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Abstract

sory signals that preceded these events.

Volcanic activity involves processes that can change over short periods of time, which are sometimes closely related
to the eruptive mode or the timing of its transitions. Eruptions bring high-temperature magma or gas to the surface;
thermal observations of these eruptions can be used to determine the timeline of eruptive sequences or eruptive
processes. In 2014, a new-generation meteorological satellite, Himawari-8, which carried a new sensor, the Advanced
Himawari Imager (AHI), was launched. The AHI makes high-frequency infrared observations at a spatial resolution
of 2 km during 10-min observation cycles. We analyzed an effusive eruption that occurred in 2015 at Mt Raung in
Indonesia using these AHI images, which was the first attempt applying them to volcanological study. Based on the
detailed analysis of the time-series variations in its thermal anomalies, this eruptive sequence was segmented into a
Precursory Stage, Pulse 1, Pulse 2 and a Terminal Stage. Pulses 1 and 2 are effusive stages that exhibited a consecutive
two-pulse pattern in their variations, reflecting changes in the lava effusion rate; the other stages are non-effusive. We
were also able to determine the exact times of the onset and reactivation of lava flow effusion, as well as the precur-
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Introduction

Volcanic activity includes processes that can change over
short periods of time, such as explosions, the activa-
tion of fumarole emissions related to the ascent of lava
or the opening of an effusive vent. These processes are
sometimes closely related to eruptive modes or states
or the timing of their transitions. Therefore, obser-
vations of short-term phenomena as well as those of
long-term variations are important for the analysis of
eruptive sequences (Oppenheimer et al. 1993; Wooster
and Rothery 1997). Eruptions are basically phenomena
that emit high-temperature materials, such as magma
or gas, onto the surface; thus, the use of high-frequency
infrared observations, which can detect the ejection of
these materials as high-density time-series variations in
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and indicate if changes were made.

thermal anomalies, is an effective approach for analyzing
eruptive modes or states and eventually characterizing
eruptive sequences.

Satellite remote sensing has been widely applied to
obtain thermal observations of active volcanoes (Fran-
cis and Rothery 1987; Rothery et al. 1988; Oppenheimer
1997; Harris 2013). However, high-temporal-resolution
images that can capture short-term eruptive phenomena
were not available until recently. In 2014, a new-genera-
tion meteorological satellite, Himawari-8, which carried a
newly developed sensor, the Advanced Himawari Imager
(AHI), was launched and entered service in July 2015
(Japan Meteorological Agency 2015a). This instrument
enabled the collection of very high-frequency thermal
observations that had never before been obtained.

Himawari-8 operates at a geostationary position
located approximately 35,800 km above the equator at
140.7°E. The AHI instrument operates in 16 wave bands
from the visible to thermal infrared regions, with a spa-
tial resolution of 0.5—1 km for the visible to near-infrared
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bands and 2 km for the shortwave to thermal infrared
bands; it also captures full-disk images every 10 min
(Japan Meteorological Agency 2015a).

This study analyzes the effusive eruption involving
Strombolian and/or lava fountaining that occurred in
Mt Raung from June to August 2015 (hereafter referred
to as the “June—August 2015 Mt Raung eruption”) using
the Himawari-8 AHI images and examined its eruptive
sequence based on the combination of short- and long-
term variations in thermal anomalies, which is the first
attempt applying Himawari-8 AHI images to character-
izing eruptive activities. Mt Raung, which is one of the
most active volcanoes in Indonesia, is located in the
easternmost part of Java (Fig. 1a) (Neumann van Padang
1951; Newhall and Dzurisin 1988; Global Volcanism Pro-
gram 2015). Mt Raung has a large conical edifice with
a height of 3260 m above sea level as well as a summit
caldera that is approximately 2 km in diameter (Figs. 1b
and 2a, c). There is an intra-caldera cone in the floor,
which is where the June—August 2015 eruption occurred.
Although this Mt Raung eruption was one of the largest
effusive eruptions that occurred in East Asia in 2015, the
details were unknown prior to this study. It has been an
important issue to know how effusion rate changes both
in long and short term during effusive activity. High-
frequency infrared observations by Himawari-8 are
expected to give new findings to consider this issue.

