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Abstract Open-vent volcanoes continuously emit magmatic products and frequently feature multiple
adjacent craters. Temporal shifts of thermal emissions between craters are especially detectable by InfraRed
satellites. Here, SENTINEL-2 and LANDSAT-8/9 Short Wave InfraRed (SWIR) high-spatial resolution
satellite data, are combined to investigate 10 years (2013-2023) of thermal activity at Stromboli volcano (Italy).
The correlation between Volcanic Radiative Power (VRP, in Watts) and Volcanic Radiative Energy (VRE, in
Joules), retrieved by moderate MODIS and VIIRS Middle InfraRed (MIR) data, with the Thermal Index SWIR
(TIgwr) data, allows us to quantify long-term series of heat fluxes (VRPgywr) and energy (VREgwr)-
Combining moderate and higher spatial resolution data and fitting cumulative trends of Tlgy g With VREyr
allows to measure thermal activity sourced by single craters during Strombolian activity. Long-term results
highlight that thermal emissions are clustered in the northern and southern parts of the crater terrace, with total
energy emitted (~12 X 10" J) equally distributed. The thermal increase since April 2017 marked a reactivation
of shallow magma transportation and an intensification of the activity after the 2014 eruption. Distinct thermal
behaviors are shown by the NE, C, and SW craters, related to mechanisms of explosions. We found that short-
term thermal variations match well those resolved by ground-based signals, and the NE crater as the most
sensitive to the transition to higher-intensity activity. Our multispatial/multisensory investigation allows, for the
first time, the long-term quantification of heat flux from Stromboli's craters, with an improved understanding of
open-vent dynamics and a new approach to monitor multiple active craters.

Plain Language Summary Stromboli is a volcano in southern Italy, historically well-known,
considered unique and fascinating for its persistent emission of magma and gas through multiple adjacent
craters lasting for millennia. This study focuses on tracking the thermal activity of Stromboli using modern
satellite data over 2013-2023, with unprecedented levels of detail able to distinguish the heat released by single
craters. The analysis revealed that most thermal emissions at Stromboli were concentrated in two primary
sectors of the summit terrace. Notably, a significant increase in thermal activity was observed since April 2017,
indicating a resurgence in volcanic activity after a period of relatively calm following the previous eruption.
Distinct thermal behaviors of the three historically active craters of Stromboli have been recognized and
reconciled with different styles of volcanic explosions. Furthermore, the study identified patterns of heat release
within Stromboli's main craters which agreed with the fluctuations in gas emissions and explosive activity
characterizing the volcano. Overall, this comprehensive analysis provides valuable insights to scientists and
volcano-involved communities into the long-term quantification of heat flux from multiple craters at Stromboli,
contributing to a better understanding of open-vent eruptive dynamics and enhancing continuous monitoring of
Stromboli and similar volcanoes.

1. Introduction

Open-vent volcanoes are natural systems exhibiting a continuous and shallow-level magmatic circulation, lasting
years to millennia (Edmonds et al., 2022; Vergniolle & Métrich, 2021). These are broadly characterized by an
almost persistent exposure of the magmatic column, coupled with continuous degassing and background

MASSIMETTI ET AL.

1 of 26


https://orcid.org/0000-0003-3820-6875
https://orcid.org/0000-0001-7866-3347
https://orcid.org/0000-0002-0254-6539
https://orcid.org/0000-0003-0460-9772
https://orcid.org/0000-0002-7833-5359
https://orcid.org/0000-0001-7868-3946
https://orcid.org/0000-0002-6403-7166
https://orcid.org/0000-0001-5512-1377
https://orcid.org/0000-0002-5096-3708
https://orcid.org/0000-0001-9623-1919
https://orcid.org/0000-0002-1787-5618
https://orcid.org/0000-0002-9336-107X
https://orcid.org/0000-0001-7181-4122
mailto:francesco.massimetti@unito.it
https://doi.org/10.1029/2024JB029143
https://doi.org/10.1029/2024JB029143
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JB029143&domain=pdf&date_stamp=2024-08-31

N\\I Journal of Geophysical Research: Solid Earth 10.1029/20247B029143

ADVANCING EARTH
AND SPACE SCIENCES

Validation: F. Massimetti
Visualization: F. Massimetti
Writing — original draft: F. Massimetti

Writing — review & editing: M. Laiolo,

A. Aiuppa, S. Aveni, D. Delle Donne,
G. Lacanna, M. Pistolesi, D. Coppola

seismicity (Rose et al., 2013; Vergniolle & Métrich, 2022). Open-vent volcanoes are also significant emitters of
heat (Coppola et al., 2020; Francis et al., 1993; Harris & Stevenson, 1997a; Kazahaya et al., 1994; Laiolo
et al., 2022; Valade et al., 2023; Wright et al., 2015), particularly at low-viscosity systems, where convecting
shallow magma circulation feeds mild explosive activity (Strombolian), lava lakes, or lava flows (Aiuppa
et al., 2018; Campion & Coppola, 2023; Harris & Stevenson, 1997a; Rose et al., 2013).

These volcanoes often exhibit bimodal volcanic behavior, with mild, regular activity occasionally interrupted by
more violent, hazardous explosions and/or major effusive eruptions (Houghton & Gonnermann, 2008; Rose
et al., 2013; Rosi et al., 2013; Vergniolle & Métrich, 2021). Detecting mid-to long-term precursory signals to
these major eruptions is a challenging task (Acocella et al., 2024; Smittarello et al., 2022; Viccaro et al., 2021),
mainly because variations in the main monitored parameters for open-vent volcanic activity (i.e., tremor
amplitude, seismic LP and VLP signals, number of explosions, plume height, SO, flux, infrasonic pressure,
deformation patterns, thermal anomalies; Reath et al., 2019; Rose et al., 2013; Vergniolle & Métrich, 2022) can be
so subtle to be hardly resolvable from background activity changes (Tilling, 2008), and/or because signals can
become clearly resolvable with short advance (days to minutes) before large explosions (Aiuppa et al., 2021; Di
Lieto et al., 2020; Giudicepietro et al., 2023; Ripepe, Lacanna, et al., 2021). In open-vent volcanoes, some thermal
precursor signals of substantial changes in volcanic activity have been observed in some cases at Stromboli
(Calvari et al., 2022; Giudicepietro et al., 2020), Ambrym (Marchese, Coppola, et al., 2022; Marchese, Genzano,
et al., 2022), Bezymianny (van Manen et al., 2010) and Etna (Calvari, Bonaccorso, et al., 2021; Calvari, Giu-
dicepietro, et al., 2021; Laiolo et al., 2019), among others; however, the mere presence of thermal activity to a
volcano does not necessarily constitute a change from its background level or evidently mark the transition to
violent and major eruptive phases. Improving the chances of forecasting rapid increases in eruptive activity in
open-vent volcanoes requires continuous and detailed monitoring of geophysical, geochemical, and thermal
parameters, to produce the most continuous and reliable data sets (Chaussard et al., 2013; Coppola et al., 2019,
2023; Phillipson et al., 2013; Valade et al., 2016); indeed, the availability of solid long-term data sets is essential
to establish, with early notice, whether the volcanic system is deviating from its long-term baseline activity
(Phillipson et al., 2013; Reath et al., 2019; Sparks, 2003).

Several open-vent volcanoes are also prone to modifications in the number and location of active vents, due to the
interplay between evolving morphologies and eruptive dynamics and intensities (Rose et al., 2013; Salvatore
et al., 2018; Simons et al., 2020). In some contexts, several vents (hereafter defined as single volcanic orifices
emitting eruptive products) can cluster within multiple craters (larger sub-circular morphological units, which can
contain multiple vents), as in the case of Stromboli and Etna (Italy; Behncke et al., 2014; Rosi et al., 2013),
Ambrym and Yasur (Vanuatu; Németh & Cronin, 2008; Woitischek et al., 2020), Erta Ale (Ethiopia; Barnie
et al., 2016), and so on. The presence of multiple craters, rather than a single emitting one, is indicative of a
complex shallow conduit system, whose structure can change over time. Activity shifts from one crater to another
have sometimes been interpreted as indicative of imminent variations in the volcano's state (Delle Donne
et al., 2022; Ripepe et al., 2009; Zuccarello et al., 2022). It has been shown that parameterizing the activity
patterns at each vent can give relevant information about shallow conduit dynamics (Giberti et al., 1992), thermal
budgets (Harris & Stevenson, 1997b), source mechanisms of explosions (Chouet et al., 2003; McGreger &
Lees, 2004; Ripepe & Marchetti, 2002; Salvatore et al., 2018), degassing processes (Delle Donne et al., 2022;
Tamburello et al., 2012), and eruptive dynamics (Cannata et al., 2011; Ripepe et al., 2008). Besides, the inter-
pretation of these patterns was found key to identify precursory signals before paroxysms (Zuccarello
et al., 2022), this, in turn, essential for hazard mitigation purposes (Johnson et al., 2018; Ripepe et al., 2018).
Nevertheless, the proximity among craters makes it difficult to discriminate the source of the emissions (i.e.,
magma, gas, or heat), owing to insufficient resolution of the used instruments, morphological complexities, and
diversity of eruptive styles occurring from different craters (Andronico et al., 2021; Ripepe et al., 2008). Tracking
spatial variations for long periods requires advanced monitoring techniques (often from proximal stations) that
allow the discrimination of the activity of each crater.

