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Featured Application: Volcano activity mapping and monitoring,.

Abstract: The RST (Robust Satellite Techniques) approach is a multi-temporal scheme of satellite data
analysis widely used to investigate and monitor thermal volcanic activity from space through high
temporal resolution data from sensors such as the Moderate Resolution Imaging Spectroradiometer
(MODIS), and the Spinning Enhanced Visible and Infrared Imager (SEVIRI). In this work, we present
the results of the preliminary RST algorithm implementation to thermal infrared (TIR) data, at 90 m
spatial resolution, from the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER). Results achieved under the Google Earth Engine (GEE) environment, by analyzing 20 years
of satellite observations over three active volcanoes (i.e., Etna, Shishaldin and Shinmoedake) located
in different geographic areas, show that the RST-based system, hereafter named RASTer, detected a
higher (around 25% more) number of thermal anomalies than the well-established ASTER Volcano
Archive (AVA). Despite the availability of a less populated dataset than other sensors, the RST
implementation on ASTER data guarantees an efficient identification and mapping of volcanic
thermal features even of a low intensity level. To improve the temporal continuity of the active
volcanoes monitoring, the possibility of exploiting RASTer is here addressed, in the perspective of an
operational multi-satellite observing system. The latter could include mid-high spatial resolution
satellite data (e.g., Sentinel-2/MSI, Landsat-8/OLI), as well as those at higher-temporal (lower-
spatial) resolution (e.g., EOS/MODIS, Suomi-NPP/VIIRS, Sentinel-3/SLSTR), for which RASTer
could provide useful algorithm’s validation and training dataset.

Keywords: volcanoes; ASTER; Robust Satellite Techniques; Google Earth Engine

1. Introduction

Several studies have shown the relevant contribution of satellite systems for inves-
tigating and monitoring active volcanoes, also in areas where ground-based devices are
fully operational (e.g., [1-4]). Those systems are capable of providing information about
changes of thermal volcanic activity leading to eruptions and of estimating the radiant
flux and the mass eruption rate (e.g., [5,6]). Moreover, they enable the identification of
thermal anomalies associated with hot degassing. This aspect is particularly relevant,
considering that short-term variations of non-eruptive thermal fluxes are essential for
volcano monitoring (e.g., [7]).

Among the systems developed to monitor active volcanoes from space, MODVOLC
exploits MODIS (Moderate Resolution Imaging Spectroradiometer), MIR (Medium In-
frared) and TIR (Thermal Infrared) data, at 1 km spatial resolution, to detect and quantify
high-temperature features such as lava flows. MODVOLC provides information about
thermal anomalies in terms of hotspot pixel number, total MIR radiance and radiant flux,
in both nighttime and daytime conditions [8,9].
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MIROVA [3] is another well-established MODIS-based system, performing over more
than 300 active volcanoes [10]. This system shows a good efficiency in also detecting
subtle hotspots (e.g., [3]). On the other hand, the lack of sensitivity of MODVOLC to low-
level thermal anomalies, ascribable to the use of a fixed threshold test used globally, was
demonstrated in several previous studies, also through comparison with MODLEN [11]
and RST (Robust Satellite Techniques) (e.g., [12,13]). The latter is a multi-temporal scheme
of satellite data analysis, which was used with success to study and monitor several active
volcanoes located in different geographic areas, using high temporal resolution satellite
data, from sensors such as AVHRR (Advanced Very High Resolution Radiometer), MODIS
and SEVIRI (Spinning Enhanced Visible and Infrared Imager) (e.g., [14,15]), offering an
extended dataset of multi-year satellite observations. The algorithm has also shown a
high potential in detecting subtle thermal activities, which may precede volcanic eruptions
(e.g., [2,4,16]).