Data and methods

Himawari-8 AHI imaging

In this study, we use the shortwave to thermal infrared
bands of the AHI (i.e., 1.6, 2.3, 3.9 and 11 pum; with a spa-
tial resolution of 2 km) for observations. The AHI data
were received at the Meteorological Satellite Center of
the Japan Meteorological Agency and were transferred to
distribution servers at several institutes. We downloaded
the full-disk data of the AHI between June and August
2015 from the NICT Science Cloud of the National
Institute of Information and Communication Technol-
ogy (Website: http://sc-web.nict.go.jp/himawari/). Radi-
ometric corrections were applied to the downloaded
AHI data using the correction coefficients given in each
header (Japan Meteorological Agency 2015b), and the
101 x 101-pixel areas that exhibited Mt Raung in their
centers were extracted based on the geometric relation-
ship defined by the normalized geostationary projection
(Coordination Group for Meteorological Satellite 1999);
these areas were then used for further analysis.

Observation of thermal anomalies using infrared images
When measuring a volcanic hot spot from space, the
spectral radiance (R, ., W m™2 m~' sr™!) recorded by
the satellite is described as follows:
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where A is the wavelength (m), R, is the spectral radi-
ance from a black-body at the surface, RI is the upwelling
atmospheric radiance, R/% is the downwelling atmospheric
radiance, and R . is the sunlight reflected by the sur-
face. Additionally, €, is the emissivity of the radiating
surface and 1) is the atmospheric transmittance. The first
term on the right-hand side is the thermal radiation that
is emitted from the surface. The third term is the com-
ponent of the downwelling atmospheric radiance that is
reflected by the surface. R), which is emitted from the
surface at a temperature 7 (K), is given by the Planck
equation, which is defined as follows:

C1i~°
(%) 1 >

where C; =3.742x 107 W m?=2 7 h ¢ (where /4 is
Planck’s constant and ¢ is the speed of light) and C,
=0.0144 m K = hc/k (where k is Boltzmann’s constant).
Here, when we use nighttime data, the fourth term on
the right-hand side of Eq. (1) can be ignored and the sec-
ond and third terms are negligible in these wavelengths
except for RI for the 11 um band. At Mt Raung, this value
was estimated to be 0.269 x 10° W m™> m~! sr! using the
MODTRAN radiative transfer code obtained under tropi-
cal atmospheric conditions at a height of 2900 m. The val-
ues of atmospheric transmittance (7)) were also estimated
to be 0.95, 0.92, 0.92 and 0.95 for the 1.6, 2.3, 3.9 and 11 um
bands, respectively, by the same software. The emissivity
(¢;) value was assumed to be 0.95 for all bands. The values
of R, (=atmospherically and emissivity corrected radiance;
Harris 2013) were obtained using the following equation,
which was used for the analysis of thermal variations:

R; =

R; = (R;_obs — R /758, (3)

