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ABSTRACT

Merapi volcano is located in central Java and is the most active volcano in Indonesia. Many thousands live on the
volcano's flanks which itself is 28 km (17 mi) north of Yogyakarta and its 2.4 million inhabitants. Given this
population at risk, and a history of 73 recorded eruptions in the past 500 years, the hazards posed by Merapi
are worthy of study. Merapi is monitored by networks of on-site seismology, deformation, and gas emission
instruments and, like all volcanoes globally, is also routinely observed by satellite remote sensors. Here, we con-
duct a temporal and spatial time series analysis of land surface temperature (LST) observations of Merapi, as de-
rived from MODIS (1 km spatial resolution), ASTER (90 m) and Landsat (30 m) thermal infrared imagery. The
time series derived from MODIS is decomposed with the Seasonal Trend Decomposition using a Loess (STL) tech-
nique and this reveals thermal anomaly peaks caused by the eruptions and a subtle rising tendency in LST since
the launch of MODIS in 2000. ASTER surface temperature time series is used for the cross validation of the MODIS
LST time series and again, demonstrates thermal anomaly peaks and a longer term upward trend. For a detailed
delineation of thermal features at Merapi, the 30 m pixel Landsat thermal imagery derived brightness tempera-
ture (BT) distribution during the period from 1988 to 2019 is presented. Finally, change detections (i.e., pixel-by-
pixel comparison) of BT distribution from 1988 to 2019 are performed to inspect the spatial temperature varia-
tions of Merapi volcano. Positive thermal anomaly areas are identified and these correspond to local heat sources
revealed by seismic imaging and resistivity tomography. In summary, the satellite remote sensing approach pro-
vides insights into thermal features at a higher spatial and temporal scale than has been conducted in the past
and these observations complement ongoing ground-based measurements. The results of this study will feed
into both an enhanced understanding of Merapi's thermally anomalous subsurface structures and facilitation
of volcano monitoring and hazard assessment.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

issue “Merapi volcano” in the Journal of Volcanology and Geothermal
Research (vol. 100; 2000) (Gertisser et al., 2012).

Mount Merapi is a stratovolcano rising to 2968 m on Central Java
(Fig. 1). Among the 129 active volcanoes documented by the Center
for Volcanology and Geological Hazard Mitigation (CVGHM) in
Indonesia, Merapi is the most active with 73 historically observed erup-
tions since 1548 (CVGHM, 2019; GVP, 2013; Voight and Davis, 2000). It
is also one of the Decade volcanoes listed by the International Associa-
tion of Volcanology and Chemistry of the Earth's Interior (IAVCEI) in
the 1990s, suggesting that its further study is important considering
scales of historical eruptions and threats to inhabitants. Numerous re-
search endeavors have been undertaken in this volcano. For instance,
the previous research efforts have been collected in a landmark special
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Merapi is the youngest volcano of the volcanic group in southern
Java, which has been formed due to the subduction of the Indo-
Australian plate (underplate) and Sunda plate (upperplate) (Chadwick
et al., 2007; Hamilton, 1979). Stratigraphic radiocarbon dating reveals
that eruptions at Merapi from 400,000-10,000 years ago were mainly
effusive and basaltic. However, since around 10,000 years ago, explosive
eruptions have become dominant and viscous andesitic lavas regularly
form lava domes. Merapi's eruptive history shows that lava-dome ex-
trusion, dome-collapse, and column-collapse pyroclastic flows were
the major activities in the 19th and 20th centuries (Camus et al.,
2000; Darmawan et al., 2018; Gertisser et al., 2012; Newhall et al.,
2000). In the 1800s, explosive eruptions of up to a VEI (in full) 4 were
prevalent while into the 1900s, the effusive growth of viscous lava
domes and lava flows became more common (Voight and Davis,
2000). The most destructive eruption in living memory occurred in
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Fig. 1. Geography and DEM map of Merapi volcano, Indonesia. Volcano crater region of interest (ROI) and administrative boundaries are indicated. ROIs of the Merbabu crater and the
saddle area in between the Merapi and Merbabu indicate the location of background temperature time series. The bottom right inset shows the Merapi crater zooming image from the
Google Earth and the red text indicates the proximate location of Woro and Gendol fumarolic fields. (For interpretation of the references to colour in this figure legend, the reader is re-

ferred to the web version of this article.)

1930 with pyroclastic flows destroying thirteen villages and killing 1400
people. Into the twenty-first century, Merapi's behavior changed again,
with 2010 witnessing a ‘100-year’ event that constituted its largest and
most explosive eruption series in more than a century. This eruption
displaced at least a third of a million inhabitants and claimed nearly
400 lives (Jousset et al., 2012). The latest eruption occurred in the morn-
ing of May 11, 2018 (Volcanic Explosivity Index; VEI = 3), in which
phreatic activity prompted a 5-km radius evacuation area around the
volcano and forced the temporary shutdown of Yogyakarta's interna-
tional airport (CVGHM, 2019).

Based on the listed eruption records at Merapi from the dataset on
the Global Volcanism Program of the Smithsonian Institution, low-
level activity (i.e., small eruptions; VEI = 1 or 2) regularly occurs
every three to four years. However, the frequency of larger eruptions
(VEI = 3 or 4) has increased in recent decades, with 3 eruptions of
VEI > 3 since 2010. The higher frequency of larger intensity eruptions
has seemingly generated more public-awareness at this active volcano
based on the eruption records. In this context, this study aims to present
longer-term monitoring of Merapi by using the three-decades
(i.e., 1988-2020) of satellite remote sensing observation dataset.

