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The monitoring of active volcanoes is a complex task based on multidisciplinary and
integrated analyses that use ground, drones, and satellite monitoring devices. Over time,
and with the development of new technology and increasing frequency of acquisition, the
use of remote sensing to accomplish this important task has grown enormously. This is
especially so with the use of drones and satellites for classifying eruptive events, detecting
the opening of new vents, the spreading of lava flows on the surface or ash plumes in the
atmosphere, the fallout of tephra on the ground, the intrusion of new magma within the
volcano edifice, and the deformation preceding impending eruptions, and others besides.
The main challenge in using remote sensing techniques is to develop automated and reliable
systems that may assist the decision-maker in volcano monitoring, hazard assessment,
and risk reduction. The integration with ground-based techniques represents a valuable
additional aspect that makes the proposed methods more robust and reinforces the results
obtained. This collection of papers is focused on several active volcanoes, such as Stromboli,
Etna, and Vulcano in Italy; the Long Valley caldera and Kilauea volcano in the USA; and
Cotopaxi in Ecuador. The authors make use of several different methods to predict and
forecast the volcanoes’ future behavior, using insights from the available data or from
new automated routines applied to the analysis of existing data. The aim is to enable
rapid assessments of the state of a volcano, discovering the connection between variables
apparently not related to each other and to the state of the volcano. The development
of new or automated routines is an important step forward in the process of forecasting
eruptive activities, and this collection comprises several such examples.

This Special Issue on the monitoring of active volcanoes using an integration of remote
sensing and ground-based techniques comprises twelve papers. Three are focused on
the results obtained for Stromboli volcano (Italy), where eruptive activity varies from
moderate Strombolian, often accompanied by summit overflows, to highly explosive
paroxysms, which are very dangerous both for the local population and for the many
tourists who frequently visit the island. The first paper [1] presents the precursors of the
paroxysmal and devastating explosive eruptions occurring in 2019. This paper applied
an unsupervised analysis of seismic and infrasonic data, comprising a dataset of 14,289
Strombolian explosions occurring over 10 months, using a Self-Organizing Map (SOM)
neural network to recognize changes in the eruptive patterns preceding the paroxysms. The
SOM analysis identified three main clusters indicating a clear change in Stromboli’s eruptive
style before the paroxysm of 3 July 2019. The main clusters were then compared with the
recordings of the fixed monitoring cameras and with the Ground-Based Interferometric
Synthetic Aperture Radar measurements, showing that they were associated with different
types of Strombolian explosions and different deformation patterns of the summit area.

Remote Sens. 2022, 14, 3626. https://doi.org/10.3390/rs14153626 https://www.mdpi.com/journal/remotesensing1
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The second paper, dealing with the Stromboli volcano [2], proposes a new classification
system based on multidisciplinary volcanological and geophysical data coming from the
12 explosive events occurring at Stromboli between 25 June 2019 and 6 December 2020. The
authors used images of the monitoring camera network, seismicity, and ground deformation
data, to characterize, classify and distinguish paroxysms (impacting the whole island) from
major explosions (that affect the summit of the volcano above 500 m elevation) and from
the persistent, mild explosive activity that normally has no impact on the local population.

The third paper, dedicated to the Stromboli volcano [3], considers an eruptive period
from 28 March to 1 April 2020, when the Stromboli volcano erupted overflows from the
crater rim that spread along the NW slope and reached the sea. Satellite, GBInSAR, and
seismic data, enabled the reconstruction of the volcanic event, which involved several small
collapses of the summit cone and the generation of pyroclastic density currents (PDCs)
spreading along the slope and on the sea surface. Satellite monitoring allowed for the
mapping of the lava flow field and the quantification of the erupted volume, and GBInSAR
continuous measurements detected the crater widening and the deflation of the summit
cone caused by the last overflow. The characterization of the seismicity made it possible to
identify the signals that were associated with the propagation of PDCs along the volcano
flank and, for the first time, to recognize the signal that was produced by the impact of the
PDCs on the coast.

The following set of three papers focuses on the results regarding the recent extraordi-
nary sequence of lava fountains at Etna volcano (Italy). From December 2020 to February
2022, a sequence of 66 lava fountains occurred. Eruptive columns and ash plumes caused
by these paroxysmal events resulted in several infrastructural problems to the urban areas
and the villages around Etna’s flanks and in general to the eastern part of Sicily. Moreover,
they were of great concern since the ash plumes often caused the closure of the Catania
international airport, and also because they expanded well beyond Italian territory.

In the first paper, Freret-Lorgeril et al. [4] investigate multi-sensor strategies for the
real-time determination of eruptive source parameters of explosive eruptions, useful for ac-
curately forecasting both tephra dispersal in the atmosphere and deposition on the ground.
The authors analyze and compare data acquired by two Doppler radars, ground- and
satellite-based infrared sensors, one infrasound array, visible video-monitoring cameras, as
well as data from tephra-fallout deposits. A second paper by Calvari et al. [5] considers a
case study by selecting and analyzing the 12 March 2021 episode, which was one of the
most powerful (and best recorded) lava fountain events over the entire eruptive sequence.
The authors used remote sensing data from the ground and satellite to characterize the
formation and growth of the lava fountains, integrated and related with ground deforma-
tion data recorded by a high precision borehole strainmeter to infer the decompression
of the source. Moreover, the authors provided an estimation and comparison of different
components of the erupted volumes (pyroclasts plus lava flows) with the total erupted
volume inferred from the volcano deflation recorded by the borehole strainmeter.

A further paper [6] analyzes the entire lava fountains sequence by using a new ap-
proach. This consists of a software routine able to automatically detect the start and end
time of each lava fountain, the area of the hot pyroclasts, the elevation reached by the lava
fountains over time, and to calculate in real-time the erupted volume of pyroclasts, giving
results close to the manual analysis but more focused on the sustained portion of the lava
fountain, which is also the most dangerous.

The next two papers deal with general approaches for the modeling of eruptive
parameters and processes. Pulvirenti et al. [7] present a 3D finite element model that
includes topography and crust heterogeneities to characterize the nature of the intrusion in
the Long Valley Caldera (USA). Joint numerical inversions of uplift and Electronic Distance
Measurement baseline length change data were used to infer the deformation-source size,
position, and overpressure. Successively, this information was used to refine the source
overpressure estimation, compute the gravity potential and infer the intrusion density
from the inversion of deformation and gravity data. Pailot-Bonnétat et al. [8] use the
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cloud-height-from-shadow technique to model the plume emitted during the 26 October
2013 event at Mount Etna. The authors used a single Landsat-8 Operational Land Imager
image to extract the cloud altitude time-series, allowing them to document the ascent and
dispersion history of a plume–cloud system produced by a fountaining event. The results
were validated through a comparison with the proximal plume height time-series obtained
from fixed monitoring cameras, finding a good agreement.

Two papers explore methods and tools to monitor volcanic activity. Inguaggiato et al. [9]
present the results obtained by the long-term monitoring of three extensive parameters
measured at Vulcano Island (Italy): the SO2 flux in the volcanic plume, the soil CO2
flux, and the local heat flux, monitored in the mild thermal anomaly located to the east
of the high-temperature fumarole. The time variations of these parameters showed a
cyclical trend in the volcanic degassing and a general increase in the pattern since June
2021. Corsa et al. [10] provide a differential interferometric SAR (DInSAR) time series and
integrated it with GNSS data to create a fused dataset with enhanced accuracy of 3D ground
motions over Hawaii island from 2015 to 2021, giving new estimates of the spatial and
temporal dynamics of the 2018 Kilauea volcanic eruption. The methodology presented can
easily be repeated over any region of interest where an SAR scene overlaps with GNSS
data, giving a contribution to the classification of volcanic eruption precursors and the
advancement of early warning systems.

Finally, the last two papers focused on methodologies to detect and map the deposits
of volcanic products, which are fundamental for hazard assessment studies. In the first
paper, Andrade et al. [11] provide a detailed cartography of the lahar deposits from the
26 June 1877 event in Cotopaxi (Ecuador). The cartography was performed through a
combination of geological fieldwork with the analysis and interpretation of high-definition
imagery obtained by drone surveys, which produced 25 cm-pixel ortho-mosaics using
Structure from Motion. These data were subsequently exploited to map the deposits with
the help of remote-sensing techniques and in correlation with field data. The second
paper [12] reconstructs the dynamics of the 2014 effusive eruption at Stromboli (Italy)
through the main morphological changes of the entire Sciara del Fuoco area. This was
constructed by integrating multisensor remote sensing data, such as lidar, photogrammetric,
and bathymetric surveys coupled with SAR amplitude images collected before and after
the eruption. The results highlighted the importance of integrated submarine and subaerial
studies to monitor active volcanoes, providing a comprehensive view of the main processes
(constructive vs. destructive) associated with eruptive dynamics.

From this brief summary, it is clear how these studies included in the Special Issue con-
firm the growing importance of remote sensing in the complex and multidisciplinary moni-
toring of active volcanoes and demonstrate how its integration with classic ground-based
techniques represents an essential approach for a deeper understanding and interpretation
of how volcanoes work.

Conflicts of Interest: The authors declare no conflict of interest.
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Changes in the Eruptive Style of Stromboli Volcano before the
2019 Paroxysmal Phase Discovered through SOM Clustering of
Seismo-Acoustic Features Compared with Camera Images and
GBInSAR Data
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Abstract: Two paroxysmal explosions occurred at Stromboli on 3 July and 28 August 2019, the first of
which caused the death of a young tourist. After the first paroxysm an effusive activity began from the
summit vents and affected the NW flank of the island for the entire period between the two paroxysms.
We carried out an unsupervised analysis of seismic and infrasonic data of Strombolian explosions
over 10 months (15 November 2018–15 September 2019) using a Self-Organizing Map (SOM) neural
network to recognize changes in the eruptive patterns of Stromboli that preceded the paroxysms.
We used a dataset of 14,289 events. The SOM analysis identified three main clusters that showed
different occurrences with time indicating a clear change in Stromboli’s eruptive style before the
paroxysm of 3 July 2019. We compared the main clusters with the recordings of the fixed monitoring
cameras and with the Ground-Based Interferometric Synthetic Aperture Radar measurements, and
found that the clusters are associated with different types of Strombolian explosions and different
deformation patterns of the summit area. Our findings provide new insights into Strombolian
eruptive mechanisms and new perspectives to improve the monitoring of Stromboli and other open
conduit volcanoes.

Keywords: eruption precursors; neural networks; self-organizing map; seismo-acoustic signals;
Stromboli volcano; volcano monitoring; ground-based visible and thermal imagery; ground deforma-
tion; volcano deformation

1. Introduction

Artificial Neural Networks (ANNs) are applied in a wide range of fields to approach
classification, pattern recognition, clustering, regression analysis, and time series prediction

Remote Sens. 2022, 14, 1287. https://doi.org/10.3390/rs14051287 https://www.mdpi.com/journal/remotesensing5
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problems. In recent years, ANNs have been successfully applied in the field of seismol-
ogy and volcanology to solve geophysical signal automatic classification and clustering
problems [1–4] and to perform predictive analyses [5,6]. In the field of seismology, many
studies demonstrated that ANNs are powerful tools to improve the performances and
the robustness of the automatic systems for seismological analyses that allow gaining
critical information for people’s safety in near real time [7–9]. Many applications have
also been developed to automatically classify the seismicity of Stromboli [10–13] and other
volcanoes [1,14], obtaining performances up to 100% correct classification [7]. Here, we
focus on studying the eruptive style of the Stromboli volcano (Italy) before and during the
2019 eruptive crisis [4,15–17] through the neural analysis of seismic and infrasonic signals
produced by the explosive activity.

Stromboli is a volcanic island in the Mediterranean Sea characterized by a persistent
explosive activity that produces hundreds of moderate explosions per day. Three main
vent regions are located in the upper part of the volcano: the North East (NE), the Central
(C), and the South West (SW) vent regions (Figure 1) [18–22].

Figure 1. Map of Stromboli Island, including the location of monitoring stations. The black triangles
indicate the seismic stations and the two black circles indicate strainmeters. The white triangle marks
the STRA seismic–acoustic station that recorded the data used in this work. The white circles show
the position of the video cameras, highlighting the SPT (P), SQT, and SQV (Q) cameras. The white
stars indicate the Ground-Based Interferometric Synthetic Aperture Radar (GBInSAR) devices, and
the GBInSAR NE190 is highlighted. The “Sciara del Fuoco” (SdF) depression is shown. The white
asterisks indicate the main vent regions: North East (NE), Central (C) and South West (SW). The
location of Stromboli in the Mediterranean Sea is reported in the inset. Maps were generated using
ESRI ArcGIS CAMPUS (Università degli Studi di Firenze Licence; http://www.siaf.unifi.it/vp-1275
-arcgis-licenza-campus.html, accessed on 5 March 2022). The background image is a PLÉIADES-1
image collected on 8 October 2019 (see Turchi et al. [23] for details).

In recent decades, geophysical and volcanological studies have indicated that the
ordinary explosive activity of Stromboli shows a variety of eruptive mechanisms and
products, whose signature is distinguishable in the geophysical signals generated by the
explosions (e.g., seismic and infrasonic signals). In early studies, an association between
the eruptive vent (NE or SW) and waveform of the VLP events produced by the explosions
was observed [24] and led for the first time to the definition of two categories of explosions:
Type 1, from the NE vent region, and Type 2, from the SW vent region. Subsequently,
significant exceptions to the vent–waveform association were highlighted through a pre-
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vious application of an unsupervised neural network clustering, compared with thermal
camera measurements [11]. Two main types of explosions were also recognized in the
ordinary activity of Stromboli through thermal camera measurements by Patrick et al. [25]:
Type 1, dominated by coarse ballistic particles, and Type 2, characterized by an ash-rich
plume, with (Type 2a) or without (Type 2b) ballistic particles. Leduc et al. [26] added a
gas-dominated type (Type 0) to those mentioned above. More recently, Simons et al. [27],
studying the explosions of the Yasur volcano (Vanuatu), defined a further type (Type 3) of
explosion characterized by tephra jetting through a breccia/ash-occluded vent, followed
by prolonged ash emission, belonging to the spectrum of Strombolian explosions. The rate,
size, and relative occurrence of the different types of explosions characterize the eruptive
style of the ordinary Strombolian activity.

Changes in the ordinary Strombolian activity are generally associated with imminent
dangerous phenomena such as lava flows, major explosions, or paroxysms (e.g., [4,28,29]).
Typically, an increase in Strombolian activity, in terms of the number of explosions per
hour and amplitude of seismic signals associated with volcanic tremor and explosions,
preceded the lava flow output [4]. They are generally caused by overflows [30] that
originate from the eruptive vent regions, or by the opening of new eruptive fissures along
the Sciara del Fuoco slope [31–33]. Fissure eruptions are also preceded by an intensification
of landslides [8,34,35]. Major explosions are sporadic explosive events traditionally defined
as explosions larger than the persistent activity, able to injure people visiting the top of the
volcano. Recently, Calvari et al. [17] proposed a method based on the “VLP size” parameter
of the seismic signal [4] and on the muzzle velocity by the duration of the explosive event
to estimate the variable magnitude and intensity of Strombolian explosions and therefore to
separate the field of the major explosions from those of paroxysms and ordinary explosions.
Although to date major explosions are unpredictable, these events are most likely to occur
when variations of the eruptive style happen [15,36,37]. Paroxysms are explosive eruptions
that form eruptive columns of some kilometers, eject metric-sized ballistic blocks, and can
generate modest pyroclastic flows [16,32,38–40].

The eruptive crisis of 2019 produced two paroxysms that occurred on July 3 and
August 28, which formed eruptive columns of about 5 km and were accompanied by pyro-
clastic flows that traveled more than one kilometer on the sea surface. The first of these two
paroxysms caused the death of a young tourist and the injury of some people, in addition
to triggering extensive fires that have involved the vegetated areas of the island [23]. The
effusive eruption, which began with the paroxysm on 3 July 2019, and lasted about two
months, also emplaced a lava flow field on the Sciara del Fuoco slope [41,42]. It is worth
pointing out that the seismic parameters that were routinely monitored, such as the seismic
amplitude and the hourly occurrence of VLP events (0.05–0.5 Hz), did not show significant
changes before the 2019 paroxysms (Figure 2a,b). On the contrary, the “VLP size” associ-
ated with the explosive activity and other parameters, such as the peak-to-peak amplitude
of VLP events and polarization of the raw seismic signal, showed significant variations
about one month before that paroxysm [4]. These medium-term seismic precursors of
the paroxysmal activity (Figure 2c–e) have been interpreted as variations in the eruptive
style linked to the magma–conduit interaction and to the degassing of the volcanic system,
which control the Strombolian explosive mechanism.
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Figure 2. Monthly histograms from November 2018 to September 2019 of the raw seismic signal
amplitude recorded by the STRA station (a); hourly occurrence of VLPs (b); polarization azimuth of
the raw signal of the STRA station (c); peak-to-peak amplitude of VLP events (0.05–0.5 Hz) recorded
by the STRA station, horizontal component (d); VLP size measured by the STRA station, horizontal
component (e). The dark gray bars are relevant for the period before the paroxysm of 3 July 2019, the
light gray bars are relevant for the period following the aforementioned paroxysm.

In addition to the geophysical studies conducted on volcanoes, analogue experiments
also provided useful information to discriminate the factors that affect the degassing and
eruptive style of an open conduit volcano such as Stromboli. Spina et al. [43] investigated
the role of conduit surface irregularity and physical properties (e.g., viscosity and gas flux)
of an analogue basaltic magma using an experimental setup [44] and produced seismo-
acoustic measurements. Giudicepietro et al. [45] designed an unsupervised neural network
based on a Self-Organizing Map (SOM) that was able to consistently group the artificial
seismo-acoustic events generated in similar experimental conditions (conduit roughness,
analogue magma viscosity, and gas flux) thanks to an appropriate strategy for extracting
the seismo-acoustic features.

The aim of this work is to study the types of explosions recognizable in the persis-
tent activity of Stromboli through unsupervised neural networks applied to seismic and
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infrasonic signals, which contain the fingerprints of the explosive mechanism. In partic-
ular, our target is the period that preceded and included the paroxysmal phases of 2019.
For this purpose, we applied a SOM clustering of the seismic and infrasonic features to
group events generated in similar conditions and we compared the result of clustering
with the images recorded by the Istituto Nazionale di Geofisica e Vulcanologia (INGV)
thermal and visible cameras and with the ground displacement measurements obtained by
means of Ground-Based Interferometric Synthetic Aperture Radar (GBInSAR) devices, in
order to gain insights into the explosive mechanisms and the pre-eruptive dynamics of the
paroxysmal activity.

2. Data and Methods

2.1. Seismic and Infrasonic Data

We used the data of the STRA seismic–acoustic station (Figure 1) belonging to the
Istituto Nazionale di Geofisica e Vulcanologia (INGV) monitoring network [46–48]. The
seismic station is equipped with a CMG40T Guralp broadband sensor. The infrasonic
sensor is a Chaparral Model 25. The signals of both sensors are acquired by a 24-bit GAIA2
digital recorder [49], optimized for low power consumption, a critical requirement for data
acquisition in inaccessible areas. The sampling rate for seismic and infrasonic signals is
50 samples per second. The data are continuously transmitted to the Osservatorio Vesu-
viano, Osservatorio Etneo and Osservatorio Nazionale Terremoti of INGV, Italy. Figure 3
shows examples of seismic–acoustic recordings of explosive events linked to the persistent
explosive activity of Stromboli. The filtered signals (red line) in frequency bands used in
this work for the seismic–acoustic feature extraction are superimposed on the raw signals
(gray line).

Figure 3. Example of seismic (a) and infrasonic (b) signals of a single explosion that occurred on 17
February 2019 at 14:05 UTC. The raw signals are shown in gray. In red, the seismic signal filtered
in the VLP band (0.05–0.5 Hz) in panel (a) and the high-pass filtered infrasonic signal (>0.5 Hz) in
panel (b).

Figure 4 shows the frequency content of the seismic and infrasonic signals of the
explosive event considered in Figure 3.
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Figure 4. Example of the seismic (panel a) and infrasonic (panel b) signals of an explosion that
occurred on 17 February 2019 at 14:05 UTC. The raw signals and the spectrograms for both signals
are shown.

To describe the temporal evolution of the eruptive style of Stromboli before and during
the 3 July–30 August 2019 eruptive crisis, we considered a wider time interval that extends
from 15 November 2018 to 15 September 2019, and selected 14,289 seismic recordings (each
30 s long) and 14,179 infrasonic recordings (each 30 s long), most of which are pairs of
seismo-acoustic signals linked to the same explosive event. We chose the same events
related to the “VLP size” time series of Giudicepietro et al. [4], which refers to the VLPs
with maximum “size” for each half-hour in the target period. We adopted this criterion for
the selection of the seismic–acoustic events because the VLP size was already recognized
as a parameter that effectively highlighted variations in the period preceding the eruptive
crisis of July August 2019 [4]. We used the seismic data of the east–west component of
the STRA station, which is the component with the maximum amplitude of the signals,
with the Stromboli seismic wavefield being mainly horizontally polarized (e.g., [4,37]). In
addition to the seismic data, we also selected the corresponding infrasonic data recorded
by a sensor located in the same site as the STRA seismic station.

To analyze the temporal evolution of the eruptive style of Stromboli, we developed a
novel preprocessing strategy suitable to extract the seismic–acoustic features representative
of the fingerprints of the explosive mechanisms and to overcome the problem of the data
window cutting, which cannot be based on a precise picking of seismic phases that are
not recognizable in the signals of our interest (VLP events). Then, we applied the SOM
algorithm to cluster the seismic–acoustic feature datasets.

2.2. Seismic–Acoustic Feature Extraction Methods

An efficient feature extraction method for seismic data typically takes into account
the spectral content and the waveform of the events (e.g., [7,8,45]). Actually, these are the
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characteristics that the analysts visually examine to classify seismograms, for example, to
distinguish a local earthquake from a regional one or a teleseism. Often, spectrograms
expressed in compressed form and waveform functions calculated on sliding windows [1]
are used to analyze events with impulsive onset. However, in this case, the signals of our
interest are the VLPs (0.05–0.5 Hz) in which an impulsive onset cannot be recognized. Thus,
we designed novel methods for seismic and infrasonic feature extraction, that are indepen-
dent of the picking of a transient signal onset. The method for cutting data, which allows
us to extract event records from the continuous signal, relies on an algorithm designed
to detect the VLP event with the largest “size” in half-hour windows [4]. This algorithm
allows cutting a 30 s signal interval from each half-hour window, but it does not return
signal intervals starting precisely at the picking of a signal onset. For this reason, to encode
the VLP event waveforms, we sorted the amplitude features in ascending order and, to en-
code the seismic signal frequency content, we used the spectrum, and not the spectrogram
(Figure 5). In particular, by using the utilities of ObsPy Toolbox [50], we calculated the
spectrum of every selected 30 s signal, then we applied a filter for smoothing the obtained
spectrum, using the aforementioned ObsPy Toolbox, and, finally, we downsampled the
smoothed spectrum by a factor of 1:3 (Figure 5d). Moreover, we encoded the VLP event
waveforms by filtering the signal in the 0.05–0.5 Hz band, resampling it by a factor 1:16, and
sorting the values of the filtered and resampled seismogram in ascending order (Figure 5c).
We added the information of the raw seismic signal waveform using an encoding based
on the peak-to-peak amplitude of a 25-sample (0.5 s) sliding window. This waveform
parameterization is performed by applying the following equation:

WFi =
((Ai,M)− (Ai,m)) ∗ N

∑N
k=1((Ak,M)− (Ak,m))

(1)

where Ai,M and Ai,m are the maximum and the minimum amplitudes in a 25-sample window
and N is the total number of windows. Finally, we sorted the values of the raw seismic
waveform parameterization vector in descending order (Figure 5b). Figure 5 shows an
example of feature extraction for one of the 14,289 seismic events in the dataset.

We also extracted the features of the infrasonic signal. To avoid the high-noise com-
ponent present in the low frequencies of the infrasonic signal (Figure 3b), we high-pass
filtered the data (>0.5 Hz) and applied an encoding procedure similar to that used for the
raw seismic signal waveform (Equation (1)). Then, we sorted the infrasonic feature vector
in ascending order to make the encoding independent from the picking of the events.

2.3. SOM Method

Once the dataset of the extracted seismic–acoustic features was prepared, we ana-
lyzed it with a SOM-based method to highlight clusters of explosive events with common
characteristics.

There are different clustering techniques for the analysis of complex datasets, which
can be divided mainly into two types: linear ones, such as the Principal Component
Analysis (PCA) or the Multidimensional Scaling (MDS); and non-linear ones, such as the
Self-Organizing Map (SOM), the Curvilinear Component Analysis (CCA), or the Curvilin-
ear Distance Analysis (CDA). First, it has been proved that the SOM algorithm discriminates
better than CCA and PCA, providing a simplified two-dimensional representation of the
data and preserving the distinctive information that allows them to be separated [51,52].
Furthermore, we chose to use the SOM algorithm based on the good results obtained
with SOM to analyze experimental data, proving its ability to group experimental seismo-
acoustic events [45].
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Figure 5. Feature extraction for seismic data. (a) Raw seismic signal of the event recorded on 27 June
2019 at 19:13:33 UTC (STRA station, east–west component; see Figure 1), time in seconds on the x axis;
(b) normalized raw waveform parameterization (WF), time in seconds on the x axis; (c) normalized
VLP waveform parameterization, time in seconds on the x axis; (d) spectrum parameterization,
frequency in Hz on the x axis; (e) normalized seismic features (feature numbering on the x axis).

The SOM neural networks were designed by Tuevo Kohonen in 1982 [53] and inspired
by brain cortex topology. In particular, he took into account the connections between
neurons and how a neuron can affect its neighbors; neurons that are close to the active
ones strengthen the connections, while those that are further away weaken them. The
SOM network uses an unsupervised and competitive learning algorithm; this means that
the process is entirely data-driven and the neurons (or nodes) compete with each other to
respond to a subset of the input data. Competitive learning increases the specialization of
each node in the network. The goal is to discover some hidden structures of the data so
that they can be clustered.

The SOM method is used in several applications, in particular in data examination
and visualization. As a clustering method, it allows the reduction of a large amount of
data by grouping them. However, contrary to the classical clustering methods, being a
non-parametric technique, it does not require information on the data distribution. As a
projection method, it can display high-dimensional data onto an easily understandable
lower-dimensional space (commonly two-dimensional), useful for improving the input
pattern interpretation and classification and for finding unexpected structures in the data.
Its effectiveness as a visualization technique is given by the fact that the mapping is non-
linear and the resulting map preserves the topological and metric relationships of the data.

The SOM unsupervised algorithm works as follows: before the training, the proto-
types are initialized with small random values to demonstrate the strong self-organizing
capability of the SOM. First, a randomly extracted input vector of the dataset is presented
to the network; then, the winning node (called the best-matching unit) is identified, i.e., the
node whose prototype is closest to the input, in terms of Euclidean distance. The weights
of the winning node and its topological neighbors are then updated or moved towards the
input vector. The updating rule of the prototype vectors uses a decreasing neighborhood
function of the distance between two nodes on the map grid. The most commonly used
is the Gaussian. This function uses two parameters: the learning rate, which controls the
intensity of the attraction of the input vector, and the neighborhood radius, which regulates
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the number of vectors attracted other than the winning node. Both of these parameters
are time-decreasing functions and change their values during training. Then, they remain
constant during the convergence phase. Thus, in the beginning, the map provides a first
rough representation of the input data distribution while at the end the prototypes are
settled to their final values and the final map is shown. A more exhaustive description
of the SOM algorithm can be found in [11]. At the end of the iterative process, the final
map consists of “ordered” prototype vectors on the grid so that similar inputs fall into
topologically neighboring nodes. In this sense, the SOM is a similarity graph.

The architecture of a SOM network has two levels, one of the input nodes and one
of the output nodes located on a generally two-dimensional grid. Each input node is
connected to all the nodes of the grid; each output node has a vector of weights with the
same dimensions as the input vectors (Figure 6a). Once the feature vectors have been
processed, the final configuration of the weights will divide the input elements into the
SOM nodes, which represent their clustering.

 

Figure 6. (a) Example of a SOM architecture with input layer, weights, and output layer. (b) Example
of a two-dimensional map with a global toroid shape (visualized as a sheet) and a local hexagonal
lattice structure. The size of the map is 3 × 4 = 12 (the one we adopted in our experiments) and the
numbers represent the ID numbers of the nodes.

In our work, we used a SOM with a 3 × 4 = 12 local hexagonal grid (Figure 6b),
and a global toroid shape displayed as a sheet to have an immediate visual cluster con-
figuration. This means that nodes on top and bottom are neighbors as well, as are the
side nodes. Figure 6b also shows the numbering of the map nodes which proceeds from
top to bottom and from left to right. Finally, we fixed the SOM parameters according to
Kohonen et al. [54] and the SOM toolbox for Matlab (http://www.cis.hut.fi/somtoolbox/,
last accessed 4 March 2022).

2.4. Thermal and Visible Camera Data

To visually analyze the explosive activity of Stromboli and compare it with the cluster-
ing of the seismo-acoustic features, we used the recordings of the INGV monitoring fixed
camera network. In particular, we used the visual and thermal images recorded by the
SQV/SQT and SPV/SPT cameras (Q and P in Figure 1). These cameras acquire one image
every two seconds (SQV and SQT) and two images every second (SPT), both in the visible
(V) band and in the thermal (T) band. Sensors in the thermal band are particularly useful
because they are not very sensitive to day/night light variations. The two cameras have
different distances from the crater area and different viewing angles. This causes a different
sensitivity to the detection of the explosions that occur in the three vent regions. Moreover,
particular weather conditions characterized by low-lying clouds can affect the visibility of
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the explosions. Therefore, depending on the case, the analysis was performed by using a
specific camera allowing the best view.

Based on the results of the seismo-acoustic data clustering obtained with the SOM
method, we identified five days that are representative of the five main nodes, which are
grouped into three clusters. Each of these days was characterized by a prevalent explosive
type, according to the neural analysis of the seismo-acoustic features (see Section 3.3).
Thus, we selected about 180 video recordings of explosions and characterized them on the
basis of the eruptive vent, the height and shape of the ejection, and the duration of the
explosive process.

2.5. GBInSAR Data

GBInSAR measurements allow retrieving ground deformation by exploiting the phase
difference between pairs of Synthetic-Aperture Radar (SAR) images acquired by in situ
instrumentation. They are based on the same principle as satellite-based SAR observation,
with the advantage that GBInSAR has a higher rate of data acquisition and takes images
short distances from the target area. At Stromboli, there are two GBInSAR devices installed
in the stable area north of the Sciara del Fuoco, in order to monitor ground displacement
of the unstable flank and the top of the volcano. The technical characteristics of the
instruments, their settings, and the data processing methods have made this technique very
important for identifying the periods of inflation/deflation of the shallow magmatic system
in Stromboli (e.g., [17,30,35,41,55–57]), regardless of the weather conditions and ash content
in the atmosphere. The two instruments, working in the Ku-band (17.0–17.1 mm radar),
acquire with a revisiting time of 6–7 min, and then the images are averaged over 30 min in
order to increase the signal-to-noise ratio. A resample operation returns images with a pixel
size of about 2 m × 2 m along both range and cross-range [58] and, setting a coherence
(>0.7; see Antonello et al. [59]) and a power filter (>55 dB; [30,57]), the pixel by pixel staking
algorithm allows the reconstruction of the cumulative displacement maps, allowing for
the tracing displacement time series of selected points (averaged over 5 × 5 pixels) with
a precision in the displacement measurement of 0.5 mm [41,56]. We used GBInSAR data
recorded from 15 November 2018 and 15 September 2019. The features of the two GBInSAR
devices are reported in Table 1.

Table 1. Characteristics of the two GBInSAR devices.

System Model Band
Revisiting

Time
Averaging

Interval
Look Angle Heading Angle

GBInSAR
NE400

GBInSAR
LiSAmobile k09 Ku 6 min 33 min from 63.8◦ to 90.0◦ from 143◦ to 217◦

GBInSAR
NE190

GBInSAR
LiSAmobile k09 Ku 7 min 33 min from 65.0◦ to 113.5◦ from 115◦ to 245◦

3. Results

Our goal is to analyze the temporal evolution of the Strombolian explosive activity in
order to highlight changes in the eruptive style that preceded the paroxysmal phases of 3
July and 28 August 2019.

3.1. Seismic–Acoustic Features

We applied the novel procedures for the feature extraction from seismic and infrasonic
data, which are described in the “Data and Methods” section. Starting from 30 s seismic
signal recordings corresponding to 1500 samples (50 samples per second), we obtained
351-dimensional feature vectors. In particular, we encoded the seismic signal frequency
content by downsampling the smoothed spectrum by a factor of 1:3 and considering the
spectral features up to 10 Hz. This frequency threshold is suitable to adequately represent
the signals of interest for our study [24,34,37]. Then, we encoded the VLP event waveforms

14



Remote Sens. 2022, 14, 1287

by resampling the filtered signal (0.05–0.5 Hz) by a factor of 1:16 and, finally, sorting the
VLP waveform features in ascending order. Finally, we extracted the raw seismic signal
waveform features using an encoding based on the peak-to-peak amplitude of a 25-sample
(0.5 s) sliding window (Equation (1)), sorted in descending order. Therefore, we obtained a
vector of the seismic features composed of 200 coefficients for the spectral content encoding,
92 coefficients that encode the VLP waveform, and 59 coefficients for the parameterization
of the raw waveform (Figures 5 and 7).

 
Figure 7. Parameterization of seismic and infrasound signals of three explosive events that occurred
on 1 February 2019 (1), 12 June 2019 (2) and 16 July 2019 (3). In the three panels (1, 2 and 3): (a) The
raw seismic data. (b) The waveform parameterization of the raw seismic data (blue line) and the same
curve sorted in descending order (red line). (c) The seismic signal filtered in the VLP frequency band
(0.05–05 Hz), resampled (blue line) and rearranged in ascending order (red line). (d) The spectrum up
to the frequency of 10 Hz (blue line) and the smoothed and resampled spectrum (red line). (e) The
vector of the features that encode the seismic signals given by the union of the red vectors of (d,c,b).
At the bottom of the figure the signals (f panels) and the waveform parameterization (g panels) of the
infrasonic data are shown. On the horizontal axes of panels (a,c,f) there is the sequential index of the
sample; on the horizontal axes of panels (b,g) the sequential index of the peak-to-peak amplitude
values is reported; on the horizontal axis of the panel (d) the frequency in Hz is reported; on the
horizontal axis of the panel (e) there is the feature numbering.

We also extracted the infrasonic feature vectors by high-pass filtering the signal
(>0.5 Hz) and applying an encoding procedure similar to that for the raw seismic sig-
nal waveform (Equation (1)). We obtained a 59-dimensional infrasonic feature vector for
each infrasound record. Additionally, in this case we sorted the vector of the features
in ascending order to make the encoding independent from the picking of the events
(Figure 7).

3.2. SOM Analysis

We carried out three clustering experiments through the SOM analysis: (i) using only
the seismic features; (ii) using only the infrasonic features; (iii) using both features of seismic
and infrasonic data. Figure 8 shows the results of the three experiments. In the SOM maps,
each node is shown as a yellow hexagon, whose size indicates the node density, in terms of
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the number of input samples associated with that node. The Euclidean distance between
the prototypes of two neighboring nodes is represented according to grayscale in the spaces
between the nodes. Dark gray hexagons interposed between the nodes correspond to a
great distance, light gray indicates high similarity between the prototypes of neighboring
nodes. We indicated the nodes of the SOM map with progressive numbers from 1 to 12 (the
dimensions of the map are 3 × 4). The node numbering criterion is shown in Figure 6b.

 

Figure 8. Summary of the experiment results. (a) Monthly histogram of the three main clusters
obtained in the experiment based only on the seismic features. The top right inset shows the SOM
map. Nodes outlined with the same color belong to the same cluster (red, blue, and green). On the
right are the final prototypes of the nodes, marked with the same colors that identify the three main
clusters. (b) Monthly histogram of the two main clusters obtained in the experiment based only on
the infrasonic features. The top right inset shows the SOM map. Nodes outlined with the same color
belong to the same cluster (red and blue). On the right, the final prototypes of the nodes, marked with
the same colors that identify the two main clusters. (c) Monthly histogram of the three main clusters
obtained in the experiment based both on the seismic and infrasonic features. The top right inset
shows the SOM map. Nodes outlined with the same color belong to the same cluster (red, blue, and
green). On the right the final prototypes of the nodes are shown, marked with the same colors that
identify the three main clusters. In November 2018 and September 2019, fewer events are reported in
the graph because only 15 days are considered.
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The results of the experiment that was based only on the seismic features (Figure 8a)
highlight three main clusters: a red cluster, formed by node 10; a blue cluster, formed by
nodes 4 and 12, and a green cluster composed of nodes 1, 2, and 5.

The experiment that was based only on the infrasonic features (Figure 8b) provided
only two main distinct nodes of the SOM network, in which most of the examples of the
dataset are grouped. Thus, only two clusters were identified in this experiment: a red
cluster, coinciding with node 2, and a blue cluster, coinciding with node 12.

The results of the experiment that was based both on seismic and infrasonic features
(Figure 8c) highlight three main clusters: a red cluster, composed of nodes 4 and 7; a blue
cluster, which includes nodes 5, 9, and 10; and a green cluster composed of node 11.

In all the three experiments that we carried out, the results indicate a variation in the
relative occurrence of the clusters in the three months preceding the eruptive crisis, which
began on 3 July 2019 (Figure 8). In particular, the experiment with only infrasonic data
separates two large families of events: one characterized by large-amplitude impulsive
infrasonic signals, that is marked as a red cluster in the results of our experiment, and
another with infrasonic signals almost indistinguishable from background noise, marked
as a blue cluster in the results of our experiment (Figure 8b). The experiment with only the
features of the seismic signals identifies a greater variety of types that can be grouped into
three main clusters. Finally, the experiment with the seismo-acoustic features used jointly
also identifies three main clusters and more clearly emphasizes the variation in the relative
occurrence of the clusters before the paroxysm of 3 July 2019 (Figure 8c).

By associating the seismic features with the infrasonic ones, the event parameterization
is more complete and the SOM clustering experiment provides more significant information
on the temporal evolution of the eruptive style of Stromboli in the target period. For this
reason, in the following, we will focus on the results of this experiment by comparing the
retrieved clusters with the camera images and GBInSAR deformation data. We will call the
three clusters obtained in the seismo-acoustic SOM experiment cluster Red (in total 4539
explosions: 2950 in node 4 and 1589 in node 7), cluster Blue (in total 6332 explosions: 1183
in node 5; 2638 in node 9; and 2511 in node 10) and cluster Green (1682 explosions in node
11) (Figure 8c).

3.3. Classification of the Explosions Belonging to Clusters through the Analysis of Camera Images

To link the three seismo-acoustic clusters obtained from the SOM analysis to types of
explosions, we selected a subset of seismo-acoustic events representative of Blue, Green,
and Red clusters (Table 2), and compared them with the INGV camera recordings (Figure 1).
We analyzed the main nodes of cluster Blue, which are 9 and 10, with node 5 being very
similar to node 9. First, we selected the camera images relevant to the days when there was
the highest concentration of explosions falling in the main nodes belonging to a specific
cluster. These days are 17 February, 16 May, 8 June, 9 July, and 6 August 2019. Table 2
shows the distribution of the seismo-acoustic clusters on the selected days. February 17
was chosen to represent cluster Red, with a prevalence of seismo-acoustic events that
fall into node 4 (43 out of 47); 16 May and 8 June were selected to represent cluster Blue,
with a prevalence of seismo-acoustic events belonging to nodes 9 and 10, respectively; 9
July was again representative of cluster Red, with a prevalence of events in node 7; and
August 6 represented the events of cluster Green, all of which fall into node 11. Thus,
there are 182 explosions of interest, equal to the sum of the values in bold underlined
in Table 2. Unfortunately, some of these explosions were not properly recorded by the
INGV cameras due to poor weather conditions or technical problems. Furthermore, several
explosions belonging to cluster Blue are inherently undetectable by cameras due to the
types of events that this cluster groups together, namely gas explosions. In particular, thirty
of the forty 16 May explosions, belonging to node 9 in our dataset, are not visible in the
camera recordings. The same happens for nine of the forty explosions relevant to 8 June,
belonging to node 10. In summary, the cameras recorded: 42 explosions falling into node 4
on 17 February; 32 explosions belonging to node 7 on 9 July; 10 explosions belonging to
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node 9 on 16 May; 31 explosions belonging to node 10 on 8 June; and 20 explosions falling
into node 11 on 6 August 2019. The analyzed dataset allowed us to characterize the types
of explosions corresponding to the seismo-acoustic clusters. Figure 9 shows some examples
of the seismograms associated with the seismo-acoustic events that characterize the main
SOM nodes.

Table 2. Days representative of the seismo-acoustic events of the three clusters. The values in bold
and underlined indicate the number of events in our dataset, which, on the day indicated in the first
column, falls into the prevailing node (reported in the last column). The column “Detected” gives the
number of explosions that have been identified by the monitoring cameras.

