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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
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Abstract

At active volcanoes, the surface temperature and its spatial distribution can indicate changes in the underlying
magmatic and hydrothermal system. Surface temperature monitoring has been widely performed using thermal
remote sensing with thermal infrared (TIR) cameras. One of the drawbacks of this method is that the unknown
viewing orientation of TIR images inhibits quantitative evaluations of the spatial extent and distributions of thermal
anomalies. Therefore, many studies have performed 3D temperature-field reconstructions by processing TIR images
photogrammetrically. However, these studies have not included the correction of TIR wave atmospheric attenuation
and viewing-angle variation in emissivity in the reconstruction procedure, which can result in significant temperature
misestimation. We propose a simple method that incorporates the correction into the reconstruction process, which
can improve the estimation of surface temperature, especially in rugged terrains. We demonstrate our method for
the active crater of Aso volcano in Japan. We create digital elevation models by applying the Structure from Motion-
Multi-view Stereo algorithm to aerial visible images taken at the same time as the TIR images and then project the
TIR images onto the DEM with the direct georeferencing method. The correction is carried out using the geometric
parameters acquired in the process. We create 1-m resolution orthorectified thermal images of the crater on two
separate dates (18 August 2020 and 16 March 2022) and calculate the heat discharge rates from steaming grounds
and a volcanic lake. We find that the heat discharge rate from the fumarolic field on the south crater wall showed a
sevenfold increase after the phreatic explosions that occurred on 14 and 20 October 2021.
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Introduction

At active volcanoes, monitoring changes in the surface
temperature and spatial distribution, such as tempera-
ture increases in fumarolic vents or extension of thermal
anomalies, is crucial, because they are often associated
with activation of underlying hydrothermal or magmatic
systems. At Campi Flegrei in Italy, Chiodini et al. (2007)
discovered that some fumarolic vents exhibited anoma-
lous temperature increases before and after two seismic
swarms. This increase was due to hydrothermal fluid
transfer from a deeper part of the hydrothermal sys-
tem to the fumarole field. At Satsuma—Iwojima volcano,
Japan, Matsushima et al. (2003) observed that high-tem-
perature anomalies migrated from the peripheral zone of
the summit crater to its center as a sizable degassing vent
appeared in the crater. It was concluded that the ascent
of the magma head to the shallow part of the volcano
caused this phenomenon.

Surface temperature measurements for active vol-
canoes have been obtained by satellite, airborne, and
ground-based remote sensing, as well as by traditional
in situ temperature acquisition with thermometers.
In recent years, thermal infrared (TIR) cameras have

been used extensively for volcano monitoring, because
they enable seamless temperature data acquisition over
broad areas. Their application includes hot crack detec-
tion (Bonaccorso et al. 2003), estimation of heat flux
discharged from steaming grounds (Sekioka and Yuhara
1974; Gaudin et al. 2013) and observation of lava dome
emplacement (Vaughan et al. 2005).

Despite their widespread use, there are two problems
with TIR camera observations. One problem is that it is
challenging to associate TIR images of target objects in
certain locations with world coordinates (georeferenc-
ing), especially for ground-based observations. Geo-
referencing of TIR images is essential to quantitatively
evaluate the spatial extent or distribution of thermal
anomalies. The difficulty is attributed to highly oblique
and unknown viewing orientations (Lewis et al. 2015).
The other problem is that the apparent temperature
acquired with TIR cameras contains errors that originate
from several factors. Water vapor and volcanic gases in
the atmosphere can significantly affect temperature data
through the attenuation of TIR waves (Sawyer and Bur-
ton 2006). The emissivity of the target object can also be
an important factor. The surfaces of volcanic fields are
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not perfect black bodies. Therefore, we must correct the
temperature data considering the effects of emissivity,
which vary depending on the roughness of the surface
and the viewing angle (Ball and Pinkerton 2006).