Monitoring and assessing volcanic activity at Merapi is crucial for its
hazard mitigation. The regular on-site seismic, gas emission, and defor-
mation measurements, satellite-based remote sensing has been used for
the study of Merapi. However, most remote sensing applications have
focused on the individual eruptive events of 2006, 2010 and 2013, for
instance and the surface temperature detection of the multiple phases
of the 2006 Merapi eruption were studied using MODerate-resolution
Imaging Spectroradiometer (MODIS) thermal infrared (TIR) imagery
(Carr et al., 2016). Studies of regional earthquakes as triggers for

enhanced volcanic activity at Merapi, again based on evidence from
MODIS thermal radiance data, were also studied (Harris and Ripepe,
2007). Assessment of volumetric change associated with the 2010
Merapi eruption was studied using satellite-based Interferometric Syn-
thetic Aperture Radar (InSAR) data to generate DEMs of Merapi and to
assess topographic changes caused by lava dome activities (Kubanek
et al,, 2015; Saepuloh et al., 2013; Walter et al., 2015). The volume esti-
mation of the pyroclastic density current after the 2010 Merapi eruption
was conducted using COSMO-SkyMed satellite X-band SAR data
(Bignami et al., 2013) and satellite-derived InSAR observations were
even used to understand precursory signals of the 2010 large eruption
and to forecast eruptions hazards, and mitigate risks, at Merapi volcano
(Saepuloh et al., 2013).

Given the myriad ways of monitoring and assessing volcanic activity,
a holistic approach is required if we are to understand past and future
behavior of active volcanoes. However, quantitative analysis on long-
term eruptive behavior is often limited as such studies require long-
term volcanic monitoring. Fortunately, remote sensing provides valu-
able information for decrypting the long-term volcanic mechanisms
that may be hidden over short timescales. Here we use the global
dataset archive of satellite imagery of Merapi from the Landsat and
Terra/Aqua satellites operated by the National Aeronautics and Space
Administration (NASA) and United States Geological Survey (USGS).
We perform temporal and spatial monitoring analysis from the three-
decade surface temperature time series retrieved from Terra/MODIS,
Aqua/MODIS, Terra/ASTER and Landsat Thermal Infrared (TIR) images,
with the aim of obtaining a deeper understanding of this volcano's
past behavior and its future eruption trend, and thus being able to facil-
itate the effective mitigation on the possible subsequent hazards caused.
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2. Materials and methods

In this study, 27 GB of imagery data from the NASA image archive has
been processed. Satellite TIR images at Merapi volcano for the period
1988-2020 were selected based on the level of the image quality. More
specifically, Landsat imagery products (originally 60 m spatial resolution,
resampled to 30 m pixel size by default) and MODIS temperature prod-
ucts (1 km spatial resolution) were used for Merapi volcano monitoring.
Landsat images are complementary—Landsat possesses a high spatial res-
olution but low temporal resolution in contrast to the high temporal res-
olution but low spatial resolution MODIS imagery. MODIS LST products
are ready for use once downloaded while Landsat images require further
post-processing. ASTER (The Advanced Spaceborne Thermal Emission
and Reflection Radiometer) LST images with 90 m spatial resolution are
also used for the validation of MODIS LST.

2.1. Landsat imagery derived brightness temperature

Images acquired from Landsat satellites and sensors (i.e., Landsat 5
TM and Landsat 7 ETM+) are used in this study. Landsat's multispectral
sensors include TIR bands in the range: 10.40-12.50 um. These wave-
lengths are specifically used to detect outgoing long-wavelength radia-
tion from the Earth, the intensity of which largely depends on emitting
surface temperature (Ahmad et al., 2002; Gupta, 2017). The sensors' de-
sign and operation are based on the principles of quantum mechanics
that is applied by NASA. The overpass time for Landsat satellites is
local time 10 to 10.30 am. The spatial and temporal resolutions are
30 m and 16 days, respectively (NASA, 2019).

We selected images of Merapi from different years and seasons based
on Landsat Collection 1 LandsatLook Images of the USGS Global Visualiza-
tion Viewer (GloVis) (USGS, 2021) (the criteria to select images is mainly
based on the cloud cover) from the Landsat archives and from these re-
trieved the brightness temperature (BT) of the surface at Merapi. The BT
is a measurement of the radiance of the electromagnetic radiation travel-
ing from the Earth's surface to the satellite sensor at the top of the atmo-
sphere (TOA), in temperature units of an equivalent black body. The BT
is calculated by the inversion of the Planck function to the radiation mea-
sured. The BT and LST relate via the surface emissivity and atmospheric
transmissivity, dictating that BT is always smaller than LST since surface
emissivity in nature is less than one (Harris, 2013; Tang and Li, 2013). BT
retrievals are much more effective than LST from the perspective of data
processing because they omit complicated scene-specific atmospheric pa-
rameters and emissivity calculations (i.e., atmospheric correction). How-
ever, if the atmospheric correction is accounted for, the RMS error on
corrected temperatures is around 2 °C (Barsi et al., 2003; Vidal et al,, 1997).