Thermal emissions, and more specifically the emitted heat flux, are key parameters to study active volcanoes
(Coppola et al., 2020; Francis, 1979; Harris, 2013; Reath et al., 2019; Wright & Flynn, 2003; Wright &
Pilger, 2008; Yokoyama, 1972). At open-vent volcanoes, it has been suggested that heat flux is proportional to the
flux of magma (and gas) that is superficially discharged (erupted) and/or that circulates within the very shallow
magmatic system (Campion & Coppola, 2023; Coppola et al., 2012; Harris & Stevenson, 1997a; Laiolo
et al., 2022; Valade et al., 2016). This makes heat flux an excellent proxy of shallow volcanic processes, and an
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especially sensitive parameter to track the fluctuations of the magmatic column within the upper portion of the
system, which can ultimately trace the transition into higher intensity or effusive activity (Coppola et al., 2012;
Laiolo et al., 2022). Even at well-monitored volcanoes, thermal investigations benefit from space-based data that
have now been safely acquired for decades, building robust, homogenous, and stable data sets (Coppola
et al., 2020, 2023). The recent availability of higher spatial resolution InfraRed imagery (<90 m/pixel; Black-
ett, 2017; Harris, 2013; Ramsey et al., 2022) makes it possible to localize the position of active craters with
decametric precision, and to characterize the magnitude and spatial information of any Volcanic Thermal Feature
(VTF; hereby defined as a sub-pixel spatial element with temperatures above the background) (Coppola
etal., 2023; Flynn et al., 2001; Laiolo et al., 2019; Marchese et al., 2018; Massimetti et al., 2020; Mia et al., 2018;
Oppenhemier et al., 1993; Plank et al., 2019; Rothery et al., 1988).

Stromboli volcano (Italy), represents one of the most iconic open-vent volcanoes worldwide, exhibiting
continuous thermal emissions from multiple craters (Coppola et al., 2012; Giberti et al., 1992; Ripepe et al., 2008;
Rosi et al., 2013). This volcano has been the subject of extensive research on thermal activity through satellite
methods (see Calvari et al., 2022; Coppola et al., 2012; Gaonac'h et al., 1994; Harris & Stevenson, 1997b; Laiolo
etal., 2022; Plank et al., 2019; Wright et al., 2015). Some of the studies focused on the analysis of the bulk thermal
activity (in terms of heat flux or number of hot-spot contaminated pixels), or derived parameters such as Time
Average Lava Discharge Rate (TADR) in m3/s (cf. Coppola et al., 2016; Ganci et al., 2016; Marchese et al., 2019;
Massimetti et al., 2020). Nevertheless, a long-lasting quantification of heat flux produced by single craters at
Stromboli has never been performed systematically so far; a few attempts have proposed to qualitatively
differentiate activity at the crater scale using diverse satellites for single eruption (i.e., Laiolo et al., 2019;
Marchese et al., 2018), while older investigations integrated ground and space-based techniques to map and
quantify heat emissions at crater extent (Harris & Stevenson, 1997a). One aspect that has received little attention
so far is whether thermal activity differs between craters and how these variations are related to the eruptive
dynamics and the movement of magma/gas within a branched conduit system.

Here, we analyze 10 years of satellite InfraRed images, acquired by multiple sensors at Stromboli volcano from
April 2013 to July 2023. We combine measurements from moderate resolution sensors (375-1,000 m), acquiring
data in the Middle InfraRed (MIR; 3-5 um), with higher resolution sensors (20-30 m), acquiring in the Short
Wave InfraRed (SWIR: 1-3 pm), to track the variations of the heat emissions from single craters. This multi-
sensory approach allows us to: (a) trace variations in the position and intensity of the thermal activity at each
crater; (b) estimate the heat flux baseline produced by each crater; (c) evaluate the long-term thermal energy
emission for different crater sectors. Finally, we compare our thermal data set to other ground-based geophysical
and geochemical parameters, in an attempt to link the thermal patterns at individual craters with changes in
volcanic activity and in the efficiency of magma circulation in the shallow feeding system.

2. Stromboli Volcano
2.1. Stromboli's Eruptive Activity

Stromboli volcano (Aeolian Islands, Southern Italy, 924 m a.s.l., Figure 1) is a world-renown archetype of an
open-vent system, for its regular, millennial-lasting, and mild explosive Strombolian activity, also termed “or-
dinary” (Mercalli, 1907; Rosi et al., 2000, 2013). This activity occurs from several vents, or three main craters
clustered within a crater terrace, an oval-shaped structure 300 X 50 m in size, located at ca. 780 m a.s.l. in the
upper portion of the Sciara del Fuoco (SdF, a collapsed sector delimited by a horseshoe scarp; Calvari, Bonac-
corso, et al., 2021; Calvari, Giudicepietro, et al., 2021; Rosi et al., 2013; Tibaldi et al., 2008). It ranks among the
most studied open-vent volcanoes in the world (Allard et al., 1994; Ripepe et al., 2008) and one of the most visited
(Andronico et al., 2021).

Stromboli's regular activity (ordinary) is characterized by continuous degassing accompanied by repetitive and
mild explosions, ejecting bombs, black scoriae, lapilli, and ash. These explosions occur with a frequency of ~10
events/h and have a duration of a few seconds (up to 30 s) while erupted tephra masses of 10-10* kg (corre-
sponding to volumes of 1-10 m?) reach 50—400 m above the active vents (see Barberi et al., 1993; Harris
et al., 2013; Patrick et al., 2007; Ripepe et al., 2008; Rosi et al., 2013). This ordinary activity is thought to be
sustained by a steady-state convective regime within the shallow, upper portion of the magmatic conduit (<3 km
depth; Allard et al., 1994), where a relatively gas-rich magma ascends, degases, crystallizes, and then sinks back
(Aiuppa et al., 2010; Allard et al., 2008). Accordingly, most of the magma remains unerupted (Allard et al., 1994;
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Figure 1. Setting of Stromboli volcano. (a) View of Stromboli island, by Landsat-8 OLI Visible image of July 2023; (b) DEM
of the summit area of Stromboli focused on the summit area, with the localization of NorthEast, Central, and SouthWest
crater sectors inside the crater terrace (July 2022); (c) photo taken from Pizzo sopra la Fossa looking at crater terrace, June
2023.

Shinohara, 2008), and only a small portion is erupted through mild summit explosions (Harris & Steven-
son, 1997a). Although this mechanism is defined as steady, with an averaged magma supply rate of 0.1-0.5 m>/s
(Allard et al., 2008; Burton et al., 2007), the activity is highly variable even over a daily scale, with variations in
gas flux, magma level, explosive frequency, and thermal emissions (Aiuppa et al., 2010; Ripepe et al., 2008).