In this work, we assess the RST potential in detecting and mapping volcanic ther-
mal anomalies by satellite through ASTER (Advanced Spaceborne Thermal Emission and
Reflection Radiometer) TIR data, at 90 m spatial resolution. ASTER was largely used in
volcanology, despite the nominal revisit time of 16 days, thanks to its features in terms of
spectral and spatial resolution (e.g., [17,18] and reference herein). Here, we show the re-
sults of the preliminary RST implementation on ASTER data, performed under the Google
Earth Engine (GEE) environment. GEE is a cloud-based platform providing access to thou-
sands of satellite images (e.g., European Space Agency-Sentinel, United States Geological
Survey-Landsat), and enabling their handling and analysis at planetary scale (see [19]
for more details). The high computational resources of GEE were previously exploited
to develop an freely accessible tool devoted to map volcanic thermal anomalies at global
scale (https:/ /sites.google.com/view /nhi-tool), using MSI (Multispectral Instrument) and
OLI (Operational Land Imager) SWIR (shortwave infrared) data at 20/30 m spatial resolu-
tion [20,21]. Here, we evaluate the contribution of an RST-based system analyzing ASTER
TIR data, named RASTer (Robust ASTER Thermal anomaly system), in supporting the
operational monitoring of active volcanoes from space, particularly for subtle hotspots
identification. Mt. Etna (Italy), Shishaldin (AK, USA) and Shinmoedake (Japan) thermal
activities are analyzed in this study by comparing RASTer detections to those from the
largely accepted AVA (Aster Volcano Archive) database.

2. Materials and Methods
2.1. Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)

ASTER is one of five instruments (i.e., CERES, MISR, MODIS and MOPITT) aboard
the Terra platform, launched in December 1999. Until April 2008, ASTER has collected
images in 14 spectral bands (an additional backward-looking band is used for stereographic
observations) in the VNIR (visible and near infrared), SWIR and TIR regions (Table 1).
Since April 2008, ASTER has provided data only in the VNIR and TIR bands, owing to the
failure of SWIR instrument. Each ASTER scene covers an area of 60 x 60 km; the spatial
resolution ranges from 15 m (VNIR) to 90 m (TIR). Due to several constraints (see [22]),
ASTER data acquisition is not everywhere guaranteed every 16 days, as its acquisitions
follow a pre-defined and/or an “on-demand” scheduling.

Since November 2016, all ASTER Level 1 Precision Terrain Corrected Registered At-
Sensor Radiance Product (AST_L1T) have been made freely available in Google Earth
Engine. Data stored in AST_L1T imagery are calibrated at-sensor radiance, and they have
been geometrically corrected and rotated to a north-up in UTM projection (see [23] for
more details).


https://sites.google.com/view/nhi-tool
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Table 1. Spatial and spectral resolutions of the ASTER bands.

Name Resolution Wavelength
BO1 15m 0.520-0.600 pm
B02 15m 0.630-0.690 um
B3N 15m 0.780-0.860 pm
B04 * 30m 1.600-1.700 um
BO5 * 30 m 2.145-2.185 um
B06 * 30 m 2.185-2.225 ym
BO7 * 30m 2.235-2.285 um
BO8 * 30 m 2.295-2.365 um
B09 * 30m 2.360-2.430 um
B10 90 m 8.125-8.475 um
B11 90 m 8.475-8.825 um
B12 90 m 8.925-9.275 uym
B13 90 m 10.250-10.950 um
B14 90 m 10.950-11.650 um

* Operational until April 2008.

2.2. Robust Satellite Techniques (RST)

The RST technique is an advanced change detection scheme (whose detailed de-
scription can be found in [24]), which considers each anomaly in space-time domain as a
deviation from a “normal” state, which may be determined by analyzing multi-annual time
series of homogeneous (e.g., same calendar month and overpass time) cloud-free satellite
records. A statistically based index, named ALICE (Absolutely Llocal—double “1” is used
to strengthen the concept that the index is local in space as well as in time [25]—Index of
Change of the Environment [25]), taking into account the signal variability due to natural
(e.g., different land covers, solar exposition) and observational (e.g., sun zenith angle,
satellite view angles) conditions, enables the identification of anomalous events in the
space-time domain, guaranteeing a high trade-off between reliability and sensitivity. The
ALICE index, in its general formulation, is computed as follows:

V(x,y,t) —pv(x,y)
v y) 1)

Qv (x,y,t) =

where V(x,y,t) is the signal measured at the time f and location (x,vy), py(x,y), and
oy (x,y) are corresponding expected value (generally the temporal mean) and standard
deviation computed using a homogeneous dataset (see above).

The RST detection scheme was used in several previous studies to identify hotspots
associated with volcanic activity (e.g., [2,4,12]), forest fires (e.g., [26]), gas flaring (e.g., [27])
and other events (e.g., [28]) analyzing MIR and/or TIR signal. Here, it is implemented,
for the first time, on ASTER TIR data by assessing its performance in mapping thermal
anomalies associated with volcanic activity.