Theoretically, the contribution of solar radiation at the TOA infrared
radiation is negligible in the 8-14 um wavelength both day and night, so
the solar-related items, i.e., atmospheric scattering term (solar diffusion
radiance), surface reflected downwelling atmospheric scattering term,
and surface reflected downwelling solar beam term, in the thermal in-
frared radiative transfer equation (RTE) can be discarded without accu-
racy loss (Li et al., 2013). However, the solar radiation transmitted from
the Sun to Earth is absorbed by the Earth's surface. It is then converted
to heat and reemitted in the form of infrared to space (i.e., terrestrial ra-
diation). The empirical study shows a linear relationship between the
values of the shaded relief and LST, basically, the more shadows in a sur-
face area the lower the LST values (Peng et al., 2020). An analysis study
on factors affecting mountainous LST in the summer shows that land
surface moisture characteristic is the main factor influencing the LST
(Sunetal., 2014). Also, the angle of incoming solar radiation affects tem-
peratures of locations at different latitudes. The solar radiation is more
intense per unit of area when the sun's rays arrive Earth's surface near
the equator, causing warmer temperatures. Thus consider the low lati-
tude of the Merapi volcano (—7.5°) and the surface homogeneity in cra-
ter ROI area. The solar radiation effect on land surface can be averaged
out while deriving the trend of BT temperature time series.
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The Landsat data processing steps, including radiometric calibration,
thermal band selection, and image classification, are summarised in
Fig. 2 and more detailed procedures and result validation regarding
the data processing are explained in the previous studies (Artis and
Carnahan, 1982; Chan and Chang, 2018; Chan et al., 2017; Harris,
2013). BT is computed from a single channel algorithm based on the
Planck radiation equation, which relates the rate at which a surface
radiates energy to a function of kinetic temperature. However, BT is usu-
ally used in thermography because there is a certain relationship be-
tween brightness and kinetic temperatures.(Artis and Carnahan,
1982). The accuracy of the BT retrieval is generally better than 2 K
based on the experiment of ground-truth validation with meteorologi-
cal temperature data from Central Weather Bureau (CWB) of Taiwan
(Chan et al,, 2017).

2.2. MODIS 8-day temperature products

In contrast to Landsat imagery, MODIS provides shorter revisit pe-
riod (sub-daily) but at a rather coarse (1 km) spatial resolution. Here,
data from the MODIS 8-day nighttime temperature data (Product ID:
MOD11A2, MYD11A2) for 2000-2020 was used for time series analysis.
The MOD11A2 (from Terra/MODIS) and MYD11A2 (from Aqua/MODIS)
products are the 8-day average LST of the corresponding daily LST
pixels, which is calculated from the nighttime observations and algo-
rithms based on MODIS TIR bands (wavelength: 3.6-12.3 pm) (Wan,
2014; Wan and Li, 1997). The accuracy of the LST product is generally
better than 1 K (0.5 K in most cases) based on the statement of the
MODIS land team of NASA (NASA, 2018). To assess the quality of a
1 km by 1 km pixel resolution, an exemplary MODIS LST imagery in
Merapi crater is shown in Fig. 3. The mean temperature difference is
generally less than 1 K based on the previous comparison on the statis-
tics of retrieved Landsat LST and MODIS LST product (Chan et al., 2017).

2.3. ASTER surface temperatures

ASTER is one of five imaging sensors onboard the Terra satellite
launched in 1999 as a portion of NASA's Earth Observing System
(NASA, 2020). ASTER is the only high spatial resolution sensor on the
Terra satellite and, in effect, serves as a ‘zoom’ lens for the other sensors
and as such, is particularly helpful for studies and applications on the
land surface, change detection, and calibration or validation. Generally,
the other sensors aboard Terra collect data daily. However, ASTER has
a revisit time of 16 days, in stark contrast to sub-daily MODIS observa-
tions. ASTER acquires data in 14 spectral bands of the electromagnetic
spectrum ranging from visible to TIR wavelength, namely, the visible
and near infrared subsystem, the short wave infrared subsystem, and
the TIR subsystem. Here, ASTER 90 m resolution surface temperatures
at Merapi crater are derived from TIR images and used for the cross-
validation of the MODIS LST.

2.4. STL decomposition

The task of deconstructing a time series into several components is
termed decomposition, with each resulting component representing
different data categories. Here, we utilize the “Seasonal and Trend de-
composition using Loess (STL)” technique for decomposing the MODIS
LST time series, while Loess is the method to estimate nonlinear rela-
tionships in the time series (Cleveland et al., 1990; Hafen, 2010).
These techniques are capable of estimating nonlinear relationships
within a dataset and have the advantage of handling seasonality and
of being robust to outliers. STL divides up the time series into three
parts: the trend, the seasonality, and the remainder. The occasional un-
usual observation generally does not affect the estimates trend and sea-
sonal components, however, outliers do have an effect on the remainder
component.
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et al,, 2008), MODIS and ASTER, are used.

3. Results

3.1. Monitoring Merapi crater with 8-day average MODIS LST products

(2000 to 2020)

different from each other. The null hypothesis is that the two sets of LST
time series are from populations with equal means. Hypothesis test
results (very small values of p) from both sets indicate the rejection of
the null hypothesis at the Alpha (5%) significance level (see Table 1).
One significant advantage of STL decomposition is that it can handle

The MODIS 8-day average nighttime LST time series for Merapi crater
(the region outlined in Fig. 3), March 2000-June 2020 is displayed in
Fig. 4. It will be noted that there are numerous missing values and these
relate to cloud and/or volcanic eruption plumes obscuring the surface
from view. Indeed, there is a seasonal pattern which relates to the region's
rainy season and there are data gaps during eruption events. Fig. 5 illus-
trates the background temperature time series of adjacent areas nearby
to the Merapi crater (in Fig. 1) to show the differences of these MODIS
LST time series compared with Merapi. In both regions there is an upward
trend. However, the Merapi LST time series displays multiple thermal
peaks caused by the eruption events, demonstrating that the Merapi cra-
ter LST is contributed to by volcanic origins as well as just the background
characteristics. An independent t-test with a 5% significance level, con-
firms that the means of both sets of LST time series are significantly

missing data values in a time series and as such, it was applied to this
MODIS LST time series (Fig. 6). The seasonality, trend and remainder com-
ponents of the MODIS LST time series that resulted from the STL decompo-
sition are evident. The Fourier transform has been applied to derive the
dominant period for seasonality, and trend component. The dominant pe-
riods for seasonal and trend are 1.02 years and 10.2 years, respectively. The
remainder component is what is left over when the seasonal and trend-
cycle components are subtracted from the data and represents observable
estimates of other information such as atmospheric circulation, El Nifio
phenomenon, meteoric cycle and others (Huang and Wu, 2008).The mag-
nitude of seasonal and trend components is rather small compared to that
of the remainder component. However, the retrieved seasonal period
(i.e,, 1.02 years) is close to the surface temperature annual cycle, indicating
that STL works well in this instance.
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the reader is referred to the web version of this article.)