Sharp deviations from this mild explosive activity occur during effusive eruptions or more energetic and violent
events, such as major and paroxysmal explosions, which pose increased hazards for the inhabitants of local
villages, tourists, and scientists (Barberi et al., 1993; Ripepe et al., 2008; Ripepe, Lacanna, et al., 2021; Rosi
et al., 2013). These eruptive episodes span a wide range in magnitude and intensity; effusive eruptions can occur
as: (a) short-lived lava effusions having small to intermediate volumes (10°~10° m®) produced by the summit
craters, called lava overflows (Rosi et al., 2013), and (b) large-volume effusive eruptions (107 m®) fed either by
flank fissures opened along the volcano's flanks, remaining active for months, as observed on 2002-2003, 2007,
and 2014 (Barberi et al., 2009; Ripepe et al., 2017), or fed directly from summit craters as in July 2019 (Giordano
& De Astis, 2021; Laiolo et al., 2022). Violent explosive events are classified as major explosions and paroxysms
(Barberi et al., 1993), both characterized by the activation of more than one vent and by ballistic and tephra fallout
on the upper part of the volcanic edifice, occasionally reaching the inhabited villages along the coast (Rosi
et al., 2013). Averaged recurrence times of major explosions and paroxysms are 2.1 and 0.16 events/year in the
last 25 years, respectively (Bevilacqua et al., 2020). These explosive events span a wide range of durations (from
less than 2 min to 5-10 min), erupted masses (of 10*~10° kg) and volumes (up to 10° m®), and produce eruptive
columns ranging in height from a few hundreds of meters to 8 km (Bertagnini et al., 2011; Giordano & De
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Astis, 2021; Métrich et al., 2021; Pistolesi et al., 2011; Ripepe et al., 2008; Rosi et al., 2013). Besides, as evi-
denced by their greater intensity and lower recurrence time, both paroxysms and major explosions are suggested
to be fed by deeper, volatile-richer magma (Bertagnini et al., 2011; Bevilacqua et al., 2020; Métrich et al., 2021;
Voloschina et al., 2023). The differences between ordinary and non-ordinary explosive activity are related to the
activation of distinct magmatic sources: the regular Strombolian activity is fed by volatile-poor, crystal-rich and
high-viscosity, high porphyritic (HP) magma stored at shallow (<3 km) levels, and typically ejected as black
scoriae (Francalanci et al., 1999; Métrich et al., 2001; Pioli et al., 2014); while major and paroxysmal explosions
erupt “golden” pumices associated with a gas-richer, crystal-poor and low-viscosity, low porphyritic magma
(LP), that rapidly ascends from a reservoir at depth of ~6-9 km (Aiuppa et al., 2021; Métrich et al., 2010;
Voloschina et al., 2023). One of the last non-ordinary periods that produced both explosive and effusive activity,
occurred in July-August 2019, when two paroxysms hit the island, causing a fatality, producing pyroclastic flows
triggering small tsunamis, originating a two-month-long effusion sourced from summit craters (Aiuppa
et al., 2021; Giordano & De Astis, 2021; Laiolo et al., 2022; Ripepe, Lacanna, et al., 2021).

2.2. Stromboli's Active Craters

Strombolian activity occurs from a variable number of vents concentrated within the crater terrace (Rosi
et al., 2013; Figures la and 1b). Location and number of active vents in the crater terrace have continuously
changed over time (Calvari et al., 2014; Civico et al., 2021; Marsella et al., 2012). Regular activity results in both
constructive and destructive processes, building and disrupting cinder cones and hornitos. Besides, periods of
intense activity led to neat growth of the crater terrace due to the increased deposition of eruptive products and
overlapping with intra-crater lavas. High energetic explosions and lateral dyke intrusions can instead destabilize
and induce partial collapses of the whole crater terrace (up to hundreds of meters deep), as occurred during
effusive crises in 2002-2003 and 2007 (see Rosi et al., 2013).

Nonetheless, historical studies demonstrate an extraordinary persistence of the location of the active areas during
the past centuries, despite the numerous collapses and regrowth phases of the terrace: Washington (1917) noted
that the location of three to six vents had not changed substantially between 1768 and 1915. This vent config-
uration described more than one century ago, has proven to be recognizable later, remaining mostly unchanged
until today (Rittmann, 1931; Rosi et al., 2013). More recently, several authors grouped distinct clusters of active
vents (Harris & Ripepe, 2007; Ripepe et al., 2005; Salvatore et al., 2018; Zanon et al., 2009), into three main
craters named South West (SW), Central (C) and North East (NE) craters (Gaudin et al., 2017; Harris &
Ripepe, 2007; Patrick et al., 2007; Rosi et al., 2013; Figure 1). These three craters, sometimes called crater sectors
or crater areas, are aligned along a NE-SW elongated trend, which is ascribed to the presence of a branched
feeding dike (or conduit), rising through the edifice up to depths of a few hundred meters (Landi et al., 2011;
Ripepe et al., 2008; Rosi et al., 2013; Tibaldi et al., 2008). Geophysical investigations show that the craters are
possibly linked at shallow levels to a common source where very-long-period (VLP) seismic events originate
(<600 m below crater terrace; Harris et al., 1996; Landi et al., 2011; Ripepe et al., 2005; Ripepe, Delle Donne,
et al., 2021; Sugimura et al., 2021).

The activity typically sourced by the three craters is also different; puffing activity (short gas bursts associated
with small infrasonic pulses), representing the expression of magmatic continuous degassing, is typically present
at one vent at once and predominantly at the C crater; short and frequent explosions, ballistic-dominated and
prone to higher infrasonic amplitudes, are associated with NE crater, while long ash-rich bursts are generally
produced from the SW crater (Marchetti & Ripepe, 2005; Patrick et al., 2007; Ripepe & Marchetti, 2002). The
number of active vents at all craters and the intensity of Strombolian explosive activity is thought to be related to
the magma level and the gas flux within the conduit (Calvari et al., 2012; Civico et al., 2021; Ripepe et al., 2008;
Spampinato et al., 2008). The rise of magma level in the shallow feeding conduit produces an upward migration of
the VLP sources (Marchetti & Ripepe, 2005; Ripepe, Lacanna, et al., 2021), inflation of the summit craters (Di
Traglia, Nolesini, et al., 2018), increase in the number of explosions (Calvari et al., 2010; Valade et al., 2016),
tremor amplitude (Ripepe et al., 2009), gas flux (Burton et al., 2007; Delle Donne et al., 2022), and in the heat flux
detected from satellites (Coppola et al., 2012; Marotta et al., 2015).

Analysis of the thermal amplitude of explosions from ground-based IR cameras demonstrates that the main
contribution to the radiated thermal energy is due to the erupted mass composed of ash and bombs (Delle Donne &
Ripepe, 2012; Ripepe et al., 2005). However, when measured from space, the heat flux associated with the
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Figure 2. Sensors of the IR data set utilized in this work. (a) MSI SENTINEL-2 SWIR; (b) OLI LANDSAT-8 & -9 SWIR;
(c) MODIS NTI MIR (750 m/pixel); (d—e) VIIRS NTI MIR (750 and 375 m/pixel).

ordinary activity of Stromboli is associated with two main components (Coppola et al., 2012): (a) the number,
area, and temperature of the active vents, and (b) the extent and temperature of the deposits present on the crater
terrace. Long-term, thermal satellite-based studies reveal the occurrence of fluctuations of the magma level inside
the conduit, eventually related to episodes of sustained spattering, fountaining, and outflows, as shown by
Coppolaet al. (2012). It has been recognized that ordinary activity within the crater terrace produces a radiant heat
flux generally up to 30-50 MW. This threshold is exceeded only during periods of lava overflows causing the
outpouring of lava from the crater terrace, and marking the transition from the Strombolian to the effusive regime
(Coppola et al., 2012, 2014). Given the moderate resolution of sensors used in these past studies, the measured
heat fluxes represent the bulk activity of all the thermal sources. Resolving the thermal output from individual
craters is the aim of the present work.

3. Methodology and Data Set
3.1. Satellite, Sensors, and Metrics

To estimate the heat flux radiated by each crater we used a combination of InfraRed satellite sensors with diverse
spectral, spatial, and temporal resolutions (Figure 2). These are the Moderate Resolution Imaging Spectroradi-
ometer (MODIS) and Visible Infrared Imaging Radiometer Suite (VIIRS) for MIR, and the Multi Sensor In-
strument onboard SENTINEL-2, and Operational Land Instrument onboard LANDSAT-8 & -9 for SWIR
(hereafter named MSI-S2, OLI-L8, and -L9, respectively). The features of sensors and their acquisitions, the
processing techniques, and the metrics used to quantify the thermal anomalies are listed in Table 1.

The ability to quantify the heat flux at active volcanoes by MIR-derived data is well established through the
estimation of the VRP (Volcanic Radiative Power, in Watt; see next section). In particular, the MIR channel has
proven to be extremely robust in measuring the radiative flux produced by Stromboli's thermal activity (Calvari
et al., 2010, 2022; Coppola et al., 2012; Ganci et al., 2011; Laiolo et al., 2023; Mattia et al., 2021; Worden
etal., 2014; ZakSek et al., 2015). MIR sensors (i.e., MODIS and VIIRS), featuring coarser spatial resolution, high-
gain channels to avoid saturation issues and long-time availability, have allowed quantifying of thermal emissions
at Stromboli for more than 20 years (Coppola et al., 2023; Wright et al., 2015), providing a solid baseline to
interpret thermal signals and representing a reference for satellite-based thermal investigation at active volcanoes
(Coppola et al., 2014).
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Table 1
Features of Middle InfraRed and Short Wave InfraRed Sensors and Satellites (From Campus et al., 2022; Coppola et al., 2016; Massimetti et al., 2020; Ramsey &
Harris, 2013; Wright et al., 2002)

Starting acquisition Pixel Revisit
Sensors Satellites (year) Wavelengths (um)  resolution (m) frequency IR algorithm Metrics
MODIS Terra/Aqua 199972002 3.96 (MIR) 1,000 ~4 images/day =~ MIROVA (Coppola et al., 2016) VRP
(Watt)
VIIRS Npp/Noaa20 Jan 2012/Jan 2018 3.74-4.05 (MIR) 375-750 ~4 images/day =~ MIROVA (Campus et al., 2022) VRP
(Watt)
OLI Landsat-8 & -9 Feb 2013/Nov 2021 0.8-1.6-2.2 30 ~8 days TI SWIR-MIR (Massimetti TI (adim)
(SWIR) et al., 2020)
MSI Sentinel-2 (2A Jun 2015/Mar 2017 0.8-1.6-2.2 20 ~5 days TI SWIR-MIR (Massimetti TI (adim)
& 2B) (SWIR) et al., 2020)

