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Mechanisms that control fluctuation of long-term eruptive activity are not well understood.
Since 1955, Sakurajima volcano has experienced repeated Vulcanian eruptions
accompanied by deflation. However, ground deflations sometimes occurred even if no
eruption took place. Characteristics of the non-eruptive deflation (NED) have not been
investigated because of the related ambiguous ground vibration, infrasound and visual
phenomena. In this study, we categorize deflation events contained in continuous
deformation records covering eruptive activities at the Sakurajima volcano Minamidake
crater during the period from November 2017 to December 2020. The deflation events are
classified into eruptive and NED types by examining the seismic data, infrasound
generations, and visual phenomena. Their event type occurrence characteristics are
then further clarified based on their relationships to pressure source volume changes.
Comparing the pressure source volume changes with the monthly mass of volcanic ash
expelled from the crater, which is estimated from deposition data around the volcano, we
found the contribution of NED events to volcanic ash mass eruption amounts to be much
smaller than that for Vulcanian events, and visual observations confirm that NED events are
phenomena that primarily emit volcanic gas. The NED event changes during the episode
are interpreted by the magna transition from bubble-rich to bubble-poor conditions and
are supported by the sulfur dioxide (SO2) discharge rate. The activity of NED events is
helpful to understand long-term variations in eruptive activity.
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INTRODUCTION

Eruptive activity at volcanoes with the open-vent systems often continues for a long time, changing
its intensity and the style of the eruptions and location of vents. Mechanisms that control such a
fluctuation of eruptive activity are not well understood. In the years since 1955, Vulcanian eruptions
have occurred frequently at the Minamidake Summit crater or Showa crater (located 500 m east of
the Minamidake crater) at Sakurajima volcano in southern Kyushu, Japan. The repeated
Minamidake crater eruptions recorded from 1955 to 2005 featured frequent Vulcanian and
Strombolian eruptions and continuous ash emissions. Then, the eruption center shifted to the
Showa crater, which had been dormant for 58 years, and in June 2006, a series of eruptive activities
commenced that lasted until October 2017, at which time the eruption center returned to the
Minamidake crater where eruptive events were ongoing as of May 2021.

These eruptive activity transitions are influenced by long-term magma intrusions from a large
magma chamber beneath the Aira caldera to the north of Sakurajima volcano (Figure 1; Iguchi et al.,
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2013; Yamamoto et al., 2013), and eruption types are controlled
by short-term magma intrusions into the Sakurajima conduit
(Iguchi et al., 2019). Bubble-rich magma intrusions also influence
eruptive activities, as can be seen in the large amounts of volcanic
gas emissions recorded during measurements of sulfur dioxide
(SO2) discharge rates (Mori et al., 2008). Separately from the SO2

discharge measurement, analyses of water-soluble volcanic ash
contents have shown that eruption-type transitions are related to
volatile-rich magma intrusions (Nogami et al., 2006).

In order to understand the variations of eruptive activity, it is
necessary to reliably capture the occurrence of Vulcanian
eruptions, which are characteristic of Sakurajima. The
vulcanian eruptions are phenomena during which pyroclastic
material is violently ejected from volcanoes. As such, they are
normally accompanied by impulsive explosion earthquakes and
infrasound generation (Johnson and Lees, 2000; Green and
Neuberg, 2005; Ohminato et al., 2006; Zobin and Martínez,
2010; Yamada et al., 2016). Because of this, seismic and
infrasonic signal recordings are utilized to supplement visual
observations for occurrence discrimination, particularly when the
eruption site is obscured by weather phenomena. At Sakurajima
volcano, frequent Vulcanian eruptions are recorded using visual
observations, seismic, and infrasound signals. In addition to these

monitoring methods, ground deformation methods are helpful
for detecting Vulcanian eruptions because deformation signals
obtained in less noisy conditions provided by underground
tunnels also correspond to eruptions of this type.

Each Vulcanian eruption is preceded by upward crater side tilt
and extensional strain that occurs from 10 min to 7 h prior to the
eruption onset and is followed by downward tilt and contractive
strain (Kamo and Ishihara, 1989; Ishihara, 1990; Iguchi et al.,
2013). These events indicate that inflation due to pressurization
precedes an eruption, which is then followed by the eruption
itself. Successive Strombolian eruptions are also associated with
deflation events. However, their deformation rates are lower than
those seen with Vulcanian eruptions (Tateo and Iguchi, 2009).
Additionally, the pressure source volume changes that induce
deflationary ground deformations associated with these eruptions
are well correlated with mass ejections of volcanic ash (Iguchi,
2016). Hence, ground deformation monitoring provides a more
quantitative understanding of the processes involved than seismic
or infrasound observations. However, it should also be
remembered that deflation episodes occur regularly and do not
always presage an eruption. In light of this, more work needs to be
conducted in order to understand the causes of non-eruptive
deflation (NED) events.

In this study, we categorize deflation events contained in
continuous deformation records for eruptive activities at the
Sakurajima volcano Minamidake crater during the period from
November 2017 to December 2020. Next, the deflation events are
classified into eruptive and non-eruptive types by examining the
seismic data, infrasound generation, and visual phenomena.
These event type occurrence characteristics are then further
clarified based on their relationship to pressure source volume
changes. Finally, these activities are discussed quantitatively in
terms of eruptive activity episode transitions, with emphasis on
the September 2019 to June 2020 episode, during which the
intrusion of bubble-rich magma is considered via the SO2 gas
discharge rate.

SAKURAJIMA ERUPTIVE ACTIVITY

Overview of Summit Crater Eruptions Since
1955
Eruptions at Sakurajima volcano are characterized by Vulcanian
eruptions from 1955 to 2020. The Vulcanian events are
accompanied by ballistic bombs, intense air-shocks, and large
ash clouds. Historically, the Sakurajima Volcanological
Observatory (SVO), which is currently known as the
Sakurajima Volcano Research Center (SVRC), has only
counted Vulcanian eruptions via instrumental observations at
station HAR (Figure 1A) when they have seismic event
amplitudes of ≥10 μ and infrasound pressure increases of
≥10 Pa. In contrast, the Kagoshima Meteorological Office of
the Japan Meteorological Agency (JMA) counts Vulcanian
eruptions principally based on related phenomena such as
ballistic bombs, intense air-shocks, and large ash clouds as Ex-
type (explosion with intense air-shock) eruptions. In addition,
although Sakurajima frequently emits volcanic ash with no

FIGURE 1 | (A) Locations of seismic and ground deformation stations on
Sakurajima volcano. The dots and triangles show the seismic stations and
underground tunnels equipped with tiltmeters and strainmeters, respectively.
“M” indicates the Minamidake summit area. Dashed line indicates the rim
of Aira caldera. (B) Enlargement of summit area topography.
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audible sound and/or ballistic bombs, ash emission frequency
makes counting all such events unrealistic. Currently, the JMA
counts weak eruptions with ash plumes elevations ≥1,000 m
above the crater as Er-type (non-explosion with weak
infrasound) eruptions.