Date Red n.4 Red n.7 Blue n.9 Blue n.10 Green n.11 Tot. Detected Prevailing Node

17 February 2019 43 0 2 2 0 47 42 node 4
16 May 2019 0 0 40 3 3 46 10 node 9
8 June 2019 0 0 2 40 1 43 31 node 10
9 July 2019 8 33 0 0 4 45 32 node 7

6 August 2019 4 9 0 6 26 45 20 node 11

 

Figure 9. The first 4 h (UTC time) of the seismogram (east–west STRA channel) filtered in the VLP
frequency band (0.05–0.5 Hz) of four of the five sample days representative of the main SOM nodes.
(a) 2019-02-17, the red ovals mark the events belonging to node 4 (Red cluster). (b) 2019-05-16, the
blue ovals mark the events belonging to node 9 (Blue cluster). (c) 2019-06-08, the blue ovals mark the
events belonging to node 10 (Blue cluster). (d) 2019-08-06, the green ovals mark the events belonging
to node 11 (Green cluster).

Table 2 reports in the column “Detected” the number of explosions recorded by the
seismo-acoustic trace, and falling into the corresponding prevailing node (last column) that
could be identified by the camera images. Some of them are shown in Figure 10. Actually,
the observation of the camera images allowed us to recognize the vent (Figure 10a,f) and
the eruptive style of prototypal explosions belonging to the three clusters. In particular, on
17 February, the SQV camera (Q in Figure 1) recorded 43 explosions from node 4, which
belongs to cluster Red (Table 2). All of them were characterized by well-collimated jets
from the N1 vent (Figure 10a), with approximately the same elevation (~200 m), and lasting
on average ~5.6 s (three SQV frames). Only two events out of 43 lasted longer (8 s), whereas
12 events lasted less (4 s). These explosions ejected juvenile pyroclastic fragments showing
ballistic trajectories.
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Figure 10. (a) Photo taken from Il Pizzo Sopra la Fossa showing the labels of the active vents
within the crater terrace of Stromboli. (b) Example of an explosion falling into cluster Blue, node 9.
(c) Example of an explosion falling in cluster Blue, node 10. (d) Example of an explosion falling in
cluster Green, node 11. (e) Example of an explosion falling in cluster Red, node 7. (f) Example of an
explosion falling in cluster Red, node 4. Panels (b) to (f) show from top to bottom: UTC date and
time, node to which they belong, camera image, raw seismic signal, VLP seismic signal, the high-pass
filtered infrasonic signal (>0.5 Hz), the zoomed-in view of the infrasonic signal.

On May 16, the SPT camera (P in Figure 1) recorded 10 of the 40 explosions that fall
into node 9 (cluster Blue). Most of the SPT videos recorded on 16 May 2019 were damaged
due to technical problems, probably related to the data transmission system, and could
not be used, but the few available allowed observations of this activity that cannot be
detected from other cameras because of too-low intensity and very short gas plume. The
observed explosions were all from the SW2 vent (Figure 10a). They were mild and mostly
gas-dominated (Type 0, according to Leduc et al. [26]), displaying slow bowl-shaped gas
emissions with no visible ash or incandescent lapilli. The max height reached by these
explosions was around 10–20 m and their duration ranged between 11 and 33 s (average
18.7 s).
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On June 8, the SPT camera recorded 31 of the 40 explosions that fell into node 10
(cluster Blue). These explosions were Type 0 events occurring from SW1, SW2 (most
common), or C1 vents (Figure 10a,c), having a duration between 9 and 72 s (average 22.5 s).
Some of them were not visible on the surface (nine events) probably because they were too
weak and occurred within the conduit.

On 9 July, the SQT camera recorded 32 powerful explosions belonging to node 7
(cluster Red) generally with well-collimated jet and ballistic ejections from the SW vent
region (Figure 10a,e). We could not exactly distinguish the vent because of the inclined
view offered by this camera. The duration ranged between 10 s and 28 s (18.6 average).

On 6 August, 26 explosions belonging to node 11 (cluster Green) were recorded. In
this period, a lava flow descended along the SW slope of the Sciara del Fuoco (Figure 1).
Given the almost continuous explosive activity that accompanied this effusive phase, it was
difficult to identify the explosions associated with the seismo-acoustic signals. However,
the SQV camera recorded some of these events. They may be related to explosions from
multiple vents, generally the South West (SW) and Central (C) vent regions (Figure 1).
These explosions were characterized by the ejection of pyroclastic fragments, most of which
were incandescent spatter-like, with a wide range of ejection angles that gave the explosion
an almost hemispherical shape, and the height reached a maximum of 80 m.

Figure 10 shows an example for each of the main nodes belonging to one of the three
clusters. In particular, panels (b) to (f) show the images and the seismo-acoustic recordings
of the event types for nodes 9 and 10 (cluster Blue), node 11 (cluster Green), and nodes
4 and 7 (cluster Red). For each of them, the date, the node they belong to, the image of
one of the cameras used for the analysis, the raw seismic signal, the seismic signal filtered
in the VLP band (0.05–0.5 Hz), the high-pass filtered infrasonic signal (>0.5 Hz), and a
zoomed-in view of the infrasonic signal are shown from top to bottom. The SPV and SPT
cameras are very close to the vents whereas the SQV and SQT cameras are further away
from them (Figures 1 and 10a), therefore the explosions that produce a weak signal in the
camera recordings (e.g., panels b and c) are visible only from the cameras installed at site P
in Figure 1 (SPV and SPT). Figure 10b,c represents two event types of cluster Blue, which
is associated with gas explosions, belonging to nodes 9 and 10, respectively. The events
of this cluster show VLPs (Figure 9b,c) characterized by prolonged oscillation, especially
evident in the events falling into node 9, and peak-to-peak amplitude generally higher
than that of the events belonging to the other two clusters (particularly evident in node
10). The infrasonic signal associated with these events is almost indistinguishable from the
background noise. Figure 10d shows an example of cluster Green, consisting of only node
11, which groups explosions with ballistic spatters and hemispherical shapes. The raw
seismic signal associated with this explosion is modest in amplitude whereas the sustained
VLP signal includes numerous oscillations. The infrasonic signal does not show an evident
pulse linked to the explosion and is characterized by repeated minor pulses linked to
spattering activities. Finally, Figure 10e,f represents two event types of cluster Red, falling
on nodes 4 and 7, respectively. These events are characterized by a VLP signal with a
distinct amplitude pulse and an infrasonic transient of remarkable amplitude. The raw
seismic signal shows a greater contribution of the high-frequency components compared
to the other types of events, in part due to the coupling of the infrasonic signal with the
ground [60]. These seismo-acoustic events are associated with explosions that produce a
well-collimated jet, with ejection of ballistic fragments as described above for the events of
cluster Red.

3.4. Seismo-Acoustic Clusters and GBInSAR Measurements

We compared the time evolution of seismo-acoustic clusters with the ground defor-
mations (Figure 11a) measured by the GBInSAR device in the summit area of the volcano
(Figure 1). The investigated period was characterized by an oscillatory trend of deforma-
tions, with displacements towards the sensor (i.e., inflation), and displacements away from
it (deflation). We observed an initial period from 15 November 2018 to 5 February 2019 (1
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in Figure 11), characterized by high displacements (on average 1.8 mm/day) towards the
sensor (inflation), a period of low to null displacement until March 3 (2 in Figure 11), and
new inflation of about 5 mm/day toward the sensor, which lasted until March 15, 2019 (3
in Figure 11). After this inflation, there was a period characterized by small fluctuations in
displacements, which in any case remained low or null until 19 July 2019 (4 in Figure 11).
The following period was characterized by displacement towards the sensor (inflation),
with an average rate of 2.8 mm/day and peaks that reached even more than 30 mm/day (9
August 2019 and 10 September 2019).

 

Figure 11. Comparison between the cumulative LOS displacement measured by the GBInSAR device
(a) and the temporal evolution of the three main clusters, Red (b), Blue (c), and Green (d), obtained
from the SOM analysis. Numbers 1 to 5 indicate the dates when the displacement rate changes. (1) 5
February 2019; (2) 3 March 2019; (3) 15 March 2019; (4) 19 July 2019; (5) 28 August 2019, when the
second paroxysm occurred. The black rectangle indicates the interval between 1 June 2019 and 3 July
2019 when the first paroxysm occurred.

A very striking feature, currently never observed in the GBInSAR data from Stromboli
(e.g., [56]), was the increase in the oscillations of the crater terrace, which can be deduced
here from the increase in the standard deviation of the daily displacement rate. In particular,
the period considered can be divided into three subperiods: (i) from 15 November 2018
to 5 April 2019, with a low standard deviation (on average 24 mm/day); (ii) from 8 May
2019 to 8 July 2019 (period preceded by the absence of data due to technical problems of
the instrument), with an increase in the standard deviation (on average 45 mm/day); (iii)
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from 9 July 2019 to 15 September 2019, which was characterized by high standard deviation
values (on average 105 mm/day), testifying the strong oscillations of the crater terrace in
the time of acquisition of the GBInSAR data.

By comparing this displacement data with SOM clusters and then with the camera im-
ages, we found that the period dominated by the gas explosions of cluster Blue (Figure 11c),
which begins in early April (the predominance of cluster Blue is highest in June 2019, as
shown by the black rectangle in Figure 11), occurs during a stasis of ground deforma-
tion interposed between two phases of inflation of the upper part of the volcanic edifice
(Figure 11a). On the contrary, the explosions of clusters Red and Green (Figure 11b,d),
that are dominated by the ejection of coarse juvenile ballistic particles, occur in periods
characterized by inflation of the crater area. In particular, cluster Green, erupting large
spatter, seems temporally correlated with the phases of more intense inflation of the top of
the volcano.

4. Discussion

In a previous study, Giudicepietro et al. [4] highlighted the precursors of the 2019
paroxysmal phase through the calculation of seismic parameters such as the polarization
of the seismic signal, the peak-to-peak amplitude of VLP events, and the VLP size. The
comparison of these parameters with the temporal evolution of the seismo-acoustic clusters
retrieved with the SOM analysis clearly shows that the anomalies of the seismic parameters
are linked to a significant change in the types of explosions before the 2019 paroxysmal
phase (Figure 12).

In particular, significant variations have been recognized thanks to the definition of the
VLP size parameter, which provides a value representative of the magnitude of the main
VLP event for each half an hour. When the continuity of the seismic signal is satisfactory,
48 values per day relating to 48 VLP events are retrieved. The events identified by the VLP
size calculation carried out in Giudicepietro et al. [4] have been selected to constitute the
dataset analyzed in this work.

The time series of the VLP size in the period 15 November 2018–15 September 2019
shows a remarkable increase before the 3 July 2019 paroxysm. This increase is reflected in
the time evolution of the seismo-acoustic clusters (Figure 13). Actually, about three months
before the first paroxysm (3 July 2019), the occurrence of seismo-acoustic events belonging
to cluster Blue (gas explosions or Type 0) increased with respect to the occurrence of seismo-
acoustic events belonging to clusters Red and Green. This indicates that the gas explosions
were predominant in the persistent Stromboli activity for about three months before the 3
July 2019 paroxysm. Furthermore, our findings indicate that Type 0 explosions produce
large VLP events whereas they do not generate evident signals in the camera recordings,
which in some cases do not record the event at all. We interpret this as the effect of large
gas slugs that cause a volumetric variation in the source area of the VLP seismic signals
when they rise along the conduit [24]. However, they do not generate ejection of pyroclastic
fragments, or hot material, which should be detected by visible and thermal cameras,
nor do they generate remarkable infrasonic signals, in frequencies greater than 0.5 Hz
(Figure 10). Therefore, Type 0 explosions may not be detected at all by monitoring cameras
and infrasonic networks whereas they are always clearly evident in broadband seismic
signals. A low-frequency infrasonic signal, e.g., within the frequency range of the band of
VLP seismic events (0.05–0.5 Hz), has been observed in some cases, but this component
of the infrasonic spectrum has not been considered for the parameterization of the signals
because it is generally affected by strong noise due to atmospheric weather conditions.
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Figure 12. Comparison between: (a) seismo-acoustic clusters obtained with SOM analysis,
(b) polarization of the seismic signal, (c) peak-to-peak amplitude of VLP events, (d) VLP size. The
parameters shown in panels (b–d) were calculated in Giudicepietro et al. [4]. The dark gray bars are
relevant for the period before the paroxysm of 3 July 2019 whereas the light gray bars are relevant for
the period following that paroxysm.
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Figure 13. The time evolution of the VLP size parameter (a) and seismo-acoustic clusters (b). Relative
daily occurrence of the three seismo-acoustic clusters (Red, Blue, and Green) contains one event per
half hour of signal, so the maximum number of events in a day is 48. The black rectangle indicates
the interval between 1 June 2019 and 3 July 2019 when the paroxysm occurred. The vertical black line
indicates the 28 August 2019 paroxysm.

The comparison between the GBInSAR measures and the SOM clustering of the
seismo-acoustic features highlights that, counterintuitively, the geodetic precursor of the
paroxysm of 3 July 2019 was not a phase of inflation but rather an interruption of the
inflation and a trend towards deflation in the last month before the paroxysm (Figure 11).
The relationship between the prevailing type of explosions and the ground deformations
in the crater area (Figure 11) indicates the consistency of the clustering obtained with the
SOM with physical variations of the state of the volcano. In particular, the prevalence of
gas explosions (cluster Blue) during a period of little or no inflation of the crater area is
consistent with the fact that the gas is compressible and therefore when it passes through
the final part of the conduit it produces less deformation than magma. On the other hand,
the temporal correlation between the inflation phases in the crater area with the prevalence
of explosions belonging to cluster Red (well-collimated jets of ballistics), and especially to
cluster Green (erupting large spatter), is consistent with a condition in which the final part
of a shallow conduit is filled with magma. This condition is typical of the effusive phase (3
July–30 August 2019) fed by the SW vent region, during which the occurrence of the Green
cluster explosions increased.

The abrupt change in the eruptive style that arose when the paroxysm of 3 July
2019 occurred is noteworthy, suddenly determining the transition between an activity
characterized by a prevalence of gas explosions with little or no emission of pyroclastic
material (explosions of the Blue cluster) to an activity characterized by explosions that eject
incandescent ballistic pyroclasts in conjunction with effusive activity (Figures 11 and 13).
The explosions that emit incandescent ballistic fragments, which appeared immediately
after the paroxysm of 3 July 2019, are distributed in two different clusters that correspond
to different characteristics of the explosive mechanism whose fingerprints are recognizable
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in the seismo-acoustic features. In particular, the explosions of cluster Red are characterized
by a well-collimated jet, which reaches a height of more than 200 m above the vent, and by a
remarkable infrasonic transient. Those of cluster Green are characterized by the emission of
incandescent ballistic spatter with a wide range of ejection angles and do not show an easily
recognizable infrasonic transient associated with them. The latter show a hemispherical
shape and reach a lower height (around 80 m). Compared to the explosions of cluster Red,
this second type of explosion is linked to a greater height of the magma column in the
conduit, which is completely filled with magma, as also observed in other volcanoes, for
example, Etna [61]. After the paroxysm of 3 July 2019, the Green cluster explosions became
frequent and probably occurred at the same SW vents that fed the lava flow. A small but
significant variation in the locations of the VLP events reported in Giudicepietro et al. [4]
corresponded to the sudden change in the eruptive style (3 July 2019, in Figures 11 and 13).
These locations were concentrated in the SW sector of the VLP source volume before
the paroxysm of 3 July 2019, and migrated slightly NE after this paroxysm, indicating a
resumption of the activity in the NE vent region (see Figure 7 in Giudicepietro et al. [4]).

Information on the final part of the conduits linked to the eruptive vents is contained
in the seismo-acoustic features as also highlighted in the analysis of experimental seismo-
acoustic events in Giudicepietro et al. [45]. Actually, clusters Blue and Red are composed of
more than one node, and the subdivision of the seismo-acoustic events into the different
nodes typically corresponds to explosions with a similar mechanism emitted from different
vent regions, as in the case of nodes 4 (N1 vent) and 7 (SW vents) that form cluster Red
(Figure 10a,e,f).

All the three main types of explosions recognized by the SOM analysis generally
manifest themselves in the persistent activity of Stromboli, each of which can occur in
different vent regions (Figure 1). Therefore, the anomaly that preceded the first paroxysm of
2019 was the clear predominance, within our dataset, of gas explosions (cluster Blue), which
reached 96.12% of the total in the last month before the 3 July 2019 paroxysm (Figure 13).
As already specified in the Data and Methods section, our dataset does not include all
explosions, which can exceed 400 per day, but only those associated with the largest VLP
size of every half-hour, for a maximum of 48 events per day. This selection allowed us to
extract the 14,289 and 14,179 most significant seismic and infrasonic recordings, respectively,
and to prevent the dataset from reaching dimensions that are not easy to handle for analysis.
In the period preceding the paroxysm of 3 July 2019, the predominance of cluster Blue in
this dataset indicates a degassing activity that is not accompanied by an effective emission
of juvenile material, consistently with the deflation or the absence of inflation in the crater
area, therefore indicating a remarkable anomaly in the pattern of the persistent activity
of Stromboli. The eruptive style change before the paroxysmal phase, which is clearly
recognizable in the temporal evolution of the seismo-acoustic clusters found with the
SOM analysis (Figures 11 and 13), is an important finding because it highlights hidden
variations in the state of the volcano that may reveal undetected escalation of volcanic
plume degassing and/or precursory leakage from deeply stored gas-rich magma (e.g., [62]).
Actually, despite Stromboli being a well-monitored volcano, when the first paroxysm of the
2019 eruptive crisis occurred, it was considered to be in a state of normal activity.

The second paroxysm, which occurred on 28 August 2019, happened 56 days after the
start of the effusive activity, which began immediately after the first paroxysm on 3 July
2019. Therefore, this event occurred in a different condition compared with the first one, as
also indicated by the temporal evolution of the seismo-acoustic clusters (Figures 11–13).
Considering the models of Stromboli paroxysm triggering proposed in the literature, the
first paroxysm (3 July 2019) could be explained by an increased supply of gas and magma
from the depths (e.g., [39,62,63]). However, the neural analysis of the eruptive style and
its comparison with the deformation of the summit area allowed us to discover that this
paroxysm was preceded by a phase of decrease in the feeding of the persistent activity,
which is highlighted by the decreased emission of pyroclastic material and by the deflation
of the summit area accompanied by a greater release of degassing (Type 0 explosions
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of the Blue cluster). For this reason, the input of gas and magma from the depths that
caused the paroxysm does not seem linked only to increased activity of the deep magma
system but also to a deceleration, in the period preceding the paroxysm, of persistent
activity, which is partly controlled by the shallow volcanic system. On the contrary, the
paroxysm of 28 August 2019 is consistent with a trigger due to the drainage of the highly
porphyritic magma which is typically found in the upper part of the conduit, due to the
effusive activity that began about two months earlier, which determined the rise of low-
porphyritic magma capable of producing paroxysmal eruptions (e.g., [64]). In any case,
the GBInSAR measurements indicate that in the medium term a deflation shortly before
the event occurred for both paroxysms. Furthermore, in the short term, the strainmeter
data show that similar dynamics occurred in both paroxysms, as reported in Giudicepietro
et al. [4] and Di Lieto et al. [65].

5. Conclusions

The SOM analysis of the seismo-acoustic features associated with a set of about 14,200
explosions selected based on the VLP size parameter allowed us to identify three main
clusters in the period 15 November 2018–15 September 2019, which contains the paroxysmal
phase of July–August 2019.

The comparison of a subset of events with the visible and thermal camera images
allowed us to associate distinct explosive types to the three main seismo-acoustic clusters.
In particular, the cluster called Red is associated with explosions characterized by well-
collimated vertical jets of ~200 m in height, which eject incandescent ballistic pyroclastic
fragments and produce a remarkable infrasonic signal. Cluster Blue is associated with
gas explosions with height in the range 10–20 m and with little or no ash and ballistic
emission. These bursts may not be detected by the camera recordings and infrasonic signals
whereas they are evident in the VLP seismic signals (filtered in the 0.05–0.5 Hz frequency
band). Cluster Green groups explosions characterized by the ejection of incandescent
spatter-like pyroclastic fragments, with a wide range of ejection angles and hemispherical
shape. The explosions of cluster Red are mainly generated in the NE vent region whereas
the explosions of clusters Blue and Green are mainly emitted from the central and SW
vent regions.

Looking at the time evolution of the three main clusters, we discovered that the erup-
tive style of Stromboli was affected by significant changes in the three months preceding
the 3 July 2019 paroxysm and that the gas explosions (Type 0; Leduc et al. [26]) falling into
cluster Blue dominated the persistent Strombolian activity, especially in the last month
before this paroxysm, forecasting the ascent of gas-rich magma from a depth [62].

Finally, by comparing the temporal evolution of the clusters with the deformations
of the top of the volcano retrieved through GBInSAR measurements, we were able to
recognize a relationship between the eruptive style and the inflation/deflation phases
of the crater area. Actually, the period dominated by the gas explosions of cluster Blue
(early April–late June 2019) was characterized by the absence of significant deformations
whereas the effusive phase between the two paroxysms (early July–mid September 2019),
dominated by explosions falling into clusters Red and Green, was characterized by inflation
of the crater area, especially from July 19 until the end of our target period (15 September
2019). The explosions of clusters Red and Green are both characterized by the emission of
incandescent ballistic pyroclasts but with different mechanisms: the explosions of cluster
Red produce vertical jets, with a narrow ejection cone, and generate a distinct infrasonic
transient associated with them; the explosions of cluster Green eject the ballistic pyroclasts
according to a wide range of ejection angles assuming a hemispherical shape. The latter are
linked to a high level of magma in the conduit and are often associated with spattering.
Among the three main clusters, only the explosions falling in the Red cluster generate
clearly recognizable infrasonic transients in the frequency band >0.5 Hz.

This study allowed us to discover variations in the pattern of the persistent activity
of Stromboli that preceded the 2019 eruptive crisis and to interpret the geophysical data
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in terms of variations in the eruptive style and the state of activity of the volcano. The
results obtained increase our ability to distinguish the different Strombolian mechanisms
and suggest new opportunities for an advancement in the monitoring of Stromboli focused
on the forecasting of potentially dangerous eruptive activity variations and early warning
for paroxysms.
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Abstract: Strombolian activity varies in magnitude and intensity and may evolve into a threat for
the local populations living on volcanoes with persistent or semi-persistent activity. A key example
comes from the activity of Stromboli volcano (Italy). The “ordinary” Strombolian activity, consisting
in intermittent ejection of bombs and lapilli around the eruptive vents, is sometimes interrupted
by high-energy explosive events (locally called major or paroxysmal explosions), which can affect
very large areas. Recently, the 3 July 2019 explosive paroxysm at Stromboli volcano caused serious
concerns in the local population and media, having killed one tourist while hiking on the volcano.
Major explosions, albeit not endangering inhabited areas, often produce a fallout of bombs and lapilli
in zones frequented by tourists. Despite this, the classification of Strombolian explosions on the basis
of their intensity derives from measurements that are not always replicable (i.e., field surveys). Hence
the need for a fast, objective and quantitative classification of explosive activity. Here, we use images
of the monitoring camera network, seismicity and ground deformation data, to characterize and
distinguish paroxysms, impacting the whole island, from major explosions, that affect the summit of
the volcano above 500 m elevation, and from the persistent, mild explosive activity that normally
has no impact on the local population. This analysis comprises 12 explosive events occurring at
Stromboli after 25 June 2019 and is updated to 6 December 2020.

Keywords: Stromboli volcano; paroxysmal explosions; major explosive events; ground and remote
sensing monitoring; classification of mild Strombolian events

1. Introduction

Strombolian activity is characterized by explosive transients of variable intensity,
from pyroclast-free gas explosions (puffing) to intense explosions, with the formation of a
few-km-high eruptive columns, ballistic ejection, and occasional generation of pyroclastic
density currents [1–6]. The classification, as well as the understanding of the dynamics
that trigger explosions of different intensities, is fundamental for the hazard assessment in
areas characterized by Strombolian activity, both for territorial planning and for forecasting
through monitoring and surveillance. A multi-parametric approach, combining geophysi-
cal and volcanological monitoring data with remote sensing techniques, is fundamental in
order to find an objective as possible way to classify these transient explosions.

The best site to investigate this activity is Stromboli (Italy), known as the “Lighthouse
of the Mediterranean” for its persistent explosive activity, characterized by bursts of
incandescent ejecta occurring every few minutes [4,7–9], and clearly visible especially at

Remote Sens. 2021, 13, 944. https://doi.org/10.3390/rs13050944 https://www.mdpi.com/journal/remotesensing31



Remote Sens. 2021, 13, 944

night by sailors. Stromboli volcano is the easternmost of the islands comprising the Aeolian
Archipelago volcanic arc in the south Tyrrhenian Sea (Figure 1a). It is 924 m high above
sea level (a.s.l.; Figure 1b) and extends below the sea down to ~2000 m depth, reaching a
total elevation of ~3000 m [10]. Explosions occur from vents located within the summit
crater terrace depression at ~750 m elevation (Figure 1c), which is ~ 300 m long in a NE-SW
direction, ~50 m wide and ~50 m deep (Figure 1c). Three crater areas are located within
the summit depression: the NE crater zone (NEC), the Central crater zone (CC) and the SW
crater zone (SWC), each of them comprising a variable number of active vents (Figure 1c).

Figure 1. (a) Google map of southern Italy, with the red circle showing the position of Stromboli
volcano, at the NE end of the Aeolian Archipelago. (b) Stromboli island with the position and labels
of the monitoring instruments used in this study. The blue triangles are the monitoring cameras,
with SPT being the thermal camera located at Il Pizzo Sopra La Fossa viewpoint. The SCV camera is
located in the same place as SCT, and the SQV camera is in the same place as SQT; the red circles
are the GBInSARs, the tilt (STDF) and strainmeter (SVO) stations; the yellow squares are the seismic
stations. The empty red circle outlines the position of the summit craters displayed in frame c.
SdF = Sciara del Fuoco slope. (c) View from South and from Il Pizzo Sopra La Fossa viewpoint of
Stromboli summit craters; photo taken on 21 February 2020, showing the names of the active crater
areas. NEC = NE Crater zone; CC = Central Crater zone; SWC = SW Crater zone. The field of view is
about 300 m wide. Photo courtesy of F. Ciancitto, INGV.

The Strombolian activity of Stromboli is characterized by explosive transients of short
duration (<10 s, obtained from the monitoring cameras) and small eruptive ash columns
(<100 m), with variable intensity and frequency [11], which depend on the supply rate
of the deeper system towards the surface [8,12–14]. This volcano gave its name to the
Strombolian explosive activity, with mild explosions typical of basaltic explosive volcanism,
that often feature at the summit of Yasur (Vanuatu), Piton de la Fournaise (La Réunion),
Shishaldin (Alaska), Fuego (Guatemala), Nyiragongo (R.D. Congo), Masaya (Nicaragua),
Turrialba (Costa Rica), Etna (Italy), Kilauea (Hawaii), and several other open conduit
basaltic volcanoes [15–24].

The persistent, mild explosive activity of Stromboli is sometimes interrupted by more
intense and powerful explosions. Several classifications of this “more intense” activity
have been proposed over time. The first was put forward by Barberi et al. [12], who
distinguished three types of explosions: in addition to the “ordinary” or persistent activity
(Figure 2a), major (Figure 2b) and paroxysmal explosions (Figure 2c) were identified,
depending on size, covering a broad variability in intensity and magnitude, with the latter
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having significantly larger intensities (>106 kg/s) than the former (104 kg/s) [25]. Major
explosions (Figure 2b) normally involve more than one crater zone, may follow partial
obstructions of the summit vents, and cause the rise of a mixture of spatter, bombs, ash
and gas forming an eruptive column that extends > 300 m above the vents, with fallout of
bombs and ash up to several hundred meters from the crater area [12,26,27]. More rarely,
the volcano is the site of extremely powerful explosions, called “paroxysms”, that result
in eruptive columns rising a few km above the craters (Figure 2c) and causing fires and
damages to the populated villages on the lower flanks of the volcano, 2.0–2.5 km away
from the summit craters [12,28–33]. Paroxysms are also characterized by greater volumes
of emitted materials, higher muzzle velocities, and higher mass discharge rates [12,34,35].
Besides major eruptions (Figure 2b), there is a complete range of intermediate events
from the persistent “ordinary” mild Strombolian activity (Figure 2a) to the most powerful
paroxysms (Figure 2c). Occasional flank fissures discharging lava flows within the Sciara
del Fuoco (SdF) barren NW slope may also occur (Figure 1b). Lava fountains are generally
not common and of short duration (minutes; [12,31]), whereas the periods without eruptive
activity are extremely rare [12].

Figure 2. (a) Ordinary Strombolian explosion from the SWC producing an ash plume ~80 m high, recorded by the SPI
infrared camera located at Il Pizzo Sopra La Fossa on 7 September 2008, view from South. (b) Image from the SQV camera
showing the eruptive ash column rising ~300 m above the craters during the major explosion of 7 September 2008, view
from NE. (c) Photo taken from helicopter by S. Calvari during the 5 April 2003 paroxysm, showing the eruptive column
rising > 1 km above the summit of the volcano, view from South.

During paroxysms, and to a lower extent also during major explosions, a deep-seated,
gas-rich and low porphyritic (LP) magma is erupted together with the gas-poor, high por-
phyritic (HP) magma residing in the upper conduit [28,36–39]. A common result of parox-
ysms is a deep modification of the crater area, with cinder cones and hornitos around vents
being blown out and leaving a much wider and deeper crater depression [12,28–31,40,41].
Some paroxysms are associated with the emission of lava flows, and may occur both dur-
ing [29,30,42] or at the start of [32,33] effusive eruptions, whereas others are not associated
with lava effusion [12]. For those occurring during lava flow output, Calvari et al. [43]
proposed calculating the daily erupted volume, suggesting that the drainage of degassed
lava from the upper conduit could trigger the decompression and rise of the gas-rich LP
magma from the source region causing the paroxysm. Paroxysms are often accompanied
by the formation of hot avalanches or pyroclastic density currents (PDCs) spreading along
the SdF slope and over the sea surface [29,42,44,45], thus having the potential to impact
not just the island, but also boats sailing close to the coast. More rarely, PDCs may affect
the other slopes of the island, such as occurred after the 1930 and 1944 paroxysms [12,46].
PDCs are caused by the opening of flank fissures [42,47,48], by the collapse of eruptive
columns during paroxysms [41], by the collapse of small portions of the summit cone [49],
by flank failure [50], or by the brecciation of lava flow fronts along the steep and incoherent
SdF slope [29–31,42,44].

From a geophysical point of view, paroxysms (Figure 2c) at Stromboli share many
common features with signals recorded during Vulcanian explosions [29,51]. They are
associated with ultra-long-period (ULP) signals (having period > 100 s) starting several
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seconds before and ending after the event [33]. In addition, they occur with a sharp signal
in the borehole strainmeters revealing a strong overpressure build-up in the uppermost
conduit by the LP gas-rich magma and moving from a source located at 1.4 km b.s.l. from
seconds to minutes before the blast [31,33,52]. Conversely, major explosions (Figure 2b) are
not associated with ULP signals, may involve little or none of the LP gas-rich magma [37,53],
and have the source region located at ~500 m a.s.l., roughly in the same place as the
persistent ordinary explosions (Figure 2a; [27,32]).

A first classification scheme that ranked eruption types qualitatively in order of in-
creasing explosivity was proposed by Lacroix at the start of the twentieth century (reported
by [54]). It distinguished four types of explosions: Hawaiian, Strombolian, Vulcanian,
and Peléan. However, probably the first volcanological classification of explosive activity,
based on collected data rather than on similarities with previous observations of key-type
eruptions, was put forward by Walker in 1973 [55]. This was based on the extent and
features of the resulting deposit, namely the dispersal area and the degree of fragmentation
of the erupted material [55]. Following Walker [55], the most important features of an
explosive eruption are its magnitude, which can be determined by estimating the volume
of erupted ejecta, and the explosive violence or intensity, which depends on the eruption
rate and affects the widespread of the products and their degree of fragmentation. In
turn, the dispersal area is a function of the height reached by the eruptive column, thus
the greater the height of the eruptive column, the wider the dispersal area [56], although
the wind speed also influences the shape and extent of the final distribution of the ash
particles [43,57,58]. The main problem with Walker’s [55] classification is that it cannot
be used for a rapid volcanic hazard assessment, given that the time needed to collect and
interpret the volume, fragmentation degree and spread of the deposit is notable. The
Walker [55] classification suggested that “Strombolian” activity can be defined by pyroclas-
tic fall deposits with dispersal areas smaller than 10 km2 and a fragmentation index lower
than 10% [59]. In addition, Walker’s [55] classification does not sufficiently detail the scale
of Strombolian activity, in order to allow distinguishing between persistent Strombolian ex-
plosions, major explosions or paroxysms. Newhall and Self [60] proposed using a Volcanic
Explosivity Index (VEI) as a general indicator of the explosivity of an eruption, ranging
from 0 (effusive) to 8 (highly destructive) on the basis of erupted volume, column height,
and qualitative description of the power of the eruptive episode. However, Newhall and
Self [60] rate Strombolian-type activity between VEI 1 and 2, and thus their classification is
not appropriate to describe small differences like those observed at Stromboli. Houghton
et al. [61] improved the VEI classification, extending the classification to negative values
and expanding the limits of the Strombolian activity up to VEI -6. Barberi et al. [12] pro-
posed a new classification just for Stromboli, defining “major explosions” as being those
discrete explosions much more powerful than the persistent explosive activity and that
cause fallout at Il Pizzo (Figures 1 and 2), ~250 m away from the vents and where the
tourists stop to watch the activity. Conversely, paroxysms are those impacting the settled
areas, located 1.5 km beyond the craters. The main problem with Barberi’s et al. [12]
classification is that major explosions may or not impact the summit area of Il Pizzo as
a result not of the explosion magnitude and intensity, but of the vents shape [27,62–64]
and/or wind speed and direction (e.g., [57,58]).

A further distinction within “more intense than ordinary” explosions has been put
forward by Andronico et al. [26]. The authors considered those explosions that have
greater effects than ordinary Strombolian activity, but which at the same time cannot be
classified as major explosions. Andronico et al. [26] suggested several criteria, based on
measurements using the Istituto Nazionale di Geofisica e Vulcanologia (INGV) monitoring
cameras, to define those events whose activity is intermediate between ordinary and major
Strombolian activity: (1) larger-than-ordinary eruptive jets (>300 m) and dispersal area
(>250 m around the vent; potentially reaching the area at Il Pizzo Sopra La Fossa, see
Figure 1) of coarser erupted products (decimetre-sized blocks and bombs); (2) multiple
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vents involved (“explosion sequence” instead of “single burst”); (3) longer duration of the
tephra ejection (>30 s).

A more recent classification, proposed by Houghton et al. [19], distinguishes the
different Strombolian explosions, as well as the Hawaiian activity from the Strombolian
one, by measuring the duration and height of the column of explosive events. They [19]
made a distinction on the basis of a threshold duration of 300 s, with sustained Hawaiian
lava fountains displaying durations greater than 300 s, and shorter events grouping all
transient Strombolian explosions. The main limitation of this classification scheme is that
it does not allow distinguishing between paroxysms, major explosions and persistent
Strombolian activity at Stromboli, because these all fall below the 300 s threshold. This is
why Houghton et al. [19] use an additional plot considering erupted mass (kg) together
with duration (s), with several fields of mass eruption rates, from 1 kg/s to 108 kg/s.

A new approach, here proposed for the first time and tested on twelve events oc-
curring at Stromboli since 25 June 2019, combines different geophysical monitoring and
independent data in order to obtain a straightforward classification that can be used any
time an explosion occurs. This classification scheme could be easily applied to other
basaltic volcanoes, provided that a suitable monitoring network exists. In this paper, we
describe the twelve explosive events on the basis of observations gathered from the INGV
monitoring camera network, integrated with geophysical data from the INGV seismic
network, as well as the ground deformations obtained from different remote sensing and
geodetic techniques. These data, working at distinct sampling frequencies, allow analyzing
the ground movements associated with different phenomena.

2. Methods

In the following, the data relative to each major explosion and paroxysms were derived
from the INGV monitoring weekly bulletin, as specified, integrated by a more in-depth
analysis of the images recorded by all INGV monitoring cameras. The starting time of each
event is expressed in UTC, to make comparison easier with other geophysical data, and is
obtained from the INGV monitoring cameras images, such as the duration of each event
and the height of the eruptive column, intended as the maximum vertical extension of the
ash plume, when within the field of view of the instruments. The position of the INGV
monitoring cameras is shown in Figure 1, and their details are listed in Table 1. The time of
each image is automatically attributed by the system using the Network Time Protocol [65].
Paroxysms produce much higher eruptive columns than the field of view of the INGV
monitoring cameras (extending to a maximum of 750 m above the craters for SPCT, see
Table 1), and in these three cases (3 July 2019, 28 August 2019, and 19 July 2020) we refer
to published data. The maximum speed of ejecta or muzzle velocity is obtained from the
analysis of the SQV camera images (Table 1), the only one that detected all the 12 explosive
episodes considered here. The error on the vertical measurement is estimated at 9.5 m.
The resulting speed or muzzle velocity is averaged over 2 s of time lapse for each episode.
The VLP size and other seismic signals are obtained from the INGV monitoring seismic
network shown in Figure 1. The seismic network initially comprised 14 stations [66] and
was deployed by INGV-Osservatorio Vesuviano (INGV-OV). From 2013, their number
decreased because some sites became inaccessible both by land and by helicopter. The
seismic stations are equipped with Guralp CMG 40T (60 s–50 Hz) velocimeters and Gilda
data logger [67].
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Table 1. List of the INGV monitoring cameras and of their main features. SdF = Sciara del Fuoco. The field of view is
considered at the crater rim.

Label Type Location
Distance from the

Craters (m)
Frame Rate

(hz)
Field of View

(m)

SPT Thermal
FLIR A310

Pizzo Sopra La Fossa
890 m a.s.l. 250 2 500 × 370

SPCT Thermal
FLIR A320

West SdF flank
85 m a.s.l. 1698 2 2150 × 1613

SCT Thermal
FLIR A655sc

East SdF flank
165 m a.s.l. 1538 2 807 × 605

SQT Thermal
FLIR A320

East SdF flank
390 m a.s.l. 1027 0.5 455 × 340

SQV Visual
Sony FCB-EX480CP East SdF flank, 390 m a.s.l. 1027 0.5 657 × 493

SCV Visual
Mobotix M26

East SdF flank
163 m a.s.l. 1538 2 1776 × 1274

This study was also supported by the information from borehole geophysical instru-
ments managed by INGV, in particular by the STDF tilt station and the SVO volumetric
strainmeter station (Figure 1). The signals recorded at these two borehole stations are
used in the official weekly reports produced by INGV to update the Italian Civil Pro-
tection Department and the local authorities on the eruptive state of the Stromboli vol-
canic island (http://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-
del-monitoraggio/bollettini-settimanali-multidisciplinari (accessed on 9 February 2021)).

At Stromboli, the first shallow borehole tiltmeters were operating from 1992 by in-
stalling two stations with AGI 722 biaxial sensors with 10−7 rad precision at shallow depth
of ~3 m at Punta Labronzo in the northern flank and at Timpone del Fuoco (STDF) in
the western flank (Figure 1), respectively [68]. In order to reduce the thermo-elastic noise
affecting the shallow depth installations [69], STDF was installed in 2011 at ~27 m below
ground surface by using an AGI Lily sensor [70]. The data are collected with a sampling
rate of 1 data/minute.

In order to improve the recording sensibility, two borehole strainmeters were installed
at San Vincenzo Observatory (SVO) and at the Timpone del Fuoco (STDF) area in 2006
(Figure 1). These instruments, also called dilatometers, are Sacks-Everton types [71] which
measure the volumetric strain with a nominal resolution up 10−11 in strain, depending on
the final response of the coupling of the instruments with the surrounding rock. The devices
were installed at a depth of 120 m. The data are recorded and sampled at 50 Hz using a
24-bit digital recorder and are sent to INGV via TCP/IP [52,72]. The STDF strainmeter is
unfortunately located in an unconsolidated medium causing a weak coupling and a low
effective sensitivity, and moreover it suffered several signal interruptions. Instead, the
SVO (Figure 1) is installed in massive rock providing a reliable signal with a sensitivity of
1 × 10−11 per digital count [52].

Measuring surface deformation using the phase difference between two GBInSAR
images enables recognising millimetre-scale displacements of the ground along the device
line of sight (LOS) direction [73]. GBInSAR devices have the additional advantage of
producing frequent SAR images (in the order of seconds to minutes), resulting in very high
frequency deformation maps and time series [74]. Two GBInSAR devices are located in
a stable area N of the SdF (Figure 1, Table 2). The GBInSAR devices are remote sensing
imaging systems [73,75,76] that emit and receive a burst of microwave pulses, repeating this
operation while the sensor is moving [75] along a rail (track), that in the case of Stromboli
is 4 m long [73]. The use of GBInSAR in the Ku-band (17–17.1 mm wavelength radar), can
penetrate dust clouds (abundant especially during collapse events), and works in variable
light and atmospheric conditions [49,77].
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The GBInSAR measures the backscattered energy (amplitude) and the phase of the
received radar signal. The latter can be used to estimate ground movements (along the Line-
Of-Sight, LOS) by using interferometric techniques. The interferograms are obtained from
phase information of “averaged” images (i.e., by averaging the phase information derived
from the different acquisitions, see Table 2 for averaging specification). Displacement
cumulated maps are calculated using a staking algorithm to sum, pixel by pixel, the
displacements for every consecutive pair of images, whereas displacement time series of
selected points (averaged over 10 pixels) are obtained from cumulative displacement maps
with a precision in the displacement measurement of 0.5 mm [73,74]. Pixel resolutions are
about 2 m in range, and 2 m on average in cross range, with a measurement precision
referred to the displacement of less than 1 mm [78].