2.3. Robust ASTER Thermal Anomaly System (RASTer)

In this paper, we implemented the RST algorithm under GEE by analyzing the signal
measured in the ASTER channel 13, which is centered at 10.6 um (see Table 1). The index
in Equation (1) is then calculated pixel by pixel, according to the general RST prescriptions:

- BTyo6(x,y,t) — HBTyp6 (x,y)
&XTIR (x/y/ t) - 0BTy (X,y) (2)

In Equation (2), the role of the variable V(x,y,t) is played by the brightness temperature
BTipe(x,y,t) measured at the Top of Atmosphere (TOA) at around 10.6 pm (band 13),
1BTy, (%, y), and opTy (X, ) are the temporal mean and standard deviation computed for
each location (x,y) over 20 years (i.e., 2000-2020) of ASTER observations (e.g., a total of
635 ASTER images were analyzed to generate the spectral reference fields at Shinmoedake).
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The ®11r (x,y, t) index is a standardized variable having a Gaussian behavior. Hence, pixels
having values of ®7r(x,y,t) > 3 have a probability around 99.85% of being anomalous
(e.g., [13]). As discussed in previous studies, the ALICE index is intrinsically protected
against site effects (e.g., natural warming of volcanic rocks [2]). On the other hand, in this
work, due to a dataset much less populated than other sensors (in average 25-35 ASTER
daytime/nighttime images per month, spanning over twenty years of observations, are
available), we used a normalized index in combination with that in Equation (1) to also
detect subtle hotspots with a high confidence level of detection:

_ BToa(x,y,t) — BTios(x, v, t)
BTy1(x,y,t) + BTi06(x,y,t)

NDg12-p13(x,y, 1) ®)

In Equation (3), BTo1(x,y, t) and BTy04(x,y, t) are the brightness temperatures mea-
sured at ~9.1 um (i.e., band 12) and ~10.6 pm (i.e., band 13). TOA (Top of Atmosphere) BT
values were calculated from the radiance at sensor. High-temperature targets, emitting
strongly at shorter rather than longer TIR wavelengths, should lead to positive values
of the NDgqy.p13 index. Hence, RASTer identifies thermal anomaly if at least one of the
following conditions is satisfied:

QTIr(%, Y, t) > 4 (high intensity hot spots)
OR
®1IR(X,Y,t) > 3 AND NDp12_p13(x,y,t) >0
(mid — low intensity hot spots)

(4)

The first test enables the identification of high-temperature features such as lava
flows, while the second one should favor the identification of less intense hotspots (e.g.,
those associated with a mid-low Strombolian activity), increasing the confidence level of
detection by combining the two above defined indices (i.e., ®1r(x, y, t) and NDg12-p13).

2.4. The AVA Database

The ASTER Volcano Archive (AVA) is an archive of over more than 1500 active vol-
canoes dedicated to their global monitoring, providing access to thousands of daytime
and nighttime ASTER imagery at full resolution. Moreover, the AVA database also in-
cludes information about spectral signatures of volcanic emissions (e.g., eruption columns
and plumes), surficial deposits (e.g., lava flows) and eruption precursor phenomena
(e.g., [29]). Since 2000, the AVA database has included products (e.g., thermal anoma-
lies maps) generated from ASTER L1B granules. The AVA database, whose data and
products are disseminated in a common format (e.g., HDF, TIFF, KML) through the website
http://ava.jpl.nasa.gov was continuously updated until late 2017 ([18]). Information from
this ASTER-based system was also used to assess thermal anomalies flagged by algorithms
running on high temporal resolution satellite data (e.g., [30]). In this paper, we compare
RASTer to AVA detections by quantifying differences in detecting and mapping thermal
anomalies through ASTER TIR data over three different volcanic areas (see next section).

