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Heat transport process associated G

with the 2021 eruption of Aso volcano revealed
by thermal and gas monitoring
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Abstract

The thermal activity of a magmatic—hydrothermal system commonly changes at various stages of volcanic activity.
Few studies have provided an entire picture of the thermal activity of such a system over an eruptive cycle, which

is essential for understanding the subsurface heat transport process that culminates in an eruption. This study
quantitatively evaluated a sequence of thermal activity associated with two phreatic eruptions in 2021 at Aso
volcano. We estimated plume-laden heat discharge rates and corresponding H,O flux during 2020-2022 by using
two simple methods. We then validated the estimated H,O flux by comparison with volcanic gas monitoring

results. Our results showed that the heat discharge rate varied substantially throughout the eruptive cycle. During
the pre-eruptive quiescent period (June 2020-May 2021), anomalously large heat discharge (300-800 MW) were
observed that were likely due to enhanced magma convection degassing. During the run-up period (June-October
2021), there was no evident change in heat discharge (300-500 MW), but this was accompanied by simultaneous
pressurization and heating of an underlying hydrothermal system. These signals imply progress of partial sealing

of the hydrothermal system. In the co-eruptive period, the subsequent heat supply from a magmatic region resulted
in additional pressurization, which led to the first eruption (October 14, 2021). The heat discharge rates peaked
(2000-4000 MW) the day before the second eruption (October 19, 2021), which was accompanied by sustained
pressurization of the magma chamber that eventually resulted in a more explosive eruption. In the post-eruptive
period, enhanced heat discharge (~ 1000 MW) continued for four months, and finally returned to the background
level of the quiescent period (<300 MW) in early March 2022. Despite using simple models, we quantitatively tracked
transient thermal activity and revealed the underlying heat transport processes throughout the Aso 2021 eruptive
activity.
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Introduction

Thermal activity of active volcanoes persists regardless
of whether they are in an eruptive or quiescent period
(Kagiyama 1981; Rowe et al. 1992; Jousset et al. 2000).
Heat discharges during eruptive and quiescent periods
are on the same order of magnitude (~100 MW/100 km
in Japan Arc; Kagiyama 1986), highlighting the
importance of quantifying heat discharge equally for both
periods. Enhanced thermal activity has been observed
during transitional periods from quiescence to magmatic
eruption (Dehn et al. 2002; Hernandez et al. 2007;
Wessels et al. 2010). This is also the case for phreatic
eruptions, for which precursory thermal manifestations
are relatively unclear, with small magnitudes and various
leading times (Barberi et al. 1992).

Recent studies have successfully captured slight thermal
precursors of phreatic eruptions. However, in many cases
only qualitative records of thermal activity sequences are
provided, such as temperature increases in crater lakes,
springs, and fumaroles (Christenson et al. 2010; Rouwet
et al. 2021) and the geothermal anomaly area expansions
(Tajima et al. 2020). Several studies have attempted to
quantify the heat discharge at different stages, such as the
net change before and after an eruption (Ehara et al. 2005;
Mannen et al. 2018), co-eruptive heat discharge (Terada
et al. 2021), post-eruptive temporal change (Nakaboh
et al. 2003; Narita et al. 2019), and rapid increases due

to unrest events (Chiodini et al. 2001; Inguaggiato et al.
2012; Behr et al. 2023). However, these studies obtained
only snapshots of the thermal activity over an eruptive
cycle (i.e., a period spanning before, during, and after
an eruption). Only a few studies have quantified the
escalation of pre-eruptive thermal activity to provide a
complete picture of the thermal activity over an eruptive
cycle (Aguilera et al. 2021; Thompson et al. 2022).

In magmatic-hydrothermal systems, which are
responsible for phreatic eruptions, thermal energy is
discharged in various forms, such as fumarole fields
(Inguaggiato et al. 2023), geothermal anomalies (Harris
et al. 2009), gas plumes (Matsushima et al. 2003), and hot
water ponds and crater lakes (Hurst et al. 1991; Tajima
et al. 2020). In recent years, satellite-based thermal
infrared (TIR) imagery has become a powerful tool for
monitoring such thermal phenomena in hydrothermal
systems (Gaete et al. 2020; Coppola et al. 2022). However,
this tool does not provide information on the gas-laden
heat discharge. In persistently degassing volcanoes, a
large portion of heat is discharged as gas plumes (e.g.,
Kagiyama 1981). Thus, accurate estimation of the plume
heat discharge is necessary to understand the thermal
process that culminates in eruptions.

At the Nakadake crater of Aso volcano, south of
Japan, plume discharge continued from 2020 to 2022,
interposed by phreatic eruptions in 2021. Previous
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studies on the Nakadake crater have investigated the
thermal activity of plume (Kagiyama 1981; Fukui
1995) and a crater lake (Saito et al. 2008; Terada et al.
2008) during quiescent periods and fumaroles over
the southern wall of the crater (Yokoo and Ishii 2021).
However, the pre-eruptive thermal precursors have not
yet been thoroughly investigated at Aso volcano. Cigolini
et al. (2018) analyzed satellite TIR images over the crater
during the 2014—2016 eruption, but they did not provide
absolute values of the plume heat discharge. Nashimoto
and Yokoo (2023) analyzed aerial TIR imagery in
2020-2022, but they only targeted the fumarolic fields.
Considering active plume discharge, these plumes were
probably the primary form of heat discharge at the crater
during 2020-2022. Thus, accurately estimating their
contribution is required to obtain the total heat discharge
by the magmatic—hydrothermal system of Aso volcano.
In this study, we tracked the temporal evolution of
thermal activity in the Nakadake crater in 2020-2022
to reveal the underlying mechanism of heat transport
responsible for two phreatic eruptions in 2021. Our
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observations targeted the plume emissions from vents
in the crater floor. We estimate the plume heat discharge
rate (HDR) based on the buoyant plume-rise and TIR
image-based models. The use of multiple methods to
monitor long-term thermal activity (i.e. on the scale of
years) has not yet been fully addressed. We validated
our estimates by comparing them with measurements of
the SO, gas flux and gas composition. Finally, we discuss
the association between surface thermal activity and the
2021 eruptions based on the temporal evolution of the
HDR and other geophysical observations.

Recent activity of Aso volcano

Aso caldera formed from four caldera eruptions during
266-89 ka, with post-caldera activity concentrated at the
center of the caldera (Ono and Watanabe 1985; Ono et al.
1995; Shinmura et al. 2022) (Fig. 1a). The Nakadake cra-
ter has been the most active crater and center of recent
thermal activity and eruptions. During quiescent peri-
ods, the crater hosts a hot acidic lake called “Yudamari,
of which water level changes in response to volcanic
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Fig. 1 a Map of observation stations in Aso caldera. The circles indicate the locations of visible cameras (Sk: Sakanashi, K: Kusasenri, U: UAS hovering
position on January 12, 2022). The cross indicates Sunasenri seismic station. The diamonds indicate GNSS stations (C: Choyo GEONET, H: Hondo,

Sn: Sunasenri). The dashed lines (C-H and H-S) correspond to GNSS baselines shown in Fig. 9. The inset square corresponds to the region shown

in (b). b Map of the Nakadake crater. The squares (A, B, and W) indicate the observation sites of the handheld TIR camera. The black circles indicate
the hovering position of a UAS on September 23, 2021. The red circles indicate the vent formed in 2019 (the 191 vent), the north pit hole (NP),

the south pit hole (SP), and the south wall fumaroles (SF). The red dashed line indicates the crater floor fumaroles (FF). The DEM was generated

by merging the UAS survey result on September 9, 2021 with a GSI 10-m mesh DEM. The contours indicate elevation intervals of 3 m
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Fig. 2 A timeline of thermal activity inside the Nakadake crater. The forms of heat discharge (ash, plume, fumaroles) and their sources (191, BF, SF,
NP, and CC) are plotted in each phase. The size of the plumes represents the relative magnitude of the heat discharge (not to scale). Annotations a-j

indicate dates of shooting photographs shown in Fig. 3

activity (Ikebe and Watanabe 1990; Terada et al. 2008).
Recent cycles of magmatic activity began in 2014; Strom-
bolian eruptions and continuous magmatic ash emis-
sions, locally called ‘Ash eruption” at Aso volcano (Ono
et al. 1995), continued from November 2014 to May
2015 (Miyabuchi and Hara 2019; Ishii and Yokoo 2021).
The activity then shifted to phreatomagmatic eruptions
in September 2015 and October 2016 (Miyabuchi et al.
2018). During these periods, the crater lake had little
to no lake water. It was restored in 2017-2018 and then
depleted again in May 2019, which led to an ash eruption
in 2019-2020 (Miyabuchi et al. 2021). Even after the ces-
sation of the 2019-2020 eruption, the lake water did not
return for more than a year. Subsequently, two phreatic
eruptions occurred in October 2021 (Miyabuchi et al.
2022). In this study, we focused on the volcanic activity
of the Nakadake crater from the end of the 2019-2020
eruption to the quiescent period after the 2021 erup-
tions. We divided the eruptive cycle into four phases, as
described below (Fig. 2).

Phase 1: 2019-2020 eruption (July 2019 to early June
2020)

Ash eruptions began at the end of July 2019 at a main
vent (the 191 vent) at the center of the crater floor
(Fig. 1b). The ash eruptions continued until early June
2020 with occasional emissions of white plumes without
ash (Miyabuchi et al. 2021). On June 8, 2020, an erup-
tive plume was emitted at a high temperature of>300 C
(Fig. 3a). After a heavy rainfall of 200 mm/d on June
11, a white plume without ash was emitted at a low

temperature of ~100 C on June 16 (Fig. 3b), which cor-
responds to the end of the 2019-2020 eruption.

Phase 2: Inter-eruptive quiescent period (mid-June 2020
toJune 17, 2021)

In Phase 2, the crater had three sources of heat discharge:
the 191-vent plume, fumaroles on the southern wall of the
crater (SF), and a weak fumarolic field on the southern
half of the crater floor (FF) (Fig. 1b). No lake water
was present despite this being a quiescent period. The
thermal activity in the crater remained quiescent during
this phase, although the maximum temperature of the
FF sometimes increased from approximately the boiling
point to 200-300 °C in October 2020, January—February
2021, and early May 2021 (Japan Meteorological Agency
2021). The last increase was accompanied by an increase
in the amplitude of the continuous tremors, and the Japan
Meteorological Agency (JMA) alert level temporarily
rose from one to two. However, our observations did not
detect any major changes in the surface thermal activity.

Phase 3: From depression to the run-up of the 2021
eruptions (June 18, 2021, to October 13, 2021)

On June 18, 2021, the crater floor was depressed and a pit
hole was formed to the north of the 191 vent (hereafter,
the North pit hole; NP). No fumarole or water was
present in the NP on June 20, but a fumarolic plume was
emitted on June 21. The plume grew to the same size as
the 191-vent plume on June 23 (Fig. 3c), and temporarily
disappeared on July 27. The NP floor was visible on this
day, and the depth was ~ 50 m, according to an unmanned
aerial system (UAS) observation. Hot water was present
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Fig. 3 Photos of the thermal activity inside the Nakadake crater during Phases 1-4. The parentheses indicate photo shooting sites. a

A e o o

High-temperature (>300°C) ashy plume emitted from the 191 vent on June 8, 2020. b Low-temperature (90°C) white plume emitted on June 16,
2020. ¢ Inside the crater on June 23, 2021, which was 5 days after the depression. d Aerial view of the 191 vent and the NP on October 4, 2021,
which was 10 days before the first eruption in 2021. e Inside the crater 5 h after the October 14, 2021 eruption. f Inside the crater on October 15,
2021. No plume was emitted from the SP. g View of the crater after the eruptions. A larger plume was emitted from the CC (December 10, 2021).
h Plumes separately emitted from the CC and SF (December 10, 2021). i The UAS-based observation for plume-rise analysis (January 12, 2022). j
Restoration of the crater lake representing a typical quiescent period (March 4, 2022)

in the NP on August 31 (JMA 2021). On September 1,
the 191-vent plume became smaller than the NP plume.
On September 9, a UAS survey revealed that the water
level in the NP rose to~20 m below the crater floor. On
September 22, hot water was present in the 191 vent as
well as in the NP (JMA 2021). On October 4, the NP
plume was still larger than the 191-vent plume (Fig. 3d),
and the water level in the 191 vent rose further.

From October 7, clear thermal manifestations in
the crater began, although no our observation was
conducted. On October 7, weak fountains occurred
in the hot water pond in the 191 vent (JMA 2021). On
October 12, there were escalated thermal manifestations
over the entire crater; the water level of the 191 vent
reached the elevation of the crater floor (20-m rise from
September 9), the 191-vent plume visually increased
in size, and the area of geothermal anomalies over the
FF expanded (JMA 2021). From October 8, a strain
meter at the Hondo Tunnel station began to observe
radial compressional strain, which indicated inflation at
a shallow depth beneath the crater. On October 13, the
amplitude of the continuous tremors rapidly increased.