Previous studies have addressed these two problems
using the following approaches. For georeferencing of
TIR images, some studies employed photogrammetric
strategies: monoplotting (James et al. 2006; Fornaciai
et al. 2021) and the Structure from Motion—Multi-view
Stereo (SfM—-MVS) algorithm (Lewis et al. 2015; Thiele
et al. 2017; Lewis et al. 2020). Concerning the atmos-
pheric attenuation of TIR waves, Stevenson and Varley
(2008) corrected the temperature data of TIR images
using an atmospheric transmission model. Ball and Pink-
erton (2006) experimentally determined the relationship
between the viewing angle and emissivity of an Etnean
lava sample. Using this relationship, Yokoo and Ishii
(2021) corrected the data extracted from the TIR images
of a fumarolic field at Aso volcano in Japan.

Although much effort has been made to mitigate
the effect of atmospheric attenuation and emissivity,
few studies have focused on the effects of the variable
viewing distance and viewing angle over a single TIR
image. These effects cannot be disregarded, especially
on steep and complex terrains in volcanic environ-
ments (Additional file 1: Figs. S1, S2, S3). James et al.
(2006) addressed this issue at Etna volcano, Italy. They
calculated the viewing distance for each pixel using a
digital elevation model (DEM) and viewing orienta-
tion acquired through georeferencing. Then, a pixelwise
correction was performed using an atmospheric atten-
uation correction code. Although James et al. (2006)
succeeded in the pixelwise correction of atmospheric
attenuation, they did not consider the viewing-angle
dependence of emissivity.

In this paper, we propose a new simple TIR data
processing method to simultaneously achieve geo-
referencing and pixelwise correction of the effects of
atmospheric attenuation and the viewing angle depend-
ency of emissivity. Our method aims to create ortho-
rectified thermal images of volcanoes by georeferencing
many corrected TIR images. We employed the direct
method (Correia et al. 2022) for georeferencing. We
corrected temperature data using techniques reviewed
by Yokoo and Ishii (2021). These pixelwise corrections
have become possible thanks to discussions on the
online Forum of ExifTools and Minkina and Dudzik
(2009). They discovered a technique to extract signal
data from TIR images acquired with FLIR Inc. cam-
eras, conversion formulas of the signal data and atmos-
pheric correction formulas within FLIR’s cameras. We
demonstrated the method at the active crater of Aso
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volcano and created two orthorectified thermal images
in August 2020 and March 2022.

Aso volcano is one of the most active volcanoes in
Japan. Its volcanic activities have been focused only in
the northern crater of the Nakadake stratocone (Addi-
tional file 1: Fig. S4) since the 1940s (Sudo et al. 2006).
The most recent magmatic activity of the crater started
in July 2019 during which sporadic ash emissions con-
tinued until June 2020 (Miyabuchi et al. 2021). A rela-
tively quiescent period with fumarolic activity followed
the eruptive period. On 14 and 20 October 2021, small
phreatic explosions occurred. The explosion on 20
October generated a pyroclastic density current that
ran down 1.6 km from the crater and devastated the
area around it. Since the entry to the proximal area had
been prohibited under regulations issued a week before
in response to intensification of its volcanic activities,
the explosions caused no causalities. The explosions left
a high-temperature crater lake on the crater floor, and
at the time of writing (December 2022), no eruptions
had occurred since October 2021.

Methods

Data acquisition

We performed airborne thermal surveys on 18 August
2020 and 16 March 2022 at the active crater of Aso vol-
cano (2020 and 2022 surveys, respectively). Clear days
were chosen for our surveys to minimize the effects
of condensed vapor discharged from fumaroles in the
crater. We used a TIR camera (FLIR Zenmuse XT2)
mounted on an Unoccupied Aereal Vehicle (UAV; DJI
Matrice 200). We used two XT2 models, one with a
9 mm focal length for the 2020 survey and the other
with a 13 mm focal length for the 2022 survey. These
TIR cameras can acquire both visible and TIR images of
the same scene in one shot (Fig. 1a, b). The resolution
of visible images was 4000x3000 pixels and that of TIR
cameras was 360x256 pixels (2020 survey) and 640x540
pixels (2022 survey). We kept a constant flight height
of 150 m above the crater rim, thereby maintaining the
consistency of the ground sample distance (GSD: the
distance between the centers of two adjacent pixels on a
target surface) on the crater floor. The GSDs of the TIR
images were approximately 20 cm and 15 cm at the cra-
ter rim and 50 cm and 30 cm at the crater floor in the
2020 and 2022 surveys, respectively. We took 755 and
922 sets of overlapping visible and TIR images in 2020
and 2022, respectively. The image acquisition positions
are shown in Fig. 2.

