thermal activity was evaluated 
in three assessment Items: plume height, crater tempera-
ture, and rock demagnetization around the craters.

First, plume height is based on JMA’s distant observa-
tions since 1964. Plume heights were determined visually 
or from video footage, and three Targets were consid-
ered, corresponding to the 62–2 crater, Taisho crater, and 
the Furikozawa fumarolic zone. Among these, the 62–2 
crater generally dominates, with plume heights exceeding 
100  m for most of the observation period. The absence 
of data for the Furikozawa fumaroles between 2008 and 
2015 indicates that plume activity had declined below 
the detection limit of distant observations. From 2016 
onward, numerous fumaroles have been observed in this 
area, and maximum plume heights exceeding 50 m have 
become relatively common. Plume height data are often 
missing due to poor weather conditions, and daily values 
exhibit substantial variability due to wind. Therefore, the 
plume height data provided by the JMA were available as 
monthly values, defined as the average of daily maxima 
for each month. In this study, the data were assigned to 
the last day of each month, and the iVUI was evaluated 
for each plume using the maximum value over the pre-
ceding 90 days (Additional file 3: Fig. S3).

Second, for crater temperature records, we utilized 
measurements collected during on-site surveys con-
ducted by the JMA and HRO since 1971. Observations 
were generally performed twice a year, in spring and 
autumn. In this study, thermal infrared observations at 
the 62–2 crater and the direct measurements at the 62–1 
and Taisho craters, provided by the JMA and HRO, were 
used to evaluate the iVUI based on the maximum tem-
perature over the preceding 90  days (Additional file  3: 
Fig. S4).

Third, we incorporated total geomagnetic field inten-
sity data recorded at station TKNM, which was set up 
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by Hokkaido University in 2014 (see Fig. 3 for the loca-
tion). This site is located approximately 300 m northwest 
of the 62–2 crater and designed to monitor thermal de/
re-magnetization beneath the crater. Measurements were 
performed automatically at 15-min intervals. Previous 
studies based on the repeated magnetic surveys (e.g., 
Hashimoto et  al. 2010), reported thermal demagneti-
zation at a shallow level beneath the 62–2 crater. In the 
present study, assuming that the source location remains 
largely unchanged, we interpreted increases in total mag-
netic field intensity at TKNM as an indicator of thermal 
demagnetization beneath the crater. Here, variations in 
total intensity were evaluated as reflecting either a rise in 
temperature or heat accumulation beneath the crater. To 
remove geomagnetic field variations of extra-terrestrial 
origin, the data were corrected by subtracting simultane-
ous total intensity values at a reference site (MTY, located 
approximately 200  km southwest of Tokachidake). Out-
liers were then removed by excluding data deviating by 
more than ± 20 nT from the median value of the analyzed 
time-series segment, and daily means were calculated. 
We computed the rate of change over 100 days and evalu-
ated the iVUI using the maximum value over the preced-
ing 90  days. In addition to long-term demagnetization 
trends throughout the observation period, shorter-term 
variations on the order of several months to one year 
were also observed (Additional file 3: Fig. S5).

3.2.1.4  Geochemical features  Our evaluation of geo-
chemical characteristics was based on three assessment 
Items: volcanic gas composition, SO₂ flux in volcanic 
plumes, and the contribution of deep hydrothermal fluid 
to hot spring waters.

First, volcanic gas composition was determined from 
open-file reports published by the Geological Survey of 
Japan (Shinohara et  al. 2025), which provide chemical 
analysis data of gas samples collected directly in the field. 
Because these data are highly sporadic in time, propor-
tion-based criteria were not applied. Instead, the degree 
of magmatic contribution was assessed using semi-quan-
titative criteria, derived from molar ratios of individual 
gas components. These criteria were developed with ref-
erence to the classification of fumarolic gas compositions 
proposed by Ozawa (1965). While his classification only 
qualitatively shows the relative abundances of the com-
ponents, we introduced specific threshold values for the 
component ratios for practical purposes in calculating 
the iVUI as shown in Table 1. For consistency with other 
parameters, the iVUI was defined as the maximum value 
within the 90  days preceding each evaluation date. In 
practice, this means that each gas analysis remains valid 
for 90 days after the sampling date. At Tokachidake, the 
available gas composition data always yield iVUI values 

ranging from 2 to 4, indicating that a magmatic signature 
has been maintained throughout the analyzed period 
(Additional file 3: Fig. S6a).

Next, the SO₂ flux data were all derived from ultravio-
let spectroscopic measurements. The dataset includes 
previously published results (Mori et al. 2006; Carn et al. 
2017; Yamaguchi et al. 2023), observational data provided 
by the JMA, and additional data collected and analyzed 
by Hokkaido University and the University of Tokyo. 
Ground-based measurements were conducted using both 
traverse and scanning techniques. The dataset reported 
by Carn et al. (2017) is based on remote sensing with the 
Ozone Monitoring Instrument (OMI) satellite sensor, 
and the original values are given as annual emission rates. 
For the purposes of this study, these values were con-
verted into daily fluxes and assigned to June 30 of each 
year. Since 2019, most of the available data have come 
from remote sensing estimates using the Tropospheric 
Monitoring Instrument (TROPOMI) satellite sensor, as 
reported by Yamaguchi et al. (2023). Further details about 
the datasets are provided in the accompanying worksheet 
(Additional file 1). With the exception of the Carn et al. 
(2017) dataset, the SO₂ flux data consist of daily meas-
urements. These daily values are highly variable, largely 
due to meteorological conditions. To reduce this variabil-
ity, we applied a 50-day running median to the raw data, 
and then used the maximum value within a 90-day win-
dow to evaluate the iVUI (Additional file 3: Fig. S6b, c).

