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Abstract: The Normalized Hotspot Indices (NHI) tool is a Google Earth Engine (GEE)-App devel-
oped to investigate and map worldwide volcanic thermal anomalies in daylight conditions, using
shortwave infrared (SWIR) and near infrared (NIR) data from the Multispectral Instrument (MSI)
and the Operational Land Imager (OLI), respectively, onboard the Sentinel 2 and Landsat 8 satellites.
The NHI tool offers the possibility of ingesting data from other sensors. In this direction, we tested
the NHI algorithm for the first time on Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) data. In this study, we show the results of this preliminary implementation,
achieved investigating the Kilauea (Hawaii, USA), Klyuchevskoy (Kamchatka; Russia), Shishaldin
(Alaska; USA), and Telica (Nicaragua) thermal activities of March 2000–2008. We assessed the NHI
detections through comparison with the ASTER Volcano Archive (AVA), the manual inspection of
satellite imagery, and the information from volcanological reports. Results show that NHI integrated
the AVA observations, with a percentage of unique thermal anomaly detections ranging between 8.8%
(at Kilauea) and 100% (at Shishaldin). These results demonstrate the successful NHI exportability
to ASTER data acquired before the failure of SWIR subsystem. The full ingestion of the ASTER
data collection, available in GEE, within the NHI tool allows us to develop a suite of multi-platform
satellite observations, including thermal anomaly products from Landsat Thematic Mapper (TM) and
Enhanced Thematic Mapper Plus (ETM+), which could support the investigation of active volcanoes
from space, complementing information from other systems.

Keywords: volcanoes; ASTER; NHI; Google Earth Engine

1. Introduction

Several studies show the important role of satellite remote sensing in studying and
monitoring active volcanoes, as a unique source of information (e.g., in remote areas where
ground-based instrumentation often lacks) or as a complement to other observing systems
(e.g., [1–5]).

Moderate-resolution Imaging Spectroradiometer (MODIS) and the Spinning Enhanced
Visible and Infrared Imager (SEVIRI), and other such sensors provide Medium-Infrared
(MIR; 3–5 µm) and Thermal Infrared (TIR; 8–14 µm) data at a high-temporal resolution
(e.g., 15 min for SEVIRI), and are widely used to monitor thermal volcanic activity in
near-real time (e.g., [6–9]). However, those sensors do not enable an accurate analysis and
characterization of volcanic thermal features (e.g., lava flows; lava lakes), because of low
spatial resolution (e.g., 1 km at nadir for MODIS). Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER), aboard the Terra satellite, provides TIR data at higher
spatial (90 m) and spectral (five bands) resolution, contributing to volcanological studies,
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despite the nominal 16 days revisit time at the equator (e.g., [10–13]). Unfortunately, ASTER
Shortwave Infrared (SWIR) data, although suited to investigate high-temperature features,
are no longer available due to the malfunction of SWIR detector cooling system in April
2008 (e.g., [14,15]). In order to improve the revisit time at the most active volcanoes, the
Urgent Request Protocol (URP) System was developed in 2004. ASTER URP scheduling
occurs following a MODIS thermal detection and the ASTER Visible and Near Infrared
(VNIR) and TIR observation takes place at the next available opportunity. The URP
enables an accurate analysis of different phases of thermal activity and may be used to
validate thermal anomalies detected by systems using high-temporal resolution satellite
data (e.g., [16,17]).

In this paper, we present some results of the Normalized Hotspot Indices (NHI [18])
algorithm implementation on ASTER data. The study aims to assess the NHI contribution
to the analysis of thermal volcanic activity during the period 2000–2008; i.e., before the
failure of the SWIR instrument. We previously tested the NHI algorithm in different
volcanic areas using Multispectral Instrument (MSI) and Operational Land Imager (OLI)
data [18]. The algorithm, which exhibited a good potential in mapping thermal anomalies
in Thematic Mapper (TM) and Enhanced Thematic Mapper plus (ETM+) data, was then
implemented within the Google Earth Engine (GEE) environment [19]. The GEE-based NHI
tool enables the investigation and mapping of volcanic thermal anomalies at global scale,
with low processing times, exploiting advantages of MSI and OLI data integration [19].
Here, the ingestion of the ASTER data collection available within the GEE NHI tool is also
evaluated and discussed. To perform this work, we investigated the four active volcanoes
of Figure 1. Those volcanoes, which are located in different geographic areas, showed
intense (e.g., Kilauea; Hawaii, USA) and weak (e.g., Telica, Nicaragua) thermal activities
during the period of interest (i.e., 2000–2008). We assessed the NHI detections through
field reports, the manual inspection of satellite image data and comparison with the well-
established ASTER Volcano Archive (AVA). The latter includes thousands of individual
ASTER granules, reports, digital elevation maps and thermal anomaly products for all
Holocene volcanoes (e.g., [20,21]).