Phase 4: From eruptions to a quiescent state (October 14,
2021, to early March 2022)

A small phreatic eruption occurred at 4:43 JST
(UTC+9 h) on October 14, and another pit hole formed
south of the 191 vent (hereafter referred to as the south
pit hole: SP). Plumes of almost the same size were
emitted from three sources: the 191 vent, the SP, and the
NP (Fig. 3e). After October 15, no plume was observed
in the SP (Fig. 3f). The amplitude of continuous tremors
began to increase again on October 18. Consequently,

a more intense phreatic eruption occurred at 11:43 JST
on October 20, with a plume height of ~3500 m. This
eruption produced a low-temperature pyroclastic density
current and ballistic ejection, with a maximum reaching
distance of 900 m (Yokoo et al. 2022). This eruption
caused the 191 vent and NP to merge into a single hole at
the center of the Nakadake crater (CC). The crater floor
deepened by ~40 m, and muddy water was present in the
CC (Fig. 3g).

After the two eruptions, the CC continued to emit
an enormous plume until early March 2022. The plume
emissions from the SF intensified after the eruption
(Fig. 3h) and occasionally merged with the CC plume.
SO, gas flux also increased substantially compared with
those in Phase 3 (300-800 t/d), reaching a maximum
flux of>5000 t/d on some days (JMA 2021). Because of
the strong plume emissions (Fig. 3h and i), the inside
of the crater could not be clearly observed on many
days. In early March 2022, the strength of the plume
emissions declined, and the SO, flux decreased to <1000
t/d, which allowed the crater inside to be observed. The
surface thermal activity returned to quiescence with the
restoration of the crater lake (Fig. 3j), and the intensified
plume emissions caused by the 2021 eruptions ended in
early March 2022.

Thermal observation and analysis

The heat discharge sources in the Nakadake crater during
Phases 1 to 4 were the plumes of the 191 vent, the NP,
the SP, and the CC, and the fumarolic fields of the FF and
SF (Fig. 1b). The HDRs of vent plumes ranges from 300
to 5000 MW, whereas the total of the FF and SF is up
to ~20 MW (Nashimoto and Yokoo 2023). Thus, the heat



Narita et al. Earth, Planets and Space (2024) 76:62

discharge over the crater is dominated by plume-laden
heat (>93% of the total). To determine the magnitude of
HDR in the crater, we focused on the 191 vent in Phases
1-2, the 191 vent and the NP in Phase 3, and CC in Phase
4. During Phases 1-3, we mainly observed the crater
inside from the crater rim by using TIR cameras. During
Phase 4, we mainly observed from outside the crater at a
distance using visible cameras.

Thermal infrared (TIR) camera observations

We observed plume temperatures using TIR cameras
from May 2020 to October 2021 (Phase 1-3). Three
observation points were set up on the southwest (A),
northwest (B), and west (W) sides of the crater rim
(Fig. 1b). The observation was conducted once to twice
per month, except in Phase 3. We used a handheld TIR
camera of InfRec G120EX (Avionics Japan) to observe
the plumes of the 191 vent and NP (Fig. 3a—f) at 1/3
frame per second (fps) from May to December 2020 and
at 10 fps from January 2021 to October 2021. We mainly
made observations between sunset and dawn to avoid
the influence of solar radiance. Because the recorded
brightness temperature is affected by atmospheric
absorption, object emissivity, and plume transparency
(e.g., Harris 2013; Gaudin et al. 2016), we corrected for
these factors to retrieve plausible plume temperatures.
The atmospheric absorption was corrected by using
an internal algorithm implemented in the GI120EX.
The emissivity of the plume with the water droplets
was assumed as 0.97 (e.g., Gaudin et al. 2016). Plume
transparency was assumed as zero because we focused
on the opaque white part of the plume.

In addition to the handheld TIR cameras, we also
performed aerial TIR observations on September 23,
2021 to focus on the plume and hot water in the NP. We
used a TIR camera (FLIR Zenmuse XT2) mounted on a
UAS (DJI Matrice 200). Because an XT2 image is in FLIR
systems format, which allows for access to raw radiant
energy records, an end-user can correct for the effects of
atmospheric absorption and emissivity using an arbitrary
method (Yokoo and Ishii 2021). The emissivity of the
water surface and condensed plume was set to 0.97, just
like for G120EX. The atmospheric absorption effect was
calculated by using a LOWTRAN-based model (Minkina
and Dudzik 2009). The observed temperatures of the
water in the NP and of both plumes (the 191 vent and
NP) were used to calculate the total HDR of in the crater.
To calculate the HDR derived from the hot water in the
NP, we considered realistic values of seepage flux and
evaporative heat estimated from the water surface area
and temperature (Additional file 1: Text S1; Table S1).

Because we used different cameras (G120EX and
XT2) and correction methods for the TIR images, the
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measured temperatures differed even when the same
target was captured. To estimate the temperature
difference between the handheld and the aerial cameras,
we took images of the crater lake as a substitute for the
vent plume. As the emissivity of the target object (water)
and the line-of-sight distance from the observation points
to the crater lake surface (250-300 m) were almost the
same as those of the plumes in the crater, we speculate
that the correction obtained for the lake is approximately
applicable to plume temperature. From several
measurements in 2022, the XT2-based temperature
was found to be 9+2 C lower than G120EX-based
temperature (Additional file 1: Table S2). Both corrected
temperatures were still lower than the true plume
temperature because we assumed spatially homogeneous
humidity. Thus, we corrected the XT2-based temperature
by adding 9 “C first of all, and used this corrected plume
temperature to calculate the plume HDR.

Estimation of HDR retrieved from TIR images

TIR cameras recorded the temperature of a plume,
which is a mixture of volcanic gas emitted from a vent,
and entrained ambient air. Given the temperatures of
the plume and ambient air, the HDR and corresponding
mass flux of volcanic gas included in the plume can be
estimated by considering the energy and mass budgets
of the plume, volcanic gas, and ambient air (Fukui 1995;
Matsushima et al. 2003; Matsushima 2005; Witter et al.
2012; Gaudin et al. 2016). In this study, we applied the
method proposed by Matsushima (2005) to estimate
the HDR from TIR images. Volcanic gas is emitted
from a vent, mixed with the entrained ambient air,
and then cooled to a temperature recorded by the TIR
cameras. Assuming volcanic gas consists of only H,O,
the mass conservation law of water and air included in
each thermal component (volcanic gas, ambient air, and
plume) can be expressed as

— 1
mgas + mzir - m\[;lu + mplu (1)
a _ _a
Maiy = Mply (2)

where m is the mass flux (kg/s) of each component and
phase. The subscripts gas, air, and plu indicate volcanic
gas, ambient air, and plume, respectively. The
superscripts v, [, and a indicate water vapor, liquid
droplets, and dry air, respectively. Under ideal gas

approximation, m;lu, my,, and mglu can be
expressed as
2
. — Rleueglu(rrr v) (3)
plu — RyTp
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where e is the saturation vapor pressure, and P is the total
pressure, which is assumed as the atmospheric pressure
(0.89x10° Pa at the elevation of the crater floor). R is the
gas constant (RY=461.5 J/kgK, R*=287.04 J/kgK), w is the
mixing ratio, Ty, is the recorded plume temperature,
RH is the relative humidity, v is the flow velocity, and r
is the plume radius. The system of equations is closed by
considering the conservation law of thermal energy:

+ A md

1 1
+ b plu™plu

v Vv A\ ' a a — LV
hgasmgas—O—h mY. +hd md =h plu/plu

air™air T Mairair plumglu
(6)
where / is the specific enthalpy of each component and
phase. The left-hand terms represent the total enthalpy of
the volcanic gas and ambient air before mixing, whereas
the right-hand terms represent the enthalpy of the plume.
In Egs. (1-6), the remaining unknowns are /g, and g,
and only /1, g, (HDR) is uniquely determined. Because
hgas can be constrained by the maximum temperature of
the vent exit observed by TIR cameras, ng,, (H,O flux)
can be estimated separately.

The input parameters were obtained from TIR images
and in-situ meteorological measurements. /1, can be
calculated by referring to the maximum temperature of
the plume at a vent exit. Other specific enthalpies
(M M3 h;lu, h;lu, h;lu) can be calculated from
temperatures and specific heat of water vapor, liquid
water, and dry air. The temperature and relative humidity
in ambient air were obtained by in situ measurements at
the crater rim. The relative humidity within the plumes
was assumed 100%. We considered a profile perpendicular
to the direction of the plume flow and defined the average
temperature of this profile as T, (Fig. 4a). The plume
radius r was retrieved from the profile with temperature
deviated from ambient temperature (Fig. 4b). To estimate
the plume-rise velocity v, we employed an image
velocimetry technique called optical flow. Several studies
have demonstrated that optical flow accurately measures
the velocity fields of SO, gas with high accuracy (e.g.,
Peters et al. 2015; Glif3 et al. 2018) and is also applicable to
TIR images (Lopez et al. 2014). We used the Farneback
algorithm (Farnebidck 2003), a well-established optical
flow algorithm, implemented using the OpenCV Python
library. This algorithm has seven parameters for velocity
analysis that need to be optimized for a target field to
retrieve the velocity with sufficient accuracy. We used
particle-image velocimetry standard images with known
mean velocities of 2.5-22 pixels/frame (Okamoto et al.
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2000) to optimize parameter setting (Additional file 1:
Table S3), which reproduced the mean velocity with>98%
accuracy as long as the mean velocity of the target field
was < 10 pixels/frame. We applied this method to the TIR
images acquired in 2021. We created inter-frame
differences of consecutive TIR images and applied the
Farneback method. We stacked the estimated velocity
fields for time-averaging (Fig. 4c) and took the mean value
of the profiles in the direction orthogonal to the flow
direction as the mean velocity (Fig. 4d). For TIR images
acquired in 2020, sampled at 3-s intervals, we estimated
the velocity by manual tracking (Ilanko et al. 2019;
Tamburello et al. 2019) because the displacements of
plumes between frames were too large to apply the optical
flow.

Plume-rise observation and analysis

We made both ground-based and aerial observations for
the plume rise using visible video cameras. Ground-based
observations were made from May 2020 to February
2022 at Kusasenri and Sakanashi stations (Fig. 1a) using
cameras at 1-10 s intervals. An aerial observation was
made on January 12, 2022, from 1 km southwest of the
crater at 3-s intervals (Fig. la) using a camera (XT2)
mounted on a UAS (M200). To retrieve the HDR of the
plumes, we applied the Briggs model of buoyant plume-
rise (Briggs 1969). This model assumes that a bent-over
plume rise is driven only by buoyancy under a constant
crosswind and neutral atmospheric conditions. The HDR
of a plume (J/s) is expressed as (Kagiyama 1981)

Q=au’C? 7)

where u is the wind velocity, C is a coefficient related
to the plume flow shape, and « is a coefficient related
to the meteorological condition and an entrainment
coefficient. C is expressed as C = zx~2/3 where z is the
altitude from a vent and x is the horizontal distance from
the vent. C and u# were directly estimated from plume
images, and « was calculated as 2.4-2.7%10* based on
in-situ meteorological parameters and a representative
entrainment coefficient of 0.6 for a bent-over plume (Weil
1988). The HDR can be converted to H,O flux (kg/s)
by dividing it by the specific enthalpy of water vapor at
96-200 C (2667-2900 kJ/kg). The plotted estimation
errors of the HDR (1o) reflect the estimate uncertainties
of wind direction, C, and u.

We estimated the optimal wind directions from mete-
orological data before estimations of # and C. We referred
to anemometer records at Hondo station and JMA grid
point values of the Meso-Scale Model at isobaric surfaces
of 800-850 hPa, which corresponded to geopotential
heights of 1500—-2000 m. Because some wind data had
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Fig. 4 Retrieval of plume parameters from TIR images taken at station W at 18:30 JST on March 23, 2021. a Stack of TIR images (30-s average)

of the 191-vent plume. b Plume diameter and mean plume temperature T,

plu
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wind directions opposite to the actual direction pre-
dicted from plume images, we excluded these data from
the direction determination and estimated the optimal
wind directions from the remaining wind data. The wind-
direction correction yielded HDR values larger than
those obtained without the correction (Fig. 5a), particu-
larly on days when the wind blew into the depth direc-
tion of the image plane (Fig. 5b). The arial observation
in January 2022 allowed us to observe the plume from
a direction perpendicular to the actual wind direction
(Additional file 1: Fig. S1); this greatly reduces the uncer-
tainty of the wind direction and improved the estimation
accuracy of the velocities and shape coefficients. Using
a UAS yielded a small estimation error of the HDR on

January 12, 2022; the ratio of the standard error to the
mean was only ~ 30%, which was the smallest in Phase 4.

The shape coefficient C was estimated from consecutive
images as follows. First, we extracted points on a plume
streamline in a camera coordinate (Fig. 5c). Then, we
projected the selected points onto planes along the wind
directions in Cartesian coordinate (Fig. 5b) (Yanagisawa
et al. 2022). Finally, we fitted a theoretical curve to the
streamline points (Fig. 5¢) and obtained the optimal
value of C.