In contrast, calculating heat flux with SWIR by MSI and OLI high-resolution sensors presents strong limitations,
because a smaller pixel's field of view and a greater proportion of any hot surface make SWIR data prone to
saturate radiometric parameters at high temperatures (ca. 300°C at 2.2 ym for OLI-L8 and MSI-S2; Hu
et al.,, 2021; Morfitt et al., 2015). SWIR thermal anomalies are generally expressed in terms of total spectral
radiance (Genzano et al., 2020; Layana et al., 2020), or in number of alerted pixels (Massimetti et al., 2020;
Valade et al., 2019) since other methods to quantify thermal metrics are limited by saturation (Blackett, 2017;
Blackett & Wooster, 2011) or sensitive to inter-channel spatial misregistration effects that may impact multi-
spectral retrieval approaches (e.g., Fisher & Wooster, 2018; Shephard & Kennelly, 2003). Only a few at-
tempts have been made to merge MIR- and SWIR-derived radiative power into single timeseries (Blackett &
Wooster, 2011; Genzano et al., 2023; Marchese, Coppola, et al., 2022; Marchese, Genzano, et al., 2022), but there
is currently no satellite monitoring system that provides radiant power estimates based on SWIR data. In the next
sections, we present a new, multisensory, simple empirical method, which allowed us to derive volcanic radiative
power (VRP) from high-resolution SWIR data. This method can track activity and subtle thermal emissions at the
crater scale, calibrating the signal to the more robust MIR data set.

3.2. Data Filtering

The analysis is focused on the ordinary Strombolian activity that occurred at Stromboli within the crater terrace
(and individual craters) between 2013 and 2023. To inter-calibrate the thermal flux derived from the MIR and
SWIR data sets, it was therefore necessary to filter both data sets, by excluding all the alerts detected during
periods of higher activity. A database was compiled from the reports of INGV and LGS of the University of
Florence (www.ct.ingv.it; http://lgs.geo.unifi.it/, https://cme.ingv.it/bollettini-e-comunicati; Laiolo et al., 2023),
by considering the dates of occurrence/duration of any non-ordinary events such as lava overflows, major
eruptions (episodes of August—-November 2014 and July—August 2019), major explosions, and paroxysms (3 July
and 28 August 2019). We thus filtered out from both data sets all the satellite acquisitions that occurred within a
time window of *+3 days from the effusive-dominated events (overflows and eruptions), and =1 day from
explosive-dominated events (major explosions and paroxysms). These time windows were adopted to avoid
thermal contamination outside periods of ordinary Stromboli activity, including some data influenced by potential
unreported events that occurred in proximity to those already reported (e.g., overflows), or by data in which the
heat flux was still influenced by the cooling of previously emplaced lava flows. Indeed, including non-ordinary
activity and its effects on the detection of the thermal signal would make the correlation between MIR and SWIR,
explicitly sought for the ordinary Strombolian activity, uneven.

A further filtering step was done on each data set to clean the satellite signal from corrupted acquisitions, false
alerts or unfavorable viewing conditions that strongly influence the thermal data:

¢« MODIS and VIIRS MIR data set has been filtered by (a) keeping out images with unfavorable viewing ge-
ometry (Zenith > 40°), that introduce deformation effects of the projected thermal anomalies and strong
effects of thermal bleeding between pixels, (b) selecting only nighttime images, and (c) considering only alerts
within a maximum distance of 5 km from volcano summit (to exclude fires or anthropogenic heat sources; see
Coppola et al., 2020). It is however significant to emphasize that the VRP quantification from MODIS and
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VIIRS MIR images represent a data set that is not corrected for the acquisition conditions, but it simply
expresses a measurement of the thermal radiation reaching the MIR sensor as it is, possibly including clouds
and geometry effects (see Coppola et al., 2020).

o A total of 1.391 SENTINEL-2 and LANDSAT-8/-9 SWIR satellite images, both daytime and nighttime ac-
quisitions (the latter only for L8 and L9), have been visually inspected. The purpose was to assess the quality
of images and discard possible effects related to thermal halos, diffraction spikes, or blurring effects, that
could alter the size and Thermal Index values of the SWIR thermal anomaly analyzed (see Massimetti
et al., 2020).

¢ L8and L9 images have been geometrically resampled from 30 to 20 m of pixel dimensions in congruence with
the MSI S2 images, to make the SWIR data set spatially homogeneous and co-registered (see Supporting
Information S1 for details).

Notably, the SWIR sensors onboard the four platforms have different operational periods (Table 1): L8 was
launched in February 2013, S2A and S2B in June 2015 and March 2017, respectively, and L9 in November 2021.
This means that the sampling rate of SWIR acquisition grows in the period of analysis as the number of images for
time unit, possibly inducing bias, apparent thermal variations, or under-sampling until the complete coverage by
the three satellites. However, the cumulative and averaged method applied in the calculation of heat fluxes from
SWIR images (see Section 3.4), integrates the different revisit frequencies of satellite overpasses and the time
intervals between acquisitions, reducing the effects of asynchrony of the SWIR sensors used.

Between 10 April 2013 and 26 June 2023, we selected 2696 MIR-alerted images from a total of 6,772 overpasses
(divided in 3599 MODIS and 3713 VIIRS), and 724 SWIR-alerted images from a total of 1,319 acquisitions
(divided in 631 OLI-LS8, 96 OLI-L9, and 592 MSI-S2). This results in an alert rate (number of alerts/number of
overpasses) of 39% and 54% for MIR and SWIR data sets, respectively. The two data sets clearly outline the
strong differences in revisit frequencies of the satellites, with one MIR alert every ca. 1.3 days, and one SWIR
alert every ca. 5.1 days.

3.3. Calculation of VRPy;x

The MODIS and VIIRS data sets have been elaborated using the MIROVA algorithm (Campus et al., 2022;
Coppolaet al., 2016) which is based on MIR radiance analysis (Table 1), and estimation of the Volcanic Radiative
Power (VRPyr, in Watt) sourced by high-temperature volcanic features. The combination of the two MIR data
sets (MODIS and VIIRS) has been already successfully applied in studying thermal activity in various volcanic
settings (Aveni et al., 2023; Campus et al., 2022; Coppola et al., 2022; Reiss et al., 2023). VRP,y is calculated by
using the MIR method (Wooster et al., 2003) according to which:

i=npix

VRPyr = kmir X Aprx X Z =1 ALwira) )]

where Apx is the pixel size of MODIS or VIIRS MIR images respectively, npix is the number of alerted pixels,
and ALyygg is the excess of MIR radiance, above the background, of the ith alerted pixel. The coefficient kyyg is
a wavelength-dependent constant that allows the conversion between MIR radiance and radiative power (see
Aveni et al., 2023 for details). This method estimates the radiant power with an error of +30%, provided that the
temperature of the hot emitter is between 600 and 1600 K (Coppola et al., 2016; Wooster et al., 2003). This error
affects the estimates of VRPyr for both heat flux measurements by MODIS and VIIRS, although the coefficients
used in Equation 1 could vary according to the sensor (Aveni et al., 2023; Campus et al., 2022). Despite the +30%
error, the VRPyr data proved to be extremely valid in estimating the heat flux of volcanic sources having an
effective radiating temperature higher than 600 K, or in other terms a fraction of the VTF associated with high-
temperature components (Coppola et al., 2023). This is particularly true at Stromboli, a condition that is fully
satisfied during Strombolian activity (see Laiolo et al., 2022 about conversion of VRPyr heat fluxes in magma
output rates), and more precisely for the active vents and for the hot materials erupted by Strombolian explosions
in the minutes/hours preceding a satellite acquisition (see Coppola et al., 2016, 2023).