The evaluation criteria for this Item were established 
not from proportion-based approach but from physical 
and volcanological considerations. Sustained SO₂ fluxes 
above 100 tons per day (t/d) are widely interpreted as 
clear evidence of magmatic degassing (Symonds et  al. 
2001). Meanwhile, fluxes exceeding 1000 t/d place a 
volcano within the top 15% of the 91 passive degassing 
giants compiled by Carn et  al. (2017), a level regarded 
as indicative of an intensive magmatic contribution. 
Although 100 t/d was considered an important volcano-
logical reference level, it was not used directly as an iVUI 
threshold. Instead, intermediate thresholds of 200 t/d 
and 500 t/d were adopted, dividing the range between 
100 and 1000 t/d into three roughly equal intervals on a 
logarithmic scale, corresponding to iVUI levels 1/2 and 

Table 1  Criteria for chemical component ratios in volcanic gases

iVUI Criteria (molar ratio) Note

4 5 < (SO2/H2S) Type I of Ozawa (1965)

3 2 < (SO2/H2S) <  = 5

2 0.2 < (SO2/H2S) <  = 2 and (SO2/HCl) <  = 5 Type II of Ozawa (1965)

1 0.2 < (SO2/H2S) <  = 2 and 5 < (SO2/HCl) Type III of Ozawa (1965)

0 (SO2/H2S) <  = 0.2 Type IV of Ozawa (1965)
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2/3, respectively. In addition, 5 t/d was chosen as the 
iVUI 0/1 threshold, reflecting the approximate detec-
tion limit of ground-based spectroscopic techniques 
(e.g., walking traverse observations conducted near the 
crater). At Tokachidake, which ranks 73rd among the 91 
passive degassing volcanoes listed by Carn et al. (2017), 
annual mean fluxes during sub-eruptive periods average 
135 ± 98 t/d. Values above 100 t/d are therefore relatively 
common.

Finally, we address the supply rate of deep hydrother-
mal fluids to hot spring waters. The HRO samples hot 
spring water from the middle flanks of Tokachidake 
approximately every three months for monitoring pur-
poses. A marked increase in Cl concentrations in hot 
spring waters was observed prior to the 1988–89 erup-
tion (Takahashi et  al. 2015). In this study, we estimated 
the supply rate of ca. 280 °C NaCl-type deep hydrother-
mal fluid based on the two-component mixing model for 
the hydrothermal system proposed by Takahashi et  al. 
(2015; 2019). Takahashi et  al. (2019) reported estimates 
up to 2018, and we extended the dataset by applying 
the same model to subsequent HRO’s measurements. 
As shown in the time-series plot (Additional file  3: Fig. 
S6d), the supply rate rose to a maximum of 92 L/min 
before and during the 1988–89 eruption, but then rapidly 
decreased within about two years. Since August 1992, the 
rate has remained below ca. 5 L/min up to 2023, except 
for temporary increases in 2001, 2009, and 2010–2013.

Because the iVUI evaluation of this Item is based 
on the maximum value within the preceding 90  days, 
and water sampling is conducted only once every three 
months, each observation virtually remains valid for the 
following 90 days. This introduces a degree of temporal 
persistence in the index, such that short-term increases 
in activity may not be immediately reflected unless new 
sampling is made, and the evaluation may be influenced 
by earlier measurements. Consequently, rapid changes in 
unrest may be smoothed in the iVUI time series, and the 
results should be interpreted with this limitation in mind.

It should also be noted that these estimates are based 
on the above-mentioned two-component mixing model 
for simplicity and do not rely on direct measurements 
of the deep hydrothermal fluid itself. The resulting sup-
ply rate values are therefore discrete due to a resolution 
limit and tend to cluster with identical values at low lev-
els. Consequently, proportion-based thresholds are not 
appropriate, and specific thresholds were defined for this 
dataset (e.g., iVUI 4 for supply rates exceeding 90 L/min; 
see Additional file 1).

3.2.2 � Mount Meakandake
Mount Meakandake (elevation 1499 m) is a post-caldera 
stratovolcano located in the southwestern part of the 

Akan Caldera in eastern Hokkaido (Figs.  2 and 4). The 
volcanic complex comprises multiple edifices including 
Ponmachineshiri, Nakamachineshiri, and Akanfuji. The 
most recent magmatic eruption occurred approximately 
1  ka, while all historical eruptions (with the earliest 
recorded in 1955) have been small-scale (VEI 0–1) phre-
atic events. The 1998 eruption is the only case in which a 
magmatic contribution has been suspected (Japan Mete-
orological Agency 2013).

