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Abstract: Thermal remote sensing is currently an emerging technique for monitoring active volcanoes
around the world. The study area, the Aso volcano, is currently the most active and has erupted
almost every year since 2012. For the first time, Landsat 8 TIRS thermal data were used in this study
area to evaluate and monitor the recent thermal status of this volcano, situated in Southwest Japan,
from 2013 to 2016 using four sets of images. The total heat discharged rate (HDR), radiative heat flux
(RHF), land surface temperature (LST), and land cover (LC) were evaluated, and the relationship
between them was determined, to understand the thermal status of the study area. We used the
NDVI (normalized difference vegetation index) for land cover, the NDVI-threshold method for
emissivity, the split-window algorithm for LST, and the Stefan–Boltzmann equation for radiative
heat flux estimation in this study. The total heat discharge rate was computed using a relationship
coefficient of RHF and HDR here. The highest HDR was obtained in 2013, at about 4715 MW, and
was the lowest in 2016, at about 3819 MW. The total heat loss showed a declining trend, overall, from
2013 to 2016. The highest pixel RHF was in 2013 and the lowest was in 2014; after that, it increased
gradually until 2016, coinciding with the LST of this study area. LC showed that, with decreasing
heat loss, the vegetated coverage increased and bare land or mixed land decreased, and vice versa.
From the spatial distribution of RHF, we saw that, within the Nakadake craters of the Aso volcano,
Crater 1 was the most active part of this volcano throughout the study period, and Crater 3 was the
most active after 2014. We inferred that the applied methods using the continuous Landsat 8 TIRS
data showed an effective and efficient method of monitoring the thermal status of this active volcano.

Keywords: heat discharge rate; radiative heat flux; land surface temperature; land cover; Landsat 8
TIRS; Aso volcano

1. Introduction

The Aso volcano, the study area, is an active thermal zone, situated in the central part of Kyushu
Island, Southwest Japan, consisting of 10 cones of basaltic-andesitic ejecta (Figure 1). It is a large caldera
of 25 × 18 km of Central Kyushu Island, one of the largest in the world [1]. The Aso volcano has erupted
almost every year since 2012. Recently, on 16 April 2016, a strong earthquake, known as Kumamoto
earthquake 2016, occurred near the Aso volcano, in the Kumamoto prefecture, with a magnitude
of 7.0 on the Richter scale, at a depth of 10 km [2]. There was a minor eruption of the Aso volcano
after the earthquake, although volcanologists believe that this eruption may not be related to the
earthquake in this instance because the characteristics of the eruption were the same as the recent
eruptions in this volcano [2]. Usually, for this volcano, the eruption processes involved are strombolian
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activity, phreatomagmatic explosion, and ash emission [3,4]. Nakadake craters are the most active
zones of this volcano, which has a repetitive eruption history [4,5]. There are also three other thermal
manifestations of this volcano, namely, the Yunotani, Yoshioka, and Jigoku-Tarutama hot springs,
as west zone geothermal features [6]. The Nakadake crater erupted black ash during the first eruption
period [4]. One recent study inferred a large-scale hydrothermal system beneath the center cone of
the Aso volcano from which fluid and heat flow to the lake of the Nakadake crater [5]. Other recent
studies have shown an increase in eruptive activity, including a decrease in the level of lake water,
mud eruption, and red hot glows on the crater’s wall [7]. The Nakadake crater releases significant
quantities of volatile gas, including ca. 200–400 tons of SO2 per day during the calm period [8]. There
is a lake about 200 m in diameter in the Nakadake crater named Yudamari [6,9]. The temperature
of the lake water is almost 60 ◦C in the calm period and is much higher (if the water even exists) in
the active period. The observed heat discharge rate of this lake was consistently found to be about
220 MW in the calm period, except in 2007 when it increased to 280 MW as the water level rose [10].
The heat discharge rate in a new fumarole of the Yoshioka hot springs was estimated to be, since 2006,
about 4.6 × 106 W, which is much higher than that found in a previous study of thermal activity in
these fumarolic areas [8]. As the volcano is presently the most active in Central Kyushu, the ground
observation of the thermal status is difficult to measure and monitor; thus, remote measurement has
been thought to be the most effective and efficient method for such tasks. The heat discharge rate
(HDR) from this volcanic zone from 2002 to 2011 was studied for the first time recently using single
thermal band images from Landsat TM/ETM+ in spite of image gaps after 2003, and an HDR value of
ca. 350–600 MW was obtained [6]. Although some studies of thermal activity using ground or airborne
imaging, video camera imaging, and thermal single band satellite imaging exist, no study based on
multi-thermal band satellite images, such as Landsat 8 TIRS or ASTER sensor images had been done.

