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Routine volcano monitoring increasingly involves mul-
tiparameter datasets. Databases that include multi-
disciplinary datasets have great potential to contribute
to the evaluation of ongoing volcanic eruptions and
unrest events. Here, we examine the characteristics
of a multiparameter dataset from Shinmoedake vol-
cano (Kirishima) in Japan for the period of 2010–
2018 to examine how the chronology of volcanic ac-
tivity can be traced. Our dataset consists of global
navigation satellite system (GNSS), seismic, tilt, infra-
sound, sulfur dioxide (SO2) column amount, and video
records. We focus mainly on the period after 2012,
particularly a series of ash emissions in 2017 (here-
after the 2017 eruption), lava effusion, and Vulcanian
eruptions in 2018 (hereafter the 2018 eruption). Our
dataset shows that the GNSS observations successfully
captured the gradual inflation of the volcano edifice,
suggesting magma intrusion or pressure buildup in
the magma storage region prior to the 2017 and 2018
eruptions. The number of volcanic earthquakes also
gradually increased from 2016 toward the eruptions,
particularly events occurring beneath Shinmoedake.
Tilt data captured a precursor tilt event prior to the
2017 eruption and a magma chamber deflation during
the lava effusion of the 2018 eruption. Tilt, seismic,
infrasound, SO2 gas column, and video data record
signals accompanying periodic degassing during the
lava effusion and explosive degassing accompanying
the Vulcanian eruptions, which have similar charac-
teristics to those reported for past eruptions at Shin-
moedake and other volcanoes. This similarity suggests
that multidisciplinary databases will be an important
reference for future evaluations of ongoing volcanic
activity and unrest.
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1. Introduction

A number of volcano observatories now deploy mul-
tiparameter networks at active volcanoes, i.e., a combi-

nation of multi-disciplinary observation techniques such
as seismic, geodetic, infrasonic, visual, infrared, vol-
canic gas, etc. [1]. Previous studies have demonstrated
that multiparameter observations are effective in under-
standing volcanic activity dynamics in ways that cannot
be inferred from single-discipline observations (e.g., [2–
5]). As amount of observational monitoring data has sig-
nificantly grown, some efforts have been made to con-
struct multiparameter monitoring data databases for vol-
canoes [6, 7]. The aim of these databases is to assist in on-
going volcanic activity evaluation and eruption forecast-
ing, by comparing data from current unrest/activity to the
characteristics of that accompanying past unrest/activity
and from other volcanoes that show similar behavior (ana-
log volcanoes) [8]. Therefore, it is essential to compre-
hend the characteristics of accumulated data in an indi-
vidual and a global database to contextualize any new
eruption or unrest. Pioneering works in volcano seismol-
ogy showed that the types of volcanic earthquakes can
be useful to evaluate the current state of active volcanoes
and forecasting eruptions based on conceptual magma as-
cent models (e.g., [9–14]). Geodetic observations have
also captured a variety of precursor signals of eruptions
(e.g., [15–17]). However, no one dataset captures the
full breadth of processes that are involved in transporting
magma from a lower crust magma reservoir to the surface,
and given the current more abundant multiparameter ob-
servations and datasets, it is imperative to employ a more
comprehensive interpretation methodology to understand
volcanic activity using these multiparameter datasets. In
other words, it is important to organize which aspect of
volcanic activity can be obtained and comprehended by
each observation method and corresponding data to un-
derstand their strengths and limits and use them collec-
tively in appropriately weighted schema.

The multiparameter dataset from Shinmoedake vol-
cano in Japan during the period of 2010–2018 provides
a unique opportunity to examine how one can trace the
eruption chronology using a multiparameter database. We
investigated the important characteristics of the dataset
and the relationship of each monitoring dataset with the
corresponding volcanic activity chronology. Detailed
analyses of each dataset will be completed in future re-
search articles that will examine the dynamics behind the
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Fig. 1. Observation networks at the Kirishima volcano
complex. Red triangles show location of Shinmoedake and
Iwoyama volcanoes. Pink, sky, and yellow squares denote
permanent stations of the NIED (V-net), JMA, and GSI
(GEONET), respectively. Stations with violet lines have co-
located SO2 column measurement system operated by the
Geochemical Research Center of the University of Tokyo.

characteristics found to correlate with eruption activity.

2. Shinmoedake and Available Datasets

2.1. Shinmoedake Volcano
The Kirishima volcano complex is on the southern

Kyusyu Island of Japan, and composed of more than 25
andesitic stratovolcanoes and two calderas [18]. During
the last decade, the most active volcano in the Kirishima
area has been Shinmoedake (Fig. 1). During the last
300 years, Shinmoedake has erupted in 1716–1717, 1822,
1952, and 2011 [19]. The climax of the 2011 eruption
consisted of three sub-Plinian eruptions, and subsequent
lava effusion followed by intermittent Vulcanian erup-
tions [20, 21]. Shinmoedake is not the only active vol-
cano in the Kirishima complex (Fig. 1). Ohachi vol-
cano had a series of Vulcanian eruptions up to 1923 [22].
Iwoyama volcano had a small phreatic eruption on April
19, 2018 [23]. According to geologic study, Iwoyama had
two eruption activities during the period 1300–1500 and
1500–1700 [24]. We mainly focused on the volcanic ac-
tivity of Shinmoedake following the 2011 eruption and
leading up to the 2017 and 2018 eruptions.

2.2. Available Datasets
Our dataset consists of observational data obtained by

the National Research Institute for Earth Science and Dis-
aster Resilience (NIED), the Japan Metrological Agency
(JMA), the Geospatial Information Authority of Japan

(GSI), and the Geochemical Research Center of the Uni-
versity of Tokyo. We describe the observation networks of
each organization in the following. Details of the instru-
ments and sampling rates of each network are summarized
in Table 1.