Table 2. Technical features of the two GBInSAR devices installed at Stromboli volcano.

System Model Band Revisiting Time [min]
Averaging

Interval [min]
Look Angle

[deg]

Heading
Angle
[deg]

GBInSAR
NE400 *

GBInSAR
LiSAmobile k09 Ku 11 (until November 2017)

6 (since November 2017) 33 from 63.8◦
to 90.0◦

from 143◦
to 217◦

GBInSAR
NE190 **

GBInSAR
LiSAmobile k09 Ku 2 30 from 65.0◦

to 113.5◦
from 115◦

to 245◦

From * Di Traglia et al. [74] and ** Schaefer et al. [79].

3. Results

We describe here the 12 explosive events analysed in this paper on the basis of
information gathered from the INGV weekly reports (Table 3) integrated with the analysis
of the images recorded by the INGV monitoring webcams (Table 4). We then describe the
seismic trace recorded for each explosive event, as well as the ground deformation recorded
by the available instruments at different rate. Finally, we compare all these data together,
listed in Table 4, to select the useful parameters that can be used for the Strombolian event
classification at Stromboli volcano, and possibly for other basaltic volcanoes, provided that
they have a suitable monitoring system.

Table 3. List of major explosions (ME) and paroxysms (PA) at Stromboli since 25 June 2019 and updated to 6 Dec 2020. The
date, time and features of the events are from the INGV weekly reports on the monitoring activity. NEC = NE crater zone;
CC = central crater zone; SWC = SW crater zone.

Date ME/PA
Time
(UT)

Main Features References and Notes

25 June 2019 ME 23:03:08 CC crater zone widened after the explosive event. INGV weekly report
27/2019 1

3 July 2019 PA 14:45:43

Lava flow within the crater. Blast starting from
SWC and NEC. The N rim of the crater terrace was
blown away. Two PDCs along the SdF and several

small lava flows.

INGV weekly report
28/2019 1

13 July 2019 ME 20:33 Intense event detected from seismicity. INGV weekly report
29/2019 1

15 July 2019 ME 19:09 Intense event detected from seismicity. INGV weekly report
29/2019 1

28 August 2019 PA 10:17:20 Paroxysm comprising 3 pulses from SWC and NEC.
PDC along SdF, NEC crater rim eroded by the blast.

INGV special report
35/2019 1

29 August 2019 ME 20:43:18 Two fountaining during lava flow output with
fallout on Ginostra.

INGV daily report n.
32, 30 August 2019 1
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Table 3. Cont.

Date ME/PA
Time
(UT)

Main Features References and Notes

19 July 2020 PA
03:00:42
03:01:11
03:01:28

Explosive sequence in 3 pulses from CC and SWC,
with fallout of bombs to Il Pizzo and down to

500 m asl.

INGV weekly report
30/2020 1

13 August 2020 ME 14:50:28 Explosive sequence from SWC. No fallout. INGV weekly report
34/2020 1

10 November 2020 ME 20:04:21
20:04:51

Explosive sequence from SWC followed by several
pulses at NEC and CC.

INGV weekly report
47/2020 1

16 November 2020 ME 09:17:45
SWC, CC and NEC produced a blast expanding

horizontally like a rose. PDC along the SdF that spread
over the sea surface for ~250 m. Fallout at Il Pizzo.

INGV weekly reports
47/2020, 48/2020 1

21 November 2020 ME 00:33:17 Sequence of 3 explosive events from NEC and CC. INGV weekly report
48/2020 1

6 December 2020 ME 05:12:44 Two pulses. Ballistics to 300 m height, ash plume,
2 PDCs along SdF.

INGV weekly report
50/2020 1

1 The INGV monitoring reports can be found at http://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-
monitoraggio/bollettini-settimanali-multidisciplinari (accessed on 9 February 2021).

3.1. Explosive Events Description

Table 3 shows a summary of the main features for each one of the explosive events
analysed here, together with a preliminary classification of each episode taken by the INGV
monitoring weekly reports. For each event, we display in Figures 3–14 a few thermal
and visual frames extracted from the monitoring cameras, together with the seismic trace
recorded by the IST3 INGV seismic stations (Z component, see Figure 1), in order to
appreciate the size of the erupted ejecta and ash plume extension together with the seismic
amplitude of the episode. Table 4 lists a number of parameters obtained for each of the
explosive events from the analysis of available data.

3.1.1. The 25 June 2019 Event

The 25 June 2019 episode occurred at 23:03:08 from the CC vent of the crater area
(Table 3, Figure 3a). It lasted 8 s (Table 4) and the erupted products spread laterally like
a rose (Figure 3a) expanding mainly towards W and up to the crater rim. It caused a
widening of the CC vent. The eruptive plume (Figure 3b) extended beyond the ~250 m of
the field of view (FOV) of the SQT camera and reached ~500 m, as detected from SQV. The
seismic trace recorded during the event is shown in Figure 3c. The maximum speed of the
ejecta (Table 4, 54.41 m s−1) was normally recorded at the start of the event and close to the
vent, and rapidly declining upwards.

Figure 3. (a) Thermal image from the SPT camera of the CC vent with the start of the explosion on 25 June 2019 at 23:03:1200,
view from S. Blue is cold, white is hot. (b) Thermal image from the SQT camera showing the eruptive plume at 23:03:2600,
view from NE. Blue is cold, white is hot. (c) Seismic trace of the explosive event as recorded from the IST3 seismic station, Z
component, with the red oval marking the explosive event here considered. See Figure 1 for station locations.
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3.1.2. The 3 July 2019 Paroxysm

The 3 July episode (Figure 4) was preceded by a significant increase in the intensity of
explosive activity at all the summit vents. At 13:59 a strong explosion from the SWC was
followed by lava flow output along the upper part of the Sciara del Fuoco (SdF). Images of
the SQT camera show a small vent opening at the base of NEC, widening and feeding a lava
flow that started spreading along the SdF from 14:02:40. Several lava flows from this vent
overlapped the previous flux, spreading downslope. In the meantime, at 14:43:10 another
small lava flow started from the CC crater, slowly spreading S within the crater terrace
(Figure 4a–d), followed by flows from the two NEC vents, and eventually joining with
another flow erupted from the SWC vent. The maximum velocity of the jet, estimated at
101.92 m s−1 (Table 4), was recorded after 6 s of gradual increase due to the initial horizontal
expansion of the jet. The main phase of the paroxysm involved the whole crater area. The
column collapse produced two pyroclastic flows spreading NW along the SdF and over
the sea surface for several hundred meters, and caused a significant widening of the crater
terrace. The duration of the event, estimated on the basis of the images recorded by the
monitoring cameras, is more than 2 min (Table 4). The end is difficult to estimate due to
fallout and the ash cloud spreading for several minutes and limiting visibility from all
cameras. Giordano and De Astis [41] estimated a maximum height of the eruptive column
to 8.4 km above the crater (Table 4).

Figure 4. (a–e) Thermal images from the SPT camera showing the summit vents on 3 July 2019 at 14:43:3000 (a), at 14:44:5000
(b), at 14:46:1000 (c), at 14:46:2000 (d) and at 14:46:4000 (e), with (a–c) the emission of the intracrater lava flow from the
CC vent and (d,e) the start of the jet explosion, view from S. Blue is cold, white is hot. (f–h) Visual images from the SQV
camera showing (f) at 14:24:5000 the ash along the upper Sciara del Fuoco due to the lava flow output from the NEC, (g) at
14:45:4000 the eruptive plume, and (h) the fallout of bombs at 14:46:0000 along the upper Sciara del Fuoco, view from NE.
(i) Seismic trace of the explosive event as recorded from the IST3 seismic station, Z component. See Figure 1 for station
locations.

3.1.3. The 13 July 2019 Event

This strong explosion occurred while lava was flowing along the SdF slope erupted
from the SWC and NEC vents [33,80,81]. This explosive event (Figure 5a,b) was considered
stronger than the persistent activity just on the basis of the seismic trace, as shown in
Figure 5c.
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Figure 5. (a) Visual image from the SQV camera of the 13 July 2019 event at 20:33:10, view from NE with (b) corresponding
thermal image taken from the SQT camera at 20:33:10. Blue is cold, white is hot. (c) Seismic trace with the red circle
evidencing the explosive event displayed in the images above. See Figure 1 for station locations.

3.1.4. The 15 July 2019 Event

This explosion was considered stronger than the persistent ordinary explosive activity
on the basis of the seismic trace. It occurred while lava flows were being erupted along
the SdF [33,80,81]. The peculiar aspect of this explosion occurring from the SWC is that
it took the form of a lateral jet (Figure 6a) spreading and widening upwards up to an
estimated elevation of ~380 m (Figure 6b and Table 4), with incandescent bombs falling
on the upper Sdf and at Il Pizzo Sopra La Fossa (Figure 6c,f, red circles). Figure 6g shows
the seismic signal, slightly differing from the persistent Strombolian explosions occurring
during the day.

Figure 6. (a–c) Visual images from the SQV camera of the 15 July 2019 event at 19:09:38 (a), at 19:09:40 (b), and at 19:09:52
(c), view from NE. (d–f) Corresponding thermal images taken from the SQT camera, view from NE. Blue is cold, white is
hot. The red circles in (c) and (f) indicate the incandescent block falling at Il Pizzo. (g) Seismic trace with the red ellipse
evidencing the explosive event shown in the images above. See Figure 1 for station locations.
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3.1.5. The 28 August 2019 Paroxysm

The 28 August 2019 paroxysm (Figure 7) followed a day of increased explosive inten-
sity at the summit craters of the volcano and occurred while the volcano was still the site of
an effusive eruption from the summit craters [33,80,81]. At 10:17:20 an eruptive sequence
started from the SWC portion of the crater terrace, giving rise to three pulses (Figure 7a–i),
of which the first two from SWC and the last one, less intense from NEC, took the form of
a lateral jet. The maximum velocity of the jet was ~71.11 m s−1 (Table 4), and the duration
of the event is almost 2 min, with the end difficult to estimate due to fallout and ash cloud
spreading for several minutes and obscuring sight from all cameras (Table 4). The eruptive
column rose up to 4 km above the craters (INGV report, Table 4), or as much as 6.4 km ([41];
Table 4), and the fallout from the collapsing column produced two PDCs (Figure 7e) that
spread along the SdF and over the sea surface for at least 540 m (Figure 7h). The explosion
deeply modified the morphology of the crater area, widening the NEC towards NW. The
seismic trace of the event is shown in Figure 7j.

Figure 7. (a–e) Visual images from the SQV camera of the 28 August 2019 event recorded at 10:17:16 (a), 10:17:18 (b), 10:17:26
(c), 10:17:30 (d), and 10:17:42 (e), view from NE. (f,i) Thermal images from the SPCT camera, showing (f) the lava flow from
the crater zone at 10:16:00 and at 10:17:00 (g), the eruptive column and PDC spreading over the sea surface for ~300 m at
10:18:00 (h), and the ash cloud at 10:19:00 (i), view from W. Blue is cold, white is hot. (j) Seismic trace of the 28 August
explosive paroxysm as recorded from the IST3 seismic station, Z component. See Figure 1 for station locations.

3.1.6. The 29 August 2019 Event

Two major explosive events occurred on this date, more or less with the same maxi-
mum elevation of the ejected spatter, which reached ~350 m above the crater rim (Table 4).
However, this activity was unusual, because it happened while lava was overflowing from
the NEC crater rim, and because the volcanic tremor was extremely high for several hours,
this activity resulting more as a continuous fountaining from SWC and CC rather than as
single explosive Strombolian pulses. Figure 8 shows two frames recorded from the visible
SQV camera, and the seismic trace as recorded by the IST3 seismic station.
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Figure 8. (a,b) Visual images from the SQV camera of the 29 August 2019 events recorded at 20:43:36 (a) and at 21:29:32 (b),
view from NE. (c) Seismicity of 29 August 2019 as recorded from the IST3 seismic station, Z component. The two red ovals
indicate the seismic trace corresponding to the two events shown above. See Figure 1 for station locations.

3.1.7. The 19 July 2020 Paroxysmal Event

This explosive event started at 03:00:42 from the CC (Figure 9a) and expanded to the
SWC (Figure 9b), erupting most of the volume discharged during this event (Figure 9c).
Another pulse occurred at 03:01:11 (Figure 9d) and a third pulse at 03:01:28, again from
the SWC and displaying decreasing intensities, for a total explosive time of 58 s (Table 4).
The maximum elevation of the ejecta, based on the images recorded by the SPCT camera,
was more than 750 m above the crater rim (Figure 9k), but most of the fallout was spread
horizontally all around the crater and up to the Pizzo Sopra La Fossa (Figure 9j, red circle).
The fallout triggered several landslides along the SdF (Figure 9e–h), reaching the coast
after 40 s.

Figure 9. (a–d) Thermal images from the SCT camera of the 19 July 2020 explosive event at 03:00:44 (a), at 03:00:48 (b), at
03:00:58 (c), 03:01:17 (d), view from NE. Blue is cold, white is hot. (e–h) Visual images from the SQV camera recorded at
03:00:50 (e), at 03:00:58 (f), at 03:01:12 (g) and at 03:01:30 (h), view from NE. (i) Seismic trace of the 19 July 2020 paroxysm as
recorded from the IST3 seismic station, Z component. (j,k) Thermal images of the 19 July 2020 explosive event from the
SPCT camera, view from W, showing (j) the fallout of bombs on the Il Pizzo Sopra La Fossa (indicated by the red circle) at
03:00:57.50, and (k) the vertical extent of the eruptive plume (750 m above the craters), recorded at 03:01:38. See Figure 1 for
station locations.
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3.1.8. The 13 August 2020 Event

On 13 August at 14:50:27 (Figure 10), the SWC produced a stronger than average
explosion, that from seismicity lasted about one minute and from the monitoring cameras
64 s (Table 4). It was characterized by a sequence of short events producing an ash plume
that rose to 550 m above the craters (Table 4).

Figure 10. (a–c) Thermal images recorded from the SCT camera on 13 August 2020 at 14:50:34 (a), at 14:50:42 (b), and at
14:51:10 (c). Blue is cold, white is hot. View from NE. (d–f) Corresponding visual images from the SCV camera, view from
NE, recorded at 14:50:3450 (d), at 14:50:4250 (e), and at 14:51:1000 (f). (g) Seismic trace of the explosive event as recorded
from the IST3 seismic station, Z component. The red oval indicates the seismic trace corresponding to the event shown
above. See Figure 1 for station locations.

3.1.9. The 10 November 2020 Event

The 10 November 2020 episode started from the SWC at 20:04:21 (Figure 11), forming
an eruptive cloud reaching up to 600 m above the crater rim (Table 4). The explosive event
then expanded to the NEC forming a jet expanding horizontally and causing a wide spatter
fallout on the upper SdF, and eventually expanded to the CC producing a low fountaining
with little or no fallout outside the crater. The duration of the first pulse was 20 s, and the
muzzle velocity of the ejecta was 54.50 m s−1 (Table 4).
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Figure 11. (a–c) Thermal images from the SCT camera recorded on 10 November 2020 at 20:04:23 (a), at 20:04:30 (b), at
20:04:39 (c), at 20:04:44 (d), at 20:05:13 (e), at 20:05:13 (f), at 20:05:32 (g) and at 20:05:39 (h), view from NE. Blue is cold, white
is hot. (i) Seismic trace of the explosive episode, recorded by the IST3 station. See Figure 1 for station locations.

3.1.10. The 16 November 2020 Event

The 16 November 2020 episode was rather unusual, because of the clear ground
deformation detected from the monitoring cameras and from the GBInSAR. The event
started with puffing from the CC, followed by the fast propagation of a fracture from the
CC to the SWC. This caused the upward tilting of the NE outer flank of the cone, forming
two fractures on the NE flank and decompressing the uppermost conduit. This triggered a
powerful explosion that started from the SWC (Figure 12). The explosion caused a blast
spreading at first horizontally and, while the ash plume was still rising up, two pyroclastic
density currents (PDCs) formed along the SdF, spreading down the slope and to the coast.
The velocity of the PDC, obtained from the images of the SCT camera along the uppermost
250 m distance travelled along the SdF, was estimated at ~20 m s−1, which is in the range
of the values obtained for the events occurring at Stromboli in March–April 2020 [44]. The
PDC reached the coast after 42 s, as detected from the SPCT camera, travelling the 1028 m
of the slope at an average speed of ~25 m s−1, and then expanded over the sea surface for
about 250 m. The event lasted 54 s, and the ash plume observed from SPCT rose to about
690 m above the craters (Table 4).
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Figure 12. (a–e) Thermal images of the SCT camera recorded at 09:17:45 (a), 09:17:47 (b), 0917:51 (c), 09:17:58 (d), and
09:18:08 (e), and (f–j) corresponding visual images from the SQV camera of the 16 November 2020 event, view from NE.
Blue is cold, white is hot. (k) Seismic trace of the event recorded by the IST3 station. See Figure 1 for station locations.

3.1.11. The 21 November 2020 Event

The 21 November 2020 occurred at 00:33 and was characterized by a sequence of three
pulses of increasing intensity starting from the NEC and then expanding to the CC, lasting
just 10 s (Figure 13). It was of very low intensity, producing an ash plume that reached
~80 m, with muzzle velocity of the ejecta of 9.48 m s−1 (Table 4).

Figure 13. (a–c) Thermal images from the SCT camera of the 21 November 2020 event view from NE (blue is cold, white is
hot), recorded at 00:33:20 (a), 00:33:28 (b), 00:33:41 (c) with (d) the corresponding seismic trace highlighted by the red oval.
See Figure 1 for station locations.
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3.1.12. The 6 December 2020 Event

The 6 December 2020 episode (Figure 14) comprised two pulses occurring at 05:12:44
(Figure 14a–c) and 05:13:41 (Figure 14d), both starting from the SWC crater zone but
also involving the CC crater zone (Figure 14b). The eruptive plume reached a maximum
height of 300 m above the crater rim, and the fallout along the SdF triggered small PDC
(Figure 14c,d). The seismic trace of this episode (Figure 14e) is so continuous to be more
similar to a lava fountaining than to a Strombolian-type event.

Figure 14. (a–d) Thermal images from the SCT camera of the 6 December 2020 event, view from NE, with (e) the
corresponding seismic trace, indicated by the red box. In the thermal images blue is cold, white is hot.

The most important parameter to rate the magnitude and intensity of an explosion is
the height of the eruptive column [82]. Other important volcanological parameters are the
muzzle velocity and the duration of each explosive episode, which should be estimated
using instruments that give comparable results. For this analysis, we have used the images
of the SQV visual camera (see Figure 1 for camera location and Table 1 for camera features)
which is the only one that recorded all the 12 eruptive events considered here. The results
of muzzle velocities and explosion durations obtained from the analysis of the SQV images
are reported in Table 4, together with the “V×D parameter”, obtained multiplying the
muzzle velocity (in m·s−1) by the duration (expressed in seconds) for each event.

3.2. VLP Size

Seismic signals associated with the Stromboli explosions contain Very Long Period
(VLP) pulses, typically in the 0.05–0.5 Hz frequency band, that are generated by the explo-
sive mechanism [32,83–85]. These signals have a direct link with the eruptive process of
both ordinary and major explosions. Components with an even longer period are recorded
in the seismograms of paroxysmal explosions. Figure 15 shows the seismograms and
spectrograms of paroxysmal (Figure 15a), major (Figure 15b) and ordinary (Figure 15c,d)
explosion types.
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Figure 15. Seismograms (top), spectrograms (middle) and spectra (bottom) of four examples of explosions of different sizes.
(a) The paroxysmal explosion of 19 July 2020 (03:00 UTC); (b) the major explosion on 10 November 2020 (20:04 UTC); (c) the
explosion on 21 November 2020 (00:33 UTC); (d) an ordinary explosion on 19 July 2020 (02:54 UTC). In the horizontal axes
of seismograms and spectrograms, time is expressed in seconds.

The signal amplitudes and the VLP events associated with the 12 explosions analysed
in this article are very different (Figures 16 and 17).

Figure 16. Comparison between the seismograms of a paroxysm (a, 19 July 2020) and a major
explosion (b, 10 November 2020). Both plots (a and b) represent an 8-h signal recording of the
east-west component of the STRA station (see Figure 1 for station location). The small amplitude
transients that are recognizable in both plots are due to the ordinary Strombolian explosions.
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Figure 17. Seismograms of the 12 explosions, here considered as case studies, as recorded from station STRA, East component
(see Figure 1 for station location). The red lines represent the filtered signal in the VLP frequency band (0.05–0.5 Hz). The
vertical scale is expressed in 106 counts. The filtered signal is scaled by a factor of 2. The time on the horizontal axis is in
seconds.

To represent the magnitude of the explosions through seismic measurements we use
the VLP size introduced by Giudicepietro et al. [33]. This parameter is defined as the
maximum value of the RSAM of a 30 s sliding window that moves in a 30-min time interval
of signal, filtered in VLP frequency band (0.05–0.5 Hz). The 30-s window moves by 1 s
steps and produces 1770 RSAM values in a 30-min time interval of signal. The maximum
of these values is the VLP size of that half hour signal [33]. This analysis typically returns
48 values per day representing the size of the largest VLP event for every half hour of the
day. This parameter was used in Giudicepietro et al. [32] to highlight variations in the
“magnitude” of the VLPs associated with ordinary Strombolian explosions in the period
preceding the paroxysm of 3 July 2019, and therefore to discover a seismic precursor of the
paroxysm. However, the VLP size, which is sensitive to the amplitude and duration of the
greater amplitude portion of a VLP signal, is also suitable for providing the “magnitude”
of the VLP seismic transients associated with explosions of greater energy than ordinary
ones such as major explosions and paroxysms. Therefore, the VLP size gives the possibility
to create a relative scale of the “magnitude” of the Stromboli explosions on the basis of the
seismic signal associated with them. For each explosion reported in Table 1 we computed
the VLP size in 24-h long time intervals (12 h before and 12 h after the explosion). For
some intervals, the signals are missing; in that case the value of the VLP size is reported
as zero, for example a few hours before the explosion of 6 December 2020 (Figure 18). We
normalized the VLP size values (to 100,000) with respect to the maximum, which coincides
with the paroxysmal explosion of 3 July 2019. The VLP size of the 12 explosions listed in
Table 3 are reported in Table 4, where they are compared with other parameters extracted
from the analysis of the camera images and from the str in and tilt.
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Figure 18. VLP size calculated in twelve 24-h intervals, each containing one of the twelve explosions selected as case studies.
The histogram is normalized to 100,000 in arbitrary units (a.u.). The dashed orange line indicates the VLP size threshold,
which separates the ordinary from the major explosions. The red dashed line indicates a possible VLP size threshold to
separate major explosions from paroxysms (3 July 2019, 28 August 2019 and 19 July 2020). Note that this is not a time series
in the whole considered period, but is representative only of the days reported in the abscissa axis. In this way, it is possible
to observe how the VLP size of the most energetic explosive event far exceeds the VLP size of the “ordinary” explosions
that occurred in the 24 h around it.

In order to approach the problem of classifying Stromboli explosions using the normal-
ized VLP size, we chose two thresholds that separate the field of ordinary explosions from
that of major ones, and the field of major explosions from paroxysms. The two thresholds
are shown in Figure 18 as two dashed horizontal lines, orange and red, respectively.

The first threshold (ordinary versus major explosions) was obtained by adding 10% to
the maximum value of VLP size of the ordinary explosions that fall within the analysed
dataset (twelve 24-h long time intervals). Its value is 6,136 and is indicated by a horizontal
dashed orange line in Figure 18. The second threshold was obtained by subtracting 10%
from the VLP size of the smallest paroxysm considered among the case studies of our
dataset, which is the 19 July 2020 event. The VLP size for this episode is 38,395. Applying
this criterion to define the limits of the VLP size relative to ordinary, major and paroxysmal
explosions, the events of 13 July 2019, 15 July 2019, 13 August 2020 and 21 November
2020 fall into the field of the ordinary explosions. This happens because their VLP size is
smaller than that of the ordinary explosions recorded in other periods, for example when
compared to the ordinary explosions that preceded the paroxysm of 3 July 2019 (Figure 18).
The aforementioned explosions were classified as major as they are slightly larger than
those on the day they occurred; therefore, they represented relative outliers.

This type of analysis, extended to longer periods, offers a fast and reliable way to
define a relative quantitative scale of Stromboli explosion magnitude and can provide a
criterion for the traditional distinction between ordinary, major and paroxysmal explosions
which is historically linked to scenarios of possible impact on the island [12].
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3.3. Borehole Geophysical Instruments (Tilt and Strain)

At Stromboli, the tiltmeters recorded signal changes during middle-term processes
such as the attempt of a dike intrusion during the first months of 1995 [68] and the volcano
deflation associated with the 2007 effusive eruption [86]. On the contrary, also due to the
low sampling rate (1 data/minute), it is more difficult to detect clear changes associated
with the impulsive and short-time events such as the explosions. However, even with few
samples recorded during the explosive events, STDF can record small transient changes of
short duration during the major explosions and the paroxysms (i.e., tilt variations in a few
samples during the few minutes accompanying the explosion). Giudicepietro et al. [32]
focused on the 1 December 2017 major explosion as a case study, and also reported the tilt
data showing a very small variation of ~0.5 × 10−7 rad during the explosion. In the 2019-
2020 interval considered in this study, STDF recorded tilt variations of similar magnitude
during the major explosions occurring during the 10 and 16 Nov 2020 events, while no
detectable tilt change was recorded for the other major explosions (Table 4). A further
interesting aspect is that during the paroxysms of 3 July 2019 and 19 July 2020 (for the
28 August 2019 paroxysm, the station was out of order) the STDF tilt showed a bigger
short-term transient of 0.5 × 10−6 rad (Table 4).

Table 4. Multi-parametric measurements of the 12 explosions considered as case studies useful for their classification. The
duration of each event and its muzzle velocity are obtained from the SQV camera monitoring videos. Plume height (H) is
considered above crater rim and measured from the fixed monitoring cameras or reported (where specified) from references.
See text for further explanations.

Date
Time
(UT)

Muzzle
Velocity
(m s−1)

Plume H
(m)

Duration
(s)

VD
Parameter

VLP Size
(Normalized

Counts)

Strain SVO
(Counts)

Tilt
STDF [x; y]

(Micro-Strain)

25 June 2019
23:03:08 54.41 ~500 8 435 11,276 ~600 1 0, 0

3 July 2019
14:45:43 101.92 8400 2 160 16,307 100,000 ~8000 1 ~0.4; ~0.45

13 July 2019
20:33 29.63 110 12 356 3377 01 0; 0

15 July 2019
19:09 61.63 380 18 1109 3909 01 0; 0

28 August 2019
10:17:20 71.11 4000 1

6400 2 154 10,951 75,110 ~8000 1 No data

29 August 2019
20:43:18 35.55 350 38 1351 15,437 ~500 1 No data

19 July 2020
03:00:42 78.22 > 750 58 4537 42,661 ~2000 1 ~0.4; ~0.05

13 August 2020
14:50:27 11.86 550 64 759 2866 01 0; 0

10 November 2020
20:04:21 54.50 600 20 1090 17,688 ~300 1 ~0.05; ~0.03

16 November 2020
09:17:45 54.51 1000 1 54 2944 18,006 ~300 1 ~0.05; ~0.04

21 November 2020
00:33:17 9.48 80 10 95 4029 0 1 0; 0

6 December 2020
05:12:44 11.52 300 8 92 12,778 0 1 0; 0

1 The INGV monitoring reports can be found at www.ct.ingv.it. 2 Giordano & De Astis [41].
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The SVO strainmeter, thanks to its high precision and to the high frequency sampling
rate (50 Hz), is a powerful tool to detect transient changes associated with the explosive
activity. These changes are extremely clear for the paroxysms, for which the instrument was
able to detect signal variations both preceding these events by ~10 min and accompanying
the explosive phase [31,52]. At SVO, the positive change (with positive change measuring
compression in the rock surrounding the sensor) that preceded the explosive events by
a few minutes ranged from ~8000 counts for the 3 July and 28 August 2019 events, to
no change for the other smaller events. In Table 4, we report the positive strain change
cumulated before the explosion as shown by the INGV weekly reports.

3.4. GBInSAR

The GBInSAR devices measured ground displacement associated with four events
(Table 4): on 3 July 2019, 29 July 2019, 19 July 2020, and 10 November 2020, even though the
behaviour was very different, suggesting different mechanisms and sources of deformation.
The 3 July 2019 paroxysm was the only event to be preceded by a clear ground deformation
detected from GBInSAR, consistent with an inflation of the summit crater terrace, which
began about two and a half hours before, and which progressed until the explosion. Infla-
tion was observed in the interferogram between 10:34 UTC and 12:13 UTC (displacement
rate: 4.4 mm/h; Figure 19a), progressed in the successive interferograms (Figure 19b,c),
reaching the maximum value of 44.2 mm/h 2 min before the explosion (interferogram
between 14:36 UTC and 14:43 UTC (displacement rate: 42.2 mm/h; Figure 19d).

Figure 19. Ground deformation associated with the 3 July 2019 paroxysmal explosion. The interferogram, generated with
GB-SAR NE190 system, revealed a progressive increase in the displacement rate, consistent with inflation of the crater terrace.
(a) 3 July 2019 10:34-12:13 interferogram; (b) 3 July 2019 12:13-13:03 interferogram; (c) 3 July 2019 13:32-13:53 interferogram;
(d) 3 July 2019 14:36-14:43 interferogram.
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During the eruption that began on 3 July 2019 and ended on 30 August 2019, which
was characterized by the outpouring of lava from the SW area of the crater terrace [33,80,81],
Stromboli underwent some phases of strong explosive activity, with a number of strong
Strombolian explosions (on 13 and 15 July 2019), the occurrence of another paroxysmal
explosion (28 August 2019), and a major explosion on 29 August 2019. This last event
was characterized by two lava fountaining explosive sequences during lava flow output
(Tables 3 and 4 and Figure 8). The GBInSAR devices recorded a rapid ground movement
towards the sensors (displacement rate: 17.8 mm/h; Figure 20a), followed by a long move-
ment away from the sensors (max. displacement rate: 6.6 mm/h at 03:37 UTC; Figure 20b),
compatible with an inflation-deflation cycle that began at 19:42 UTC on 29 August 2019 and
ended at 06:04 UTC on 30 August 2019, coinciding with the end of the 2019 effusive
eruption.

Afterwards, Stromboli was characterized by intense Strombolian activity, with some
lava overflows from the crater terrace, as reported by Calvari et al. [44]. During this period,
the radars recorded movements away from the sensors, compatible with the deflation of
the crater terrace during some overflow events (31 March 2020; Figure 21).

Figure 20. (a) 29 August 2019 (19:10-19:42) interferogram generated with GBInSAR NE400 system; (b) 30 August 2019
(01:26-03:37) interferogram generated with GBInSAR NE400 system; (c) 19 July 2020 (02:55-03:20) interferogram generated
with GBInSAR NE190 system; (d) 10 November 2020 (18:40-21:09) interferogram generated with GBInSAR NE190 system.
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Figure 21. GBInSAR time series, with the 2019 effusive eruption in grey. It can be noted that only 3 explosive events were
associated with displacement rate increases toward the sensors (3 July 2019, 19 July 2020, 10 November 2020). The increase
in displacement rate, first toward then moving away from the sensors, recorded between 29 August 2019 and 30 August
2019 is associated with a more intense lava flow at the end of the 2019 eruption (inflation-deflation cycle). The signal with
displacement rate increases away from the sensor recorded on 31 March 2020 was associated with overflows from the
summit craters [44].

The two GBInSAR devices recorded similar deformations, albeit of different magni-
tudes, during the explosions of 19 July 2020 and 10 November 2020. The former event was
associated with a syn-explosive displacement rate of 35.2 mm/h, whereas the latter was
associated with a syn-explosive displacement rate of 8 mm/h. No deformation prior to the
explosive events was recorded, suggesting that the magma volume involved by the two
episodes was not large or not detectable.

4. Discussion

In the last 140 years, more than 180 high intensity explosive events have been recorded
or reported at Stromboli [87], and of these only 44 events have occurred since 2003, when
an integrated multiparameter monitoring system was installed on the island [88]. Of the
latter, four are rated as paroxysmal explosions and 40 as major explosions [87]. In order
to propose a classification scheme, the analysis of our study comprised the 12 explosive
events occurring at Stromboli between 25 June 2019 and 6 December 2020. Initially, these
12 explosions were classified as two being paroxysmal (the 3 July 2019 and 28 August 2019)
and 10 as major explosions.

In principle, a classification is robust if it is well related to the eruptive mechanisms
and characteristics of the explosive events. To this end, we considered both the eruptive
style (gas-pyroclast exit speed or muzzle velocity, event duration, height of the eruptive
column, impacts, secondary effects), several associated geophysical parameters during the
explosion (the magnitude of the VLP size and the tilt changes), as well as the occurrence of
a precursor ground deformation signal (dilatometer, GBInSAR).

Among the physical features, an important parameter that can be used to distinguish
different sizes of explosions is the height of the eruptive column [82], i.e., the height of
the ash plume rising by buoyancy from the crater rim. This height is determined by
the intensity of the explosion and thus by the erupted volume [56], and as such is a key
discriminant between events of different magnitude and intensity. However, the INGV
monitoring cameras available at the moment have a maximum field of view covering a
maximum height of ~750 m above the craters, and thus cannot be used to measure the size
of the eruptive columns for all paroxysms (H > 1 km) and of the strongest major explosions.
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This is why, after considering the maximum height of the eruptive column, we used the
muzzle velocity at the vent, considering that the most powerful explosions should also
have the highest muzzle velocities, this being a function of the pressure of the expanding
gases [55,82,89]. In doing so, we have used the images of the SQV monitoring camera
(Table 1), which is the only one that recorded all the 12 explosive episodes analysed here.
The muzzle velocity is normally attained at the very start of each explosion. An exception
to this statement is the 3 July 2019 event, which started with very low speed and reached
the peak velocity of ~102 m s−1 (Table 4) after ~6 s from the start of the main blast. This
was probably caused by the degassed lava contained in the highest portion of the shallow
conduit, that was pushed upwards by the gas-rich magma and erupted as lava flows
spreading within the crater just before the paroxysm (Figure 4). An additional parameter
related to the size of the explosive event is the duration, that can be obtained from the
analysis of the videos recorded by the INGV monitoring cameras or by the seismic trace. It
is worth mentioning that sometimes it could be difficult to determine this duration, such as
in the case of lava fountaining (see for example Figure 8c), where the seismic signal does
not show a clear end. It is less difficult from the camera images, although some problems
may arise when PDC spreading along the SdF may limit sight. In our investigation the VD
parameter, obtained by the multiplication of the muzzle velocities by the event durations
(V × D), is well-suited to represent the power of explosive activity.

Among the geophysical information considered in this study, the VLP size, as defined
by Giudicepietro et al. [33], is the chief parameter allowing us to distinguish between
explosive events of different magnitude and intensity. This parameter is sufficient by itself
to characterize the power of an explosive event and, moreover, has a clear volcanological
correspondence with the VD parameter, as attested by the relationship shown in the
graph of Figure 22. This relationship means that we can use any of them or even better a
combination of them to classify explosive events at Stromboli.

Figure 22. Graph reporting the VLP size vs. the volcanology parameters (V × D) obtained multiplying the muzzle velocity
(V, in m s−1) of each event by the duration (D, in s). See Table 4 for the list of values.

This interpretative tool provided by the VLP size and by the VD parameter is further
supported by the geophysical measurements recorded by the borehole dilatometer and
tiltmeter, which for each type of explosive event or class are characterized by a specific range
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of values (Table 5). A complete and useful representation of the integrate classification
scheme is shown in Figure 23.

Table 5. Range of the main parameters useful to classify the explosive events of Stromboli.

Classification Scheme of Strombolian Explosions

Explosion Class 0 1 2 3

Local explosion
classification Ordinary Intermediate Major Paroxysmal

Effect/dispersal area Crater terrace Crater terrace/rarely
top of the volcano

Top of the volcano/rarely
island sectors

Island sectors/rarely more
distal areas (other islands or

the surrounding coasts)

Jet/plume height (m) <100 100–300 300–1000 >1000

Duration (s) <20 20–30 30–100 >100

Max. speed (m/s) <10 10–30 30–70 >70

VLP size <2000 2000–12,000 12,000–18,000 > 18,000

VD parameter <90 90–1000 1000–4000 >4000

Tilt SVO (microstrain) ~0 ~0 ~0.05 × 10−6 ~0.5 × 10−6

Strain STDF (counts) ~0 ~0 5000–1000 2000–10,000

Figure 23. Summarizing diagram showing the classification proposed for the 12 explosive events considered in this paper
on the basis of VLP size (left axis), and muzzle velocity by duration (right axis). See text for further explanation.
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It is immediately clear that in this scheme, the explosions of 3 July 2019 and 28 August
2019, defined as paroxysmal explosions, have some characteristics in common (i.e., eruptive
plume heights of several km, formation of PDCs along the SdF; high VLP size and strain),
albeit with some differences. However, the classification proposed here also raises the
explosive event of 19 July 2020 to the rank of paroxysmal explosion, being characterized
by a high VLP size (42,661, Table 4) and a high VD parameter (4,537; Table 4, Table 5
and Figure 23). The effects of this event affected the summit of the volcano above 500 m
elevation (Table 3) and influenced the NW sector of the island. Fortunately, the material
erupted during the explosion fell on the SdF, thus not involving inhabited areas. At the
same time, through this classification, we can exclude some events from the list of major
explosions (Figure 23), which are therefore to be found in the set of “intermediate” events
(13 August 2020, 13 July 2019, 15 July 2019, 25 June 2019, 21 November 2020 and 6 December
2020). These explosions had little or no effects on the summit area of the volcano (i.e., the
one where tourists stop to observe the explosive activity). On the contrary, the proper
major explosions (29 August 2019, 10 November 2020, and 16 November 2020; Figure 23)
had important impacts in terms of ballistic blocks, spatter bombs, and tephra fall on the
summit area of the volcano.

5. Conclusions

The Strombolian activity of Stromboli volcano was analysed, combining different
data from monitoring cameras, seismic network, and ground deformations obtained from
different remote sensing and geodetic techniques, in order to obtain a new classification
scheme for different explosion intensities.

Considering the distinct sampling frequencies, the best parameters to classify these
low but different intensity transient events are the VLP size and the VD parameter. The
former is the maximum value of the RSAM of a 30-s sliding window that moves in a 30-min
time interval of signal, filtered in VLP frequency band (0.05–0.5 Hz), whereas the latter
is the product of the muzzle velocity and the explosion duration, both derived from the
analysis of the monitoring camera images. These parameters are independent of each other
and thus can provide the intensity of the event even in absence of the other parameter.
The classification scheme identified by these two main parameters is further supported
by the indication of the range of values of the dilatometer and tiltmeter recorded during
different types of events (Tables 4 and 5). This work demonstrates the importance of
multi-parametric monitoring systems as an objective approach towards characterizing
events of varying intensity, in the context of the same eruptive style.
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Abstract: Between 28 March and 1 April 2020, Stromboli volcano erupted, with overflows from the
NE crater rim spreading along the barren Sciara del Fuoco slope and reaching the sea along the
NW coast of the island. Poor weather conditions did not allow a detailed observation of the crater
zone through the cameras monitoring network, but a clear view of the lower slope and the flows
expanding in the area allowed us to characterize the flow features. This evidence was integrated
with satellite, GBInSAR, and seismic data, thus enabling a reconstruction of the whole volcanic event,
which involved several small collapses of the summit cone and the generation of pyroclastic density
currents (PDCs) spreading along the slope and on the sea surface. Satellite monitoring allowed
for the mapping of the lava flow field and the quantification of the erupted volume, and GBInSAR
continuous measurements detected the crater widening and the deflation of the summit cone caused
by the last overflow. The characterization of the seismicity made it possible to identify the signals
that are associated with the propagation of PDCs along the volcano flank and, for the first time, to
recognize the signal that is produced by the impact of the PDCs on the coast.

Keywords: Stromboli volcano; effusive activity; satellite thermal imagery; ground-based thermal
imagery; cinder cone instability; pyroclastic density currents

1. Introduction

Rapid changes of the surface morphology often occur in open-conduit basaltic volcanoes that
frequently erupt, such as Etna and Stromboli (Italy), Piton de la Fournaise (La Réunion Island),
or Kilauea (Hawaii). Cinder-cones ~60 m high can form in just one or a few weeks [1,2], large lava
flows can spread over roads or villages [3–6], and summit collapses following major lava withdrawal
can involve large areas and result in new calderas [6–9]. However, as they are rapid in building new
reliefs, the often loose and unstable mixture of breccia, ash, and spatter, which accumulates quickly
and gets possibly destabilized by dike intrusion or overloading, can also suddenly collapse, affecting
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small portions of the summit cone [10–14] or even the volcano flank [15–18]. Magma drainage from
the feeder conduit can cause significant summit collapses, such as those experienced at Stromboli in
2003 and 2007 [19–21], at Piton de la Fournaise in 2007 [8], and at Kilauea in 2018 [6,9]. Regardless
of the cause, instability as well as the formation of pyroclastic density currents (PDC) at active and
inhabited volcanoes can cause injuries and even loss of lives. This happened, for example, at Stromboli
in 1930 and 2019 [22–25], at Unzen (Japan) in 1991 [26], at Merapi (Java) in 1994 and 2010 [27]. For this
reason, PDCs are identified among the primary sources of fatalities at active volcanoes [28].