Satellite remote sensing is presently an essential part of volcanology in terms of monitoring
thermal or eruption activity of the most active volcanoes. Thus, continuous thermal monitoring can be
used to detect the thermal behavior of the active volcano so as to explore the geothermal system. In the
early stage of volcano monitoring and resource exploration, ground measurement could be expensive
and time-consuming, difficulties due to unstable ground in the national park around the active volcano
region were faced. In this stage, satellite thermal infrared data can be used to estimate the land surface
temperature (LST) anomaly and the radiative heat flux (RHF) of any volcano within several hours after
image acquisition. It is well known that satellite images can only be used for the radiative portion of the
heat flux, not the conductive and convective heat flux, but there should be a relationship between RHF
and the total heat loss or (HDR) from any volcano. We utilized a relationship between RHF and HDR
by the author’s recent works in this study [11]. RHF is the radiative portion of the surface heat loss that
passed by the electromagnetic wave without any media, and HDR is the sum of radiative, conductive,
and convective heat loss from any fumaroles of volcanoes [12]. There are presently a number of
studies of successful volcano monitoring using satellite images for the surface temperature anomaly,
and some of these have focused on heat loss [11,13–17]. Low-resolution satellite images, namely,
MODIS, NOAA-AVHRR, MSG-SEVIRI images, taken during or after the eruption, are mostly used for
thermal anomalies, ash detection, or eruption monitoring of active volcanoes [18–21]. Most notably,
Landsat TM/ETM+ sensors have a long history of volcano or geothermal studies [6]. The major
limitations of Landsat TM/ETM+ images are single thermal bands, image gaps in the ETM+ sensor
after 2003, and the non-availability of Landsat TM images after 2009 of the study area. Recently, the
Landsat 8 satellite was launched with two sensors, OLI and TIRS, in 2013. The TIRS sensor has two
thermal bands with a 100 m resolution and supplies the thermal data with resampled 30 m imagery
from the United States Geological Survey (USGS) archive. The TIRS Band 11 has some uncertainties
due to stray-light problems, and the USGS tried to refine and implemented the Landsat product
generation system in early 2017. Presently, high-quality images supplied as Landsat collection-1 data
from the USGS archives have narrowed the uncertainty associated with stray light [22,23]. The OLI
sensor has nine visible to infrared bands with a 30 m resolution. TIRS images are now used for land
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surface temperatures, but no study has used them for volcano thermal heat estimation and monitoring.
To overcome the limitation of a single thermal band and the image gaps in previous Landsat sensors,
the current initiative was to assess the thermal status of the recent abnormality of the Aso volcano
using Landsat 8 TIRS images for the first time in this study area with the split-window algorithm for
LST and the NDVI-threshold method of emissivity measurement.