3.2. Cross validation: Surface temperature time series at Merapi crater
obtained from ASTER imagery

Fig. 7 shows the 90 m spatial resolution ASTER surface temperature
time series at the Merapi crater that was retrieved from Surface Kinetic
Temperature (Product ID: AST_08v003); with a total of 287 cloud-free
images out of 558 available scenes (USGS, 2016). The STL decomposi-
tion of the ASTER LST time series is displayed in Fig. 8. The one-decade
trend (9.8 yrs. period) closely matched that (10.2 yrs. period) of the
MODIS LST products (in Fig. 4), with a persistently upward trend.
MODIS catches more thermal anomaly peaks caused by the eruptions
than ASTER does because of its higher temporal resolution (the total
number of valid images from MODIS is about two times that of
ASTER). In a similar vein, ASTER catches other temperature peaks than
MODIS due to its higher spatial resolution. The major advantage of
MODIS is the subdaily acquisitions of images. Despite the lower spatial
resolution, the higher temporal resolution does provide more detailed
land surface information of the Merapi volcano. Statistical summary
on the retrieved land surface temperature at Merapi crater both from
ASTER and MODIS sensors is listed in Table 2. It indicates that MODIS ac-
quired LSTs are generally 3 °C lower than those of ASTER. The discrep-
ancy between ASTER and MODIS derived land surface temperatures
can be attributed to the differences in spatial resolution and retrieval al-
gorithms (Jacob et al., 2004; Liu et al., 2006). In general, the recorded
secular-up trend of the MODIS LST time series is in agreement with
the ASTER LST time series.

3.3. BT distribution of Merapi volcano obtained from Landsat imagery

The mean diameter of Merapi crater is around 500 m (see Fig. 1),
however, the spatial resolution of the MODIS LST imagery is 1 km.

Thus MODIS, with a high temporal resolution but the low spatial resolu-
tion, is not ideal for detecting the detailed thermal features at the
Merapi crater. However, the high-resolution Landsat TIR imagery
(30 m pixels) is useful to delineate the spatial pattern of thermal anom-
alies on volcanic surfaces, although it suffers from a less than optimum
temporal resolution. We have prescreened the Landsat archive (Landsat
5TM and Landsat 7 ETM+ ) to process 118 scenes in order to obtain the
BT images of Merapi, all of which had limited cloud contamination.
Thirty-two scenes out of a total of 118 Landsat scenes are illustrated in
Fig. A1 (see Online Resource) which shows the multitemporal BT distri-
bution of Merapi crater from 1988 to 2019. Table A1 (see Online Re-
source) lists the corresponding statistics summary of brightness
temperatures. A few exemplary scenes are also presented in Figs. 9
and 10. The pattern indicates that the surface temperature ranges in
the study area with colour spanned from blue to red. Thermal anomaly
areas are represented by distinct red colors. Thermally anomalous re-
gions at the Merapi crater are generally 5-28 °C hotter than the sur-
roundings. Thermal anomaly areas are in agreement with the locality
of the debris ravines on the volcano's flanks which are indicated by
the red colour.

Spatio-temporal temperature variations in Figs. 9 and 10 show that
extents of thermal anomaly areas in the Merapi summit change over
the time period of 1988-2019. Images in Figs. 9 and 10 are generally
tainted by cloud coverage. However, the Merapi crater area is mostly
clean as evidenced in the left-column optical imagery. Imagery sets
from 1992 to 2018 reveal consistency in the temperature anomaly pat-
tern of Merapi which is caused either by eruption events, or the surface/
subsurface heat sources. Fig. 11 displays the 30 m spatial resolution
zoomed-in Landsat images at Merapi summit area. The variations of
the thermal area at the summit are the results of endogenous and exog-
enous eruptive processes, i.e., interactions of intrusive, effusive, and
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Table 1

Results of independent t-test presenting significant differences between the mean LST of
Merapi and that of Merbabu and Saddle areas. N: Number of the dataset; Df: degrees-of-
freedom; P: p-value.

Axis Category N  Mean t-test Df P
Merapi vs. Merapi LST 583 10.2 9.6 (right tail)* 1158 6.8e-21
Merbabu Merbabu 577 9.1
LST
Merapi vs. Saddle  Merapi LST 583 10.2 —36.8 (left 1166 4.7e-197
tail)**
Saddle LST 585 14.1

s

right tail — Test against the alternative hypothesis that the population mean of Merapi
is greater than the population mean of Merbabu.

** left tail— Test against the alternative hypothesis that the population mean of Merapi is
less than the population mean of Saddle.

explosive activity, either before, during, or after the volcanic eruptions
(Delcamp et al., 2014). For instance, in the period of 1992-1995,
2000-2007, 2009-2012, and 2016-2018, the thermal anomaly area in-
creased apparently because of the eruption events in 1994
(Abdurachman et al., 2000; Voight and Davis, 2000), 2006 (Carr et al.,
2016; Ratdomopurbo et al, 2013), 2010 (Cronin et al., 2013;
Komorowski et al., 2013; Mei et al., 2013), and 2018, respectively. The
model of the conductivity structure along the volcano's north-south
profile, as demonstrated by (Miiller et al., 2002) shows, that magma dis-
tribution presumably would have to be quite shallow to have this effect.
Thus these spatio-temporal surface temperature variations do provide
important information regarding the activities of heat sources.