Figure 1. Geographic location of four active volcanoes analyzed in this work.

2. Data

ASTER is a multispectral imager flying on the Terra satellite, which was launched
in December 1999 in a sun-synchronous orbit at an altitude of 705 km, with a 10:30 a.m.
equator crossing time. This sensor offers 14 spectral bands, ranging from visible to thermal
infrared, with a high spatial and spectral resolution (see Table 1). A backward looking
near-infrared band (3B) also provides along-track stereo coverage [22]. ASTER produces
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Level-1A (L1A), Level-1B (L1B), and various Level-2 data products, covering an area of
60 km × 60 km. ASTER L1A data are unprocessed data, containing geometric correction
and radiometric calibration coefficients, which are updated periodically [22]. L1B data
are generated after applying the coefficients for radiometric calibration and geometric
resampling and are stored together with metadata in one Hierarchical Data Format (HDF)
file. The L1B data product is generated by default in Universal Transverse Mercator (UTM)
projection, using the Cubic Convolution resampling method [22]. The ASTER Level-1B
data are provided in terms of scaled radiance. To convert from Digital Number (DN) to
radiance L (W/m2 sr µm) at the sensor, the following formulation is used:

L = (DN value − 1) ×Unit conversion coefficient (1)

Table 1. Spectral and spatial features of Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) bands and
relative unit conversion coefficient (UCC) (W/m2 sr µm) values, depending upon gain mode (normal, high-gain, low-gain).

Band Spectral Range (µm) Spatial Resolution (m) High Gain Normal Gain Low Gain 1 Low Gain 2

1 0.52–0.60 15 0.676 1.688 2.25 N/A
2 0.63–0.69 15 0.708 1.415 1.89 N/A

3N 0.78–0.86 15 0.423 0.862 1.15 N/A
3B 0.78–0.86 15 0.423 0.862 1.15 N/A
4 1.60–1.70 30 0.1087 0.2174 0.290 0.290
5 2.145–2.185 30 0.0348 0.0696 0.0925 0.409
6 2.185–2.225 30 0.0313 0.0625 0.0830 0.390
7 2.235–2.285 30 0.0299 0.0597 0.0795 0.332
8 2.295–2.365 30 0.0209 0.0417 0.0556 0.245
9 2.360–2.430 30 0.0159 0.0318 0.0424 0.265
10 8.125–8.475 30 N/A 6.82 × 10−3 N/A N/A
11 8.475–8.825 30 N/A 6.78 × 10−3 N/A N/A
12 8.925–9.275 90 N/A 6.59 × 10−3 N/A N/A
13 10.25–10.95 90 N/A 5.69 × 10−3 N/A N/A
14 10.95–11.65 90 N/A 5.22 × 10−3 N/A N/A

The unit conversion coefficient (UCC) (W/m2 sr µm) of each spectral band, which is
stored in the metadata file, is detailed in Table 1. The UCC values refer to multiple different
gain settings for the VNIR and SWIR data, which alter the range and amplification of the
signals [23].

The high gain setting extends the range of DN output in the presence of a low re-
flectance target (e.g., dark soil/rocks), whereas the low-gain settings increase the dy-
namic range and the maximum radiance detectable by the sensor, reducing the saturation
(e.g., [24]). The low gain-2, which was available only for the SWIR bands, was used to
detect high temperature targets (e.g., lava lakes) (e.g., [17]). However, low-gain SWIR
observations are less sensitive to subtle thermal anomalies and are not completely free
from saturation issues (e.g., [25]). The TIR data are not equipped for multiple gains and
therefore do saturate at pixel-integrated temperatures >~375 K.