Data processing
The workflow of the proposed method is illustrated
in Fig. 3. We built DEMs from only the visible image
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Fig. 1 Image samples acquired with XT2 and used in the masking process. a and b Visible image of the active crater at Aso volcano in 2020, and
its paired TIR image. ¢ Area of the condensed vapor on the visible image determined by the software (Agisoft Metashape Professional). d TIR image
overlapped with the masking image. The white area corresponds to the black area in ¢. The white and black rectangles on a and c indicate the area

corresponding to the TIR image shown in b

datasets acquired from the UAV through the StM-MVS
photogrammetric process using commercial software
(Agisoft Metashape Professional). Before processing,
the portion of the visible images obscured by condensed
vapor (white steam) was removed with masking images
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(Fig. 1c, d) because it could result in spurious surfaces
in the resultant DEM. The software yielded dense point
clouds with a mean point density of 200 pts/m? (Addi-
tional file 1: Fig. S5), and we created DEMs with 1 m
resolution through interpolation. Although we chose

Northing [m]

Easting [m]

Fig. 2 UAV camera positions for the a 2020 and b 2022 surveys. The background topography is the DEM created in this study. The white open
circles are the camera positions. The red triangles indicate the positions of the GCPs
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Fig. 3 Workflow of the proposed method SfM-MVS is applied to the
visible images to generate DEM. Exterior parameters are estimated

in the SIM—MVS at the same time. The TIR images are orthorectified
using the DEM and exterior parameters. Through orthorectification,
the viewing distance and angle can be obtained for each pixel. These
parameters are used to perform a pixelwise correction of the TIR
images

four shelter buildings around the crater as ground control
points, they were insufficient and not homogeneously
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distributed (Fig. 2). Therefore, the data obtained out-
side the crater were somewhat inaccurate (a few meters
at some parts; Additional file 1: Fig. S7). We replaced
any unsuitable data with the 2012 DEM provided by
the Geospatial Information Authority of Japan to create
1-m DEMs of the whole area around the crater (Yokoo
et al. 2019). The DEMs for the 2020 and 2022 surveys are
shown in Fig. 2 in hillshading.

SIM-MVS provides not only DEMs but also certain
optical parameters of the camera and external parameters
of each shot, which are necessary for the georeferenc-
ing process described in the following section. The opti-
cal parameters allow conversion from the pixel coordinate
system (2D Cartesian coordinate system that defines the
locations of pixels in images) to the image coordinate sys-
tem (3D Cartesian coordinate system fixed to the camera
and reference locations in a film plane; Fig. 4). They con-
sist of focal length f (in pixel units), offset of principal point
(cx ¢y), and lens distortion parameters (k1, ko, k3, p1, p2).
The optical parameters of the visible cameras were esti-
mated during the DEM creation process described above.
The optical parameters of the TIR cameras were also esti-
mated by applying SIM-MVS to TIR images of a target
object with thermally distinctive features (our laboratory
building). The internal parameters of both visible and TIR
cameras are listed in Table 1. External parameters, which

(X(‘am ) Y(‘alll ) Z(‘am )

Fig. 4 Schematic illustration of the georeferencing process The TIR image is overlaid onto the DEM surface by converting the pixel coordinate (u, v)

into the world coordinate (X, Y, 2). External parameters are also indicated
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consist of camera position (Xcam, Ycam, Zcam) and orienta-
tion (¢, 0, V) for each shot, allow the 3D transformation of
the image coordinate to the world coordinate (Fig. 4).