During the study period from 1973 to 2023, eruptions 
occurred at the Ponmachineshiri crater in 1988, 1996, 
1998, 2006, and 2008. In contrast, no eruptions have 
been documented at the Nakamachineshiri crater dur-
ing the same period (Japan Meteorological Agency 2013). 
A notable feature of recent activity is the occurrence of 
earthquake swarms exceeding 100 events per day, which 
have repeatedly taken place several months prior to phre-
atic eruptions.

At depths of 15–30  km beneath Meakandake, a seis-
mically active zone of deep low-frequency earthquakes 
(DLFEs) is present, with occurrence rates consider-
ably higher than those at Tokachidake. Previous studies 
(Kurihara and Obara 2021; Takahashi et  al. 2012) have 
suggested that swarms of DLFEs may be associated with 
subsequent shallow earthquake swarms and eruptions. 
Based on these findings, DLFEs were included in the seis-
mic activity Category in this study.

Geochemical analyses have been performed only spo-
radically over time, and no data suitable for day-to-day 
VUI evaluation were available; accordingly, a geochemical 
Category was not defined for this volcano. Although sat-
ellite-based observations can provide useful constraints 
on volcanic gas emissions such as SO₂ when emission 
rates are sufficiently high, their sensitivity to low-level or 
intermittent degassing is limited, and detailed geochemi-
cal compositions are difficult to retrieve on a daily basis. 
The future incorporation of chemical indicators would 
be desirable. For the ground deformation (changes in 
GNSS baseline length), we digitized the graphs published 
by the JMA (Sapporo Regional Headquarters, Regional 
Volcano Monitoring and Warning Center 2024). For the 
other observational parameters, we used numerical data 
provided directly by the JMA. The locations of the land-
marks and observation sites are shown in Fig. 4.

3.2.2.1  Seismicity  In the seismicity dataset of the JMA, 
A-type earthquakes are the most common, followed by 
BH-type (high-frequency B-type) events. Because earth-
quake type identification for Meakandake is relatively dif-
ficult and can depend on the judgment of individual ana-
lysts, this study did not distinguish between earthquake 
types. Instead, we used the total daily count of all reported 
events, as determined by the JMA’s volcano monitoring 
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network (Additional file  3: Fig. S7a). In practice, these 
events correspond to seismicity occurring within an area 
of approximately 15 × 15  km around the volcano, which 
represents the typical spatial extent of monitored volcanic 
activity in this region. Following some preliminary test-
ing, the evaluation metric was defined as the sum of the 
five highest daily counts within the preceding 90  days 
(Additional file 3: Fig. S7b). For reference, we also evalu-
ated the data using the same 15-day cumulative counts 
that were applied to Tokachidake. The results, presented 
as Method 1 in Additional file  2, show an overall trend 
similar to that of Method 2 (top-5-based) used in this 
study, though with some differences in the occurrence of 
levels 3 and 4. It should be noted that the JMA’s counting 
criteria for this volcano have undergone several revisions, 
and major system changes implemented around 2001, 
including the switch of the primary counting station from 
MEAA to MEAB, may have introduced discontinuities in 
detection capability.

For DLFEs, we used daily counts detected and classi-
fied by the JMA. By the end of 2023, a total of 1670 DLFE 
events had been recorded. Events prior to July 1994 were 
identified from analog seismogram records, whereas 
those after August 1994 were based on digital recordings. 
Because event counts before 2003 are substantially lower 
than in later years, the consistency of detection capabil-
ity during the earlier period remains uncertain. In the 

current study, DLFEs were evaluated using the maximum 
15-day cumulative count within a 90-day window, con-
sistent with the procedure applied to ordinary volcanic 
earthquakes (Additional file 3: Fig. S7d). However, owing 
to their much lower occurrence rates, more than 56% of 
days still registered zero events under this metric. As a 
result, the proportion of each iVUI value (0–4) deviates 
from the standard configuration (see the worksheet in 
Additional file 2 for details).

3.2.2.2  Deformation  Ground deformation was assessed 
using GNSS baseline length data. The analyzed base-
line is ca.  10  km long, spanning from GEONET station 
960513 operated by the Geospatial Information Author-
ity of Japan (GSI), located approximately 8 km northeast 
of Meakandake, to the JMA station J055, approximately 
5 km to the southeast (Fig. 4a). Displacement values were 
referenced to April 1, 2010, which was set to zero.

To reduce noise and estimate deformation rates, 
slopes were derived using linear regression within 
a 60-day moving window, and the maximum slope 
over the preceding 90  days was adopted as the evalu-
ation metric. This analysis revealed pronounced base-
line extension from roughly 2015 to 2019, followed by 
smaller oscillations superimposed on a long-term con-
tractional trend (Additional file  3: Fig. S8). Although 
this activity did not culminate in an eruption, it 

Fig. 4  Topography, major landmarks, and observation sites around Mt Meakandake. The square in panel a shows the area depicted in panel b. 
Black broken lines in panel a indicate the rim of the Akan caldera (Hasegawa et al. 2009). Po, Na, and Af denote the edifices of Ponmachineshiri, 
Nakamachineshiri, and Akanfuji, respectively. Yellow broken lines in panel b delineate crater boundaries. MEAA and MEAB: seismic stations used 
for counting earthquakes; J055 and 960,513: GNSS stations; The solid line connecting the J055 and 960,513 stations indicates the baseline used 
to evaluate the crustal deformation; MEA: geomagnetic station



Page 12 of 20Hashimoto et al. Earth, Planets and Space          (2026) 78:145 

produced significant deformation on Meakandake’s 
northeastern flank. An Interferometric Synthetic Aper-
ture Radar (InSAR) analysis by Geospatial Information 
Authority of Japan (2018) indicates that the defor-
mation between October 2016 and May 2017 can be 
explained by the opening of a sill-like crack, oriented 
northeast–southwest at a depth of ca.  6  km between 
Meakandake and Oakandake.