3. Methods
3.1. NHI Algorithm and its Exportability to ASTER Data

Several studies show that satellite sensors with channels in the SWIR band (1.4–2.5 µm)
may be used to identify and quantify high-temperature features (e.g., [26,27]). Figure 2
displays the Planck curves for blackbodies at different magmatic temperatures (i.e., between
700 and 1500 K). The peak emitted radiance shifts from MIR to SWIR wavelengths with
increasing temperatures.
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Figure 2. Planck curves for blackbodies at different magmatic temperatures (700–1500 K).

The radiance measured by the satellite depends on several contributions (e.g., radiance
emitted by the background, path radiance, and solar reflectance). The reflected solar
radiance significantly affects the SWIR observations (this component is even stronger at the
VNIR wavelengths), and, therefore, hot targets are generally more difficult to detect and
quantify in daylight than nighttime conditions (e.g., [28]). The NHI algorithm combines
two normalized indices to identify volcanic thermal anomalies in daytime by means of
mid-high spatial resolution satellite data:

NHISWIR =
LSWIR2 − LSWIR1

LSWIR2 + LSWIR1
(2)

NHISWNIR =
LSWIR1 − LNIR

LSWIR1 + LNIR
(3)

In Equation (2), LSWIR1 and LSWIR2 are the Top of the Atmosphere (TOA) radiance
data (W m−2 sr−1 µm−1) measured at around 1.6 µm and 2.2 µm. In Equation (3), LNIR
is the TOA radiance data measured in the NIR band, at around 0.8 µm. The NHISWIR
index produces positive values in the presence of hot magmatic features, due to the higher
emitted radiance at 2.2 µm than 1.6 µm (see Figure 2), and negative values over background
surfaces and clouds, because of reflected solar radiance [18]. However, as observed using
OLI/MSI data, the limited dynamic range of the SWIR2 channel makes the NHISWIR
index less suited to identify intense thermal anomalies (i.e., high-temperature targets that
occupy a larger portion of the pixel area). The NHISWNIR index increases to positive values
in areas affected by strong volcanic thermal emissions, and remains negative elsewhere,
due to reflected solar radiance in the NIR band. This index enables a better identification of
thermal anomalies saturating the SWIR2 channel [18]. Thus, the NHI algorithm considers
pixels as “hot” if they have values of NHISWIR > 0 OR NHISWNIR > 0. It is capable,
therefore, of successfully discriminating thermal anomalies from other targets, in spite of
some limitations [18,19]. In particular, the algorithm should not detect thermal anomalies
of a mid-low temperature (i.e., below 500 K [28]), which are less radiant in the SWIR
band. Missed detections may also occur in presence of hot targets under clouds/plumes.
In addition, NHI may underestimate intense lava flows yielding the saturation of SWIR
channels [18]. To overcome this limitation, and to minimize false positives ascribable to
differences in the minimum radiance in the spectral bands used, we added a spectral test
for “extreme” pixels and an initial test on SWIR radiances within the tool [19].

In this work, for the first time we exported the NHI algorithm to ASTER data. Specif-
ically, we analyzed the ASTER L1T (Precision Terrain Corrected Registered At-Sensor
Radiance Product) dataset available in GEE [29]. The flowchart of Figure 3 describes the
main steps of the NHI algorithm implementation, with the pre-processing phase including:
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1. Conversion from DN to radiance in bands B4 (SWIR1), B5 (SWIR2) and B3N (NIR);
2. Data re-projection and resampling, using the nearest neighbor method, to analyze

NIR/SWIR data at the same spatial resolution (30 m);
3. Gain setting check (see Section 4).

Figure 3. Flowchart of the Normalized Hot Spot Indices (NHI) detection scheme applied to ASTER
data of 2000–2008 under Google Earth Engine (GEE).

The detection phase, working pixel by pixel, includes an initial test on SWIR radiance
(i.e., LSWIR1 > 3.0 AND LSWIR2 > 3.0) and the use of a different algorithm configuration to
identify hot pixels in daytime and nighttime (i.e., LSWIR1 > 5.0 OR NHISWNIR > 0) conditions.

3.2. The AVA Database

The AVA database is a large archive of web-accessible volcano image data, including
information about spectral signatures, volcanic emissions (e.g., eruption columns and
plumes), surficial deposits (e.g., lava flows), and eruption precursor phenomena (e.g., [23]).
AVA provides a prompt access to hundreds of full resolution day and night ASTER scenes
acquired over more than 1500 active volcanic areas, corresponding to those listed by the
Global Volcanism Program (GVP). The database was continuously updated until late 2017,
by ingesting full spatial resolution ASTER and Global Digital Elevation Model (GDEM)
data (e.g., [30]). It provides information about volcanic thermal anomalies in terms of
flagged pixels (in JPG. and TIFF. formats) and temperatures, derived from ASTER L1B
granules. Thermal anomaly products from the AVA database were also used to validate
hot spot detections from high-temporal resolution satellite data (e.g., [31]).