The NIED operates two permanent stations in the
Kirishima complex (V-net, Fig. 1) [25]. We use
the continuous data recorded by borehole short-period
seismometers (V225 and V224, Mitsutoyo), bore-
hole pendulum-type tiltmeters (JTS-3B, Mitsutoyo), and
Global Navigation Satellite System (GNSS) receivers
(Delta-G3T and RingAnt-DM, Javad). We used the NIED
volcanic earthquake hypocenter catalog for the Kirishima
complex, which has been determined using seismic data
from both the NIED and JMA since February 2011.

The JMA network in the Kirishima complex consists
of more than 40 stations [26]. We used data recorded
by a borehole short-period seismometer (V225 and V224,
Mitsutoyo) at KITK, borehole tiltmeters (JTS-33, Mitsu-
toyo) at KITK, and KION, infrasound microphones (ACO
3348, Aco) at KIAM, KION, and KIKH, and video image
data from Karakunidake (Fig. 1).

The GSI operates a nationwide GNSS network,
GEONET [27]. We examine the GNSS data recorded at
three of the GEONET stations: 960714 (Ebino), 021087
(Miyakonojo), and 950486 (Makizono) (Fig. 1).

Since November 2017, the Geochemical Research Cen-
ter of the University of Tokyo has operated a con-
tinuous sulfur dioxide (SO2) column amount measure-
ment network using differential optical absorption spec-
troscopy (DOAS) [28–31] at three stations: co-located
with stations KRHV (stn01), 021087 (stn02), and KITK
(stn03) (Fig. 1). The DOAS measurement system
consists of a miniature ultraviolet (UV) spectrometer
(FLAME-S, Ocean Optics), a 1–1.5-m-long optical fiber
(φ = 600 μm), a collimator lens with a visible light cut
filter (U-330, Hoya), and a compact Internet of Things
device (Plat Home).

3. Time Series of Data During 2010–2018

3.1. 2010–2018 General Trends

Figure 2(a) shows the temporal change in horizontal
baseline lengths for the four GNSS station pairs from
April 2010 to July 2018 (all dates and times are Japanese
Standard Time (JST)). As reported by previous authors,
all baseline length data show changes in the ground de-
formation of the volcano edifice related to volcanic ac-
tivity. For the 2011 eruption, horizontal baseline lengths
show inflation, deflation accompanying sub-Plinian erup-
tions and lava effusion of the 2011 eruption, followed by
re-inflation until 2012 [32–35]. During the period from
2012 to late 2013, all baseline lengths were nearly con-
stant. Then, beginning in early 2014, three of the four
pairs (KRHV-KRMV, Ebino-Miyakonojo, and Ebino-
Makizono) began to extend again. The baseline lengths
for Ebino-Miyakonojo and Ebino-Makizono showed a
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Table 1. Details of the instruments of each observation network in the Kirishima area.

Seismometer Station Instrument Sampling frequency Natural period
KRHV, KRMV, and KITK V225 and V224 (Mitsutoyo) 100 Hz 1 s

Tiltmeter Station Instrument Sampling frequency
KRHV and KRMV JTS-3B (Mitsutoyo) 20 Hz
KITK and KION JTS-33 (Mitsutoyo) 1 Hz

Infrasound Station Instrument Sampling frequency Flat response
microphone

KIAM, KION, and KIKH ACO 3348 (Aco) 100 Hz 0.1–100 Hz

GNSS Station Receivers Anttena
KRHV and KRMV DELTA-G3T (Javad) RingANt-DM (Javad)
960714, 210870, and 950486

Video Station Instrument Effective megapixels
Karakunidake PTC-113 (Mikami) 38

DOAS Station UV spectrometer Collimator lens Sampling frequency
stn01, stn02, and stn03 FLAMES-S (Ocean optics) U-330 (Hoya) 0.1 Hz

Fig. 2. Time series of dataset during the period 2010–2018.
(a) One-day average baseline lengths of the GNSS station
pairs in the Kirishima area. (b) Daily number of volcanic
earthquakes in the Kirishima area routinly processed by the
NIED since February 2011. (c) Magnitude of HF event of
volcanic earthquakes. The color of each plot denotes the fo-
cal depth following a scale shown in (d). (d) Magnitude of
LF (dot) and DLF (diamond) events of volcanic earthquakes.
(e) RMS amplitude of daily average vertical ground vecloc-
ity.

step-like signal on April 16 2016, induced by the co-
seismic deformation of the Kumamoto earthquake [36].
Contraction of the baseline lengths of these two pairs for

one year after the earthquake may have been because of
post-seismic deformation [37]. From the middle of 2017,
all baseline lengths showed considerable extension. On
October 11, 2017, a series of ash emission events began
at Shinmoedake, and lasted for 6 days [38], however, the
baseline lengths do not show any considerable changes
accompanying the 2017 eruption. During the period of
March 6–9, 2018, all baseline lengths showed a step-like
contraction, accompanying lava effusion at the summit
of Shinmoedake [39]. Following the effusive eruption,
all baseline lengths began to show extension once again.
This deformation cycle associated with the 2018 eruption
is similar to that in the case of the 2011 eruption.