3.4. Calculation of VRPgwr

MSI and OLI images are processed analyzing the SWIR-NIR TOA (Top of Atmosphere) reflectance in 3
channels: the p12 (2.19 pm), p11 (1.61 pm), and p8A (0.86 pm) bands for the MSI-S2 and the p7 (2.11-2.29 pm),
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Figure 3. VRP,; (a) and Tlgy,; from crater terrace (b) timeseries at Stromboli. The code bars above indicates eruption (in orange), major explosions (red dotted bars),
overflows events (blue bars) and paroxysms (black stars). The gray bars in each graph represent the VRP,; and Tlgy,x Without filtering for non-ordinary events,
referred as the total Stromboli activity. Consider for the VRPyr (panel a) an error of £30%, not plotted for graphical reasons (see Figure S1 in Supporting

Information S1).

p6 (1.57-1.65 pm), and p5 (0.85-0.88 pm) bands for the OLI-L8 and OLI-L9. We apply the hybrid hotspot
detection algorithm proposed by Massimetti et al. (2020), which is based on fixed ratios and contextual statistical
analysis of TOA reflectance. The algorithm detects the number of “hot” pixels and measures the hot area (in m?)
exposed (with an averaged alert false detection rate of 4%). Considering only the hot pixels recognized by the
algorithm, we define the Thermal Index (Tlgwgr) as:

i

i=npix i i
Tlswir = Zi=l Pswirz + Pswiri + PNIR @

where pi_, is the reflectance of the i" hotspot-contaminated pixel in the three bands of interest (SWIR2: ~2.2 pm,
SWIRI: ~1.6 pm and NIR: ~0.8 pm), and npix is the total number of hot pixels. The Tlgy g is therefore an
empirical index representative of the bulk thermal anomaly of a VTF and not just of the single pixel. The Tlgyy is
affected by the area of the VTF (embedded in npix) and by the temperature of the thermal anomaly, somehow
embedded in the TOA p reflectance (the latter being related to spectral radiances; Harris et al., 2013; Massimetti
et al., 2020). Unlike VRPy;r, we cannot calculate a percentage error for Tlgwr calculation, as it is a direct
parameter derived from the sum of reflectances (adimensional) of pixels flagged as hot (or less) by the algorithm
of Massimetti et al., 2020. Also, the Thermal Index is an empirical and adimensional parameter, that has been
successfully used to study thermal emissions and spatial variations in VTFs in diverse volcanoes (Laiolo

et al., 2019; Reiss et al., 2023; Shevchenko et al., 2021).

The Tlgw g recorded at Stromboli in 2013-2023 is compared with the VRPy; timeseries in Figure 3. The two
parameters show long-term coherent variations through time and an overall good correlation, confirming Tlgwr
as a proxy for the radiant power of a VTF. Both parameters show lower amplitude and discontinuous thermal
emissions between April 2013 and the middle of 2017, while emissions become more consistent and continuous
since April 2017, with an increase in magnitude and alert density (Figure 3). Importantly, the similar trends
depicted by the two parameters indicate that the different revisit frequency of SWIR images does not affect the
detection and the general trend of the VTFs of Stromboli.
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error of +30% calculated over cumVRE;z, with the two blue dashed lines indicating the k,;. £30%.

swir
According to this qualitative observation, it is possible to state that there is a positive correlation between the
Tlgwir and the VRPy g, so that we may write:

VRPyr & Tlswir 3)

One of the main issues in looking at the point-by-point relationship between VRPyz and Tlgyx is constituted by
the fact that the two families of satellite sensors have different revisit times. The different number of acquisitions
of the two data sets is considerable, resulting in periods (from days to months) where several MIR detections are
accompanied by few SWIR alerts (see Section 3.2). Thus, correlating single MIR data (i.e., VRPyr) with each
SWIR acquisition (i.e., TIgwr) is ineffective and meaningless, considering such revisit frequency discrepancies.
Additionally, a single VRPy,r data can be affected by cloudness and acquisition geometry effects, partially
altering the heat flux value measured at the sensor. For these reasons, to quantify the relationship between MIR
and SWIR and assess its robustness, minimizing the effects of acquisition conditions, we compute the weekly
averages of VRPyr and Tlgyw g (Figure 4a) and we integrate these values over consecutive time windows of
1 week to obtain cumulative weekly values (Figure 4b), as follows:

i=nweek
cumVREyr() = ) VRPyr(i) X At @

i=1
i=nweek

cumTlgwir () = Z Tlswir (i) X At (%)

i=1

where in Equation 4 cumVREy; is the cumulative Volcanic Radiative Energy (in Joules; see Coppola

et al., 2023) radiated after i weeks, VRPyr is the weekly averaged values of VRPyr, and At are seconds in a
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week. Similarly, in Equation 5, cumTlgy g is the time-integrated Thermal Index (in TI X seconds) released after i
weeks and Tlgwr represents the weekly averaged TI values (Figure 4b). The cumVREy,r represents the energy
radiated by the activity in the whole crater terrace, and is expressed in Joules (or Watt X second). On the other
hand, since the TI is dimensionless, its time integration results in cumulative values expressed in TI X second. The
two parameters are shown in Figure 4b, where the cumVREy,;;; and cumTIgy;z cumulative curves exhibit
coherent trends throughout 2013 and 2023, reaching final values of ~8 x 10'* J and ca. 4 x 10° TI x second,
respectively (Figure 4b).

The correlation between VRPy;r and Tlgwr thus becomes much more evident and solid when integrated over
time, rather than searched between single data acquisitions, which are strongly affected by differences in timing of
sensing, geometry, spatial resolution, as well as radiometric characteristics, among the MIR and SWIR thermal
sensors used (see Figure S3 in Supporting Information S1). The integration operation on weekly averaged MIR
and SWIR data sets, allows us to minimize influences by outliers. In fact, cumVREyr and cumTIgy g show a
strong dependence (R* = 0.995, Figure 4c) which allows us to calculate a best-fit coefficient of proportionality,
kswir (in Watt/TI), equal to:

cumVREyr

kswir = =1.937x 10° 6)

cumTlgwir

In other words, kgwr is an ad-hoc, best-fit empirical coefficient, calibrated over 10 years of ordinary Strombolian
activity, able to describe the relationship between the VRPy; and the Tlgyr. Accordingly, the volcanic radiant
power (VRPgwr) can be directly calculated from the Tlgy;x measurements over a VTF:

VRPswir = kswir X Tlswir @)

where VRPgywr is the heat flux in Watt measured by SWIR sensors, Tlgwg is the SWIR reflectances of the VTF
(s), and kgwig 1s the best-fit empirical parameters found by Equation 6 (1.937 X 10° W/TI for Strombolian ac-
tivity). Note that Equation 7 can now be applied pixel by pixel, or on a selected region of interest of a SWIR
image, allowing the thermal flux to be calculated for the different craters. Nonetheless, it must be kept in mind that
the kgwr Value has been calibrated over 10 years of Strombolian activity, and it is suitable for calculating the
VRPgwr associated with this type of activity or VTF. Other types of activities (e.g., lava flows, lava lakes, or lava
domes) require an ad-hoc calibration (not treated here), which implicitly takes into consideration the charac-
teristic temperature distribution of the analyzed VTF. In addition, it is crucial to note that kgy g, representing a
best-fit linear proportionality between cumVRE);;z and cumVREgy g, applies only and exclusively to VTF(s)
with pixels of 20 m of spatial resolution (the SWIR data set used in this work), otherwise the number of SWIR hot-
spot contaminated pixels would change and the value of Tlgy g accordingly. In case a sensor with a different
spatial resolution is used, Equation 7 must be properly corrected by a factor f = Apix/Aref, where Apix is the area
(in m?) of the pixel of the SWIR sensor used, and Aref is the reference pixel area of 400 m? (20 m X 20 m;
Sentinel-2 or Landsat-8&9 resampled) used in this work. The error of £30% of VRP,r about the quantification
of heat flux values propagates through the integration over time to cumVREyz and defines the maximum and
minimum error limits for the best-fit coefficient kgwr (Figure 4c).

3.5. Definition of Crater Sectors From SWIR Data

The SWIR data sets were used to visualize which sector of the crater terrace was most affected by the presence of
thermal anomalies over the 10-year-long analyzed period. We conducted a spatio-temporal analysis on a rect-
angular region of interest, covering the crater terrace, by stacking all the SWIR images (resampled on a uniform
grid with 20 m resolution) with at least one anomaly, thus obtaining a cubic matrix having as many levels as the
number of alerted images analyzed. We calculated the number of times each pixel was detected as a hotspot, to
produce a cumulative map showing the number of alerts detected during 2013-2023 (Figure 5a). This map
represents the temporal persistence of a thermal anomaly in each pixel and highlights the presence of two main
clusters of anomalies within the crater terrace, hereby ascribed to northern and southern crater sector. The two
sectors appear similar in size, defining two ellipse-shaped areas measuring approximately 140 X 90 m. They are
both oriented approximately N 30° and are separated by a cold septum, oriented E-W, characterized by a very low
number of thermal anomalies. Inside the northern sector, there is the NE crater, while inside the southern sector,

MASSIMETTI ET AL.