The prime objective here was to monitor the recent abnormal thermal activity of the Aso volcano
based on LST, RHF, and HDR using the images of the recently launched Landsat 8 OLI and TIRS sensors
from 2013 to 2016. The secondary objective was to, in this region, evaluate the relationship between the
recent thermal activity and the land cover. The first section of this paper includes information about
the study area, previous studies, study materials, and the idea, motivation, and objectives of this study.
The second section describes the geological settings of the study area. The third section presents the
materials and methods. The fourth section explains the study results and offers a discussion of the
results. Finally, we draw conclusions and explore study limitations in the final part.Geosciences 2017, 7, 118 4 of 15 
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surface every 16 days with two sensors, OLI and TIRS, according to the Landsat 8 Data User 
Handbook of the USGS published 29 March 2016 [30]. The sensor OLI has a total of nine bands—
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panchromatic band has a resolution of 15 m over a 190 km swath width. The TIRS sensor has two 
thermal bands (10.6–11.19 µm and 11.5–12.51 µm) with a spatial resolution of 100 m over a 190 km 
swath width. The images were acquired during Japan’s late spring on 23 May 2016, 21 May 2015, 02 
May 2014, and 13 April 2013, respectively, at times varying between 10:46 to 10:49 (local time). All 
those images were cloud free and high quality, as the image quality rank is shown as 9 (out of 9), i.e., 
a perfect scene with no errors detected [30]. Here, we used the local meteorological station 
(AMEDAS ASO-SAN Station) data of ambient temperature and humidity. The AMEDAS ASO-SAN 
meteorological station is located very close to the craters of the Aso volcano (32°52.8’ N; 131°4.4’ E). 

After acquiring the images, we conducted image processing according to the flowchart shown 
below (Figure 2). At first, the OLI bands were stacked, and a subset of our selected study area’s 

Figure 1. Location map of the study. It shows the Aso volcanic area with spatial elevation data above
mean sea level as contour lines. Nakadake consists of four active craters in this volcano, shown as
Craters 1, 2, 3 and 4.

2. Geological Setting of the Study Area

The Aso volcano is one of the largest calderas in the world and is situated in the central part of
Kyushu Island in Southwest Japan [24] (Figure 1). The caldera consists of pyroclastic-flow deposits
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divided into four units, namely, in ascending order, Aso-1 (270 ka), Aso-2 (140 ka), Aso-3 (120 ka),
and Aso-4 (90 ka) [25]. The pyroclastic flows deposited successfully into valleys between the Basement
Mountains and formed pyroclastic-flow plateaus after filling these valleys up [5]. Numerous tephra
fallout layers were produced after the eruption of four large pyroclastic-flow units. There are at
least 17 visible cones on the surface of this volcano, which consists of both pyroclastics and lava [26].
The topography and internal structure of this caldera depends on the rock chemistry, ranging from
basalt to rhyolite [27]. Nakadake is the only active crater in the Aso volcano that is composed of
basaltic andesite and basalt [28]. Firstly, it became active at ca. 22–21 ka and formed an edifice known
as the old edifice; later on, a young edifice of a pyroclastic cone was formed [27,29]. The young edifice
was formed during the Holocene epoch and is the composite of seven craterlets that are aligned in the
north–south direction [28]. The northernmost Nakadake crater has been the most active in the last
70 years, and the others were active before the 1933 eruption [28]. An important characteristic of the
Nakadake crater eruption is the black sandy ash fallout from the plume, derived from the solid glassy
top of a magma column. This type of eruption phenomenon is also known as an ash eruption [4].

3. Materials and Methods

In this study, we used daytime Landsat 8 OLI and TIRS sensor images (path/row: 112/37) for
the first time for geothermal heat loss estimation and monitoring of the most active region of the Aso
volcanic area. Four sets of these images were collected from USGS archives in a Landsat L1T (terrain
corrected) format, which was both radiometrically and geometrically corrected during the study period
from 2013 to 2016. The Landsat 8 satellite was launched in 2013 and captures images of Earth’s surface
every 16 days with two sensors, OLI and TIRS, according to the Landsat 8 Data User Handbook of the
USGS published 29 March 2016 [30]. The sensor OLI has a total of nine bands—visible–near infrared,
shortwave infrared, and cirrus bands have a 30 m spatial resolution, and the panchromatic band has
a resolution of 15 m over a 190 km swath width. The TIRS sensor has two thermal bands (10.6–11.19 µm
and 11.5–12.51 µm) with a spatial resolution of 100 m over a 190 km swath width. The images were
acquired during Japan’s late spring on 23 May 2016, 21 May 2015, 02 May 2014, and 13 April 2013,
respectively, at times varying between 10:46 to 10:49 (local time). All those images were cloud free
and high quality, as the image quality rank is shown as 9 (out of 9), i.e., a perfect scene with no errors
detected [30]. Here, we used the local meteorological station (AMEDAS ASO-SAN Station) data of
ambient temperature and humidity. The AMEDAS ASO-SAN meteorological station is located very
close to the craters of the Aso volcano (32◦52.8’ N; 131◦4.4’ E).