Figure 2(b) shows the daily number of volcanic earth-
quakes routinely processed by the NIED. The NIED di-
vides earthquakes into four event types based on fre-
quency and focal depth criteria. Events having a peak
frequency between 9–10 Hz are High Frequency (HF),
2–3 Hz are Low Frequency (LF), 4–8 Hz are Interme-
diate Low Frequency (ILF), and < 8 Hz with a focal
depth mainly between 10–25 km are Deep Low Fre-
quency DLF (e.g., [40]). For simplicity, in the present
study we grouped LF and ILF together as LF events. Tem-
poral changes in the magnitude of HF, LF, and DLF events
are shown in Figs. 2(c) and (d). Fig. 3 shows the epi-
centers of all events during each year from 2011 to 2018.
The color of the points in Figs. 2(c), 2(d), and 3 corre-
sponds to the focal depth. From these figures, we see
that in 2011 there are two major seismic zones: beneath
Shinmoedake, and about 7 km to the north-west of Shin-
moedake, near the geodetically modelled [32, 34] magma
chamber of the 2011 eruption. These events have a focal
depth shallower than 5 km. The seismicity of the latter
area may also represent microearthquakes related to lo-
cal faults and the Ogiri Geothermal Power Plant [41] as
operation of geothermal power stations can induce local
seismicity (e.g., [42, 43]). The number of shallow events
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Fig. 3. Epicenter distribution of volcanic earthquakes in
the Kirishima area routinely processed by the NIED during
each year from 2011 to 2018. Red triangles correspond to
the location of Shinmoedake and Iwoyama volcanoes.

gradually decreased from mid-2011 (Figs. 2(b) and (c)).
Instead, a number of HF events at a focal depth of approx-
imately 10 km (green color) dominate from 2012. These
HF events have epicenters in the eastern Kirishima area
(Fig. 3). Simultaneously, epicenters of shallower events
(red color) began to gradually scatter from Shinmoedake
and the inferred magma chamber. LF events at a depth
greater than 20 km also constantly occurred in south-east
of Shinmoedake (Figs. 2(c) and 3). From 2015, the num-
ber of HF events at a shallow depth (< 5 km) increased
again. The change may partly represent active seismicity
at Iwoyama [23]. During 2017, the number of HF events
at 10 km depth significantly decreased and the number of
LF events gradually increased (Figs. 2(b) and (c)). The
seismicity of LF events continued after the 2017 eruption.
Lava effusion of the 2018 eruption was accompanied by a
number of syn-eruptive LF events (Fig. 2(c)).

In addition to the classification by the NIED, we di-
vided HF events into proximal and distal events follow-
ing the conceptual idea of White and McCausland [12],
to examine the seismicity in the Kirishima volcano com-
plex in detail. We defined an HF event occurring beneath
Shinmoedake (in the square in Fig. 3) as a proximal HF
event, and in another area as a distal HF event. Fig. 4
shows the time history of the 1-day cumulative magni-
tude of distal HF, proximal HF, LF, and DLF events in
the same time window as that of Fig. 2. We calculated
the 1-day cumulative magnitude using events having a
magnitude greater than 0. Most LF events in our catalog
had epicenters within the proximal range shown in Fig. 3.
The activity during 2011 and following quiescence of the
seismicity beneath Shinmoedake is clearly recognized in

Fig. 4. Time series of the 1-day cumulative magnitude of
distal HF, proximal HF, LF, and DFL events during the pe-
riod of 2010–2018.

Fig. 4. During the period 2012–2017, Fig. 4 shows dis-
tal HF events dominant as shown in Figs. 2 and 3. Some
swarms of LF events are recognized before the 2017 erup-
tion and at the beginning of the 2018 eruption. Swarms of
DLF events are intermittently occurred during this period.

Figure 2(e) shows the daily average of the Root Mean
Square (RMS) amplitude of the vertical ground velocity
recorded at KITK, KRHV, and KRMV. The RMS am-
plitudes showed significant increases accompanying the
2011 eruption, the Kumamoto earthquake, the 2017 erup-
tion, and the 2018 eruption. However, no considerable
gradual temporal change of the RMS amplitude at a time
scale of several years was discerned.

We next set the time window to 1.5 years including the
2017 and 2018 eruptions (Fig. 5). Temporal changes in
the baseline lengths of the GNSS data during the period
from January 2017 to August 2018 are shown in Fig. 5(a).
The periods highlighted in pink correspond to the 2017
and 2018 eruptions [23, 38]. The characteristics of the
baseline length change are basically the same as those
shown in Fig. 2(a). It is evident that baseline lengths ex-
tension accelerates following the 2017 eruption.

Figure 5(b) shows the daily average value of tilt data
at KRHV and KRMV. The gray-shaded periods corre-
spond to times when the instrument at KRHV was not
operational due to mechanical issues. A step-like signal
occurred during March 2018 coincides with and similar
to the characteristics of the GNSS baseline length data
(Fig. 5(a)). However, because of their sensitivity, the tilt
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Fig. 5. Time series of dataset during the period from January
2017 to July 2018. The periods of the 2017 and 2018 erup-
tions are shown in pink. Gray-shaded periods correspond to
the period when the instruments at KRHV were not oper-
ational and the earthquake catalog has few data. (a) 1-day
average baseline lengths of the GNSS station pairs in the
Kirishima area. (b) Daily average of tilt records at V-net and
rainfall data at KRHV. (c) Daily number of volcanic earth-
quakes in the Kirishima area from the volcanic earthquake
catalog of the NIED. (d) Magnitude of HF event of volcanic
earthquakes. The color of each plot denotes the focal depth
following a scale shown in (e). (e) Magnitude of LF (dot)
and DLF (diamond) events of volcanic earthquakes. (f) RMS
amplitude of daily average vertical ground veclocity.

data also show some signals not associated with Shin-
moedake eruptions. Borehole tiltmeters can have a resolu-
tion on the order of nano-radians for ground deformation
which is much more sensitive than that of the GNSS mea-
surements which have a resolution on the order of several
centimeters [44]. Tiltmeters, even in boreholes, record
more localized deformation than that GNSS is typically
capable of resolving. Therefore, the tiltmeters will record
ground deformation that is unrelated to volcanic activ-
ity [45], or highly localized to only be recorded on one
or two instruments. A potential noise source for borehole
tilt data is a change in the movement of ground water [46].
We also plotted daily rainfall data at KRHV as shown in
Fig. 5(b). For instance, tilt changes during April, May,
June, and July of 2017 and May, June, and July of 2018
may be because of underground water movement caused