4. Results

In this section, we show the results of the Kilauea (HI, USA), Klyuchevskoy (Kam-
chatka, Russia), Shishaldin (AK, USA), and Telica (Nicaragua) investigations performed
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under the GEE environment using both daytime and nighttime ASTER data from March
2000 to 2008. We used a different distance buffer (DB) as input, to take into account the
different size of analyzed volcanic areas (e.g., [19]). The thermal anomaly maps shown here
display hot pixels in two different colors, providing qualitative information about areas
where volcanic thermal emissions were strong (yellow pixels) or less intense (red pixels).

4.1. Analysis of Kilauea Thermal Activity

Kilauea is one of the most active volcanoes in the world, and one of the first volcanoes
investigated by satellite (see [32] and references herein). Since January 1983 (until 2018),
Kilauea was in an almost continuous eruption, with open lava lakes and flows from the
summit caldera and the East Rift Zone (ERZ), and with the emission of sulfur dioxide
affecting public health, agriculture, and infrastructures [32,33]. The stop of the ERZ eruptive
episode, recorded in early September 2018, marked the end of about 36 years of eruptive
activity (e.g., [33]). New activity at the summit caldera resumed in December 2020. Figure 4
displays the temporal trend of hot pixels flagged by NHI at Kilauea, by setting the same DB
value (50 km) used in a previous study [19]. According to NHI, volcanic thermal anomalies
were particularly prevalent during February–March 2005 and July–August 2007 (see high
number of hot pixels), indicating the occurrence of more intense thermal activity.

Figure 4. Temporal trend of hot pixels flagged by NHI at Kilauea (Hawaii, USA) volcano, by analyzing
ASTER data of March 2000–2008.

Figure 5 shows the thermal anomaly maps from nighttime ASTER scenes of 20 Febru-
ary 2005 at 08:41 UTC (22:41 LT) and of 21 August 2007 at 08:42 UTC (22:42 LT). We over-
lapped thermal anomalies detected by NHI to the topographic map of Kilauea volcano
to retrieve accurate information about areas inundated by lava flows. In detail, Figure 5a
shows that on 20 February 2005 lava flows moved in the SE direction, extending from
about 2200 m elevation up to the coast (see red/yellow pixels corresponding to the most
radiant ones of the SWIR2 image, displayed on top-left side of the figure). This information
is in agreement with field reports, which state that lava flows were visible on the Pulama
pali fault scarp and on the coastal plain, with a small stream of lava flowing from front of
West Highcastle delta into the sea (e.g., [34,35]). Figure 5b displays the thermal anomaly
map of 21 August 2007, showing that lava inundated the area located north of ERZ. One of
the active segments of the 21 July 2007 fissure eruption, which was accompanied by the
collapse of the Pu’u’Ō’ō crater, continued to feed the advancing lava flows observed by
ASTER (e.g., [36,37]).

By comparing the NHI to AVA detections, we found that the two systems marked the
same phases of Kilauea activity. However, NHI considered the July–August 2007 eruption
as the most intense and flagged a significantly higher number of hot pixels than AVA.
Furthermore, it provided additional information about a number of thermal anomalies
affecting the analyzed volcanic area, as detailed in the Discussion Section.
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Figure 5. Thermal anomalies (red/yellow pixels) detected by NHI on ASTER data of March 2000–2008,
overlapped onto the topographic map of Kilauea; (a) 20 February 2005 at 22:41 UTC; (b) 21 August
2007 at 22:42 UTC. On the left top, shortwave infrared (SWIR2) band 5 image whose bright pixels
indicate hot features.