Due to the relative longer revisiting time (16-days) and frequent
cloud contaminations, Landsat obtains fewer cloud-free images
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compared to MODIS. However, the relative higher distinguishing ability
indeed provides useful information on the pattern of thermal anomaly
distribution on the volcano surface, which is essential for understanding
the subsurface volcanic structures (i.e., Figs. 9-11). Such surface anom-
aly patterns are impossible to observe from the ground-based point
measurements, considering either the site remoteness, accessibility, or
the operational cost.

It is necessary to confirm that the positive thermal anomaly is not
caused by the land use or land cover changes in Merapi area. Observation
and analysis of the distribution of pyroclastic flow deposits for Merapi
volcano throughout 2001-2017 show that the pyroclastic flow deposi-
tional area mainly resided in the southwestern region before the erup-
tion in 2010 and migrated to the southern region after the 2010
eruption (Kadavi et al.,, 2017). However, no significant land use or land
cover changes have happened in the area of Merapi crater ROI (see
Figs. 1 and 11). The LST time series are extracted from imagery that
covers a well-defined area around the crater of Merapi and not lower
elevation areas that are subjected to human-related interventions.

4. Discussion

4.1. Seasonal component and trend component of STL decomposition on
MODIS LST time series

Given that the seasonal period (1.02 years, Fig. 6) is close to the tem-
perature annual cycle, a comparison with the near-surface on-site air
temperature is carried out for detailed investigation of the seasonal
component. The air temperature dataset is from the NASA Prediction
of Worldwide Energy Resource (POWER) with the validated accuracy

LST

Trend

(10.2 yrs period)
Seasonal (1.02 yrs)
Remainder

Events

2000

2020

Fig. 6. STL Decomposition of MODIS LST series of Merapi crater. The Seasonal Trend Decomposition using Loess (STL) was used to divide up the MODIS LST time series into three parts
namely: the trend, the seasonality, and the remainder. The vertical thin dashed red lines indicate the dates of recorded eruption events or volcanic unrest periods (i.e., events on Jun
21,2020, 11 May 2018, 9 March 2014, 18 November 2013, 26 October 2010-15 July 2012, 16 March 2006-8 August 2007, and 20 January 1992-19 October 2002, respectively; horizontal
double-headed arrows indicate the eruptive spans). The dominant periods for seasonal and trend are 1.02 years and 10.2 years from the Fourier transform calculation.
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Fig. 7. lllustration of the ASTER daytime and nighttime LST at Merapi crater from March 2000 to June 2020. a) The ASTER LST time series. Note that gaps in the time series will be the result

of cloud and/or the eruption plume masking the surface from 558 data points from the time period. b) ASTER LST time series with the data gaps excluded.
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Fig. 8. STL Decomposition of ASTER LST series of Merapi crater. The Seasonal Trend Decomposition using Loess (STL) was used to divide up the ASTER LST time series into three parts
namely: the trend, the seasonality, and the remainder. The vertical thin dashed red lines indicate the dates of recorded eruption events or volcanic unrest periods (i.e., events on Jun
21,2020, 11 May 2018, 9 March 2014, 18 November 2013, 26 October 2010-15 July 2012, 16 March 2006-8 August 2007, and 20 January 1992-19 October 2002, respectively; horizontal
double-headed arrows indicate the eruptive spans.). The dominant periods for seasonal and trend are 0.93 years and 9.8 years from the Fourier transform calculation. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

range of +0.96 °C (Stackhouse Jr et al., 2018). The detrended on-site 8-
day average air temperature has been utilized as a reference to the sur-
face temperature annual cycle. Comparison between the LST seasonal
component and the detrended annual-cycle air temperature is illus-
trated in Fig. A2a (see Online Resource) in its decomposed form. Kurto-
sis and skewness of each time series have been used for indicating the
similarity level. The kurtosis and skewness measure the asymmetry or
distortion and the height and sharpness relative to a normal distribu-
tion, respectively. The cross correlation is also calculated to compare
the two time series in Fig. A2b (see Online Resource) which indicates
a low level similarity. High similarity of these two signifies that the
LST time series contained the climate annual cycles as its seasonal com-
ponent. The low-similarity implies that the seasonal component has a
low-level disturbance from other contributing factors such as volcano
eruption and heat release. The large differences between the kurtosis
and skewness values in Fig. A2 (see Online Resource) suggests the
low-similarity between the LST seasonal component and the annual-
cycle air temperature.

Table 2
Statistical summary of land surface temperature at Merapi crater from ASTER and MODIS
sensors (2000—2020).

Satellite & Total number of Min LST Mean Acquisition time (local
Sensor valid images (°C) time)
Max
Terra ASTER 287 0.1 525 13.2  night 10:30 pm/
day: 10:30 am
Terra/Aqua 586 0.7 18.6 10.2  Terra: 10:30 pm
MODIS Aqua: 1:30 am

10

Fig. 12 demonstrates the trend of STL decomposition on the MODIS
and ASTER LST time series (as derived from the data in Figs. 6 and 8).
Both trends of the MODIS and ASTER LST time series appears to be
gently increasing. The eruption events are not always corresponding
to the high-temperature values and this is a consequence of missing
temperature dataset due to cloud and/or the eruption plume masking
the land surface. The detected long-term increase in both the MODIS
and ASTER LST is based on the full duration of the dataset collected at
Merapi. However, if the trends in Fig. 12 were evaluated from 2004 to
2011, they appear a decrease in LST. These periods of relatively high
or low temperature in the time series may be caused by the different un-
rest level of Merapi. For instance, based on the Merapi bulletin reports
from the global volcanism program, Smithsonian Institution, say, there
were fewer pyroclastic flows and lava dome growth with intermittent
ash plumes and rock avalanches in 2004-2011; however, there was
an increasing unrest, i.e., several eruptions and elevated seismicity oc-
curred in June 2011-December 2014 (GVP, 2013). Patterns of the
MODIS and ASTER trend time series in Fig. 12 don't look to be correlated
well. The difference in dataset numbers (i.e., dataset gaps), as well as the
sensor's spatial resolution (1 km vs. 90 m; i.e., spatial scale mismatches),
may be attributed to differences between these two time series.