We georeferenced the TIR images through direct geo-
referencing, a technique to orthorectify images with a
DEM and external parameter data (Correia et al. 2022).
Direct georeferencing aims to convert every pixel coordi-
nate in images (¢, v) into the corresponding world coor-
dinate, (X, Y, Z). We assumed that the offset between the
center of the TIR image and the corresponding visible
image is negligible. As a preparatory step of georeferenc-
ing, the effect of lens distortion was corrected with the
distortion parameters. After this step, the pixel coordi-
nate was converted by applying the following equations:

u—cx—0.5w
V= Rz(w)Rx(¢)Ry(9) (V_cyf_o‘5h) , and (1)

S
X\ [Kam\
Y = Ycam + s ﬁ . (2)
Z Zcam v

In Eq. (1), Rx(¢), Ry(6), and R,(1) are 3x3 rotational
matrices around the x, y and z axes of the image coor-
dinate (Fig. 3), and w and % are the width and height,
respectively, of the TIR images ((w, 1) =(360, 256) for the
2020 survey and (640, 512) for the 2022 survey). In Eqgs.
(1) and (2), v is a vector that passes through (#, v) and
points toward (X, Y, Z), and s is the viewing distance. The
right-hand side of Eq. (2) represents a vector with length
s, and it points from (Xcam, Yeams Zcam) to (X, Y, Z) in
world coordinates. The vector was extended until it inter-
sected the DEM surface. Then, the viewing distance s was
determined as the length between (Xcam, Ycam, Zcam) and
the intersection (Fig. 4).

Table 1 Optical parameters of FLIR Zenmuse XT2

X728 XT2b
Visible TIR Visible TIR
Focallength f  4.109e3 5467e2 4.086e3 7.844e2
Principal point ¢x  1.408e1 0.0 1.104e1 1.616e0
offset
¢y 2.39%el 0.0 2.594e1 —5.610e0
Distortion ki —4215e—1 —4461e—1 —4.166e—1 —3.291e—2
parameter
ky 2.523e—1 1.987e—1 2435e—1 1.799e—1
ks —1.127e—1 00 —1.062e—1 8.342e—1
p1 —6490e—5 —1.820e—3 8470e—4 8.364e—5
py —8890e—5 —1.106e—3 761le—4 —1.252e-3

2The XT2 model, whose focus length is 9 mm used for the 2020 survey

bThe XT2 model, whose focus length is 13 mm used for the 2022 survey
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Next, we performed correction to the TIR data. First, the
areas of visible condensed vapor in the TIR images were
removed with the masking images used in the DEM crea-
tion process. The masking images were undistorted with
the distortion parameters of the visible camera by the same
process as that used for the TIR images (Fig. 1d). Then,
every pixel coordinate of the TIR images was converted
into the pixel coordinate of the visible images by

<u—cx —0.5w v—cy —0.5h 1)
TIR

S ’ S
_ (u—cX—O.Sw v—cy,—05h 1)
f ’ f ’ Visible, (3)

where subscripts TIR and Visible indicate that the quan-
tity in parentheses is calculated using both the pixel coor-
dinates and optical parameters of TIR and visible images,
respectively. Then, every pixel coordinate of the TIR
images was associated with the corresponding coordinate
of the masking images, which resulted in the coregistra-
tion of TIR images and masking images. In this process,
we averaged the pixel brightness over the rectangle with
its width of wyigiple/WTIR, height of hyigiple//TIR @and cen-
tered around (évigsible, Vvisible)- If the average brightness
was below a threshold, we considered the temperature
datum stored in (uTIr, vTIR) as affected by condensed
water and removed it from the TIR images.