Most of the eruptions examined in this study were registered
by both the SVO and the JMA, although there were slight
differences in their recorded details. However, since only the
JMA categorizes Er-type eruptions in detail, it was first necessary
to compile a comprehensive list of Vulcanian eruptions from the
SVO database and Kagoshima JMA database published on the
Volcanological Bulletin (Japan Meteorological Agency, 1961-
2006; Kagoshima Meteorological Office, 2019), and then
redefine those events as follows. Eruptions with infrasound
levels ≥10 Pa measured at a designated station were listed as
Ex-type events and those with levels <10 Pa were considered Er-
type events. The 10 Pa threshold was determined from changes to
the amplitude distribution pattern of the infrasound
(Supplementary Figure S1). The designated recording stations
were HAR for the Minamidake crater and AVOT for the Showa
crater and were chosen based on the relative locations of the
craters (Figure 1B) and the stations (Figure 1A). Based on this
redefinition process, 14,681 Ex-type and 7,285 Er-type events
were identified.

To obtain an improved overall understanding of transient
eruptive activities covering the period from 1955 to 2020, annual
counts and 30-days running sums of Ex-type eruptions along
with the annual estimated sum of erupted volcanic ash were
calculated as shown in Supplementary Figure S2. Here, it should
be noted that volcanic ash amounts have been estimated since
1978 using the monthly deposits at 58 (62 after 2011) sampling
points located at distances up to 50 km from the Sakurajima
volcano summit (Iguchi, 2016).

As shown in Supplementary Figure S2A, the eruptive activity
from 1955 to 2020 is divided into four periods based on the
activities of the eruptive crater: first Minamidake crater
(1955–1971), second Minamidake crater (1972–2005), Showa
crater (2006 to October 2017) and the third Minamidake
crater (starting November 2017 and ongoing as of May 2021).
The Vulcanian eruption that occurred on 13 October 1955, is
considered to be the dawn of the eruptivity era that has continued
for more than 65 years. Eruptive activities during the first
Minamidake crater period peaked in 1960, when 418 Ex-type
events were recorded, after which volcanic activity gradually
decreased. There was a repose of eruptive activity for
10 months between the first and second Minamidake crater
periods, the latter of which started in March 1972.

The second Minamidake crater period events showed a
sudden increase in September 1972, after which frequent
eruptions continued for 30 years. Of particular note, annual
counts of 411, 434, and 484 Ex-type eruptions were recorded
in 1974, 1983, and 1985, respectively. Volcanic ash eruption rates
during the second Minamidake crater period were the largest of
the four periods, as shown in Supplementary Figure S2B. More
specifically, annual mass eruptions were recorded at 3 × 1010 kg in
1985 and exceeded 5 × 109 kg in the period up to 1992. When the
first period of Minamidake eruptivity started, only Vent-A was

open in the summit area (Figure 1B). However, in the early
1960s, Vent-B opened 300 m southeast of Vent-A and increased
in size as the number of eruptions grew. Eruptive activity in the
second Minamidake crater period declined significantly in 2003,
after which the eruptive center shifted to the Showa crater
(Figure 1B).

The first Showa crater eruption, which was one of two
phreatomagmatic type events observed in this study period,
occurred on 4 June 2006. The second phreatomagmatic event
occurred in May 2007 (Miyagi et al., 2010) but became magmatic
in February 2008. The number of Ex-type eruptions increased in
2009 and became particularly frequent (1,044 and 1,086 Ex events
in 2010 and 2011, respectively) until the middle of 2015. It should
also be noted that the annual volcanic ash eruptions were smaller
(less than 1 × 1010 kg) than the second Minamidake crater period
and that the Showa crater period was characterized by frequent
minor eruptions.

Eruptive activity switched from the Showa to Minamidake
craters at the end of October 2017, marking the start of the third
Minamidake eruptive period, where most eruptions have
occurred since then. In particular, it is noteworthy that no
eruptions have occurred at Showa crater since April 2018. The
volcanic eruptions in the third Minamidake crater period were
even smaller (ash ≤2 × 109 kg/year) than the second Minamidake
and Showa crater periods.

As stated above, most of the eruptions at the Minamidake
crater occurred after 30 October 2017. In total, six eruptive
episodes separated by intervals of >20 days were identified
(Figure 2) for this period. The durations and repose times of
the episodes are listed in Table 1. Episodes 1 and 2 were short-

FIGURE 2 | Eruptive activity of Sakurajima volcano in the third
Minamidake crater period from November 2017 to December 2020. (A)
Plume heights of volcanic ash ejected by Ex- (gray circles) and Er-type (open
circles) eruptions. (B) Air shock amplitude of the compressional phase of
Ex-type eruptions at station HVOT. (C) The maximum amplitude of explosion
earthquakes that accompanied Ex-type (gray squares) and Er-type (open
squares) eruptions at station AVOT. (D) Dilatational areal strain changes
recorded in station HVOT. Dilatational areal strain changes are the sum of
linear strain changes in the directions of the Minamidake crater and at right
angles to it.
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period increases in eruptive activity, while Episodes 3, 4, and 5
each continued for periods ranging from seven to 10 months. Of
these, Episode 5 had the largest number of Vulcanian eruptions
(465 Ex-type and 277 Er-type events), and the amplitudes of the
explosion earthquakes were larger than in the other episodes
(Figure 2C). This episode featured a decreasing infrasound
amplitude trend (Figure 2B).

An increase in areal strain was detected during the period from
September 2019 to February 2020. After this period, the strain
stopped increasing and showed a slight decrease until June 2020
(Figure 2D). This increase in areal strain is interpreted to be due
to the inflation of a Mogi-type source at depths of 2–6 km below
the Minamidake crater (Ishihara, 1990). Three notable Ex-type
eruptions occurred during Episode 5. The volcanic plume of the
Vulcanian eruption that occurred at 17:24 Japan Standard Time
(JST) on 8 November 2019, reached an elevation of 5,500 m above

the crater (Note that all times given hereafter in this study are JST
(Universal Time +9 h)). The eruption at 13:37 on 1 June 2020,
was accompanied by the largest deflationary ground deformation
since 1988. In this event, the downward tilt of the crater side was
measured at 370 nanoradians at station HVOT. Separately, the
Vulcanian eruption at 02:59 on 4 June 2020, was the most violent
event in the third Minamidake crater period, producing a
volcanic plume up to an elevation >7,000 m above the crater.
Here, the infrasound amplitude was measured at 490 Pa at station
HAR, and a volcanic bomb from the eruption was found to have
traveled 3.3 km from the crater.