The wind velocity was estimated in a similar manner.
First, we estimated the velocities within an xz-plane
perpendicular to the camera’s line-of-sight direction by
using the zero-mean normalized cross-correlation of the
brightness time series at two neighboring pixels on the
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plume streamline (Fig. 5¢ and d) (Crone et al. 2008). We
then corrected the effect of the wind direction to project
the line-of-sight-plane velocities onto the wind-direction
planes.

Multi-GAS observation

To validate our estimates, we compared them with gas
observation obtained by differential optical absorption
spectroscopy (DOAS) and multi gas analyzer system
(Multi-GAS) (Shinohara 2005). JMA conducted DOAS
to measure SO, flux at least twice a month. The Multi-
GAS instrument was installed in the western part of the
crater rim (near station W) and continuously measured
gas compositions, including H,0/SO, and CO,/SO,
(Morita et al. 2022) during August 2019—August 2021
(corresponds to Phase 1 to 3). Because this Multi-GAS
instrument stopped operating two months before the
2021 eruptions, we conducted UAS-mounted Multi-GAS
observation on January 12, 2022, three months after the

eruption (Phase 4), to measure gas composition of post-
eruptive plume.

For comparison with the H,O flux estimated from
the thermal observations, we calculated the H,O flux
from the gas observations by multiplying the H,0/SO,
measured by Multi-GAS and SO, flux measured by
DOAS. Because the timings of the DOAS and Multi-
GAS observation do not always coincide, we calculated
the SO, flux on the date of the Multi-GAS observations
by linear interpolation of the original time series of SO,
flux. Similarly, we calculated H,0/SO, from the H,O
flux from thermal observations and the SO, flux and
compared it with the H,0/SO, measured by Multi-
GAS. The SO, flux on the date of thermal observations
was interpolated in the same manner. The error values
in the time-interpolated SO, flux were assumed as the
temporal average of the ratios of the error values to
the mean fluxes from 2019 to 2022, which was~28%.
Similarly, we calculated the CO, flux from CO,/SO, and
the interpolated SO, flux.
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Results

First, we checked the consistency between the HDRs
estimated from the TIR-image-based and plume-rise
models. Then, we show time series of the HDR and the
corresponding H,O flux through comparison with SO,
flux.

Heat discharge rate
Because we utilized two methods to estimate the
plume HDR, we needed to confirm their consistency.
We compared the HDRs with observation time inter-
vals of <12 days. This comparison showed no clear bias
between them and that they were consistent with a devia-
tion by a factor of 1/3 to 2 (Fig. 6). This consistency indi-
cates that the HDR results can be plotted as a single time
series to discuss the temporal changes. The estimation
errors of the plume-rise analysis are consistently larger
than that of the TIR-based modeling (Fig. 6) because the
estimation error of the plume-rise parameters (# and C)
propagates by the power of three (see Eq. 7). Thus, to dis-
cuss the temporal change in the plume HDR, we focused
on the TIR-based results during Phase 1-3, with less scat-
tered values and on the plume-rise-based results during
Phase 4 because of the lack of TIR images observation.
Figure 7 shows the time series of the HDR and plume
temperatures during 2020—2022 (see Table S4 for daily
HDR). At the end of Phase 1 (May 13—June 8, 2020), a
large HDR of 1-4 GW was observed (Fig. 7a), which
may be plausible because of the vigorous emission of
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ash-laden plumes with temperature of >300°C (Figs. 3a
and 7b). In Phase 2, the HDR decreased to 600-800
MW on June 16, 2020, which corresponds to a decrease
in plume temperature to 100 °C (Fig. 7b). From June to
December 2020, the HDR remained almost constant
at 450-800 MW. From January 2021, it decreased and
remained at 300-550 MW until mid-June 2021. In
Phase 3, the HDR of the 191-vent plume was slightly
lower (~250 MW) on June 23, 2021 (Phase 3), five
days after the formation of the NP. Because the NP had
already emitted a fumarolic plume of almost the same
size as the 191-vent plume on this day (Fig. 3c), the
total HDR of the crater could be approximately twice
the HDR of only the 191-vent plume (~ 500 MW).

On September 23, 2021, the last observation before
the 2021 eruption, the HDR was 260-350 MW at the
NP and 70-160 MW at the 191 vent; its total was 330—
510 MW (Fig. 7a and b). Considering the uncertainty
for the corrected temperature of the two TIR cameras
(7-11 °C), the total HDR had a range of 400-600 MW
(Additional file 1: Fig. S2). These values are consistent
with those before the depression (300-550 MW) and
just after the depression (~500 MW). The conservation
of the total HDR before and after the depression
implies that the 191 vent and the NP were connected
to a common conduit at depth. The maximum
temperature of the fumarolic plumes was ~ 90 ‘C, which
had remained constant since January 2021 (Fig. 7b). On
this date, the NP hosted both hot water and a fumarolic
plume, which suggests that volcanic gas supplied from
the pit floor maintained the hot water at a temperature
of ~90 °C near boiling point of 96 ‘C. The heat input
was estimated to be 30-40 MW, which was < 10% of the
total HDR in the NP (Additional file 1: Text S1). Thus,
there was no evident change in the HDR up to three
weeks before the October 14 eruption. As a long-term
trend during Phases 2-3, the HDRs were consistently
higher than those during past quiescent periods with
a crater lake (150-260 MW) (gray-shaded zone in
Fig. 7a).

On October 14 (5 h after the first eruption), the HDR
was~800 MW from the plume-rise analysis (Fig. 7c).
Although plumes were emitted from three sources, the
191 vent, SP, and NP (Fig. 3e), we could not identify the
source of the plume in the analyzed images. It is possible
that we missed other plumes that were not captured in
the analyzed images, which would mean that the total
HDR was underestimated. On October 15, while plume
sources were both the 191 vent and NP, we could only
estimate the HDR of the 191-vent plume with the TIR-
based method (540-650 MW). The total HDR may
be up to twice this value at 1100-1300 MW (Fig. 7c)
because the two plumes were almost the same size. Thus,
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Fig. 7 Results of thermal data analysis. a plume HDR based on TIR images (black circles) and visible images (white triangles). The gray-shaded zones
indicate HDR range during the past quiescent period (Saito et al. 2008; Terada et al. 2012). The parentheses indicate the corresponding photo index
(@—j) in Fig. 3. The blue arrow indicates the zoom-up period in (c). The smaller transparent circles and larger solid circles indicate individual estimates
by the TIR-based method and their weighted average on each day. 'The plume included a small amount of ash of < 500 t/d (Miyabuchi pers.com.)
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which would result in an underestimation of HDR. 3The plotted HDR value is twice the HDR of the 191-vent plume, which reflects the contribution
of the NP plume. *Plotted HDRs are the sum of the 191-vent and the NP plume. °The plotted HDR is twice the HDR of only 191-vent plume,
reflecting the contribution of the NP plume. b Time series of the maximum temperature of the 191 vent. The symbols in black, red, and blue
indicate observation sites of A, B, and W, respectively. ¢ HDR time series for September—October 2021. The red lines indicate the timings

of the eruptions. Blue symbols indicate SO, gas flux measured by DOAS

the HDR increased by 2—4 times from September 23 ~ On both days, the HDR values temporarily increased
(Fig. 7c). Hereafter, only plume-rise analysis was available in a spike-like manner (Fig. 7a). On the UAS-based
for estimating the plume HDR. On October 19, the HDR  observation on January 12, 2022, the HDR (0.8-1.6 GW)
further increased to 2.6-5.3 GW, the largest value since is the best constrained during Phase 4.

the end of the 2020 eruption, which coincided with

an increase in SO, flux (Fig. 7c). Around 16:00 JST on  Mass flux

October 20, 5 h after the second eruption, a significant  Figure 8a shows the temporal changes in the H,O
HDR was also estimated as 1.7-4.4 GW (Fig. 7c). It flux of volcanic gas included in the emitting plumes.
decreased to 1.1-2.4 GW on October 28 and remained In Phase 1, the H,O flux was estimated as 60,000—
almost constant at around 1 GW for the rest of Phase 110,000 t/d. In Phase 2, it decreased from 15,000—
4, except for November 28, 2021 and February 24, 2022. 25,000 t/d in the first half (June to December 2020) to

(See figure on next page.)

Fig. 8 Comparison of the thermal and gas monitoring results during 2020-2022. The red-shaded area indicates a period of the 2019-2020
eruption. The two red lines indicate the timing of the 2021 eruptions. The black line indicates the timing of the formation of the North pit hole. a
Comparison of the H,O flux estimated from our thermal observations and the SO, flux measured by DOAS. The blue points and blue shaded zone
indicate the mean and minimal-maximal range of SO, flux, respectively. The black circles and triangles are the same as in Fig. 7a. b Molar ratios

of H,0/50, measured by Multi-GAS (the red circles) and estimated from the SO, flux measured by DOAS and H,0 flux estimated from the thermal
observations (the black circles and white triangles). The transparent red circles indicate unreliable Multi-GAS measurements with SO,
concentrations of < 10 ppm. ¢ H,0 flux calculated from our thermal observation (the black circles and white triangles) and from H,0/SO, measured
by Multi-GAS multiplied by the SO, flux (the red circles). d Molar ratios of CO,/SO, measured by Mutli-GAS. The two squares indicate UAS-based
values of the 191 vent and the SF on October 20, 2020 (Tsunogai et al. 2022). e Gas fluxes including CO, (the red triangles) and SO, fluxes (the gray
circles)
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Fig. 8 (Seelegend on previous page.)

10,000-17,000 t/d in the second half (January to June
2021). This is consistently higher than that emitting
during the past quiescent periods of 2000-2003 and
2006-2009 (3500-11,000 t/d; Saito et al. 2008; Terada
et al. 2012). In Phases 2—4, the temporal characteristics

of H,O flux was almost the same as those of the HDR,
which also decreased from Phase 1 to 3 and increased
from Phase 3 to 4 (Fig. 7). This is because the maximum
plume temperature was almost constant, at around
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100 °C, resulting in a temporally constant gas enthalpy
of ~2700 kJ/kg.

The time series of H,O and SO, fluxes showed roughly
the same temporal variation, except in Phase 1 (Fig. 8a),
which implies that H,0/SO, remained almost constant
throughout Phases 2 to 4. This correlation was also found
before the phreatomagmatic eruption in 2016 (Morita
2019). The H,0O/SO, may be systematically higher in
Phase 1 than in Phases 2—4, which indicates that the
gas composition during the 2020 ash eruption was
unrealistically poor in SO, compared to the composition
during the inter-eruptive period (Phases 2-3).

Discussion

Validation of the H,O flux through comparison with gas
observations

We validated the analyzed results of our thermal
observations by comparison with gas observations
(DOAS and Multi-GAS) in terms of H,0/SO, and H,0O
flux. In Phase 1, the H,0/SO, was 10-90 for Multi-GAS
and 100-400 for the thermal and DOAS observations
(Fig. 8b). The former values were measured during ash
eruptions and were consistent with those observed at
the 2015 ash eruptions (30-60) (Shinohara et al. 2018).
In contrast, the latter values were much larger than the
Multi-GAS measurements and also even 2-4 times
larger than those for inter-eruptive periods (Phases 2
and 3). This indicates that the H,0/SO, calculated by
the thermal and DOAS observations in Phase 1 was
counterintuitively poor in SO, despite Phase 1 being an
eruptive period. This higher H,0/SO, can be attributed
to either overestimating the H,O flux or underestimating
the SO, flux.

The possibility of the overestimation of H,O flux can
be rejected as follows. In Phase 1, the plume temperature
was higher than 300 °C, which resulted in the larger TIR-
based HDR in Phase 1 than the HDR in Phases 2 and 3
at a lower temperature of ~ 100 ‘C (Fig. 7b). Furthermore,
the temperature recorded with TIR cameras may have
been underestimated because the emissivity of the ashy
plumes was not be fully corrected. Thus, these did not
result in an overestimation of the H,O flux obtained from
the TIR images. On the other hand, the plume-rise analy-
sis should have underestimated the H,O flux because we
neglected the thermal contribution of ash included in
the plume. However, this contribution was only ~2 MW
when assuming a specific heat of ash of 1 kJ/kg K, a tem-
perature difference of 400 K, and ash mass flux of 500 t/d
(Miyabuchi personal communication 2020). This HDR is
negligible compared to the HDR magnitude of~1 GW.
Furthermore, the HDR and H,O flux estimated by both
methods were consistent in Phase 1 (Figs. 6—8). Thus, the
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H,O flux based on our thermal observations in Phase 1 is
unlikely to be overestimated.

Instead, the underestimation of SO, flux is likely
because the presence of ash in eruptive plumes can
decrease the amount of ultraviolet rays absorbed by SO,
gas (Andres and Schmid 2001; Kazahaya et al. 2013). In
addition, SO, flux frequently increased by a factor of
two to three in Phase 1 (Fig. 8a). However, such rapid
increases could not be reproduced by a linear time
interpolation of the SO, flux (see the section ‘Multi-
GAS observation’), and the interpolated SO, flux on the
dates of thermal observations was likely to be frequently
underestimated by half to one-third of the actual flux.
Therefore, the unrealistically high H,0/SO, in Phase
1 according to thermal and DOAS observations was
probably due to underestimate of the SO, flux.