Then, we performed pixelwise TIR data correction for
the effects of atmospheric attenuation and emissivity, fol-
lowing Yokoo and Ishii (2021). We extracted the signal
strength data stored in the metadata of the TIR images
using the ExifTool command. The signal strength by the
black body radiation of a target object S,p,; was calculated
from the extracted signal Ssensor (Minkina and Dudzik
2009):

Ssensor = TairsobjSobj + 0 Tairgobj)saih (4)

where 7 is the transmissivity of the air and &,y is the
emissivity of the target object. S,ir is the signal strength
from the thermal radiation of the air and is calculated fol-
lowing Minkina and Dudzik (2009). The transmissivity
Tair Was calculated using the viewing distance s obtained
through the georeferencing process, as well as the rela-
tive humidity and atmospheric temperature obtained by
vertically extrapolating the records of the neighborhood
weather stations operated by the Japan Meteorological
Agency (Stations Kumamoto for relative humidity and
Otohime for atmospheric temperature, respectively;
30 km SW and 8 km N'W from the crater). At the weather
stations, the relative humidity was 57.0% and 37.0%, and
the atmospheric temperature was 30.2°C and 19.8°C
during the 2020 and 2022 surveys, respectively. The data
at the stations were extrapolated to the altitude of the
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center of the optical paths using the vertical humidity
profile of Arikawa and Rokugawa (1995) and the vertical
temperature gradient of the air (0.0065 °C/m).

The emissivity e,pj is expressed as eopj = ok, where &g
and « are the intrinsic emissivity toward nadir and a coef-
ficient dependent on the viewing angle (Ball and Pinker-
ton 2006). We set gg to 0.97 (Mia et al. 2017). The viewing
angle was obtained for each pixel by calculating the angle
between v and the normal vector at its corresponding
DEM surface. With 7, and &,p,j, we calculated S by Eq.
(4) and then converted it into surface temperature using
the conversion formula of Minkina and Dudzik (2009).

After the conversion using Egs. (1) and (2), the pixel-
wise correction for the TIR data was performed, and we
averaged the temperature data of the pixels located in the
same grid of the DEM. If pixels from two or more TIR
images fell onto the same grid, the temperatures of those
pixels with shorter viewing distances were preferentially
selected as the representative temperature of the grid. In
this way, we could minimize the orthorectification error
that arises from large viewing angles.

Results and discussion

Orthorectified thermal images in 2020 and 2022

We succeeded in creating two orthorectified thermal
images of the active crater at Aso volcano (Figs. 5 and
6). The two orthorectified thermal images were cre-
ated using two TIR image datasets with different resolu-
tions, which may potentially cause the mixed-pixel effect
(Harris 2009) and make it difficult to compare the two
images. However, we averaged the temperature data pro-
jected onto the DEM in a 1-m size grid (larger than the
GSD) in both 2020 and 2022 situations, which can can-
cel the effect. The image on 18 August 2020 (Figs. 5a and

Northing [m]

Vs
/f 7 2
200 400 600 800 1000
Easting [m]
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6a) clearly shows several thermal features in the crater.
The south crater wall exhibits a high-temperature area
(<200°C) corresponding to a fumarolic field (I in Fig. 6a;
the south wall fumarolic field, Yokoo and Ishii 2021). The
hot spot at the center of the crater (120°C) is a degas-
sing vent that appeared in May 2019 (Fig. 6a). Areas of
relatively hot ground (60°C; II in Fig. 6a) are scattered on
both the crater floor and southwest crater wall. They con-
sist of clusters of small degassing vents and small-scale
steaming grounds. Figures 5b and 6b show the orthorec-
tified thermal image on 16 March 2022. There is a high-
temperature area (<376°C; I in Fig. 6b) on the south wall
of the crater in both 2022 and 2020. The hot areas on
the crater floor and southwest wall in 2020 (I in Fig. 6a)
are barely perceptible on the southwest crater wall in
2022 (50 °C; II in Fig. 6b). The other striking feature of
the 2022 image is a volcanic lake with a temperature of
72°C that occupies most of the crater floor (1.1x10* m?).
It emerged in the pits created by the two phreatic explo-
sions on 14 and 20 October 2021. The high-temperature
spots (180°C) at the northern margin of the lake are
degassing vents.