After acquiring the images, we conducted image processing according to the flowchart shown
below (Figure 2). At first, the OLI bands were stacked, and a subset of our selected study area’s images
was then created. Then, we converted the DN value of the OLI bands into TOA (top of atmosphere)
reflectance, considering the solar elevation angle according to Equation (1), following the Landsat 8
Data User Handbook of the USGS [30].

ρλ = (Mρ × Qcal + Aρ)/sin(θ) (1)

where ρλ = TOA planetary reflectance (unitless), Mρ = the reflectance multiplicative scaling factor for
the band (from metadata), Aρ = the reflectance additive scaling factor for the band, Qcal = the L1 pixel
value in DN, and θ = the solar elevation angle (from metadata).
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Figure 2. Flowchart showing the various steps of image processing in this study.

Subsequently, we converted the reflectance value of red and near infrared into the NDVI, which
was later used to estimate the emissivity of the study area [15,31]. There are many effective methods
for estimating the emissivity of LST measurements [32–34]. Among them, the NDVI-threshold method
was selected for estimating the emissivity of the study area because this method can be used to estimate
the emissivity of various land surfaces in the EM range of 10–12 µm, coinciding with the thermal
range of the TIRS sensors (10.5–12.5 µm) [22,33]. We constructed a model using ERDAS Imagine
(Hexagon Geospatial, USA) 2014 for the emissivity estimation of TIRS Band 10 and Band 11 according
to Equation (2) of [35].

εi =


aiQred + bi NDVI < 0.2

εv,iPv + εs,i(1 − Pv) + Ci 0.2 ≤ NDVI ≤ 0.5
εv,i + Ci NDVI > 0.5

 (2)

where Pv = the vegetation fraction (NDVI − NDVImin/NDVImax − NDVImin)2, NDVImax = 0.5,
NDVImin = 0.2, εv,i = the emissivity of vegetation (TIRS Band 10 = 0.9863 and Band 11 = 0.9896),
εs,i = emissivity of soil (TIRS Band 10 = 0.9668 and Band 11 = 0.9747), Ci = surface roughness = (1 − εs,i)
εv,i F’ (1 − Pv), and F’ = the geometric factor ranging between 0 and 1 (0.55 typical) [30]. In the case of
bare soil (NDVI < 0.2 and Pv = 0), the emissivity of Bands 10 and 11 are ε10 = 0.973 − 0.047ρ4, and ε11 =
0.984 − 0.026ρ4, and ρi is the reflectance of the OLI bands [35].
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The land surface temperature (LST) is the primary parameter for conducting heat loss assessment,
and it was computed from the Landsat TIRS thermal bands using the split-window (sw) algorithm.
At first, the pixel values of Band 10 and Band 11 were converted into radiance using the following
physical transformation (Equation (3)):

Lλ = ML × Qcal + AL (3)

where Lλ = the spectral radiance (W/(m2·sr·µm)), ML = the radiance multiplicative scaling factor for
the band (taken from the metadata), AL = the radiance additive scaling factor for the band (taken from
the metadata), and Qcal = the L1 pixel value in DN.

Secondly, the radiance values of thermal bands were transformed into brightness temperature
using the following formula (Equation (4)), which is the effective temperature at the sensor with the
assumption of unit emissivity following the Landsat 8 Data User Handbook of the USGS [30]:

Ti = K2/ln(K1/Lλ + 1) (4)

where Ti = the brightness temperature of the TIRS bands, K1 and K2 = the thermal conversion coefficient
of the bands obtained from the metadata, and Lλ = the radiance of the respective thermal bands.