In Phases 2 and 3, the Multi-GAS measurements
showed H,0/SO, of 50-150, systematically higher than
those in Phase 1 (Fig. 8b). This was probably due to a
decrease in the contribution of magmatic gases and a
shift to a gas composition influenced by a hydrothermal
system. The H,0/SO, calculated from the thermal
and DOAS observations varied within 30-300 with an
average of ~ 100, which was consistent with Multi-GAS
measurements.

In Phase 4, H,0/SO, measured by the UAS-mounted
Multi-GAS was 58, whereas the H,0/SO, calculated
from thermal and DOAS observations varied within
20-200, with an average of~70 (Fig. 8b). These results
suggest that H,0O/SO, decreased from Phases 2-3
to Phase 4, which corresponds to an increase in the
contribution of magmatic gas. This is also supported
by the large SO, flux in Phase 4 (2000-6000 t/d), which
was comparable to that of the 2019-2020 ash eruption.
Although comparison between the Multi-GAS and
thermal monitoring results in Phase 4 is possible for only
one epoch (January 12, 2022), its validity is plausible
because all observations (visible camera, DOAS, and
UAS-based Multi-GAS) were successfully conducted on
this date, which allowed for comparison without any time
interpolation. On this date, the H,O fluxes and H,0/SO,
estimated by thermal and gas observations showed good
consistency; H,O flux was 28,000-55,000 t/d for UAS-
based plume-rise analysis and 24,000-40,000 t/d for
DOAS and UAS- based Multi-GAS (Fig. 8c); meanwhile
H,0/SO, was 42-104 (average 73) for the plume-rise
analysis and DOAS and was 58 for Multi-GAS (Fig. 8b).
While H,0/SO, was almost constant in Phase 4, it
temporarily increased on November 28, 2021, which
corresponded to a pulse-like increase in H,O flux (Fig. 8).
This increase may be due to a discrepancy between the
timings of the thermal and DOAS observations. Because
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the plume emissions in Phase 4 were unstable and
increased intermittently, interpolated SO, flux on dates
of the thermal observation could not fully reproduce true
temporal change, as mentioned in Phase 1.

The continuous Multi-GAS station might have sampled
both the 191 vent and SF plumes. However, the good
consistency between the gas and thermal observations
that mainly focused on the 191-vent plume implies that
the primary gas source was the 191 vent. Furthermore,
UAS-based measurements of each gas source on October
20, 2020, showed that CO,/SO, was 2.0 near the 191 vent
and 0.8 at the SF (Tsunogai et al. 2022). The CO,/SO, of
the 191-vent gas (2.0) was close to the Multi-GAS values
of 2.1-4.0 for August—December 2020 (Fig. 8d), which
also supports the possibility that the Multi-GAS reflects
the 191-vent gas composition.

Thermal activity and its association with the two eruptions
Below, we interpret the temporal evolution of heat
discharge in the crater and its association with the two
phreatic eruptions in 2021 by comparison with other
geophysical and geochemical observations in each phase.

Phase 1-2: Decline of heat discharge at the end of the 2020
eruption

During the transition from Phase 1 to 2 (June 2020),
the HDR dropped sharply from 2.5 to 0.7 GW (Fig. 7a),
which coincided with SO, flux dropping from 2000
to 500 t/d (Fig. 8a). In addition, the total geomagnetic
force changes measured around the crater reversed
from demagnetization to magnetization around April-
May 2020, indicating cooling at shallow depth (Kyoto
University 2021). This coincides with the timing of the
decrease in the surface heat discharge, which suggests
a decrease in the heat supply from a greater depth,
probably a magmatic region, into a shallow part beneath
the crater.

Phase 2: Decreasing trend of HDR

From the first half (May 2020 to December 2020) to the
second half (January 2021 to June 2021) of Phase 2, the
average HDR decreased from 600 to 400 MW, which is
coincident with a decrease trend of SO, flux (Fig. 9a).
In early May 2021, the SO, flux and continuous tremor
amplitudes increased intermittently (blue-shaded regions
in Fig. 9a), which corresponded to an unrest due to
enhanced degassing. In contrast, no such increase was
observed for HDR, which can be likely attributed to the
infrequency of the thermal observation; the enhanced
SO, gas emissions on May 11 and 17 were observed
between the timings of thermal observations on May 6
and 19. Therefore, the thermal observation could not
capture such short-period unrest. H,0/SO, showed a
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sharp decrease at the unrest (Fig. 8b), but this was also
due to a similar reason; the interpolated SO, flux on the
day of our observation was high at 1000 t/d. Because
no DOAS was conducted on this day, the validity of the
interpolated SO, flux around the intermittent SO, flux
increase is ambiguous, and we cannot confirm that such
alow H,0/SO, is reliable.

Phase 2: Origin of water in the plumes

We here assess how much magmatic gases contribute
to the observed plume through mass and energy budget
calculation. In Phases 2 and 3, the plume temperatures of
the 191 vent and the NP were low at< 120 °C, close to the
boiling point (Fig. 7b). On the other hand, the apparent
equilibrium temperature of gas sampled near the crater
floor was ~ 630 °C in October 2020, which was interpreted
as the temperature before cooling by near-surface cold
water (Tsunogai et al. 2022). These observations imply
that groundwater or hydrothermal water effectively
cooled the higher temperature magmatic gases. This
situation is expressed by mass (m) and energy (hm)
conservation per unit time as

My, + Mg = Mply (8)

Iy + hgmg = hplumplu! 9)

where the subscripts w and g correspond to liquid
water and magmatic gases, respectively. From Egs. (8)
and (9), the mass ratio of magmatic gases to the plume
mg/mp)y is expressed as

mg hplufhw

mply — hg—hy

(10)

where /1,1, was 2677-2900 k]/kg in Phase 2, kg is assumed
to be 3700 kJ/kg, corresponding to water steam at
630 C (Tsunogai et al. 2022), /,, was assumed as 420 kJ/
kg, corresponding to liquid water at 100 ‘C, and mzp),
was estimated as 170-290 kg/s in the first half of Phase
2 (Fig. 8a).

We focus on energy and mass budget in the first half
of Phase 2 (June to December 2020) because there
is a reasonable estimation of apparent equilibrium
temperature of magmatic gas in October 2020. By using
Eq. (10), we obtained myg/my, of 0.69-0.71, which
indicates a large portion of plumes was derived from
magmatic gases. The estimated magmatic gas flux
(120-205 kg/s) was more than twice that estimated in
2006—-2009 (40—-65 kg/s) (Terada et al. 2012). This shows
that magma degassing was more active in Phase 2 than
in the past quiescent period, even though the volcanic
activity in Phase 2 was seemingly quiescent, such as low
seismicity and no ground inflation (Fig. 9a). In addition,



Page 15 of 22

Narita et al. Earth, Planets and Space (2024) 76:62
P11 P2 - P3 P4
a T '.:‘ ':‘ 'y —
s ! ! t
S IR IO | PP S b
o i ~. o ®
. e e
102 : T L T
104
)
< 10% 5
o
)
102

CT Amp. (um/s)

o

H-S (cm)

£
)
)
£
©
(9]
©
o
L X
(@) * o %
=050 %0 i i
T ¥ e
o® v
o h
_1.0 T T T T |ll| T
»,o°’ »o*’ \’,6\ «,0% \’,0‘"’ ’»,\9 \’\?’ \’\:" ,vo"'
P A A AP A AP A e
S SIS

103 —

LPT RMS

10?2

1
2020 2021

|
2022

Fig. 9 Comparison between a HDR and other observations, including SO, flux, daily amplitude of continuous tremor (CT), lengths of the C-H

and the H-S GNSS baselines, and daily sum of RMS of the long period tremor (LPT) amplitudes (product of the daily number of the LPT and mean
RMS per event) at Sunasenri station (Fig. 1a). The CT amplitude and LPT RMS are smoothed by seven-day median filter (black lines). The GNSS
baseline lengths are smoothed by 2-month median filter (solid lines). To identify the initiation timing of extension of the C—H baseline, contraction
trend estimated during May 2020 to August 2021 was removed (red circles) from the daily baseline length (black circles). The red dashed line
corresponds to the end of the 2019-2020 eruption. The black line corresponds to the timing of the crater depression. The solid red lines correspond
to the 2021 eruptions. P1 to P4 indicate Phases 1 to 4. The blue highlighted zone corresponds to the May 2021 unrest. b The C-H baseline length

around the timing of the baseline extension (May 2021 to December 2021)

the CO, flux was 700—4000 t/d in Phase 2 (Fig. 8e), larger
than that of the past quiescent period (502-692 t/d; Saito
et al. 2007), which suggests that degassing from a deep
magmatic region (>10 km) was enhanced compared to
degassing during the past quiescent periods.

This degassing requires a substantial amount of
magma that can be preliminarily calculated from the
magmatic H,O flux and H,O content estimated by melt

inclusion analysis. We used the magmatic H,O flux of
120-205 kg/s and assumed the H,O contents of 0.5-2.26
wt% estimated from eruptive material of the 2014-2015
eruptions (Saito et al. 2018; Kawaguchi et al. 2021). The
magma mass required for the observed H,O gas discharge
was estimated as 5200—41,000 kg/s, which is comparable
to the estimated mass of 13,000-54,000 kg/s from melt
inclusion analysis of sulfur content in the erupted
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scoria from the 2014 eruption (Saito et al. 2018). This
consistency supports, in terms of thermal observation,
the existence of density-driven magma convection
within the magma plumbing system of Aso volcano, as
suggested by previous studies (e.g., Saito et al. 2018). The
estimated magma flux corresponds to a volume flux of
2-16 m>/s with a magma density of 2500 kg/m?, which is
also consistent with that of other persistently degassing
volcanoes, such as Satsuma-Iwojima at 7.5-13 m?3/s
(Kazahaya et al. 2002) and Ambrym at 25 m3/s (Allard
et al. 2014). Although our estimates are based on the
H,O flux and H,O content, these estimates are consistent
with the estimated magma fluxes based on the SO, gas
flux and the sulfur content at other volcanoes. As for
SO, and CO,, the same calculation can be conducted
using the gas fluxes observed in Phase 2 and the volatile
content of the pre-degassing magma. Based on the SO,
flux during Phase 2 (500-1000 t/d) and the sulfur content
estimated in the 2014-2015 eruption (0.02-0.07 wt%;
Saito et al. 2018), the pre-degassing magma flux can be
calculated as 4100-29,000 kg/s. Based on the CO, flux
during Phase 2 (700-4000 t/d) and the CO, content
estimated in the 2014-2015 eruption (0.04-0.5 wt%;
Saito et al. 2018), the pre-degassing magma flux can be
calculated as 1600-120,000 kg/s. These show that the
estimated magma fluxes are roughly in agreement with
each other. Therefore, at least in Phase 2, the enhanced
magma degassing continued to be as active as in the
past eruption, even after the cessation of the 2019-2020
eruption.

Phase 2-3: Cause of the crater lake depletion

The primary form of heat discharge in the Nakadake
crater differed depending on whether a crater lake was
present; plume emission when the crater lake was absent
(2020-2022) and evaporation from the lake surface
when the crater lake was present (typical quiescent
period). During the quiescent periods, the product of the
specific enthalpy of water vapor and the volcanic gas flux
emitting from subaqueous vents (g, n1,,,) was estimated
(Saito et al. 2008; Terada et al. 2012); this is the same as
the HDR defined in our study, which allowed for a direct
comparison of them.

HDRs during Phases 2 and 3 were constantly larger
than during 2000-2009 (gray-shaded zone in Fig. 7a).
Mass and energy budget modeling of the lake have
shown that the presence of lake water is controlled
by a balance between the inflow of volcanic gas and
meteoric water and the outflow of evaporation and
seepage (Terada and Hashimoto 2017). Based on
the crater topography and hydrological settings, an
addition of heat to the background thermal activity can
accelerate water loss by enhancing evaporation from the
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lake surface, which depletes the lake water (Terada and
Hashimoto 2017). Thus, the depletion of the lake water
in 2020-2021 may be attributed to unstable conditions;
a shallow part beneath the crater was overheated by
heat addition (300-800 MW) anomalously larger than
that for the quiescent periods (150-260 MW). The large
heat supply for 2020-2021 was likely due to enhanced
magma degassing of a shallow magma reservoir. This is
suggested by contraction of the Choyo—Hondo GNSS
baseline from early 2020 to August 2021 (Fig. 9), which
corresponds to the deflation of a magma reservoir at a
depth of ~5 km (Sudo et al. 2006). The reservoir deflation
could be caused by a discharge of excess volatiles during
magma convection within the conduit, which would have
contributed to overheating the crater and hindered the
restoration of the lake water.