Given these findings, GNSS baseline length was incor-
porated as an evaluation parameter in the present study, 
as it reflects volcanic processes associated with pressure 
changes at depth. The evaluation criteria were defined 
such that higher rates of baseline change correspond to 
higher iVUI values. Note that no correction was applied 
for regional stress fields associated with plate motion.

3.2.2.3  Thermal activity  Three types of thermal activity 
Items were considered: plume height, crater temperature, 
and geomagnetic variations.

Plume height observations were drawn from four 
vent systems: the Ponmachineshiri crater (the 96–1 cra-
ter), the Akanuma crater, the Nakamachineshiri crater, 
and the fumarolic fissures to the northwest of Ponma-
chineshiri that formed during the 2006 eruption (NW06). 
Daily plume height records form the basis of this dataset. 
Although intermittent remote visual observations date 
back to the 1950s, the present study relies on the system-
atic measurements initiated by the Kushiro Local Mete-
orological Observatory in 1982. Until 2003, observatory 
staff conducted binocular surveys twice a day, at 09:00 
and 15:00 Japan Standard Time (JST), to record plume 
heights. Since the installation of a video camera system 
in 2003, however, the dataset has instead consisted of the 
highest plume height observed within each 24-h period.

For each crater, the daily maximum plume height was 
smoothed with a 7-day moving average. Seasonal effects 
were then corrected by applying a linear regression based 
on correlations with atmospheric temperature at the 
Kushiro Local Meteorological Observatory, about 50 km 
southeast of Meakandake. Atmospheric humidity may 
also influence plume height; however, this effect was not 
explicitly considered in the present analysis. The correc-
tion coefficient was derived from the 2010–2023 record, 
a period of relatively low volcanic activity. The evalu-
ation metric was then applied to the maximum value 
within the previous 90-day time window. It should be 
noted that seasonal variation was minimal and the cor-
relation with air temperature was weak, so the correction 
had little practical impact as for the NW06 fumarolic fis-
sures. To prevent any single crater from dominating the 
results, crater-specific thresholds were adjusted so that 
the proportion of each iVUI value followed the standard 
configuration. The iVUI for this Item was taken as the 

maximum across all four crater iVUIs (Additional file 3: 
Fig. S9).

For crater temperatures, records from the 96–1 and 
No. 4 craters (both within the Ponmachineshiri crater) 
collected by the JMA were used. Regarding the Nakama-
chineshiri crater, observational data exist only for certain 
past periods; no continuous field measurements have 
been conducted since then. At the No.4 crater, direct 
thermometer measurements have been conducted since 
May 1997, while earlier observations relied on infrared 
radiation thermometers. Time series plots of individual 
crater temperatures, together with their corresponding 
iVUIs, are presented in Additional file 3: Fig. S10.

Subsurface demagnetization was evaluated using 
changes in the total magnetic field from a JMA’s con-
tinuous monitoring station (site name: MEA), located 
approximately 500 m south of the 96–1 crater (Fig. 4b). 
Geomagnetic fluctuations of extraterrestrial origins were 
reduced through preprocessing by the JMA using refer-
ence data from the Memambetsu Geomagnetic Obser-
vatory (site name: MMB). Takahashi et al. (2018) further 
incorporated repeat magnetic survey data collected 
between 2004 and 2014, dividing volcanic activity into 
several phases and inferring thermal de/re-magnetiza-
tion sources. The sources were located at depths of sev-
eral hundred meters, approximately halfway between the 
96–1 crater and the MEA station. Within this framework, 
observed decreases in total magnetic field at MEA are 
interpreted as corresponding to heating (demagnetiza-
tion) at the source region. We quantified demagnetiza-
tion rates as slopes (with inverted sign) calculated over a 
60-day moving window. The maximum slope within the 
preceding 90-day time window was adopted as the evalu-
ation metric (Additional file  3: Fig. S11), where slope 
values smaller than 0.2 nT/yr were evaluated as iVUI 0. 
Although Takahashi et al. (2018) reported that the source 
location may have shifted slightly over time, a single con-
sistent criterion was applied across the entire record to 
avoid complicating the evaluation scheme.

4 � Results
4.1 � Mount Tokachidake
At Tokachidake, observational data were initially lim-
ited to crater temperatures. By the mid-1980s, additional 
observational parameters had been introduced, bringing 
the number of Items (the intermediate level of the assess-
ment hierarchy) to three or four. From the 2000s onward, 
monitoring expanded further, enabling evaluations based 
on as many as nine Items, with up to four Categories 
(the top level of the assessment hierarchy) contributing 
to the averaging process (Fig.  5a). This broadening of 
the observational basis, as reflected in the non-integer 
(i.e. pre-rounded) VUI plot (Fig. 5f ), produced a marked 
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smoothing of temporal variations from the mid-1980s 
onward.