3. Results
3.1. Etna Volcano

Mt. Etna (37.748° N-14.999° E) is a stratovolcano located in Sicily (Italy) and represents
one of the most active volcanoes in Europe. Gas/ash emissions, Strombolian activities,
lava fountains and lava flows generally characterize its eruptive activity [31,32]. Mt. Etna
eruptions generally occur from summit craters (i.e., Voragine, Bocca Nuova, North East
Crater, Southeast Crater and New Southeast Crater; [33], e.g., during 2011-2015, [34-36], as
well as at the time of writing, intense paroxysms occurred; [37]), although some voluminous
flank eruptions were also recorded in recent years (e.g., July-August 2001; October 2002—
January 2003; September 2004-March 2005; May 2008-July 2009; [38,39]).


http://ava.jpl.nasa.gov
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Figure 1 displays the temporal trend of hot pixels flagged by RASTer (red triangles)
and AVA (green triangles) at Mt. Etna over the period 2000-2017 by analyzing an area of
10 km of radius centered around the summit crater. The plot shows that both RASTer and
AVA considered the eruptive events of July 2001 as the most intense (see hot pixels number).
In general, all the flank eruptions (see boxes in Figure 1) occurring during the investigated
period were well detected by both systems. Figure 2 displays, for instance, the thermal
anomaly maps generated by RASTer during some Mt. Etna flank eruptions. In particular,
the daytime ASTER scene of 29 July 2001 (Figure 2a) shows how RASTer mapped the areas
inundated by lava (see red and yellow pixels), indicating that the lava flow, moving in the
south direction, extended up to about 1120 m elevation. Figure 2b displays the RASTer
detection of 18 March 2014, showing a lava overflow from summit craters.

Mount Etna volcano
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Figure 1. Time series (2000-2017) of the daily number of hot pixels flagged by RASTer and AVA at Mt. Etna. Dotted black
rectangles indicate the periods of Mt. Etna flank eruptions; these eruptive events show the highest daily number of hotspots.
The intense explosive and effusive activity at the Southeast Crater is also highlighted in the period September-December
2006. Similarly, the birth and growth of the New Southeast Crater in 2011-2015 is shown on the right side of the diagram.
Finally, a significant number of hotspots characterized Strombolian activity in 2017, mainly at the Voragine (VOR) and Bocca

Nuova (BN) craters.

In comparison with AVA, RASTer was capable of better mapping also less extended
thermal anomalies (e.g., those associated with moderate Strombolian activities). Two
examples are shown in Figure 3, displaying AVA and RASTer detections in reference to
the Mt. Etna flank eruptions of 21 June 2008 and 27 October 2002. It is worth noting as
RASTer was capable of mapping extensively and continuously (in the space domain) the
main lava flows. Moreover, it correctly identified (on 27 October 2002, Figure 3b) some
thermal anomalies that were not flagged at all by AVA (see crater area).
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2001-07-29 10:01:21 UTC

2014-03-18 09:59:32 UTC

(b)
B QO (xyt)24 ®1r (X,y,t) 23 AND ND 515 515 (X,y,t) >0

Figure 2. Thermal anomalies detected by RASTer on ASTER scenes during the Mt. Etna flank eruptions of (a) 29 July 2001;
(b) 18 March 2014. More intense TIR anomalies referring to pixels with ®ir(x, y,t) > 4 are reported in red. The less intense
ones, with ®rr(x,y,t) > 3 AND NDp1o_p13(x,y,t) > 0 (see text) are yellow colored. In the background, the ASTER band
3 TIR image.

The potential of RASTer in detecting subtle hotspots is emphasized in Figure 4, in
reference to Strombolian activity of January—May 2020. The figure shows the identification
of a thermal anomaly at the summit craters, where a Strombolian activity, gas-and-steam
and ash emissions occurred since October 2019 (https:/ /www.ct.ingv.it/, multidisciplinary
bulletins), becoming spatially more extended during February—early March 2020. After-
ward, the number of hot pixels decreased, marking the reduction of thermal volcanic
activity at the Voragine-Bocca Nuova (VOR-BN) complex (the former Central Crater of Mt.
Etna). The comparison with information from field observations demonstrates the capacity
of the RASTer system in monitoring the whole dynamic of Mt. Etna thermal activity, up to
its lowest levels of intensity.


https://www.ct.ingv.it/
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2008-06-21 09:59:56 UTC

AVA detections

o Cuore

Hot-spots AVA

(@)
2002-10-27 21:04:26 UTC

AVA detections

ro.Cuore

Hot-spots AVA

(b)
B Ok (Xy,t)24 ®mr (Xy,t) 23 AND ND(BlZ»BlB) xy,t)>0
Figure 3. Thermal anomalies detected on ASTER scenes during the Mt. Etna flank eruptions of (a) 21 June 2008 and (b)