Stromboli volcano is the easternmost island of the Aeolian Archipelago (Italy; Figure 1a,b). It is
known as the “Lighthouse of the Mediterranean”, because of its persistent explosive activity from the
summit craters, with bursts occurring every few minutes [29–31]. The summit crater of the volcano is
a depression ~300 m long in a NE-SW direction (Figure 1c), ~50 m wide, and ~50 m deep, located at
~750 m elevation [14,19]. Three crater areas are located within the summit depression: the NE crater
zone (NEC), the Central crater zone (CC), and the SW crater zone (SWC), each of them comprising a
variable number of active vents (Figure 1c). The capacity of the uppermost feeder conduit increased
after the 2002–2003 and 2007 flank eruptions [20,32], but sudden changes in the magma level may
result in a greater magmastatic pressure, which could cause the destabilization and collapse of portions
of the summit cone [14,33].

The 2019 eruption at Stromboli has twice shown how dangerous PDCs can be to those tourists
approaching the slopes of an active volcano, even from the seaside [34]. Being less dense than water,
the PDC formed by 4–5 km high explosive column collapse managed to expand on the sea surface for
several hundred meters, running towards a tourist boat sailing nearby (https://www.youtube.com/
watch?v=RPKgS3sPP1Y). PDCs can also trigger tsunamis that can devastate the coast, as happened at
Stromboli in 1930 and 1944 [22,23]. More recently, PDCs spreading along the Sciara del Fuoco (SdF)
slope formed as a consequence of high magma level within the conduit, instability, and collapse of
the summit cone [14,35]. PDCs are common at Stromboli especially during the initial phases of flank
eruptions, when the opening of an eruptive fissure breaches the summit craters causing the spread of a
mixture of hot debris made of lava blocks, lithics and pyroclastics running down the slope and towards
the sea [36–40]. More recent examples of this phenomenon occurred in 2013 and 2014 [14,40,41], caused,
respectively, by the erosion of the crater rim due to overflows and the opening of an eruptive fissure.

PDCs can result from the collapse of eruptive columns during paroxysmal explosive
eruptions [13,19,23,39,42] or from gravitational instability (gravity-induced PDCs);
e.g., [10,12,13,23,25,43,44]. PDCs are very mobile, thus being potentially very dangerous for
people living close to or on the flanks of active volcanoes. This is why the monitoring of active
volcanoes is becoming more and more complex and now integrates several different disciplines,
spanning from volcanology, seismicity, geochemistry, and geodesy, in an attempt to obtain a complete
picture of what happens not only on the surface, but also—and more importantly—within the
shallow feeding system of the volcano, allowing for the prevention and forecasting of disasters and
hence avoiding the loss of lives. At Stromboli PDCs normally expand along the barren slope of the
SdF [14,19,35,44]. However, during the past century, they have emplaced along the inhabited slopes at
least three times; in 1906, 1930, and 1944 [22,23,25,45]. We do not have a complete stratigraphy of
PDCs on Stromboli, but three such sequences have been found also during the Neostromboli period
(<12.5 ka; [46–48]), these last probably representing the most widespread PDC deposits found on
the island.

Recently, the volcano has been the site of two paroxysmal explosive eruptions occurred on 3 July
and 28 August 2019, which produced eruptive columns 4–5 km high and PDCs. On such occasions,
they triggered fires and caused a death, while spreading along the SdF as well as on the sea surface.
These episodes were accompanied by a lava overflow from the SWC that started on 3 July and lasted
nearly two months, ending on 30 August [24,25,34]. Two more recent overflows from the NEC occurred
on 18 January and 3 February 2020, lasting just 3.0 and 1.5 h, respectively. They resulted in a short lava
flow field that expanded in the uppermost SdF and did not reach the coast.
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Figure 1. (a) Google map of southern Italy, with the red circle showing the position of Stromboli
volcano, at the NE end of the Aeolian Archipelago. (b) Stromboli island with the position and labels of
the monitoring instruments used in this study. The blue triangles are the monitoring cameras; the red
circles are the Ground-Based Interferometric Synthetic Aperture Radar (GBInSAR) stations; the yellow
squares are the seismic stations. The empty red circle outlines the position of the summit craters
displayed in c. SdF = Sciara del Fuoco slope. (c) View from South of Stromboli summit craters, taken on
21 February 2020, showing the names of the active crater areas. NEC = NE Crater zone; CC = Central
Crater zone; SWC = SW Crater zone. The field of view is about 300 m wide. Photo courtesy of F.
Ciancitto, INGV.

The aim of this paper is to present our study of the eruptive activity occurred at Stromboli between
28 March and 1 April 2020, along with our interpretation and quantification of the eruptive processes
that are based on the analysis of monitoring data, comprising time-lapse videos recorded by the camera
network, satellite images, GBInSAR, and seismic stations.

2. Methods

The description of the events, the calculation of velocity for lava flows and PDCs spreading along
the SdF and on the sea surface, and the count of the explosions occurring over time from the summit
craters were obtained through the analysis of the videos recorded by the network of fixed monitoring
cameras maintained by INGV-OE (Istituto Nazionale di Geofisica e Vulcanologia—Osservatorio Etneo).
The volcano deformation was measured through two Ground-Based Interferometric Synthetic Aperture
Radar (GBInSAR) devices that were installed by the University of Florence. Seismicity was analyzed
using data from the broadband seismic network that was installed by INGV-OV (Istituto Nazionale di
Geofisica e Vulcanologia—Osservatorio Vesuviano). Lava flow field area and volume, as well as an
estimation of the effusion rate, were computed by the TechnoLab of INGV-OE while using multispectral
infrared and optical satellite data.
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2.1. The INGV Cameras Monitoring Network

The INGV cameras monitoring network at Stromboli volcano in March–April 2020 comprised
three fixed instruments, two thermals (SCT and SPCT) and a visual (SQV). Their details are listed in
Table 1 and their location is shown in Figure 1. SQV acquires at a frequency of one image every two
seconds, SCT one image every second, and SPCT two images every second. The difference in acquisition
frequency, as well as in the distance from the crater area and viewing angle, result in a different count
of the explosions, depending on the camera taken into consideration. The number of explosions is
thought to represent an expression of the magma level within the feeder conduit [19,39,49,50]. We have
manually counted the total number of events occurring within the whole crater area using only the
thermal cameras (SCT and SPCT), because they allowed a comparison between day and night views.
However, the presence of clouds and/or dust may limit or hide visibility, as happened during most
of the day on 30 March and in the early h on 1 April 2020. The calculated velocity of PDCs and lava
flows along the SdF slope, obtained from the images of the monitoring cameras, are average velocities,
because they were calculated dividing the whole travelled path by the time. Some of the images were
affected by shadows due to fog, clouds, or ash, resulting in a non-well-defined outline of the features.
The cumulative error on these spatial measurements, which was due to the poor quality of some
frames, is about 2%, and it was obtained from the number and size of uncertain pixels. All of the times
are expressed here as UT.

Table 1. List of the INGV monitoring cameras and of their main features.

Label Type and Model Location
Distance from

the Craters
Optics Field of View

SPCT Thermal, FLIR
A320

West SdF flank,
85 m a.s.l. 1698 m 90◦ 90◦ × 73◦

2150 × 1613 m

SCT Thermal, FLIR
A655sc

East SdF flank,
165 m a.s.l. 1538 m 25◦ 25◦ × 19◦

807 × 605 m

SQV Visual, Sony
FCB-EX480CP

East SdF flank,
390 m a.s.l. 1027 m 18×

48◦ (wide
end) × 2.8◦
(tele end)

657 × 493 m

2.2. GBInSAR

Measuring surface deformation, exploiting the phase difference between two spaceborne SAR
images (differential InSAR, DInSAR; [51]) makes it possible to recognize ground displacements along
the satellite line of sight (LOS) direction on a centimeter-scale. Processing a long stack of images using
multi temporal (MT) InSAR techniques allows for the detection of millimeter-scale displacements over
long time frames through the reduction of error sources [52,53]. GBInSAR has the additional advantage
of producing frequent SAR images (on the order of seconds to minutes), resulting in very high frequency
slope maps and time series. Moreover, the use of GBInSAR in the Ku-band (17.0–17.1 mm radar)
can penetrate dust clouds, abundant especially during collapse events, and can work with variable
light and atmospheric conditions [14]. The NE portion of the summit crater terrace at Stromboli
and the northern portion of the SdF are monitored by two GBInSAR devices, which are located in a
stable area N of the SdF (Figure 1). The first GBInSAR (GBInSAR NE400; Model: GB-InSAR LiSALab,
Ellegi srl, Rovello Porro, Italy, http://lisalab.com/home/; Revisiting time; 11 min; [54]) was installed in
February 2003, during the 2002–2003 flank eruption, whereas the second device (GBInSAR NE190;
Model: GB-InSAR LiSAmobile k09, Ellegi srl – LiSALaB, Rovello Porro, Italy, http://lisalab.com/home/;
Revisiting time; 2 min) was installed on 14 December 2014, after the flank eruption that took place
that year.

Radar images were obtained through sampling techniques; for this reason, particular frequency
and spatial steps had to be selected in order to avoid ambiguity in range and cross-range [54].
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The system is able to measure line-of-sight (LoS) ground displacement in the time interval between two
acquisitions and the displacement is calculated from the phase difference between the back-scattered
signals received at different times, through the cross-correlation between two SAR images. Range
and cross-range resolution are, on average, 2 × 2 m, with a measurement precision being referred
to the displacement of less than 1 mm [54]. The displacement rate is the result of the mathematical
division between the displacement measured in an interferogram (referred to the difference between
two SAR images) and the elapsed time between the two images, allowing for the identification of
very low displacement rates (0.010–0.001 mm/h) related to the creep of the northern sector of the
SdF or very fast displacement rates (up to 300 mm/h) associated with effusive vent opening [55].
The capability of InSAR to detect ground displacement depends on the persistence of phase coherence
over appropriate time intervals, therefore a SAR coherence mask (threshold = 0.5) was set to mask
the noisy areas of the interferogram [54]. The phase values can be affected by ambiguity (unwrapped
phase), but, due to the short-elapsed time between two subsequent measurements on Stromboli
volcano, the interferometric displacements were usually smaller than half wavelength, so that no
unwrapping procedures were needed.

The GBInSAR phase data are useful to detect: (i) the inflation/deflation of the summit plumbing
system [40,44]; (ii) small-to-large scale slope instability, in response to eruptive (over-steepening and
overloading; [14]) and magmatic activity (dike intrusions; [33,56]); (iii) the gravitational re-adjustment
of the talus, sometimes evolving into rock-falls [35]; (iv) thermal contraction of the lava field, mainly in
areas of lower pre-effusive slope angle [57]; and, (v) persistent flank motion [58].

Averaged power (amplitude squared) images produced by the GBInSAR NE400 were used to
quantitatively evaluate the changes in the NEC’s morphology, as they were the closest devices to the
NEC. Each analyzed image was derived-from-48-images averaged (≈ 1 every 4 h) in order to increase
the signal to noise ratio and, in doing so, facilitate its interpretation. Because the NEC rim produced a
shadow zone corresponding to the crater depression, it was possible to calculate the area of the crater
itself as it changed over time [14]. The standard deviation was calculated as equal to 80 m2 (see [14]).
A threshold was set at ~50 dB to map the area affected by the NEC widening and narrowing collapse.

2.3. Satellite Remote Sensing Monitoring

Multispectral satellite images processing is increasingly demonstrating its potential in providing
both timely event detection for volcanic effusive events and, in the case of eruption, extraction of
parameters that can help tracking the lava flow [59]. Even if the volcanic features of interest are
usually much smaller than the nominal pixel size of the satellite image, moderate spatial resolution
sensors (~1 km) can detect emitted radiance in the mid-infrared (MIR) wavelengths, a spectral region
in which high temperature events, such as active lava flows, vents, and domes, emit copious amounts
of energy. Satellite infrared data represented a useful means to describe the evolution of the eruptive
event occurred during 28 March–1 April at Stromboli volcano. In particular, we used the HOTSAT
system [60–62] to detect the presence of thermal anomalies through the analysis of multispectral
infrared images acquired by a variety of satellite sensors with a revisit time of about 12 h per satellite,
such as VIIRS (Visible Infrared Imaging Radiometer Suite), providing at-nadir pixel footprint of
375 m for I-bands, SLSTR (Sea and Land Surface Temperature Radiometer) on board of SENTINEL-3,
and MODIS (Moderate Resolution Imaging Spectroradiometer), both providing 1 km pixels at-nadir.
The combined use of sensors that differed for spatial characteristics (from 375 m to 1 km) and different
acquisition times has proved to be a robust and reliable instrument for the thermal monitoring of
active volcanoes [63–65]. The HOTSAT system locates the thermal anomalies (hotspot), computes the
associated radiant heat flux summing up the contribute of each hotspot pixel, and, in the case of effusive
eruption, provides the Time Averaged Discharge Rate (TADR) as proportional to the radiant heat
flux [66]. The conversion from radiant heat flux to TADR was performed according to Harris et al. [67]
using: TADR = Q/(ρ (cp ΔT + cL ΔΦ)), where Q is the total thermal flux obtained summing up the
radiative power computed for each hotspot pixel, ρ is the lava density (2600 kg m–3), cp is the specific
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heat capacity (1150 J kg–1 K–1), ΔT is the eruption temperature minus temperature at which flow stops
(100–200 K), cL is the latent heat of crystallization (3.5 × 105 J kg–1, and ΔΦ is the volume percent of
crystals that form while cooling through ΔT (30–54%).

The HOTSAT system was extended with a new module to process data acquired by Landsat 8 OLI
and TIRS, Sentinel 2 MSI, and ASTER images in order to exploit higher spatial resolution multispectral
images. Besides providing further information on the radiant heat flux, these data can be used to locate
eruptive vents and describe the evolution of the lava flow field [68–70], based on the spatial and spectral
resolution of the available bands and the phase and size of the eruption they catch. For example, in
the case of an ongoing eruption, Sentinel-2 MSI, thanks to its bands in the SWIR (bands 11 and 12),
can provide the position of an active vent and flow at the spatial resolution of 20 m, whereas Landsat-8
OLI, with its SWIR bands 6 and 7, can provide the same information at 30 m of spatial resolution. If a
crusted lava flow is cooling, SWIR bands might not be able to detect it; on the other hand, it could
still be visible in the thermal infrared TIR bands, i.e., Landsat 8 TIRS (bands 10 and 11) or ASTER
(bands 10–14) at 100 and 90 m of spatial resolution, respectively. Due to the limited temporal resolution
of these higher spatial resolution multispectral images, post-eruptive images occur more often than
intra-eruptive ones and, in many cases, the flows cool too fast to be visible, even in the TIR bands.

Recently, the high spatial resolution and freely available information coming from the Multispectral
Imager (MSI) on-board Sentinel-2 satellite has been used to facilitate the two-dimensional (2D) mapping
of lava flows [71] through a new Machine Learning (ML) classifier, which discriminates the recent lava
flows from pre- and post-eruptive multispectral images acquired by MSI, combined with pre-eruptive
digital topography. Bands 2, 3, 4, and 8 at the spatial resolution of 10 m are used as input to the classifier.
This ML approach relies on two steps: (i) a k-medoids unsupervised classifier separating input data in
clusters whose pixels have the same properties; and, (ii) a Bayesian neural network mapping recent
lava flows. In particular, the first step reveals pixels undergoing similar changes in time between pre-
and post-eruptive images, adopting the correlation distance as a measure of similarity. Subsequently,
in the second step, a small representative subset of each cluster is exploited to train the BNN, so that it
provides us with the pixels belonging to the recent lava flow.

The advancement of satellite remote sensing techniques also has great potential for what concerns
the three-dimensional mapping of volcanic products. Indeed, high spatial resolution data acquired
in stereo, tri-stereo, or multi-view configuration (e.g., Pléiades, PlanetScope, ASTER) can be used
to frequently update the topography and to estimate volcanic deposits by differencing successive
topographies. Such estimates can improve the 2D mapping of lava flows while providing an
independent maximum bound to lava flow volume that can be derived from the satellite infrared
data [59,64,72,73]. We exploited the Pléiades constellation, which is composed of two optical satellites,
Pléiades 1A and 1B, respectively, launched on December 2011 and 2012, in order to retrieve areas,
volumes, and thickness distribution of the recent volcanic deposits in Stromboli. These satellites
provide images at 50 cm spatial resolution in stereo and tri-stereo mode [74]. The 3D processing of the
Pléiades imagery was performed using the free and open source MicMac photogrammetric library
(available at http://micmac.ensg.eu), in this way 1-m Digital Elevation Models (DEMs) were obtained.

We derived two 1-m DEMs to further constrain the volume of volcanic deposits: a pre-eruptive
one from the tri-stereo optical imagery acquired on 8 October 2019, and a post-eruptive one from the
Pléaides-1 images of 7 April 2020. We differentiated them, so to obtain the thickness distributions
of volcanic deposits emplaced between October 2019 and April 2020. The two DEMs were first
co-registered using the Nuth and Kääb [75] method in order to avoid any errors that could derive from
a misalignment.

2.4. The INGV Seismic Network

The seismic monitoring of Stromboli is based on a broadband seismic network [76] deployed
on the island after the 2002–2003 effusive eruption. In the following years, the number of stations
decreased due to the closure of some routes. Moreover, the seismic network was also damaged by the
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paroxysmal explosions of 2003, 2007, and 2019. The current configuration consists of seven stations
(Figure 1, Table 2), managed by INGV-OV and INGV-OE. The data transmission is based on UHF radio
links and the INGV wireless local area networking system. Seismic data are first transmitted to the
centres in Stromboli and Lipari and then to the acquisition centres of the INGV-OV and the INGV-OE,
in Napoli and Catania, respectively.

Table 2. Technical characteristics of the seismic network stations.

Station Sensor Sampling Rate Sps

STR1 Guralp CMG40T 50
STR4 Guralp CMG40T 50
STRA Guralp CMG40T 50
STRC Guralp CMG40T 50
STRE Guralp CMG40T 50
STRG Guralp CMG40T 50
IST3 Nanometrics Trillium120PA 100

Stromboli seismicity is typically characterized by explosion-generated signals [77–81] and by
persistent volcanic tremor [82]. Seismic signals that are associated with landslides [83,84], rolling blocks,
PDCs, and lava flows were also recorded in the period 28 March–1 April 2020 (Figure 2). Although the
explosion signals are transient events, compared to the recordings of tectonic and volcano-tectonic
earthquakes, they (Figure 2a) are characterized by an emerging onset, so that a clear arrival of the
P wave cannot be recognized on the seismogram. Moreover, they show a wide frequency band
(0.05–10 Hz) containing a Very Long Period (VLP) event. The volcanic tremor (Figure 2b), typical of
open conduit volcanoes, has a frequency content of between 1 and 3 Hz.

The signals that are caused by the typical landslides in loose pyroclastic deposits on the SdF
(Figure 2c) have a fusiform envelope and are characterized by a relatively high frequency (4–15 Hz).
An increase in the occurrence of these signals was a short-term precursor of the flank effusive eruption
on 2007; therefore, they have been studied in detail in various works, especially from the point of
view of their automatic and early detection [83,84]. Such signals are partly due to the morphogenetic
processes of the SdF slope. Moreover, they can be related to the explosive activity that throws incoherent
materials on the slope, which can be easily re-mobilized, thus generating landslides. These are also
favored by effusive activity, as the lava front is often a source of incoherent material, which can move
on the steep slope of the volcano’s flank [84]. Additionally, the signals that are caused by the rolling of
large blocks (Figure 2d), in some cases, can be associated with detachments occurring at the lava flow
front. They are similar to the ones associated with landslides in loose pyroclastic deposits, however
some impulsive phases can be recognized in the waveform, and the spectrogram shows a less gradual
onset when compared to that of the landslides in loose pyroclastic deposits. In the example of Figure 2d,
the association of the seismic signal with the rolling of large blocks was based on its comparison with
the images of the cameras. But an experienced seismic analyst is able to distinguish these signals, even
on the basis of the visual analysis of the seismogram alone. This type of signal can also originate from
rock-falls along the cliffs of the Labronzo area (North edge of the SdF). Occasionally, they were recorded
on the southern side of the island, where there are steep morphologies. The signals caused by the
rolling of large blocks (Figure 2d) are similar to the ones that were associated with landslides, however
some impulsive phases can be recognized in the waveform, and the spectrogram shows a less gradual
onset as compared to that of the landslides. These signals can also be associated with detachments
occurring at the lava flow front. The signals that are linked to hot avalanches or PDCs (Figure 2e) are
characterized by frequencies with a range 1–5 Hz and are due to incoherent hot materials that form
massive flows. On 31 March 2020, the PDC mechanism generated seismic signals with large amplitude
at the stations that are closest to the SdF slope.
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Figure 2. Examples of seismograms and spectrograms of seismic signals recorded at Stromboli in the
studied period. Recording start times are reported at the bottom of each plot. The duration of the plots
is one minute. (a) seismic signal and spectrogram produced by strombolian explosion; (b) seismic
signal and spectrogram produced by volcanic tremor; (c) seismicity and spectrogram resulting from
loose landslides; (d) seismic signal and spectrogram generated by blocks rolling down the Sciara del
Fuoco slope; (e) seismic signal and spectrogram caused by pyroclastic density currents; (f) seismic trace
and spectrogram recorded during the emplacement of lava flows.

3. Results

3.1. Eruptive Activity between 28 March and 1 April 2020

The eruptive activity taking place at Stromboli between 28 March and 1 April 2020 was studied
using the images recorded both by satellites and by the INGV-OE monitoring cameras network.
On 30 March and for the first half of the day on 1 April, poor weather conditions limited the visibility
of the crater area.

The explosive activity at the summit vents was rather intense on 28 March, with 20–25 explosions/h
obtained from both cameras SPCT (West flank) and SCT (East flank of the SdF, Figures 1 and 3a).
The eruptive activity took place at the NEC, featuring very intense explosions generating a spherical
shape of incandescent spatters, which spread more laterally than vertically and all along the crater rim,
fell on the NE outer flank and rolled down the SdF slope. This relationship between magma depth and
column shape has been established previously [85], thus this shape of the explosions suggested that
the level of magma within the vent was very shallow—estimated in a few tens of meters. Meanwhile,
the explosions produced by the SWC were essentially of hot gas and ash with collimated jets extending
more vertically than laterally, thus indicating that the level of magma within this vent was rather
deep—estimated in a few hundred of meters [85]. At 15:38 the first landslide of hot debris coming
from the NE rim of the NEC was observed, and it was followed by a powerful explosion. A similar
landslide—the second reported on that day - occurred at 15:42, and it was apparently caused by the
instability of the hot debris accumulated by the explosions on the steep slope of the NEC outer crater
flank. Between 16:09 and 17:00 a series of small landslides from the NEC crater rim began, whose
frequency increased in time until it became almost continuous. At 17:02 a lava flow started overflowing
from a vent located at the base of the NE crater rim, and both thermal cameras suddenly recorded a
significant decrease of the total number of explosions/h, from the previous 20–25 to 5–15 explosions/h
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(Figure 3a). At 17:44, the crater outline, as observed from SQV, showed a v-shaped cut in the crater
rim, located above the effusive vent, which was caused by a collapse. The area of the missing block,
estimated from the images recorded by the SQV camera, was ~110 m2. When considering a thickness
of ~10 m for the missing block, the volume of the crater rim eroded by the landslides resulted in
~1.1 × 103 m3. The erosion caused by the spreading of the lava flows on the North flank of the cone,
forming a channel that was also widening by failures and erosion of the lateral margins, was ~1000 m2,
estimated again by the images of the SQV camera. When considering a thickness of ~5 m for the
collapsed area, a total volume of ~5.0 × 103 m3 can be estimated. At 18:00, several incandescent blocks
detaching from the lava flow fronts reached the sea, where formed an apron. After 19:00, the lava flow
gradually decreased its output rate, and so did the number of landslides along the SdF, that had been
triggered by the failure of incandescent blocks detaching from the flow fronts (Figure 3b). By midnight,
the lava flow was no longer fed and, as soon as it stopped, the number of explosions per h gradually
increased during the 29 March (Figure 3a). Poor visibility characterized most of 30 March between
07:00 and midnight, but from the images of SCT at 23:31 we could distinguish incandescent blocks
that rolled over the NEC crater rim and down the SdF slope, signaling the start of another overflow.
The number and size of the incandescent blocks rolling down the slope increased at 23:49, while two
lava flows were spreading, one towards East and another towards North. The North flow was the
longest and turned out to have the greater flux. The incandescent blocks detaching from the flow fronts
accumulated along the coast and formed a hot talus that could be easily viewed during the early h of
31 March. At 01:46 and 01:49, two PDCs descended the SdF reaching the sea, and expanded as a cloud
on the sea surface, followed by several other similar events, most of which are listed in Table 3. It is
worth noting that the speed of the PDCs spreading on the sea surface was generally increasing from
6.9 m s−1 to 23.3 m s−1 between 01:50 and 02:51, and decreasing afterwards to 5.9 m s−1 until 03:41.
The measured distance that was travelled by the PDC on the sea surface from the coast varied between
108 and 165 m, with speeds between 4.4 and 23.3 m s−1 (Table 3). Table 4 presents a list of several
lava flows and PDCs that descended the SdF and reached the coast during 31 March. It shows the
difference between the speed of the lava flows, from 2.8 to 5.2 m s−1, and the PDCs, which displayed
velocities that were between 12.9 and 40.3 m s−1.

Figure 3. Cont.
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Figure 3. Comparative graphs of monitoring data collected between 28 March and 1 April 2020, with the
two red rectangles displaying the duration of the two overflows from the NE crater rim occurred on 28
and 30–31 March. (a) Number of explosions per h detected from the thermal monitoring cameras SCT
(red line) and SPCT (blue line) between 28 March and 1 April 2020. The parts with no data are caused
by poor weather conditions with clouds obscuring the summit area; (b) Real Time Seismic Amplitude
Monitoring (RSAM) of the STRE station (Figure 1) seismic signal (East–West component) filtered at
a frequency > 10 Hz, calculated on 15-s windows); (c) GBInSAR NE190 cumulative displacement
(positive values refer to the increasing distance between the sensor and the target area, representing
the deflation of the summit area; (d) Standardized NEC area measured using GBInSAR NE400 power
images (one image every four h; xn = xu μ/σ; where xn is the standardized data, xu is the original data,
μ is the mean and σ is the standard deviation of the time series); and, (e) Radiant heat flux estimated by
HOTSAT using Moderate Resolution Imaging Spectroradiometer (MODIS) (blue dots), Sea and Land
Surface Temperature Radiometer (SLSTR) (red dots), and Visible Infrared Imaging Radiometer Suite
(VIIRS) (green dots) data from 28 March to 1 April 2020.

Table 3. List of the pyroclastic density currents (PDCs) spreading on the sea surface on 31 March 2020,
as detected from the SPCT camera. The start time indicates when the flow reached the coast, the end
time when it reached the maximum distance out to sea.

Start Time (hh:mm:ss) End Time (hh:mm:ss) Distance on the Sea (m) Speed (m s−1)

01:50:00.0 01:50:20.5 141 6.9
02:35:25.5 02:35:50.0 108 4.4
02:45:10.0 02:45:21.0 118 10.7
02:48:36.5 02:48:47.5 120 10.9
02:51:41.5 02:51:47.5 140 23.3
02:54:15.5 02:54:27.0 140 12.2
03:02:25.0 03:02:42.5 134 7.7
03:06:23.0 03:06:40.0 165 9.7
03:37:09.0 03:37:25.5 145 8.8
03:39:07.5 03:39:22.0 141 9.7
03:41:46.5 03:42:13.0 155 5.9
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Table 4. List of the pyroclastic density currents (PDCs) and lava flows that descended the Sciara del
Fuoco slope on 31 March 2020, as detected from the SPCT camera. The distance on the slope is intended
as the path length measured along the slope from the starting point to the coast.

Start Time (hh:mm:ss) End Time (hh:mm:ss) Distance on the Slope (m) Speed (m/s) Flow Type

01:46:36.5 01:47:02.0 1028 40.3 PDC
02:34:45.5 02:35:27.0 1028 24.7 PDC
02:38:50.0 02:42:32.0 1028 4.6 Lava flow
02:40:00.0 02:45:07.0 864 2.8 Lava flow
02:50:54.5 02:51:42.0 864 18.0 PDC
02:55:13.0 02:56:03.5 740 14.8 PDC
03:00:19.0 03:01:04.0 699 15.5 PDC
03:05:43.0 03:06:23.0 740 18.5 PDC
03:30:00.0 03:31:27.0 452 5.2 Lava flow
03:41:17.0 03:41:57.0 514 12.9 PDC

Table 4 also shows how the path to the coast decreased with time with the extension of the lava
flows down the slope. This happens because many PDCs were starting from the lava flow fronts by
detachment of hot blocks at breaks in slope. Once the PDCs reached the coast and spread on the sea
surface, most of them formed ash clouds that expanded backwards and upslope to the crater area.
Not all of the lava flows and PDCs that actually occurred are reported in Table 4, but only those where
the visibility was clear enough to allow for an accurate measurement of the path and speed.

The alternation between lava flows and PDCs that descended the SdF slope indicates the gradual
erosion of the summit cone that is caused by the emplacement of the lava flow and by the erosion of
the summit cone. After 04:44 the lava flow widened at the coastline, forming a hot apron. Lava flows
and PDCs continued during the morning at a decreasing rate corresponding to the gradual decrease of
the supply to the lava flows, accompanied by a gradual increase of the explosions number from the
summit craters (Figure 3a). The lava flow output decreased even more after 19:00 and, by 22:30 of
31 March, the lava flow was apparently no longer fed.

Figure 3 shows a comparison between different parameters measured during the period of interest
(28 March–1 April 2020). Figure 3a shows how the number of explosions per h before this second
lava flow was ~25 explosions/h, it decreased to below 5 explosions/h with the start of the lava flow
output, and increased again after the end of the lava flows. This observation is consistent with the
erupted volume for the 30–31 March lava flow, which was much greater when compared to that of the
28 March lava flow. After the emplacement of the 30–31 March lava flow, the NE flank of the summit
cone outline was significantly modified. Being concave upwards at first, it appeared convex at the end,
and the eroded surface was estimated at ~730 m2. When considering a depth of ~10 m, the eroded
volume of the summit cone can be estimated to be ~7.3 × 103 m3. This brings the total volume of the
summit cone, collapsed from the uppermost NE flank between 28 and 31 March 2020, to 13.4 × 103 m3.

Figure 3b displays the RSAM [86] of the STRE station (Figure 1) seismic signal (East–West
component) filtered at a frequency >10 Hz, calculated within 15-s windows. RSAM stands for Real
Time Seismic Amplitude Monitoring and it is based on the moving average of the seismic signal
absolute value, optionally filtered in specific frequency bands. This parameter is sensitive to landslides,
which generate frequencies >10 Hz in the seismic wave field of Stromboli that is generally dominated
by frequencies <10 Hz. These signals can also be associated with lava overflows as the collapsing lava
flow fronts can generate landslides. Therefore, the RSAM shown in Figure 3b clearly highlights both of
the lava overflows that occurred on 28 and the 30–31 March 2020 as well as the PDCs spreading along
the SdF.

Figure 3e shows the radiant heat flux registered between 28 March and 1 April. The first thermal
anomalies were detected on 28 March (at 01:10) by MODIS, on 28 March (at 23:48) by VIIRS, and on
29 March (at 08:50) by SLSTR. Poor weather conditions and the short duration and magnitude of the
activity prevented observation of the overflow that occurred on 28 March. The peak of activity was
recorded by MODIS on 31 March at 12:45, with a radiant heat flux of about 1.1 GW, probably being
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associated with the maximum areal extent of the lava flow. The final thermal anomaly was detected by
SLSTR on 1 April at 20:30.

3.2. GBInSAR Data

The eruptive activity reported between 28 March and 1 April 2020 was not accompanied by a
long-term inflation of the summit area (Figure 3c,d and Figure 4), as was recorded for the 2012–2013
and 2014 eruptive activities [14,40,44,58]. Displacements that were recorded by the GBInSAR devices
were located around the NEC and were mainly associated to the accumulation and instability of the
newly emplaced material (Figure 3a). Abrupt change in deformation behavior (that is, movement
away from the sensors) occurred between 01:50 on 31 March 2020 and 05:34 on 1 April 2020 (Figure 3c).
Deflation was restricted to the very upper part (Figure 4b), as occurred on 27 February 2007 (lava flow),
15 February 2013 (overflow), and 7 August 2014 (lava flow). Along with summit deflation, localized
movement toward the sensors was recorded in the NEC area and along the SdF, that was attributable to
slope instability related to the outpouring of the overflows. In Figure 3d, it is possible to observe that
the NEC area had remained roughly constant until 01:45 on 31 March 2020, when it increased almost
abruptly, indicating strong crater widening. The NEC area returned quickly to its original dimensions
at 06:40 on 1 April 2020.

Figure 4. Cont.
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Figure 4. (a) 28 February 2020−27 March 2020, representing the pre-effusive period. Measured
displacement was restricted to the NEC area and related to the accumulation and gravitational
instability of the newly emplaced volcanic material; and, (b) 31 March 2020 cumulative displacement,
highlighting the syn-eruptive deflation that occurred between 00:35 and 05:09.

3.3. Satellite-Derived Lava Flow Field Retrievals

During the effusive phase that occurred between 30 March and 1 April, we converted the radiant
heat flux (Figure 3e) into Time-Averaged Discharge Rate (TADR), which is an estimation of the effusion
rate averaged over a certain duration ([87]; Figure 5). Integrating the TADR curve, we obtained an
upper and lower bound for the erupted Dense Rock Equivalent (DRE) lava volume that can be placed
between 37 and 69 × 103 m3. This compares to the volume of the NEC eroded during the overflows,
which was estimated at 13.4 × 103 m3.

The mapping of the lava overflow that occurred between 28 March and 1 April was performed
through the ML classifier [72], using the Sentinel-2 MSI image acquired on 13 March as representative
of the pre-eruptive, and the two images of 7 and 12 April 2020 as post-eruptive. As pre-eruptive
topography, we used a 1-m Digital Elevation Model (DEM) that was generated by very high-resolution
tri-stereo optical imagery acquired by the Pléiades-1 satellite constellation on 8 October 2019 [88].
Following the same steps that are discussed in [72], pixels with similar spectral properties were grouped
in 50 clusters by the k-medoids unsupervised classifier. Subsequently, three pixels for each cluster
were labelled to train the BNN, i.e., 150 pixels were used overall. To improve the accuracy, the lava
flow field was then refined using the Pléiades image acquired on 7 April 2020, which provides a pixel
resolution of 0.5 m.

Figure 6 shows the lava flow map resulting from the ML classifier. The area measures
94,500 ± 3380 m2. The uncertainty was calculated by multiplying the satellite-derived perimeter
(6760 m) by the pixel resolution of the Péiades-1 imagery (0.50 m) [69].

73



Remote Sens. 2020, 12, 3010

 
Figure 5. Minimum, mean, and maximum estimates for Time-Averaged Discharge Rate (TADR) and
volume estimated during the effusive phase occurred from 30 March to 1 April 2020.

 
Figure 6. Google Earth view of the satellite-derived lava overflows from the NE crater rim spreading
along the Sciara del Fuoco. The lava flow field (red contour) has been superimposed from the Pléiades
image acquired on 7 April 2020.

In the area that was identified thanks to the ML classification (Figure 6), we found a thickness of
volcanic deposits that goes from−14 m (due to the coastal erosion) to 14 m (in proximity of the NE crater)
(Figure 7). The volume of the deposits accumulated near the NE crater amounts to 34,600 ± 9700 m3.
For calculating the volume of the main lava flow spreading on the SdF, we analyzed the histogram of
the thicknesses (inset in Figure 7), finding a peak to 0.8 m. Being the most frequent value, we assigned it
to the pixels where the DEM difference was negative, thus estimating a volume of 144,400 ± 79,000 m3.
Consequently, the total bulk volume of deposits thus amounts to 179,000 ± 89,000 m3. The uncertainty
was computed by multiplying the areas by the residual vertical accuracy outside the margins of the
deposits, i.e., the standard deviation (~1.7 m) of the DEM difference in the area that was not covered
by deposits.
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Figure 7. Three-dimensional (3D) mapping of the deposit in the area obtained using the ML classifier
emplaced between 8 October 2019 and 7 April 2020.

3.4. Seismicity

The observation of large amplitude signals that were associated with PDCs, in particular those that
occurred on March 31, is the main peculiarity of the seismic data recorded during the March–April 2020
eruptive crisis at Stromboli. To gain insight into the nature of these signals, we compared the seismic
recordings to the images of thermal cameras (Figure 8a), timed with the same reference system as the
seismic network (UTC based on GPS). The signal due to a PDC consists of a landslide-type initial
part and a near monochromatic phase (peak frequency around 3 Hz) with much larger amplitude.
The spectrogram (Figure 8b) clearly highlights the transition between the two phases that occurs
exactly at the time of the impact of the PDC on the coast. The landslide-type signal is shown in red
in Figure 8c, whereas the near monochromatic phase is drawn in blue. This observation highlights
that the PDCs flowing on the ground generate signals that are similar to those typical of landslides
moving on the SdF. The material accelerates on the slope and then impacts on the coastline (or on the
sea surface). The impact generates the large amplitude 1–3 Hz phase.

We also focused on the seismic amplitude of STRE station, near the SdF where the PDCs flow,
and STR1 station, which is relatively far from the SdF. The comparison between different seismograms
produced in one h at STRE and STR1 stations (Figure 1), including the major PDCs that occurred on
31 March, is displayed in Figure 9 and indicates the explosion (E) and PDC signals. We calculated
the ratio between the amplitude of the E3 explosion and PDC4 signals (top of Figure 9) that were
recorded at the two stations (STRE: black; STR1: red). In order to evaluate the seismic amplitude,
we calculated the average of the absolute values (RSAM [86]) of 30-s windows of both the explosion and
PDC signals, starting from the onsets of the transients recorded by the two different stations (vertical
component). Subsequently, we calculated the amplitude ratios of the explosion signals and the PDC
signals. We obtained E3 ratio (STRE RSAM)/(STR1 RSAM) ≈ 2 and PDC4 ratio (STRE RSAM)/(STR1
RSAM) ≈ 4. This observation highlights the rapid decay of the seismic signal amplitude moving away
from SdF slope and confirms that the source of the seismic phase with dominant frequency around
3 Hz is on the surface.
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Figure 8. Comparison of a PDC seismic signal, starting at 03:43:54, 31 March 2020 (labeled “I”) with
the thermal camera images. (a) Impact of the PDC on the coast line recorded by the SPCT camera
(see Figure 1 for camera location). (b) Seismogram and spectrogram of the PDC signal that occurred on
31 March at 03:43:54. The magenta arrows, labeled “I”, indicate the onset of the landslide-type seismic
signal. The red arrows, labeled “II”, indicate the beginning of the 1–3 Hz frequency signal generated by
the impact of the PDC on the coast line at 03:44:23 UTC. (c) 10 min of seismic signal highpass-filtered in
frequencies >10 Hz (red) and bandpass-filtered in the 1–3 Hz band (blue) containing the recordings of
some of the major PDCs that occurred on 31 March 2020. The amplitude of the highpass-filtered signal
(red) is multiplied × 20. The yellow box highlights the PDCs represented in panels (a) and (b).

 

Figure 9. Comparison of one-h (2020-03-31T03: 00:00–2020-03-31T04: 00:00 UTC) of the vertical
component seismic signals of the STRE (black line) and STR1 (red line) stations. The E and PDC labels
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followed by an integer represent the signals of the most significant explosions and PDCs respectively,
recorded in the considered time interval. At the top of the figure, the seismograms of the PDC4 and E3
explosion are shown in detail.

4. Discussion

Between 28 March and 1 April 2020, the summit craters of Stromboli volcano produced two
overflows, on 28 and 30–31 March. The two episodes lasted ~7 h and ~23 h, respectively, and were
accompanied by the descent of PDCs down the SdF slope and on the sea surface. Integrating several
monitoring data, comprising visual and thermal images from a network of fixed cameras, ground
deformation from GBInSAR, seismicity, and satellite images, we could reconstruct the sequence of
events that occurred between 28 March and 1 April 2020 and understand their eruptive processes,
gaining useful insights for hazard assessment.