DATA AND METHODS

Ground Deformation Associated With
Eruptions
Vulcanian eruptions at Sakurajima volcano are proceed by
gradual inflationary ground deformations, which last from
about 10 min to 7 hours and are accompanied by sudden (less
than 1 hour) deflationary deformations, which are detected by the
high-sensitivity water-tube tiltmeter and strainmeter installed in
the underground tunnel of station HVOT (Ishihara, 1990).
Deformation detection is enhanced by the same types of
sensors installed in the underground tunnel of station AVOT,
which is closer to the crater (Iguchi et al., 2013). Figure 3 shows a
sample record of strain changes observed at station AVOT
(Figure 1). The strainmeter is composed of displacement
sensors and 28 m long quartz glass bars in the direction of
Minamidake crater (radial component), orthogonal to it
(tangential component), and at a 45° angle to it (oblique
component). One edge of the bar is attached to the ground,
and the other is free-floating to detect ground displacements by
the sensor. The noise level of the strain signal is 0.4 nanostrain at
station AVOT, and collected strain signals are digitized at 1 s
interval with a nanostrain resolution of 0.058. In this
measurement, the ocean tide effects are removed from the
strain records by using sea-level observations and a Bayesian
method (Tamura et al., 1991).

In this event, the extensional strain changes in the tangential
component and the contraction strain changes in the component
radial from the crater started at 17:49, prior to the Ex-type
eruption at 18:26. When the eruption occurred, the
deformation transitioned to rapid contraction and extension in

TABLE 1 | Eruptive episodes in the third Minamidake period.

Episode Period Duration (days) Precursory repose
(days)

Ex event Er event NED

1 October 30 to 4 December 2017 34 17a 6 3 24
2 January 6 to 21, 2018 15 33 11 5 23
3 February 11 to 29 September 2018 230 21 271 165 667
4 23 October 2018 to 28 July 2019 278 24 116 75 451
5 3 September 2019 to 28 June 2020 299 37 465 277 1,367
6 9 August 2020 – >145 42 27b 16b 18b

aSince the last eruption at Showa crater on 13 October 2017.
bTotal numbers as of 31 December 2020.

FIGURE 3 | Example of ground deformation events. (A) Strain changes
at station AVOT with tidal components removed. The red and blue curves are
radial and tangential components, respectively. “Ex” and “Er” indicate onsets
of Ex- and Er-type eruptions, respectively. The arrows indicate the
inflation onsets prior to the Ex-type events, while the triangles indicate the
onset of deflation events that did not accompany significant eruptions. (B)
Seismic and (C) infrasound amplitudes observed at station AVOT.
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the tangential and radial components, respectively. This
deformation was caused by an increase in pressure resulting
from an inflation of the source prior to the eruption and a
deflation of the source associated with the eruption. The
inverted polarity of strain changes—extension in the radial
and contraction in the tangential components—was caused by
the shallowness (0–1.5 km) of the pressure source (Iguchi et al.,
2013). A similar extension and contraction pattern was
recognized in the strain record before and after the onset of
the type Er eruption that occurred at 19:00.

Since the amplitudes of the Ex- and Er-type deformation
events in Figure 3 were smaller than typical events, enlarged
details of the deflation components of typical Ex- and Er-type
events are shown in Figures 4A,B, respectively. At the onset of
the explosion earthquake of the Ex-type event, deflationary
ground deformation was indicated by the contraction strain in
the tangential component and extensional strain in the radial
component that started suddenly and continued for 60 s
(Figure 4A). The Er-type eruption was accompanied by a
similar strain change pattern that continued for 45 s
(Figure 4B). These characteristic strain changes correspond
well with other Ex- or Er-type events, which gives us a means
to identify eruptive events by using ground deformation data
independent of visual, seismic, and infrasound information.

As shown in Figure 4A, the Ex-type eruption was
accompanied by an impulsive explosion earthquake (240 μm/s
at AVOT) and infrasound generation (50 Pa at AVOT) 7 s later.
The non-explosive eruption earthquake (42 μm/s) and

infrasound generation (6 Pa) associated with the Er-type
eruption were much smaller than the Ex-type. The larger
explosion earthquake amplitudes and infrasound values for
Ex-type over Er-type events are reflected in the explosive
intensity. However, there were no systematic differences in the
strain change.

Non-Eruptive Deflation
Characteristic ground deformation patterns composed of
gradual inflation and sudden deflation events are sometimes
detected even when Vulcanian Ex- and Er-type eruptions have
not occurred. The ground deformation events marked by
triangles in Figure 3 show deformation event examples that
are not listed in the combined SVO and JMA list. Here, an Ex-
type eruption occurred at 18:26 in conjunction with an explosive
earthquake and air shock, followed by an Er-type eruption at 19:
00. The Ex- and Er-type eruptions produced whitish-gray
volcanic plumes reaching elevations of 1800 and 1,200 m
above the crater, respectively (Kagoshima Meteorological
Office, 2019).

These eruption onsets were preceded by a gradual extension
and followed by a sudden contraction in the tangential strain
component. In the radial strain, the polarities were inverted due
to the shallowness of the pressure source (Iguchi et al., 2013).
Following the Ex- and Er-type eruptions, similar strain change
patterns were identified at 19:43, 20:16, and 20:53 (onset times of
sudden deflation), etc., in time intervals of 33–49 min. However,
these events are not listed in the eruption database as Ex- or Er-

FIGURE 4 | Ground deformation events and infrasound and seismic records. (A) An Ex-type event. (B) Er-type event. (C) NED event.
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type eruptions because the volcanic plume tops stayed at
elevations of just several hundred meters above the crater.
Hence, the deflation was designated as a “non-eruptive
deflation” (NED) event.

Enlargement of the NED event comparison of the Ex- and Er-
types is shown in Figure 4C. At the onset of ground vibration,
deflationary ground deformation indicated by contraction strain
in the tangential component and extensional strain in the radial

component started and continued for 100 s. Here, it can be seen
that the ground vibration (<4 μm/s) and infrasound (<1 Pa)
values are much smaller than the Ex-type (Figure 4A) and the
Er-type (Figure 4B) events.