27 October 2002 by RASTer (left side) and AVA (right side). Hotspots detected by RASTer are depicted as in Figure 2. The
hotspots detected by AVA are depicted in red.
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2020-01-14 09:59:16 2020-01-23 09:53:19 2020-01-30 09:59:39

2020-02-08 09:53:40 2020-02-24 09:53:57

2020-03-18 10:00:02 2020-04-12 09:53:37 2020-05-05 09:53:34

e ]

WOk (xy,t)24 ®mr (X,y,t) 23 AND ND g, 513 (X,y,t) >0

Figure 4. Thermal anomalies detected by RASTer at Mt. Etna during the period January—May 2020, associated with the
Strombolian activity recorded at the Voragine-Bocca Nuova complex.

3.2. Shishaldin Volcano

Shishaldin volcano is one of over 40 active volcanoes of Alaska (USA). This strato-
volcano, which is located in the Unimak Island (54.7554° N-163.9711° W), has a nearly
symmetrical cone (~16 km of diameter at the base) and reaches 2857 m above sea level
(the highest altitude in the Aleutian Islands). About 40 historical eruptions have occurred
at Shishaldin volcano (a summary of those events can be found in [40]). After 2000, a
number of eruptive episodes occurred; the main eruption occurring during 2000-2017
was that recorded on 17 January 2014. It was characterized by the lava emission within
the crater, low-level steam plumes, sporadic dustings of ash and ballistics on volcano
flanks [41]. Starting from 30 January 2014, satellite observations revealed an increase of
the surface temperature [42]. The presence of lava inside the crater was then reported
on 25 March, 13 May, 1 October and in late January 2015 [40,42]. Afterwards, Shishaldin
showed a low-level activity, continuing throughout 2015 and until the first months of 2016.
A new lava emission inside the crater occurred on 23 October 2019. In the following weeks,
lava flowed down the N and NE flanks; lava flows were revealed by independent satellite
observations during November—-December 2019 [43]. In January 2020, a new lava effusion
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Daily number of detected hot-spots

occurred; lava affected the northeast (traveling down for 2 km) and north flanks, producing
meltwater lahars [43].

Figure 5 displays the time series of RASTer and AVA detections at Shishaldin for the
period January 2014-2016, when both systems were operational. We considered an area of
8000 m of radius around the summit crater to perform the comparison. The plot shows that
RASTer detected a higher number of thermal anomalies than AVA and better emphasized
a number of eruptive episodes of the investigated volcano (in terms of daily number of
hotspots), indicating that the most intense Shishaldin activity occurred on 24 January 2015,
in presence of lava inside the crater.

Shishaldin volcano

A RASTer A AVA

8
6
A
4 A AL A
2 A
A AA A

0

™ ™ ™ ) 5 5 ) 5 o
\’\,9» @\,9& 6\\@, \9(9'» 0\,\,9» &\,9» 0&0\, \9\,9\, @\,9»

0‘9 [\ [\ 0“'\ o"\ o"\ 0“> I\ I\

Figure 5. Time series of daily number of hotspots flagged by RASTer and AVA (January 2014-2016) at Shishaldin volcano.

Additionally, to assess the RASTer capacity in providing information about thermal
anomalies at Shishaldin in recent years, Figure 6a shows an example of thermal anomalies
detected on ASTER TIR data on 20 October 2019, in correspondence with a minor thermal
activity that occurred at the summit crater. Figure 6b displays the lava flow on 8 January
2020, separating in two branches moving in the NW and NE direction, respectively. Those
maps confirm the RASTer efficiency in mapping lava flows (providing unique information
in periods when AVA products were not available), preserving a high sensitivity level even
in areas located at the high latitudes, characterized by a cold background, where traditional
fixed thresholds methods generally do not perform well (e.g., [44]).
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(b)
WO (xyt)=4 ®mr (X,y,t) 23 AND ND g5 515 (X,y,1) >0

Figure 6. Thermal anomalies detected by RASTer at Shishaldin volcano on ASTER scenes of 20 October 2019 (a) and 8

January 2020 (b).