An overview of the entire study period, based on the 
non-integer VUI plot (Fig. 5f ), reveals several salient fea-
tures. From the 1970s through the late 1980s, values rose 
gradually, culminating in a peak of 4.0 during the later 
stage of the 1988–1989 eruptive episode. As the erup-
tion waned in March 1989, the index quickly declined, 
reaching a minimum in 1993. It fluctuated between 1 
and 2 between 1993 and 2003, except for a brief rise to 

3.0 in autumn 2003, followed by a rapid drop back to 0.7 
by early 2004. Even during the minor eruptive phase of 
February–April 2004, the index did not exceed 1, and low 
levels generally persisted until around 2007 with a mini-
mum of 0.3. Beginning in mid-2008, however, the VUI 
began to rise again, showing an upward trend until about 
2016. Thereafter, values remained broadly within the 
range of 1.5 to 3.0 through the end of 2023.

Examining temporal variations of the VUI in relation 
to past eruptions is essential for understanding what 

Fig. 5  Time series plots of analyzed results for Mt Tokachidake. a Number of assessment Items; b Seismicity index; c Ground deformation index; 
d Thermal feature index; e Geochemical feature index; f Integrated VUI (non-integer); g Integrated VUI (rounded to integer). Inverted red triangles 
indicate the timing of eruptions
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the index represents and how it evolves. Here, we com-
pare the VUI time series with individual eruptive events 
shown in Fig. 5. At Tokachidake, a small phreatic erup-
tion occurred in May–June 1985, generating hot muddy 
water, a pit crater approximately 10  m in diameter, and 
minor ash fall. The VUI had been on an upward trend 
since the 1970s, reaching 3.5 (rounded to 4) in November 
1984, but it declined to 2.0–2.5 at the time of the erup-
tion (Fig.  5f ). This sharp drop occurred because high 
crater-temperature data (475 °C) at September 1984 field 
observation fell outside the evaluation window (Fig.  5d 
and Additional file 1). If successive close-interval temper-
ature data had been available, the integer VUI might have 
stayed at level 4 during the eruption.

During the 1988–89 eruption period, a good cor-
respondence was observed between the VUI and vol-
canic activity. In the first half of 1988, the VUI remained 
at 2.0, but it began to rise in June. By early September, 
field observations recorded a crater temperature rated 
as iVUI 4 (Additional file  3: Fig. S4), which contributed 
to an increase in the overall VUI to 3.3. In early Octo-
ber, roughly two months prior to the eruption, the rise 
in A-type seismicity (from iVUI 2 to 3; Additional file 3: 
Fig. S1a-b) coincided with the pre-rounded VUI reaching 
3.7, at which point the integer VUI increased from 3 to 
4 (Fig. 5g). Although crater-temperature data fell outside 
the evaluation window by the end of the year, the VUI 
remained elevated due to an increase in plume height to 
iVUI 4 (Additional file  3: Fig. S3d), followed by seismic 
activity also reaching iVUI 4 in January 1989 (Additional 
file 3: Fig. S1b), resulting in a maximum non-integer VUI 
of 4.0 at the end of that month. Subsequently, the VUI 
declined rapidly with the cessation of eruptive activity, 
falling to 1.3 by June 1989.

A small phreatic eruption occurred on 25–26 February 
2004, followed by the observation of plumes containing 
volcanic ash and low-amplitude volcanic tremor from the 
62–2 crater on 19 April. Prior to this eruption, the non-
integer VUI had risen from 2.3 to 3.0 in September 2003 
in response to heightened seismic activity. However, by 
late November, sporadic chemical observations, includ-
ing SO₂ flux and gas composition data, fell outside the 
evaluation window (Additional file 3: Fig. S6), causing the 
non-integer VUI to decrease to 2.0. Subsequent quies-
cence in seismic activity further contributed to a decline, 
and it had dropped to 1.0 by the time of the eruption. This 
case illustrates that, when part of the evaluation depends 
on sporadically available observations, the exclusion of 
such data from the evaluation window can substantially 
affect the integrated VUI.

Looking at the entire evaluation period in Fig. 5, peaks 
in the non-integer VUI are observed around the three 
eruptive periods of 1985, 1988–89, and 2004. Among 

these, the peak during the 1988–89 eruption is the high-
est, and the recent state since 2015 is comparable to the 
peak observed in 2004.

4.2 � Mount Meakandake
The monitoring record at Meakandake initially consisted 
only of seismicity. By the 1980s, plume height and cra-
ter temperature had been added, bringing the number 
of assessment Items to three or four by the mid-1980s. 
The dataset expanded further in the 2000s, when GNSS 
and geomagnetic observations were incorporated, allow-
ing assessment with up to six Items, with a maximum of 
three Categories contributing to the averaging (Fig. 6 and 
Additional file 2).