In the third stage, by the method of the split-window algorithm for LST estimation using the
approximation of the atmospheric radiances and linearization of Planck’s equation, the true land
surface temperature was estimated, as the Landsat 8 TIRS sensor has two thermal bands, from
Equations (5)–(15) [35,36]:

Ts = T10 + B1(T10 − T11) + B0 (5)

B1 = C10/C11A10 − C10A11 (6)

B0 = (C11(1 − A10 − C10) L10 − C10(1 − A11 − C11)L11)/(C11A10 − C10A11) (7)

A10 = ε10 × τ10; A11 = ε11 × τ11 (8)

C10 = (1 − τ10) × (1 + (1 − ε10) × τ10) (9)

C11 = (1 − τ11) × (1 + (1 − ε11) × τ11) (10)

L10 = −55.58 + 0.4087T10 (11)

L11 = −59.85 + 0.4442T11 (12)

τ10 = −0.0164w2 − 0.014203w + 0.9715 (mid-latitude summer in case of w = 0.2-3.0 g/cm2 (13)

τ11 = −0.01218w2 − 0.07735w + 0.9603 (mid-latitude summer in case of w = 0.2-3.0 g/cm2) (14)

w = (H × E × A/1000)/Rw(0) (15)

where Ts = true LST in Kelvin, T10 = brightness temperature of Band 10, T11 = brightness temperature
of Band 11, εi = emissivity of TIRS Band 10 and Band 11, τi = the atmospheric transmissivity for
Bands 10 and 11 calculated using the equation of Yu et al. (2014) for mid-latitude summer profile after
obtaining the water vapor content range, w = total water vapor content (g/cm2), H = air humidity (%),
E = saturation mix ratio (g/Kg) of water vapor, and A = air density (g/m3); Rw (0) = 0.6834 and 0.6356
for mid-latitude summer and winter. Li = the linear fitting parameter, used from a study where the
temperature ranged from −10 to 20 ◦C and from 20 to 50 ◦C for Landsat 8 TIRS Bands 10 and 11 [35].

Then, the radiative heat flux (RHF) was calculated using the Stefan–Boltzmann law by
Equation (16) for the TIRS thermal Bands 10 and 11 [6,15,37]. Finally, we computed the average
pixel wise RHF values of the study area from the calculated RHF using TIRS Bands 10 and 11:

Qr = σ × ε × (Ts
4 − Ta

4) (16)
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where Qr = radiative heat flux (W/m2), σ = Stefan–Boltzmann constant, ε = emissivity, Ts = land
surface temperature (LST) (K), and Ta = ambient temperature (K). The ambient temperature from the
AMEDAS meteorological Aso San station’s hourly data was used here.

There are three methods of heat loss from any volcano: convection, conduction, and radiation.
It is possible to compute only radiative heat loss from volcanoes using remote measurement or satellite
thermal infrared data. Recent studies have shown that there is a relationship between total heat
discharge rate and radiative heat flux from several active thermal grounds in Japan and New Zealand,
derived using ground and remote sensing techniques [11,13]. Hence, total heat discharge of the
study area was computed accordingly after multiplying the total average radiative heat loss with the
relationship coefficient of RHF and total heat loss (i.e., 6.46).