3.3. Shinmoedake Volcano

Shinmoedake (31.931° N-130.864° E) is an andesitic stratovolcano (1421 m above
sea level) located in Kyushu (Japan). The major Shinmoedake eruption occurred during
1716-1717. Other intense eruptive events were those of 1822, 1959, 1991 and 2008 (e.g., [45]).
In recent years, a new eruption occurred on 19 January 2011 ([46]). On 28 January, a lava
dome of about 200 m in diameter appeared on the crater floor. In the following three days,
the dome grew up to 600 m in diameter, as indicated by independent satellite observations
and overflights (e.g., [45,47]). The dome stopped growing in early February and only a
number of explosive episodes occurred in the following months.

The comparison of RASTer and AVA detections at Shinmoedake revealed the occur-
rence of only two thermal anomalies over 17 years of ASTER observations. They were
associated with the January—February 2011 eruption. Figure 7 shows these features, re-
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vealing that RASTer detected a higher number of hot pixels than AVA. In detail, Figure 7a
shows the thermal anomalies associated with a lava dome inside the crater (on ASTER

scenes of 31 January and 7 February 2011), which were underestimated by the AVA system
(see Figure 7b).

Shinmoedake volcano (Japan)

2011-01-31 13:23:52 (UTC) 2011-02-07 13:29:57 (UTC)

130.85°€

31.95°N

31.90°N

130.95°€ 130.85%

(a) - RASTer detections

31.95°N

31.90°N

130.95° 130.85°

(b) - AVA detections

W Hot-spots

Figure 7. Thermal anomalies (red pixels) detected at Shinmoedake volcano on January—February 2011 (a) from RASTer;

(b) from AVA.

After the eruptive episodes of 2011, a new eruption was recorded on 6 March 2018.
A lava overflow to the NW rim of the summit crater was then observed three days later
([48]). Lava effusion stopped at the end of April 2018. Even in this case, it was not possible
to compare RASTer with AVA detections. Figure 8 shows the thermal anomaly detected by
RASTer from ASTER TIR data on 25 March 2018, confirming with a high accuracy level the
capacity of the proposed system in mapping lava flows.



Appl. Sci. 2021, 11, 4201

12 0of 19

2018-03-25 02:11:53 (UTC)

O (xy,)24 W O (xy,t) 23 AND ND g, s (X,y,8)> 0

Immacini €2021 Temaldetrcs | 2km

Figure 8. Thermal anomalies detected by RASTer at Shinmoedake volcano on 25 March 2018.

4. Discussion

We compared the RASTer and AVA detections in both nighttime and daytime con-
ditions over three different active volcanic areas. Table 2 summarizes the results of this
comparison, performed over the period May 2000-August 2017. The first column shows
that at Mt. Etna and Shinmoedake, RASTer and AVA flagged the presence of thermal
anomalies on the same number of ASTER scenes, although the number of hot pixels was
significantly different (see second column). Common thermal anomaly detections charac-
terized up to 86 ASTER scenes over Mt. Etna (see third column) where, however, higher
was the number of hot pixels flagged by RASTer. On the other hand, the number of unique
detections (fourth column) shows a possible complementarity of the two systems, which
could increase the continuity of information. In general, the higher number of hotspots
flagged by RASTer reveals a higher sensitivity to mid-low intensity thermal anomalies than
AVA. This is also confirmed by results achieved at Shishaldin volcano, where only two
thermal anomalies were flagged by AVA (see also results section).

Table 2. Summary of RASTer and AVA comparison performed by analyzing ASTER TIR data of 2000-2017 over Etna (Italy),
Shinmoedake (Japan) and Shishaldin (AK, USA).

Number of ASTER Images Number of Pixels Common Detections Unique Detections
with Detected Thermal Flagged as Thermal =~ Number Number of Hot
Volcano Anomalies (Until August 2017) Anomalies of Scenes Pixels Number of Scenes
AVA (A) R A R A R A
Etna 100 4070 3036 86 3947 3017 14 14
Shinmoedake 2 60 19 2 60 19 0 0
Shishaldin 2 26 2 2 8 2 7 0