Phase 3: Run-up process of the 2021 eruption

In Phase 3, the results of the thermal and gas
observations contrasted with other geophysical signals,
including seismicity, geomagnetic changes, and ground
deformation. From June to the end of September 2021,
no clear increase in the HDR was recognized, which
is consistent with the lack of an apparent increase in
the SO, flux (Fig. 9a). On the other hand, contraction
of two GNSS baselines (C—H and H-S baselines) that
had continued from the end of Phase 1 stopped, and
they began to extend around August—September 2021
(Fig. 9b). These baseline extensions corresponded to the
inflation of the magma reservoir at~5-km depth (the
C-H baseline) and a shallow hydrothermal system (the
H-S baseline). Although the onset time for the extension
of the H-S baseline was somewhat unclear because
of the low signal-to-noise ratio, the baseline reversed
from contraction to extension around September
2021. Furthermore, demagnetization began around
August (Kyoto University 2021), which indicated heat
accumulation at a shallow depth beneath the crater, and
the continuous tremor amplitude began to increase in
September to October (Fig. 9a). These geophysical signals
consistently suggest an enhanced heat supply from a
magmatic region deeper than the magma chamber at
5-km depth to the shallow hydrothermal system, in
contrast to the constant thermal activity and SO, gas
emissions.

Such behavior can be interpreted as partial sealing of
a volcanic conduit (e.g., de Moor et al. 2016; Mick et al.
2021), which would lead to pressurization and heating
beneath a seal, while suppressing thermal manifestation
at the surface (e.g., Christenson et al. 2010; Tanaka
et al. 2018). Given the subsurface structure beneath the
Nakadake crater, this scenario likely explains the run-up
process of the 2021 eruption. Based on the resistivity
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structure, a low permeability zone filled with sulfides
and sulfur minerals was present from the surface to
a depth of~400 m, with a fracture-rich conduit zone
(Kanda et al. 2019). In this situation, a temperature-
dependent increase in viscosity of sulfur and/or the
precipitation of sulfide and sulfur minerals is essential
for seal formation (Hurst et al. 1991; de Moor et al.
2019). This idea is supported by the abundance of sulfur
and hydrothermally altered minerals in the eruptive
material of the 2021 eruption (Miyabuchi et al. 2022). In
addition, sources of demagnetization and pressurization
in past eruptions were emplaced ~ 200 m below the crater
(Tanaka 1993; Ishii et al. 2023), and these sources are
likely to be responsible for signals observed before the
2021 eruption.

Phase 4: Cause of the 2021 eruption

In contrast to the steady HDR until the end of September
2021, the thermal activity over the crater floor increased
for October 7-12. This was accompanied by a strain
change at Hondo station, indicating the inflation at a
shallow depth. This thermal enhancement with shallow
pressurization possibly suggests leakage of gas that had
accumulated beneath the seal due to a further increase
in heat supply from a greater depth, as reported for the
Augustine 2006 eruption (Zhan et al. 2022) and the Podas
2017 eruption (de Moor et al. 2019). Consequently, on
October 14, the onset of the first eruption in 2021 may
have been caused by a rupture of the hydrothermal
system, which was triggered by a further gas supply into
to the already pressurized hydrothermal fluid beneath the
seal. This sequence corresponds to the phreato-vulcanian
eruption (Stix and de Moor 2018).

While the first eruption could have been caused by
conduit sealing and further heat supply, the second
eruption may have been caused by a substantial injection
of magmatic fluid into the hydrothermal system, based
on continuous pressurization of the magma chamber
without relaxation even after the first eruption. As
evidence, there was no clear co-eruptive deflation during
the first eruption, and both the deep and shallow parts
continued to be pressurized (Fig. 9a). In addition, the
HDR and SO, flux increased from October 15 to 19
and reached their highest values since the end of the
2020 eruption (Fig. 7c). These imply that a massive gas
continued to be supplied from the magma into a shallow
part of the hydrothermal system even after the end of
the first eruption. This further pressurized the still-
pressurized hydrothermal system, leading to the larger
eruption on October 20.

This sequence is similar to that of the phreatomagmatic
eruption in October 2016, although the eruption
intensities differed. Three months before the 2016
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eruption, the magma chamber began to inflate as
suggested by the extension of the C-H baseline.
Simultaneously, SO, flux increased responding to the
volatile-rich magma supply (Morita 2019). It rapidly
decreased and remained low at 500-1500 t/d, possibly
due to a conduit sealing, but it reached 15,000 t/d on
October 7, which was the largest ever observed at
Aso volcano (Morita 2019). Finally, 4 h after a minor
eruption, an enormous phreatomagmatic eruption
occurred on October 8, with a plume height of ~11 km
(Ishii 2018). Thus, the sequences of the 2016 and 2021
eruptions are similar in terms of degassing activity,
ground deformation, and a preceding minor eruption.
The 2021 eruptions may be a smaller version of the 2016
eruption. The 2021 eruptions were previously regarded as
one of the eruptions that occurred under groundwater-
rich conditions while the magmatic activity declined
(Miyabuchi et al. 2022). However, regarding pre-eruptive
thermal activity and ground deformation, the 2021
eruptions were not a by-product eruption that usually
occurs during a decline in magmatic activity at the
Nakadake crater. Instead, the 2021 eruptions were driven
by a new magma supply event independent of the magma
supply that drove the 2019-2020 eruption.

Phase 4: Post-eruptive relaxation toward quiescence

In Phase 4, a significant HDR of 0.4-4 GW continued
four months after the second eruption (Fig. 9a). The SO,
flux also remained at high flux of 1000-6000 t/d, which
was comparable to the flux during the 2019-2020 ash
eruption (Fig. 9a). In addition, CO,/SO, decreased to
1.7, which is nearly the same as the values during the
2019-2020 ash eruption (Fig. 8d) and implies enhanced
contribution of shallow magma degassing (e.g., Battaglia
et al. 2019; de Moor et al. 2019). These results suggest
that the contribution of magmatic gas was higher than
in Phase 2-3. This enhanced release of magmatic gas
can also be supported by volatile-rich magma supply to
the shallow magma reservoir and possibly by subsequent
accelerated magma convection within conduit. The
magma supply continued until December 2021 as
indicated by the inflation of the magma chamber (Fig. 9).
Post-eruptive thermal activity tends to fluctuate unstably,
and temporary increases were observed on November
28, 2021, and February 24, 2022 (Fig. 9). Because these
dates correspond to intermittent increases in the SO,
flux and tremor amplitude, respectively, these changes
may be plausible signals of temporary enhancement of
heat discharge.

After February 24, 2022, the plume-rise analysis was
no longer applicable because the assumptions of the
Briggs model broke down. This model assumes that
plume trajectories are governed only by buoyancy and
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homogeneous crosswinds. However, the plume trajectory
after the end of February 2022 was controlled by the
complex wind distribution in the crater, and the plume
often dragged on the surface because the plume was
thin with weak buoyancy. Therefore, the plume-laden
HDR after March 2022 was unknown. We speculate that
the plume HDR was<300 MW because the lower limit
of our analyzed period was~300 MW. This speculation
is consistent with the HDR of ~100 MW of volcanic gas
injected in the lake bottom in March 2022, estimated
from thermal modeling of the crater lake (Nashimoto and
Yokoo 2023).

In Phase 4, we could not distinguish whether the plume
origin was the CC and/or SE. We inferred that the plume
taken in Phase 4 was basically a larger plume coming
from the CC. However, because the plume emitted
from the SF was also enhanced after the 2021 eruptions
(Fig. 3h), the actual HDR may be the sum of the CC
and the SF plumes. Therefore, if we miss the SF plume
independently emitted on some days, the estimated HDR
in Phase 4 may be underestimated and correspond to the
lower limit of the total values. However, the total HDR
should be less than twice the present estimation because
the SF plume was constantly smaller than the CC plume.

Comparison with seismicity of long-period tremors

Previous studies have often discussed the degassing
activity at the Nakadake crater in terms of its relationship
with very long period seismicity (VLP), of which the local
name is long period tremors (Sassa 1935; Yamamoto
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et al. 1999). VLP events are regularly observed regardless
of eruption occurrence or cessation in Aso volcano
(e.g., Kaneshima et al. 1996; Kawakatsu et al. 2000).
Typical VLPs are mainly excited by deflation of a tensile
crack source at a shallow depth of 0.3-2.8 km beneath
the crater (Yamamoto et al. 1999), and may result from
fluid discharge from the crack (e.g., Kawakatsu et al.
2000; Ishii et al. 2019). The time series of the daily sum
of the VLP’s root-mean-squared (RMS) amplitude are
plotted (Fig. 9a), which has a period of~15 s. Because
the amplitude of VLP is proportional to its moment (e.g.,
Maeda et al. 2019), the time series of the RMS can be
regarded as a time function of the daily moment release
of the VLP source, although the absolute value itself has
no physical meaning here. The daily RMS decreased
from Phases 1 to 3, then increased just before Phase 4,
and finally decreased at the end of Phase 4 (Fig. 9a).
These temporal characteristics are roughly consistent
with those of HDR and SO, flux, which supports the
interpretation of the previous study that VLPs are related
to fluid discharge from the crack source (Kawakatsu
et al. 2000). However, a closer look shows that these
time series are not well correlated over the entire study
period. In particular, the RMS drastically decreased from
Phase 2 to 3, but no such decrease was observed in the
corresponding HDR and SO, flux (Fig. 9a). In addition,
the RMS in Phase 4 returned to the same level as in Phase
2, but the HDR and SO, flux were higher in Phase 4 than
in Phase 2.
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Fig. 10 Comparison between vent degassing and VLP activity. The daily RMS of the VLP is compared with a the H,O flux estimated
from the thermal observation and b SO, flux measured by DOAS. The black, red, and blue symbols indicate values in Phases 2, 3, and 4, respectively
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These facts perhaps imply some correlation between
the VLP amplitude and HDR and gas emissions through-
out the study period, but the correlation coefficient
changed with time (Fig. 10). In Phases 2 and 3, the RMS
of the VLP events had a clear correlation with gas fluxes
(H,O and SO,). From Phase 2 to 3, the RMS decreased
while the gas fluxes were nearly constant, which suggests
some link between the crater depression and subsurface
VLP excitation process, although the detailed mechanism
is unclear here. In Phase 4, the correlation was still pre-
sent, but it was weaker than in Phase 2-3. This is likely
due to the transition of conduit system from relatively
closed to open state before and after the eruption. The
correlation change can also be attributed to other factors,
such as changes in the conduit wall rock strength (Niu
and Song 2020) and fluid flow path, which could switch
degassing with or without VLP (Ichimura et al. 2018).
The complex physical relationship between the shallow
conduit system represented by the VLPs and the surface
fluid discharge process, as captured by the thermal and
gas observations, requires further analysis.

Conclusions

We evaluated the heat discharge rate of volcanic plumes
associated with the 2021 eruptions of Aso volcano.
Despite using two simple methods, our estimates were
consistent with an independent dataset of volcanic
gas monitoring. Based on our results, we identified
transient thermal activity in each phase:

Phase 1: A massive heat discharge with several GW
was estimated at the end of the 2020 ash eruption.
Phase 2: During the quiescent period between the
2020 and 2021 eruptions, the heat discharge rate
decreased from in Phase 1 but remained at 300-
800 MW, which was higher than that of the typical
quiescent periods. This anomalously large heat
discharge continued to overheat the crater floor for
more than a year, probably hindering the restoration
of Yudamari crater lake, which is typically present
during quiescent periods.

Phase 3: In the run-up stage, a comparison with

steady heat discharge (~500 MW), ground
deformation and  demagnetization  suggested
that hydrothermal sealing caused subsurface

pressurization and heating 1-2 months before the
eruptions, and resulted in the first eruption.

Phase 4: Further heat supply into the still-pressurized
hydrothermal system after the first eruption,
eventually resulted in the second eruption. During
the post-eruptive period, a massive heat discharge
of more than 1 GW continued for 4 months, which
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was supported by a continuous magma supply from
the deeper magmatic region. At the end of Phase
4, the thermal activity in the crater returned to
quiescence with the restoration of the lake water.
Thus, we revealed the temporal evolution of thermal
activity throughout a cycle of eruptive activity at Aso
volcano.

We found three important aspects of thermal activity
at Aso volcano; steady heat discharge during pre-
eruptive quiescence, a precursory increase in heat
discharge observed on the day before the second
eruption, and similarity between the 2021 eruption
and the 2016 eruption in terms of thermal, gas, and
geodetic monitoring. However, we have not been able
to quantify a short-term (~1 weak) precursory change
in heat discharge prior to the first eruption. Capturing
such short-term thermal manifestations with high
temporal sampling is crucial for disaster mitigation of
future eruptions with a short-time thermal precursor,
as demonstrated by volcanic gas monitoring of the Pods
2017 eruption.

Abbreviations

cC The center of Nakadake crater

DOAS Differential optical absorption spectroscopy
HDR Heat discharge rate

IMA Japan Meteorological Agency

JST Japan Standard Time

Multi-GAS  Multi Gas Analyzer System

NP North pit hole

SP South pit hole

UAS Unmanned aerial system

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540623-024-01984-y.