The explosive activity, in terms of the number of explosions versus time, increased before the
28 March and 30 March lava flows (Figure 3a), which suggested that the magma level was becoming
shallower within the feeder conduit [19,39,49,50] prior to the lava flow output. Lava flows were
heralded and followed by rock-falls and landslides, which triggered the descent of PDCs down the SdF
slope (Figure 3b). The number and duration of these events, as recorded by the seismic network, appear
much greater during the 30–31 March lava flow, which lasted longer than the previous event. The first
effusive episode was not preceded by significant deformation of the summit zone as detected by the
GBInSAR (Figure 3c,d and Figure 4), whereas the second was accompanied by a sudden widening
and narrowing of the NE crater zone (Figure 3c,d), and followed by a deflation of the summit crater
terrace (max 17 mm recorded away from the sensors, Figure 4b). It should be noted that deflation of
the crater terrace (Figure 3c,d) did not occur after the 28 March lava flow, confirming that its erupted
volume was probably much smaller compared to the 30–31 March event. The number of explosions at
the summit craters decreased after both the lava flow outputs, but this decline was greater and lasted
longer on 30–31 March (Figure 3a), yet again suggesting a greater drainage of the shallow conduit,
consistent with a larger erupted volume, which generated this lava flow. Hence, during the eruptive
phase that took place between 28 March and 1 April at Stromboli, the shift at the summit craters from
the persistent Strombolian explosions to lava flow output was heralded by an increase in the rate
of explosions, and by a shallower magma level within the feeder conduit [19,39,49,50]. Conversely,
the decrease of explosive activity following the lava flow output suggests that the drainage of the
uppermost conduit was efficient, requiring a certain amount of time (of the order of h, Figure 3a) in
order to allow the magma level to rise again after drainage in order to restore the persistent Strombolian
activity at the summit craters. This is consistent with similar events, which were observed during the
much longer 2002–2003 and 2007 effusive phases [19,39,89–91]. Satellite data allowed us to obtain the
map of the lava flows expanding on the SdF slope between 28 March and 1 April, which was estimated
at 94,500 ± 3380 m2 (Figure 6), the radiant heat flux over time (Figure 3e), and, consequently, the TADR
(Figure 5), providing an estimation of the cumulative erupted lava flow volume at 37–69 × 103 m3 DRE.
This compares to the volume of the NEC flank eroded during the overflows that was obtained from the
camera images, resulting in 13.4 × 103 m3.

The behavior of the lava flow spreading from the craters down to the steep SdF slope was
consistent with an increase of the lava viscosity and of the yield strength, caused by a decrease in
gas-content and bulk temperature of the flow, as well as its crystallization [92]. As a consequence,
the lava flow front fragmented and hot blocks detached and descended the slope, the fragmentation
generating several PDCs [19,39,44]. Again, PDCs formation was more relevant during the 30–31 March
lava flow than during the previous 28 March lava flow, confirming a lower volume and/or shorter
extent of the former lava flow. Poor weather conditions impeded a clear view of the summit crater area
from the camera monitoring network, which only detected the mid-lower portion of the slope along
which the lava flowed and PDCs were spreading. However, we could obtain the average spreading
velocity of several lava flows and PDCs descending down the SdF slope (Table 4) and on the sea surface
(Table 3). These data show an increase of the speed of the PDCs spreading on the sea surface from
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6.9 m s−1 to 23.3 m s−1 between 01:50 and 02:51 on 31 March, which later decreased to 5.9 m s−1 until
03:41. This is consistent with the greater speed of PDCs and lava flows along the SdF slope that was
detected during the same lapse of time (Table 4), which led us to assume that the greater PDC velocity
on the sea surface was probably caused by an initial greater thermal efficiency of the PDC starting from
a higher elevation and flowing along the slope above the active, well-fed and hot lava flow. This might
have increased PDC mobility, allowing for it to reach the coast and spread on the sea surface at high
speed. By comparison, the velocity of some PDCs emplaced in 1997 at Montserrat by dome collapses
whose velocity was between 8 and 21.9 m s−1 [93,94], whereas much greater values of ~100 m s−1 were
obtained for the PDC that was emplaced during the 1888 phreatic eruption at Bandai Volcano [95].
Several PDCs on 30 and 31 March at Stromboli spread on the sea surface up to a maximum distance
of ~165 m from the coast, with an estimated speed up to ~23 m s−1 (Table 3). This velocity compares
pretty well to the measurement of more than 27.8 m s−1 (more than 100 km h−1; M. Pompilio, INGV
unpublished report, 29 January 2003) obtained on a video of the PDC spreading on the sea surface for
more than 100 m during the landslide and flank collapse of Stromboli on 30 December 2002. Similar
PDCs spread on the sea surface at Stromboli in 2014 during the initial stages of the flank eruption,
propagating for several tens of meters from the coast at speeds of 5.9 and 9.8 m s−1 [33].

The velocity to which the PDC expanded on the sea surface decreased along with the supply
to the lava flow that was descending down the slope; at the same time, the PDC was travelling a
shorter distance along the SdF slope (Table 4), thus causing a slower expansion of the PDC along
the slope and reaching the coast at a lower speed. The measured distance that was travelled by the
PDC on the sea surface from the coast varied between 108 and 165 m, with speeds between 4.4 and
23.3 m s−1 (Table 3). Hence, we understand that also small volume PDCs, like those produced during
28 March–1 April 2020 at Stromboli, can spread on the sea surface for hundred meters distance from
the coast, causing a potential hazard for bathers, fishermen, or touristic boats sailing along the North
coast of the island. Moreover, it must be considered that the ash cloud spreading backwards from the
sea to the craters might produce ash fallout that could possibly reach tourists trekking along the SdF
margins, even at lower heights.

PDCs spreading on the sea surface are not uncommon on Stromboli, and they surely represent an
underestimated threat. They occurred during the subaerial and submarine landslide that caused a
tsunami in December 2002 [16,17,96]; during the initial phases of flank effusive eruptions in 2002–2003,
2007, and 2014 [32,36,39]; after paroxysmal explosive eruptions triggered by column collapse [39,97,98];
and every time there is a small failure (with volumes of the order of 104 or 105 m3) of the summit
craters due to overloading or instability [33,34]. The two most impressive episodes occurred in 2019
as a result of the 4–5 km high eruptive column collapse after the paroxysmal explosions of 3 July
and 28 August. On these occasions, the PDCs expanded on the sea surface for several hundred
meters threatening a boat with tourists onboard (https://www.youtube.com/watch?v=RPKgS3sPP1Y).
Lava flow velocities are normally much lower when compared to the mobility of PDCs, with speeds
normally below 10 m s−1 ([99], and references therein), because of their greater viscosity (e.g., [100]).
Only rarely they pose a threat to people, with the exception of few cases of lava accumulated within
a crater and suddenly drained by a fissure opening, such as on Nyiragongo [101,102]. However, at
Stromboli, lava flows can represent an indirect threat because they can erode the base of the summit
cone and trigger summit collapses [14].

Table 4 shows the very different speed along the same SdF slope between lava flows, which had
velocities between 2.8 and 5.2 m s−1, and the PDCs, which displayed velocities between 12.9 and
40.3 m s−1. Several authors [103–105] observed that abrupt slope changes or variations in magma
supply affect the velocity of lava flows. When the slope is greater than 24◦, it can result in the
detachment of blocks from the flow front to form talus and, when the slope is even greater, as in the
case of the SdF on Stromboli that reaches 30–35◦ [44,106], the tensional stresses overcome the tensional
strength, so that the lava cannot flow any longer. Instead, it breaks into incandescent blocks [103]
rolling down the slope and forming a PDC and a distal pile of talus.
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The monitoring of PDCs along the slope of steep volcanoes, like Stromboli, is therefore of crucial
importance, because they unexpectedly evolve into flank collapses possibly triggering tsunamis, as
happened at Stromboli in 2002 [16,17,96], and more recently at Anak Krakatau in 2018. On that occasion,
the tsunami caused over 430 fatalities, injured 14,000 people, and displaced 33,000 more along the
Sunda Strait [18,107]. Interesting enough, the precursory phase of the Anak Krakatau flank collapse
was characterized by an increase of the eruptive activity that lasted for 175 days, and the collapse
was preceded by two seismic signals consistent with minor mass movements as well as a momentary
quiescence [18,107]. Luckily, the mass movements in the eruptive crisis of 28 March–1 April 2020 at
Stromboli were of modest size, not comparable to the events that were described at Anak Krakatau.
However, the PDC seismic recordings of Stromboli share some characteristics with the PDCs recorded
on other volcanoes, such as Merapi [108] and Unzen [109]. In general, the PDC seismic signals have
frequency content between 2 and 15 Hz, similar to that of signals due to landslides in loose clastic
material. When PDCs originate from dome collapse, as in the case of Unzen [109], they may contain a
lower frequency component caused by the collapse of the dome. In general, the onset of PDC seismic
signals emerges with a gradual increase in amplitude, which then remains constant on average for
the entire time of the event. These characteristics lead to the classification of PDC seismic signals as
continuous and non-transient signals [110]. In addition to these characteristics, in the Stromboli PDC
seismograms we were able for the first time to identify the seismic signals caused by the impact of
PDCs on the coastline. They could be due to the development of a T phase that can be generated
when a landslide enters the underwater environment ([89] and references therein). However, the very
well defined peak frequency around 3 Hz (Figure 2e), within the tremor frequency band (Figure 2b),
can also be attributed to the resonance of the shallow conduit located in the volcano edifice at a small
depth below the SdF [77], which generates the volcanic tremor of Stromboli [82].

Processing and combining multispectral infrared images that were acquired by a variety of satellite
sensors with different spatial characteristics and acquisition times allowed for us to derive the radiant
heat flux from 28 March at 01:10 to 1 April at 20:30, finding a peak of thermal activity of ~1.1 GW
on 31 March at 12:45 (Figure 3e). Poor weather conditions, as well as the limited time duration and
small magnitude of the event, did not allow for the calculation of the TADR and volume of the lava
overflow erupted on 28 March, but only that erupted from 30 to 31 March, obtaining a peak of TADR of
~2.3 m3 s−1 on 31 March at 12:45 and a volume of ~53 × 103 m3 for the 30–31 March overflow. Because
it emplaced in 23 h, the Mean Output Rate (MOR) results ~0.65 m3 s−1. Using a ML approach, we
were able to estimate a cumulated area over which the two lava overflows emplaced, which amounts
to 94,500 m2. From DEM difference, we retrieved a total average bulk volume of ~179 × 103 m3

emplaced between 8 October 2019 and 7 April 2020, which reduces to a DRE volume of ~136 × 103 m3

when considering an average lava vesicularity of 25% [111]. This value includes four overflows,
which all occurred in the same area, on 18 January, 3 February, 28 March and 30–31 March 2020.
Comparing it to the satellite-derived estimate for 30–31 March, we found a DRE cumulative volume
of ~83 × 103 m3 emitted during the three previous events. Due to the comparable duration (a few
hours) of the overflows occurred on 18 January, 3 February, and 28 March, it is plausible to divide this
volume equally, obtaining ~27.5 × 103 m3 per each eruptive episode. Summing up this value with
the one derived from multispectral infrared satellite images for the 30–31 March, a lava volume of
~80.5 × 103 m3 could have been emitted during 28 March–1 April, eventually providing an average
thickness of 0.85 m.

5. Conclusions

Even if eruption-induced mass-flows at Stromboli volcano are common, the triggering mechanisms
are yet to be fully understood, also because of the great diversity of the observed phenomena. In this
study, the mass-flows that were associated with overflows occurred between 28 March and 1 April 2020
have been analyzed through the use of remote sensing data, both with ground and satellite based
sensors, and deriving from seismic sensors. The analysis of the videos recorded by the network of fixed
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monitoring cameras allowed for the description of the events, as well as the calculation of the velocity
to which the lava flowed and the PDCs descended down the SdF and on the sea surface. These videos
also made it possible to count the explosions occurring at the summit craters over time. Two GBInSAR
devices detected both ground-deformation and morphological changes induced by the slope instability.
Remote sensing data also include multispectral satellite data, used to constrain lava flow field area
and volume, as well as an estimation of the effusion rate. Moreover, seismic data made it possible to
characterize the various stages of the instability phenomena and, at the same time, to integrate the
camera data for the description of the relationship between overflows and PDCs, and they were also
useful for detecting the signal of the impact of PDCs on the sea surface.

The main results of this study can be summarized, as follows:

- before the analyzed phase, the explosive activity at the summit vents was reasonably intense
(20–25 explosions/h), with a prevalence of explosions that produced coarse material in the NEC
(i.e., shallow magma level in the conduit);

- the 28 March 2020 overflow was anticipated by some landslides that involved the material
accumulated in the areas around the NEC (total eroded volume ~5–6 × 103 m3), even if these did
not generate a substantial widening of the crater itself;

- the first overflow was accompanied by a decrease of the total number of explosions/h (from the
previous 20–25 to 5–15 explosions/h);

- PDCs were also generated by the crumbling of the overflow front, they reached the sea and
formed an apron on the coast;

- no ground deformation was recorded before nor after the 28 March event, meaning that the lava
flow volume was small;

- after the first overflow, the number of landslides detected with the seismic network decreased,
while the number of explosions increased again, suggesting a new upward movement of the
magma level within the conduit;

- the onset of the new overflow phase occurred on 30 March together with a new sharp reduction in
the number of explosions, a new increase in the number of landslides, which produced a significant
variation in the morphology of the crater and which were associated with the accumulation of
incandescent material along the coast line;

- the PDCs linked to the initial phase originated from the NEC area (total eroded volume
~7.3 × 103 m3), whereas, as the effusive phase progressed, the subsequent PDCs were generated
directly by crumbling of lava flow front along the steep slope of the SdF;

- PDCs reached the sea with variable speed (between 12.9 and 40.3 ms−1), partly flowing on
the water;

- the entry into the sea of these mass-flows is associated with a strong variation in seismic signals,
with the disappearance of the typical signal associated with the landslides in Stromboli (high
frequency; 4–15 Hz) and the appearance of another one characterized by a large amplitude and
lower frequency (1–3 Hz);

- this change in the seismic signal could be due to the PDC entrance in the underwater environment,
as well as to the resonance of the Stromboli conduit, which is located in the volcano edifice, at a
small depth below the SdF;

- the lava overflows that were emplaced between 28 March and 1 April covered a total area of
94,500 ± 3380 m2;

- the volume of the deposits accumulated from October 2019 to April 2020 near the NE crater
amounts to 34,600± 9700 m3, whereas the volume in the overflows area was of 144,400± 79,000 m3,
for a total amount of 179,000 ± 89,000 m3. Thermal satellite data also allowed for constraining the
DRE lava volume between 37 and 69 × 103 m3 emplaced from 30 March to 1 April 2020; integrating
this result with those that were obtained from DEM difference, a lava volume of ~80.5 × 103 m3

could have been emitted during 28 March–1 April.
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Abstract: Multi-sensor strategies are key to the real-time determination of eruptive source parameters
(ESPs) of explosive eruptions necessary to forecast accurately both tephra dispersal and deposition.
To explore the capacity of these strategies in various eruptive conditions, we analyze data acquired
by two Doppler radars, ground- and satellite-based infrared sensors, one infrasound array, visible
video-monitoring cameras as well as data from tephra-fallout deposits associated with a weak and a
strong paroxysmal event at Mount Etna (Italy). We find that the different sensors provide comple-
mentary observations that should be critically analyzed and combined to provide comprehensive
estimates of ESPs. First, all measurements of plume height agree during the strong paroxysmal activ-
ity considered, whereas some discrepancies are found for the weak paroxysm due to rapid plume and
cloud dilution. Second, the event duration, key to convert the total erupted mass (TEM) in the mass
eruption rate (MER) and vice versa, varies depending on the sensor used, providing information on
different phases of the paroxysm (i.e., unsteady lava fountaining, lava fountain-fed tephra plume,
waning phase associated with plume and cloud expansion in the atmosphere). As a result, TEM and
MER derived from different sensors also correspond to the different phases of the paroxysms. Finally,
satellite retrievals for grain-size can be combined with radar data to provide a first approximation
of total grain-size distribution (TGSD) in near real-time. Such a TGSD shows a promising agree-
ment with the TGSD derived from the combination of satellite data and whole deposit grain-size
distribution (WDGSD).

Keywords: tephra; remote sensing; plume height; mass eruption rate; total erupted mass; total
grain-size distribution

1. Introduction

The injection of large volumes of tephra into the atmosphere during explosive erup-
tions has the potential to cause air traffic disruption, while the associated fallout may
also impact public health, infrastructures, and various economic sectors (e.g., agricul-
ture, tourism) [1,2]. The near real-time monitoring of active volcanoes is, thus, critical
and requires strategies that are valid for a large set of eruptive conditions. At Mount
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Etna (Italy), a variety of monitoring networks exists and includes a unique set of comple-
mentary remote sensing systems with ground- and satellite-based infrared instruments
(e.g., [3–8]), Doppler radars [9–15], infrasound arrays [16,17], lidar [18–20] and visual
cameras [20–22] (Figure 1a). The Istituto Nazionale di Geofisica e Vulcanologia, Osser-
vatorio Etneo (INGV-OE) is also responsible for characterizing tephra-fallout deposits
associated with Etna explosive events [23–27]. Originally, each strategy has been used
individually to provide some estimates of key eruptive source parameters (ESPs), such as
mass eruption rate (MER), plume height (HT), total erupted mass (TEM), total grain-size
distribution (TGSD), necessary to volcanic ash transportation and dispersal models (VAT-
DMs) [3,4,12–14,16,21,28,29]. However, due to intrinsic limitations (e.g., sensor detection
limits, deposit exposure), individual strategies cannot provide a comprehensive characteri-
zation of all these ESPs. Recently, multi-sensor strategies have been developed to better
constrain MER, HT, and TGSD from ground sampling, plume models, and available remote
sensing systems [7,15,30–34]. Ultimately, multi-sensor strategies are also being used for
the real-time determination of column height during volcano monitoring activities [22].
However, the accuracy of such combined strategies remains poorly constrained. Moreover,
the sensor applicability limits have been investigated mostly during strong events and not
verified for less intense plumes.

Between 2011 and 2015, Etna has produced about 50 paroxysmal events associated
with the emission of fountain-fed tephra plumes. All paroxysms are characterized by
highly varying ESPs with plume heights ranging between 5.2 and 17.6 km above sea
level [8,33,35,36]. Such variability of eruptive processes may challenge the development
of multi-sensor strategies especially because they are mostly based on strong paroxysms
such as the events on 23 November 2013 [6,7,27] and 3–5 December 2015 [14,37,38]. In
order to discuss the capacity of various remote sensing strategies to provide accurate ESPs
regardless of eruptive conditions, here we characterize the weak paroxysm that occurred
on 10 April 2011 and we compare it with the strong paroxysm of 23 November 2013. It
is important to note that in addition to the interest in exploring the characterization of
weak paroxysms, which are generally more frequent than strong paroxysms [35,36], such
a selection was mostly driven by the availability of geophysical data as well as deposit
observations. In fact, both the 10 April 2011 and the 23 November 2013 paroxysms are
associated with data from two Doppler radars, visual and infrared cameras, satellite
retrievals, and infrasonic signals as well as deposit sampling.

On 8 April 2011, a strombolian activity started at the New Southeast Crater (NSEC)
around 06:00 UTC and lasted 2 days until the activity turned into lava fountaining at
09:12 UTC on 10 April 2011 [4,35]. This activity was weak and characterized by few
sustained ballistic emissions reaching about 200 m above the crater rim [5]. A fountain-
fed plume was emitted (Figure 1b) and reached altitudes of ~4 km above sea level at
10:00 UTC then about 7 km at 11:00 UTC according to the Hybrid Single-Particle Lagrangian
Integrated Trajectory Model (HYSPLIT) forecast [39]. Despite this weak activity, the plume
was sub-vertical due to the presence of low wind speed with an average of 7.6 m/s [4].
This eruption, that lasted 250 min [30], has been recorded by a total of six different remote
sensing systems (i.e., Microwave Weather Radar—MWR, L-Band Radar—VOLDORAD-2B,
Satellites—Aqua/Terra- Moderate Resolution Imaging Spectroradiometer (MODIS) and
MSG-Spinning Enhanced Visible and Infrared Imager (SEVIRI), Infrasound, Visual and
Infrared Cameras) (Figure 1) and the tephra-fallout deposit was sampled just after the
event at 18 different locations (Figure 2).
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Figure 1. (a) Location of all remote sensing systems considered in this work (VOLDORAD 2B: V2B,
Thermal camera; X-band weather radar: MWR; visible camera: ECV; Infrasound arrays on Etna
ETN and Monte Vettore MVT) as well as the extension of the tephra-fallout deposit associated with
the 10 April 2011 event (black area; 1 g/m2 isomass line), and both the X-band (red area) and the
satellite-derived plume/cloud margins (blue area). Note that V2B and the thermal camera have the
same location. Inset: location of the remote sensors closed to the vent. (b) Observation from Catania
visible camera (ECV) of the 10 April 2011 fountain-fed tephra plume.
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Figure 2. Isomass map of the 10 April 2011 tephra-fallout deposit. Individual sample values of
ground accumulation (g/m2) are shown in white. Isoline values are displayed in yellow.

The 23 November 2013 paroxysm is one of the largest paroxysms that occurred at
Etna since 2001 [6,7,27,30–32]. Sustained lava fountains reaching heights >1 km above the
vent generated a moderately weak tephra plume at altitudes of 11–12 km a.s.l. under a
mean wind velocity of 17.9 m/s [4]. Bombs and blocks were carried up to 5 km from the
vent and a 2-cm thick tephra deposit with cm-sized lapilli up to 20 km from the vent was
observed [27]. The 23 November 2013 paroxysmal episode has been well documented and
already used in the past as a case study to test multi-sensor strategies [7,15,31,33].

This paper is organized as follows. In Section 2, we present all methodologies and
strategies used to derive ESPs of the 10 April 2011 and the 23 November 2013 paroxysms.
We describe the results in Section 3 and discuss them in Section 4. Finally, conclusions are
drafted in Section 5. See Appendix A for all acronyms and symbols used in this paper.

2. Methodology

2.1. ESPs from Tephra-Fallout Deposit

During the 10 April 2011 paroxysm, the fountain-fed plume was drifted southeast-
wardly by predominant winds and produced an elongated tephra-fallout deposit up to the
coastline (Figures 1 and 2). In total, 18 samples were collected from 7 to 22 km from the
NSEC (now simply called SEC). Unfortunately, as often happens at Etna due to the difficult
access to summit areas and inside La Valle del Bove, no proximal data, i.e., <7 km from the
vent, could be acquired.

2.1.1. Total Erupted Mass and Mass Eruption Rate

We compiled an isomass map from measurements of ground accumulation (g/m2)
across the entire deposit. The TEM associated with the tephra-fallout deposit (TEMdep) was
obtained based on the most used strategies in literature, i.e., by integrating the exponential
best fit [40], the power-law best fit [41], and the Weibull best fit functions [42] of mass/area
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data versus the square root of isomass contours (Figure 2). The average MERdep was then
derived by dividing the TEMdep obtained by the three integration methods by the duration
of the tephra plume emission based on the two most meaningful remote sensing systems
for this phase (i.e., MWR and satellite-based data; see following sections for more details).

2.1.2. Whole Deposit Grain-Size Distribution

All tephra-fallout samples were manually sieved down to 4 Φ (i.e., 63 microns).
We obtained the mass of all individual sieved fractions, i.e., each half Φ class, using a
10−4 g resolution weighing scale (Figure A1). We determined the size distributions of all
samples having a mass of ≤1 g using a BETTERSIZER morpho-grainsizer (https://www.3p-
instruments.com/analyzers/bettersizer_s3_plus/; accessed on 26 May 2021). We applied
the Voronoi Tessellation method of Bonadonna and Houghton [41] to compute the whole
deposit grain-size distribution (WDGSD) by using a dedicated Matlab application [43].

2.2. ESPs from Doppler Radars

In this study, we consider two different ground-based pulsed Doppler radars whose
respective different characteristics allow for different ESPs to be constrained. One of these
radars is a scanning microwave weather radar (MWR) working at a wavelength λ of
3 × 10−2 m and located at Catania airport, 33 km south from Mount Etna (Figure 1a). The
MWR is operated by the Italian Civil Protection and provides 12 different elevated scans
up to a maximum distance of 80 km from the radar site and with space-time resolution
of 100 m and 10 min [7,14,15,33]. In addition, we take advantage of the fixed-pointing
VOLDORAD-2B (V2B), located at La Montagnola Station (2610 m a.s.l.) (Figure 1a), which
has been monitoring the near-source explosive activity of Etna’s summit craters since
2009 [11,12]. V2B is an L-band Doppler radar working at λ = 23.5 × 10−2 m and whose
sampling rate of 5 Hz allows to record explosive ejection at high time resolution. Besides,
open-access data based on Doppler radar records at Etna is made available, including
about 50 eruptive episodes since 2011 [12,44].

2.2.1. Mass Parameters from MWR

Various strategies have been developed to derive the MER from Doppler radar at
Mount Etna. First, assuming that MWR detects near-source eruptive jets that are vertical
during paroxysm and uniform within the vent surface, we can derive the MER based on
the surface flux approach (SFA; [15,33]). Similarly to the methodology of Calvari et al. [4]
to derive eruptive bulk volumes from thermal infrared images at Etna (see Section 2.4.1),
the SFA uses the following equation:

MERSFA(t) = vexit(t)ρxS (1)

where ρx is the density of the detected mixture set to 14.9 ± 3 kg/m3 for Mount Etna’s
lava fountains [15] and S is the eruptive vent surface (m2). Using this approach implies
that the exit velocity is linked to the whole erupted mixture, i.e., both lava fountains and
tephra plumes.

An additional strategy can be used to derive the MER from the MWR. This second
approach, called near surface approach (NSA; [14,33]), implies that the recorded velocity
corresponds to that of tephra particles entering the beam and not the exit velocity at the
vent. This method uses the following flux equation:

MERNSA(t) = Ct(t)ventry(t)A (2)

where MERNSA(t) represents the MER (kg/s) based on the NSA approach, Ct(t) is the
tephra concentration (kg/m3), ventry is the entry velocity of particles in the radar beam
(m/s) (as a first approximation ventry = vexit of Equation (1)), and A (different from S) is the
entry surface of the detected volcanic jet in the beam (m2).
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The computation of the tephra concentration (Equation (2)) detected by the MWR
is based on the volcanic advanced (or Ash) radar retrieval algorithm (VARR) developed
by Marzano et al. [10] and largely described in Marzano et al. [45], Mereu et al. [46], and
Marzano et al. [15]. Basically, the VARR provides synthetic estimates of concentration Ct
and mean diameter Dn of detected particle mixtures (see Section 2.2.3) by using a Monte
Carlo approach. By entering a given tephra size class [15,47], the VARR solves equations
that link the radar reflectivity factor Z (in dBZ) with both concentration and diameter [9,47].
Ct(t) is obtained using the following equation:

Ct(t) = βexp[Z(t)γ] (3)

with β and γ being two parameters determined by the VARR related to a given class of
tephra sizes (see [46]).

In addition to the SFA and NSA, the MWR provides 3D scans of the entire eruptive
columns [14,15] and first estimates of HT. From this, we can use the top plume approach
(TPA; [15]) by entering HT in the Degruyter and Bonadonna [48] formula to derive MERTPA.
An additional approach that can be used with MWR data, the mass continuity approach
(MCA; [15,47]), is based on the mass conservation equations and is calculated by con-
sidering the mass that enters and leaves a constrained volume above the eruptive vent
(see [15,46] for more details).

2.2.2. Mass Parameters from V2B

Given that the V2B’s beam is fixed and pointing right above Etna’s active vents,
it cannot provide direct information on the eruptive columns that are mostly fed by
lava fountains. Nonetheless, as for MWR determination of mass parameters, the SFA
(Equation (1)) and NSA (Equation (2)) can be used directly with V2B’s data [15]. The
exit velocity from V2B is calculated by taking into account the elevation angle (θ) of
the radar beam with vexit=vr/sin(θ) ([12]). In particular, 1/sin(θ) is equal to 4.45 in
Equation (1) for all events that happened before December 2012 at Etna and 3.89 for
the others until today [30]. Following V2B’s radar beam description provided by Don-
nadieu et al. [12] and Freret-Lorgeril et al. [30], A in Equation (2) corresponds to the half
3-D surface of the volume sounded above the vent, which has a height of 300 m (i.e., the
length of the two probed volumes above the NSEC; [30]) and a radius of 280 m. Finally, for
V2B, β and γ in Equation (3) are equal to 0.8827 and 0.04625, respectively.

In addition, assuming that the tephra plume is fed by the lava fountain, the product
between V2B echo power and radial velocity (vr) measured in beam volumes above the
erupting crater can also be used to calculate the MER. In fact, this product, directly propor-
tional to the tephra mass in the bin (mass proxy), has been shown to be proportional to HT
and has been calibrated using the theoretical formula of Degruyter and Bonadonna [48]
that links HT to the MER [30]. Estimates of MER using the proxy method have been applied
to 47 paroxysms that occurred at Etna between 2011 and 2015.

2.2.3. Radar Grain-Size Distribution

Dual-polarization radars, such as the MWR, provide the first estimates of grain-size
distributions related to the size classes they are sensitive to. As stated above, the VARR
provides an estimate of the reflectivity-weighted mean diameter Dn potentially detected by
both MWR and V2B by applying the following parametric equation:

Dn(t) = δexp[Z(t)ε] (4)

with δ and ε being two parameters, whose values depend on which class of tephra sizes is
input in the VARR algorithm (see [45,46]).

Depending on the aforementioned tephra size classes, β, γ, δ, and ε parameters
(Equations (3) and (4)) have different values and can provide polydisperse grain-size infor-
mation from MWR measurements [46]. Starting from Ct estimates of VARR
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(Equation (3)), the MWR grain-size distribution is computed as the ratio between the
particle weight Wp based on the mean diameter Dn (Equation (4)) and the total particle
weight Wt of the whole tephra plume. We compute Wp as the total tephra mass, for discrete
increasing steps of particle size and multiply by the gravitational acceleration in kg/m2/s.
Each discrete mass value is normalized by the total particle weight Wt, computed as the
integral of Wp extended to the whole particle diameter (D) range, i.e., a single class of
possible sizes from 0.008 to 64 mm used in this study. In this way, we derive the GSDMWR
(wt%) according to the following relation:

Wp(Dn) =

(
4
3

π

(
Dn

2

)3
ρp

)
g and wt% =

Wp(Dn)∫ ∞
0 W(Dn)dD

100 (5)

where g is the gravitational acceleration.

2.2.4. Plume Height

Given that the VOLDORAD 2B does not capture the whole plume but only the
jet region, HT can only be determined based on the MWR located at Catania airport
(Figure 1b). Plume height determination from MWR data is straightforward thanks to
each radar scan of the eruptive column with a resolution of 10 min [14,15,28]. Height mea-
surements by the MWR meet the usual detection limitations such as possible incomplete
volume filling, beam scans not going high enough, small particle concentrations, and/or
sizes remaining undetected on plume margins.

2.3. Mass Eruption Rate from Ground-Based Thermal Camera

The INGV-OE monitoring network includes ground-based thermal infrared cameras
that have been used to indirectly determine the MER during paroxysmal events [3,4,6]
(Figure 1a). By estimating the height of the thermally saturated domains in eruptive
columns that are assumed to correspond to lava fountains [4] and found to be very similar
to the vertical ballistic domain seen with the MWR [46], the Torricelli equation can be used
to compute the source exit velocity (vexit in m/s) [15,33]. Assuming that the tephra plumes
at Etna are fed by lava fountains during paroxysmal activity [15,30,33], the exit velocity
can be used to compute the MER using the SFA method (Equation (1); [15]).

2.4. ESPs from Satellite Retrievals
2.4.1. Plume Height

Satellite-based observations made each 15 min by the geostationary MSG-SEVIRI
platform are widely used to retrieve volcanic plume heights [7,8,49,50]. At Etna, they are
retrieved by applying the dark pixel procedure [51] over an area of 729 km2 (9 × 9 pixels of
3 km resolution) centered on Etna’s summit craters [6,7] (Figure 1a). Assuming that detected
plumes are in thermal equilibrium with the surrounding atmosphere, the volcanic plume
heights can be derived from the comparison between the darkest pixel (the pixel with
the lower brightness temperature computed at 11 μm) of the selected area and the ARPA
atmospheric profiles available at INGV-OE every 6 h [8,20,52]. When available, we also
use data obtained by MODIS onboard the NASA Terra and Aqua polar-orbiting platforms.
Despite their lower temporal resolution, i.e., three-four measurements per day over Etnean
area compared with 96 or 288 SEVIRI daily images (every 15 or 5 min respectively), MODIS
spatial resolution is higher with an image pixel resolution of 1 km2. One of the main
strengths of satellite-based detection is the capacity to capture volcanic plumes and clouds
over large distances from their source (Figure 1a). However, as ground-based visible
imagery, satellite-based ash detection suffers from the presence of meteorological water
and ice clouds in the plume environment. In addition, satellite-derived plume height might
present large uncertainties when plumes are too diluted to avoid ground contribution to
the overall mixture temperature [52].
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The discrimination between ash and ice/water vapor particles is obtained by ex-
ploiting their different absorption at 11 and 12 μm [53]. Negative brightness temperature
difference (BTD), the difference between the brightness temperature at 11 and 12 μm,
indicates the presence of ash and vice-versa for ice/water vapor particles. In particular,
the 10 April 2011 event shows the formation of large quantities of ice particles that cover
almost all the ash present in the volcanic cloud.

2.4.2. Erupted Mass and Grain-Size Distribution

Quantitative ESPs from SEVIRI data are derived using the volcanic plume retrieval
algorithm to estimate the amount of fine ash and also SO2 carried by volcanic clouds
(VPR; [7,29,54–56]). This procedure allows removing the detected volcanic cloud from
satellite images by a linear interpolation of the radiances at the plume edges. The compari-
son between the original and the interpolated images allows the estimation of the volcanic
cloud transmittances at SEVIRI thermal infrared (TIR) bands centered at 8.7, 10.8, and
12 μm (Channels 7, 9, and 10). From those quantities, the particles’ effective radius (Re)
and the aerosol optical depth (AOD) are derived. From both Re and AOD, the ash mass per
unit area (g/m2) can be computed using the Wen and Rose [57] simplified formula. The
same procedure stands for MODIS Channels 29, 31, and 32. Consequently, we can compute
the GSDsat by using values of particle radius in all pixels containing ash signal from the
beginning to the end of the paroxysmal event. The GSDsat was weighted in mass, for each
SEVIRI image, using the ratio between the total mass of pixels containing particles within
a certain Φ range and the total mass of the whole volcanic cloud. We computed the mean
GSDsat by averaging all the SEVIRI images that displayed at least 100 pixels containing ash
particles. It is important to note that the ash particles retrieved in the TIR spectral range are
those with effective radii (Re) between 0.5 and 10 μm (i.e., diameters comprised between
5.5 and 10 Φ).

From SEVIRI data, a mass flux (kg/s) used to determine a total erupted mass is
computed from a transect perpendicular to the plume dispersal axis at 15 km from the
vent and considering the wind speed derived from the ARPA profiles at the plume al-
titude. Finally, the MODIS-based mass fluxes are computed by applying the “traverse”
approach [52,58–61] and considering the wind speed at the volcanic cloud
altitude derived from the Trapani WMO atmospheric profiles (37.91 N, 12.50 E)
[http://weather.uwyo.edu/upperair/sounding.html (last access on 15 April 2021)].

2.5. ESPs from Infrasound Array

At Etna, two small aperture infrasound arrays managed by the University of Florence
are set up at 5500 (ETN at 2100 m a.s.l.) and 6500 m (MVT at 1800 m a.s.l.) from the
summit vents for monitoring purposes (Figure 1a). Infrasonic data have been shown to be
relevant at quantifying the dynamics of lava fountaining activity [62] and have been used
to produce an early-warning system for paroxysmal events at Etna [16,63]. Experimental
and numerical studies have been carried out to simulate the infrasound signal generated
in eruptive conduits [64,65]. The acoustic waves generated in a volcanic conduit will be
affected by the acoustic impedance contrast between the open-end surface of the volcanic
vent and the atmosphere. A large part of the acoustic wave energy at the vent-atmosphere
boundary is reflected inside the conduit as a function of the ka parameter defined by the
acoustic wave number k and the effective vent radius a [65]. At the vent surface, acoustic
pressure inside the conduit decreases drastically to equilibrate the atmospheric pressure,
and, for the conservation of the flux, the acoustic velocity increases almost two times for
a small value of ka. The propagation from inside the conduit to the atmosphere strongly
influences the radiation pattern and the amplitude of the acoustic wavefield transmitted in
the atmosphere. The directivity due to the vent radius and wave number for ka < 0.43 can
be neglected and the radiation pattern is isotropic outside the vent [65].
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Exit Velocities and MER

As shown by Ulivieri et al. [62] and Ripepe et al. [16], the frequency content for lava
fountaining events at Mount Etna is typically below 1 Hz, as was the case of both the
events described here. Considering a vent radius ranging between 5 and 20 m (i.e., 5 m,
10 m, 13.5 m, 20 m), ka values are ranging between 0.09 and 0.36 (see [65]), hence below
0.43. This means that the acoustic signal can be used to calculate the volumetric flux inside
the conduit qi(t) considering a perfectly isotropic radiation pattern outside the vent and
an insertion loss caused by topography IL = 0, given that the ETN array position is in the
line-of-sight with the NSEC vent [65]:

qi(t) =
2πr

(1 + |R|)ρα10(
IL
20 )

t∫
0

ΔP
(

t +
r
c

)
dt (6)

where α is the directivity at 0◦ being equal to 1, ΔP is the pressure signal (Pa), t is the time
(s), r is the distance between the acoustic source and the array (m), c is the speed of sound
of 345 m/s, ρ is the atmosphere density (kg/m3) and |R| is the acoustic reflectance that
ranges between 0.99 and 0.90 for our ka values (0.09–0.36). Finally, we can estimate the
infrasound acoustic velocity by dividing qi(t) by the cross-section area of the eruptive vent,
which needs to be constrained. We used the exit velocities retrieved from V2B signals to
constrain the best-suited vent radii to compute velocities from the acoustic signal. The
resulting best vent radius will also be used in the SFA (Equation (1)) for both the V2B and
MWR. In addition, we used infrasound velocity to determine the independent MER using
the SFA methodology [15,66].

2.6. Plume Height from Visible Camera

The monitoring network of the INGV-OE uses a set of visual cameras that record Etna’s
summit craters and their close environment in real-time. Images taken by these cameras
have been calibrated to allow direct measurements of plume heights depending on daily
weather forecast [20] and following isolines of heights above sea leveltitude derived from
the Trapani WMO atmosp (Figure 1b; [21,22]). In particular, we use a visible camera located
at Catania (ECV; Figure 1a) to evaluate plume height during an explosive event. Images are
recorded each 1 s and provide plume height estimates with an uncertainty of ±0.5 km [21].
The main limitations of this method are the strong influence of weather and light conditions,
e.g., the presence of clouds, and the incapacity to measure heights above 9 km (a.s.l.) or
when plumes are drifted outside the camera’s field of view during the period of 2011–2013.
In order to improve the visible monitoring system and extend its use to various plume
dispersal axes, a new camera was installed on the west flank of Mount Etna (i.e., Etna Bronte
High Definition camera, EBHD). This camera, thanks to its field of view and depending
on wind direction, allows a maximally visible determination of HT up to 15 km (a.s.l.)
(see Scollo et al. [22] for more details).

3. Results

3.1. Plume Height Estimates

As previously described, plume height can be independently determined at Etna
based on at least three different remote sensing systems that are complementary in terms
of detection limits and space-time resolution (Visible Camera, Satellite retrievals—MODIS
and SEVIRI, and X-Band radar—MWR) (see Figure 3).
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Figure 3. Plume height estimates on10 April 2011 (a) and 23 November 2013 (b) from X-band radar
(MWR, black line), MODIS at 12:30 UTC (green cross), SEVIRI (blue line), and ECV (red line). Red
dashed line corresponds to ECV measurements when the plume starts to leave the field of view. The
start and end time of the paroxysmal activity is derived from VOLDORAD 2B signal and indicated
by the black arrow. Error bars are also shown for all sensors.

Even though the determination of HT by the visual camera (ECV) was not possible
after 11:20 UTC due to the presence of meteorological clouds, continuous detection during
the whole 10 April 2011 paroxysm was possible with the MWR and SEVIRI (Figure 3a).
In addition, a punctual measurement obtained at 12:30 UTC using MODIS data is also
available. Heights obtained from ECV images (Figure 1b) are derived from 10:10 to
11:20 UTC [22,30]. Starting from 5 km a.s.l., HT increases rapidly and starts oscillating
between 8 and 9 km a.s.l. (red dashed line in Figure 3a) from 10:58 to 11:20 UTC. After
that time, the highest part of the plume leaves the camera field of view until the end of
the paroxysm. As derived from MWR and SEVIRI data, HT also increases at 09:30 UTC
from 1 km above NSEC to reach maximal altitudes of 8.9 ± 0.3 km a.s.l. as seen with the
MWR at 11:20 UTC, and 6.1 km a.s.l. at 12:15 UTC using SEVIRI. Despite offering data
only during the increase of the paroxysmal activity, ECV’s height estimates agree with
MWR heights as does the 7.9 km height a.s.l. retrieved with MODIS at 12:30 UTC. On
average, SEVIRI records display average HT that are 1–2 km lower than the MWR during
the paroxysmal activity. Nevertheless, both instruments present similar HT values after the
end of the paroxysm at 13:30 UTC with average values around 5.9 ± 0.4 km for MWR and
5.0 ± 0.6 km for SEVIRI until 15:15 UTC when HT starts to decrease.