The non-integer VUI plot (Fig. 6e) showed a distinctly 
stepwise and scattered pattern in the 1970s, reflecting 
its reliance on seismicity alone. In contrast, the integra-
tion of multiple Categories from the 2000s onward pro-
duced smoother fluctuations. Long-term changes in the 
VUI over the studied period broadly reflected the trends 
of seismicity (Fig.  6b and Additional file  3: Fig. S7) and 
plume height (Fig. 6d and Additional file 3: Fig. S9e). This 
is perhaps unsurprising, as data seismicity and plume 
height have been monitored for longer periods than 
other parameters and therefore provide more consistent 
long-term records.

Of the 18,538 days for which the integrated index was 
calculated, VUI 2 (minor unrest) accounted for 42% of 
the total. Considering that Meakandake is characterized 
by persistent fumarolic activity and background seis-
micity exhibiting temporal fluctuations, this prevalence 
appears reasonable. As shown in Fig. 6f, VUI 4 (height-
ened unrest) was recorded on four occasions over the 
past 50 years (1988, 1992, 2006, and 2008–2009), encom-
passing a total of 391  days (2.1% of the entire dataset). 
In three of these instances, excluding 1992, elevated 
VUI values corresponded to periods of increased activ-
ity associated with eruptions. However, the correspond-
ence between eruptions and the highest VUI values is 
not always straightforward. This reflects the fact that the 
VUI is designed to represent the overall level of volcanic 
unrest rather than to directly indicate the occurrence 
or magnitude of eruptions. Consequently, a one-to-one 
correspondence is not necessarily expected: sudden or 
short-lived eruptions may occur without strong or sus-
tained precursory signals, whereas elevated VUI val-
ues may arise from prolonged unrest involving multiple 
parameters without culminating in an eruption. This 
characteristic should be considered when interpreting 
and communicating the VUI time series results. In the 
following, the correspondence between individual epi-
sodes and the VUI time series is examined in detail.
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The 1992 instance of VUI 4 likely corresponds to an 
unrest event that did not culminate in eruption. In this 
case, the immediate trigger was the increase in seis-
mic iVUI from 2 to 3 in October due to an earthquake 
swarm (Additional file 3: Fig. S7a-c), superimposed on 
already elevated plume heights at iVUI 4 (Additional 
file  3: Fig. S9e). By contrast, VUI values surround-
ing the 1996 and 1998 eruptions ranged from 1–3 and 
1–2, respectively, without forming pronounced peaks. 
In particular, the subdued seismic and thermal activ-
ity around the 1998 eruption, as shown in Fig.  6 and 

Additional file 3: Fig. S7, is clearly reflected in the sup-
pressed VUI. The 2006 and 2008 eruptions, conversely, 
were accompanied by pronounced seismic activity, 
producing distinct peaks reaching an integer VUI of 4. 
The relationship between these eruptions and the VUI 
is examined in detail in the Discussion section. Fur-
thermore, between 2015 and 2017, increases in iVUI 
were observed across multiple monitoring parameters, 
including DLFE activity (Additional file  3: Fig. S7e), 
ground deformation (Additional file  3: Fig. S8), and 
magnetic field variations (Additional file  3: Fig. S11). 

Fig. 6  Time series plots of analyzed results for Mt Meakandake. a Number of assessment Items; b Seismicity index; c Ground deformation index; d 
Thermal feature index; e Integrated VUI (non-integer); f Integrated VUI (rounded to integer). Inverted red triangles indicate the timing of eruptions
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This period may be regarded as another isolated period 
of unrest, although the integer VUI remained at 3.

5 � Discussion
5.1 � Choice of thresholds
In the present study, iVUI evaluation thresholds for each 
record were, in principle, set such that the resulting pro-
portion would be approximately 40% for iVUI 0, 30% for 
iVUI 1, 20% for iVUI 2, 9% for iVUI 3, and 1% for iVUI 
4. While these values are not strongly justified by any 
physical rationale, the adopted proportions were selected 
to align with the qualitative definitions of the VUI levels 
proposed by Potter et  al. (2015a), where VUI 0–4 cor-
respond to “no unrest,” “negligible unrest,” “moderate 
unrest,” “major unrest,” and “heightened unrest,” respec-
tively. In this framework, higher levels are expected to 
represent progressively rarer and more significant unrest 
conditions.

This approach provides a practical means to maintain 
a balanced evaluation across different data Categories, 
although differences in temporal response characteristics 
among parameters are not explicitly accounted for. This 
approach, however, implicitly assumes that the dataset 
spanning over 50 years contains volcanic activity of vary-
ing intensities, with lower-intensity activity occurring 
more frequently. Such an assumption may not be appro-
priate when applying the method to shorter time series.

The 1% criterion for iVUI 4 is also arbitrary and can 
be adjusted according to operational objectives. As addi-
tional data accumulate, the underlying distribution may 
shift; therefore, the appropriateness of the thresholds 
should be reassessed and revised as needed. For the two 
volcanoes analyzed here, integer VUI 4 appeared twice at 
Tokachidake and four times at Meakandake, whereas the 
number of eruptive episodes (not the number of individ-
ual explosions) during the studied periods was three and 
five, respectively. These figures suggest that the chosen 
thresholds are reasonably consistent with the observed 
volcanic behavior.