4.2. Analysis of Klyuchevskoy Thermal Activity

Klyuchevskoy is one of the most active volcanoes of the Kamchatka Peninsula. This
remote volcano has a large active crater, and frequently shows Strombolian eruptions and
lava fountains [38]. Based on volcanological reports, fumarolic activity and a number
of gas–ash explosions occurred at Klyuchevskoy in 2000 [39]. During 2001 and through
December 2002, the volcano emitted gas and steam plumes. A Strombolian activity was
recorded in August 2003, continuing through January 2004 [40,41]. Between January and
March 2005, both Strombolian eruptions and lava effusions occurred. Intermittent thermal
activity took place from April 2005 through January 2007, followed by the emplacement
of three large lava flows beginning in mid-February 2007 and culminating in June of
that year [42,43]. Independent investigations of those events were performed in previous
papers [44,45]. Figure 6 displays the results of the Klyuchevskoy investigation performed
setting a DB value of 8 km. In particular, the figure shows the occurrence of three main
phases of thermal unrest at the target area (i.e., March 2003–January 2004; January–March
2005; January–December 2007).
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Figure 6. Hot pixels flagged by NHI at Klyuchevskoy (Kamchatka, Russia) by analyzing ASTER data
of March 2000–2008.

According to NHI, the eruptive phase of January–December 2007 was the most in-
tense, and reached its peak at the end of May 2007, when a lava flow moved from the
summit crater in the NW direction, reaching about 2800 m elevation, as shown in Figure 7.
By comparing the above-mentioned detections to the outputs of AVA database, we found
that NHI missed a number of thermal anomalies. On the other hand, as for Kilauea, it
complemented the AVA observations (see the Discussion Section).

Figure 7. Thermal anomaly map from ASTER data of 29 May 2007 at 10:56 UTC. On the left top, shortwave infrared (SWIR2)
band 5 image.

Figure 8a shows an example of thermal anomaly detected only by AVA (we did not
find information about the used detection scheme; see also discussion section), corroborated
by the analysis of ASTER RGB (Red = B5; Green = B4, Blue = B3N) product of 5 May at
00:32 UTC (10:32 LT). The NHI algorithm did not detect the lava flow due to possible
sub-pixel effects because of clouds (see visible ASTER image shown on top left side of
the figure), leading to negative values of both normalized indices. Figure 8b displays an
example of thermal anomaly detected by NHI, on a nighttime ASTER scene of 4 April 2007,
and unreported by the AVA database. The ASTER SWIR band 5 image, displayed on the
top left side of the figure, corroborates the NHI detections, confirming the capacity of the
used algorithm in mapping thermal anomalies also in nighttime conditions.
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Figure 8. (a) RGB (Red = B05; Green = B04; Blue = B3N) map from ASTER data of 5 May 2007 at 00:32 UTC showing a lava
flow at Klyuchevskoy undetected by NHI because of possible sub-pixel effects due to clouds (see visible image in the inset);
(b) thermal anomaly of 4 April 2007 detected by NHI and unreported by the AVA database. On the top left of the maps,
the ASTER (SWIR2) band 5 image.

4.3. Identification of Thermal Anomalies at Shishaldin Volcano

Shishaldin is an active volcano located near the center of Unimak Island in Alaska,
which is routinely monitored by the Alaska Volcano Observatory (AVO) using ground data
and satellite observations (e.g., [46]). During the period 2000–2008, Shishaldin showed
discontinuous eruptive activity, summarized in the following. In detail, after the identifica-
tion of a weak thermal anomaly in August 2000, several explosions occurred the following
week [47]. In mid-May 2002, the background seismicity increased; however, no thermal
anomaly was visible on AVHRR or MODIS image data [48]. In August 2002, some pilots
reported the emission of steam and dark clouds, whereas in early May 2004 independent
satellite observations revealed the presence of thermal anomalies under optimal viewing
conditions [49]. In July 2004, small ash plumes rose above the summit for at least one
day [49], and in February 2008, a small ash emission probably occurred [50]. Figure 9
displays the results of the Shishaldin volcano investigation (DB = 8 km), showing the
identification of thermal anomalies on a few ASTER scenes of 2000–2008.
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Figure 9. Hot pixels flagged by NHI at Shishaldin (Alaska, USA) volcano using infrared ASTER data
of March 2000–2008.

Figure 10 shows the thermal anomaly detected on ASTER data of 7 September 2001 at
22:16 UTC (13:16 LT). Although NHI underestimated this feature due to possible sub-pixel
effects, it integrated with the AVO observations, revealing the occurrence of a low-level
thermal activity during June–September 2001 (see [51]). In addition, thermal anomaly iden-
tified on nighttime ASTER scene of 3 May 2004 at 08:34 UTC (23:34 LT) was in agreement
with information provided by independent sources. It is worth mentioning that the AVA
database did not report thermal anomalies at Shishaldin volcano before July 2014 (see [21]),
as a further evidence of the relevant contribution offered by NHI in investigating thermal
features in different volcanic areas.