To evaluate the changes in surface temperature, we
defined thermally anomalous areas using the statistical
method proposed by Kagiyama et al. (1979). First, they
fitted the Gaussian curve to the frequency distribution
of the target area and calculated its mean and standard
deviation(Ty and o). Then, they defined a thermally
anomalous area where the surface temperature is above
To + 3ort. In the curve fitting, we used the data of the
entire area of the orthorectified thermal images (5.3x 10°
and 4.5x10° m? in 2020 and 2022, respectively), except
for the portion of the volcanic lake. The mean tempera-
ture T and standard deviation o1 were 49.8 and 7.88°C

250
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Northing [m]
T[°C]
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100

50

200 400 600 800 1000
Easting [m]

Fig. 5 Orthorectified thermal images of a 2020 and b 2022 surveys. The white rectangles correspond to the area of Fig. 6¢c and d
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Fig. 6 Orthorectified thermal images zoomed in on the first crater (@ 2020 survey and b 2022 survey) and thermal anomalies (c 2020 and d 2022).
Both maps a and b show a high-temperature fumarolic field on the south crater wall () and steaming grounds scattered on the crater floor and

southwest wall (Il)

in 2020 and 18.5 and 6.13°C in 2022, respectively. The
unnaturally high Ty in 2020 is likely to reflect intense
solar heating and TIR wave reflection. Therefore, we
decided to use AT(= T — Ty) to neutralize these effects
and evaluate changes of purely volcanic origin. Ther-
mally anomalous areas were determined for the 2020 and
2022 images (Fig. 6¢, d). There is clear intensification and
extension of the south wall fumarolic field between 2020
and 2022 (200°C to 376°C, 2011 m? to 3236 m2).

Heat discharge rate from the crater

To quantitatively evaluate thermal activities of volca-
noes, the heat discharge rate must be calculated, which
allows us to compare the magnitude of different forms
of heat discharge or quantify temporal changes in a sin-
gle thermal feature. There are three different forms of

heat discharge in the crater: degassing vents, steaming
grounds, and a volcanic lake. We calculated the heat dis-
charge rate from the steaming grounds and the volcanic
lake using orthorectified thermal images of the crater at
Aso volcano.

The heat discharge rate from the fumarolic fields was
calculated from the heat balance method proposed by
Sekioka and Yuhara (1974):

Q=K >  ATAgy, 5)
T>To+30T

where Qs is the heat discharge rate in W and K is a con-
stant pertaining to micrometeorological parameters,
such as the air temperature, humidity, wind speed,
and incident radiation on the ground surface. K is set
to 33-50 W m~2 K~ ! following Yokoo and Ishii (2021).
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Agpid is the area of the DEM grid. The summation indi-
cates that ATAgy;q is integrated over thermally anoma-

lous areas. Agiq was calculated by dividing the grid size
(1 m? for this study) by the vertical component of the
normal vector at the grid. Note that we cannot quantify
the heat discharge rate of degassing vents scattered on
the south wall fumarolic field (I in Fig. 6a) and the cra-
ter floor and southwest wall (II in Fig. 6b) by Eq. (5). In
2020, the heat discharge rate from each steaming ground
was 2.6-4.0 MW (1), 2.6—4.0 MW (II), and 5.2-8.0 MW
in total. That of 2022 was 14-21 MW (I), 0.23-0.36 MW
(II), and 14-21 MW in total (Table 2). The heat discharge
rate of the south wall fumarolic field showed a seven-
fold increase during 2020-2022. The activation of this
fumarolic field is probably related to the change in the
underlying hydrothermal or fracture system accompany-
ing the phreatic explosions on 14 and 20 October 2021.
The heat discharge rate from the south wall fumarolic
field in August 2020 was an order of magnitude larger
than the value reported in a previous study (0.2—-0.3 MW/
Yokoo and Ishii, 2021). This discrepancy is attributed to
the area where Ty and o1 were calculated (reference area;
5.3x10° m? in this study and 5,500 m? in Yokoo and Ishii,
2021). As noted in Kagiyama et al. (1979) and Kagiyama
and Hagiwara (1981), curve fitting yields reliable results
only when the reference area is sufficiently extensive
compared to the area of the target thermal anomaly. We
hypothesize that the reference area of 5,500 m? was insuf-
ficient compared to the area of the south wall fumarolic
field(~2,000 m2). As we increased the reference area from
5,500 m? to 5.3x10° m?, Ty and ot decreased until they
converged into constant values at 2.2x10° m?. The heat
discharge rate increased from 0.74-1.1 MW to 2.6—-4.0
MW with the increase in the reference area and remained
constant when the reference area was larger than 2.2x10°
m? (Fig. 7). This observation supports our speculation
and validates our choice of the reference area.