4. Results and Discussion

The Landsat 8 TIRS sensor was used for the first time for estimating heat losses from the Aso
volcanic area to evaluate the recent thermal activity from 2013 to 2016 using four sets of images. In the
first stage, the OLI sensor images of Landsat 8 were used for computing the vegetation index (NDVI)
values of this region, which was used later to map land cover. The NDVI value is divided into four
categories for different land cover types: fully healthy vegetated (NDVI > 0.5), mixed land (NDVI =
0.2–0.5), bare land (NDVI = 0–0.2), and water or wetland (NDVI < 0). The NDVI value was also used
for emissivity estimation of this study area using the NDVI-threshold method (Figure 3). NDVI results
showed that the vegetated area increased from zero to about 9.37 sq. km of the study area from 2013 to
2016, as bare land was reduced by about half, to 21.49 sq. km, from 2013 to 2016 (Table 1; Figure 4).
On the other hand, for certain land cover types, namely, water and mixed land, the area was the lowest
in 2015. Emissivity was estimated for the two thermal bands of TIRS sensors separately using the
NDVI-threshold method. The results showed that the values range from 0.92 to 0.99. A higher value
indicates water or bare ground, and the vegetated region shows a low value of emissivity in this region.
The atmospheric transmissivity values were calculated for the Landsat TIR Band 10 and Band 11 using
ambient temperature and relative humidity percentage of the Aso volcanic area during the time of
image acquisition. The atmospheric transmissivity value ranges ca. 89–95% for Band 10 and 84–92%
for Band 11 during the study period (Table 1).

Land surface temperature was estimated using the split-window algorithm from TIRS two-band
images of the study area. The highest pixel temperature of ca. 54.1 ◦C was obtained in 2013. This highest
temperature was reduced by about one-third the following year, but increased again consecutively
every year until 2016, up to ca. 52.2 ◦C (Table 1; Figure 5). The lowest pixel temperature, ca. 8.7 ◦C,
was found in 2013, and it steadily increased up to 20.83 ◦C in 2016, as the ambient temperature of this
region was highest in 2016, at ca. 18.5 ◦C, and lowest in 2013, at ca. 7 ◦C.
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Table 1. Summary of the results of the study.

Year
Land Cover (Sq. km) Ambient

Temp. (◦C)
Relative

Humidity (%)

Atmos.
Transmissivity (%) LST (◦C) RHF (W/m2) Total

RHL
(MW)

Total
HDR
(MW)Water/Wetland Bare land Mixed land Vegetated Band 10 Band 11 Min Max Min Max

2013 3.5 21.5 13.5 0.0 7.0 44 94.5 91.7 8.7 54.1 8.4 289.9 727 4715
2014 4.4 22.6 11.3 0.1 13.6 70 89.2 84.3 12.2 37.6 –7.1 141.3 634 4115
2015 3.2 19.4 8.2 7.7 14.5 43 92.5 88.8 17.2 43.4 14.8 177.9 631 4096
2016 4.9 10.7 13.6 9.4 18.5 46 90.3 85.8 20.8 52.2 13.1 221.6 588 3819

Notes: Land cover derived from NDVI value. Ambient temperature and relative humidity were obtained from the AMEDAS meteorological station every 10 min. The atmospheric
transmissivity value was calculated using the ambient temperature and relative humidity of the study area with their respective image acquisition times. Total radiative heat loss (RHL)
value was calculated after summation of the RHF of all pixels’ values in the study area, but the negative value was considered as a zero value during the summation process because
a negative RHF value indicates the ground temperature below ambient of any region. The heat discharge rate is the projected value after multiplying the RHL with a relationship coefficient
(about 15%) from the previous two studies, but we think this relationship could vary from 10% to 15%.
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Figure 5. Thermal status of the study area shown using land surface temperature above ambient during
the study period.

Radiative heat flux (RHF) was computed using the Stefan–Boltzmann equation of heat transfer
considering the calculated emissivity, atmospheric transmissivity, and ambient temperature taken
from the nearest AMEDAS meteorological station (ASO San). RHF was estimated separately for
the TIRS Band 10 and Band 11. Later on, the pixel-based average RHF value was computed using
the estimated RHF value for Band 10 and Band 11 of the study area. The highest maximum pixel
RHF, ca. 289.92 W/m2, was obtained in 2013, and the lowest maximum RHF, ca. 141.25 W/m2, was
found in the following year, 2014, but this increased gradually to 177.92 W/m2 and 221.58 W/m2,
respectively, in 2015 and 2016 (Table 1; Figure 6). The total radiative heat loss (RHL) was computed
after the summation of the RHF positive values of the study area from 2013 to 2016. The highest RHL,
ca. 726.49 MW, was obtained in 2013, and the lowest value, ca. 588.43 MW, was obtained in 2016;
i.e., there was an overall declining trend from 2013 to 2016 in the Aso volcano area in Japan (Table 1;
Figure 7). The total heat discharge rate (HDR) was computed after multiplying the total RHL using
a relationship coefficient (i.e., 6.49) between RHL and HDR based on previous studies [11,13]. Thus,
we obtained the highest total HDR, ca. 4714 MW, in 2013 and the lowest total HDR, ca. 3819 MW,
in 2016 (Table 1).
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The following can be summarized:

• As the thermal anomaly was mapped as higher in 2013, with respect to both LST and RHF,
there was no healthy vegetation or vegetated coverage of any pixel area in this region, nor was
there any vegetation in the stress stage showing as a mixed land area. An NDVI value above
0.5 indicates a healthy vegetated area. Another reason there was no vegetation coverage in 2013
might be the spatial resolution (30 m) of the image used in this study. There might have been
some healthy vegetation in 2013, but the area would have been lower than the spatial resolution
of the images, so the pixel would have appeared as a mixed area pixel. With the decline of LST
surrounding the crater, greater vegetated coverage area was found after 2013. The area of bare
land as well as the LST had declined from 2014 to 2016 in some parts around the Nakadake crater.
After 2015, the bare land area declined and the mixed area increased, indicating the lower LST
surrounding the crater.

• The radiative heat loss was highest in 2013 and lowest in 2016 due to the continuing thermal
activity and eruption processes in this region. Between April 2013 and May 2014, the eruption that
occurred in the Aso volcanic area was the reason why the radiative heat loss declined. After 2014,
the Aso volcano again showed an increasing trend in radiative heat flow, resulting in eruption
activity in 2015 and on 7 October 2016.

• Regarding the four distinct craters at the Aso volcano, Crater 1 was the most active throughout
the study period, while Craters 3 and 4 showed higher heat loss in 2013. We found an active zone
only in Crater 1 in 2014. Craters 1 and 3 showed higher activity in 2015 (Figure 6).

• Total HDR was higher in the study period than that of the previous study of this volcano using
Landsat 7 ETM+ thermal data [6]. The Kumamoto earthquake occurred on 16 April 2016 near
the study area. This may be one of the reasons why the lowest HDR level was obtained in 2016
during our study period.

• The study used the split-window algorithm for LST in the Aso volcano, and this algorithm was
shown to be efficient and effective, considering the availability of continuum data of Landsat 8
OLI and TIRS data for monitoring the RHL and the HDR.

• One of the major limitations of this research is the ground validation due to the inaccessibility
of the recent thermal abnormal activity in the Aso volcano from 2013, but this work is the
continuation of our monitoring for thermal activity in this volcano using satellite images.

5. Conclusions

From this study, we found a higher thermal activity throughout the study period, with a total
radiative heat loss above 500 MW, a higher loss of about 726 MW in 2013, and finally a decline to
588 MW in 2016. The total heat discharge rate showed the highest value of about 4714 MW in 2013
and the lowest value of about 3819 MW in 2016. This result indicates higher thermal activity than the
previous study in this volcanic area. Total RHL obtained its highest value in 2013 of about 726 MW and
its lowest values of about 588 MW in 2016. The highest pixel RHF was obtained at about 290 W/m2

in 2013 and the lower highest RHF values were about 141 W/m2 in 2014. After 2014, the pixel RHF
increased gradually to 178 W/m2 and 222 W/m2, respectively, in 2015 and 2016. The relationship
between RHF and LC showed that the more vegetated region, compared to bare and mixed land,
had a lower LST and RHF. The Landsat 8 TIRS images, with the split-window algorithm of the LST
and NDVI-threshold methods of emissivity, allow for efficient data extraction for the estimation and
monitoring of heat loss from the Aso volcanic area. From this study, we can infer that continuous study
with the available Landsat 8 sensor images is an efficient and effective technique for exploring and
monitoring the active volcano, as well as assessing the geothermal resources in earlier stages.
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