4.2. Temporal temperature distribution of Merapi volcano from 1988 to
2019

MODIS LST time series shows a gentle uptrend of Merapi volcano
from 2000 to 2020 based on the results of the STL decomposition. To fur-
ther investigate and validate the trends and possible cyclic activity of
Merapi, the 30-m Landsat BT time series in Merapi crater from 1988
to 2019 (includes 93 Landsat scenes in total) is plotted in Fig. 13. The
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Fig. 9. The exemplary BT distribution pattern in Merapi crater from 1992 to 2018. The Landsat imagery (satellite and sensor ID: Landsat 5 TM, Landsat 7 ETM+) in the right column is the BT
and the imagery in the left column are the corresponding optical (RGB) images. The top line in the legend box is the image acquisition date. Note that almost all the imagery has cloud

contamination more or less.

BT values of the time series are extracted within the area of Merapi cra-
ter ROI (1 km by 1 km area as shown in Fig. 11) in each Landsat BT im-
agery. Landsat BT time series signifies an apparent uptrend with the
linear trend slope of +0.22 °C per year. The recorded eruption events
(date and VEI) are also plotted to visually assess the possible correlation
between the temperatures variation and eruptions. The eruptions of
1990, 2002, 2006-2007 and 2010-2012 perfectly catch the high-
temperature peaks locally, which indicate that the high temperature is

11

caused by the eruption events. However, the Volcanic Explosivity
Index (VEI), which is a relative measurement for the explosiveness of
volcanic eruptions, does not relate positively to the temperatures in all
cases. For instance, the VEI of the 2010 eruption is 4, which is the largest
during the last three decades (Borisova et al.,, 2013). However, the cor-
responding temperature to this event is not the highest. This phenome-
non can be explained by the fact that major activities in Merapi are
lava-dome extrusion, dome-collapse, and column-collapse pyroclastic
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Fig. 10. (continued). Image stripes are from Landsat 7 ETM+ SLC-off images. Landsat 7 ETM+ SLC-off data is Landsat 7 images acquired after May 31, 2003, when the sensor's Scan Line
Corrector (SLC) broke down. These image products have stripes and gaps, but are still useful and maintain the same radiometric and geometric qualities as data collected prior to the SLC

malfunction (USGS, 2019).

flows (Wooster and Rothery, 1997). Theoretically, volcanic eruption
styles depend on many factors, namely, the magma characteristics (in-
cluding chemistry content, temperature, viscosity, volume, water and
gas content), the presence of groundwater, and the plumbing system.
Significantly however, the highest VEI eruptions do not necessarily
lead to the highest surface temperatures and radiant emissions. This
point is supported by previous study on satellite measurements of the
thermal flux observed from 95 erupting volcanoes for the period of

12

2000 to 2014, in which it was shown that explosive volcanoes were con-
sistently less emissive (Wright et al,, 2015). Besides, there is an alterna-
tive explanation on how volcanic activity affects the thermal radiance of
the land surface. Explosive eruptions generally are poorly captured in
thermal images due to ash plumes obscuring the vent, whereas effusive
eruptions actively emplace lava on the surface, which is easily detected,
and over wider areas, by thermal sensors. Thus, the largest (explosive)
eruption does not necessarily have the largest thermal signal. That is
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Fig. 11. The 30 m spatial resolution zooming Landsat images at Merapi summit area to display the thermal anomalous pattern. The right column are the thermal images and the left column
are the corresponding optical (RGB) images. The top line in the legend box is the image acquisition date.

because effusive eruptions deposit lava in a manner easily detected by
satellite thermal images, while explosive eruptions do not.

4.3. Spatial temperature distribution of Merapi volcano from 1988 to 2019

Change detection (pixel-by-pixel comparison) of Landsat BT distri-
bution is performed to visualize the temperature spatial variation in
Merapi. Fig. 14 shows the spatial variations in the temperature of the
Merapi volcano from 1988 to 2019. The temperatures tend to increase

13

to the east and south of Merapi. Especially after the eruption events,
such as the period of 1988-1990, 1992-1994, and 2007-2011, etc.
These thermal anomalies are corresponding to the recorded eruption
events on 10 October 1986-16 August 1990 (VEI = 2), 20 January
1992-19 October 2002 (VEI = 2), 16 March 2006-8 August 2007
(VEI = 1), and 26 October 2010-15 July 2012 (VEI = 4), respectively.
In contrast, for the periods of 1996-2000, 2014-2015, and 2018-2019,
in which no corresponding eruption events occur, the temperatures
have no apparent increase to the east and south of Merapi. The
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Fig. 13. Variations in average BT in Merapi crater ROI from 1988 to 2019. The vertical thin dashed red lines indicate the recorded eruption events on 11 May 2018 (VEI = 3), 9 March 2014
(VEI = 3), 18 November 2013 (VEI = 2), 26 October 2010-15 July 2012 (VEI = 4), 16 March 2006-8 August 2007 (VEI = 1), 22 November 1994-11 July 1998 (VEI = 2), 20 January
1992-19 October 2002 (VEI = 2), and 10 October 1986-16 August 1990 (VEI = 2), respectively. The horizontal double-headed arrows indicate the eruptive spans. VEIs are marked
aside. The bold red line shows the increasing linear trend of crater temperature (slope = 0.2237 °C per year). The dotted lines show the 95% prediction interval. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

eruption-related variation pattern signifies that the heat sources may be
located at the east and south beneath Merapi.