The visual phenomena associated with a NED event are
shown in video images captured at 1-min intervals (Figure 5).
Volcanic gas was continuously emitted from the Minamidake
crater. A NED event occurred at 11:09 on 23 February 2020

FIGURE 5 | An example of visual phenomena associated with the NED event on 23 February 2020. (A) Images above the Minamidake crater captured minute-by-
minute. The images were taken from station KUR (Figure 1A). The pink arrow indicates an increasing white plume. (B) Strain changes in radial (red curve) and tangential
(blue) components are included to show the NED event. (C) Infrasound record. (D) Seismogram. Strain, infrasound, and seismic observations were taken at station
AVOT (Figure 1A).

FIGURE 6 | (A) Eruptive activity indicated by monthly counts of types Ex- (red circle) and Er-type (yellow circle) events and the monthly sum of volume pressure
source changes estimated from the ground deformation (grey bars). (B) NED event activities are indicated by monthly count (open circle), and the monthly sums of
pressure source volume changes (grey bars) are estimated from ground deformations. (C) Monthly volcanic ash mass eruption values.
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(168 s in the time axis), as indicated by a tensional strain change
in the radial component and a contraction in the tangential
component (Figure 5B). The NED, which was accompanied by
minor infrasound (174s in Figure 5C) and ground vibration
(168s in Figure 5D), was also clearly followed by the
appearance of a white steam plume 1 minute later
(Figure 5A). This indicates that the NED event was caused
by a temporary increase in volcanic gas emissions.

NED events are defined as deflation events with strain rates
that are >5 nanostrain within 5 minutes in the radial
component or < -5 nanostrain in the tangential component
at station AVOT. In the continuous strain records of the third
Minamidake crater period, 2745 NED events are identified
(Supplementary Table S1). Monthly NED event numbers are
plotted in Figure 6B, where it can be seen that the following
NED event peaks appeared in the initial parts of the eruptive
episodes: December 2017 (Episode 2), March 2018 (Episode
3), November 2019 and February 2020 (Episode 5). The
monthly NED peak in November 2019 was the largest (480
events, Figure 6B) in the third Minamidake crater period. The
time series of NED event strain changes is shown in
Supplementary Figure S3 in a comparison of Ex- and Er-
types. Ex-type strain changes are distributed up to 100
nanostrain through Episode 1 to 5, and the Er-type
amplitudes range from 5 to 50 nanostrain. Between
Episodes 1 and 2, there is an increase in high-amplitude
NEDs, but most of the NEDs are smaller than 10
nanostrain. A histogram of NED event strain changes is
shown in Supplementary Figure S4, where it can be seen
that the strain change for most (83%) NED events is less than
10 nanostrain. Such small changes account for 44 and 67% of
the Ex- and Er-types. This indicates that NED events are
smaller than the Ex- and Er-types.

Pressure Source Volume Change
Estimations
In order to evaluate NED event activity quantitatively, the
pressure source volume changes that induce NED events are
estimated based on Mogi’s model (Mogi, 1958). Since clear
ground deformation associated with NED events is recorded in
the strain changes at station AVOT, strain changes are used for
the estimation. Radial strain (εr) and tangential strain (εt) at a
horizontal distance r, caused by pressure change (ΔP) of a
small sphere with a radius (a) at a depth D are written as
follows (Ishihara, 1990):

εr � k
D2 − 2r2

(D2 + r2)52 (1)

εt � k
1

(D2 + r2)32 (2)

where the parameter k is expressed using Lamé’s constants λ
and μ

k � (λ + μ)a3ΔP
2μ(λ + μ) (3)

The inverted polarity between the radial and tangential
components is caused by the shallower depth (D<

�
2

√
r) of the

pressure source. Defining b by the ratio of the radial to tangential
strain, the parameter b is written in terms of the horizontal
distance and source depth as:

b ≡
εr
εt
� D2 − 2r2

D2 + r2
(4)

Then, the source depth is obtained from the ratio of the radial
to the tangential strain:

D �
�����
2 + b

1 − b

√
r (5)

Considering the relation of volume change between the
ground surface and at the source (Delaney and McTigue,
1994), the volume change (ΔV) of the pressure source is
represented by:

ΔV � εr
π(D2 + r2)5/2

(1 − ])(D2 − 2r2) (6)

where ] is Poisson’s ratio.

Estimation ofMass Eruption of Volcanic Ash
Using Seismic and Deformation Data
When examining volcanic ash mass eruptions, wide-area
tephra campaign sampling is normally conducted around
volcanoes after large-scale eruptions to estimate the mass
discharged by these eruptions (e.g., Maeno et al., 2019).
However, since the frequency of eruptions at Sakurajima
make it unrealistic to collect tephra samples after each
event, the ash fall deposits collected in buckets at 62
sampling points within 50 km from the crater are measured,
and the weight of the deposition in a unit area is obtained
monthly. According to the decay of deposition along the
distance power function (Iguchi, 2016), the mass of volcanic
ash ejected from the crater is estimated from the deposition
data, as shown in Figure 6C. Volcanic ash can be discharged by
instantaneous Ex- and Er-type eruptions and by continuous
emissions. Ex and Er-type eruptions are accompanied by
significant ground deformation, while continuous emissions
are accompanied by volcanic tremors without deformation.
Iguchi (2016) found an empirical relationship for the erupted
mass of volcanic ash, which is approximated by a linear
combination of terms for deflationary volume change from
the ground deformation and seismic amplitude of the volcanic
tremor, as follows:

W � αA + βΔV + γ (7)
where W is the monthly mass of volcanic ash expelled from the
crater, and A and ΔV are the monthly spectrum sums of the
seismogram and the monthly sum of the pressure source volume
change, respectively. The spectrum is calculated within a range of
2–3 Hz for continuous volcanic ash emission. The pressure
source volume change is obtained for both Ex- and Er-type
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eruptions. The parameters α and β are coefficients, and γ is a
correction factor.

White steam emissions are a visual phenomenon associated
with NED events (Figure 5A) that indicate that the events are
dominantly associated with volcanic gas. However, the
contribution of NED events to ash emissions has not yet been
evaluated quantitatively. Therefore, in order to evaluate this
contribution, the pressure source volume change term βΔV in
Eq. 7 is resolved into terms for Vulcanian (Ex- and Er-type)
eruptions and NED events, as follows:

W � αA + βeΔVe + βNEDΔVNED + γ (8)
where ΔVe and ΔVNED are monthly sums of pressure source
volume changes for Vulcanian eruptions and NED events,
respectively, and βe and βNED are coefficients. Applying Eq. 8
to monthly sums, the coefficients are obtained to maximize the
Pearson product-moment correlation coefficient between the
volcanic ash erupted mass estimated from the deposition data
at 62 sites and from Eq. 8 estimation.