HT on 23 November 2013 as detected by ECV started to increase from 09:15 up to
09:55 UTC to reach altitudes up to 9 ± 0.5 km a.s.l. (Figure 3b). HT derived by the MWR
and SEVIRI increased rapidly at 09:30 UTC up to similar top heights of 11.7 km a.s.l. at
10:10 UTC and 12.0 km a.s.l. at 10:07 UTC, respectively. The MWR and ECV-based HT
increase 5–10 min before satellite estimates. Over the same eruptive period between 09:30
and 10:30 UTC, mean HT derived from the MWR, ECV and SEVIRI are close with values of
8.2 ± 3.2, 7.4 ± 1.5, and 6.9 ± 3.4 km a.s.l., respectively. The X-band detection of the tephra
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plume ends at 10:40 UTC, ~20 min after the end of the paroxysm while visible and satellite
thermal data last up to 11:30 and 12:02 UTC, respectively.

3.2. Determination of Exit Velocity, TEM and MER
3.2.1. Mixture Exit Velocity from V2B and Infrasound

We determined the vertical velocity of the eruptive mixture above the vent as retrieved
from the Doppler radar V2B and infrasound measurements. These vertical velocities can
be considered as a first approximation of the source vexit that is used to compute MERSFA

(Equation (1)) as well as the velocity ventry at which the eruptive mixture enters radar beams
that are used to compute MERNSA (Equation (2)).

V2B and infrasound measurements result in a similar mean exit velocity when using
vent radii considered in previous studies for Etna (i.e., a radius of 10 m and 13.5 m [3,15,67]).
In particular, the mean exit velocity associated with V2B and infrasound is 43.7 ± 26.7 m/s
and 42.6 ± 18.8 m/s for the 10 April 2011 paroxysm, and 101.1 ± 63.1 and 129.2 ± 62.7 m/s,
respectively (Tables 1 and 2 and Figure 4). The values of exit velocities associated with the
infrasound are averaged between the calculation for 10 m and 13.5 m vent radius. Given
that neither of the two values provides a perfect match, we will use both vent radii to
compute the SFA-based MER hereafter.

Table 1. 10 April 2011 paroxysm eruptive source parameters (ESPs) retrieved for all methodologies (in case of multiple
strategies associated with individual sensors, mean values are indicated in bold). * duration from Calvari et al. [4]. ** Total
erupted mass (TEM) derived with the power law strategy (averaged for distal integration limits of 100 and 400 km from
vent). *** Mean duration from all microwave weather radar (MWR) and satellite approaches.

Mean Exit
Velocity (m/s)

Max HT (km a.s.l.) Method Duration (min) TEM (kg)
Averaged MER

(kg/s)

ECV / >9 ECV / / /

V2B 43.7 ± 26.7 /

SFA 250 5.8 × 109 2.8 ± 1.6 × 105

NSA 250 2.2 × 109 1.4 ± 1.2 × 105

Proxy 250 4.0 × 108 2.7 ± 3.5 × 104

MEAN 250 2.8 ± 2.8 × 109 1.5 ± 1.3 × 105

MWR / 8.9

SFA 210 1.2 × 109 9.3 ± 0.4 × 104

NSA 190 2.6 × 109 2.3 ± 1.7 × 105

TPA 420 4.7 × 109 1.9 ± 2.3 × 105

MCA 410 6.4 × 108 2.6 ± 2.4 × 104

MEAN 308 ± 124 2.3 ± 1.8 × 109 1.4 ± 0.9 × 105

Infrasound 42.6 ± 18.8 / SFA 273 2.9 × 109 2.0 ± 0.9 × 105

Ground-IR / / SFA 240 * 1.2 × 109 8.6 ± 2.5 × 104

SEVIRI / 6.1

TPA 315 6.0 × 108 2.7 ± 2.5 × 104

VPR-ASH 255 2.0 × 106 1.2 ± 0.9 × 102

VPR-ICE 370 4.9 × 107 2.1 ± 1.3 × 103

MODIS / 7.9
ASH 160 2.3 × 106 2.6 ± 3.1 × 102

ICE 170 1.4 × 107 1.7 ± 1.7 × 103

Deposit / /

Power-law ** 310 ± 94 *** 4.7 ± 2.3 × 107 2.5 ± 2.0 × 103

Weibull 1.3 × 107 0.7 × 103

Exponential 1.4 × 107 0.8 × 103

MEAN 2.5 ± 1.9 × 107 1.4 ± 1.1 × 103
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Table 2. 23 November 2013 paroxysm ESPs retrieved for all methodologies. * TEM derived with the power law strategy (averaged for
distal integration limits of 100 and 400 km from vent). ** TEM derived by Andronico et al. [27]. *** Mean duration from all the MWR
and satellite approaches.

Mean Exit
Velocity (m/s)

Max HT (km a.s.l.) Method
Signal

Duration (min)
TEM (kg)

Averaged MER
(kg/s)

ECV / >9 / / / /

V2B

53.8 ± 63.7
(07:00–10:30)
101.1 ± 63.1
(09:00–10:30)

/

SFA 193 4.2 × 109 3.4 ± 3.8 × 105

NSA 193 2.7 × 109 2.3 ± 3.5 × 105

Proxy 193 4.3 × 109 3.6 ± 8.3 × 105

MEAN 193 3.7 ± 0.9 × 109 3.1 ± 0.7 × 105

MWR / 11.7

SFA 40 3.5 × 109 1.5 ± 0.4 × 106

NSA 30 4.3 × 109 2.6 ± 2.2 × 106

TPA 80 6.4 × 109 1.3 ± 1.5 × 106

MCA 70 5.5 × 109 1.3 ± 1.5 × 106

MEAN 55 ± 24 4.9 ± 1.3 × 109 1.7 ± 0.6 × 106

Infrasound
129.2 ± 62.7
(09:00–10:30)

/ SFA 85 3.7 × 109 7.4 ± 3.7 × 105

Ground-IR / / SFA 130 5.8 × 109 7.5 ± 4.7 × 105

SEVIRI / 12.0
TPA 40 3.6 × 109 1.4 ± 1.8 × 106

VPR-ASH 120 1.3 × 107 1.6 ± 1.8 × 103

VPR-ICE 105 1.0 × 107 1.4 ± 1.3 × 103

Deposit / /

Power–Law *

69 ± 35 ***

1.4 ± 0.0 × 109 3.4 ± 1.7 × 105

Weibull ** 1.3 × 109 3.1 × 105

Exponential 1.2 × 109 2.9 × 105

MEAN 1.3 ± 0.1 × 109 3.1 ± 0.3 × 105

 

Figure 4. Mixture exit velocities determined by onfrasound (black and blue lines) and L-band Doppler radar VOLDORAD
2B (V2B, orange and red lines) during (a) the 10 April 2011 and (b) the 23 November 2013 paroxysms. In particular, the
determination of the exit velocity with the infrasound is based on a vent diameter of 10 m (black line) and 13.5 m (green
line) as well as 20 m (blue line).

3.2.2. TEM and MER from Tephra-Fallout Deposit

The integration of the three empirical fits of the ground mass accumulation versus
square root of area contours of the 10 April 2011 event (Figure 5) results in values of TEMdep

of about 1.3 × 107, 1.4 × 107, and 4.7 ± 2.3 × 107 kg using the Weibull, exponential and
power-law fit, respectively (Table 1). While the exponential and the Weibull fit can be
integrated between zero and infinity, two integration limits have to be selected for the
power-law fit due to the associated asymptotic nature. In particular, the proximal limit
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is calculated as proposed by Bonadonna and Houghton [41], while, in order to character-
ize the associated uncertainty, the distal integration limits were set both at 100 km and
400 km where ground accumulation becomes negligible (i.e., between 10−3 and 10−4 kg/m2

based on the thinning trend of Figure 5). In fact, given that the power-law exponent is <2
(Figure 5), the resulting volume is sensitive to the distal integration limit but not to the
proximal one [41,68]. The TEMdep from the power-law fit is then averaged between the
values obtained with the two different distal integration limits (100 and 400 km). Given
the absence of proximal data (due to difficult access) and of distal data (due to most of the
deposit falling in the sea) (e.g., [26]), Weibull and exponential estimates must be considered
as minimal values [68] for this tephra deposit. As an example, Spanu et al. [69] have
shown for the 24 November 2006 paroxysm of Etna that a lack of sampling within the first
kilometers from the crater could lead to a loss of 30% of the TEM. In this context, even
though associated with the uncertainty of the integration limits, the power law fit might
provide a better estimate given that it can better predict the medial and distal gradual
thinning. We obtain a value of MERdep by dividing each TEMdep by a mean duration of
310 ± 94 min determined based on the MWR and satellite-based infrared (Table 1). Accord-
ingly, we found MERdep between 0.7 and 2.5 × 103 kg/s (average of 1.4 ± 1.1 × 103 kg/s)
(Table 1; Figure 6).

 

Figure 5. Variation of mass/area as a function of the square root of associated contour areas from Figure 2 for the
10 April 2011 tephra deposit (a) and for the 23 November 2013 tephra deposit (data from Andronico et al. [27]) (b). Purple
dashed line, red line and blue line represent the best Weibull fit, exponential fits, and power-law fit. The power-law fit
equations are y = 1.11 x−1.55 in (a) and y = 408.14 x−2.49 in (b).

The ground accumulation variation obtained for the 23 November 2013 tephra-fallout deposit was fitted with two
exponential segments with a break in slope around 4 km as well as a Weibull and power-law function (Figure 5b).
TEMdep obtained by the Exponential, the Weibull, and the power-law fits (Figure 5b) are similar with values of 1.2 × 109,
1.3 × 109, and 1.4 ± 0.0 × 109 kg [27], respectively (Table 2). Here we fixed the distal integration of the power-law fit
at 180 and 450 km, using the criteria of negligible deposit as for the 10 April event. Finally, using an average duration
obtained from the SEVIRI and MWR approaches of 69 ± 35 min, we find MERdep between 2.9 and 3.4 × 105 kg/s with an
average of 3.1 ± 0.3 × 105 kg/s for the 23 November 2013 paroxysm. Please see the following sections for the details on
the sensor selection to derive the event duration.
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Figure 6. MER time series of 10 April 2011 (left panels) and 23 November 2013 (right panels) paroxysms. (a–d): SFA (blue),
NSA (purple), and proxy method (red line) using V2B signal; MER values are averaged over 10 min. (b–e): SFA (blue), NSA
(purple), MCA (red) and TPA (black) methods using the MWR signal. (c–f): SFA MERs based on ground-based thermal data
(orange) and infrasound data (red). MER of the plume for ash and ice contents are respectively shown in black and light
blue lines for SEVIRI and dashed lines for MODIS. MERs based on satellite heights (TPA) are displayed in green. Vertical
dashed lines indicate the end of the lava fountain activity as derived from V2B. The deposit-derived MERdep is indicated by
the horizontal pink arrow (see Tables 1 and 2 for more details).

3.2.3. MER and TEM from Remote Sensing

It is important to note that sensor-derived estimates of MER and TEM presented
hereafter are computed over a duration that is based on the corresponding sensor signal
(see Tables 1 and 2). V2B MER methods are associated with different results: the velocity-
derived NSA and SFA estimates appear relatively close, with mean values respectively of
1.4 and 2.8 × 105 kg/s, whereas the MER proxy derived from both power and velocity
shows a significantly larger dynamics and remains one order of magnitude below for this
event with an average MER of 2.7 × 104 kg/s (Figure 6a and Table 1). Altogether, MER
values derived from all V2B strategies result in an average of 1.5 ± 1.3 × 105 kg/s. It is
important to note that the MER associated with V2B was averaged over 10 min in order to
better compare it with the MWR results.

Time series of MER from MWR start at 09:30 UTC and show a concomitant increase
with V2B estimates except for MWR-SFA values that show a constant value for the whole
event (Figure 6b). MWR average values of the MER range between 2.6 ± 2.4 × 104 and
2.3 ± 1.7 × 105 kg/s as based on the MCA and TPA, respectively. In between, the respective
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average MER from the SFA and TPA are equal to 9.3 ± 0.4 × 104 and 1.9 ± 2.3 × 105 kg/s.
In total, all MWR-MER methods provide an average MER of 1.4 ± 0.9 × 105 kg/s. SFA-
MER derived from ground-based thermal is similar to SFA-MER associated with MWR
data and they are both relatively close to average values (Figure 6b,c; Table 1).

Infrasound MER values present small variations with time, with an average value of
2.0 ± 0.9 × 105 kg/s. Figure 6c also highlights two trends for satellite-based MER data
from SEVIRI and MODIS satellites that suggest a high amount of ice in the detected tephra
plume and cloud. On average, MER values corresponding to the ash content are 7 and
18 times lower than ice in MODIS and SEVIRI time series, respectively (Table 1). In-
terestingly, MER values based on SEVIRI observations of HT (Figure 3) vary with time
with a maximal value of 7.7 × 104 kg/s at 12:00 UTC (Figure 6c) and a mean value of
2.7 ± 2.5 × 104 kg/s, similar to mean MERs from V2B proxy and MWR NSA and MCA
methods (Table 1).

All MERs from V2B are very close also for the 23 November 2013 paroxysm
(Table 2). MERs from the NSA and SFA follow the same trend (Figure 6d) with mean
values of 2.3 ± 3.5 × 105 and 3.5 ± 3.7 × 105 kg/s, respectively. Proxy-derived MERs
remain lower than NSA and SFA MERs at the beginning of the event, following a similar
trend until 09:20 UTC. It then strongly increases as a consequence of increasing echo power
from the fountaining ejecta. Despite the fact that the average proxy-derived MER is similar
to the SFA and NSA estimates, proxy MERs remain higher than the NSA and SFA estimates
with a maximum value of 3.1 ± 1.6 × 106 kg/s during the paroxysm climactic phase from
09:45 to 10:15 UTC (Figure 6d).

Concerning MWR estimates, the eruptive signal started from 09:30 UTC when exit
velocities and HT estimates increased significantly (Figures 3 and 4) and lasted up to
10:40 UTC for the TPA and MCA methods, whereas the SFA and NSA estimates lasted
30–40 min up to 10:10 UTC (Figure 6e). As shown by Marzano et al. [15], all MER meth-
ods using MWR data provide very similar estimates during the climactic phase of the
23 November 2013 paroxysm with maximal MER being comprised between 1.9 × 106 kg/s
(SFA) and 4.1 × 106 kg/s (NSA) (Figure 6e).

The SFA method based on infrared data provide MERs that are comprised between
2.8 × 104 kg/s and 1.5 × 106 kg/s with a signal lasting 130 min from 08:20 and
10:20 UTC (Figure 6f and Table 2). Infrasound-based MERs using the SFA are close to
ground-based infrared estimates and show a maximal value of 1.8 × 106 kg/s. As for the
10 April 2011 event, satellite data present two trends for both plume/cloud ice and ash
content whose values are, however, very close with a mean of 1.4 × 103 vs 1.6 × 103 kg/s
(Table 2 and Figure 6f). Based on HT derived by satellite over 40 min, i.e., when HT becomes
higher than the vent height of 3.2 km (Figure 3b), TPA-based MER are comprised between
2.1 × 103 kg/s at 09:47 and 4.7 × 106 at 10:07 UTC, respectively. The mean MER from HT
measured by satellite is also very similar to the MWR mean value (Table 2).

In terms of TEMs, all methods show very different trends of time-integrated erupted
mass for the 10 April 2011 event (Figure 7a). Final values, which correspond to TEMs, con-
verge to a value around 109 kg (between 6.4 × 108 kg for MWR MCA and
5.8 × 109 kg for V2B SFA, respectively), whereas deposit and satellite ash content estimates
are much lower (between 2.5 ± 1.9 × 107 and 2.0 × 106 kg, respectively)
(Figure 7a and Table 1). In general, SFA, NSA, and TPA-derived ESPs display higher
TEM values than those retrieved with proxy and MCA for all sensors (see Table 1 and
V2B-TEMs in Figure 7a). The arithmetic mean associated with all methodologies for each
sensor is between 1.2 and 2.8 × 109 kg for V2B, MWR, infrasound, and ground-based
thermal data (Table 1). For satellite mass data, two trends are still shown for both contents
in ash and ice with TEMs respectively ranging between 2.0–49.0 × 106 kg for SEVIRI and
2.3–14.1 × 106 kg for MODIS data (Figure 7a; Table 1).
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Figure 7. Time-integrated erupted mass detected by all remote sensors for the 10 April 2011 (a) and 23 November 2013 (b)
paroxysms. The vertical black dashed line indicates the end of the lava fountain activity as derived from V2B. Note that
each final value of time-integrated mass corresponds to each sensor TEM.

The TEMs observed for the 23 November 2013 paroxysm by V2B, MWR, infrasound
and thermal camera span less than one order of magnitude between 2.7 × 109 kg (V2B-
NSA) and 5.8 × 109 kg (ground-based infrared). Interestingly, all cumulative trends
from infrasound, ground-based infrared and both Doppler radars are converging during
the pre-climax phase toward a relatively narrow range of TEMs between 2.7 × 109 and
6.4 × 109 kg (Figure 7b and Table 2). As observed for the 10 April 2011 (Figure 7a), TEMs
estimated from the satellite-derived plume/cloud, ice and ash content are lower than
all other methods with very similar TEMs of 1.0–1.3 × 107 kg (Table 2). Nevertheless,
TPA-based TEM from SEVIRI is in the same order of magnitude as all other methods with
a value of 3.6 × 109 kg.

For both eruptive events and for all ground-based remote sensors, 0 to 10% of the TEM
is emitted after the end of the fountaining activity as derived by V2B [30] and ground-based
infrared [4] (Figure 7). While satellite-based TEMs are also reached by the end of the lava
fountaining on 23 November 2013 (Figure 7b), 27 to 53% of the ash content and TPA-based
TEMs, respectively, is detected after the end of the paroxysmal activity on 10 April 2011
(Figure 7a).
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3.3. Total Grain-Size Distributions
3.3.1. Combination of WDGSD and GSDsat

The WDGSD derived by applying the Voronoi Tessellation method on the deposit
data [41] is unimodal and well sorted with a sorting coefficient of 1.41 and an MdΦ [70] of
0.82 Φ, i.e., 0.57 mm (Figure 8a).

 
Figure 8. (a) Whole deposit grain-size distribution (WDGSD) of the 10 April 2011 paroxysm. (b) VPR-derived GSDsat

from SEVIRI (blue) and MODIS (orange) data. (c) Cumulative total grain-size distribution (TGSD) of the 10 April 2011
paroxysm; grey and red lines correspond to WDGSD-SEVIRI TGSDs obtained by considering a mass ratio of 4.2% and
8.1% between satellite and deposit TEMs, respectively (see main text for details). The purple line corresponds to the near
real-time MWR-SEVIRI TGSD (see main text for details). The purple and red shaded areas correspond to the size detection
limit of the MWR and SEVIRI, respectively. (d–f) Same results obtained for the 23 November 2013 paroxysm. The WDGSD
in (d) is from Poret et al. [31].

Both SEVIRI and MODIS data can be used to provide a GSDsat by using the VPR
algorithm (Figure 8b). Such distributions are unimodal and very well sorted, i.e., sorting
of 1.0 and 0.8, respectively, and consider that all detected material is under 20 microns
of diameter; SEVIRI and MODIS GSDs display MdΦ values of 8.3 Φ (0.003 mm) and
6.9 Φ (0.008 mm), respectively. To combine deposit and satellite data, we choose the SEVIRI
GSDsat that better describes the temporal variations of sizes in the detected plume/cloud
instead of the MODIS punctual GSDsat, hardly representative of the whole event and
only available for the 10 April event. In particular, we combined all GSDs from the
tephra-fallout deposit and SEVIRI based on their relative TEM proportion (see for example
Bonadonna et al. [71]). In order to take into account the uncertainty associated with the
determination of TEM, here we consider both the power-law estimate only and the mean
of all integration approaches (power-law, Weibull, and exponential), i.e., 4.2 and 8.1%,
respectively. Both resulting TGSDs are bimodal (Figure 8c) and consider both the material
that felt on the ground and the very fine part of the erupted material detected by satellite,
which ranges between 1 and 20 μm.
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The WDGSD and GSDsat of the 23 November 2013 paroxysm are shown in
Figure 8d,e. The WDGSD, which was obtained by Poret et al. [31], is unimodal,
coarse-grained with an MdΦ of –3.4 Φ (10 mm; lapilli-sized), and well sorted. This
WDGSD is particularly depleted in fine ash with no material below 63 microns.
SEVIRI GSDsat integrated over the whole event duration is also unimodal with an MdΦ of
7.7 Φ (0.005 mm) and sorting of 1.2. Given that the estimates of TEM based on the three
integration methods for the 23 November 2013 event are all very similar, WDSGD and
GSDsat were combined (see TGSD in Figure 8f) based on an average value of the three
estimates (1.3 ± 0.1 × 109 kg; Table 2) resulting in a mass ratio of 1.2% with the ash TEM
obtained by SEVIRI (1.3 × 107 kg) (Table 2).

3.3.2. Combination of the GSDMWR and GSDsat

Following the same methodology as described above, we combined the GSDMWR
and the SEVIRI GSDsat (Figure 8c,d). Accordingly, we used the mass ratio between
the arithmetic mean of MWR-based NSA and MCA TEMs (i.e., 1.6 ± 1.4 × 109 kg and
4.9 ± 0.8 × 109 kg, respectively for both events) and the satellite-based ash mass retrieved
with the VPR (Tables 1 and 2). A very small mass ratio of 0.12% and 0.27% between SEVIRI
and MWR was found for the 10 April and the 23 November paroxysms, respectively. It is
important to note that, given these very small mass ratios, the GSDMWR and the combined
MWR-SEVIRI TGSD were very similar for both events in Figure 8c,f. Interestingly, the
MWR-SEVIRI TGSD was similar to the WDGSD-SEVIRI TGSD for the 10 April 2011 event
with an MdΦ of 1.0 (0.5 mm) and sorting of 0.87 (Figure 8c). However, in the case of the
November 2013 event, the MWR-SEVIRI TGSD with an MdΦ of −0.4 (1.3 mm) was finer
than the WDGSD-SEVIRI TGSD having an MdΦ of −3.4 (10.6 mm) (Figure 8f).

4. Discussion

4.1. Determination of Plume Height

HT is one of the keys and most common ESPs to be determined in real-time. In fact,
active explosive volcanoes are generally monitored with visible cameras from which HT is
derived when the wind velocity is known [21,22], with satellite data following the dark
pixel procedure [51] and/or with radar data [72]. For tephra forecasting and modeling
purposes, HT is an important input parameter [68,73,74] as it defines the spreading height
of the volcanic cloud and strongly influences its dispersal axis and impact area [74,75]
(and references therein). At Etna, HT is typically obtained based on visible camera [21,22],
satellite-based observations [7,8,39,49] (and references therein) and MWR (X-band) radar
detection [13–15]. However, as shown during the 10 April 2011 and the 23 November 2013
paroxysms, the accuracy of these three techniques depends on various conditions (Table 2).

Indeed, plume height estimates at Etna based on the camera located in Catania
(ECV in Figure 1) are restricted to 9 km (a.s.l.), day light, no cloudy conditions (see
Figure 1a; Figure 3a), and to the camera field of view [21,22]. ECV camera cannot track HT
either when the plume dispersal axis is parallel to the camera line of sight. To overcome
these limitations, a new camera was installed on the west flank of Etna volcano (i.e., Etna
Bronte high definition camera, EBHD in Table 3 and Scollo et al. [22]) and will allow a
maximally visible determination of HT up to 15 km (a.s.l.) (Table 2), under day light and no
cloudy conditions.

Thanks to its 3-D scanning capacity at different elevation angles, the MWR covers an
area of 160 km wide and 20 km high [13]. Mount Etna being at ~30 km from the radar
site (Figure 1a; [13–15]), the MWR is able to detect ash plumes with typical southeastward
dispersion up to maximum HT of ~12 km (a.s.l.), using the highest beam elevation angle.
In addition, MWR data are exploitable for all light (day/night) and weather conditions
(Table 3). Indeed, the dual-polarization capacity of the MWR allows us to discriminate
ash particles from hydrometeors, which can affect the radar signature of a detected tephra
plume [10,45,76].
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Finally, we have shown that satellite-based HT estimates are generally lower
(Figure 3a) or delayed (Figure 3b) in comparison with those from the MWR and ECV.
In the case of the 10 April 2011 weak paroxysm, the detected ash plume/cloud is not
opaque and this lead to underestimating HT when the dark pixel procedure [7,8,51,56]
is applied as already observed in Scollo et al. [22]. Similarly, the delayed increase in
HT (Figure 3b) might represent the duration taken by the plume to become sufficiently
opaque, i.e., allowing an accurate estimate of its height using the Dark pixel procedure (see
also [7,8,22]). This observation, linked to the overall determination of MER from satellite,
might suggest that the dark pixel procedure becomes accurate when the ash emission is
sufficiently sustained, as observed during climactic phases of paroxysms at Etna.

4.2. Insights into Exit Velocity Measurements

The exit velocity is a critical parameter to determine MER [4,13,15,30,66] and to con-
strain eruptive column dynamics [77–81]. Direct evaluation of exit velocities at Etna
comes from the fixed-pointing near-source Doppler radar V2B at very high time resolu-
tion [12,30]. In addition, infrasound sensors, a more common tool for monitoring active
volcanoes [62,63] (and references therein), can also provide exit velocities when vent charac-
teristics are known [65]. In fact, the determination of the exit velocity based on infrasound
data requires the infrasonic type of source to be constrained (e.g., dipole, quadrupole),
which is still under investigation [64,66]. As a result, the V2B values of exit velocity were
used in this paper to validate the vent radius used in literature for NSEC of Etna volcano
(i.e., 10 m and 13.5 m [4,15]) to be used in the calculation of MER with the SFA strategies.
V2B-derived exit velocities are recorded 100–200 m above the source vent and describe the
ascent of coarse lapilli and block/bombs forming the lava fountain, whereas infrasound
velocities are likely to describe the gas exit velocity [65]. Even though in the jet region
gas and tephra are assumed to move at the same velocity (as the tephra is carried by the
expanding gas), some of the largest blocks and bombs as seen by the V2B might be slower
resulting in an underestimation of the mixture velocity. It is interesting to note that these
two events are separated by a long time period including many eruptions and a significant
cone shape modification [35,36]. This suggests that a 10–13.5 m range is reasonable to
describe the NSEC radius for paroxysms at Etna during the present cycle of activity.

4.3. ESPs of Weak and Strong Paroxysms at Etna

Paroxysms at Etna are generally composed of two main components, i.e., a lava
fountain and a tephra plume which is mostly fed by the lava fountain [4,30,35,81]. The
contribution of each component to the TEM, MER, and TGSD of the cumulative event can
be explored using different sensors.

4.3.1. Multi-Strategy TGSD Determination

The TGSD is certainly the most challenging parameter to be retrieved in near real-
time [22,82] as all remote sensors are sensitive to various tephra size ranges whose limits are
difficult to constrain [83] or need to be modeled (radar-based GSDs in Figure 8c,f) [15,45,84].
Satellite thermal-infrared retrievals are sensitive to very fine ash (<20 μm) within the top
ash cloud layers, whereas MWR retrievals are mostly sensitive to tephra sizes from fine
ash (>25 μm, [7]) to lapilli (up to 64 mm, [45]) within the plume.

Here we show a first attempt to provide a near-real-time TGSD by combining GSDMWR
and GSDsat from SEVIRI (Figure 8). In fact, WDGSD and SEVIRI GSDsat had already been
combined in the past with good results for TGSD (e.g., [31]), which, however, cannot
be provided in near real-time. It is important to mention also that an MWR-SEVIRI
TGSD not only can be produced in near real-time, but it can also overcome some of the
limitations related to tephra-deposit sampling. In fact, it is important to bear in mind a
few shortcomings of deposit sampling at Etna. First, the very proximal fraction deposited
<0.5 km from the vent and contributing to building the eruptive cone, i.e., the lava fountain
tephra deposit, is never sampled [35,36,81]. Second, the proximal fraction deposited
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<5 km and corresponding to the coarsest part of the tephra plume GSD is also rarely
sampled because of access difficulties (i.e., presence of La Valle del Bove horseshoe-shaped
depression) and problems in discriminating individual deposits in periods of frequent
activity [26,69]. This is also the case for the 10 April 2011 event for which the first sample
was taken at 7.2 km from the vent (Figure 2). Finally, due to prevailing wind directions
heading towards the East at Etna, fountain-fed tephra plumes are frequently drifted above
the Tyrrhenian Sea and the distal part of tephra fallout deposits is lost (see examples in
Figures 1 and 2). Accordingly, most of the paroxysm-related tephra deposits can only be
sampled up to about 30 km (i.e., the coastline) (Figures 1a and 2) except for when the
emitted plume is directed Southwardly (e.g., 12 January 2011 paroxysm; [26]). In contrast,
GSDMWR can provide information from the vent down to about 80 km from the vent
depending on the size of the paroxysm.

The MWR-SEVIRI TGSD shows a promising agreement with the WDGSD-SEVIRI
TGSD even though some caveats have to be considered. First, the ratio of the TEM
associated with the different strategies used (i.e., tephra-fallout deposit and SEVIRI or
MWR and SEVIRI) has a strong impact on the final TGSD. As an example, the large
difference in TEM associated with the MWR and satellite retrievals resulted in a negligible
contribution of the SEVIRI GSDsat to the final TGSD for both events. However, even if the
mass contribution of the very fine material below 20 microns detected by SEVIRI represents
less than 0.5% of the total amount detected by MWR for both the November 2013 and the
April 2011 paroxysms, the GSDsat is essential for the characterization of the ash transport in
the atmosphere using VATDM [31]. Second, while the GSDMWR shows a good agreement
with the WDGSD (whole deposit GSD) for the 10 April event, it is considerably finer with
respect to the WDGSD for the 23 November event. This is mostly related to the processing
of radar data. In fact, even though the MWR actually sees particles also above 8 mm, these
do not represent a large portion in number, and, therefore, they disappear in the final
calculation of GSD in wt%. In addition, instead of considering several size classes in the
VARR as in Mereu et al. [46] and Marzano et al. [15], we used a wider single size class (from
0.008 to 64 mm) to better combine it with SEVIRI GSD data and better compare it with the
WDGSD. This new procedure simplifies the data treatment, but it loses information at the
tail of the distribution (i.e., particles >8 mm and <63 μm).

To conclude, both the MWR-SEVIRI TGSD and the WDGSD-SEVIRI TGSD provide
important insights. The first one can be derived in near real-time and can potentially
combine information on both lapilli and ash-sized particles including the very fine ash
detected from SEVIRI in all weather conditions and regardless of the coastline. The second
one can provide fundamental information to help better calibrate the procedure to derive
the MWR-SEVIRI TGSD as well as to run VATDMs of future eruptions of similar intensity
when the near real-time TGSD is not available. It is important to remember that the
derivation of TEM with the different sensors/strategies is crucial to the derivation of both
TGSDs in order to best combine the different contributions.

4.3.2. The Role of Signal Duration in MER and TEM Determination

As stated in Section 3.2.3., we computed all MERs based on individual sensor signal
duration. In fact, each sensor has its own signal duration depending on its time resolution,
on which portion of the lava fountain, plume, and/or cloud it records data for and/or
on what tephra size it is the most sensitive to. The duration variability observed in
Tables 1 and 2 is mostly due to the fact that the different sensors detect different phases of
the eruption [5,35,85]. Three typical main phases can be detected for Etna paroxysms, as
discussed below.

The first paroxysmal phase starts with lava fountaining (Phase I in Table 3) and is
captured by a ground-based infrared camera and V2B that point directly at the area above
the vent. This unstable activity produces also infrasonic waves in the conduit and at the
vent that are well captured by the infrasonic array [62] and from which an early warning
system has been developed [16]. The tephra emission during this phase is typically weak
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(mostly related to the building of the proximal cone) and is associated with low HT. This is
why V2B, infrasound, and ground-based infrared provide eruptive signal before the other
systems (i.e., 20 min earlier on 10 April and 60–120 min earlier on 23 November), whose
signal is based on tephra plume emission (e.g., satellite and visible camera as well as, to
some extent, MWR depending on its lowest scan elevation). It is important to note that
Phase I is typically preceded by mild-Strombolian activity, lasting several hours to days
before the start of Etna paroxysms [16,35,62]. Such activity does not induce significant
tephra emission and is mostly recorded by infrasound only.

Table 3. Summary of all ESPs that can be obtained at Etna. Blue cells: direct measurements; Green cells: derived measurements;
Orange cells: measurements needing additional models; Grey cells: parameter not provided. See main text for the description of Phase
I, II, and III. * with the methods of Carey and Spark [86], Rossi et al. [87], and Bonadonna and Costa [42].

Sensor/Method
Time

Resolution
(s)

Event Duration Plume Height HT
Total Erupted

Mass TEM
Mass Eruption

Rate MER
Total Grain-Size

Distribution

L-band Doppler
radar V2B

0.2 Phase I + II
Calibration based

on HT vs MER
laws

Based on MER
and duration

SFA, NSA,
PROXY

Based on VARR
model

Single value of Dn;
Detection of small

lapilli to
bomb/blocks (Lava

fountain; Phase I
and II)

X-band Doppler
radar MWR

600 Phase II + III

HT ~12 km (a.s.l.)
for plumes
dispersed

southeastwardly

Based on MER
and duration

SFA, NSA, MCA,
TPA

GSDMWR based on
VARR model;

Detection of fine
ash to lapilli (Phase

II and III).

Ground-based
infrared

60
Phase I + II

(no meteorological
clouds)

Based on MER
and duration SFA

Satellite-based
infrared/visible

(SEVIRI,
MODIS)

900
Phase II + III

(no meteorological
clouds)

Based on
atmospheric
temperature

profile

Based on MER
and duration

Based on Particle
Re and AOD, TPA

GSDsat
Resolved for

particles ≤20 μm
(i.e., 5.5 Φ) (Phase II

and III)

Infrasound 60 Phase I + II Based on HT vs
MER laws

Based on MER
and duration SFA

Visible camera 30–60
Phase II + III

(no meteorological
clouds)

ECV: HT <9 km
(a.s.l.)
EBHD:

HT <15 km (a.s.l.)
(requires day
light and no

cloudy
conditions)

Based on MER
and duration

Based on HT vs
MER laws

Tephra-fallout
deposit

after the
end of the
eruption

Based on MdΦ

and/or largest
clasts data *

Integration of
best fit of

mass/area vs.
sqrt(area) trends

(Exponential,
Power-Law,

Weibull)

Based on TEM
and duration
(Phase II + III
especially if

sampled >0.5 km
from the vent)

WDGSD
Potentially whole
size range from
very fine ash to

block and bombs;
limited to coastline
(typically <30 km

from vent
depending on

plume dispersal)

The second phase (Phase II in Table 3) is characterized by the emission of a sustained
lava fountain-fed tephra plume. While some paroxysmal events present phases II associated
with low eruptive intensities, e.g., the 10 April 2011 event, others are associated with plumes
that can reach heights of 12–17 km above sea levels, such as the 23 November 2013 and
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the 3–5 December 2015 paroxysms [6,8,15,30,33]. This phase is well detected by all sensors
including visual cameras, the MWR, and satellite-based infrared (Figure 6).

The third phase (Phase III in Table 3) represents the waning phase of the paroxysm [35].
While the lava fountain stops, the tephra plume and cloud emitted in Phase II are still
expanding in the atmosphere. Phase III is well captured by the MWR (mostly TPA and
MCA) and satellite but not by V2B, infrasound, and infrared sensors. This is the reason
why, MWR and satellite signals last longer after the end of the fountaining activity, i.e.,
between 20 min and <2 h in both paroxysms presented herein (Figures 6 and 7).

Given that the duration of the different sensor signals is associated with different
phases of the eruption, we strongly suggest calculating MER based on TEM and duration
associated with the same sensor. We can also conclude that V2B, infrasound array, infrared
camera, and MWR can provide information on the duration of the sustained phases of
the paroxysm (i.e., Phases I and II) (Figure 7a,b). In contrast, thermal-infrared satellite
and MWR signal durations are related to the presence of a tephra plume and cloud in the
atmosphere, including those associated with very fine ash (i.e., Phase II and III). Moreover,
most of the paroxysm TEM associated with the tephra-fallout deposit (Tables 1 and 2),
is likely to be released during Phases II and III (Figure 7 and Section 3.2.3). This is why
we computed deposit-based MERs using the mean signal duration as provided by MWR
and satellite.

4.3.3. MER and TEM

As shown in our result section, a variety of sensors and associated strategies exist at
Etna that can provide information on both the MER and TEM resulting in a large spread of
values, especially for the 10 April 2011 event. The spread is mostly due to the fact that the
different sensors and strategies record the 3 different phases of the paroxysm described in
the previous section, and, therefore, are complementary (Table 3).

The methods that best record the tephra-plume activity (i.e., mainly during Phase
II and III in Table 3) are the MWR-based MCA, the TPA (associated with all sensors),
and the V2B-based proxy method (based on the Degruyter and Bonadonna [48] equation
and valid for phase II; see Section 4.3.2). V2B-based proxy and MWR-based MCA meth-
ods present very similar TEMs for both paroxysms with values between 4.0 × 108 and
4.6 × 108 for the 2011 event, respectively (Table 1), against 4.6 × 109 and 5.5 × 109 kg
for the 2013 event (Table 2). Over the same period of detection of the MWR signal, i.e.,
09:30–10:30 UTC, V2B-based proxy MER is equal to 1.2 ± 1.2 × 106 kg on average. This
means that the MER-based MCA, V2B-based proxy, and satellite-based TPA MERs are
similar for both the weak and strong paroxysms analyzed herein. In addition, these three
methods present similar values to the MWR-based TPA MER for the strong 23 November
paroxysm. However, they are one order of magnitude lower for the weak 10 April parox-
ysm. It is important to note that satellite-based HT (from which satellite-based TPA MERs
are derived) is significantly lower than HT measured from the ECV, MWR, and MODIS
for the 10 April event (Figure 3a). It is well-known that plume heights retrieved from the
dark pixel procedure could be underestimated in the case of weak and non-sustained ash
emission (see Section 4.1). Hence, the fact that both the MWR MCA and V2B Proxy MERs
are similar to satellite-based TPA values in the case of the weak paroxysm suggests that
they might also underestimate the MER during weak eruptive activity.

All sensor TEMs obtained using the SFA are relatively close, regardless of the event
duration, with values between 1.2 × 109 and 5.8 × 109 kg for the 10 April 2011 against
3.2 × 109 and 5.8 × 109 kg for the 23 November 2013 paroxysm (Tables 1 and 2). In fact,
SFA estimates are not very different between both weak and strong paroxysms. This is due
to the fact that the exit velocity, on which the SFA strongly depends, is not the most varying
parameter among all paroxysms. Indeed, over 35 paroxysms out of 48 paroxysms including
a climactic phase observed by V2B between 2011 and 2015 at Etna [30], the overall mean
exit velocity was equal to 125.0 m/s with a standard deviation of ± 30%. Contrastingly,
the mean proxy-derived TEM was equal to 1.21 × 109 kg with a standard deviation of
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±126%. This suggests that SFA estimates do not capture the real variability of intensity
that exists between weak and strong paroxysms. Hence, the MER mostly based on exit
velocities obtained by V2B, MWR, infrasound, and infrared might be overestimated during
periods of weak activity and underestimated during intense periods, e.g., climactic phases.
To better describe the variability of paroxysm intensities, approaches based on parameters
related to a quantity of tephra, e.g., echo power of V2B or MWR reflectivities, should be
preferred to SFA.

Regarding MWR-based and V2B-based NSA, all TEMs are similar to SFA estimates
among both events (Table 1), except for the MWR-NSA TEM of the 2011 case which is up
to one order of magnitude less than the other values. Indeed, NSA estimates are made by
considering a given range of tephra for each radar, based on the VARR model outputs (see
Section 2.2.1.; [10,15,46]). Although the dual-polarimetric capacity of the MWR allows us to
model the GSD of detected tephra (Figure 8; see [46] and references therein), the size range
detected by V2B inside the fountains, likely small lapilli, remains unknown. Therefore,
for all paroxysms, we assume the same size range of 8 × 10−4 to 26.1 cm to determine
tephra concentrations and reflectivity-weighted mean diameters from V2B (Equations (3)
and (4)). Similar to exit velocities in the SFA, the upper size limit might tend to reduce
the variability of the V2B signal between weak and strong paroxysms. This is the reason
why, unlike V2B-based NSA estimates, MWR-based mass parameters using NSA present
large differences between the weak 2011 event and the strong 2013 event, similarly to MCA
values (Tables 1 and 2). Hence, without any further constraints on tephra sizes detected by
V2B, SFA and Proxy methods should be preferred for V2B to NSA estimates.

Overall, it seems that all ground-based techniques capture very well the eruptive
activity that occurs during the fountain-fed tephra plume activity (Phase II). The fact that
most of the TEM is likely to be released during this phase (e.g., Figure 7 and [30]) induces
that all masses retrieved by the ground-based sensors, hence excluding satellite and deposit
data, are relatively close with mean values of 2.3 ± 1.7 × 109 and 4.5 ± 1.2 × 109 kg for
the 10 April and the 23 November paroxysms, respectively. On the contrary, MER values
are different and depend on the capacity of each sensor to monitor, in addition to phase II,
either phase I (i.e., V2B, infrasound, ground-based infrared) or phase III (i.e., MWR and
SEVIRI) (see Table 3).