Thermal anomalies flagged by RASTer, including those undetected by AVA, were in
good agreement with information from volcanological reports, as shown for instance in
Figure 9 in reference to the Mt. Etna activity. The figure displays the thermal anomalies de-
tected by RASTer on ASTER data of 2000-2020 and three different levels of thermal activity
derived from field reports, independent observations and scientific papers [33-39,49,50]. It
should be pointed out that RASTer detections were mostly associated with documented
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periods of Mt. Etna activity. An analysis is currently in progress to better assess hotspots
flagged in periods of undocumented thermal volcanic activity (e.g., 27 July and 4 August
2012). Those features were probably associated with minor thermal activities (e.g., [12])
unreported by field reports, also confirming the relevance of satellite observations in pro-
viding information about subtle phases of unrest in well-monitored volcanic areas (e.g., [4]).
Regarding the Shishaldin volcano—where, as for Shinmoedake, a long-quiescence period
occurred, about 88.8% of detected thermal anomalies were ascribable to intra-crater ther-
mal activities (e.g., May 2014-January 2015), and to lava effusions from volcano flanks
(e.g., January 2020) reported by the Global Volcanism Program (GVP). Thermal anomaly
detected by RASTer, ASTER scene of 12 August 2009, which was not confirmed by field
reports, is consistent with MODIS observations of July—August 2009 [51].

Mount Etna volcano
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Figure 9. Time series of hot pixels flagged by RASTer at Mt. Etna in the period May 2000-2020 and different intensity levels

of Mt. Etna thermal activity (colors from yellow to red).

Those results show that RASTer provided reliable information about volcanic thermal
features of a different intensity level. This aspect is particularly relevant, considering that
the RST technique for volcanological applications (e.g., RSTyoy ¢ algorithm) was previously
implemented on high temporal (low spatial) resolution satellite data, for which statistical
analyses can be based on a highly populated dataset. Hence, this work demonstrates
that RST is also capable of providing reliable results using mid-high spatial resolution
satellite data and in the presence of a less populated dataset (as for ASTER). It should be
stressed that, in this case, we did not implement the iterative pre-process used by RST
to remove signal outliers (e.g., extremely hot/cold pixels) [24] within GEE. Nonetheless,
RASTer was capable of performing an accurate mapping of thermal anomalies, as shown
in Figure 10 in reference to the ASTER scene of 17 October 2016 at 09:59 UTC. In detail,
Figure 10a shows the identification of some anomalous pixels at BN-VOR over the Mt.
Etna crater area. This thermal anomaly detection integrated information retrieved from
the Sentinel-2 MSI scene of the same day at 09:40 UTC, provided by the NHI (Normalized
Hotspot Indices) algorithm through the GEE-based tool [20]. The latter, indeed, flagged
some hot pixels over SEC (Southeast Crater-New Southeast Crater complex), (see blue
pixels in Figure 10b), but did not provide information about the BN-VOR thermal activity
detected by RASTer (red pixels). This thermal activity is probably associated with the
presence of incandescent material under the fresh lava, which was independently observed
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on the ground a few days before the ASTER overpass (e.g., [52]). Differences in thermal
anomaly identification are ascribable to the known limitations (e.g., missed detections in
presence of degassing plumes [24]) and advantages (mainly associated with the use of
satellite data at higher spatial resolution) of the NHI algorithm, which exploits NIR-SWIR
Sentinel-2/MSI observations, when compared with the RST-based approach applied here
to ASTER TIR data.

Hot spots
detected by RASTer

vor NEGwe =
- F“
B é?

4

o
-
i

2016-10-17 09:59 (UTC) - Terra/ASTER (TIR~10.6pm)

. Thermal anomalies identified by
RASTer on Terra-ASTER scene of
2016-10-17 at 09:54 UTC

Hot-spots identified by the NHI

Algorithm on Sentinel-2 MSI scene
of 2016-10-17 at 09:40 UTC

Figure 10. (a) ASTER TIR image 17 October 2016 at 09:54 UTC covering Mt. Etna area; (b) thermal anomalies detected by
RASTer (red pixels) and NHIswir ([20]) on Sentinel-2/MSI data of 09:40 UTC (blue pixels) overlapped to the topographic
map of Mt. Etna.