The heat discharge rate from the volcanic lake was calcu-
lated following Terada et al. (2012). The heat discharge rate
from the lake surface (Qy) is calculated by

Q1 = (¢e + ¢c + ¢)S (6)

where ¢e, ¢c, and ¢, are heat fluxes from evaporation,
conduction, and radiation, respectively, and S is the lake’s
surface area. The heat flux from evaporation ¢, depends
on three factors: temperature of the air directly above the
lake, ambient air temperature, and wind speed at the lake
surface. The first and second factors were substituted by
the lake surface temperature (72°C) and the tempera-
ture at the crater rim, respectively. The third factor, wind
speed, was calculated using a motion tracking algorithm
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Fig. 7 Relation between the reference area and heat discharge rate.
The heat discharge rate converges as the reference area increases

Table 2 Heat discharge rate from the crater at Aso volcano

Date Steaming ground [MW] Volcanic lake Total
[MW] [Mw]

1 e
August 2020 26-4.0 24-36 52-80
March 2022 14-21 0.23-0.36 58-73 72-94

3The south wall fumarolic field

bThe steaming ground on the crater floor and southwest wall

for the time-series images of the steam above the lake.
The wind speed was estimated to be 0.9-2.7 m/s. We
calculated the heat discharge fluxes from conduction ¢,
and radiation ¢, after Terada et al. (2012) using Bowen’s
relationship and the Stefan—Boltzmann formula, respec-
tively. The total heat discharge rate from the lake was
estimated to be 58—73 MW (Table 2). The heat discharge
rate from the volcanic lake was 3-5 times larger than that
from the steaming grounds in 2022 (Table 2). Several
studies have calculated the heat discharge rate from the
crater lake: 60—100 MW (1981-1984; Fukui 1995) and
150-200 MW (2000-2003; Saito et al. 2008), and 200
MW (2006-2009; Terada et al. 2012). Our estimate is
close to the value in 1981-1984 and significantly smaller
than the values in 2000-2003 and 2006-2009. In 2000—
2003 and 2006-2009, the surface area of the lake was 4-5
times larger than in 2022, which explains the gap in heat
discharge between 2006—2009 and 2022.
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Conclusions

We propose a simple TIR data processing method to
reconstruct the 3D ground surface temperature field of
volcanoes, incorporating pixelwise correction for atmos-
pheric attenuation and emissivity. We demonstrated our
method at the active crater at Aso volcano. The orthorec-
tified thermal images created by our method in August
2020 and March 2022 showed evident changes in the
thermal state of the crater. To quantitatively compare the
magnitude of the different forms of thermal activity and
evaluate the changes during the period, we calculated
the heat discharge rates from the steaming grounds and
the volcanic lake. The heat discharge rate from the vol-
canic lake was 3-5 times larger than that from the steam-
ing grounds. The heat discharge rate from the fumarolic
field on the south crater wall showed a sevenfold increase
after the phreatic explosions on 14 and 20 October 2021.
We were not able to evaluate the heat discharge rate
from degassing vents, which is essential to fully discuss
the thermal state of the volcano. The plume rise method
(Kagiyama 1981) or other methods (Gaudin et al. 2016;
Jinguji and Ehara 1996) could be used to obtain these
values.
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