Fig. 6. Time series of the 1-day cumulative magnitude of
distal HF, proximal HF, LF, and DFL events during the pe-
riod from January 2017 to July 2018.

by heavy rainfall.
Figures 5(c), (d), and (e) show the daily numbers and

magnitude of HF and LF events. As in Fig. 2, the color of
each dot denotes the focal depth in Figs. 5(d) and (e). The
catalog of volcanic earthquakes shows few data points
during the gray-shaded period, as the hypocenter accu-
racy was poor because of the lack of data at KRHV. As
shown in Fig. 6, we plotted the 1-day cumulative mag-
nitude of distal HF, proximal HF, LF, and DLF events in
the same time window as that shown in Fig. 5. We recog-
nized an increase in swarms of distal HF and DLF events
during June 2017, and an increase in proximal HF and LF
events prior to the onset of the 2017 eruption. The num-
ber of shallow LF events significantly increased following
the onset of the 2018 eruption, corresponding to the lava
effusion at Shinmoedake starting on March 6 (Figs. 5 and
6).

Figure 5(f) shows the daily RMS amplitude of verti-
cal ground velocity at KITK, KRHV, and KRMV during
this period. An increase in the RMS amplitude accom-
panied the 2017 eruption and the step-like ground defor-
mation during the 2018 eruption. However, as well as in
Fig. 2(e), any considerable temporal change is not evident
at the time scale of several months to 1 year.

3.2. The 2017 Eruption
Next, we focus on data accompanying the 2017 erup-

tion. Tilt records in the period from October 7 to 18,
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Fig. 7. Time series of dataset during the period October 7–
18, 2018. The periods in pink correspond to the duration of
ash emissions from Shinmoedake reported by the JMA [32].
(a) Tilt records without tidal components. (b) Magnitude
of the HF events of volcanic earthquakes. The color of
each plot denotes the focal depth following a scale shown in
(c). (c) Magnitude of the LF events of volcanic earthquakes.
(d) RMS amplitude of the 10-min average of vertical ground
veclocity. (e) The RMS amplitude of the 10-min average of
infrasound records.

2018 are shown during Fig. 7(a). Periods of highlighted
in pink are those of continuous ash emissions [38]. Here,
the tidal components have been removed using BAYTAP-
G [47]. During this period, the north-south (NS) com-
ponent of the tilt at KRMV records a considerable linear
trend (Fig. 5(b)). Therefore, the trend was removed by
using the trend from the data before this period shown
in Fig. 7 (October 2–7). Fig. 8(a) shows a still from a
video of Shinmoedake at 06:00 on October 9 taken from
the Karakunidake station. Small fumaroles are seen in
the crater of Shinmoedake. Figs. 7(b) and (c) show the
time series of the magnitudes of the HF and LF events.
The timing of Fig. 8(a) corresponds to when the num-
ber of LF events began to increase. At approximately
15:10 on October 9, a step-like tilt change was recorded
at all stations. The largest tilt change was a northward
uplift at KITK (Fig. 7(a)), the closest station to Shin-
moedake. A swarm of LF events accompanied the tilt
event (Fig. 7(c)). From Fig. 7(b), a swarm of HF events
occurred at approximately 18:40. However, this swarm
was associated with a tilt change only at KRMV and de-
tailed examinations are needed to interpret such a local-
ized event. The RMS amplitude (10-min averages) of ver-
tical ground velocity shows that a considerable increase

Fig. 8. Still images of video data from Karakunidake station
of the JMA during the 2017 eruption. (a) At 06:00 on Octo-
ber 9. (b) At 10:02 on October 10. (c) At 07:00 on October
11. (d) At 10:00 on October 13. (e) At 10:00 on October 14.
(f) At 10:00 on October 17.

in seismic amplitude was recorded with these two tilt
events (Fig. 7(d)). Another remarkable characteristic of
the RMS amplitude data is the amplitude ratio between
that at KITK and at KRHV. Prior to October 9, the RMS
amplitudes at KITK (VKITK) and KRHV (VKRHV) were
nearly the same. For example, the RMS amplitudes at
both stations were VKITK = 5.17×10−8 m/s and VKRHV =
5.24×10−8 m/s at 00:00 on October 9. However, the am-
plitude at KITK increases to a higher value than that of
KRHV following the tilt events. At 00:00 on October 10,
the RMS amplitudes were VKITK = 9.76× 10−8 m/s and
VKRHV = 5.06× 10−8 m/s. Fig. 8(b) shows a still image
of Shinmoedake on October 10 (10:02). The maximum
height of the fumaroles from the crater is considerably
greater than that on October 9 (Fig. 8(a)). According to
the JMA [38], ash emissions begin at 05:34 on October
11. The ash emissions from the crater can be seen in a
still image at 07:00 (Fig. 8(c)). Figure 7(e) shows the
RMS amplitude (10-min averages) of infrasound data at
KION and KIKH. Infrasound data at KIAM was not used
here because of heavy noise. During the period of Octo-
ber 7–12, the infrasound RMS amplitudes varied within a
range of 0.01–0.1 Pa. The source of the fluctuation signals
may be from artificial noise or wind. From Fig. 7(e) sig-
nals from ash emissions from October 11 cannot be iden-
tified. The JMA [38] reported that ash emissions stopped
on October 13, and restarted on October 14. The second
ash emissions stopped on October 17 (00:30). Video im-
ages at Karakunidake recorded the repose of the ash emis-
sions (Fig. 8(d)) and the second ash emissions (Fig. 8(e)).
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Fig. 9. Time series of dataset during the period from Febrary
28 to March 11, 2018. The period in pink corresponds to
the duration of ash emissions from Shinmoedake reported
by the JMA [18]. (a) Tilt records without the tidal compo-
nents. (b) Magnitude of the HF events of volcanic earth-
quakes. The color of each plot denotes the focal depth fol-
lowing a scale shown in (c). (c) Magnitude of the LF events
of volcanic earthquakes. (d) RMS amplitude of the 10-min
average of vertical ground veclocity. (e) RMS amplitude of
the 10-min average of infrasound records. (f) Sulfer dioxide
column amount change with time.