Additional file 1: Text S1. Mass and energy budget in the North Pit

Hole on September 23, 2021. Table S1. Parameters for material balance
calculation of hot water in the North Pit Hole. Table S2. Temperature of
Yudamari crater lake in 2022. Table S3. Parameter setting of Farneback
optical flow. Table S4. Estimated results and observation information. Fig-
ure S1. Summary of the aerial observation on January 12, 2022. Figure
S2.The dependency of estimated HDR on temperature correction of a
plume taken by XT2 camera on September 23, 2021.

Acknowledgements

We appreciate Hiroshi Shinohara for first installing the continuous Multi-GAS
station. We thank Hiroyuki Inoue for helping our observation. The eruption
photo taken on October 20, 2021 (shown in Graphical abstract) was provided
by Subaru Nashimoto. We thank Dmitri Rouwet, two anonymous reviewers
and Editor Sonia Calvari for careful and insightful comments which greatly
improved our manuscript. All observations are supported by the AsoVolcano
Disaster Prevention Council of Aso city. SO, flux data and MSM-GPV are
provided by Japan Meteorological Agency. GEONET data (960701) is provided
by Geospatial Information Authority of Japan (GSI). We used perceptual


https://doi.org/10.1186/s40623-024-01984-y
https://doi.org/10.1186/s40623-024-01984-y

Narita et al. Earth, Planets and Space (2024) 76:62

Scientific Colormap, Generic Mapping Tool version 5 and matplotlib for
drawing figures. We used 10-m mesh DEM provided by GSI.

Author contributions

SN performed all thermal observation, data analysis, and writing the
manuscript. AY performed UAS observations and generated DEM of the crater
by aerial photogrammetry. AY, TO and SY performed thermal observations. TO
performed seismic and geodetic observations. SY installed and maintained
Sakanashi camera station. MM and TM conducted Multi-GAS observation, its
data calibration and analysis. All authors read and proved the final version of
the manuscript.

Funding

This study was supported by ISHIZUE 2022 of Kyoto University (AY) and the
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of
Japan, under its Earthquake and Volcano Hazards Observation and Research
Program.

Availability of data and materials
Please ask the corresponding author (narita.s.ah@m.titech.acjp) for raw data
utilization.

Declarations

Competing interests
The authors declare no competing interests.

Author details

' Aso Volcanological Laboratory, Institute for Geothermal Science, Graduate
School of Science, Kyoto University, Kumamoto, Japan. 2Earthquake Research
Institute, The University of Tokyo, Tokyo, Japan. >Graduate School of Science,
The University of Tokyo, Tokyo, Japan. “Present Address: Multidisciplinary
Resilience Research Center, Institute of Innovative Research, Tokyo Institute
of Technology, Gunma, Japan.

Received: 1 November 2023 Accepted: 13 February 2024
Published online: 30 April 2024

References

Aguilera F, Caro J, Layana S (2021) The evolution of Peteroa volcano (Chile-
Argentina) crater lakes between 1984 and 2020 based on Landsat and
Planet Labs imagery analysis. Front Earth Sci 9:722056. https://doi.org/10.
3389/feart.2021.722056

Allard P, Aiuppa A, Beatuducel F, Gaudin D, Di Napoli R, Calabrese S, Parello F,
Crispi O, Hammouya G, Tamburello G (2014) Steam and gas emission rate
from La Soufriere volcano, Guadeloupe (Lesser Antilles): implications for
the magmatic supply during degassing unrest. Chem Geol 384:76-93.
https://doi.org/10.1016/j.chemgeo.2014.06.019

Andres RJ, Schmid JW (2001) The effects of volcanic ash on COSPEC measure-
ments. J Volcanol Geotherm Res 108:237-244. https://doi.org/10.1016/
S0377-0273(00)00288-2

Barberi F, Bertagnini A, Landi P, Principe C (1992) A review on phreatic erup-
tions and their precursors. J Volcanol Geotherm Res 108:231-246. https://
doi.org/10.1016/0377-0273(92)90046-G

Battaglia A, de Moor JM, Aiuppa A, Avard G, Bakkar H, Bitetto M, Mora FMM,
Kelly P, Giudice G, Delle Donne D, Villalobos H (2019) Insights into the
mechanisms of phreatic eruptions from continuous high frequency vol-
canic gas monitoring: Rincon de la Vieja Volcano, Costa Rica. Front Earth
Sci 6:247. https://doi.org/10.3389/feart.2018.00247

Behr, Sherburn S, Hurst T (2023) Continuous estimates of heat emission at
Mt. Ruapehu using the Unscented Kalman Smoother. J Appl Volcanol.
https://doi.org/10.1186/513617-022-00125-y

Briggs GA (1969) Plume rise. Critical review series, Rep TID-25075. Atomic
Energy Commission, Washington

Chiodini G, Frondini F, Cardellini C, Granieri D, Marini L, Ventura G (2001) CO,
degassing and energy release at Solfatara volcano, Campi Flegrei, Italy. J
Geophys Res Solid Earth 106:16213-16221. https://doi.org/10.1029/2001j
000246

Page 20 of 22

Christenson BW, Reyes AG, Young R, Moebis A, Sherburn S, Cole-Baker J, Brit-
ten K (2010) Cyclic processes and factors leading to phreatic eruption
events: insights from the 25 September 2007 eruption through Ruapehu
Crater Lake, New Zealand. J Volcanol Geotherm Res 191:15-32. https://
doi.org/10.1016/j,jvolgeores.2010.01.008

Cigolini C, Coppola D, Yokoo A, Laiolo M (2018) The thermal signature of Aso
Volcano during unrest episodes detected from space and ground-
based measurements. Earth Planets Space. https://doi.org/10.1186/
s40623-018-0831-7

Coppola D, Laiolo M, Campus A, Massimetti F (2022) Thermal unrest of a
fumarolic field tracked using VIIRS imaging bands: the case of La fossa
crater (Vulcano Island, Italy). Front Earth Sci (lausanne). https://doi.org/10.
3389/feart.2022.964372

Crone TJ, McDuff RE, Wilcock WSD (2008) Optical plume velocimetry: a new
flow measurement technique for use in seafloor hydrothermal systems.
Exp Fluids 45:899-915. https://doi.org/10.1007/500348-008-0508-2

de Moor JM, Aiuppa A, Avard G, Wehrmann H, Dunbar N, Muller C, Tamburello
G, Giudice G, Liuzzo M, Moretti R, Conde V, Galle B (2016) Turmoil at Turri-
alba volcano (Costa Rica): degassing and eruptive processes inferred from
high-frequency gas monitoring. J Geophys Res 121:5761-5775. https://
doi.org/10.1002/2016JB013150

de Moor JM, Stix J, Avard G, Muller C, Corrales E, Diaz JA, Alan A, Brenes J,
Pacheco J, Aiuppa A, Fischer TP (2019) Insights on hydrothermal-mag-
matic interactions and eruptive processes at pods volcano (Costa Rica)
from high-frequency gas monitoring and drone measurements. Geophys
Res Lett 46:1293-1302. https://doi.org/10.1029/2018GL080301

Dehn J, Dean KG, Engle K, Izbekov P (2002) Thermal precursors in satel-
lite images of the 1999 eruption of Shishaldin Volcano. Bull Volcanol
64:525-534. https://doi.org/10.1007/500445-002-0227-0

Ehara S, Fujimitsu Y, Nishijima J, Fukuoka K, Ozawa M (2005) Change in the
thermal state in a volcanic geothermal reservoir beneath an active fuma-
rolic field after the 1995 phreatic eruption of Kuju Volcano, Japan. Proc
World Geotherm Congr 2005:24-29

Farneback G (2003) Two-frame motion estimation based on polynomial
expansion. In: Bigun J, Gustavsson T (eds) Image Analysisnumber 2749 in
lecture notes in computer sciences. Springer, Berlin, pp 363-370

Fukui K (1995) H,0 and heat discharged from Aso Volcano in noneruptive
stage. Bull Volcanol Soc Japan. 40:233-248. https://doi.org/10.18940/
kazan.40.4_233

Gaete A, Walter TR, Bredemeyer S, Zimmer M, Kujawa C, Marin LF, Martin JS,
Parra CB (2020) Processes culminating in the 2015 phreatic explosion at
Lascar volcano, Chile, evidenced by multiparametric data. Nat Hazards
Earth Syst Sci 20:377-397. https://doi.org/10.5194/nhess-20-377-2020

Gaudin D, Beauducel F, Coutant O, Delacourt C, Richon P, de Chabalier J,
Hammouya G (2016) Mass and heat flux balance of La Soufriére volcano
(Guadeloupe) from aerial infrared thermal imaging. J Volcanol Geotherm
Res 320:107-116. https://doi.org/10.1016/jjvolgeores.2016.04.007

GliB J, Stebel K, Kylling A, Sudbg A (2018) Improved optical flow velocity analy-
sis in SO, camera images of volcanic plumes - Implications for emission-
rate retrievals investigated at Mt Etna, Italy and Guallatiri, Chile. Atmos
Meas Tech 11:781-801. https://doi.org/10.5194/amt-11-781-2018

Harris A (2013) Thermal remote sensing of active volcanoes: a user's manual.
Cambridge University Press, New York

Harris AJL, Lodato L, Dehn J, Spampinato L (2009) Thermal characterization of
the Vulcano fumarole field. Bull Volcanol 71:441-458. https://doi.org/10.
1007/500445-008-0236-8

Herndndez PA, Pérez NM, Varekamp JC, Henriquez B, Herndndez A, Barrancos
J,Padrén E, Calvo D, Melian G (2007) Crater lake temperature changes
of the 2005 eruption of Santa Ana volcano, El Salvador, Central America.
Pure Appl Geophys 164(12):2507-2522. https://doi.org/10.1007/
500024-007-0275-7

Hurst AW, Bibby HM, Scott BJ, Mcguinness MJ (1991) The heat source of
Ruapehu Crater lake; deductions from the energy and mass balances. J
Volcanol Geotherm Res 46:1-20. https://doi.org/10.1016/0377-0273(91)
90072-8

Ichimura M, Yokoo A, Kagiyama T, Yoshikawa S, Inoue H (2018) Temporal
variation in source location of continuous tremors before ash—-gas emis-
sions in January 2014 at Aso volcano, Japan. Earth Planets Space 70:125.
https://doi.org/10.1186/540623-018-0895-4

Ikebe S, Watanabe K (1990) Recent activity of Naka-dake, Aso volcano: March,
1988-November, 1989. Chishitsu News 6-14


https://doi.org/10.3389/feart.2021.722056
https://doi.org/10.3389/feart.2021.722056
https://doi.org/10.1016/j.chemgeo.2014.06.019
https://doi.org/10.1016/S0377-0273(00)00288-2
https://doi.org/10.1016/S0377-0273(00)00288-2
https://doi.org/10.1016/0377-0273(92)90046-G
https://doi.org/10.1016/0377-0273(92)90046-G
https://doi.org/10.3389/feart.2018.00247
https://doi.org/10.1186/s13617-022-00125-y
https://doi.org/10.1029/2001jb000246
https://doi.org/10.1029/2001jb000246
https://doi.org/10.1016/j.jvolgeores.2010.01.008
https://doi.org/10.1016/j.jvolgeores.2010.01.008
https://doi.org/10.1186/s40623-018-0831-7
https://doi.org/10.1186/s40623-018-0831-7
https://doi.org/10.3389/feart.2022.964372
https://doi.org/10.3389/feart.2022.964372
https://doi.org/10.1007/s00348-008-0508-2
https://doi.org/10.1002/2016JB013150
https://doi.org/10.1002/2016JB013150
https://doi.org/10.1029/2018GL080301
https://doi.org/10.1007/s00445-002-0227-0
https://doi.org/10.18940/kazan.40.4_233
https://doi.org/10.18940/kazan.40.4_233
https://doi.org/10.5194/nhess-20-377-2020
https://doi.org/10.1016/j.jvolgeores.2016.04.007
https://doi.org/10.5194/amt-11-781-2018
https://doi.org/10.1007/s00445-008-0236-8
https://doi.org/10.1007/s00445-008-0236-8
https://doi.org/10.1007/s00024-007-0275-7
https://doi.org/10.1007/s00024-007-0275-7
https://doi.org/10.1016/0377-0273(91)90072-8
https://doi.org/10.1016/0377-0273(91)90072-8
https://doi.org/10.1186/s40623-018-0895-4

Narita et al. Earth, Planets and Space (2024) 76:62

llanko T, Pering TD, Wilkes TC, Choquehuayta FEA, Kern C, Moreno AD, De
Angelis S, Layana S, Rojas F, Aguilera F, Vasconez F, Mcgonigle A (2019)
Degassing at Sabancaya volcano measured by UV cameras and the
NOVAC network. Volcanica. 2:240-252. https://doi.org/10.30909/vol.02.
02.239252

Inguaggiato S, Mazot A, Diliberto IS, Inguaggiato C, Madonia P, Rouwet D,
Vita F (2012) Total CO, output from Vulcano island (Aeolian Islands, Italy).
Geochem Geophys Geosyst 13:002012. https://doi.org/10.1029/2011G
003920