RESULTS

Transition of Volume Changes of Pressure
Source of Eruptive and Non-Eruptive
Deflation Events
Volume changes and depths of pressure source inducing
ground deformation events associated with Ex- and Er-type

eruptions and NED events are estimated according to Eq. 6,
thus fixing the pressure source location at Minamidake crater.
Volume changes of individual events are shown in
Supplementary Table S1. NED event volume changes are
obtained within a range from 3 × 101 m3 to 6 × 103 m3, and
only 9% of those changes are larger than 1 × 103 m3. The
volume changes associated with Ex- and Er-type eruptions
are larger than NED events, and 25% of these changes exceed
1 × 103 m3.

The time series of the monthly sum of volume changes of the
pressure sources and eruptions (Ex- and Er-type) and NED
events for the third Minamidake crater period are shown in
Figures 6A,B, respectively. The volume change amounts in
November 2019 are the largest in terms of both eruptive and
NED events, while the NED event peaks in December 2017
March 2018, and February 2020 are significantly larger in
relation to eruptive volume amounts changes, which stayed at
normal or lower levels.

Volcanic Ash Mass Eruption Transitions
Here, we examine the monthly pressure source volume change
sums obtained from Ex- and Er-type eruptions (Figure 6A) and
the monthly seismogram spectrum sum in a range of 2–3 Hz
obtained from the short period (1 Hz) seismometer at station
AVOT. The fit obtained using Eq. 8 for the erupted volcanic ash
mass amount based on data collected at the previously mentioned
62 sampling points is shown in Figure 7 for the Showa crater and
third Minamidake summit periods (Supplementary Figure S2)
by adding the plots to the 2009 to 2013 data collected by Iguchi
(2016). This shows that the estimated mass obtained using Eq. 8
correlates well with the volcanic ash mass eruption data
calculated from the deposition data. The best-fit estimation
using Eq. 8 with the erupted mass of volcanic ash based on
deposition data is obtained at βe = 3.3 and βNED ~0.

The fit for the case of βe � βNED (compatible with Eq. 7) with
the erupted mass of volcanic ash based on the deposition data is
shown in Supplementary Figure S6. Here, the mass eruption
estimation obtained using Eq. 8 is larger than the mass eruption
estimation obtained from the deposition data, with the estimation
misfit becoming particularly large in November 2019 and
February 2020.

This indicates that the contribution of NED events to volcanic
ash mass eruption amounts is much smaller than that for Ex- and
Er-type Vulcanian eruptions and that mass eruption amounts are
reflected by the pressure source volume changes of Ex- and Er-
type eruptions. In contrast, NED events are phenomena that
primarily emit volcanic gas but very little volcanic ash.

Eruptive (Ex- and Er-types) and NED events accompany
deflation ground deformation with similar patterns. These
eruptive events contribute to ash eruptions, but NED events
are primarily associated with gas emissions alone. Such
eruptive events expel volcanic ash and emit a large amount of
volcanic gas. It is suggested that ground deformations associated
with eruptive and NED events are caused by the emission of
volcanic gas, although the ground deformations during eruptive
events accompanied by the simultaneous ejection of volcanic ash
tend to be larger. Quantitatively, the total amount of strain

FIGURE 7 |Comparison of monthly volcanic ash sums estimated via Eq.
8, with values derived from site measurements at 62 sampling points during
periods of eruptivity at Showa crater from January 2009 to October 2017 (grey
circles), and values recorded at Minamidake summit crater from
November 2017 to December 2020 (dots).
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change associated with eruptive events is larger than for NED
events. Occurrences of Ex-, Er-, and NED-type events may be
controlled by permeability at the top of the conduit. As shown in
Figure 5A, volcanic gas is emitted continuously, which suggests
high permeability of the top of the conduit. The increase in
volcanic gas (i.e., the appearance of a higher white plume)
associated with the NED was caused by gas flux fluctuations
or a temporary decrease in permeability. Before the occurrence of
an Ex-type event, the top of the conduit is plugged (low
permeability), and bubbly magma below the plug is ejected as
a mixture of volcanic gas and ash. The permeability for Er-type
events may be between those for Ex- and NED events.

RELATIONSHIP BETWEEN NON-ERUPTIVE
DEFLATIONEVENTACTIVITYANDSO2GAS
DISCHARGE RATE
Non-Eruptive Deflation Event Activity
While considering the characteristics of each NED event
described above, we compared NED event activities with
eruptive activity transitions. In order to improve the time
resolution, the running deflationary volume sums of pressure
sources for 30 days during the thirdMinamidake crater period are
shown in Figure 8A for NEDs and both Ex- and Er-type eruptive
events. The eruptive events time series is a parameter that
quantitatively represents episode intensities and is similar to
the temporary change pattern for NED events for the

38 months of the period. For NED events, we identified four
volume change peaks that were larger than the period’s eruptive
peaks. The peak in December 2017 appeared before Episode 2,
and the peak inMarch 2018 appeared in the initial part of Episode
3. The other two peaks were found in November 2019 and
February 2020 during Episode 5.

The ratio of the volume change induced by NED events to the
total volume change (NED plus eruptive events) is examined in
Figure 8B. Here, several volume change ratio peaks are identified,
and it can be seen that the ratio increased prior to the climax of
each eruptive episode. The first peak (#1 in Figure 8B) appeared
in the middle of December 2017, prior to Episode 2. The second
peak (#2) appeared at the onset of Episode 3. The NED volume
ratio gradually decreased and dropped to a minimum (40%)
when the volume of eruptive events in Episode 3 climaxed in May
2018. The next peak (#3) appeared in July 2018 and was followed
by a minor increase in eruptivity from August to September 2018.
Then, the increase-decrease ratio pattern was repeated, and three
peaks (#4, #5, and # 6) were identified in Episode 4.