The RMS amplitude of the seismic and infrasound sig-
nals shows a peak on October 15. The seismic amplitude
gradually decreased and reached a flat level on October 17
(Fig. 7(d)). Tilt records of the east-west (EW) component
at KITK and the NS component at KION show a continu-
ous tilt trend following the tilt event on October 9, while
those of the other stations are flat. This signal stopped on
October 16. The decrease in seismic amplitudes and ces-
sation of the tilt change on October 16 can be related to
the end of the ash emissions.

3.3. The 2018 Eruption
Figure 9(a) shows time histories of the tilt from Febru-

ary 28 to March 11, 2018. Tidal components were re-
moved from all tilt records using BAYTAP-G [47]. The
period highlighted in pink is that of continuous ash emis-
sions from March 1 to 9, as reported by the JMA [23].

Although a slight tilt change was recorded prior to the
onset of ash emissions on March 1, it is not evident that
this signal is related to volcanic activity from Fig. 9(a).
Figs. 9(b) and (c) show the magnitudes of HF and LF
events. From this time window, we see no particular
change in the HF events is associated with the onset of
the ash emissions. The number of LF events gradu-
ally increased from March 1, the onset of the ash emis-
sions. The RMS amplitude (10-min averages) of the ver-
tical ground velocity at KITK, KRHV, and KRMV was
shown in Fig. 9(d). An increase in the RMS amplitude
was recorded at approximately 10:00 on March 1 as a re-
sult of an increase in tremors and LF events. Simulta-
neously, the amplitude at KITK began to increase rela-
tive to that at KRHV, as in the case of the 2017 eruption,
which means the source of the seismic wave was pos-
sibly around Shinmoedake. The JMA [23] reported the
first ash fall near Shinmoedake at approximately 11:00 on
March 1. Fig. 9(e) shows time series of the infrasound
RMS (10-min averages) amplitudes at KITK, KION, and
KIKH. No obvious signal corresponding to the onset of
the ash emissions is seen due to poor signal-to-noise ra-
tio. In contrast, a remarkable increase in the SO2 column
amount was observed at approximately 10:00 at stn02
(Fig. 9(f)). A peak in the SO2 column amount on March
1 corresponded to the peak of the seismic RMS ampli-
tudes (Fig. 9(d)). Though not shown here, the summit of
Shinmoedake was covered with clouds at that time and the
video images from Karakunidake did not record the crater
surface. A still image of Shinmoedake at 23:00 on March
1 is shown in Fig. 10(a) which captures the ongoing ash
emissions from the crater. The ash emissions continued
on March 4 (Fig. 10(b)). On March 6, a considerable
tilt change appeared as shown in Fig. 9(a) with an ampli-
tude of the order of several micro radians. The polarity of
these records was nearly the same as the syn-eruptive tilt
changes during sub-Plinian and lava effusion events dur-
ing the 2011 eruptions, which are modeled by a spherical
pressure source at 7 km northwest of Shinmoedake [32].
At the same time, the number and magnitude of the LF
events significantly increased (Figs. 9(c) and 6). Simulta-
neously, the seismic RMS amplitude began to show a dis-
turbance (Fig. 9(d)). The time series of infrasound RMS
amplitudes also show a similar shaped change in signal
to that in the seismic RMS amplitude, although the am-
plitudes of the infrasound signals are within the range of
the background noise level (Fig. 9(e)). As a representa-
tive of these signals, we plotted 1-h raw traces of vertical
ground velocity at KRHV, infrasound at KIAM, and RMS
amplitudes (1-min average) of both records as shown in
Fig. 11(a). The seismogram recorded LF and tremor
events. Infrasound pulses accompanied these tremors and
some LF events. From Fig. 11(a), increases in the RMS
amplitudes mainly reflected the occurrence of tremors,
rather than LF events. Fig. 11(b) shows the raw vertical
ground velocity and normalized power spectral density of
the LF events shown in Fig. 11(a). Most LF events had a
peak frequency of 1.1 Hz. We also plotted the normalized
power spectral density of a tremor (an event surrounded
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Fig. 10. Still images from video data at the Karakunidake
station of the JMA during the 2018 eruption. The angle
of view is occasionally changed for monitoring purposes.
(a) At 23:00 on March 1. (b) At 10:50 on March 4. (c) At
10:00 on March 6. (d) At 00:07 on March 7. (e) At 15:00 on
Match 9. (f) At 10:15 on March 10.

by a black square in Fig. 11(a)). One of the dominant fre-
quencies of the tremor corresponds to that of LF events,
suggesting that they share similar source mechanism.

The overall size of the ash cloud from the vent at 10:00
on March 6 (Fig. 10(c)) was much greater than that shown
in Figs. 10(a) and (b). At midnight (00:07) on March 7, a
still image captured a glow from the crater (Fig. 10(d)).