Inguaggiato S, Liotta M, Rouwet D, Tassi F, Vita F, Schiavo B, Ono S, Keller NS
(2023) Sulfur origin and flux variations in fumarolic fluids of Vulcano
Island, Italy. Front Earth Sci 11:1197796. https://doi.org/10.3389/feart.
2023.1197796

Ishii K (2018) Estimation of emission mass from an eruption plume for the
Aso volcano eruption, on October 8, 2016, using a four-dimensional
variational method. Earth Planets Space 70:202. https://doi.org/10.1186/
s40623-018-0964-8

Ishii K, Yokoo A (2021) Combined approach to estimate the depth of the
magma surface in a shallow conduit at Aso volcano, Japan. Earth Planets
Space 73:187. https://doi.org/10.1186/540623-021-01523-z

Ishii K, Yokoo A, Kagiyama T, Ohkura T, Yoshikawa S, Inoue H (2019) Gas flow
dynamics in the conduit of Strombolian explosions inferred from seismo-
acoustic observations at Aso volcano, Japan. Earth Planets Space 71:13.
https://doi.org/10.1186/540623-019-0992-z

Ishii K, Yokoo A, Ohkura T, Kazama T (2023) Temporal variation in the depth
of the magma surface at Aso volcano in 2014-2015. Bull Volcanol 85:7.
https://doi.org/10.1007/500445-022-01616-x

Japan Meteorological Agency (2021) Volcanic activity of Asosan volcano. In:
149th meeting of coordinating committee for prediction of volcanic
eruption, 27 December 2021. https://www.data.jma.go.jp/vois/data/
tokyo/STOCK/kaisetsu/CCPVE/shiryo/149/149_2-5.pdf. Accessed 30
March 2023.in Japanese

Jousset P, Mori H, Okada H (2000) Possible magma intrusion revealed by tem-
poral gravity, ground deformation and ground temperature observations
at Mount Komagatake (Hokkaido) during the 1996-1998 crisis. Geophys
JInt 143:557-574

Kagiyama T (1981) Evaluation methods of heat discharge and their applica-
tions to the major active volcanoes in Japan. J Volcanol Geotherm Res
9:87-97

Kagiyama T (1986) Thermal activity of volcano. Bull Volcanol Soc Japan
30(1):5121-5136

Kanda W, Utsugi M, Takakura S, Inoue H (2019) Hydrothermal system of the
active crater of Aso volcano (Japan) inferred from a three-dimensional
resistivity structure model. Earth Planets Space 71:37. https://doi.org/10.
1186/540623-019-1017-7

Kaneshima S, Kawakatsu H, Matsubayashi H, Sudo Y, Tsutsui T, Ohminato T, Ito
H, Uhira K, Yamasato H, Oikawa J, Takeo M, lidaka T (1996) Mechanism of
phreatic eruptions at Aso volcano inferred from near-field broadband
seismic observations. Science 273:643-645. https://doi.org/10.1126/scien
ce.273.5275.643

Kawaguchi M, Hasenaka T, Koga K, Rose-Koga E, Yasuda A, Hokanishi N, Mori
Y, Shimizu K, Ushikubo T (2021) Persistent gas emission originating
from a deep basaltic magma reservoir of an active volcano: the case
of Aso volcano Japan. Contrib Miner Petrol. https://doi.org/10.1007/
s00410-020-01761-6

Kawakatsu H, Kaneshima S, Matsubayashi H, Ohmitato T, Sudo Y, Tsutsui T,
Uhira K, Yamasato H, Ito H, Legrand D (2000) Aso94: Aso seismic observa-
tion with broadband instruments. J Volcanol Geotherm Res 101:129-154

Kazahaya K, Shinohara H, Saito G (2002) Degassing process of Satsuma-lwo-
jima volcano, Japan: supply of volatile components from a deep magma
chamber. Earth Planets Space 54:327-335. https://doi.org/10.1186/BF033
53031

Kazahaya R, Mori T, Yamamoto K (2013) Separate quantification of volcanic gas
fluxes from Showa and Minamidake craters at Sakurajima volcano. Japan
Bull Volcanol Soc Japan 58(1):183-189

Kyoto University (2021) Geomagnetic observations at Aso Volcano (June
2018 - December 2021). In: 149th meeting of coordinating committee for
prediction of volcanic eruption, 27 December 2021. https://www.data.
jma.go.jp/vois/data/tokyo/STOCK/kaisetsu/CCPVE/shiryo/149/149_2-5.
pdf. Accessed 30 March 2023. in Japanese

Page 21 of 22

Lopez T, Thomas HE, Prata AJ, Amigo A, Fee D, Moriano D (2014) Volcanic
plume characteristics determined using an infrared imaging camera.
JVolcanol Geotherm Res 300:148-166. https://doi.org/10.1016/jjvolg
eores.2014.12.009

Maeda Y, Takeo M, Kazahaya R (2019) Comparison of high- and low-frequency
signal sources for very-long-period seismic events at Asama volcano,
Japan. Geophys J Int 217:389-404. https://doi.org/10.1093/gji/ggz021

Mannen K, Yukutake Y, Kikugawa G, Harada M, Itadera K, Takenaka J (2018)
Chronology of the 2015 eruption of Hakone volcano, Japan: geologi-
cal background, mechanism of volcanic unrest and disaster mitigation
measures during the crisis. Earth Planets Space. https://doi.org/10.1186/
540623-018-0844-2

Matsushima N (2005) H,O emission rate by the volcanic plume during the
2000-2002 Miyakejima volcanic activity. Geophys Res Lett 32:1-5. https://
doi.org/10.1029/2005GL023217

Matsushima N, Kazahaya K, Saito G, Shinohara H (2003) Mass and heat flux of
volcanic gas discharging from the summit crater of Iwodake volcano,
Satsuma-lwojima, Japan, during 1996-1999. J Volcanol Geotherm Res
126:285-301. https://doi.org/10.1016/S0377-0273(03)00152-5

Mick E, Stix J, de Moor JM, Avard G (2021) Hydrothermal alteration and sealing
at Turrialba volcano, Costa Rica, as a mechanism for phreatic eruption
triggering. J Volcanol Geotherm Res. https://doi.org/10.1016/jjvolgeores.
2021.107297

Minkina W, Dudzik S (2009) Infrared thermography: errors and uncertainties.
Wiley, Hoboken

Miyabuchi'Y, Hara C (2019) Temporal variations in discharge rate and com-
ponent characteristics of tephra-fall deposits during the 2014-2015
eruption of Nakadake first crater, Aso Volcano, Japan. Earth Planets Space.
https://doi.org/10.1186/540623-019-1018-6

Miyabuchi'Y, lizuka Y, Hara C, Yokoo A, Ohkura T (2018) The September 14, 2015
phreatomagmatic eruption of Nakadake first crater, Aso Volcano, Japan:
Eruption sequence inferred from ballistic, pyroclastic density current and
fallout deposits. J Volcanol Geotherm Res 351:41-56. https://doi.org/10.
1016/j.jvolgeores.2017.12.009

MiyabuchiY, lizuka Y, Ennyu F, Ohkura T (2021) Precursor activity of the 2019-
2020 magmatic eruption at Nakadake first crater, Aso Volcano: Insights
from ash fall deposits from early activity on May 3-5, 2019. Bull Volcanol
Soc Jpn. 66(3):157-169. https://doi.org/10.18940/kazan.66.3_157

Miyabuchi'Y, lizuka Y, Ohkura T (2022) The October 14, 2021 eruption of
Nakadake first crater, Aso volcano (Japan): Insights from its eruptive
deposits. Bull Volcanol Soc Jpn. 67(4):441-452. https://doi.org/10.18940/
kazan.67.4_441

Morita M (2019) Temporal variations of plume activities before the 8 October
2016 eruption of Aso volcano, Japan, detected by ground-based and
satellite measurements. Earth Planets Space. https://doi.org/10.1186/
540623-019-0986-x

Morita M, Shinohara H, Kazahaya R, Ueda H (2022) Monitoring of volcanic
gas composition using an automatic Multi-GAS station. Chikyu Monthly
44(7):347-353

Nakaboh M, Ono H, Sako M, Sudo Y, Hashimoto T, Hurst A (2003) Continuing
deflation by fumaroles at Kuju Volcano, Japan. Geophys Res Lett. https://
doi.org/10.1029/2002GL016047

Narita S, Murakami M, Tanaka R (2019) Quantitative relationship between
plume emission and multiple deflations after the 2014 phreatic eruption
at Ontake volcano, Japan. Earth Planets Space. https://doi.org/10.1186/
540623-019-1124-5

Nashimoto S, Yokoo A (2023) A new method to reconstruct the 3D ground
surface temperature from aerial TIR and visible images: application to the
active crater of Aso volcano, Japan. Earth Planets Space 75:57. https://doi.
0rg/10.1186/540623-023-01786-8

Niu J, Song TRA (2020) Real-time and in-situ assessment of conduit permeabil-
ity through diverse long-period tremors beneath Aso volcano, Japan. J
Volcanol Geotherm Res. https://doi.org/10.1016/jjvolgeores.2020.106964

Okamoto K, Nishio S, Saga T, Kobayashi T (2000) Standard Images for particle
image velocimetry. Meast Sci Technol 11:685-691

Ono K, Watanabe K, Hoshizumi H, Ikebe S (1995) Ash eruption of the Naka-
dake crater, Aso volcano, southwestern Japan. J Volcanol Geotherm Res
66:137-148. https://doi.org/10.1016/0377-0273(94)00061-K

Ono K, Watanabe K (1985) Geological map of Aso Volcano 1:50,000. Geologi-
cal Map of Volcanoes 4, Geological Survey of Japan. in Japanese with
English abstract


https://doi.org/10.30909/vol.02.02.239252
https://doi.org/10.30909/vol.02.02.239252
https://doi.org/10.1029/2011GC003920
https://doi.org/10.1029/2011GC003920
https://doi.org/10.3389/feart.2023.1197796
https://doi.org/10.3389/feart.2023.1197796
https://doi.org/10.1186/s40623-018-0964-8
https://doi.org/10.1186/s40623-018-0964-8
https://doi.org/10.1186/s40623-021-01523-z
https://doi.org/10.1186/s40623-019-0992-z
https://doi.org/10.1007/s00445-022-01616-x
https://www.data.jma.go.jp/vois/data/tokyo/STOCK/kaisetsu/CCPVE/shiryo/149/149_2-5.pdf
https://www.data.jma.go.jp/vois/data/tokyo/STOCK/kaisetsu/CCPVE/shiryo/149/149_2-5.pdf
https://doi.org/10.1186/s40623-019-1017-7
https://doi.org/10.1186/s40623-019-1017-7
https://doi.org/10.1126/science.273.5275.643
https://doi.org/10.1126/science.273.5275.643
https://doi.org/10.1007/s00410-020-01761-6
https://doi.org/10.1007/s00410-020-01761-6
https://doi.org/10.1186/BF03353031
https://doi.org/10.1186/BF03353031
https://www.data.jma.go.jp/vois/data/tokyo/STOCK/kaisetsu/CCPVE/shiryo/149/149_2-5.pdf
https://www.data.jma.go.jp/vois/data/tokyo/STOCK/kaisetsu/CCPVE/shiryo/149/149_2-5.pdf
https://www.data.jma.go.jp/vois/data/tokyo/STOCK/kaisetsu/CCPVE/shiryo/149/149_2-5.pdf
https://doi.org/10.1016/j.jvolgeores.2014.12.009
https://doi.org/10.1016/j.jvolgeores.2014.12.009
https://doi.org/10.1093/gji/ggz021
https://doi.org/10.1186/s40623-018-0844-2
https://doi.org/10.1186/s40623-018-0844-2
https://doi.org/10.1029/2005GL023217
https://doi.org/10.1029/2005GL023217
https://doi.org/10.1016/S0377-0273(03)00152-5
https://doi.org/10.1016/j.jvolgeores.2021.107297
https://doi.org/10.1016/j.jvolgeores.2021.107297
https://doi.org/10.1186/s40623-019-1018-6
https://doi.org/10.1016/j.jvolgeores.2017.12.009
https://doi.org/10.1016/j.jvolgeores.2017.12.009
https://doi.org/10.18940/kazan.66.3_157
https://doi.org/10.18940/kazan.67.4_441
https://doi.org/10.18940/kazan.67.4_441
https://doi.org/10.1186/s40623-019-0986-x
https://doi.org/10.1186/s40623-019-0986-x
https://doi.org/10.1029/2002GL016047
https://doi.org/10.1029/2002GL016047
https://doi.org/10.1186/s40623-019-1124-5
https://doi.org/10.1186/s40623-019-1124-5
https://doi.org/10.1186/s40623-023-01786-8
https://doi.org/10.1186/s40623-023-01786-8
https://doi.org/10.1016/j.jvolgeores.2020.106964
https://doi.org/10.1016/0377-0273(94)00061-K

Narita et al. Earth, Planets and Space (2024) 76:62

Peters N, Hoffmann A, Barnie T, Herzog M, Oppenheimer C (2015) Use of
motion estimation algorithms for improved flux measurements using
SO, cameras. J Volcanol Geotherm Res 300:58-69. https://doi.org/10.
1016/jjvolgeores.2014.08.031