Observation of effusive eruptions using nighttime AHI

1.6 pm images

Here, we assume that the area covered by the erupted lava
is always included in an AHI pixel area (approximately
2x 2 km). In this case, at least two temperatures are
found on the surface within a pixel; these temperatures
correspond to the ground surface (i.e., the background
temperature) and the effused lava surface (i.e., high-tem-
perature regions). As shown in Fig. 3, the highly nonlinear
1.6 um curve, with increasing steepness at high tempera-
ture, indicates that the 1.6 um wave band preferentially
reflects thermal anomalies derived from areas with high
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temperatures, such as those of more than several hundred
degrees C, even if these areas account for only small por-
tions of the surface within the pixel (Wooster and Rothery
1997). The 2.3 and 3.9 um bands are also likely to be dom-
inated by radiation from the high-temperature surfaces,
but surfaces at the lower temperature than that will also
emit considerably within these wave bands. For the 11
um band, the relationship between these two parameters
is nearly linear (Fig. 3); thus, the radiance mainly reflects
the temperature of the area occupying the largest portion
within the AHI pixel, which is usually the background.
Assuming that the temperature of the magma and
the thickness of the effusing lava are constant through-
out the duration of the effusive activity, higher effusion
rates will cause the size of the high-temperature area to
increase, thus producing a higher signal related to the
thermal anomalies in the 1.6 um images. High-temper-
ature regions on the surface are believed to cool down
quickly due to the occurrence of effective radiative heat
loss from the surface following effusion (Dragoni 1989;
Ishihara et al. 1990; Oppenheimer 1991). A simplified
estimate indicates that the surface of a lava flow with
a temperature of 1100 °C can drop to a temperature of
350 °C in 3 h through radiative cooling (Yamashita and
Miyamoto 2009). This suggests that the high-temperature
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Fig. 1 a Location of Mt Raung. b Mt Raung and adjacent topography.
(Reproduced from Google Maps)
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region occupies a small area within the AHI pixel (i.e., it
is limited to the areas neighboring the effusing vent) and
that changes in the effusion rate of lava are expected to
be effectively reflected in the size of the high-tempera-
ture region on the surface and thus as thermal anomalies
in the 1.6 pm band. In fact, observations obtained using
an Along Track Scanning Radiometer (ATSR) exhib-
ited a positive correlation between the thermal radiance
recorded by the 1.6 pm band data (with a pixel size of
1 x 1 km) and the effusion rate of lava during the period
of effusive activity at Unzen between 1991 and 1995
(Wooster and Kaneko 1998).

Indexes used for observation

In this study, we adopted the following indexes to exam-
ine the time-series variations in the thermal anomalies
for each band. The calculations of these thermal anoma-
lies were performed by examining a 7 x 7 pixel region
exhibiting the summit of Mt Raung at its center.

R1.6Mx and R2.3Mx are the pixel values that exhibit
the maximum spectral radiance values in the 7 x 7 pixel
region in the 1.6 and 2.3 pm images, respectively.

T3.9Mx and T11Mx are the pixel values that exhibit
the maximum pixel-integrated temperatures in the 7 x 7
pixel region in the 3.9 and 11 um images, respectively.

Outline of the June-August 2015 eruption

The number of volcanic tremors at Mt Raung began
to increase on 21 June 2015, and a volcanic glow was
observed on 25 and 28 June (Global Volcanism Pro-
gram 2015). According to the above website, the Badan
Nasional Penanggulangan Bencana (BNPB) reported
that this increased activity on 28 June was character-
ized by Strombolian activity. In response to this activ-
ity, the Pusat Vulkanologi dan Mitigasi Bencana Geologi
(PVMBQ@) raised the alert level to 3 from 2 (on a scale
of 1-4) on 29 June. Nighttime video footage taken by a
climber on 1 July (Yanto 2015) showed a Strombolian
and/or lava fountain erupting at the top of the intra-cal-
dera cone and a continuous lava flow emanating from its
base. Photographs taken from the caldera rim on 14 and
15 August (Pfeiffer 2015) showed that the caldera floor
was fully buried by a lava bed and that only small-scale
explosive eruptions continued to occur at the summit of
the cone. The alert level was lowered to 2 from 3 on 24
August.

Figure 2a shows high-resolution satellite imagery of the
caldera taken on 16 June 2015, immediately prior to the
beginning of lava effusion. Figure 2b shows the region on
23 August, after volcanic activity ceased. These images
demonstrate that the June—August 2015 Mt Raung erup-
tion buried large areas of the caldera floor under a lava
bed (Fig. 2¢, d). Topographically, this lava bed appears to
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Fig. 2 a High-resolution image of the summit caldera before lava effusion taken on 16 June 2015 by WorldView-2 (DigitalGlobe). b High-resolution
image of the summit caldera after the eruption taken on 23 August 2015 by WorldView-2 (DigitalGlobe). ¢ Sketch map based on the image
collected on 16 June 2015. d Sketch map based on the image collected on 23 August 2015

comprise a lower lava group, which forms the majority of
the effused lava, and an upper lava group, which spreads
to the northern side of the caldera and overlies the lower
lava group (Fig. 2d).