To confirm that the spatial variations in temperature and positive
thermal anomaly from the Landsat daytime temperature change detec-
tion at Merapi are of volcanic sources, we selected several cloud-free
ASTER nighttime LST images for change detection analysis from the ar-
chive. The similar change detection (pixel-over-pixel comparison) op-
eration is carried on the ASTER nighttime LST dataset as shown in
Fig. 15. Results indicate that the nighttime surface temperature sur-
rounding the volcano summit, which is less affected by the daytime in-
solation, generally increases in the period 2011-2018. Volcanic diffuse
heating or surface warming (i.e., the diffuse heating of volcanic soils)
is the dominant energy emitting of the Earth's internal heat during
inter-eruptive periods of active volcanoes (Girona et al., 2021). Previous
studies on the numerical model of heat conduction in active volcanoes
show that it is possible to monitor magma activity underneath a volcano
by detecting its surface temperature (Atmojo and Rosandi, 2015;
Stevenson, 1992). The simulation is performed by solving numerically
the temperature diffusion equation with complicated boundaries and
a mixture of thermal properties of volcanic rocks.

It is noted that both Figs. 14 and 15 show that thermal anomalies at
the area extent of 10 km within Merapi's summit can be affected by its
plumbing system. The study on the influence of plumbing system struc-
ture on volcano dimensions and topography indicates that the height
and basal radius of a volcano and its lavas can be used to estimate the
fundamental properties of the plumbing system, specifically the depth
and size of the magma chamber, i.e., the structure of the magmatic

15

system shapes the morphology of the volcanic edifice: 1) large volca-
noes (>2000 m height and base radius > 10 km) usually are basaltic
systems with over-pressured sources located at more than 15 km
depth. 2) smaller volcanoes (<2000 m height and basal radius < 10 km)
are associated with more evolved systems where the chambers feeding
eruptions are located at shallower levels in the crust (<10 km)
(Castruccio et al., 2017). Considering the height of Merapi is 2910 m
asl, its base radius of magma plumbing system should be greater than
10 km, in which supports the phenomenon of 10-km-extent of thermal
anomalous area surrounding summit in Figs. 14 and 15. Again, such ob-
servations on surface thermal anomaly patterns are impressive and in-
teresting because they cannot be obtained from the in situ
measurements.

The integration of subsurface model and surface measurements
leads to a better understanding on the structure of active volcanoes.
The prerequisite to such integration is data availability from both the
conventional geophysical methods and remote sensing methods. It is
an advantage of Merapi that its subsurface structure is well explored
in previous geophysical studies. The magma plumbing system beneath
Merapi was investigated by use of seismic tomography revealing strong
S-velocity negative anomalies with amplitudes that reach —25% be-
neath Merapi and to the south. The resulting surface-wave tomography
(S-wave model) and travel-time tomography in the East-West vertical
profile show the negative anomalies to the east of Merapi (Koulakov
et al., 2007; Koulakov et al., 2009; Koulakov et al., 2016; Luehr et al.,
2013). Theoretically, areas of negative S-wave anomaly signify possible
fluid sources (Koulakov, 2012). Besides seismic evidence, magnetic and
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Fig. 14. Spatial variations in temperature—change detection (pixel-over-pixel comparison) of Landsat BT in Merapi volcano from 1988 to 2019.

resistivity measurements also provide useful information to delineate
magma bodies. Hydrothermal bodies of low-resistivity below the sum-
mit and the south flank were identified by the electric resistivity tomog-
raphy along with the north-south profile on Merapi (Byrdina et al.,
2017; Commer et al., 2006). The magnitude of deep resistivity below
the south flank is an order lower than that below the north. The strati-
fied deposits detected in the south flank of Merapi separate the hydro-
thermal fluids—gas flows up to the crater and liquid flows down to
the base (Byrdina et al., 2017; Miiller et al., 2002). On-site temperature
observations in the Woro and Gendol fumarolic fields of the

16

southeastern flank of Merapi indicate a persistent increase of very
high (as high as 900 °C) temperatures which implies the proximity to
the top of the heat sources which are seemingly evident in Fig. 14
(Allard and Tazieff, 1979; Jousset et al., 2012; Kavalieris, 1994; Richter
et al., 2004; Tazieff, 1983).

Recently, Girona et al. (2021) have developed a new observable
(i.e., median anomaly; 8T) to track the heat release through volcano sur-
faces in order to verify the possible correlation between the surface heat
emissions and pre-eruptive processes. They explored the temporal evo-
lution of &T for five representative volcanoes around the world and
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proposed that the long-term pre-eruptive unrests reflect subsurface
magmatic-hydrothermal fluid interactions (Girona et al., 2021). By
the same token, we may attribute the temporal and spatial variations
in surface temperatures of the Merapi volcano to the intensity variation
of the underground hydrothermal activities. However, the detailed cou-
pling process between the surface temperature and the subsurface
groundwater temperature, the condensation of steam, and/or variations
in soil properties and emissivity, etc. requires more effort in future in-
vestigation and studies.