We examined in detail the signals on March 6 by plot-
ting the tilt data (Fig. 12(a)), 1-min RMS average of the
seismic amplitudes (Fig. 12(b)), and 1-min RMS aver-
age of the infrasound RMS amplitudes (Fig. 12(c)) as
well as the SO2 gas column amount (Fig. 12(d)) for 4 h
(starting at 12:00). The tilt records shown in Fig. 12(a)
are filtered within the frequency band from 5.0× 10−4 to
4.0× 10−3 Hz using an acausal filter to focus on higher
frequency signals than those that are dominant in this time
window (Fig. 9(a)). A periodic ground deformation sig-
nal in the filtered tilt records appears, as well as coin-
cident increases and decreases in the seismic and infra-
sound RMS amplitudes, indicating that the source pro-
cess for both is the same. The NS component at KITK
shows the largest tilt amplitude. We emphasize the pe-
riod when the signal at KITK shows a southward uplift in
gray highlight in Fig. 12. The increasing seismic and in-
frasound RMS amplitudes are coincident with the south-
ward uplift of KITK. Because KITK is to the southeast of
Shinmoedake, southward uplift may be due to deflation
of the edifice of Shinmoedake. The SO2 column amount
at stn03 also showed some periodic increases during this

Fig. 11. (a) Raw vertical ground velocity at KRHV, in-
frasound waveforms at KITK, and the 1min-average RMS
amplitudes of each trace for 1 h from 00:00 on March 7,
2018. (b) Raw vertical ground velocity traces of LF events at
KRHV and the normalized power spectral density. The color
of each event corresponds to the squares in the 1-h trace in
(a). The normalized power spectral density of a tremor event
in (a) (black squares) is shown by the black line.

period (Fig. 12(d)). An approximately 10-min time shift
between each SO2 column amount peak and immediately
before the seismic and infrasound RMS peaks. If we as-
sume that the increases in the SO2 column amount capture
the volcanic gas emitted from Shinmoedake, Fig. 12 sug-
gests that the average diffusion velocity of the gas was
approximately 10 m/s considering the horizontal distance
between Shinmoedake and stn03 (KITK) of 3.1 km. Al-
though this estimation is approximate, it is consistent with
the wind direction of SSE at 14:00 at Mizobe, approx-
imately 19 km from Shinmoedake [48], and an average
wind velocity of 14.1 m/s within an altitude range below
2000 m at 9:00 at Kagoshima, approximately 45 km from
Shinmoedake [49]. Therefore, the SO2 column amount
peaks can be interpreted as degassing from Shinmoedake
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Fig. 12. Time series of a dataset for 4 h from 12:00
on March 6. The periods when the tilt records at KITK
showed southward uplift are highlighted in gray. (a) Filtered
(5.0×10−4–4.0×10−3 Hz) tilt records with an acausal filter.
(b) RMS amplitude of the 1-min average of vertical ground
veclocity. (c) RMS amplitude of the 1-min average of infra-
sound records. (d) Sulfer dioxide column amount with time.

associated with each RMS amplitudes increase event. The
coincident changes in seismic and infrasound RMS am-
plitudes, inflation-deflation tilt events at KITK, and the
swarm of LF events continued for 41 h from March 6 (at
approximately 07:00), which is almost the same period of
ground deformation in the tilt data (Fig. 9(a)). This pe-
riod is also when the lava extruding at an average rate of
72 m3/s as inferred by Synthetic Aperture Radar (SAR)
data [50]. Hence, these signals are related to the lava ex-
trusion. Fig. 10(e) shows a video still of Shinmoedake at
15:00 on March 9. The image captures the new lava dome
formed in the crater.

The number of LF events again increases on March 9
(Fig. 9(c)). Figure 13 shows the 1-h time series of fil-
tered (5.0×10−4–0.01 Hz) tilt records (Fig. 13(a)), 1-min
RMS of seismic and infrasound amplitudes (Figs. 13(b)
and (c)), and SO2 column amount (Fig. 13(d)) from 15:30
on March 9. The KITK tilt shows a northward uplift from
15:45. At 15:58, the polarity of the tilt suddenly changes
to southward uplift, and returns to northward uplift after
2 min. A second change in the tilt polarity was associ-
ated with a sudden increase in both seismic (Fig. 13(b))
and infrasound (Fig. 13(c)) amplitudes. After the sudden
release of seismic and infrasound signals, the SO2 col-

Fig. 13. Time series of dataset accompanying the Vulca-
nian eruption on March 9, 2018. (a) Filtered (5.0× 10−4–
0.01 Hz) tilt records with an acausal filter. (b) RMS am-
plitude of the 1-min average of vertical ground veclocity.
(c) The RMS amplitude of the 1-min average of infrasound
records. (d) Sulfer dioxide column amount change with
time.

umn amount gradually increased, suggesting that emitted
volcanic gas passed over the station. A series of signals
shown in Fig. 13 was associated with the first Vulcanian
eruption during the 2018 eruption at Shinmoedake. Fol-
lowing this first event, Shinmoedake had intermittent Vul-
canian eruptions until May 22, 2018 [51]. These Vulca-
nian eruptions were recorded in Fig. 9 as a simultaneous
pulse-like increase in seismic and infrasound amplitude,
and occasionally in SO2 column amount.

4. Discussion

4.1. Long-Term Volcanic Activity (2011–2018)

Our dataset shows that the GNSS data recorded the
continuous extension of the length of the horizontal base-
line of each station pair following the 2011 eruption. The
extension accelerated following the 2017 eruptions and
changed to a contraction during lava extrusion of the 2018
eruption. After the lava extrusion, all lengths showed ex-
tension again. The cycle of pre-eruptive changes in exten-
sional baseline length, sudden syn-eruptive contraction,
and post-eruptive re-extension is nearly the same as that
documented for the 2011 eruption (Fig. 2(a)). Although
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detailed modeling of the deformation will be necessary
for further discussions, we posit that the GNSS data has
successfully captured the magma intrusion into or pres-
sure build-up in the magma chamber that drove the 2017
and the 2018 eruptions. The continuous return to exten-
sion/uplift following each of these eruptions suggests that
there is continued magma recharge in the system and that
future eruptions are still probable.