Results

Long-term variations in thermal data and stage
segmentation of activity

Long-term plots of eruptive activity constructed using
6177 nighttime AHI images acquired between 1 June
and 31 August are shown in Fig. 4a—c. Although most of
the images examined here had no cloud over the volcano
(June to August is in the middle of the dry season of Java),
a few minor cloudy periods, suggested by low T11Mx

values being below the background level, can be recog-
nized (Fig. 4c). Here, we identify long-term variations in
this eruptive activity by focusing on the maximum values
measured during each day in order to minimize or avoid
the influence of the plume or the subpixel size clouds
located over the eruptive center, as well as cases where
the eruptive center is located on the boundary between
two pixels (or occasionally four pixels).

This period of eruptive activity was divided into four
stages based on this time-series analysis (Fig. 4d). Two
major pulses were recognized in this pattern; the first
pulse occurred from 20 June to 1 August (Pulse 1) and
the second pulse occurred from 1 to 13 August (Pulse 2).
Based on their trends, both pulses were subdivided into
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the Increasing, Peak and Decreasing Periods. Further-
more, in R2.3Mx (Fig. 4b), a low-level thermal anomaly
was observed from 14 to 19 June (Precursory Stage),
which occurred prior to the start of Pulse 1, and another
low-level thermal anomaly was observed from 14 to 20
August (Terminal Stage), which occurred immediately
after the end of Pulse 2.

In R1.6Mx, Pulses 1 and 2 exhibited uniformly higher
levels of thermal anomalies than the Precursory and
Terminal stages; during the latter stages, their lev-
els remained at background values. This indicates that
Pulses 1 and 2 were caused by the introduction of a per-
sistent high-temperature heat source, as is suggested by
the relationship shown in Fig. 3; thus, these pulses are
interpreted to have resulted from the lava that represents
the main product of this activity. The effusion rate of lava
is believed to have changed to exhibit a consecutive two-
pulse pattern (Fig. 4e), as is suggested by the variations in
its thermal anomalies. Thus, the formations of the lower
and upper lava groups of the lava bed (Fig. 2d) most likely
correspond to these two pulses.

We assume that the thermal anomaly at 1.6 pm basi-
cally reflects variations in the effusion rate of lava. This
is consistent with the results of seismic observations
reported by the Pusat Vulkanologi dan Mitigasi Ben-
cana Geologi (2016), which are based on real-time seis-
mic amplitude measurement (RSAM) data (Fig. 4g). The
RSAM counts are believed to be related to the transport
of magma to the surface (Endo and Murray 1991). The
RSAM counts here exhibit a consecutive two-pulse pat-
tern that is similar to the variations observed in R1.6Mx
(Fig. 4a). The good agreement between these two types of
observations supports the supposition presented above.
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Fig. 3 Relationship between temperature and spectral radiance at
different wavelengths based on the Planck equation
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Variations during each stage

Here we describe the variations and characteristics of
each stage based on the combined analysis performed
using both long- and short-term variations.

Precursory stage/14-19 June (6 days)

In R2.3Mx (Fig. 4b), a low-level thermal anomaly was
recorded from 14 to 19 June. During this period, no dis-
tinct activity, such as lava effusion or ash emission, was
reported. Prior to magma effusion, magma may have
risen to a shallow level in the conduit and released hot
gas, or heated the surrounding groundwater, which may
have caused this slightly increased thermal anomaly, as
was observed before previous eruptions, such as the 1986
Izu-Oshima (Kagiyama and Tsuji 1987), 1999 Shishaldin
(Dehn et al. 2002) and 2004 Mt Asama (Kaneko et al.
2006) eruptions. This thermal anomaly can thus be inter-
preted to represent a precursor to the major eruptive
phase, which occurred during Pulse 1.