Episode 5 was the most active among the episodes in the third
Minamidake crater period, as indicated by the two eruptive event
volume change peaks in November 2019 and February 2020,
when NED event volume changes and ratios also increased (#8
and #9). The increase in the volume ratio of NED events to
eruptive events indicates that NED event volume changes
increased more rapidly than eruptive events. Similar to
Episode 3, peak #7 appeared at the initial part of Episode 5,
and the volume change ratio of NED events decreased gradually

FIGURE 8 | (A) 30-days running sums of volume changes caused by eruptions (Ex- and Er-type) and NED events are indicated by red and grey curves,
respectively. (B) 30-days running sums of volume changes caused by both eruption types and NED events (Total: grey curve). 30-days running volume ratio of NED
events to eruptions is shown by the blue curve. Labels #1 through #9 are the ratio peaks. (C) SO2 discharge mass rate measured by JMA (JapanMeteorological Agency,
2020).
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in the latter part after the eruptivity climax of peak (#9). The
common transition to note here is that these episodes are initiated
with a gas-rich phase (indicated by the increase in NED events)
and that the latter part is dominated by eruption-induced
volcanic ash discharges.

SO2 Gas Discharge Rate Comparison
Since NED events are related to volcanic gas emissions, this
section examines the time series of NED events in comparison
with SO2 gas discharge rate transitions. At Sakurajima volcano,
JMA measures SO2 gas discharge rates (Japan Meteorological
Agency, 2020) by traverse campaign measurement using a
differential optical absorption spectroscopy (DOAS) network
over irregular time intervals of from one to 25 days depending
on weather conditions, but at least once a month (Figure 8C).
SO2 discharge rates exceeded 1 × 106 kg/day over most of the
third Minamidake crater period.

The SO2 discharge rate shows several peaks, including jumped
values to irregular interval measurements. Increases in the NED
volume change ratio were preceded by SO2 discharge rate peaks
(Figures 8B,C). After the appearance of SO2 discharge rate peaks
(P2, P3, P4, P6, and P9 in Figure 8C), the ratio of NED volume
change to eruptive events increased over a one-to-two month
period, as shown by peaks (#2, #3, #4, #6, and #9 in Figure 8B),
respectively. Here, it should be noted that the SO2 measurements
may not be sufficiently frequent to discuss correspondence with
peak #5 in Figure 8C, and that there is no SO2 measurement
period in February 2019. Peak #7 appeared in the increasing trend
of SO2 discharge rate that started in September 2019.

The increasing pattern of the SO2 discharge rate corresponds
well to the NED volume change ratio during the period from
September 2019 to February 2020 in Episode 5. When examined
in detail, it can be seen that the SO2 discharge rate increase trend
includes a temporary drop to a level of 0.9 × 106 kg/day in
December 2019 and two identified peaks. The first peak (P8 in
Figure 8C) of 3.6 × 106 kg/day is seen in November 2019, and the
second peak (P9 in Figure 8C) of 4.7 × 106 kg/day is seen in
January 2020. The volume changes of NED and eruptive events
also have two peaks in November 2019 and February 2020,
respectively (Figure 8A). The temporary SO2 discharge rate
drop to 0.9 × 106 kg/day in December 2019 corresponds to a
decrease in the volume changes of NED and eruptive events. In
particular, we note that neither NED nor eruptive events occurred
during the period from 25 December 2019 to 4 January 2020. The
discharge rate showed a decreasing trend in March 2020 and
dropped to a level smaller than 1 × 106 kg/day in June 2020.
Similarly, NED event volume changes gradually decreased from
March 2020, and only a subtle NED volume change was detected
in June 2020.

DISCUSSION

Gas Flux Comparison
Although it is difficult to estimate volcanic gas discharge amounts
because the main component of the gas is water vapor, the
discharge rate of SO2 gas can be considered a representative

parameter for use in volcanic gas discharge activity evaluations.
For example, Hidalgo et al. (2015) quantified SO2 discharge rates
in two distinct phases via continuous SO2 monitoring of a
multiple-station DOAS network at Tungurahua volcano,
Ecuador. At Sakurajima volcano, SO2 discharge rates exceeded
1 × 106 kg/day during most of the third Minamidake crater
period, but high discharge rates (1×106–5×106 kg/day) were
also noted during the second Minamidake (Mori et al., 2008)
and Showa crater (Kazahaya et al., 2016) periods. Even in non-
eruptive periods, large long-term SO2 emissions have been
recorded from active volcanoes, such as Sicily’s Mt. Etna
volcano. At that volcano, the average emission rate over
20 years is 1.7 × 109 kg/year (4.6 × 106 kg/day), which is one
order of magnitude larger than during the eruptive period
(Allard, 1997). Estimations of volcanic gas flux have also been
made from SO2 discharge rates. For example, Hirabayashi et al.
(1995) estimated the volcanic gas flux at 7,700 tons/day from the
SO2 discharge rate for the Unzen volcano using the chemical
composition of the high-temperature volcanic gases sampled
around a newly effused lava dome (Ohba et al., 1994) during
the same SO2 measurement period.

In the case of Sakurajima volcano, since highly eruptive
activities made it nearly impossible to obtain the chemical
compositions of volcanic gases from the Minamidake crater
during the periods examined in our NED analysis, it was
assumed that the SO2 composition in the total flux of volcanic
gases did not change during the measurement periods and that
the discharge rate for SO2 could be treated as an indicator of a
transition of the total flux of volcanic gases. As shown in Figures
8B,C, the increases in the NED volume change ratio were
preceded by SO2 discharge rate peaks, which indicate increases
in gas flux. This suggests that NED event activities are enhanced
by gas-rich magma intrusions.

Araya et al. (2019) determined the H2O content in melt
inclusions from Plinian eruptions (1471, 1779, and 1914) and
recent Vulcanian eruptions (1975–2010) at Sakurajima volcano.
They found that melt inclusions in the Vulcanian products have
clearly lower H2O contents (0.7–2.3 wt%) than those in the
Plinian pumices (1.4–3.6 wt%). These lower H2O contents
suggest that the magma is degassed during the ascent through
the conduit. However, relatively few H2O content measurements
were recorded during the period from 1975 to 2010, and a change
in H2O content is not recognized during the (less than 1 year)
episode discussed here.

The increase in SO2 discharge rates that peaked by P10 in
Episode 6 did not lead to an increase in NED activity or eruptive
events. As shown by Figure 3A, a NED is a deflation ground
deformation event preceded by inflation that is associated with
gas accumulation. This indicates that NEDs are induced by
instantaneous volcanic gas discharges that accumulate over
short-term periods (less than 1 hour, as indicated by the strain
changes in Figure 3A) prior to such discharges. Frequent NED
event occurrences are reflected by unstable volcanic gas emissions
under conditions where large amounts of volcanic gas are
supplied from deeper parts. In contrast, stable gas emissions
do not induce NED events, even if large amounts of volcanic gas
are supplied, which means that stable gas emissions are not
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necessary to induce volcanic eruptions (Allard, 1997). Since
Sakurajima Vulcanian eruptions are preceded by sudden SO2

gas emission decreases (Kazahaya et al., 2016), it is believed that
NED event activity could be used as a parameter to evaluate
volcanic gas emission instability, which is related to eruption
occurrences.