11 of 26

8518017 SUOWILLOD BAIIER.D 3[cedl|dde au Ag peusenob afe sapie YO ‘@SN JO S8 10} Arig)T8UIIUO AB]IM UO (SUOIPUOD-PUR-SWBI/LI0D A8 | Im" ARe.q Ul |UO//StNY) SUORIPUOD pue SWS 1 8U188S *[Z0z/0T/LT] uo Ariqiiauluo /8|1 ‘I 1pnis 11Bea AiseAIIN Aq E¥T6209rY202/620T OT/10P/L0Y A8 AReiq 1 putjuo'sqndnfe//sdny wouy papeojumod ‘6 #20z ‘95€669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20247B029143

Cumulative SWIR ALERTS Cumulative SWIR ALERTS + ROl CRATERS Cumulative SWIR ALERTS + DEM

w
2
o
&
=
o«
g
o«
v}

Figure 5. (a) Cumulative Alerts 2013-2023, with limits of crater terrace and cold septum between the two clusters of alerts indicated; (b) definition of the three main ROI
craters, North-East, Central and South-West, of the two main crater sectors, Northern and Southern, and of crater terrace limits; (c) Projection of the Cumulative SWIR
Alerts 2013-2023 on DEM Stromboli summit map (date July 2022).

there are both the C and the SW crater, as reported in previous works (Calvari et al., 2022; Delle Donne
et al., 2022; Salvatore et al., 2018). Based on the historical subdivision into three main craters (cf. Figure 1), we
have therefore defined three regions of interest (ROI) that include the three craters, and we have calculated the
VRPgwr separately for each of them. Accordingly, the sum of the VRP calculated from SWy; + Cg o provides a
measure of the heat radiated by the entire southern crater sector, while the VRP calculated for the only NEg;
crater is representative of the heat flux radiated from the northern crater sector.

4. Results

We present the results derived by the thermal analysis of each crater ROI, to provide (a) the VRPgwr timeseries
and statistics, differentiated by individual craters and (b) the spatio-temporal evolution of cumulative thermal
energy (VREgwr) released by the single sectors/craters. In this analysis, unlike the calibration stage described in
Section 3, we also included the SWIR alerts detected during non-ordinary activity periods, although limiting the
analysis only to the spatial elements of ROIs described above. Intra-crater thermal anomalies associated with non-
ordinary activity are therefore included while those relating to lava flows along the Sciara del Fuoco are excluded
anyway. Importantly, even if VRPgwr measurements are presented as unique values and plotted as they are, they
present an error of +30% on each single point (see Supporting Information S1).

4.1. Volcanic Radiative Power of Individual Craters (VRPgwr)

Figure 6 shows the VRPgyr timeseries of each Stromboli's crater, on a linear scale. The three craters show
different characteristics and highlight variability in the space-time distribution of the thermal activity within the
crater terrace. The NE crater has the most impulsive nature, with sharp VRP increases, many of which above
10 MW (up to 28 MW in June 2021, Figure 3a). On the contrary, the Central crater shows a lower, more stable
thermal emission that, compared to the NE, reflects a more stationary process sustaining the heat flux. The low
and steady thermal emissions from the C crater almost disappeared in two periods (after the 2014 eruption and in
January—September 2022) during which the crater seemed thermally inactive (Figure 6b). The maximum value
(13 MW) was recorded at the end of June 2019, just a few days before the onset of the July 2019 eruption. Finally,
the SW crater has a quasi-continuous thermal output, with a marked increase during and following the 2019
eruption (when it reached the peak of 20.8 MW; Figure 6¢). The two main effusive periods of 2014 and 2019 are
followed by different patterns of VRPgyr. After the 2014 flank eruption, the resumption of thermal crater ac-
tivity was very slow (Figure 6), and started reaching values of ~5 MW before at NE (in May 2015), then occurring
at C (in August 2016) and later at SW (in first half of 2017). Instead, the 2019 eruption (which did not produce a
flank effusion as in 2014) had a different thermal behavior, with the VRPgyr values of all craters above the
overall average (dashed lines) and high emissions from NE and particularly SW craters, up to >20 MW in the
post-eruptive phase.
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Figure 6. VRPgy,x (MW) from Stromboli craters, (a) North East, (b) Central, and (c) South West. The mean value for each whole crater data set is indicated by colored
dotted lines. On the top, with red dotted lines, major explosions; blue bars, overflows, black dotted lines with stars paroxysms, with pale orange field effusive eruptions
periods. Consider an error of +30% for the VRPgy, g for all crater sectors (panels a—) not plotted here for graphical reasons (see Figure S2 in Supporting

Information S1).

The statistical distribution of VRPgyr observed at the three craters (Figure 7) corroborates their distinct thermal
behaviors. The NE crater has a wide distribution of VRPgwr values starting from very low (VRPgwr < 0.5 MW)
and several detections between 1 and 3 MW (Figure 7a). Notably, it is the crater with the highest mean value
(~3.2 MW) and a tendency to a bimodal distribution, characterized by two peaks at ~1.6 and ~4 MW (Figure 7a).
The C crater exhibits a clear unimodal distribution, with mean and median values coinciding around 1.6 MW and
a distribution decreasing sharply for values above 4 MW (Figure 7b). The SW crater has a wide distribution,
slightly shifted toward VRPgwr values < 1 MW, with mean and median values very close to 1.9 MW (Figure 7c).
The overall distribution of the crater terrace embeds all the three thermal behaviors just described, exhibiting an
evident unimodal-like distribution with a mode peak of ~3.2 MW (mean value of ~5.0 MW) and a decreasing tail
toward higher heat fluxes reaching ca. 50 MW as upper limit distribution (Figure 7d). This agrees with inde-
pendent heat loss estimates that constrain the radiant power of Strombolian activity between 7-23 MW (Harris &
Ripepe, 2007). It is worth noting that the 50 MW limit corresponds to the transition from Strombolian to effusive
activity as recognized by previous works (Coppola et al., 2014).

4.2. Spatio-Temporal Evolution of Cumulative Thermal Energy (VREgwgr)

The time integration of the weekly average VRPgyw g timeseries allowed us to calculate the cumulative energy
(VREgw1r in Joules) released by each sector/crater through Equation 4. In Figure 8 the cumulative VREgy g 18
represented for the whole crater terrace, for the two main sectors (Figure 8a) and for the three distinct craters
(Figure 8b). The total energy emitted in almost 10 years of activity by the whole crater terrace is about
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Figure 7. Histogram VRPgy,r diagrams in logarithmic scale for each crater a VREgwg of 1.5 X 10" J). Thermal outputs generally decreased in the

and the whole terrace (a, b, ¢, d), with mean and median values in red and

blue, respectively.

following months, showing a variable thermal source, mainly from NE crater
as a major emitter and only a few times by the C and SW craters. This pattern
was likely related to phases of sustained Strombolian activity and overflows
occurrence from NE in the first half of 2021 and at the beginning of 2023 (Calvari et al., 2022; https://www.ct.
ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/comunicati-attivita-vulcanica,
accessed on 20 October 2023).

5. Discussion
5.1. On the Relation Between VRPgyr and Type of Activity at Individual Craters

The results presented above indicate that each crater has different thermal behavior, as evidenced by the
timeseries and frequency distributions of the VRPgyw g (Figures 6 and 7). These distinct thermal behaviors are
likely linked to shallow eruptive dynamics that manifest through different activity styles characterizing the in-
dividual craters. Indeed, the impulsive VRPgwr recorded at the NE crater (Figures 6 and 7), with peaks of ca.
30 MW and the highest VRPgy, g among the craters, thermally reflects the typical activity style observed in this
sector, with short-lived (<10s), bomb-dominated, highly energetic explosions and with a large amount of scoriae
(Marchetti & Ripepe, 2005; Ripepe & Marchetti, 2002). FLIR thermal camera analysis indicates that the NE
crater is more prone to ballistic-dominated explosions emplacing coarse-grained material (explosions “type 1,”
see Patrick et al., 2007) that generally allow high temperatures to be preserved for longer time than other craters
(Marotta et al., 2015). These explosions are accompanied by high gas overpressures and, according to infrasonic
data, produce impulsive transient with higher peak amplitude, meaning higher ejected mass (Ripepe et al., 2005).
The bimodal distribution VRPgwr (Figure 7a) suggests that periods of sustained Strombolian activity, richer in
erupted material and spattering, alternate with periods of lower heat flux, possibly poorer in ejected mass and
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Figure 8. (a) Cumulative VREg, divided for the whole crater terrace (solid
magenta line), Northern (solid black line) and Southern (solid red line)
sectors; the magenta dashed line, depicts major trend variations in the overall
VREgyr crater terrace, with indicated time-averaged weekly VRPgyr
values for periods before and after April 2017; (b) VREgy, g (Joules) at
Stromboli sourced from the three craters NE (black line), C (red line) and
SW (green line), and from the whole crater terrace (magenta line);

(c) VREgy g major trends, with indicated time-averaged weekly VRPgyx
values (see text for details of the periods). Consider an error of +30% for the
VREgy g, not plotted here for graphical reasons (see Supporting
Information S1) On the top, with red dashed lines, major explosions; blue
bars, overflows; black dotted lines with stars, paroxysms; pale orange shaded
areas, periods of effusive eruption.

dynamics of Stromboli activity (Ripepe et al., 2008; Valade et al., 2016). The
2017-2018 analyzed period is a key example of a fluctuating, yet ordinary,
Strombolian activity, which occurred approximately three years after the
effusive eruption of 2014 and tracked the variations and shifting of the crater's
activity after the gradual resumption of explosions within the crater terrace
(Delle Donne et al., 2022).