Rouwet D, Mora-Amador R, Ramirez C, Gonzalez G, Baldoni E, Pecoraino G,
Inguaggiato S, Capaccioni B, Lucchi F, Tranne CA (2021) Response of a
hydrothermal system to escalating phreatic unrest: the case of Turrialba
and Irazy in Costa Rica (2007-2012). Earth Planets Space. https://doi.org/
10.1186/540623-021-01471-8

Rowe GL, Brantley SL, Fernandez M, Fernandez J, Borgia A, Barquero J (1992)
Fluid-volcano interaction in an active stratovolcano: the crater lake
system of Poas volcano, Costa Rica. J Volcanol Geotherm Res 49:23-51.
https://doi.org/10.1016/0377-0273(92)90003-V

Saito M, Matsushima T, Matsuwo N, Shimizu H (2007) Observation of SO, and
CO, fluxes in and around the active crater of Aso Nakadake Volcano. Sci
Rep 22:51-52. https://doi.org/10.15017/6059. (in Japanese with English
abstract)

Saito T, Ohsawa S, Hashimoto T, Terada A, Yoshikawa S, Ohkura T (2008) Water,
heat and chloride balances of the crater lake at Aso volcano Japan. J
Geotherm Res Soc Jpn. 30(2):107-120. https://doi.org/10.11367/grsj1979.
30.107

Saito G, Ishizuka O, Ishizuka Y, Hoshizumi H, Miyagi | (2018) Petrological char-
acteristics and volatile content of magma of the 1979, 1989, and 2014
eruptions of Nakadake, Aso volcano, Japan. Earth Planets Space. https://
doi.org/10.1186/540623-018-0970-x

Sassa K (1935) Volcanic micro-tremors and eruption-earthquakes: (part | of the
geophysical studies on the Volcano Aso). Mem Coll Sci Kyoto Imp Univ
Sera. 18(5):255-293

Shinohara H (2005) A new technique to estimate volcanic gas composition:
plume measurements with a portable multi-sensor system. J Volcanol
Geotherm Res 143:319-333. https://doi.org/10.1016/jjvolgeores.2004.
12.004

Shinohara H, Yokoo A, Kazahaya R (2018) Variation of volcanic gas composi-
tion during the eruptive period in 2014-2015 at Nakadake crater, Aso
volcano, Japan. Earth Planets Space 70(1):151. https://doi.org/10.1186/
540623-018-0919-0

Stix J, de Moor JM (2018) Understanding and forecasting phreatic eruptions
driven by magmatic degassing. Earth Planet Space 70(1):83. https://doi.
0rg/10.1186/540623-018-0855-z

Sudo 'Y, Tsutsui T, Nakaboh M, Yoshikawa M, Yoshikawa S, Inoue H (2006)
Ground deformation and magma reservoir at Aso volcano: Location of
deflation source derived from long-term geodetic surveys. Bull Volcanol
Soc Japan 51(5):291-309. https://doi.org/10.18940/kazan.51.5_291

Tajima Y, Nakada S, Maeno F, Furuzono T, Takahashi M, Inamura A, Matsushima
T, Nagai M, Funasaki J (2020) Shallow magmatic hydrothermal eruption
in April 2018 on Ebinokogen loyama volcano in Kirishima volcano group,
Kyushu, Japan. Geosciences 10(5):183. https://doi.org/10.3390/geosc
iences10050183

Tamburello G, Caliro S, Chiodini G, Martino PD, Avino R, Minopoli C,
Carandente A, Rouwet D, Aiuppa A, Costa A, Bitetto M, Giudice G, Fran-
cofonte V, Ricci T, Sciarra A, Bagnato E, Capecchiacci F (2019) Escalating
CO2 degassing at the Pisciarelli fumarolic system, and implications for

the ongoing Campi Flegrei unrest. J Volcanol Geotherm Res 384:151-157.

https://doi.org/10.1016/jjvolgeores.2019.07.005

Tanaka Y (1993) Eruption mechanism as inferred from geomagnetic changes
with special attention to the 1989-1990 activity of Aso Volcano. J Vol-
canol Geotherm Res 56:319-338. https://doi.org/10.1016/0377-0273(93)
90024-L

Tanaka R, Hashimoto T, Matsushima N, Ishido T (2018) Contention between
supply of hydrothermal fluid and conduit obstruction: inferences from
numerical simulations. Earth Planets Space 70(1):72. https://doi.org/10.
1186/540623-018-0840-6

Shinmura T, Miyoshi M, Sumino H, Ueda Y, Mori Y, Hasenaka T, Arakawa Y,
Nagao K (2022) K-Ar ages of volcanic rocks from Nekodake volcano in the
eastern part of Aso caldera, central Kyushu, Japan. Bull Volcanol Soc Jpn.
67:135-147. https://doi.org/10.18940/kazan.67.2_135

Terada A, Hashimoto T (2017) Variety and sustainability of volcanic lakes:
Response to subaqueous thermal activity predicted by a numerical
model. J Geophys Res Solid Earth 122:6108-6130. https://doi.org/10.
1002/2017JB014387

Page 22 of 22

Terada A, Hashimoto T, Kagiyama T, Sasaki H (2008) Precise remote-monitoring
technique of water volume and temperature of a crater lake in Aso
volcano, Japan: implications for a sensitive window of a volcanic hydro-
thermal system. Earth Planets Space 60:705-710. https://doi.org/10.1186/
BF03353134

Terada A, Hashimoto T, Kagiyama T (2012) A water flow model of the active
crater lake at Aso volcano, Japan: Fluctuations of magmatic gas and
groundwater fluxes from the underlying hydrothermal system. Bull
Volcanol 74:641-655. https://doi.org/10.1007/500445-011-0550-4

Terada A, Kanda W, Ogawa Y, Aoyama H (2021) The 2018 phreatic eruption at
Mt. Motoshirane of Kusatsu-Shirane volcano, Japan: eruption and intru-
sion of hydrothermal fluid observed by a borehole tiltmeter network.
Earth Planets Space 73:157. https://doi.org/10.1186/540623-021-01475-4

Thompson JO, Contreras-Arratia R, Befus KS, Ramsey MS (2022) Thermal and
seismic precursors to the explosive eruption at La Soufriere Volcano, St.
Vincent in April 2021. Earth Planet Sci Lett. https://doi.org/10.1016/j.epsl.
2022.117621

Tsunogai U, Shingubara R, Morishita Y, Ito M, Nakagawa F, Yoshikawa S, Utsugi
M, Yokoo A (2022) Sampling volcanic plume using a drone-borne SelPS
for remotely determined stable isotopic compositions of fumarolic car-
bon dioxide. Front Earth Sci. https://doi.org/10.3389/feart.2022.833733

Weil JC (1988) Plume rise. In: Venkatram A, Wyngaard JC (eds) Lectures on air
pollution modeling. American Meteorological Society, Boston. https://
doi.org/10.1007/978-1-935704-16-4_4

Wessels R, Coombs M, Schneider D, Dehn J, Ramsey M (2010) High-resolution
satellite and airborne thermal infrared imaging of the 2006 eruption of
Augustine volcano, chapter 22. In: Power A, Coombs M, Freymueller J
(eds) U.S. Geological survey professional paper 1769. The 2006 Eruption
of Augustin Volcano, Alaska

Witter JB, Hernandez P, Harris AJL, Pérez N (2012) Quantification of the mass
flux of H,O gas (steam) at three active volcanoes using thermal infrared
imagery. Pure Appl Geophys 169:1875-1889. https://doi.org/10.1007/
500024-011-0446-4

Yamamoto M, Kawakatsu H, Kaneshima S, Mori T, Tsutsui T, Sudo Y, Morita Y
(1999) Detection of a crack-like conduit beneath the active crater at Aso
volcano, Japan. Geophys Res Lett 26:3677-3680. https://doi.org/10.1029/
1999GL005395

Yanagisawa H, Oikawa T, Kawaguchi R, Kimura K, Itoh J, Kshida H, Kato K,
Ando S, lkeda K, Utusnomiya S, Bando A, Okuyama S, Kamata R, Kodama
T, Komori J, Nakama C (2022) The 2016 eruptions of Niigata-Yakeyama
volcano: eruption model based on the sequence of volcanic activity and
petrography of volcanic ash. Bull Volcanol Soc Jpn. 67:295-317. https://
doi.org/10.18940/kazan.67.3_295

Yokoo A, Ishii K (2021) Process to analyze radiometric JPEG files taken by a
thermal infrared camera. Bull Volcanol Soc Jpn 66:229-240. https://doi.
0rg/10.18940/kazan.66.3_229

Yokoo A, Terada A, Morita M, Tanaka R, Yasuda Y, Nashimoto S, Uno K, Utsugi
M, Yoshikawa S, Inoue H, Ohkura T, Morita Y (2022) An aerial survey using
unoccupied aerial vehicles in response to the phreatic explosion of Aso
volcano in October 2021. Japan Geoscience Union Meeting, Makuhari

Zhan'Y, Mével HL, Roman DC, Girona T, Gregg PM (2022) Modeling deforma-
tion, seismicity, and thermal anomalies driven by degassing during the
2005-2006 pre-eruptive unrest of Augustine Volcano, Alaska. Earth Planet
Sci Lett. https://doi.org/10.1016/j.epsl.2022.117524

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/j.jvolgeores.2014.08.031
https://doi.org/10.1016/j.jvolgeores.2014.08.031
https://doi.org/10.1186/s40623-021-01471-8
https://doi.org/10.1186/s40623-021-01471-8
https://doi.org/10.1016/0377-0273(92)90003-V
https://doi.org/10.15017/6059
https://doi.org/10.11367/grsj1979.30.107
https://doi.org/10.11367/grsj1979.30.107
https://doi.org/10.1186/s40623-018-0970-x
https://doi.org/10.1186/s40623-018-0970-x
https://doi.org/10.1016/j.jvolgeores.2004.12.004
https://doi.org/10.1016/j.jvolgeores.2004.12.004
https://doi.org/10.1186/s40623-018-0919-0
https://doi.org/10.1186/s40623-018-0919-0
https://doi.org/10.1186/s40623-018-0855-z
https://doi.org/10.1186/s40623-018-0855-z
https://doi.org/10.18940/kazan.51.5_291
https://doi.org/10.3390/geosciences10050183
https://doi.org/10.3390/geosciences10050183
https://doi.org/10.1016/j.jvolgeores.2019.07.005
https://doi.org/10.1016/0377-0273(93)90024-L
https://doi.org/10.1016/0377-0273(93)90024-L
https://doi.org/10.1186/s40623-018-0840-6
https://doi.org/10.1186/s40623-018-0840-6
https://doi.org/10.18940/kazan.67.2_135
https://doi.org/10.1002/2017JB014387
https://doi.org/10.1002/2017JB014387
https://doi.org/10.1186/BF03353134
https://doi.org/10.1186/BF03353134
https://doi.org/10.1007/s00445-011-0550-4
https://doi.org/10.1186/s40623-021-01475-4
https://doi.org/10.1016/j.epsl.2022.117621
https://doi.org/10.1016/j.epsl.2022.117621
https://doi.org/10.3389/feart.2022.833733
https://doi.org/10.1007/978-1-935704-16-4_4
https://doi.org/10.1007/978-1-935704-16-4_4
https://doi.org/10.1007/s00024-011-0446-4
https://doi.org/10.1007/s00024-011-0446-4
https://doi.org/10.1029/1999GL005395
https://doi.org/10.1029/1999GL005395
https://doi.org/10.18940/kazan.67.3_295
https://doi.org/10.18940/kazan.67.3_295
https://doi.org/10.18940/kazan.66.3_229
https://doi.org/10.18940/kazan.66.3_229
https://doi.org/10.1016/j.epsl.2022.117524

	Heat transport process associated with the 2021 eruption of Aso volcano revealed by thermal and gas monitoring
	Abstract 
	Introduction
	Recent activity of Aso volcano
	Phase 1: 2019–2020 eruption (July 2019 to early June 2020)
	Phase 2: Inter-eruptive quiescent period (mid–June 2020 to June 17, 2021)
	Phase 3: From depression to the run-up of the 2021 eruptions (June 18, 2021, to October 13, 2021)
	Phase 4: From eruptions to a quiescent state (October 14, 2021, to early March 2022)

	Thermal observation and analysis
	Thermal infrared (TIR) camera observations
	Estimation of HDR retrieved from TIR images
	Plume-rise observation and analysis
	Multi-GAS observation

	Results
	Heat discharge rate
	Mass flux

	Discussion
	Validation of the H2O flux through comparison with gas observations
	Thermal activity and its association with the two eruptions
	Phase 1–2: Decline of heat discharge at the end of the 2020 eruption
	Phase 2: Decreasing trend of HDR
	Phase 2: Origin of water in the plumes
	Phase 2–3: Cause of the crater lake depletion
	Phase 3: Run-up process of the 2021 eruption
	Phase 4: Cause of the 2021 eruption
	Phase 4: Post-eruptive relaxation toward quiescence

	Comparison with seismicity of long-period tremors

	Conclusions
	Acknowledgements
	References