The possible complementarity between RASTer and NHI systems is further enhanced
in the temporal domain, as shown in Figure 11 in reference to the Mt. Etna Strombolian
activity of 14-17 January 2021 where the integration of ASTER and Sentinel-2 observations
allowed for a more continuous monitoring of thermal volcanic activity. This integration can
also be usefully extended to other sensors (e.g., NHI runs on Landsat-8/OLI data [20,21]),
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further increasing the temporal continuity of active volcanoes monitoring that, for the
high-latitude regions, can today reach a mean temporal coverage up to 2 days (Figure 12).

MSI 2021-01-14 ASTER 2021-01-16 MSI 2021-01-17
09:43:41 (UTC) 09:59:00 (UTC) 09:53:41 (UTC)

WO (xyt)24 B NHIgyng> 0
NHlgwr >0

Figure 11. Mt. Etna activity detected by NHI through the indices NHIgwnr and NHlgwir (the latter is used to detect
mid-low intensity hotspots [20]) on Sentinel-2/MSI data of 14 and 17 January 2021 (left and right panels) and by RASTer on
ASTER scene of 16 January 2021 (middle panel).

Multi-satellite temporal coverage over Shishaldin since 2016
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Figure 12. Evolution (2016-2021) of the temporal coverage achievable using a multi-satellite monitoring system integrating
L8-OLI, S2-MSI and Terra-ASTER observations. The plot shows for the Shishaldin volcano location the average temporal
gap among observations. Note as the launch of Sentinel-2B at the end of 2017 dramatically reduced the temporal gap from 4
on average (maximum 9) to 2 (maximum 3) days.

In addition, RASTer could be profitably used to assess information from systems
monitoring volcanoes in near real time (using satellite data at lower spatial resolution),
apart from areas (e.g., equatorial zones) where the scarcity and the bad quality of ASTER
images do not enable the full RASTer implementation. Among those systems, the ones
sharing the same RST-based approach, applied to data from polar (e.g., [2,14,30]) and
geostationary (e.g., [53]) meteorological satellite sensors, will benefit from a RASTer-based
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N _:.®1TR (xyt)=4 B ®mr(xy.t) >3 AND NDgsp13 (Xy,t) >0

validation and training. The RASTer contribution to detect and map lava flows and other
thermal features related to volcanic activity is particularly relevant, considering that AVA
products are no longer available (since 2017), the NHI usage on ASTER data is limited
to 2000-2008 [54] and that other recent systems such as the ASTER Volcanic Thermal
Output Database (AVTOD; [55]) operate over specific regions of interest and not globally.
Indeed, ASTER also continues to play an important role in supporting volcanic activity
monitoring from space at the time of writing. This is demonstrated by Figure 13, where lava
flow (moving in E and SE direction toward Valle del Bove), associated with the powerful
Mt. Etna paroxysm of 16 February 2021 and the thermal activity at summit craters were
correctly identified and mapped by RASTer.

2021-02-17 21:02:24 (UTC)

Figure 13. Thermal anomaly (red/yellow pixels) over Mt. Etna area detected by RASTer on 17 February 2021.

5. Conclusions

In this work, we presented and tested an RST-based algorithm to identify and map
volcanic thermal features through ASTER TIR data, processed under the GEE platform.
By analyzing results retrieved in three active volcanic areas (i.e., Etna, Shishadin and
Shinmodake), through comparison with the AVA database, we found that RASTer was
capable of successfully identifying thermal anomalies (as indicated by the relevant number
of unique detections), also providing accurate information about these features in terms
of shape and spatial extent. These outcomes demonstrate that RASTer may support the
monitoring of thermal volcanic activity from space, despite some limitations. Main factors
that could affect the RASTer detections are in fact bush fires, when occurring along the
volcano flanks, and clouds that may obscure the underlying thermal anomalies. The
computation of the normalized index defined in Equation (3) according to the general RST
detection scheme, along with the implementation of an iterative procedure devoted to
filter out signal outliers under the GEE environment, should further increase the RASTer
performance and will be the aim of future investigations.

This study also encourages the RST implementation on data from previous Landsat
missions and relative TIR sensors (Thematic Mapper and Enhanced Thematic Mapper plus).
Those data should favor the investigation of thermal volcanic activities occurring in the
past. Finally, this work opens new scenarios regarding the possible RST implementation
on Landsat-8/TIRS (Thermal Infrared Sensor) data at 100 m spatial resolution, especially
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in view of the launch of the next Landsat-9 satellite, which will improve the temporal
resolution of Landsat observations from 16 to 8 days.
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