It should be noted that the integration of multiple 
parameters using equal weighting represents a simplifica-
tion, as different datasets may respond to volcanic unrest 
on different timescales and with varying sensitivities. For 
example, seismicity may exhibit rapid changes, whereas 
gas emissions or deformation may evolve more gradu-
ally. As such, the current framework does not explicitly 
account for these differences, and this should be consid-
ered when interpreting the results.

5.2 � Opportunities for improving DLFE data usage
In this study, DLFE events at Meakandake were assessed 
based on the JMA’s event list. However, Kurihara and 
Obara (2021) applied a Matched Filter analysis and 

detected 5484 events during the 14 years and 9 months 
from 2004 to 2018: approximately five times the number 
recorded in the JMA catalog (1146 events) during the 
corresponding period. This result indicates that utilizing 
the Matched Filter catalog could provide a more detailed 
representation of temporal variations in volcanic activity. 
In the present study, we primarily relied on raw JMA data 
without secondary processing, for simplicity. Neverthe-
less, future studies could enhance the representational 
ability of the VUI by incorporating such high-sensitivity 
detections.

For Tokachidake, the number of DLFE events recorded 
by JMA was limited, and therefore this parameter was 
not used in the current VUI assessment. Kurihara and 
Obara (2021) report that DLFE detection at Tokachidake 
is roughly one-tenth of that at Meakandake. Even so, the 
application of Matched Filter catalogs in the future is 
expected to allow the inclusion of DLFE as an evaluative 
parameter at Tokachidake as well.

5.3 � Incorporation of magnetic field data
A notable aspect of this study is the inclusion of the total 
magnetic field data into the thermal Category. Direct cra-
ter temperature measurements are constrained by their 
limited temporal resolution, while plume height observa-
tions from a distance often suffer from missing records 
when the volcano is obscured by clouds. In contrast, con-
tinuous magnetic field monitoring helps to mitigate these 
limitations. Importantly, magnetic field changes capture 
subsurface thermal states rather than surface tempera-
ture, thus providing an independent proxy that comple-
ments surface-based observations. Nonetheless, because 
interpreting magnetic field variations inevitably requires 
some reliance on modeling, this dependence should be 
recognized and treated with due caution.

5.4 � Challenges in the evaluation of Meakandake
During both the 2006 and 2008 eruptions of Meakandake, 
the integer VUI reached level 4. A closer look at the time-
line, however, shows a different picture. In both cases, 
the index rose to level 3 before the eruption, but the 
transition to VUI 4 occurred only after the eruption had 
started (Fig. 7c). In 2006, seismicity was already elevated 
prior to the eruption. The immediate trigger for the inte-
ger VUI 4 was the sharp increase in plume height, which 
occurred three days after the eruption began (Additional 
file  3: Fig. S9). In 2008, seismic activity was also high 
before the eruption. In this case, the rise in the magnetic 
field record from iVUI 2 to 3 served as the trigger for the 
integer VUI 4 (Additional file 3: Fig. S11). Demagnetiza-
tion had already been observed earlier, but the threshold 
was exceeded only after the second eruption on Novem-
ber 28, 2008.
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Notably, in both cases, if the evaluation had been based 
solely on seismic activity, the integer VUI would have 
reached 4 prior to the eruption (Fig.  7a). This suggests 
that integrating multiple parameters smooths short-term 
variations and reduces pre-eruptive escalation, regardless 
of the length of the applied time window. However, it is 
important to recall that the VUI was not designed as a 
forecasting tool. Rather, its primary purpose is to charac-
terize the level of volcanic activity. From this perspective, 
it is more appropriate to emphasize that activity levels 
corresponding to the eruption were captured as VUI 4 
and sustained for a certain period of time.

The evaluation of Meakandake is still constrained by 
the limited set of data currently available, leaving sub-
stantial room for improvement. For instance, ground 
deformation records are confined to GNSS observations 
since 2010, making it difficult to assess the occurrence or 
scale of deformation during earlier eruptive episodes. In 
addition, this study could not incorporate datasets capa-
ble of detecting shallow crater-area deformation, which 
remains an important challenge for future work. A major 
limitation lies in the scarcity of continuous monitor-
ing for the Nakamachineshiri crater, where only seismic 

activity and plume height are systematically recorded, 
thereby restricting the accuracy of assessments. Although 
not yet explored here, integrating approaches such as 
InSAR time-series analysis may offer a potential path 
forward.

In the 2008 Ponmachineshiri eruption, a few min-
utes of volcanic tremor were observed two days prior 
to the event, accompanied by tilt changes suggestive of 
crack opening directly beneath the crater (Aoyama and 
Ohshima 2015). While such signals have not yet been 
incorporated as evaluation parameters at this stage, their 
inclusion could enhance the short-term evaluation capa-
bility prior to eruptions.

5.5 � Toward predictive applications of VUI
As emphasized by its developers, the VUI was not origi-
nally designed as a forecasting tool for volcanic erup-
tions (Potter et  al. 2015a). However, they also pointed 
to the potential for predictive use, noting that “compari-
sons with the frequency of eruptions to unrest episodes 
can be undertaken, which, in turn, allows the testing and 
application of probabilistic models.” To incorporate pre-
dictive elements into the VUI, the first requirement is 

Fig. 7  Enlarged view of the time series from 2006 through 2009 for Mt Meakandake. Inverted red triangles indicate the timing of eruptions
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the accumulation of long-term, consistent, quantitative 
datasets that cover multiple eruptive episodes. Such data-
sets provide the foundation for improving the statistical 
robustness of evaluations. Ideally, they should allow for a 
robust assessment of the correspondence between data-
sets and eruptive events.