TEM and MER based on tephra-fallout deposit analyses are one to two orders of
magnitude less than all other ground-based techniques for the 10 April 2011 event but
display similar values for the 23 November 2013 (Tables 1 and 2). As already mentioned,
both tephra-fallout deposits were not sampled over their full extent, either in proximal nor
distal areas. The power-law fits of tephra deposits associated with Etna paroxysms should
be typically >2 as they are representative of small-to-moderate eruptions, as it is, in fact,
the case for the 23 November event [68]. The power-law exponent of the 10 April event
is <2 because of poor deposit exposure, and, therefore, the associated volume should be
considered as a minimum value [68].

Satellite-based mass values represent the very fine fraction below 20 μm erupted
during both paroxysms. However, if particles coarser than 20 μm are present in the
detected plume/cloud, their thermal signature would be the same as that of particles of
20 μm [50,51,83]. This could lead to an underestimation of TEM in the case of coarse ash in
the plume/cloud. In addition, it is important to note that when ice is present in a volcanic
cloud, as was the case for both paroxysms (see ice contents in Figure 6c,f and Tables 1 and 2),
the mass of ash retrieved from satellite-based infrared could also be underestimated [29,53].
Indeed, water and ice particles in the detected clouds have been shown to significantly
affect the BTD and VPR procedures [7,29,53] (and references therein) and might reduce
the signature of ash particles in satellite images. Taking into account the aforementioned
observations, satellite-based mass estimates should be considered as minimum values for
both paroxysms.
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5. Conclusions

Near real-time determination of ESPs is key to the initialization of VATDMs used for
near real-time forecasting of tephra dispersal and sedimentation. The comparison we made
in this study between the weak 10 April 2011 and the strong 23 November 2013 paroxysms
at Etna has helped to better interpret the results associated with existing approaches used
to compute ESPs based on a variety of monitoring sensors (see Table 3 for a summary). In
particular, this study suggests that:

(1) eruption duration, a critical parameter to convert the TEM in the MER and vice versa,
is different among all sensors analyzed because it is associated with different phases
of Etna’s paroxysms. V2B, infrared, and infrasound signals correspond to the starting
and sustained activity of the paroxysm (Phase I, i.e., lava fountaining activity, and
Phase II, i.e., lava fountain-fed tephra plume activity). In contrast, the MWR and
satellite signals are associated with both Phase II and the final waning phase (Phase
III) related to the subsequent expansion of plume and cloud in the atmosphere with
little or no tephra emission from the source vent. As a result, the MER should be
derived based on the TEM and duration associated with the same sensor. In the
case of TEM derived from the tephra-fallout deposit, the duration used to calculate
MERs should be that associated with Phase II and III (i.e., associated with MWR and
satellite signals);

(2) the three techniques currently used at Etna for the near real-time determination of
HT (visible camera, MWR, and satellite-based thermal-infrared observations) operate
at various time resolutions (i.e., 1 min to 15 min). A critical application of the three
techniques, including the use of visible cameras at different locations [22], allows us to
assess the best value of average HT as well as to evaluate the uncertainties associated
with each remote sensor. In addition, it appears that satellite-based HT tend to be
underestimated during weak and unstable paroxysmal activity;

(3) exit velocities from V2B can be used in combination with exit velocities from infra-
sound to better constrain the vent radius used for MER calculations, based on the
SFA. For Etna, a range of 10–13.5 m was found as the best estimate of the NSEC
radius. A combination of V2B and infrared camera signal with the existing early
warning system based on infrasonic data at Etna [16] has also the potential to better
characterize the MER in real-time at the beginning of the paroxysmal activity, i.e.,
Phase I;

(4) MER approaches are based on various parameters, e.g., radar echoes, exit veloci-
ties, or HT, and their accuracy strongly depends on the eruption intensity. Overall,
approaches based on HT (e.g., SEVIRI-TPA, MWR-TPA) or signals proportional to
the quantity of detected tephra (e.g., MWR-NSA, MWR-MCA, V2B-NSA) are better
suited for computing MER in a large set of eruptive intensities. As an example, MER
can be constrained at various time-resolution from 0.2 s (V2B) to 10 min (MWR) for a
wide range of eruptive intensities and for all weather and light conditions. Instead,
SFA methods (e.g., MWR-SFA, V2B-SFA, Infrasound-SFA, Ground-IR-SFA), based on
exit velocities that do not vary significantly among paroxysms, might overestimate or
underestimate the MER and TEM for weak and strong paroxysms, respectively;

(5) GSDMWR can be combined with GSDsat to provide a TGSD in near real-time, which is
strongly affected by the determination of the relative TEMs. GSDMWR is representative
of both the material contributing to the tephra-fallout deposit (contributing to the
WDGSD) and to material that typically falls in the sea beyond the coastline (about
20 km from the vent in the case of Etna volcano). Nonetheless, a better constrain of
the TEM associated with the two sensors and of the tails of the GSDs is required for
operational use;

(6) the combination of the WDGSD and GSDsat. can be used to validate the near real-time
strategy described in the previous point as well as a proxy for near real-time tephra
forecasting of future eruptions of similar intensity.
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Our work represents a step forward in the understanding of multi-sensor strategies
applied at very active explosive volcanoes such as Mount Etna. The next step will be to
better assess individual sensor sensitivities to refine ESP estimate combinations. Additional
information should be taken from other paroxysms, recorded by fewer instruments, to
investigate their capacity to provide ESPs in comparison with both the well-recorded weak
and strong paroxysms presented herein. Such a systematic determination of remote sensor
advantages and limitations should always be carried out to build multi-sensor strategies
that are reliable for a large set of eruptive conditions.
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Appendix A. Summary of Acronyms and Variables Used in This Study

Acronym Term

ARPA Agenzia Regionale per la Protezione dell’Ambiente
BTD Brightness Temperature Difference
EBHD Etna Bronte High Definition camera
ECV Etna Catania Visible
ESP Eruptive Source Parameter
ETN Etna
GSD Grain-Size Distribution
GSDsat Grain-Size Distribution derived from satellite retrievals
GSDMWR Grain-Size Distribution derived from X-band radar data
HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory Model
INGV-OE Istituto Nazionale di Geofisica e Vulcanologia-Osservatorio Etneo
TIR Thermal InfraRed
IS InfraSound
MCA Mass Continuity Approach
MODIS Moderate Resolution Imaging Spectroradiometer
MVT Monte Vetore
MWR Microwave Weather Radar
NSA Near Surface Approach
NASA National Aeronautics and Space Agency
NSEC New SouthEast Crater
SEVIRI Spinning Enhances Visible and InfraRed Imager
SFA Surface Flux Approach
TIR Thermal InfraRed
TGSD Total Grain-Size Distribution
TPA Top Plume Approach
UTC Universal Time Coordinated
VARR Volcanic Ash Radar Retrieval
VATDM Volcanic Ash Transport and Dispersal Model
VPR Volcanic Plume Retrieval
V2B VOLDORAD 2B
WDGSD Whole Deposit Grain-Size Distribution (i.e., GSD derived from tephra-fallout deposit)

Symbol Variable

A Entry Surface of volcanic jets in the radar beams (m2)
c Speed of sound (m/s) [65]
Ct Tephra concentration (kg/m3) [15]
Dn Reflectivity-weighted mean radar diameter (m) [15]
HT Plume Top Height (km a.s.l.)
IL Insertion loss caused by topography (dB) [65]
ka Product between the acoustic wave number k (m−1) and the vent radius a (m) [65]
MER Mass Eruption Rate (kg/s)
qi Volumetric flux from infrasound (m3/s) [65]
|R| Acoustic reflectance [65]
Re Effective radius (m)
S Eruptive vent surface (m2)
t Time (s)
TEM Total Erupted Mass (kg)
ventry Entry velocity of particles in the radar beams (m/s)
vexit Exit velocity (m/s) [12,30]
vr Radial velocity (m/s)
Z Radar Reflectivity factor (dBZ)
α Directivity of the acoustic wave at 0◦ [65]
B,γ,δ,ε VARR Parameters to be used in Equations (3) and (4) [15]
θ Radar beam elevation angle (◦) [12,30]
ΔP Pressure signal (Pa) [65]
λ Radar wavelength (m)
ρ Atmosphere density (kg/m3)
ρx Mixture density (kg/m3) [15]
Φ Phi unit of particle sizes
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Appendix B. Grain-Size Data from the 29 August 2011 Tephra-Fallout Deposit

 
Figure A1. Individual GSDs obtained from sieving and using the BETTERSIZER morpho-grainsizer
(red distributions). Sample names (i.e., from S1 to S20) are indicated on the top left of each plot.
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Abstract: On 13 December 2020, Etna volcano entered a new eruptive phase, giving rise to a number
of paroxysmal episodes involving increased Strombolian activity from the summit craters, lava
fountains feeding several-km high eruptive columns and ash plumes, as well as lava flows. As of 2
August 2021, 57 such episodes have occurred in 2021, all of them from the New Southeast Crater
(NSEC). Each paroxysmal episode lasted a few hours and was sometimes preceded (but more often
followed) by lava flow output from the crater rim lasting a few hours. In this paper, we use remote
sensing data from the ground and satellite, integrated with ground deformation data recorded by
a high precision borehole strainmeter to characterize the 12 March 2021 eruptive episode, which
was one of the most powerful (and best recorded) among that occurred since 13 December 2020.
We describe the formation and growth of the lava fountains, and the way they feed the eruptive
column and the ash plume, using data gathered from the INGV visible and thermal camera monitor-
ing network, compared with satellite images. We show the growth of the lava flow field associated
with the explosive phase obtained from a fixed thermal monitoring camera. We estimate the erupted
volume of pyroclasts from the heights of the lava fountains measured by the cameras, and the erupted
lava flow volume from the satellite-derived radiant heat flux. We compare all erupted volumes (pyro-
clasts plus lava flows) with the total erupted volume inferred from the volcano deflation recorded by
the borehole strainmeter, obtaining a total erupted volume of ~3 × 106 m3 of magma constrained by
the strainmeter. This volume comprises ~1.6 × 106 m3 of pyroclasts erupted during the lava fountain
and 2.4 × 106 m3 of lava flow, with ~30% of the erupted pyroclasts being remobilized as rootless
lava to feed the lava flows. The episode lasted 130 min and resulted in an eruption rate of ~385 m3

s−1 and caused the formation of an ash plume rising from the margins of the lava fountain that rose
up to 12.6 km a.s.l. in ~1 h. The maximum elevation of the ash plume was well constrained by an
empirical formula that can be used for prompt hazard assessment.

Keywords: Etna volcano; paroxysmal explosive and effusive episodes; ash plume; remote sensing;
volcano monitoring; volcanic hazard

1. Introduction

Explosive eruptions of mafic magmas produce lava fountains whose heights de-
pend on the exsolved volatile content of the magma, its erupted mass flux, and the ge-
ometry of the vent, either an elongated eruptive fissure or a near circular conduit [1].
Lava fountains were typical at Kilauea volcano during the 1959–1960, 1969–1970, and
1983–2008 eruptions [2–5], being characterized by vertical jets of gas and incandescent
pyroclasts rising several hundred meters above the vent. This activity is also common
at Etna volcano, with several such explosive phases occurring in 2000 [6–8], 2001, 2002–
2003 [9–11], and in 2011–2015 [12–16]. The last paroxysmal lava fountain sequence started
on 13 December 2020, and is still going on as of 2 August 2021. A recent study, based on
a catalogue of the explosive paroxysmal episodes that occurred at Etna since 1986 (and
updated to 1 April 2021), showed a general marked increase in the release of seismic energy
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over time [17]. This is in agreement with a general trend of increasing heights and volume
of the lava fountains and ash plumes from 2000 until now [6,8,10–12,14,15].

The summit of Etna volcano comprises four main craters: Voragine, Bocca Nuova, NE
Crater, and SE Crater, with the addition of the newly formed New SE Crater (NSEC) built
up on top of the SE Crater since 2011 [14,18]. Lava fountains from the summit craters or
from eruptive fissures have often preceded major flank effusive activity, such as at Etna in
2001 and 2002–2003; thus, they were considered as possible precursors [10,11]. However,
the several lava fountain events between 2011 and 2015 [12,14–17,19] were not followed by
flank eruptions. This observation, combined with the estimation of erupted volumes from
the monitoring camera analyses [14,15], allowed recognizing that Etna displayed a steady-
state behavior for at least four decades [20–23]. Therefore, in cases such as the 2011–2015
lava fountains, this explosive activity can represent a modality of magma discharge able to
maintain the steady-state. At Etna volcano, the average output rate was estimated at 0.8
m3 s−1, or 25 × 106 m3 per year [21,22]. On this basis, Bonaccorso and Calvari [22] found
that the magma stored within the plumbing system can be released either through a high
number of lava fountains, erupting volumes of ~2–3 × 106 m3 each [12,14,15,22], or with
a small number of flank effusive eruptions, each normally releasing ~30–60 × 106 m3 of
lava [21,22]. Considering this conceptual model, it is not surprising that on 13 December
2020, after about 18 months of eruptive pause [24–27], the volcano entered a new eruptive
phase characterized by 57 lava fountain episodes (as of 2 August 2021) accompanied,
preceded, or followed by short-lasting effusive phases. Lava fountains, being characterized
at Etna by heights of a few km, and always accompanied by several km high ash plumes
generated from the same vent, raise serious concern among the local population. In fact,
an ash fallout up to ~38 kg/m2 [10] has a strong impact on the viability, on the stability of
roofs, on the air traffic (the Catania airport is a major international hub), on agriculture, on
water contamination, and on the health of the local population [28–32].

The release of ash plumes during mild basaltic explosive activity was described and
analyzed only recently, when two distinct eruption styles were identified for Strombolian
explosions [33]. Type 1 Strombolian eruptions consist of coarse ballistic scoria (cm/dm-
scale) and a relatively ash-free gas plume. Type 2 Strombolian eruptions consist of an
ash-rich plume, with or without additional ballistic scoria. What determines type 2 ash-
rich Strombolian behavior is the sliding of loose clastic material into the vent [33–35], or
rheological changes in the uppermost magma column [36,37]. The formation of ash plume
during lava fountaining is even more questioned and often not considered in lava fountain
models [38,39]. This is because lava fountaining is considered as mostly characterized by
coarse ballistics falling around the vent and building spatter cones or spatter ramparts,
with small amounts of ash being released in the atmosphere [40–42].

The formation of ash plumes is a common feature at Etna volcano, always accompany-
ing lava fountain eruptions [6–15,17]. Conversely, ash plume is lacking during Strombolian
and intermediate explosive activity [43], but is released by the summit craters during
rare phreatomagmatic activity [44–46]. In addition, weak and dilute ash plume may form
during summit collapses, occurring within the craters or pit crater formations [44,47,48].

Several authors described a transitional explosive stage in between the Strombo-
lian and lava fountain [6,14,39,43], occurring when the discrete countable Strombolian
bursts increase in number and frequency, shifting to the continuous lava fountaining
regime [14,43]. This transition can be either abrupt or gradual [6]. At Etna, lava fountains
are always associated to the formation of ash plumes [6,7,10,11,14,15], and as soon as the
lava fountain regime starts, we observe the release of ash from the upper part of the lava
fountain that rises for kilometers above the crater, feeding a sustained ash plume [42].
However, the way a lava fountain expands vertically into a sustained ash plume, as well as
the timing of this process, is still little constrained. Nonetheless, sustained eruptive columns
and ash plumes are of great concern to local authorities in Sicily and elsewhere [17,49–51]
because the ash plumes may expand well beyond the national country. As an example,
Etna’s ash plumes also affected Malta and Greece [25,45,52,53] for several days after the
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end of the eruption [54], and its gas and ash plumes even travelled the entire globe [55].
Even worse, the eruption of Mt St Helens in 1982 [49], Pinatubo in 1991 [56], and the
Icelandic volcano Eyjafjallajökull in 2010 caused air traffic disruption for about a month
across Europe [50,51].

In this paper, we have analyzed, in detail, one of the most powerful (and best recorded)
lava fountains taking place between 13 December 2020, and 20 July 2021, namely the
episode of 12 March 2021, which occurred during good weather conditions and in the
daytime (Figure 1), and enabled the collection of excellent data from the ground and
satellite. We present details on the lava fountains and their connections with ash plume and
lava flow field formation, as well as persistence and decline gathered from a network of
ground-based monitoring cameras and from high temporal resolution satellite sensors (e.g.,
SEVIRI, MODIS, and VIIRS). We compare the timing and volumes obtained from these
devices with results from the reference borehole strainmeter [57,58], in order to highlight
key processes that characterize the phenomenon and are useful for hazard assessment. In
particular, we analyze the formation and growth of the lava fountain and of the associated
lava flow field, the timing, and how the fountain feeds the ash column and eruptive plume.
Our focus was to acquire parameters that could be useful for prompt hazard assessment.

Figure 1. Photo of Etna paroxysmal episode on 12 March 2021. The shot was taken at 08:50 UTC from
the main road (Etnea Street) crossing N–S the city of Catania. The view is from south (photo by A.B.).

2. Methods

2.1. Camera Networks

We used the monitoring camera network installed and maintained by the Istituto
Nazionale di Geofisica e Vulcanologia (INGV) Osservatorio Etneo-Sezione di Catania,
comprising thermal and visible cameras, in order to detect and quantify the phases of
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eruptive activity. Our aim was to define the timing of its changes, as well as the height of
the lava fountains and ash plume, the erupted volume of pyroclastics and the expansion of
the lava flow field, and of their timing—parameters that are essential for hazard assessment
at a frequently erupting volcano. The labels of the cameras used in this paper, as well as
their main features, viewing direction, and average distance from the craters, are listed in
Table 1, and their positions are shown in Figure 2. The height of the lava fountains was
obtained from the thermal cameras ENT and EBT located on the S and NW flanks of the
volcano, respectively. The error in the height measurement is ±50 m [14,15]. These heights
were used to calculate the erupted volume of pyroclasts, following the method developed
by Calvari et al. [14,15]. This method consists in measuring the lava fountain height on
thermal images with a 1-minute time lapse, and applying the Equation (1):

v = (2gh)0.5 (1)

for the calculation of the flux of gas and pyroclasts through the vent section. In Equation (1),
v is the velocity of the mixture comprising gas plus pyroclasts, g is the acceleration of gravity,
and h is the lava fountain height, expressed in meters above the crater rim. The NSEC
vent section, following Calvari et al. [14,15], was considered circular, with a vent diameter
of 30 m. By integrating the velocity of the gas plus pyroclasts mixture over the entire
duration of the lava fountain, multiplied by the vent section area, and extracting from
the final value the 0.18%, which represents the average amount of pyroclasts within the
fluid mixture [14,15], we obtain the volume of pyroclasts erupted during the lava fountain
episode. It is worth noting that the growth of the NSEC cinder cone during one single
lava fountain episode is not enough to affect our measurements of lava fountain or ash
plumes [18].

Table 1. List of the INGV monitoring cameras used in this paper and their main features. The field of view is considered at
the crater rim.

Label Type Location
Distance from the

Craters (km)
Frame Rate Field of View

ENT Thermal
FLIR A40M

Nicolosi, South
flank

730 m a.s.l.
15.0 2 frames/s 24◦ (horizontal)

18◦ (vertical)

EBT Thermal
FLIR A320

Bronte, NW flank
85 m a.s.l. 13.5 2 frames/s 25◦ (horizontal)

18.8◦ (vertical)

EMCT Thermal
FLIR A320

Mt. Cagliato, East
flank

1160 m a.s.l.
8.3 2 frames/s 25◦ (horizontal)

18.8◦ (vertical)

EMOT Thermal
FLIR A320

Montagnola, South
flank

2600 m a.s.l.
3.0 1 frame/s 25◦ (horizontal)

18.8◦ (vertical)

EMCH Visible
Vivotec IP8172

Mt. Cagliato, East
flank

390 m a.s.l.
8.3 2 frames/min

33◦~93◦
(horizontal),

24◦~68◦ (vertical)

ECV Visible
Canon VC-C4R

Catania Nesima,
South flank
35 m a.s.l.

26.7 1 frame/2 s 3–47.5◦ (horizontal
and vertical)

ECVH Visible
Vivotec IP8172

Catania Nesima,
South flank
35 m a.s.l.

27.0 1 frame/min
33◦~93◦

(horizontal),
24◦~68◦ (vertical)

EBVH Visible
Vivotec IP8172

Bronte, NW flank
163 m a.s.l. 13.5 1 frame/min

33◦~93◦
(horizontal),

24◦~68◦ (vertical)
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Figure 2. Map of INGV monitoring cameras and borehole strainmeter (DRUV) used in this paper.
The pale blue area shows the portion of topography that can be imaged by the EMCT and EMCH
cameras, used for the emplacement of the 12 March 2021, lava flow field. The Northeast Crater (NEC),
Voragine (VOR), Bocca Nuova (BN), Southeast Crater (SEC), and New Southeast Crater (NSEC)
summit craters are indicated in the yellow frame inset. The blue color is for visible cameras, the
purple color is for thermal cameras.

The height of the ash plume was measured from the calibrated [59–61] visible cameras
ECV and EBVH located on the S and NW flank of the volcano, respectively. ECV has
a maximum vertical field of view of ~9.0–9.5 km above sea level (a.s.l.), whereas EBVH
allows the detection of ash plumes up to ~12.5 km a.s.l., depending on the wind speed and
direction [59–61].

The EMCT thermal camera (Table 1 and Figure 2) was used to follow the lava flow
emplacement associated with the lava fountaining activity [62,63]. This camera is located
~8.3 km east of the summit craters (Figure 2, Table 1). Thermal images acquired from EMCT
are currently received in real time and stored as RGB files. A routine was implemented to
automatically process the images. The images are reprojected on the topography, consider-
ing the position and orientation of the camera. To detect the active portion of the lava flow,
a threshold is set at 245 for the red channel. This threshold was found by considering the
histogram images of recorded values in the presence—or not—of lava flow. Concerning
the topography, a digital elevation model derived from Pleiades images and updated in
2020 is taken into account.
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2.2. Satellite Thermal Monitoring

Low spatial-high temporal resolution satellite images (1–3 km pixel at nadir, 6 h—up
to 5 min frequency), such as those acquired by SEVIRI, MODIS, and VIIRS, are currently
used to follow the eruptive activity at Mount Etna. Due to the short-lived nature of the
lava fountains that occurred to date in 2021, SEVIRI aboard the geostationary Meteosat
Second Generation, providing information at 15 to 5 min sample times, is the best sensor
to describe the evolution of the eruptive phenomena [62,64,65]. The thermal anomalies
related to the volcanic activity can be located in the satellite images by processing the
middle infrared (MIR) channel that is particularly sensitive to high temperature events.
The automatic system HOTSAT [66] was used to process these data. Besides locating
the thermal anomalies, HOTSAT also computes the radiant heat flux by quantifying the
thermal anomaly in each image. From a temporal sequence of images, a radiant heat flux
curve can be retrieved, and the timing of an eruptive event can be determined. In the
case of effusive events, this curve can provide an estimation of the eruption rate, i.e., it
can be converted into a time averaged discharge rate (TADR; [64,67–69]), TADR being
an essential parameter for defining the size and magnitude of a volcanic eruption [40,68].
This conversion entails some assumptions [70], among which the thermal steady state
needs to be reached [71]. Lava fountains are very fast and transient events, so converting the
radiant heat flux into TADR is not possible. Indeed, during the climax phase, saturation and
plume obscuration occur, increasing the uncertainties on the peak values of radiant heat flux.
To overcome these limitations, the method developed by Ganci et al. [65] was applied here.
This method considers the surface temperature for a stagnant, stable, cooling lava sur-
face as a function of time following the solution of the Stefan cooling problem [68,72].
The satellite-derived radiant heat flux depends on the radiative heat flux density due to
the surface temperature and the area of cooling lava. The erupted volume of lava is hence
computed by modeling the cooling curve apparent in the satellite-derived radiant heat
flux curve. A minimum and a maximum range of thickness are assumed for the lava
flow field, and the actual curve is constrained between two modeled curves by using the
Nelder–Mead algorithm.

SEVIRI, MODIS, and VIIRS data were also used to compute the volcanic Ash Cloud
Top Height (ACTH). In this work, this value was derived by comparing the brightness tem-
perature for the pixels contaminated by the volcanic plume with atmospheric temperature
profiles. Data for the atmospheric profiles were downloaded with hourly frequency, regrid-
ded to a regular lat–long grid of 0.25 degrees, from ERA5, the fifth generation ECMWF re-
analysis for the global climate and weather (available at https://cds.climate.copernicus.eu/,
accessed on 2 August 2021). The radiances acquired in the thermal infrared were cor-
rected for atmospheric effect by using the MODTRAN (MODerate resolution atmospheric
TRANsmission) model and converted to brightness temperatures by using the Planck law.
We computed the Brightness Temperature Difference (BTD) between channels IR12.0 and
IR10.8 to highlight the presence of ash/SO2 plume, so we also computed the area of the
volcanic cloud as seen from space for each image. In order to compare the temperature at
the top of the volcanic cloud with the temperature of the atmospheric profile, we developed
a MATLAB routine that interpolated the atmospheric profile at the measured value of
temperature and provided the correspondent height. The interpolation is made through
the MATLAB function spline. The method assumes that the top layer volcanic ash cloud
behaves as a blackbody, and it is opaque; the assumption can cause significant overesti-
mation of the cloud top temperature and, therefore, underestimation of the volcanic ash
height if there are multilayer clouds under the top volcanic ash layer. Moreover, for high
clouds near the tropopause and at high latitudes, the method can lead to errors because
the rate of temperature change with height is small [73]. However, reanalysis of regional
atmospheric products was used for ACTH estimations at the Etna volcano during recent
eruptions [25,52]; the results of these models for lava fountains at Mount Etna were also
validated with other ground-based approaches [59]. Finally, higher spatial resolution
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images, such as those acquired by Sentinel-2 MSI, Landsat 8, and Aster, were used to locate
and map the active or recently emplaced lava flow field [74,75].

2.3. High Precision Strain from the Borehole Dilatometer

A network composed of deep borehole dilatometers was installed on Etna in 2011
(two stations) and 2014 (further two stations). The dilatometers measure the volumetric
strain of the rocks where they are installed, reaching nominal resolution of 10−10 to 10−11,
and guaranteeing a frequency range from 10−7 to >20 Hz. The instruments are usually
installed into deep drilled holes (depth > 100 m) to reduce environmental noise, mainly
the thermoelastic strain effects, to better exploit their high sensitivity. The instruments
are coupled to the rock by using expansive cement and they require final calibration after
installation. The calibrations are usually performed by comparing the recorded strain with
the estimated reference signals, such as those produced by lunar tides, mainly the diurnal
O1 (25.82 h) and the semidiurnal M2 (12.42 h) [58]. Other approaches are also implemented
by comparing the recorded dynamic strain amplitude of long-period surface waves from
strong distant earthquakes [76] or by direct comparison of the strain recorded by the
borehole dilatometer with the seismic strain of teleseismic waves, recorded by a nearby
broadband seismic array [77]. A detailed description of the installations, instrumental in
situ calibrations, and main results are fully described by Bonaccorso et al. [76,78]. In this
study, we used the signal from the most precise station, namely DRUV. This dilatometer
was installed at a depth of 172.5 m within a very massive basalt layer in the mid-western
flank of the volcano at about 10 km away from the summit craters (Figure 2). All previously
cited calibration approaches were successfully applied to the strain recorded at this station
obtaining the same calibration coefficient [58,76–78]. This is considered the reference station
since, as testified by the in situ calibrations, it has a >20 times more precise sensitivity than
the other stations.

3. Eruptive Activity before the 12 March 2021, Paroxysm

In the recent years, Etna volcano often displayed sequences of lava fountain events,
mostly occurring from the SE Crater (SEC), and more recently from the NSEC [6,8,9,11,17].
These are characterized by the development of associated ash plumes and short-lived
lava overflows from the crater rim [6–11,17]. Several periods of lava fountain activity
characterized the growth of the SEC: in 1989 (16 lava fountains), in 1998–1999 (22), in
2000 (64), in 2001 (15), and in 2013–2015 (49) [8,14,15,17]. The first, most relevant of these
sequences occurred in 2000, when during the six months (spanning between January and
June) the SEC produced 64 such episodes [8]. This episodic activity was triggered by more
primitive and gas-rich magma entering the SEC reservoir, where it mixed with the resident
and more evolved magma, giving rise to a gas bubble foam layer accumulated at about
1.5 km depth below the erupting crater [7,8,57]. In general, paroxysmal episodes taking
place close in time are generally impulsive and characterized by rapid waxing and waning
phases compared to the episodes more distant in time that show a slower pattern [17].

Following the short flank eruption on Etna in December 2018 [25,27], the volcano had
another effusive phase from the summit craters between 30 May and 6 June 2019, when
some short fissures opened at the base of the NSEC, feeding a lava flow field that spread
eastwards [26,79]. Once this eruptive activity ended, the summit craters of the volcano
displayed a mild Strombolian explosive activity with occasional ash emission. On 18 July
2019, an effusive vent opened at the base of the NSEC, producing a small lava flow that
spread NE for a few kilometers. This lava flow stopped on the evening of 20 July 2019.
Another effusive vent opened on 27 July 2019, at the S base of the NSEC, producing a
lava flow that spread towards SW and S for several hundred meters and stopped the next
day. The Strombolian explosive activity at the summit craters continued during the year,
accompanied by occasional and pulsating ash emissions, and producing an intra-crater
cinder cone and a several hundred-meter-long lava flow within the Voragine crater in
September 2019. From October 2019, the summit craters of the volcano displayed a mild
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Strombolian explosive activity with occasional dilute ash emission [80]. In December 2019,
the explosive activity increased in intensity, with bomb spatter and ballistics falling on
the outer flanks of the NSEC, and a lava flow erupted from the Voragine crater, spreading
within the nearby Bocca Nuova crater. This eruptive activity continued in 2020, intensifying
during February–early March 2020 [80], when up to three scoria cones built up within
the Voragine crater by March 2020. A complex lava flow field fed by the Voragine vents
was spreading within the nearby Bocca Nuova crater, lasting until the end of April 2020.
The Strombolian explosive activity continued at all summit craters with occasional dilute
ash emissions, increasing in May 2020, and forming ash clouds rising several hundred
meters above the craters. Several such ash clouds were also observed from June and August
2020 until 13 December 2020, when the first episode of lava fountaining occurred at the
NSEC, accompanied by lava flow output from the crater rim spreading S. The collapse of
a portion of the crater rim caused three pyroclastic density currents (PDC) spreading S,
SW and SE from the base of the cone for several hundred meters. The explosive activity
climaxed into an additional lava fountaining episode on 14 December 2020, and a lava flow
from the NSEC spreading S on 15 December 2020. Additional lava fountaining episodes
and lava flow outputs occurred on: 21 and 22 December 2020, 18 January 2021; on 16,
17, 19, 20, 22, 23, 24, and 28 February 2021; on 2, 4 (two episodes), 7, 9, 12, 14, 17, 19, 23,
and 31 March 2021, on 19, 21, 22, 24, 25, 26 (three episodes), 27, 28 (four episodes), and
30 May 2021, on 2, 4, 12, 16, 17, 19, 20, 22, 23 (two episodes), 24, 25 (two episodes), 26,
27, and 28 June 2021; and on 1, 4, 6, 8, 14, 20 and 31 July 2021 (see activity reports of
INGV-OE at https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-
del-monitoraggio/bollettini-settimanali-multidisciplinari, accessed on 2 August 2021).

4. Results

The chronology of the eruptive events was gathered from the analysis of the images
acquired by the INGV monitoring network, comprising visible and thermal cameras
(Table 1 and Figure 2) and allowing a view of the volcano from various distances and
directions, and by satellite. All times indicated in this paper are UTC.

4.1. Eruptive Events and Characterization of the Lava Fountain and Ash Plume

The Strombolian activity at the NSEC, observed from the INGV network of monitoring
cameras (Figure 2 and Table 1), started on 12 March 2021, at 02:35, gradually increasing in
frequency, height, and intensity of the jets. Table 2 summarizes the timing of the events as
observed by the monitoring cameras and satellite, also complemented by strain informa-
tion. At 06:40 the activity became transitional between Strombolian and lava fountaining
(Figure 3a), and at 07:00 a lava flow breached the lower eastern rim of the crater spreading
E within the Valle del Bove depression (VdB; Figures 2 and 3b). At 07:22 a second overflow
occurred from the NE margin of the crater rim, expanding on the N flank of the crater
(Figure 3b). At 07:35, the explosive activity became a clear lava fountaining, accompa-
nied by significant ash emission and fast formation and growth of an eruptive column
(Figure 3b). The third lava flow started spreading SE from 09:20 (Figure 3c).
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Table 2. Timing of the 12 March 2021, eruptive episode retrieved from the INGV monitoring cameras, from the satellite and
strain signal. IER = instantaneous effusion rate [68].

Time UTC Eruptive Activity Notes

02:35 Strombolian activity started at the NSEC Figure 7

02:56 First satellite thermal anomaly detected
and Strombolian activity intensified Figure 7

05:00 Plume already reached 4000 m a.s.l. Figures 5 and 6a

06:40 Transitional activity between Strombolian
and lava fountaining started at NSEC Figures 3a and 6b

07:00 Lava flow output started from the E rim
of NSEC, expanding E Figure 3a

07:22
A second lava flow started from the NE

rim of NSEC, expanding N, strain
suddenly declining

Figure 3b

07:35

Lava fountaining phase with significant
ash emission and formation of an

eruptive column, 20–30 m s−1 of muzzle
velocity

Figures 3b and 6d

07:35–08:56
Radiant heat flux increased from satellite,
muzzle velocity of ~70 m s−1, strain rate

increased
Figure 9

08:14 Maximum muzzle velocity of 133 m s−1
reached by the lava fountain

08:30 Maximum plume height of 11.3 km a.s.l.
detected from EBVH Figures 4 and 5

08:47–08:49

Maximum elevation reached by the lava
fountain of 3000 m above the crater rim

(from EBT), and of 2400 m above the
crater rim (from ENT) and peak IER of

276 m3 s−1

Figures 4b and 5

08:57 Peak value of 35 GW measured from
satellite and peak value from strain Figures 5 and 9

09:05–09:30 The ash plume started declining in height Figure 5

09:20 A third lava flow started from the SE rim
of NSEC, expanding SE Figure 3c

09:45 Lava fountain ended, strain declining
stopped Figure 3c

10:10–10:15 The ash plume dropped below 6.0 km
a.s.l. Figure 5

10:54 Explosive paroxysm ended Figure 3c

12:00 Lava flow output ended and lava flow
field cooling
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Figure 3. The output of three lava flows from the crater rim of the New Southeast Crater (NSEC), observed by the EMCT
thermal camera located on the E flank of the volcano, on 12 March 2021. North is on the right, south is on the left. See
Figure 2 for camera location and Table 1 for its characteristics. (a) Thermal image recorded at 07:23:16 showing the first
lava flow (white) spreading E along the western wall of the Valle del Bove (VdB). (b) Thermal image recorded at 07:59:26
showing the lava fountain with the ash plume (blue), and the second lava flow spreading N (white, right of the image).
(c) Thermal image recorded at 10:54:40 showing the crater inactive, and in white the three lava branches slowly expanding.

The height of the lava fountain, detected from the ENT (S flank) and EBT (NW
flank, Figure 2 and Table 1) thermal cameras, gradually increased up to 08:49, when it
reached the maximum elevation of 2400 m above the crater rim and the peak instantaneous
effusion rate (IER, averaged over a shorter lapse of time than the effusion rate [68]) of
276 m3 s−1 (Table 2). The muzzle velocity, obtained from the EMOT camera which is
closer to the summit vents, was only 20–30 m s−1 during the initial phase of fountaining,
increased to ~70 m s−1 after 08:05, and reached the peak of 133 m s−1 at 08:14 (Table 2).
Then the fountain height decreased, stopping at 09:45 (Table 2), after a duration of 130 min
(Figure 3). The average fountain height, calculated from the values measured every minute
with the ENT camera, was 1149 m.

The height of the ash plume was measured on the frames overlapped on the visible
images recorded by the ECV and EBVH visible cameras, located on the S and NW flank of
the volcano, respectively (Figures 2 and 4, Table 1), using the calibrated images automati-
cally provided by the procedure developed by Corradini et al. [59] and Scollo et al. [60,61].
The images of the ash plume are displayed in Figure 4, and the results of the ash plume
heights against time are shown in Figure 5, where they are compared with the heights of
the lava fountains retrieved from the ENT and EBT thermal cameras.

Figure 4. Heights and shapes of the 12 March 2021 ash plume at 08:55 imaged from (a) the EBVH calibrated camera located
on the NW flank of the volcano where it reached 11.0 km above sea level (red dotted line) and with the lava fountain
measuring 2.6 km above the crater rim (yellow dotted line), from (b) the uncalibrated ECVH camera located on the S flank
of the volcano, with the red box displaying the area imaged in (c) and related to the ECV calibrated camera field of view,
located in the same position as the ECVH, and having a maximum vertical field of view up to 9.5 km elevation above sea
level, and displaying the elevation of the lava fountain (yellow dotted line) estimated at 2.3 km above the crater.
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Figure 5. Heights of the lava fountain (Hf, in m above the crater rim) obtained from the ENT and the EBT thermal cameras,
compared to the heights of the ash plume (Hp, in m above sea level) obtained from the ECV and EBVH visible cameras
against time (hh:mm, UTC).

It is worth noting that although the lava fountain phase started at 07:35, the elevation
of the plume was more than 4000 m above sea level (a.s.l.) much earlier, and at least from
dawn at 05:00 when the ash plume became visible (Figures 5 and 6, Table 2). This was
probably owing to the heat released by the Strombolian activity that started at the NSEC at
02:35 (Figure 3a and Table 2). However, at that time, it was a weak plume bent eastward
and comprising mostly diluted reddish ash (Figure 6a). At 06:40, as soon as the explosive
activity became transitional [4,14,43] between Strombolian and lava fountaining, the ash
plume rose to 5300 m a.s.l. and changed inclination (Figure 6b), suddenly becoming more
vertical as a result of an increased IER~120 m3 s−1 and displaying increasing water vapor
condensation at the top (Figure 6c–e).

Figure 6. Heights and shapes of the 12 March 2021, ash plume imaged from the ECV calibrated camera. The vertical field of
view reaches ~9.0 km above sea level. (a) Weak plume at 05:30; (b) weak ash plume at 06:40, with an upper part becoming
more vertical; (c) intermediate ash plume at 06:56, with water vapor condensation at top; (d) intermediate ash plume at
07:35, when the lava fountain starts; (e) strong vertical plume at 08:03, slightly bent eastward (right) in the uppermost
portion; (f) strong plume at 08:49, with a lower and more diluted cloud caused by the lava flow expanding eastward; (g) ash
plume bending eastward after the end of the lava fountaining at 09:53; (h) ash plume decreasing in height at 10:10.
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The amount of water vapor condensation at the top of the eruptive column increased
even more after 07:35, when the eruptive activity became lava fountaining (Figure 6d–f).
The increased IER~153 m3 s−1 resulted in the formation of a strong plume extending
vertically above the vent, with only the uppermost portion being bent eastward by the
wind (Figure 6e). The ash plume went beyond the ECV camera field of view (i.e., more
than 9.0–9.5 km a.s.l.) as soon as the lava fountain attained its peak IER of 252–276 m3

s−1 at 08:47–08:49 (Table 2 and Figure 6f). At this stage, the lava flow field spreading
eastward increased its speed significantly, as observed by satellite (Table 2) and also by
the appearance of a lower steam cloud produced by the heat released by the lava flow
(Figure 6f). The ash plume started to drop several minutes after the lava fountaining
stopped (Figure 6g), but its disappearance was evident only after 10:10 (Figure 6h), about
30 min after the end of the lava fountaining phase.

The maximum plume elevation was not recorded by the ECV camera because its
maximum field of view reaches ~9.0–9.5 km a.s.l. [60], but probably also the EBVH camera
gave a slightly underestimated maximum ash plume elevation, given that the maximum
elevation of 11.5 km a.s.l. was observed at 08:30 (Table 2 and Figure 5), whereas the
maximum elevation of the lava fountains was attained at 08:49 from ENT (2.4 km above
the crater rim, Table 2; average value 1.15 km).

The lava fountain heights decreased soon after having reached the peak values (i.e.,
at 08:50 from ENT; Figure 5), whereas the ash plume started decreasing in height at 09:05
from ECV and at 09:30 from EBVH, with a delay of 18–43 min (Figure 5).

Given that ash plume can be a serious threat to airport and airplane viability due to
the proximity of Mount Etna with the Catania international airport (~32 km), we need to
estimate the maximum elevation that the ash plume can attain, as well as its direction, as
soon as possible, in order to provide prompt advice to the Civil Protection and Air Traffic
Authorities. In this regard, the average lava fountain height is a key parameter because
it allows us to estimate the maximum plume elevation as soon as the peak height of the
lava fountain is reached. From the data recorded during the 2011–2013 lava fountains from
NSEC, Calvari et al. [15] proposed the following empirical equation:

HP = 5.26 HF + 6.83 (2)

where HP is the maximum height reached by the ash plume, and HF is the average height
of the lava fountain. Considering an average lava fountain height of 1.15 km above the
crater rim, and applying the formula (2) by Calvari et al. [15], the estimated maximum
plume height is 12.9 km, close to the real value of 11.5 km a.s.l. estimated from the EBVH
monitoring camera (Figure 4a).