Another implication for long-term volcanic activity
from our dataset can be taken from the seismicity data.
Important increases in seismicity precede nearly all erup-
tions world-wide [10–13], and the 2017 and the 2018
eruptions. In the case of the 2017 and 2018 eruptions
at Shinmoedake, our dataset also showed important in-
creases in seismicity (both HF and LF events) starting
during 2016 (Fig. 2). However, although some seismic
swarms of HF events occurred during the inter-eruptive
period from 2011 to 2018, not all events were accompa-
nied by eruptions and the precise threshold for seismic
increases at Shinmoedake that lead to the eruptions needs
to be determined from many eruptive cycles, similar to
that calculated in White and McCausland [12]. White and
McCausland [12] concluded that the cumulative magni-
tude of distal and proximal events can be a useful index
for forecasting upcoming eruptions at volcanoes without
eruptions over at least 25 years. Following this method,
we plotted the time history of the magnitude of distal
and proximal events in Figs. 4 and 6, respectively. How-
ever, because most events in our dataset have a magnitude
less than 0, the cumulative values shown in Figs. 4 and
6 do not represent the entire observed seismicity. This
is clearly recognized for the proximal HF and LF events,
when comparing the event number in Figs. 2 and 5 and
the cumulative magnitude Figs. 4 and 6. Because we fo-
cused on the period following the 2011 eruptions, the dif-
ference in conditions among the volcanoes is one of the
possible factors for the discrepancy, as well as the qual-
ity of earthquake catalog. An increase in seismicity in
the Kirishima volcano complex and around Shinmoedake
has been reported since the 1960s [52]. Analyses of fo-
cal mechanisms suggest that the seismicity is induced by
an extensional stress field in a northwest (NW) to south-
east (SE) direction [53]. In addition, our seismic data
includes events related to activity at Iwoyama, at least
since late 2015 [23]. During the period between 2012 and
2015, the eastern Kirishima area had a relatively high HF
seismicity at 10 km depth (Fig. 3). Kagiyama [54] re-
ported an intense seismicity in this area during the 1980s
and 1990s and proposed a conceptual model for the activ-
ity considering a NW-SE extensional stress field over the
Kirishima volcano complex, rather than a stress change
from a magmatic process. In the model of White and
McCausland [12], this seismicity would be considered to
be distal VT seismicity related to the Kirishima volcanic
complex. This eastern seismicity decreased beginning in
2016, and remained at a low rate during the 2018 erup-
tions (Fig. 5). The relationship between this seismicity
and the eruption pattern of Shinmoedake is worth further
study.

From Figs. 2–4, it is apparent that DLP events oc-
cur at a constant rate regardless of the activity of Shin-
moedake. The epicenters are focused on east-south of
Shinmoedake. This is a remarkable contrast to the magma
chamber driving eruptions at Shinmoedake is on the other
side of the Kirishima volcano complex (e.g., [32]). Deep
low frequency events beneath active volcanoes have been
reported in worldwide (e.g., [55–58]) and several concep-
tual models of their source dynamics have been proposed
(e.g., [59–61]). Accumulating more data may enable to
the discuss of the relationship between the DLF events
and eruption activity within a broad time window.

4.2. Precursors (Days to Week Range)
Figures 5 and 6 show that the number of proximal HF

and LF events begins to increase on October 3, 8 days
before the onset of the 2017 eruption.

In the case of the 2017 eruption, the tilt-change event
preceded the onset of the ash emissions by 38 h (Fig. 5).
Although a detailed analysis is necessary to discuss the
source characteristic of the event, the maximum tilt
change at KITK in our dataset suggests that the pressure
source was beneath Shinmoedake, rather than the magma
chamber inferred on the west side of the Kirishima vol-
cano complex (e.g., [32]). Ichihara and Matsumoto [62]
also reported a tilt-change event approximately 30 min
prior to the first phreatic event during the 2011 eruption.
Similar tilt events preceding volcanic eruptions have been
reported worldwide [63–65]. The proximal seismicity and
tilt events may represent the process leading to upcoming
eruptions, such as the interaction between underground
water and ascending magma (e.g., [66]). Instead, signifi-
cant precursory changes in the seismicity tilt record were
not recognized prior to the 2018 eruption in the time scale
of several weeks (Figs. 5, 6, and 9). The difference in the
precursor changes of both eruptions in the observational
data can reflect the shallow conduit system and is worth
examining in detail.

Both the 2017 and 2018 eruptions share increases in
the RMS amplitudes and relative amplitudes at KITK
with respect to other more distant stations. This change
was recognized 40 h prior to the onset of the 2017 erup-
tion (Fig. 7), and 3 h in the case of the 2018 eruption
(Fig. 9). Because the event numbers for proximal HF and
LF events did not increased significantly with the rela-
tive RMS amplitude, this change was likely because of the
start of a continuous tremor at the volcano. A continuous
volcanic tremor from beneath Shinmoedake was reported
during the 2011 eruption [62, 67, 68]. Hence, the occur-
rence of continuous tremor may be an important precursor
for upcoming eruptions. Although not shown here, the lo-
cation of the tremor has been shown to provide valuable
with which to evaluate volcanic activity (e.g., [69–72]).

Volcanic gas data can also provide precursory signals
prior to volcanic eruptions (e.g., [73]). Because our SO2
data reflect the total column amount above each station,
the detection ability highly depends on atmospheric con-
ditions. Although not shown here, our data occasionally
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recorded not only gases from Shinmoedake, but also from
Sakurajima, an active volcano approximately 45 km south
of Shinmoedake, depending on the atmospheric condi-
tion. Hence, detailed examinations are needed to deter-
mine the precursory signals from column data.