Volcanic activity is often observed as a progressive 
sequence from deeper to shallower processes. An evalu-
ation framework that explicitly reflects this sequence 
would therefore be valuable. For example, in cases where 
DLFEs increase first and are followed by intensified 
shallow volcano-tectonic (VT) activity, using a longer 
evaluation window would allow the peaks of these sig-
nals to overlap, enabling the escalation of activity to be 
expressed as a continuous phenomenon. In addition, 
exploring multiple evaluation windows may improve the 
ability to capture temporally lagged, cascading processes 
that propagate across different timescales and influence 
longer-term activity patterns, representing a poten-
tial direction for future refinement of the framework. 
Although this study adopted the maximum value within 
each Category as the iVUI and did not test this approach, 
applying an averaging method to datasets that capture 
transitions from deep to shallow processes may provide a 
more accurate representation of temporal developments 
in activity.

For example, indicators of deeper magmatic activity 
may include DLFEs, increases in mantle-derived isotope 
components, an elevated C/S ratio in volcanic gases, 
and regional crustal deformation showing an inflation-
ary trend. At intermediate depths, increased rates of 
VT earthquakes and enhanced SO₂ fluxes can serve as 
diagnostic signals. In the shallowest regions, phenom-
ena such as a rise in low-frequency earthquakes, sud-
den changes in fumarolic activity, the development of 
steaming ground, elevated crater temperature, thermal 
demagnetization, and frequent volcanic tremors may 
provide important clues. It must be emphasized, how-
ever, that actual unrest episodes do not necessarily follow 
this pattern, and designing an evaluative framework that 
relies too heavily on a specific scenario entails the risk of 
undermining objectivity.

6 � Conclusions
In this study, we provisionally introduced and applied 
the VUI (Potter et  al. 2015a), to Mt Tokachidake and 
Mt Meakandake, two active volcanoes in northern 
Japan. Beyond the original formulation of the VUI, this 
study developed an operational evaluation framework 
that enables its application to long-term, multi-param-
eter volcanic monitoring datasets. By integrating more 
than 50 years of heterogeneous observations, including 
seismicity, ground deformation, thermal activity, and 

geochemical parameters, we demonstrated the feasibil-
ity of constructing a systematic platform for daily VUI 
evaluation based on a sliding time-window approach. 
In addition, we incorporated DLFE and long-baseline 
GNSS data to better evaluate deeper processes, and 
magnetic field records as an indicator of shallow ther-
mal activity.

At Tokachidake, variations in the VUI correspond well 
with past eruptions and episodes of unrest, demonstrat-
ing the capability of the framework for tracking volcanic 
behavior over time. At Meakandake, the same framework 
enabled consistent quantitative evaluation of sub-erup-
tive unrest activity that were mostly associated with small 
phreatic eruptions.

The primary contribution of this study lies in the devel-
opment of a computational and hierarchical implementa-
tion of the VUI, rather than the resulting index itself. This 
framework allows (1) the integration of diverse moni-
toring parameters into a structured hierarchical system, 
(2) daily evaluation of volcanic activity through sliding 
time windows, and (3) consistent comparison of unrest 
episodes over multi-decadal timescales within a unified 
quantitative framework.

Several limitations remain in the current implementa-
tion. Averaging across multiple Categories may limit its 
responsiveness, especially during the phases of escalat-
ing activity that appear only in the limited observational 
parameters. Although the VUI integrates parameters 
with diverse temporal resolutions and response char-
acteristics, this aggregation may smooth short-term 
variations. The increasing availability of high-frequency 
observations from satellite remote sensing and drone-
based measurements offers a promising avenue for 
improving temporal resolution and responsiveness. 
Because the VUI is not specifically designed for erup-
tion forecasting or hazard assessment, careful distinction 
from the existing alert-level system is required during its 
societal implementation. One possible approach is the 
use of non-integer values, rather than discrete integer 
categories.

Future directions include optimizing the evaluation 
criteria for each individual volcanoes, and implement-
ing automated real-time calculation systems to facili-
tate timely volcanic activity assessments and effective 
risk communication. Comparative studies across differ-
ent volcanic settings will be also necessary to assess the 
generality of the framework. In the extended perspec-
tive, further refinement of data integration strategies 
may allow the VUI to incorporate a statistical forecast-
ing capability. Recent advances in probabilistic frame-
works, such as Bayesian network approach (e.g., Behr 
et al. 2025), provide complementary directions for future 
development.
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Overall, this study represents the first implementa-
tion of a sliding-window, long-term, multi-parameter 
VUI evaluation platform for active volcanoes in Japan. 
It demonstrates that the  VUI can be extended from a 
conceptual index to an operational framework for sys-
tematic volcanic activity assessment, providing a foun-
dation for future monitoring, research, and information 
dissemination.
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