The SO, flux results (Delle Donne et al., 2022) are obtained from two co-
exposed UV Cameras, viewing the volcanic plume from two distinct
viewing directions. From this, is possible to resolve the relative SO, contri-
butions of the NE and SW + C craters to the total SO, flux (see Figure 10a),
and find that the NE gas contribution increases (relative to the SW + C crater
contribution) during phases of escalating Strombolian activity, as indicated
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Figure 9. (a—u) Stacked VREgy, ;g maps (in Joules) for the Stromboli crater terrace (limits indicated by white rectangle)
during time windows of 6 months, from April to September 2013-2023 (last stacking from April to June 2023). VRPqy
mean and total VREgy, g energy emitted by the crater terrace are reported in each 6 months stacked map.
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Figure 10. Multi-parametric comparison during June 2017-2018, with (a) SO, flux (vent discriminated Southern and
Northern craters sector by UV cameras; Delle Donne et al., 2022); (b) Number of explosions from craters by thermal cameras
(hourly frequency per day; see Calvari et al., 2022); (¢c) VRPgyr (vent discriminated crater sectors); (d) tremor amplitude;
(e) VLP seismic signal (hourly frequency per day). Gray fields indicate periods of escalation of Strombolian activity. For (a),
(b), and (c), solid thick lines are smoothed-Gaussain weekly data, while thin lines are raw data.

by an explosive rate >10 events/hour tracked by thermal cameras (Figure 10b). This trend is perfectly reproduced
by tremor amplitude, and to a lesser degree, by the VLP frequency, indicative of the general escalation of
Stromboli activity, in two periods: between June—August 2017 and December 2017-January 2018 (gray fields,
Figures 10d and 10e). The VRPgyr follows the path indicated by the other parameters, with values exceeding
10 MW during the phase of June—July 2017 and December 2017-January 2018 (the first period less pronounced
due to minor revisit time of available satellite images). The partitioning of the activity between northern and
southern sectors marked by SO, and explosive rate is entirely replicated by the heat flux emissions, with the
phases of NE activity escalation well tracked by thermal data, particularly during the winter months between 2017
and 2019.

The general accord in trends of all parameters, and the similar shifting pattern between crater sectors in degassing,
explosive rate, and thermal signals, indicate a common process ruling the escalating magnitude of degassing,
seismicity, number of explosions and the rise of thermal emissions. These correlations also highlight that the
approach presented here can trace the movement of magma/gas at a shallow level in the medium and long term. In
fact, the parallel fluctuation of all investigated parameters indicates an evident prominence of the NE sector in
recording periods of increased Strombolian activity, being the main promoter and catalyzer, among all craters, of
phases of sustained activity from a thermal, explosive, and degassing point of view.

Delle Donne et al. (2022) observed that SO, flux from NE crater usually increases to reflect variations in the
volcanic activity, as result of an increased gas/magma channeling in the structurally weaker north-eastern portion
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of the crater terrace. This is corroborated by thermal observations, highlighting the NE crater as the more reactive
to thermal variations in the transition between ordinary and non-ordinary and more explosive activity. In general,
the multi-parametric comparison of Figure 10 provides an excellent validation of the thermal fluctuations
observed at individual craters and their movement in the crater terrace, providing insights on the spatial and
temporal evolution of the thermal regimes. We envisage that future in-depth studies will be able to assess and
establish the contribution of magmatic gas and erupted material to the thermal signals recorded by the satellite. At
present, the interpretation of the thermal evidence discussed in this work, the latter corroborated by a remarked
consistency with ground-based geophysical and geochemical parameters (Figures 6 and 10), supports the hy-
pothesis of a common deeper structure below the multiple active craters (e.g., Giberti et al., 1992; Harris
et al., 1996; Ripepe et al., 2005; Rosi et al., 2006), with the central crater hosting most of the degassing, whereas
lateral craters being characterized by regular Strombolian explosions with different ash and particles contribution
(Landi et al., 2011).

5.3. Long-Term Thermal Energy Trends and Pattern

The previous validation confirms that the VRPgw 1y is closely linked to the flux of magma/gas at individual craters
and may be used to detect variations in space and time of the shallow magma channeling. The analysis of the
cumulative energy curves allows us to highlight peculiar trends for the individual sectors and craters charac-
terizing the eruptive activity between 2013 and 2023 (Figure 8c). We have little data before the 2014 eruption to
accurately define trends and patterns, but it is evident that this effusive event was preceded by the rise of the
magma column (Valade et al., 2016) and the consequent increase in heat flux at all three craters (Figures 6 and 8).
Vice versa, the months that followed the 2014 eruption represent the period of lowest thermal emissions from all
craters. This reflects the drastic lowering of the magmatic column resulting from the effusion of over 5 Mm? of
lava (Ripepe et al., 2017; Valade et al., 2016). The reactivation of the craters seems to have occurred irregularly
starting from the NE, then the Central, and then the SW (Figure 6). However, the overall energy radiated from the
entire crater terrace shows a clear increase since 2017 (from 1.27 MW to ca. 5 MW), which is reflected in both
sectors, as well as in all three craters. This change suggests that at the origin of the increased heat flux there was a
common and possibly deeper process, capable of conditioning the surface activity of all the craters. This possibly
marks the moment in which the shallow magmatic system, perturbed by the 2014 eruption, recovered ordinary
conditions with fluctuating Strombolian activity at the surface causing the detection of frequent thermal anom-
alies (see previous paragraph).

Starting from April 2017 all three craters exhibit an increase in heat flux, but with different slopes and patterns
(Figure 8). The thermal activity at NE crater almost grows by five times its heat flux (from ~0.43 to ~2.60 MW on
VRPgwr Weekly time-averaged, increase of ~505%; Figure 8c). Although minor fluctuations were observed in
the medium term (essentially during periods of overflows), this thermal regime remained relatively stable
throughout the whole, post-2014 investigated period, and persist until the end of the analysis in 2023. Notably,
this steady-state behavior was not disturbed even by the 2019 eruption (Figures 6 and 8c). Similarly, thermal
emissions at the C crater see a marked increase since April 2017 with time-averaged VRPgy g passing from
~0.30 to ~1.29 MW, increase of ~330%. In the week before the 2019 eruption, the Central crater recorded the
highest, although isolated, VRPgy 1z (~13 MW; Figure 6), after which the flux returned to stable values similar to
the pre-eruptive period (~0.30 MW). A clear decrease in the thermal activity of this crater is observed starting
from November 2021, with the thermal energy becoming very low (~0.15 MW) and comparable to the 2014 post-
eruptive period. The SW crater thermal output also shows an increase in April 2017 (from ~0.52 to ~1.05 MW),
but less rapid and more modest than at the NE. This suggests that in the SW crater the resumption of activity after
the 2014 eruption began later and in a less pronounced way. The SW crater also shows an increase in heat flux in
the weeks preceding the 2019 eruption (Figure 6), but differently from the C crater, the activity persisted at higher
levels (~5.83 MW), even in the following months. During the eruptive period, the SW crater showed high-
energetic Strombolian explosions accompanied by lava flows extending to the southern sector of the Sciara
del Fuoco. This was followed by a period of intense spattering activity since September 2019 (Civico et al., 2021;
Laiolo et al., 2022; Plank et al., 2019). These thermally energetic processes represent a strong radiative source in
the summit area, which is reflected by the highest VRPgy,r and VREgy i values in the 10 years of analysis of SW
crater (Figures 9m and 9n). In contrast with the 2014 flank effusion which drained the magmatic column and
partially emptied the shallow reservoir (resulting in absent to very low VRPgy g emission from summit craters;
Figure 6), the 2019 eruption (started with the third of July paroxysm) evidently represented a different process. In

MASSIMETTI ET AL.