Pulse 1/20 June-1 August (43 days)

Pulse 1-increasing period/20-28 June (9 days) On 20
June, the levels of thermal anomalies in R1.6Mx, R2.3Mx
and T3.9Mx rose discontinuously from low or back-
ground levels and then increased gradually until 28 June
(Fig. 4a—c). This gradual increase is interpreted to reflect
an increase in the rate of lava effusion.

The time of the onset of lava effusion was not identified
using ground-based observations. Figure 5a shows the
short-term variations in thermal anomalies from 18 to
20 June using both daytime and nighttime data. During
the daytime, each index exhibited an arch-shaped pat-
tern reflecting the reflected sun light from 18 to 19 June.
On 20 June, the patterns of R1.6Mx and R2.3Mx were the
same as they had been on the previous two days, but that
of T3.9Mx where the effect of the reflected sunlight was
relatively small, began to increase from the middle of the
day at approximately 6:50 UTC (13:50 local time), thus
reflecting the start of lava effusion. The effusion contin-
ued thereafter, as observed in the nighttime of the same
day.

Pulse 1-peak period/29 June-24 July (26 days) High
levels of thermal anomalies, including those in R1.6Mx,
were continuously recorded from 29 June to 24 July
(Fig. 4a—c). This suggests that high levels of lava effusion
continued, which likely formed the majority of the lava
bed (Fig. 2b, d). Long-term minor fluctuations in these
variations are believed to reflect long-term fluctuations
in the effusion rate of this lava. In the short-term plots,
indexes of thermal anomalies were constant and nearly
flat, which suggests that the effusion of lava was station-
ary (e.g., the nighttime of 20 June in Fig. 5a).
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Pulse 1-decreasing period/25 July—1 August (8 days)
Between 25 July and 1 August, the levels of these indexes
decreased and finally reached very low levels, which
suggests that the effusion rate of lava also decreased to
a low level (Fig. 4a—c). During the last day of this stage
(1 August), a small thermal pulse occurred several hours
before the start of Pulse 2 (Fig. 5b), which can be inter-
preted to represent a precursory event to the start of
Pulse 2 (a small explosive event?).

Pulse 2/1-13 August (~ 12 days)

Pulse 2-increasing period/1-2 August (~1 day) The ther-
mal anomaly rapidly increased on 1 August (Fig. 4a—c).
On the short-term plot (Fig. 5b), this rapid increase
started at 20:20 UTC and continued until approximately
14:00—15:00 UTC on the next day.

Pulse 2-peak period/2-3 August (~2 days) After reach-
ing a climax at approximately 15:00-16:00 UTC on 2
August (Fig. 5b), the anomalies in R1.6Mx, R2.3Mx and
T3.9Mx quickly began to decrease, such that the Increas-
ing and Peak Periods of Pulse 2 were shorter than those
of Pulse 1 (Fig. 4a—c).

Pulse 2-decreasing period/4—13 August (10 days) The
Decreasing Period of Pulse 2 continued for 10 days. The
upper line of the hatched region during the middle of
this period shows the interpolated level during the small
depression that was caused by cloud cover (Fig. 4a—c).
During the last few days of this period, these indexes
decreased to low levels and finally discontinuously
dropped on 14 August, which marks the point when the
effusion of lava finally ceased.

Terminal stage/14-20 August (7 days)

This stage was characterized by a low-level thermal
anomaly that was only clearly visible on R2.3Mx (Fig. 4b).
As lava effusion cannot be recognized in the photographs
taken on 14 and 15 August (Pfeiffer 2015), this thermal
anomaly likely reflected the small-scale gas emissions
at the cone, from which repeated small-scale eruptions
occurred. Finally, the anomaly in R2.3Mx decreased to its
background levels on 21 August, which signaled the end
of the June—August 2015 Mt Raung activity.