Figure 10. Thermal anomaly map from ASTER scene of 7 September 2001 at 22:16 UTC showing a thermal anomaly over
the Shishaldin volcano. In background, the SWIR band 5 image; on top left side of the map, the detected thermal anomaly
(in red).

4.4. Investigating Thermal Anomalies at Telica (Nicaragua) Volcano

Telica is a volcano complex located in northwestern Nicaragua, showing a persistent
activity, with continuous seismicity and degassing [52]. The southern summit crater has
been the source of recent eruptions, whereas fumaroles and boiling mud pots characterize
the Hervideros de San Jacinto (SE of Telica), which is also site of geothermal exploration [53].
According to field reports, gas-and-ash emissions occurred at Telica volcano in early
2000 [54]. Intermittent ash explosions and crater incandescence were recorded through
2002, and strong gas emissions took place in the first half of 2003 [55]. After ash explosions
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and incandescence recorded in 2004, small ash explosions and a degassing activity occurred
in 2005 [56]. Fumarolic activity continued through 2006, and in 2008 field observations
reported the occurrence of both degassing and ash emissions [57].

Figure 11 displays the NHI (black squares; DB = 10 km) and AVA time series (red
circles) retrieved at Telica volcano during the period of interest. The figure shows that NHI
detected a higher number of thermal anomalies than AVA, better detailing the thermal
activities of November 2002–February 2003, January–February 2004, and December 2007–
March 2008.

Figure 11. Hot pixels flagged by NHI (black squares) and AVA (red dots) at Telica (Nicaragua)
volcano, from ASTER data of March 2000–2008. Note that a number of AVA detections (i.e., those of
9 March 2001; 10 April 2001, 11 February 2003; 26 March 2007; 11 April 2007) were outside the area
analyzed by NHI.

The manual inspection of ASTER data confirmed the NHI detections, as shown in
Figure 12 in reference to the thermal anomaly of 16 February 2005. The figure shows the
identification of two clusters of hot pixels that were corroborated by the manual inspection
of infrared ASTER data (see SWIR2 band 5 image). These features reveal the occurrence
of thermal volcanic activity (see area marked in blue) and the possible identification of a
forest fire affecting the vegetated area located SE of the crater, between 300 m and 400 m
elevation (see the area marked in green).

Figure 12. Thermal anomaly map from nighttime ASTER scene of 16 February 2005 at 04:08 UTC (22:08 LT). On top left
side, the (SWIR2) band 5 image with bright pixels indicating hot targets.
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It is worth mentioning that some thermal anomalies in Figure 11 occurred in the
surrounding of the San Jacinto-Tizate geothermal field, which is characterized by mud
pools and fumaroles with temperatures around 250–285 ◦C [53]; these features require
further investigation to be interpreted.

5. Discussion

We assessed the potential of NHI algorithm in detecting and mapping volcanic thermal
anomalies by means of ASTER infrared data acquired before the malfunctioning of SWIR
detectors, causing saturation and severe striping [58].

Table 2 summarizes the results achieved comparing NHI to AVA detections. The table
displays the number of ASTER images with thermal anomalies flagged by the two systems
in the second and third column, and the number of unique detections (i.e., percentage of
thermal anomalies identified only by NHI or AVA within the investigated areas) in the last
column, in reference to the analyzed volcanic area (first column). It is worth noting that
except from Kilauea, NHI flagged a higher number of thermal anomalies than AVA, which
were corroborated by the manual inspection of ASTER data.

Table 2. NHI and ASTER Volcano Archive (AVA) thermal anomaly detections performed on ASTER data of March 2000–2008
at Kilauea, Klyuvcheskoy, Telica and Shishaldin volcanoes.