18 of 26

8518017 SUOWILLOD BAIIER.D 3[cedl|dde au Ag peusenob afe sapie YO ‘@SN JO S8 10} Arig)T8UIIUO AB]IM UO (SUOIPUOD-PUR-SWBI/LI0D A8 | Im" ARe.q Ul |UO//StNY) SUORIPUOD pue SWS 1 8U188S *[Z0z/0T/LT] uo Ariqiiauluo /8|1 ‘I 1pnis 11Bea AiseAIIN Aq E¥T6209rY202/620T OT/10P/L0Y A8 AReiq 1 putjuo'sqndnfe//sdny wouy papeojumod ‘6 #20z ‘95€669T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20247B029143

fact, the 2019 eruption was not accompanied by the collapse of the crater area, but rather by a phase of extremely
efficient convecting regime causing high SO, emissions and spattering activity (Aiuppa et al., 2021; Laiolo
et al., 2022) this, in turn, originating unprecedented thermal emission from craters. This intense post-eruptive
phase persisted until early 2020, after which the long-term heat flux of the SW crater returned to stabilize at
pre-2019 eruptive values (~1.58 MW).

Thus, the 2019 eruptive crisis represents an unusual eruption, considering that for more than 50 years (after the
1967 eruption) no effusive eruptions (lava volumes > 1 Mm?) have been directly sourced by the SW crater nor
from the southern sector of the crater terrace (Calvari & Nunnari, 2023; Marsella et al., 2012). Looking at the
VREgwr trends between craters (Figure 8), the 2019 event represented a changing point in the long-term thermal
budgets of SW crater. First a sharp increase concurrent with the eruption and following months occurs, and then a
reduction in the efficiency of the southern sector to release thermal emission, likely related to a change in the
feeding architecture of the branched conduit at shallow level due to the extraordinary cascade of energetic events
of summer 2019, considering two paroxysms and an effusive phase lasted two months. On the other hand, the
2019 eruption did not have surprisingly a significant impact on the thermal budget of the northern sector which,
instead, has continued to rise almost steadily, except for short-term steps due to overflows and periods of high
Strombolian activity (Figure 8b).

Besides the last eruptions, in the last 10 years, the long-term patterns of thermal output are well consistent with
Stromboli's recent eruptive behavior. VRPgy g and VREgyr values indicate a very low thermal level between
2014 and mid-2017 from all craters (Figures 6, 8, and 9), this likely related to a lower magma column and a minor
efficiency of shallow feeding system to emit thermal energy (Allard et al., 2008; Coppola et al., 2012; Harris &
Stevenson, 1997a; Ripepe et al., 2008). After the 2014 eruption, Stromboli showed very low volcanic activity for
two years (Delle Donne et al., 2017; Di Traglia, Calvari, et al., 2018; Valade et al., 2016), and only from 2017 to
2018 gradually Strombolian activity started to increase (Delle Donne et al., 2022). The progressive reactivation of
shallow magma transport is also manifested by the occurrence of non-ordinary events, such as the major explosion
of 26 July 2017 (after two years of major explosion quiescence), a series of major explosions in October—
December 2017 producing voluminous spatter production (Di Stefano et al., 2020), and the occurrence of
short-lived summit overflows that took place on 15 Dec 2017, these fed by the NE crater sector (Figure 8; Delle
Donne et al., 2022; Giudicepietro et al., 2019). On a general view, a new higher energetic stage started in mid-
2017 and the increase in thermal output by the crater terrace is closely related to this resumption. It's worth noting
that recent petrochemical findings (clinopyroxene antecryst analysis of erupted materials during the latter de-
cades) suggest a rejuvenation process of the shallow reservoir of Stromboli between 2003 and 2017, with a mafic
magma recharge event in late 2017 (Di Stefano et al., 2020; Petrone et al., 2022), in line with the thermal evidence
of a renewed Stromboli activity from craters in the same period.

Remarkably, within the investigated period, the two crater sectors radiate almost the same amount of energy
(approx. 5.5 X 10" J each), although over time the balance oscillates in favor of one sector or the other. This
balanced partitioning suggests that the shifting from one sector to another reflects rather superficial dynamics that
tend to keep the long-term evolution (growth and destruction) of the crater terrace balanced. This is also
corroborated by the fact that over the decades or centuries, the crater terrace has always evolved (almost)
symmetrically, without evident imbalances in the growth/collapse of one sector rather than another. On the other
hand, the 2019 eruption possibly defines the most recent changing point for the energy release from crater sectors.
Starting from 2020 there is a clear decoupling of trends, which sees the northern sector being much more energetic
than the southern one. This discrepancy is reflected in the large number of overflows that occurred during this
period, all associated with NE crater thermal activity.

6. Conclusions

We presented 10 years of thermal satellite-based analysis of the volcanic activity of Stromboli sourced by active
craters, with an unprecedented level of details, both spatially and temporally, taking advantage of a multi-sensor
and multi-spatial space-based approach. We explored the relationship between the Volcanic Radiative Power (in
Watt) and the Thermal Index (TI), and the related Volcanic Radiative Energy (in Joules), measured by MIR
(MODIS & VIIRS) and SWIR (MSI SENTINEL-2 & OLI LANDSAT-8/9) sensors during ordinary activity.
Through this relationship, for the first time, we quantitatively measured the heat flux (VRPgyz) and thermal
energy (VREgwr) produced by the Stromboli crater terrace and single crater sectors in the last 10 years of
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activity. Using the spatial resolution offered by the SWIR sensors we constrained the thermal signature of each
crater on a multiyear scale of analysis, a goal otherwise impossible to achieve with MODIS-type sensors.

The analysis depicts remarkable differences in the thermal behavior of the three main craters, the North East
(impulsive and higher emitter), Central (stable and lower), and South West (highly variable), with VRPgyr
magnitudes and distribution patterns, confirming the differences in explosive dynamics observed at the craters
(ballistic-dominated vs. gas-dominated vs. ash-dominated). The thermal high-resolution investigation revealed
short-term variations (months) in the source of thermal emissions between craters, but an extreme long-term
(years) stability of the location of the main craters, in agreement with the historically recognized presence at
Stromboli of three main craters, along with evidence of two distinct thermal macro sectors in the northern and
southern parts of the terrace that characterized the last 10 years of activity, with an almost paired balanced budget
of thermal emitted energy. The long-term thermal budget shows a total of ~12 x 10'* J emitted in the last
10 years, while a remarked shift in terms of VREgy released was observed since April 2017. This was suggested
to be related to the progressive reactivation of shallow magma transport and convective regime, feeding
Strombolian (and so thermal) activity at the main craters, remarking the beginning of new increase explosivity
behavior of the volcano, which is ongoing until today.

Significantly, the results achieved by the analysis of long-term satellite signals, although at a completely different
spatial and temporal scale of investigation from ground-based approaches, contribute to improve the conceptual
model of the shallow magmatic system of Stromboli volcano. Thermal evidence supports the hypothesis of a
deeper link between the multiple craters, with lateral craters more prone to exhibit Strombolian explosions and the
NE as more prone to be thermally responsive to volcanic activity variations, tracking better than other craters the
transition between ordinary and non-ordinary regime. Thermal emissions, consisting of the joint contribution of
active craters in addition to the hot material and gas released, vary in intensity and location accordingly with gas
and explosive rates, and this evidence reflects a shared magmatic control on the surface activity. Moreover, even
if the thermal emissions show short-term spatio-temporal evolution related to activity variations, the general
location and explosive features of the three active craters broadly remain stable within the crater terrace in the last
10 years; this evidence confirms the extreme stability of shallow feeding system, able to recover and rebuilt its
original structure and dynamics after major energetic eruptions, such as the 2014 effusion and the paroxysms-
effusive 2019 crisis.

The innovative method here proposed represents an important enhancement for the quantification of radiative
power of high-temperature (integrated 7> 600K) Volcanic Thermal Features, using high spatial resolution SWIR
sensors, an otherwise complex goal given the saturation issues of SWIR imagery. The empirical best-fit rela-
tionship kg, deriving from MIR-SWIR comparison, here specifically calibrated for thermal signals of Stromboli
ordinary activity, could be theoretically found on other volcanoes with multiple thermally active craters. Indeed,
we can expect that k,;. changes as the thermal output of different volcanic activity and the thermal distribution of
its VTFs vary. In this view, likely, the kg,
SWIR) found here could be somewhat similar if studied in other volcanic settings that show Strombolian-type

constant (i.e., the ratio between thermal energy emitted in MIR and

volcanic activity. Nonetheless, we suggest caution in reproducing the method presented here without careful
calibration and filtering of the data, especially in more complex temperature distributions of VTFs, where the
high-temperature portion, to which MIR and SWIR are very sensitive, may vary rapidly over time (lava flows) or
be unstable or minority (lava domes). From this perspective, the approach here presented and its possible results
are of great impact and will require further study for larger applicability on other volcanoes.

Finally, the proposed integration of satellite thermal data from various sensors allows repeatable measurements
for monitoring Stromboli, and open-vent systems characterized by continuous release of thermal emission.
Tracking thermal variations in multi-crater contexts and building knowledge of a thermal reference (i.e., thermal
baseline), in combination with geophysical and geochemical parameters, is a precious supplement for monitoring
applications and risk reduction purposes, even at-well monitored volcanoes as Stromboli.
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