The seismic, magnetic and resistivity measurements provide subsur-
face information to compare with the satellite remote sensed observa-
tions of Merapi. Fig. 16 illustrates the cross-section cartoon that depicts
the surface fumaroles and subsurface features beneath Merapi according
to the results of previous studies. It includes the stratified deposits de-
tected in the south flank of Merapi, i.e., a large low-velocity anomaly be-
neath the southern flank of Merapi. This anomaly is divided into two
layers. The upper layer is the 1-km thick volcanoclastic sedimentary
cover. The lower layer of 4-8 km depths reflects a magma reservoir
with partially molten rock. A low-velocity anomaly was observed as
deep as 8 km beneath the Merapi summit that may be connected to the
magma reservoir of Merapi (Koulakov et al.,, 2016). Fig. 16 also shows
that the possible heat sources reside in the south and east of Merapi caus-
ing the positive thermal anomaly in the Woro and Gendol fumarolic fields
of the southeastern flank of Merapi. The general mechanism is that the
magma source is closer to the surface when eruptions occur, thus causing
the positive thermal anomaly accordingly. The thermal anomaly observa-
tions from the satellite remote sensing serve as a verification for the re-
sults of the seismic and resistivity tomography, and vice versa.

In summary, satellite observed surface thermal anomaly features
identified at Merapi may be the result of degassed shallow magma sys-
tem (i.e., the flux of gas, heat, and/or hydrothermal systems), deep
magma intrusions, and lava tongues or pyroclastic debris ravines. It is
questionable to attribute all the surface anomaly features to the deep
subsurface magma source, especially near the crater area, where lava
tongues or debris ravines are distributed at a higher frequency. How-
ever, to separate the deep heat source of subsurface magma from that

Woro;//[ /// Merapi

Gendol

—_—
0 km
Legend
Andesite lava flows
, Hydrothermal system
reservoir
@ Vagma reservoir
8 km /' Magma movement

Fig. 16. The conceptual cross-section cartoon indicates that the possible magma sources
reside in the south and east of Merapi volcano. Both the vertical scale and the
topography along the profiles are exaggerated. The geophysical images indicate that the
possible magma sources reside in the south and east of Merapi, which cause the positive
thermal anomaly in the Woro and Gendol fumarolic fields (Allard and Tazieff, 1979;
Camus et al.,, 2000) of the southeastern flank of Merapi (location marked with the red
star). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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of lava tongues and fresh pyroclastic flow deposits remains a challenge.
Thus the surface thermal anomaly features observed by the satellite im-
agery are results of both the deep/shallow subsurface and surface heat
contributions.

5. Conclusions

The observation and information on volcanoes from the bird's-eye
view of a large area are generally not available via the conventional geo-
physical or geochemical measurements. Thus the satellite observed 2-D
surface temperature information of a bigger scale area surrounding the
volcanoes is appreciated. This study used a batch of satellite thermal im-
ages to detect and monitor the surface temperature at Merapi volcano.
The crater temperature time series obtained is used to validate the
past eruptions and assess the future eruptive trend of this volcano. Tem-
poral and spatial temperature variations from 1988 to 2019 in Merapi
are investigated through time series analysis and image change detec-
tion techniques. Temperature detections from both MODIS and Landsat
thermal sensors indicate an overall increasing trend at Merapi crater.
Specifically, LST trend based on STL decomposition of MODIS LST time
series from 2000 to 2020 shows a gentle uptrend, and the trend based
on the Landsat BT time series from 1988 to 2019 reveals a clear uptrend
with the rate of +0.22 °C per year. Spatial variations in temperatures
have been obtained from the pixel-over-pixel comparison on BT images
of Merapi from 1988 to 2019. The resulting spatial change patterns are
in line with those of the seismic and resistivity tomography, which indi-
cate that the possible magma sources are located beneath the south and
east flank of Merapi. Three satellite TIR imagery datasets, i.e., Landsat,
MODIS, and ASTER, were analyzed in this study. The surface tempera-
ture tendency derived from all these satellite imageries indicates the
longer term uptrend, which means that Merapi volcano will likely
remain restless in future decades.

The satellite monitoring-based approach in this study is helpful to
understand past events as well as the future eruption potential of
Merapi. The retrieved temperature information is useful for volcano
monitoring, hazard assessment and mitigation. Especially this method
is most applicable in case the volcano is hard to access, or the budget
of volcano monitoring is insufficient. Also, it is a compliment and suit-
able to be included with the existing volcanic monitoring systems for
improving the monitoring tasks in Merapi volcano.

It is expected that remote sensing will play an increasingly impor-
tant role in volcano monitoring and hazard mitigation as more near
real-time observations become available nowadays. Recently, high
temporal resolution geostationary infrared satellite data has been used
for the real-time monitoring of eruptive styles, ash plume, and SO,
clouds, etc. The versatile multispectral sensors are equipped onboard
the geostationary satellite Meteosat Second Generation (MSG) or
Himawari 8 (Bessho et al., 2016; Ishii et al., 2018; Lombardo et al.,
2019; Marchese et al., 2018; Schmetz et al., 2005). These satellites can
provide rapid scan imagery with a repeat cycle of 10 min, but
observing only a third of the Earth's disk. Plus, the spatial resolution is
rather coarse (2 km spatial resolution for thermal bands), which has
hindered the application of volcano studies. Generally, sensors used
for the infrared monitoring of volcanic activity is limited by the trade-
offs between spatial and temporal resolutions. In addition, remote sens-
ing is restricted to detecting the surficial and the shallow buried thermal
sources. Thus, it cannot be considered as an all-powerful tool to explore
and monitor volcanoes. The interdisciplinary approach including
geology, geophysics, geochemistry, and remote sensing is the way to
achieve better understanding on prediction, hazard management, and
assessment of volcanoes in the future.
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