Volcano Number of ASTER Images with Detected Thermal Anomalies Unique Detections
NHI AVA NHI AVA

Kilauea 80 87 8.8% 16.1%
Klyuvcheskoy 45 44 15.6% 13.,6%

Telica 37 5 86.5% 20.0%
Shishaldin 4 0 100% 00%

By analyzing information from Table 2, we found that a number of nighttime ASTER
scenes (e.g., those of May–September 2000) did not include the SWIR bands (i.e., only TIR
data were available) (e.g., [59]). Because of this issue, most thermal anomalies flagged
only by AVA at Kilauea (see unique detections in Table 2) were undetectable by NHI.
However, NHI did not identify volcanic thermal features when they showed low SWIR2
radiance values or produced saturation in the ASTER SWIR channels (i.e., when they were
particularly weak or very intense). Some analyses are currently in progress to assess if
the spectral wavelengths of ASTER, which originally provided SWIR data in six spectral
channels (see Table 1), may be exploited to better detect less intense thermal anomalies
(e.g., using band 9 in place of band 5 in Equation (2)).

Moreover, the use of a spectral test for “extreme” pixels, similar to that used for
OLI/MSI data (see Section 3.1), is under evaluation to minimize the impact of SWIR channel
saturation on NHI detections. On the other hand, the analysis of Keyhole Markup Language
(KML) products made available online by AVA, revealing a pixel size of 90 m, indicated
the use of TIR rather than SWIR data, explaining the significant differences in the number
of hot pixels observed in comparison with NHI. The latter exploiting SWIR observations
integrated the AVA detections at both Kilauea and Klyuvcheskoy, identified a number
of low-level thermal anomalies at Shishaldin, and better characterized the Telica thermal
activity, although some hot targets in this area probably represented fires, confirming the
importance of setting a proper distance buffer within GEE, to avoid the misinterpretation
of results. Hence, NHI performed well both in daytime and nighttime conditions (i.e.,
regardless of algorithm configuration), and even when the ASTER metadata file did not
specify the UCC value for VNIR/SWIR bands. To run the algorithm in absence of this
information, we analyzed the NHI outputs generated using different gain-setting modes.
This analysis revealed a higher accuracy in mapping lava flows under the normal and
low-gains configuration, whereas the high-gain setting mode led to the underestimation of
these features. Nevertheless, since NHI also aims at mapping minor thermal anomalies,
and because the low-gain 2 setting mode led to the generation of artefacts on some ASTER
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scenes, we assumed the normal gain when the UCC value was undefined within the header
metadata file (see flowchart in Figure 3).

These results demonstrate the successful exportability of NHI to ASTER data, despite
some limitations discussed also in previous papers (e.g., [60]). This aspect is particularly
relevant considering that among volcanological studies using ASTER, only some of them
exploited SWIR observations to detect and characterize thermal anomalies (e.g., [15,61–66]).
Moreover, the recent ASTER Volcano Thermal Output Database (AVTOD) uses TIR data
to analyze volcanic thermal features over Latin America [13]. Thus, the NHI algorithm
using SWIR data, which are suited to detect high-temperature targets, and showing a high
confidence level of detection in both daytime and nighttime conditions, could complement
information from other ASTER-based systems (e.g., AVA) over the period 2000–2008.

6. Conclusions

In this paper, we assessed the potential of the NHI algorithm in detecting and mapping
volcanic thermal anomalies trough daytime/nighttime ASTER data.

By analyzing the Kilauea, Klyuchevskoy, Shishaldin and Telica volcanoes, we retrieved
accurate information, in terms of location, shape, and spatial extent, about a number of
volcanic thermal features, which were unreported by the AVA database. The manual
inspection of satellite imagery corroborated the NHI detections, including those performed
on nighttime ASTER scenes. Those detections indicate that the NHI algorithm could
perform well also on nighttime Landsat-8 OLI data, whose usage could integrate daytime
observations, in spite of their reduced availability.

Although the failure of the SWIR subsystem limits the temporal range of satellite data
analysis to the period 2000–2008, and despite some factors (e.g., clouds, SWIR channels
saturation, gain setting modes) affecting thermal anomaly identification and mapping, this
work encourages the full implementation of the NHI algorithm on ASTER data collection
available in GEE. This implementation allowed us to finalize the development of a multi-
platform observing system which, exploiting SWIR data from different sensors (e.g., OLI,
MSI, TM and ETM+, ASTER), and, thanks to the high computational resources of the GEE
platform, could successfully integrate information from other satellite-based systems.

Finally, this study opens new scenarios for better exploitation of SWIR and NIR data,
at very high spatial resolution, from new satellite missions (e.g., WorldView-3).
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