Ratio of Erupted Mass to Deflation Volume
Change
In order to verify a gas-rich magma intrusion, the ratio of the
erupted mass to the deflation volume change is examined.
Hereafter, the ratio of the erupted mass to the deflation
volume change is referred to as the “pseudo density”. Since
volcanic gas is continuously being emitted from the
Sakurajima volcano, the volume changes induced by NED and
eruptive events do not cover all the gas emissions. However, even
though the pseudo density is not a real measurement of magma
density, it can be used as a parameter in magma density
discussions. The erupted mass of volcanic ash is estimated
using the monthly deposition load of volcanic ash at the 62
previously mentioned sampling points (Iguchi, 2016).

Monthly pseudo density values are plotted in Figure 9C,
where it can be seen that the average pseudo density (1900 kg/
m3) is smaller than 2,600 kg/m3, which is frequently used for
dense-rock-equivalent volume calculations (e.g., Wallace et al.,
2006). It can also be seen that the pseudo density in the third
Minamidake crater period ranges from 54 to 3,700 kg/m3. Pseudo
density variations are related to eruptive activity transitions. For
example, in Episodes 3 and 5, when a large amount of volcanic

ash (total mass 1.5 × 109 kg and 2.3 × 109 kg, respectively) was
expelled, smaller pseudo density values appeared in the first part
and increased in the latter part of those episodes.

In Episode 3, the pseudo density values were only 440 and
580 kg/m3 for February andMarch 2018, respectively, after which
the density value increased to 3,600 kg/m3 in May 2018 when 4.9
× 108 kg of volcanic ash were expelled. Pseudo density values then
remained relatively high until December 2018. In Episode 5, the
pseudo density was lower than 1700 kg/m3 from September to
November 2019, after which it increased to 3,300 kg/m3 in
December 2019. Lower pseudo density (1900 kg/m3) values
appeared again in January and February 2020, but the value
increased to 3,700 kg/m3 in March and remained high until June
2020. This suggests that volatiles play important roles in eruptive
activity transitions.

As shown in Figure 2D, inflationary ground deformation was
detected in the first stage (September 2019 to February 2020) of
Episode 5, during which the SO2 discharge rate increased up to
4.7 × 106 kg/day (Figure 8C), and the pseudo density was
estimated to be lower than 1900 kg/m3. In the latter stage,
from March to June 2020, ground inflation subsided or
showed a subtle deflation trend. The SO2 discharge rate
decreased, and the pseudo density value increased up to
3,700 kg/m3 (Figure 9C). This indicates that the degassed
magma is expelled mostly as volcanic ash. Episode 5 is
interpreted by considering a model of bubble accumulation in
the chamber top prior to excess degassing eruptions (Wallace,
2001; Shinohara, 2008) on the open conduit of Sakurajima, which
has seen sustained long-term activity since 1955. Bubble-rich
magma intrudes in the conduit in the initial stage of Episode 5,

FIGURE 9 | Comparison of pressure source volume changes with volcanic ash mass eruption levels. (A)Monthly volcanic ash mass eruption levels are shown by
grey bars and monthly Ex-type eruptions by red dots. (B)Monthly sum of pressure source volume changes induced by eruptions and NED events. (C)Monthly ratio of
volcanic ash mass eruption to pressure source volume change.
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which can also be inferred from the lower pseudo density value.
As a result, the SO2 discharge rate increased, and NED
occurrences and eruptive events became increasingly frequent.
NED event occurrences well reflect bubble-rich magma eruptions
with less ash emissions. This indicated that the effusion of bubble-
rich magma changed the chamber state from bubble-rich to
bubble-poor, and the bubble-poor magma was erupted in the
latter stage, mostly as volcanic ash. The increase in areal strain
(inflation) corresponds to the lower pseudo density in the second
half of 2019 when Ex- and Er-type eruptions frequently occurred.
These phenomena indicate the intrusion of magma and the
simultaneous occurrence of volcanic eruptions. Sakurajima
volcano has an open conduit because the eruptive activity has
continued since 1955. This open-conduit magma system allows
the simultaneous occurrence of volcanic eruptions and the
intrusion of bubble-rich magma.

As shown in Figure 9A, Episode 5 could be separated into two
sub-episodes (5A: September to December 2019, 5B: January to
June 2020) by a NED activity gap and dormancy of eruptive
activities during the period from 25 December 2019, to 4 January
2020. The small pseudo density value seen in September
corresponds to the initial stage of Episode 5A, which remained
at a low level in October and November, thereby indicating an
intrusion of bubble-rich magma. The larger pseudo density in
December corresponds to the latter stage of Episode 5A. The
small pseudo density value in January corresponding to the initial
stage of Episode 5B indicates a recurrence intrusion of bubble-
rich magma, and the larger apparent density value fromMarch to
June indicates that the bubble-poor magma erupted in the latter
stage of Episode 5B.

Rapid Intrusion of Gas-Rich Magma Prior to
the Violent Eruption on 4 June 2020
Ex-type eruptive events may contain large amounts of gas in their
initial stages. Air-shock pulse is induced by a gas outburst beneath
the lava plug at the top of the conduit (Fee and Matoza, 2013),
which means the larger air-shock amplitude (ca >300 Pa) in the
initial stage of Episode 5 (Figure 2B) may be reflected by the
explosive release of accumulated gas emitted from bubble-rich
magma. Note that the air-shock amplitude gradually decreased in
the latter stage of the episode and was less than 120 Pa after
March 2020, except for a few Ex-type events. The small
infrasound amplitude of these Ex-type eruptions is consistent
with the low gas volume of degassed magma.

The Ex-type event that occurred at 02:59 on 4 June 2020, was
exceptionally large in the latter stage of Episode 5. An infrasound
amplitude of 490 Pa was recorded at station HAR (Δ = 2.7 km),
and the eruption launched a volcanic bomb that traveled a
distance of 3.3 km from the crater. From these results, it can
be inferred that highly pressurized gas from bubble-rich magma
contributed to the large air-shock amplitude and the long-distant
flight of the bomb. The characteristics of the Ex-type event that
occurred on 4 June 2020 were different from gas-poor magma
that normally erupts from the latter stage of Ex-type events.