Discussion

Characteristics of effusive eruptions of lava based

on comparisons with similar activity

Effusive activity similar to that which occurred at Mt
Raung was observed in the 2013-2015 Nishinoshima
eruption (Maeno et al. 2016, 2017). During this activity,
the long-term variation in the effusion rate of lava gradu-
ally increased during the initial stage, remained high for
more than 1 year (with some fluctuations), and finally
gradually decreased to zero. On shorter timescales, this
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lava effusion appeared constant in collected video foot-
age (NHK 2015).

Some similarities can be observed between the activity
at Nishinoshima 2013-2015 and that at Mt Raung—par-
ticularly Pulse 1. In both cases, the long-term trends of
effusion rates of lava were not constant throughout the
effusive stages but instead varied, exhibiting a pattern
of an initial phase featuring a gradual increase, a mid-
dle phase featuring a high level of activity with depres-
sions or fluctuations, and a late phase featuring a gradual
decrease. Additionally, on shorter timescales, this rate
was basically continuous and changed very gradually.
These points may thus represent one of the representa-
tive eruptive sequences found in effusive eruptions
involving Strombolian and/or lava fountaining.

Application of high-frequency infrared observations

to disaster mitigation

During the June—August 2015 Mt Raung eruption, alert
levels were issued by local authorities (Fig. 4f), and
changes in these levels appeared to lag behind actual
changes in activity, such as the start of lava effusion.
One of the reasons for this lag was the difficulty associ-
ated with making continuous observations of the caldera
floor, which is located at a high altitude. Delays in issuing
changes in the alert level may result in disasters for hik-
ers or people residing in the vicinity of the volcano. If we
can quickly access information about the state of activ-
ity obtained from high-frequency observations using the
Himawari-8 AHI, we might be able to minimalize these
delays and issue alert levels with appropriate timing. Cur-
rently, in our prototype system, we can check the images
of targeted volcanoes within 2 h after scanning of the full
disk has been done by Himawari-8.

Conclusions

We analyzed the June—August 2015 eruption of Mt
Raung using high-frequency infrared images obtained
using the Himawari-8 AHI. This eruptive sequence
was divided into four stages. The Precursory Stage is
characterized by the presence of a low-level thermal
anomaly in the 2.3 pm band, which is considered a pre-
eruption thermal anomaly. Pulse 1 and Pulse 2 were effu-
sive phases comprising high levels of thermal anomalies
that formed a consecutive two-pulse pattern in the time-
series variations at 1.6, 2.3 and 3.9 um. This pattern is
believed to reflect the effusion rate of lava, which is sup-
ported by the results of seismic observations. Based on
short-term variations, the start of the lava effusion during
Pulse 1 occurred at approximately 6:50 UTC on 20 June,
whereas the start of lava effusion during Pulse 2 occurred
at approximately 20:20 UTC on 1 August. On the last day
of Pulse 1, a small thermal pulse was recognized in this
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Fig. 5 a Estimated onset time of lava effusion based on short-term variations in R1.6Mx and R2.3Mx and the combined plot of T3.9Mx and T11Mx

Data were not corrected for sunlight effects. b Estimated time of the reactivation of lava effusion
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variation, which is considered to represent a precursor to
the reactivation of lava effusion in Pulse 2. The Terminal
Stage is also a stage featuring low-level thermal anomalies
that are related to gas emissions. One of the representa-
tive eruptive sequences of effusive eruptions involving
Strombolian and/or lava fountaining is that the effusion
rate of lava undergoes long-term variations in the follow-
ing pattern: the initial period features a gradual increase,
the middle period features a high level of activity with
depressions or fluctuations, and the final period features
a gradual decrease. Additionally, over shorter timescales,
this rate is continuous and changes very gradually. High-
frequency observations obtained using the Himawari-8
AHI thus have the potential to provide information that
is useful for hazard assessment and civil protection pur-
poses, particularly in remote volcanoes.
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