The video stills in Figs. 8(a) and (b) show the consider-
able increase in fumaroles height prior to the 2017 erup-
tion. This change can reflect the process leading to the
onset of the 2017 eruption, although fumaroles behavior
could potentially be affected by atmospheric conditions
and local topography (e.g., [74]).

Our infrasound data could not resolve any considerable
signals prior to the onset of the 2017 and 2018 eruptions.
However, if the signal-to-noise ratio is sufficient, instru-
ments may record acoustic signals associated with some
increases in surface activity, such as fumaroles [75].

4.3. Syn-Eruptive Signals
As our dataset has shown, video, infrasound, and SO2

gas data are powerful tools with which to evaluate the na-
ture of eruptive activity. Visual image data are the most
straightforward for confirmation and understanding erup-
tion behavior, although the quality of data in visual spec-
trum depends on the visibility at the vent area.

Infrasound observation is effective in detecting and
quantifying the degassing phenomena (e.g., [76, 77]).
However, wind and artificial noises can inhibit recogni-
tion of the signal from volcanic eruptions from noise in
an infrasound record (Figs. 7(e) and 9(e)). Examining
cross-correlation or coherence between an array of infra-
sound stations or co-located infrasound and vertical seis-
mograms from co-located sites are effective means to dis-
tinguish eruptive signals from noise at Shinmoedake in
the future [78, 79].

Figure 12(d) suggests that not all degassing signals
recorded in seismic and infrasound RMS amplitude cor-
respond to those of the SO2 column data. These incon-
sistences may be because some eruption plumes and vol-
canic gas were emitted passively and therefore not de-
tected by the sensors. Improving detection ability and
station coverage remains challenging for continuous SO2
measurements. In addition, measuring other gas species
would improve the connections among seismic, infra-
sound, geodetic and gas measurements [80].

During three sub-Plinian eruptions and lava extrusion
during the 2011 eruption of Shinmoedake, geodetic obser-
vations captured syn-eruptive magma chamber contrac-
tion [32]. The deflation of the magma chamber was well-
correlated to the magma discharge rate at the surface [81].
The tilt and the GNSS data of ground deformation during
the lava extrusion of the 2018 eruption is explained by the
same pressure source as that modeled for the 2011 erup-
tion [82]. Because geodetic data are typically transmit-
ted to observatories in real-time, the data can be useful to
evaluate the magma discharge rate of ongoing eruptions.

4.4. Implications from Other Volcanoes

Figure 12 shows the data accompanying periodic de-
gassing and the corresponding inflation-deflation tilt cy-
cles of the volcanic edifice during the 2018 lava extru-
sion. Such periodic tilt changes and excitation of tremors
were also observed accompanying the lava dome effusion
of the 2011 eruption of Shinmoedake [83]. At Santia-
guito, similar periodic degassing and relating inflation-
deflation cycle were reported accompanying lava dome
formation [3, 84]. Thus, periodic degassing and inflation-
deflation cycles may be a fundamental process of effusive
eruptions and a more extensive review of cases is sug-
gested. If this is true, measurement of cyclic degassing
may be a means to detect lava effusion and lava dome for-
mation from continuous data in poor visibility conditions.
Because lava dome collapses cause pyroclastic density
currents [85, 86], understanding and detecting lava dome
growth in places where the dome growth can become un-
stable is an important part of hazard mitigation in volcano
monitoring.

Vulcanian eruptions are equally important to hazard
mitigation (Fig. 13). Inflation prior to Vulcanian eruptions
was reported during the 2011 eruption [21, 83], while re-
versals of ground deformation following inflation is also
reported at other volcanoes [63]. With such diversity, fur-
ther studies are necessary to examine the dynamics behind
the deformation signals accompanying Vulcanian erup-
tions at Shinmoedake and other volcanoes. This is neces-
sary to contextualize the similarities and differences in the
data and therefore the underlying processes. Furthermore,
information regarding volcanic activity and disasters and
the society response to them are important parameters to
consider in addition to monitoring data for the most effec-
tive utilization of a multiparameter volcano dataset.

5. Summary

We have examined the multiparameter observations at
Shinmoedake volcano between 2010 and 2018 and com-
pared them to the volcanic activity chronology. The
GNSS data successfully recorded ground extension that
suggests consistent pressure build-up or magma intrusion
in the magma storage region since 2014. Precursors to the
2017 and 2018 eruptions were captured as the number of
HF and LF events of volcanic earthquakes from 2016, and
the RMS seismic amplitude approximately 3–40 h prior to
the onset of the eruption. However, it seems that the num-
ber of HF events does not always directly relate to the
volcanic activity. Continuous ash emissions and lava ef-
fusion during the 2017 and 2018 eruptions were recorded
throughout LF event seismicity, video images, the RMS
seismic and infrasound amplitude, SO2 column amount,
and tilt data. Some aspects of observational data share
similar characteristics of those of lava effusion and Vul-
canian eruptions at other volcanoes. We demonstrate that
our multiparameter dataset covers a broad spatiotempo-
ral scale for volcanic activity: from magma intrusion for
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several years to transient degassing at the vent. Such a
coverage of volcanic phenomena will contribute to con-
struct a comprehensive model to explain the physics be-
hind volcanic activity. However, defining a quantitative
threshold between the background and an active state for
practical volcano monitoring remains a challenge. Further
studies and continuous observation are needed to quantify
the overall volcanic activity within a broader time scale.
By understanding what are the important changes in mon-
itoring data prior to and during volcanic activity at Shin-
moedake, we can seek to adopt this method of multipa-
rameter volcanic databases to evaluate ongoing eruptions
and unrest at Shinmoedake and volcanoes worldwide.
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