Next, the ground deformation associated with the Ex-type
eruption on 4 June 2020 was examined to extract event

characteristics (Supplementary Figure S7). The most significant
precursor was a sudden deflation caused by the Ex-type event 61 h
before (13:37 on June 1). More specifically, deflation of
217 nanostrain and 183 nanostrain of the contraction strain in
the radial and tangential components, respectively, were recorded at
station HVOT. The strain change was the largest among the third
Minamidake crater period. The inflation prior to the Ex-type began
4 days before, and neither eruptive nor NED events occurred during
the inflation (Supplementary Table S1) period. This reflects the
intrusion of bubble-poor magma. A large amount of bubble-poor
magma remaining in the latter stage was extruded from the conduit
by June 1, but a rapid extension strain began 18 h after the eruption,
and the radial and tangential strain changes were 135 nanostrain and
126 nanostrain, respectively, for 43 h before the onset of the June
4 Ex-type event. During the inflation period, four Ex-type events, one
Er-type event, and twoNED events occurred (Supplementary Table
S1), thus suggesting the intrusion of bubble-rich magma. This also
suggests that the bubble-richmagma that happened to remain in the
initial stage may have intruded in the conduit rapidly, thus causing
the June 4 Ex-type event. The ejection of numerous ballistic bombs
(Supplementary Figure S8) with strong air shocks (490 Pa at
HVOT) suggests low magma permeability for the plug at the top
of the conduit and a highly pressurized gas pocket below it. The
bubble-rich magma may separate clearly into a low-permeable plug
and a gas pocket at an extremely shallow part of the conduit. The
variations in long-term eruptive activity are controlled by the
amount of bubbles in the intruded magma. The activity of NED
events is helpful to understand the long-term variations in eruptive
activity also from other volcanoes characterized by open conduit.

Vulcanian eruptions occur when there is a low-permeability
plug and a gas-rich region supported by the supply of gas from a
deeper region. TheMontserrat Vulcanian eruptions ER1 and ER2
(Gottsmann et al., 2011) suggest the need to discuss differences
between Ex- and Er-type eruptions. Compared to the ER1, the
ER2 eruption appears to have released greater overpressure over a
shorter time from a source situated closer to the surface, such as a
gas pocket beneath the dome carapace (Gottsmann et al., 2011).
The ER2 characteristics are similar to the Ex-type of Sakurajima.
The ER1 was accompanied by smaller excess pressure and strain
change, as well as non-impulsive ground motion. The Sakurajima
Er-types have characteristics that are more similar to ER1 than
ER2. The Montserrat Vulcanian ER1 eruption expelled juvenile
magmatic material and a minor amount of dome fragments,
which indicates lower plug permeability, thus indicating that plug
permeability may control whether Ex- or Er-type events occur.

CONCLUSION

Through examinations of continuous ground deformations at the
Sakurajima volcano, we identified non-eruptive deflation (NED)
events as well as eruptive Ex-type (explosion with intense air-
shock) and Er-type (non-explosive) events accompanied by
volcanic ash emissions and found that NED events are
induced by temporary increases in volcanic gas discharge
rates. Although the activities accompanying NED events do
not cover the processes of all volcanic gas emissions, it was
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found that pressure source volume changes that induce NED
events could be used as an evaluation parameter for rating
bubbles in the intruding magma, comparing pressure source
volume changes with eruptive events, examining volcanic ash
mass eruptions, and determining SO2 discharge rates.

In the Third Minamidake crater period, in which Episodes 3
and 5 were found to be particularly active, we determined that
magna containing large amounts of bubbles intruded into the
conduit in the initial stage of the episode sequence and that the
eruption of bubble-poor magma as an effusion of volcanic ash
was dominant in the latter stage of those episodes. The transition
of magma from bubble-rich to bubble-poor was also identified in
the sequence of episodes.
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Supplementary Figure 1 | Amplitudes of infrasound generated by eruptions of
Sakurajima volcano during the period from 1955 to 2020. (A) The amplitudes are
arranged in ascending order. The arrow indicates an inflection point. (B) An
enlargement of (A).

Supplementary Figure 2 | Eruptive activity at Sakurajima volcano during period
from 1955 to 2020. (A) Counts of Vulcanian eruptions, based on SVO records
(1963–2020) and supplemented by Kagoshima Local Meteorological Observatory of
Japan Meteorological Agency (JMA) reports from 1955 to 1962. A 30-days running
sum of eruptions is indicated by lines. The bars show annual eruption numbers
during the eruptive periods at Minamidake crater (pink) and Showa crater (orange).
(B) The annual mass of volcanic ash is estimated from monthly load deposits at 58
(62 since 2011) sampling points around Sakurajima.

Supplementary Figure 3 | Time series of strain change associated with (A) Ex-
type, (B) Er-type, and (C) NED events. The black dots indicate strain changes in the
tangential component at AVOT (Fig. 1A). Amplitudes of infrasound generated by
these types of events are added as blue dots.

Supplementary Figure 4 |Histogram of strain change associated with (A) Ex-type,
(B) Er-type and (C) NED events. Arrows indicate the maximum values.

Supplementary Figure 5 | Histogram of volume change of pressure source
associated with (A) Ex-type, (B) Er-type, and (C) NED events. Arrows indicate
the maximum values.

Supplementary Figure 6 | Comparison of monthly sums of volcanic ash between
estimates using Eq. (8) assuming and values derived from site measurements at 62
sampling points during eruptivity periods at Showa crater from January 2009 to
October 2017 (grey circles) and at Minamidake crater from November 2017 to
December 2020 (dots).

Supplementary Figure 7 | Ground deformation associated with eruptive activity
during period from May 27 to 4 June 2020. (A) Strain changes of radial (red curve)
and tangential (blue) components at station HVOT. The black arrows indicate the
occurrence of Ex-type eruptions, and the grey arrows show four Er-type eruptions
on 27 May 2020. The seismogram and infrasound amplitudes recorded at station
AVOT are shown in panels (B) and (C), respectively.

Supplementary Figure 8 | Vulcanian eruption starting at 02:59 on 4 June 2020. A
ballistic bomb reached a distance of 3.3 km from the Minamidake crater. The video
image was taken by the Osumi Office of the River and National Highway Department
of the Kyushu Regional Development Bureau, Ministry of Land, Infrastructure,
Transport and Tourism (MLIT). https://www.youtube.com/watch? v =
3BWGy0QIYk4.
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