The difference in elevation for the lava fountain and ash plume obtained from the
different cameras can be due to the irregular shapes of the lava fountain and ash plume,
and/or to the ash partially obscuring the sight at the thermal image. Although the lava
fountain suddenly stopped at 09:45, the ash plume was above 9.0 km a.s.l. at least for
10 additional minutes (until 09:55), and started to decrease below 6.0 km a.s.l. only after
10:10–10:15, with a delay of about 30 min (Figure 5).

On the basis of the lava fountain heights measured from the ENT camera, we estimated
the volume of pyroclasts erupted during the lava fountain episode, following the method
proposed by Calvari et al. [14,15]. The resulting volume is ~1.6 × 106 m3, which, averaged
over the 130 min of duration of the event, gave a time-averaged discharge rate (TADR; [68])
of ~209 m3 s−1 and a peak instantaneous effusion rate (IER, [68]) of 276 m3 s−1 recorded at
08:49.

4.2. Satellite Thermal Data

Processing satellite images enables us to derive: (i) the timing of eruptive activity as
seen from space; an estimation of the (ii) area; and (iii) volume for the lava flow field and
of (iv) the top height for the ash plume. The first thermal anomaly, related to the 12 March
eruptive episode, was detected by SEVIRI at 02:56 when the Strombolian activity intensified
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(Table 2). This anomaly was followed by a constant increase in the satellite-derived radiant
heat flux mainly related to the lava flow spreading, as also visible from the lava flow area
increase imaged by the EMCT thermal camera (Figure 7b). A first increase in the radiant
heat flux signal was recorded at 6:42 and a second sharp increase occurred at 08:12, with
a peak value of ~25 GW at 08:57 (Table 2). After this a constant decrease, related to the
cooling of the lava flow, was observed. Due to the low spatial resolution of SEVIRI images
at Etna volcano, we are not able to distinguish between the radiant heat flux curve coming
from the lava fountain and the contribution related to the lava flow field. Most of the
thermal signal is due to the lava flow emplacement as shown by the comparison with the
lava flow field growth recorded by the EMCT thermal camera (Figure 7a,b). This happens
for two reasons: the first is that the SEVIRI pixel over the summit crater saturates, and the
second one is that the eruptive column above the lava fountain covers the view from the
satellite. Applying the method by Ganci et al., [64], the satellite-derived cooling curve was
modeled and a lava flow volume of ~2.4 × 106 m3 was estimated.

Figure 7. (a) Map of the lava flow derived from the thermal camera EMCT superimposed on the RGB composite (Band 12,
Band 11, Band 5 at 20 m spatial resolution) of the Sentinel-2 image acquired on 13 March at 09:50. The projected map of
the lava flow is cut in order to remove the jet portion of the lava fountain. (b) Thermally anomalous area detected from
the EMCT thermal camera against time (red squares), compared with the radiant heat flux curve retrieved from SEVIRI
(blue diamonds).

Figure 7b shows the SEVIRI-derived radiant heat flux versus the active lava flow
area as imaged by the EMCT thermal camera. We found a slight difference between the
two signals at the beginning and at the end because the oblique view from the camera
missed the thermal activity at the crater area and part of the lava flow emplaced below
~1900 m a.s.l. that was instead visible by satellite. During the fountaining, the ash plume
partially prevented the view of the lava flow field from EMCT (see Figure 6g,h), until 10:45
when the maximum value of 0.75 × 106 m2 was reached. Figure 7a shows the lava flow
area as imaged from EMCT superimposed on the RGB composite obtained from Band 12,
Band 11, Band 5 (20 m spatial resolution) of the Sentinel-2 image acquired on 13 March at
09:50. The EMCT-derived map of the lava flow was retrieved considering all the images
acquired by the camera with a portion of active lava flow from 12 March at 04:26 to 13
March at 05:40. We found an overlap of 97% between the projected thermal camera lava
flow surface and the one visible from the Sentinel-2 image for the portion visible from the
EMCT camera (Figure 7a). From the Sentinel-2 image, we derived a whole lava flow field
area that resulted of about 1.17 × 106 m2. Combining the SEVIRI-derived volume and the
Sentinel-2 derived area, we found an average thickness of ~2.1 m for the lava flow field.
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Figure 8 shows the ash cloud top height obtained from a VIIRS image acquired on 12
March 2021, at 10:46. The result is a maximum height of 12.6 km a.s.l. (Figure 8).

Figure 8. Ash Cloud Top Height (ACTH) computed from a VIIRS image of 12 March 2021, at 10:46.

By processing SEVIRI data, we were also able to follow the ash cloud dispersion
during the eruptive episode. The plume top area was visible by SEVIRI at 8:15 and the
area increased until 10:45 with an almost constant velocity between 0.1 and 0.2 km2 s−1

(Figure 9). At 11:00, more than one hour after the end of the lava fountaining (Table 2), the
plume top area started decreasing and separating from the volcano.

Figure 9. On the left: three SEVIRI scenes (channel IR 10.8) acquired on 12 March 2021 at 8:30, 10:00, and 10:45. On the right:
histogram of the plume top area during 12 March 2021 from 8:15 to 11:00.
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4.3. Strain

The DRUV reference station is located 10 km away from the summit craters (Figure 2),
but has a very high sensitivity allowing to clearly detect the small strain variations (~0.2
microstrain) caused by the activity of the lava fountains at that distance. During the
paroxysmal phase, the strain signal showed a negative variation which corresponded to a
decompression of the medium surrounding the instrument. A weak variation started at
06:40, during the transitional phase (from Strombolian to lava fountaining activity) and
the small lava flows occurrence. Then the strain increased its rate during the most intense
lava fountain phase (07:35–08:57; Table 2). The strain signal continued to decrease until
09:46, cumulating a change of 0.18 microstrain. This variation is of the same order of
magnitude as those recorded during the 2011–2013 paroxysmal episodes, with a value a
little greater than the average of these events, which was 0.15 microstrain [58]. The strain
rate, calculated as the strain change per 1 min sampling rate unit, reached a maximum
value at 08:57. The strain recorded is shown in Figure 10a, where it is compared to the
heat flux measured by satellite, and the strain rate against heat flux is shown in Figure 10b.
In Figure 10, four phases can clearly be identified: (1) Strombolian activity and an initial
weak effusive phase producing the beginning of the thermal release, but without strain
change; (2) increase of the Strombolian activity (i.e., transitional activity between Strombo-
lian and lava fountaining) in which the strain starts to decrease (i.e., decompression begins)
and the strain rate increases; (3) start of the lava fountain phase ejecting at a high mass
rate. This phase is characterized by a strong increment in the thermal contribution and
by a marked decompression recorded by the strain. The maximum of the strain rate at
08:57 is coincident with the maximum of the radiant heat flux and lava fountain height
(Table 2 and Figure 5); (4) after 08:56, the strain rate began to decrease, indicating that the
lava fountain intensity was going to decrease and, therefore, the turning point of the strain
rate represented the exact moment at which the eruptive activity started to decline; (5) at
09:45, the strain change reached the minimum, indicating that the lava fountain finished,
the magma was no longer emitted, and the strain no longer recorded decompression (only
the regular lunar tides), while the slow cooling of the hot material of the effused portion
caused a slow exponential decrease in the thermal contribution detected by satellite.
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Figure 10. (a) Comparison of the radiant heat flux (GW, blue diamonds) detected by SEVIRI satellite with the strain signal
(black line, in microstrain) and (b) the strain signal recorded at the DRUV station (black line, in microstrain per minute). (1)
Strombolian activity and initial weak effusive phase; (2) transitional activity between Strombolian and lava fountaining; the
strain starts to decrease and the strain rate increases; (3) start of the lava fountain phase; (4) the strain rate began to decrease
indicating that the lava fountain intensity was going to decrease; (5) the strain change reached the minimum indicating that
the lava fountain finished.

134



Remote Sens. 2021, 13, 3052

It is interesting to observe that the strain signal provided correct timings of the start and
end of the lava fountain phase (Figure 10a), with times in agreement with those obtained
from the camera frames. The strain rate marked the intensity regime of the explosive phase,
and when the sign inversion occurred (at the beginning of phase 4, Figure 10a) there was a
precise indication that the lava fountain began to decline (5, Figure 10b).

5. Discussion

The explosive mechanism of the lava fountains at Etna is generally understood as
the “foam model” [81,82], which takes account of a rapid and violent ascent of a bubble
foam layer previously accumulated at a shallow depth [7,8,14,83]. In this paper we have
analyzed ground, satellite data and high precision strain signals collected during the 12
March lava fountain episode at Etna volcano in order to characterize the formation and
growth of the lava fountain and of the associated lava flow field, and the way the fountain
feeds the ash column and eruptive plume. The aim was to acquire parameters that could
be useful for hazard assessment.

The cameras allowed us to observe the phenomenon from the ground and provided
precise information on the characteristics of the lava fountain, on the subsequent erup-
tive column, ash plume development, and height. In particular, they constrained the
total amount of the erupted fluid (gas plus pyroclasts) during the lava fountaining phase,
and from this value we extracted the volume of pyroclasts as 0.18% of the total [14,15].
Thermal satellite analyses enable estimating the thermal energy and lava flows erupted dur-
ing and after the lava fountains. In addition, satellite images reveal the size and elevation of
the ash plume and their changes in time. The strain measures the response of the volcanic
edifice to the decompression caused by the eruptive activity and provides constraints on
the timing and total erupted volume. In general, the approach of integrating these various
observations allowed us to obtain robust constraints to characterize the phenomenon.

In particular, in this study we have described the Strombolian activity at the vent,
which began on 12 March 2021 at 02:35 (Table 2), gradually increasing with time in intensity
and frequency of the bursts. Only after 06:40, i.e., after about 4 h of growing explosive
activity, did the Strombolian activity pass to transitional explosions [14,39,43], and at 07:35,
about one hour later, became lava fountaining. This transition corresponds to an increase
in coalescence between gas bubbles [39] that drives the change from countable discrete
explosions (Strombolian activity), revealing a bubbly flow regime within the conduit, to
the transitional activity [14,39,43], indicative of a slug flow regime within the conduit,
to the uncountable oscillations of a lava fountaining typical of a sustained annular flow
regime [84]. It is at this stage—namely when lava fountaining is fully developed—that
abundant ash is released from the fountain margins to feed the ash plume, suggesting
further passage from an annular flow regime to a dispersed flow regime [84]. The lava
fountaining phase showed a growing muzzle velocity that started from 20–30 m s−1,
rapidly grew to 70 m s−1, and peaked at 133 m s−1 (Table 2). These values are in the range
of Etna’s previous paroxysmal events [15,31,85].

Considering that the wind speed during the lava fountaining episode ranged between
~5 and 10 m s−1, at an altitude between 3 and 10 km (ERA5 Reanalysis available at
https://cds.climate.copernicus.eu/, accessed on 2 August 2021), the results by Calvari
et al. [15] is confirmed, namely that wind speed up to 10 m s−1 leads to a strong to
intermediate plume rising vertically above the crater or slightly bending in the wind
direction. This shape has a lower impact on the local population because ash fallout is
mainly concentrated around the vent, but has a greater impact on aviation because the
plume reaches greater elevation [15]. In the case of the 12 March 2021, paroxysmal episode,
the ash plume rose to the maximum elevation of 11.3 km a.s.l. at 08:30, as detected from the
monitoring cameras (Table 2), but grew even further away from the volcano and reached
12.6 km at 10:46 (Figure 8), as detected by the satellite. Thus, even more than one hour
after the end of the lava fountaining, the ash plume was still threatening the airplanes
path (Figures 8 and 9). Given that the maximum elevation of the lava fountaining was
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detected 10–15 min after the top plume height detected from the EBVH camera (Table 2),
it is possible that the maximum elevation of the ash plume was slightly higher than that
detected by the EBVH ground camera even close to the volcano. This is confirmed by the
12.6 km detected by satellite at 10:46 (Figure 8) and is in agreement with what was predicted
by the Equation (2) [15] that estimated a maximum ash plume elevation of 12.9 km.

The lava fountaining paroxysm ejected 1.6 × 106 m3 pyroclasts at maximum IER
of 276 m3 s−1. Most of the pyroclastic material erupted by the fountaining fell around
the vent, further increasing the size of the NSEC cinder cone, as happened in the recent
past [14,15,18,86]. Together with the lava fountaining, a lava flow also erupted from the
crater rim, spreading a volume of 2.4 × 106 m3 over a surface of 1.2 × 106 m2 and travelling
for 3.7 km eastward for a few hours.

The strain, based on the change cumulated during the lava fountain, was particularly
useful for giving an estimate of the total erupted volumes, comprising both the pyroclasts
erupted during the lava fountaining phase and the lava flows. In fact, considering the strain
changes recorded during the lava fountains occurring at Etna on 2011–2013, Bonaccorso
et al. [57] inferred a near spherical source of radius 0.5 km located below the crater area at
a depth close to the sea level. This source represents the shallow storage where gas-rich
magma is trapped and then violently ejected through the lava fountains. During the
lava fountain, this source deflated and its volume changed by 2 × 106 m3; due to the
compressibility of the magma that accommodates a further amount of magma, the total
volume of magma expelled was ~2.5 × 106 m3 [57]. This was considered the representative
volume for a lava fountain producing the mean strain change recorded for the 2011–2013
lava fountains, which was a 0.15 microstrain. Since the expected strain caused by a
depressurizing spherical source is linearly related to the volume change of this source [87],
we can use the results obtained by Bonaccorso et al. [57] to estimate the volume emitted
by the NSEC lava fountains by the amplitude of the strain change at DRUV. For the 12
March 2021, episode, the 0.18 microstrain corresponds to a total emitted volume of ~3
× 106 m3, comprising both lava flows and pyroclasts. This value results in an average
eruption rate of 385 m3 s−1. However, by summing up the satellite-derived lava flow
volume and the thermal camera derived pyroclastic volumes, a value of 4 × 106 m3 is
obtained. We argue that the lava fountain heights analysis measured a quantity of magma
that partly flowed as lava flow and partly fell into the cone as pyroclasts. Indeed, by
comparing the satellite-derived and the thermal camera derived volumes, the quantity of
magma ejected into the fountain and falling into the lava flow field is about 1 × 106 m3,
while about 0.6 × 106 m3 is related to pyroclasts. This value is comparable with the growth
of the NSEC cone already measured during 2011–2013 [14], but also with a recent DEM
difference computation by using Pleiades data (6.4 × 106 m3 during 12 eruptive episodes;
Ganci et al. unpublished data).

It is noteworthy that sustained ash plumes at the Etna volcano always accompany
lava fountains [10,11,14,15,17,25,52–54,59]. Ash plumes cause the greatest concern on the
civil protection authorities because they can attain up to 12–14 km in elevation [52,88]
causing severe threat to the air traffic, while still expanding in the atmosphere, but also
great damage to infrastructures, viability, and public health upon falling on the ground [30].
The ash plume forms as soon as the explosive activity shifts from transitional to lava foun-
tain (stage 3 in Figure 10), most often within 30 min from the paroxysmal
start [14,15,25]. It corresponds to an acceleration of the jet that is responsible for the peak
IER (Table 2) and the greater cooling and fragmentation of pyroclasts [25,33,44]. The heat
released during the lava fountain phase is sufficient to rise a large volume of fine-grained
pyroclasts (ash) up into the atmosphere, causing it to spread for several hours around the
volcano, and to travel distances of several tens of kilometers [89].

A numerical study involving explosive eruptions, carried out at the Etna volcano [90],
estimated that the mass deposited over a distance of 1 and 100 km from the vent represents
30% of the emitted pyroclastic mass. Thus, it is noteworthy that this amount was sufficient
to feed an ash plume 11–13 km high (Table 2, Figures 4 and 5) expanding for hundreds of
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kilometers from the vent (Figures 8 and 9), and covering a sky surface of up to 1900 km2

and a distance of ~140 km from the vent in two and half hours. This matches a plume-
cloud expanding for 60 km from the vent in just 50 min during a previous paroxysmal
episode [89], and fully displays the hazard posed by the ash cloud to aviation safety
and circulation also because of growing airline traffic [91–93]. It is, thus, of paramount
importance to use monitoring data to develop simple equations, such as those used during
recent effusive eruptions at Etna [94,95], which might allow for fast and reliable estimates
useful for hazard assessment during the earlier phases of an explosive paroxysm. In this
respect, application of the formula proposed by Calvari et al. [15], to estimate the maximum
vertical extent of the ash plume once the lava fountaining phase stabilized, proved to be
effective when applied to the 12 March 2021, paroxysm. In fact, this formula estimated an
ash plume maximum elevation of 12.9 km a.s.l., which is a value very close to the 12.6 km
a.s.l. estimated from the satellite images.

6. Conclusions

Our results have essential implications in regard to hazard assessments at Etna during
paroxysmal explosive phases. They confirm the role of wind speed [15] in determining if a
strong, intermediate, or weak ash plume forms, with wind speeds below 10 m s−1 favoring
the formation of strong to intermediate, taller vertical plumes, which cause most of the
pyroclastic fallout around the vent. Our results on the 12 March 2021, episode confirm the
possibility of estimating the maximum ash plume elevation using the formula proposed by
Calvari et al. [15], given that the maximum plume elevation obtained by satellite (12.6 km)
was very close to the 12.9 km estimated by the empirical formula. Integrating results from
the ground monitoring cameras, satellite, and strainmeters, we obtained an estimation of
the total erupted volume of 3 × 106 m3, of which 1.6 × 106 m3 erupted as pyroclasts, with
~1 × 106 m3 of the volume of pyroclasts flowing together with the lava flows to comprise a
lava flow field extending over a surface of ~1.17 × 106 m2, with a volume of 2.4 × 106 m3.
Considering the duration of 130 min for the episode, there was an average eruption rate of
385 m3 s−1 for this event, comprising both pyroclasts and lava flows. Our results show that
extreme caution must be applied when calculating the volume erupted during paroxysmal
episodes, combining data obtained from monitoring cameras and satellites. In fact, by
comparing these results with the strain changes at the shallow magma source, we have
shown how a significant portion of pyroclasts (~1 × 106 m3) flowed along the flanks of the
NSEC cone to feed the lava flows. This corresponds to ~33% of the total volume erupted
by the paroxysmal episode.

Although the duration of the eruptive event was rather short (130 min), the expansion
of the ash cloud continued for the following hours, reaching the maximum elevation
detected by satellite about 1 h after the end of the paroxysm (Figures 8 and 9). The ash
cloud expanded in the atmosphere and eventually detached from the volcano 1.5 h after
the end of the paroxysm (Figure 9). This result must be taken into account when organizing
air traffic immediately after the end of an explosive paroxysm.
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Abstract: The Etna volcano is renowned worldwide for its extraordinary lava fountains that rise
several kilometers above the vent and feed eruptive columns, then drift hundreds of kilometers
away from the source. The Italian Istituto Nazionale di Geofisica e Vulcanologia-Osservatorio Etneo
(INGV-OE) is responsible for the monitoring of Mt. Etna, and for this reason, has deployed a
network of visible and thermal cameras around the volcano. From these cameras, INGV-OE keeps
a keen eye, and is able to observe the eruptive activity, promptly advising the civil protection and
aviation authorities of any changes, as well as quantifying the spread of lava flows and the extent
of pyroclastic and ash plumes by using a careful analysis of the videos recorded by the monitoring
cameras. However, most of the work involves analysis carried out by hand, which is necessarily
approximate and time-consuming, thus limiting the usefulness of these results for a prompt hazard
assessment. In addition, the start of lava fountains is often a gradual process, increasing in strength
from Strombolian activity, to intermediate explosive activity, and eventually leading to sustained
lava fountains. The thresholds between these different fields (Strombolian, Intermediate, and lava
fountains) are not clear cut, and are often very difficult to distinguish by a manual analysis of the
images. In this paper, we presented an automated routine that, when applied to thermal images and
with good weather conditions, allowed us to detect (1) the starting and ending time of each lava
fountain, (2) the area occupied by hot pyroclasts, (3) the elevation reached by the lava fountains over
time, and (4) eventually, to calculate in real-time the erupted volume of pyroclasts, giving results
close to the manual analysis but more focused on the sustained portion of the lava fountain, which
is also the most dangerous. This routine can also be applied to other active volcanoes, allowing a
prompt and uniform definition of the timing of the lava fountain eruptive activity, as well as the
magnitude and intensity of the event.

Keywords: automated detection; remote sensing; lava fountains; Etna volcano

1. Introduction

New data and interpretations have emerged of the geodynamics of the eastern Sicily
point to Etna as a volcano, undergoing an evolutionary phase where a future increase in
highly energetic explosive activity is possible [1]. As a matter of fact, the last three decades
of Etna’s activity were characterized by frequent highly explosive eruptions, here called
paroxysms [2,3]. Paroxysms at Etna are characterized by lava fountaining lasting 1–2 h,
reaching the height of 1–3 km above the crater, and generating conspicuous and lengthy
ash plumes that can drift hundreds of kilometers from the vents [4,5], often accompanied
by short-lasting lava overflows from the crater rim [6,7]. During the last few decades,
Etna volcano underwent several eruptions characterized by lava flows mainly from the
summit vents, alternating with short-lasting but powerful explosive episodes [2,3,8–10]. In
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particular, between 2011 and 2015, Etna produced more than 50 such eruptions [3,10–12],
releasing a cumulative erupted volume of a similar order to a major flank eruption [2],
which was normally ten times greater than summit activity [13]. Given that explosive
paroxysms can have a major impact on aviation [14], on road and traffic conditions, and
also on the villages on the slope of the volcano [15–17], it is of paramount importance for a
volcano observatory such as the Istituto Nazionale di Geofisica e Vulcanologia-Osservatorio
Etneo (INGV-OE) to be able to raise an early warning as soon as possible, and then to
advise the civil protection authorities of its possible impact on human activities [18–21].
The first and most important parameter to be detected as soon as possible is the timing
of start and end of any impending activity, and this information needs to be completed
with the extent of the ash plume, lava flows and lava fountains, and with the volume
erupted [3,6,8,12,22,23]. The volume erupted during a lava fountain (LF) episode quantifies
the magnitude of the event, whereas the eruption rate determines its intensity [24]. The
information gathered from the monitoring system is then used to inform the civil protection
of the magnitude and intensity of the event, and also in models routinely used for the
prediction of the extent and distribution of the eruption products, which, at Etna, often
comprise both lava flows [25,26] and pyroclastics [27–29]. An automated procedure to
map the lava flows from the images of the thermal monitoring cameras was recently
developed [6,7], whereas the LF detection and the estimation of the erupted volumes were
normally carried out by manual analysis of the images [3,8,30]. The pyroclastic volume
estimated by thermal images was compared to the total erupted volume estimated by strain
and with the lava flow volume erupted during each episode as estimated by satellite [30],
and an error of ~20% was estimated for the calculated fluid volume, comprising gas plus
pyroclastics [31].

A sustained LF normally gives rise to an eruptive column comprising three main
portions: a lower and innermost zone called gas-thrust region with the highest velocity
at the exit of the erupting vent; an intermediate zone, where convective movements of
the hot mixture of gas and tephra allow ingestion of the cold surrounding air, thereby
slowing down the spreading hot jet, and an uppermost zone reaching the buoyancy zone
and consisting of the laterally spreading umbrella region [32,33]. In addition, the eruptive
columns at Etna can be distinguished into weak plumes if bent in the wind direction
due to wind speeds greater than 10 m s−1, or strong to intermediate plumes when rising
vertically above the vent or slightly bent in the wind direction for wind speeds lower than
10 m s−1 [3].

LF heights were determined following several different methods. One of the earliest,
applied at Kilauea, was carried out by digitizing film from 8 mm time-lapse movie cameras
deployed on the ground, and using a few theodolite measurements as calibration points
for the film [34]. At Etna, a C++ code was developed in order to explore the INGV-OE
thermal image library for image processing [35], applying appropriate thresholds, and
converting the color images into a binary black and white image over which the maximum
vertical extent of the LF can be easily retrieved. A less automated but sometimes more
precise system involves the visual and manual analysis of each image [3,8], given that the
thermal images can be affected by low gas, weather or ash clouds [36–40] that may reduce
the automated measurement of the LF height, or the LF jet may be inclined [3,8,30,35].
Calibrated images of visible cameras can also be used to estimate the vertical extent of
proximal ash plumes associated with the lava fountains [12,22].

One of the most difficult challenges in volcanology is to determine when an erup-
tion is over, especially when it includes multiple episodes and long pauses [41], although
sometimes, a gradual decline of the mass eruption rate may anticipate the end of the
eruption [42]. During the lava fountain activity at Etna, the start and ending time, as
well as any early warning alarm, is given on the basis of the volcanic tremor and infra-
sound [18,43–46]. However, a volcanic tremor does not allow us to calculate the volume
erupted [3,8], and does not provide information about the extension of the lava fountains
and ash plume [5,22]. Another useful device is the borehole strainmeter, which allows cal-
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culating the total erupted volume [47,48], comprising both lava flows and pyroclastics [30].
However, in order to assess the impact on the population, the amount of solely the pyro-
clastics component erupted during a lava fountain event needs to be established, because
this affects the stability of roofs, the cleaning up of roads and motorways, the impact on the
nearby Catania international airport, and the health effects on the local population [49,50].
Automated routines for volcanic activity detection and characterization have been recently
developed [23,45,51,52], and they will probably resolve most of the issues related with
early warning alarms. In this paper, we presented a new automated routine that, when
applied to the images recorded by the thermal monitoring cameras, allowed us to calculate
(1) lava fountain height, (2) area of the lava fountain jet, and (3) volume of the erupted
tephra, using the formula applied by Calvari et al. [3,8]. We compared these results with
those obtained by a manual analysis, discussing limits and advantages, and future possible
improvements.

2. Methods

The INGV-OE thermal camera network for monitoring Etna volcano includes four
fixed, continuously operating thermal cameras located on the flanks of the volcano at
different distances from and looking towards the summit (Figure 1, Table 1). The images
recorded by these cameras are transmitted to the INGV-OE Operative Room and displayed
in real-time to allow continuous monitoring of the volcano. From this perspective, operators
have the task of recognizing the type of event as early as possible. Thermal cameras are
remote-sensing ground-based fixed devices that have significantly improved INGV-OE’s
observational capabilities. They allowed us to monitor the summit area continuously, and
to identify and locate eruptive events. Only poor weather conditions, and especially thick
clouds of water vapor, gas, and/or volcanic ash [37–40] may affect the visibility of the
cameras, and consequently, the reliability of the acquired images, by partially or totally
hiding what is happening in the monitored area. When, by manual examination of images,
we recognized that visibility was limited to a few frames or interfering clouds were low
and only partially obscured the lava fountain (LF), a linear interpolation was carried out on
the data [3]. The manual analysis of the thermal images followed what was described by
Calvari et al. [3,8].

Table 1. List of the INGV monitoring thermal cameras used in this paper and their main features.
The field of view is considered at the crater rim.

Label Type Location
Distance from the

Craters (km)
Frame Rate Field of View

ENT Thermal
FLIR A40M

Nicolosi, South flank
730 m a.s.l. 15.0 2 frames/s 320 × 240 pixels

EBT Thermal
FLIR A320

Bronte, NW flank
85 m a.s.l. 13.5 2 frames/s 25◦ × 18.8◦

EMCT Thermal
FLIR A320

Mt. Cagliato, East flank
1160 m a.s.l. 8.3 2 frames/s 320 × 240 pixels

EMOT Thermal
FLIR A320

Montagnola, South flank
2600 m a.s.l. 3.0 1 frame/s 320 × 240 pixels
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Figure 1. (a) Google map of Sicily, with the white rectangle showing the area magnified in (b), which
is the Google map of Etna volcano showing the position of the INGV thermal monitoring cameras
used in this study. The red circle indicates the position of the summit craters producing the lava
fountain activity.

A sequence of LF episodes occurred at Mt. Etna between 2020 and 2022, and the list of
these events is given in Table 2. We have analyzed the images of the thermal cameras that
recorded the event (Figure 1, Table 2), and chose for each episode the one offering the best
view and the entire vertical extension of the LF, as a function of the LF size, wind direction,
and consequent ash plume fallout. In cases of rotating ash plumes, we used the integration
of images from more than one camera. The manual analysis of the camera images allowed
retrieving the starting and ending time of each episode, the duration expressed in minutes
and seconds, the maximum height of the lava fountain and its average value, as well as the
erupted volume of pyroclastics and the time-averaged discharge rate (TADR, [53]). The
volume of pyroclastics was calculated by following the method by Calvari et al. [3,8], based
on the measurements of the LF heights at time lapses of 1 min, and considering a constant
vent radius of 15 m and a pyroclastic ratio of 0.18% of the total erupted fluids comprising
gas plus pyroclastics. All these results, obtained from the manual analysis of the thermal
camera images, are reported in Table 2.
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The dataset consisted of 66 episodes of LF recorded between 13 December 2020 and 21
February 2022 at Mt Etna by using the four thermal cameras of the INGV-OE monitoring
network listed in Table 1, and whose position is shown in Figure 1. Additional technical
details on the thermal sensors can be found in Calvari et al. [3,29]. Original data were
provided as .avi format files, each containing about 5 min of recorded volcanic activity.
Information concerning the name of the camera and the starting time of each file were
embedded in its name. For instance, the filename EMOT 20210319–082500.avi, refers to a
file recorded by the camera named EMOT, starting on 19 March 2021 at time 08:25:00. All
times are UTC. Other information, such as the duration, the frame-rate, and other useful
video properties, such as width, height, bits per pixel, and the video format were embedded
in the file object. Files were pre-processed in order to crop the color bar and the information
about the acquisition time and camera name, which are normally embedded in the frame.

In order to detect the presence of LF, each frame was converted from the original
RGB format to grayscale and further binarized by adopting a threshold luminance value,
specified as a value in the range [0, 1]. In this way, the hottest objects, such as newly
erupted or cooling down products, will be represented in the binarized image as white
areas, while all the others will be represented in black (Figure 2). Thus, in the absence of hot
objects, such as new ejected volcanic matter, hot spots or cooling lava, the binarized images
will result completely black. However, as mentioned above, it should be noted that hot
objects may not be detected due to the presence of a thick cloud cover. Clearly, the choice
of the threshold parameter played a crucial role. In fact, although on one hand, it allowed
filtering unwanted information, due, for example, to warming of the monitored area by the
Sun, on the other hand, it could also remove useful information, especially in the phase of
emergence of an LF episode. Unfortunately, there were no optimal criteria for the choice of
this parameter which was therefore made for each camera, adopting the traditional trial
and error method. Each binarized image was processed, and detected objects, represented
in white color in Figure 2c, were measured in order to obtain:

− the areas Ai, i = 1, N, Ai being the area in pixels of the i-th object and N the number
of recognized objects;

− the coordinates (xi, yi) of the centroid, of the i_th object, xi and yi being the horizontal
and vertical coordinates, respectively.

The overall process, starting from the original image (Figure 2a), through the grayscale
(Figure 2b), the binarized (Figure 2c), and finally, to the labeled image (Figure 2d) is
reported, as an example, in Figure 2. In particular, the centroids of detected hot objects are
shown by the red asterisks in Figure 2d.

The presence of multiple objects, even from an individual LF episode, was due to
the fact that the volume occupied by an LF does not have a uniform temperature, as can
be seen from Figure 2a where the original colors of the thermal image indicate different
temperatures in a scale starting from blue (0 ◦C) to white (>100 ◦C). However, for practical
reasons, as different hot objects belong to the same individual LF, it is a good practice to
consider all detected objects as a single one. In our case, this was obtained by summing
up the areas of all detected objects, and calculating the coordinates of a single centroid
by a weighted average of the coordinates of the individual centroids, as expressed in
Equation (1).

x = ∑N
i=1 wixi; y = ∑N

i=1 wiyi, wi =
Ai

∑N
i=1 Ai

(1)

where Ai is the area of the i-th object, N is the number of detected objects, and wi is the
normalized area of the i-th object. It is straightforward to say that, with considerable
approximation, due to the fact that the LF occurs in 3-D volume, while images refer to a
2-D area, the estimated area A is, in some way, related to the volume of hot matter, while
the y-coordinate of its centroid may be related with the mean elevation. Of course, A and
its centroids’ coordinates (x,y), originally expressed in pixel units, can be converted into
geographical units by appropriate conversion constants, depending on the position of the
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considered camera with respect to the monitored area. The graphical representation of the
area A (Figure 3a) and its mean altitude (Figure 3b) for an LF episode occurring on Mt. Etna
on 24 February 2021, is shown in Figure 3.

Figure 2. (a) The original RGB thermal image from the EMOT camera, with temperatures in ◦C
comprised between blue (0 ◦C) and white (>100 ◦C); (b) the cropped grayscale; (c) the binarized
image, and (d) the binarized image with computed centroids (red asterisks), representing the center
of mass of the hot objects detected by the threshold process.

Figure 3 can be interpreted as follows: during 24 February 2021, a mass of previously
erupted material was cooling down around the crater area. This can be deduced from
the fact that the y-coordinate of the centroids (Figure 3b) fluctuates around zero during
the time interval from 00:00 to about 19:25. In Figure 3b, for convenience, the zero value
of the mean altitude has been arbitrarily set to the average value of the y-coordinate,
measured throughout the recording period. The lack of signal in the mean altitude (in the
reported example, for instance, around 14:20 and 14:40) is due to the thick cloud cover
which prevented viewing of the cooling mass. After 19:15, an LF appeared, as can be seen
from both the area signal (Figure 3a) and the increasing mean altitude of the center of mass
(Figure 3b). The LF continued until about 20:00, after which, the erupted material began a
cooling process. It should be observed that while the value of the area slowly decreased, the
value of the mean altitude of the hot objects almost instantaneously decreased when the LF
ended. As can be seen from Figure 3, an LF can therefore be recognized by the characteristic
bell-shaped distribution of both the area and mean altitude time series. This suggests a
criterion for identifying the time mark to be associated with the beginning and the end of
the paroxysmal phenomenon, by using a Change Point Detection (CPD) algorithm, which
will be explained in Section 3.2.
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Figure 3. Area (a) and mean altitude (b) of the lava fountain episode at Mt Etna on 24 February 2021.

3. Results

3.1. Manual Estimation of the Eruptive Activity

Of the 66 LF episodes that occurred between 13 December 2020 and 21 February 2022,
only one could not be detected because of poor weather conditions: the episode of 27 May
2021, when there was poor visibility from all the monitoring cameras. In all the other cases,
visibility was more than 80% of the duration of the episode. Thus, for the short lapses
of time when there was no visibility, the LF heights were linearly interpolated. The total
volume of erupted pyroclastics during the 65 episodes was ~65 × 106 m3. The average
duration of the 65 episodes listed in Table 2 was of 120 min (minimum 6 min, maximum
803 min), or 7171 s (minimum 360 s, maximum 48,180 s); the average erupted volume of
pyroclastics was 0.99 × 106 m3, with 41 × 103 m3 as minimum value and 4.6 × 106 m3 as
maximum value; the TADR, calculated for the only pyroclastic portion of the episodes and
for the whole duration of each paroxysmal event, was 145 m3 s−1 on average, spanning
from a minimum of 59 m3 s−1 and a maximum of 245 m3 s−1; maximum LF heights above
the vents were 1815 m on average, spanning from a peak value of 5714 m to a minimum
of 333 m, and the average heights of the LFs were between 115 m and 778 m, with a peak
value of 2160. All values are listed in Table 2.

From a volcanological point of view, it is worth noting that if we exclude the two
outliers of 23 and 31 March 2021, which emitted more than 4 × 106 m3 of tephra, the volume
of pyroclastics which erupted during the LF episodes occurring between mid-December
2020 and February 2022 increased with time. This can clearly be seen from Figure 4, where
we report the distribution of the erupted volumes with time and its linear trend. In addition,
the time-averaged discharge rate (TADR) and its trend increased with time (Figure 5). These
observations, i.e., of the increase of erupted volume of pyroclastics and rate of eruption
with time, suggested that the sequence of paroxysmal events was not yet over [31].
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Figure 4. Volume of pyroclastics (y-axis, expressed in m3) against time (x-axis, date) for the 65 explo-
sive episodes listed in Table 2, together with a linear trend and its formula.

Figure 5. Time-averaged discharge rate of pyroclastics (TADR, y-axis, expressed in m3 s−1) erupted
during the lava fountain episodes against time (x-axis, date). The graph displays the data for the
65 explosive episodes listed in Table 2, together with a linear trend and its formula.
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3.2. Change Point Detection

A change point represents a transition between different states in a process that
generates the time series. Change point detection (CPD) can be defined as the problem
of choosing between two alternatives: no change or indeed, a change occurred. CPD
algorithms are traditionally classified as online or offline [54]. Offline algorithms consider
the whole data set at once and try to recognize where the change occurred. Thus, the
aim in this case, is to identify all the sequence change points in batch mode. In contrast,
online, or in real-time, algorithms run concurrently with the process they are monitoring,
processing each data point as it becomes available, with the goal of detecting a change
point as soon as possible after it occurs, ideally before the next data point arrives. In
practice, no CPD algorithm operates in perfect real-time because it must wait for new
data before determining if a change point occurred. However, different online algorithms
require different amounts of new data before a change point can be detected. Based on this
observation, an online algorithm, which needs at least ε samples in the new batch of data
to be able to find a change, is usually denoted as ε-real time. Therefore, offline algorithms
can be viewed as ∞-real time whereas the best online algorithm is 1-real time, because for
every data point, it can predict whether or not a change point occurs before the new data
point. Smaller ε values may lead to stronger, prompter CPD algorithms. To find a change
point in a time series, a global optimization approach can be used with the following basic
algorithm:

1. Choose a point and divide the signal into two sections.
2. Compute an empirical estimate of the desired statistical property for each section.
3. At each point within a section, measure how much the property deviates from the

empirical estimate, and at the end, add the deviation for all points.
4. Add the deviations section-to-section to find the total residual error.
5. Vary the location of the division point until the total residual error attains a minimum.

As noted above, the search for a change point k can be formulated as an optimization
problem where the cost function J(k) to minimize it can be written, in the general case as:

J(k) = ∑k−1
i=1 Δ(xi; χ([x1, . . . , xk−1])) + ∑N

i=k Δ(xi; χ([xk, . . . , xN ])) (2)

where {x1, x2, . . . xN} is the time series, χ is the chosen statistic, and Δ is the deviation
measurement. In particular, when χ is the mean, the cost function assumes the following
form:

J(k) = ∑k−1
i=1 (xi − 〈x〉k−1

1 )
2
+ ∑N

i=k (xi − 〈x〉N
k )

2
(3)

where the symbol 〈·〉 indicates the mean operator.
Another aspect to be considered, when formulating the optimization problem, is that

signals of practical interest have more than one change point. Furthermore, the number of
change points K is often not known a priori. To handle these features, the cost function can
be generalized as:

J(k) =
K−1

∑
r

kr+1−1

∑
i=kr

Δ(xi; χ([xk, . . . , xr+1])) + βK (4)

where k0 and kK are, respectively, the indexes of the first and the last sample of the signal.
In the expression (4), the term βK is a penalty term, linearly increasing with the number of
change points K, which avoids the problem of overfitting [55]. Here, β represents a positive
coefficient that weights the number of searched change points. Indeed, in an extreme case
(i.e., β = 0), J(K) reaches the minimum value (i.e., 0) when every point becomes a change
point (i.e., K = N).

The algorithm described above for a univariate time series, can easily be extended to
the case of a multivariate time series, which was the case, for instance, of a data set recorded
by a GPS network [54]. In this case, the cost function was evaluated, of course, over the
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whole set of available time series. The software considered in this work was implemented
in MATLAB based on the CPD algorithms described in [55,56]. The package can help the
user at various levels. The lowest level is to consider the software to obtain the time series
of area A and mean altitude MA of detected hot objects from images of volcanic activity,
following the algorithm described in the previous section. Subsequently, the user, based on
a visual inspection of these time series, can indicate presumed times for the starting and
ending times of the LF, and request the software to calculate other quantities of interest
such as the volumes emitted. Another possibility is to leave the software to search for
the transition times from Strombolian to paroxysmal activity using the CPD algorithm,
possibly selecting the statistic to be used to perform the detection (i.e., abrupt changes in
the mean, in the variance or in the slope). While the latter possibility is preferable when
the time series shows clear LF episodes, the former is more suitable when the automated
detection of the transition from Strombolian to paroxysmal activity and vice versa can be
more problematic due to external noise sources (e.g., poor visibility or interference by other
kinds of hot objects).

3.3. Timing the Lava Fountains Occurring at Etna during 2020–2022

The main advantages of performing a computer process analysis of LF images are the
following:

− the user can quickly analyze the content of the image files recorded over days, an
operation which, carried out manually, requires a considerable amount of time;

− the user can speed up the computation of key quantities such as height and duration
of the LF, which are necessary for the calculation of the volumes of erupted material);

− it is possible to implement algorithms for automatically timing the transition from
Strombolian to paroxysmal activity, which is otherwise left to human judgment,
gaining in uniformity and repeatability;

− in case of lack of visibility, since it is necessary to proceed with interpolation of the
data, a rather difficult operation to perform manually, the user can resort to automated
interpolation techniques (e.g., linear interpolation, nearest, etc.).

However, it should not be overlooked that quantitative measurements of the LF
parameters, starting from the images, require overcoming several non-negligible difficulties.
First of all, the aforementioned lack of visibility can make the reliability of the measurements
poor. In fact, interpolation techniques can help in cases of limited amounts of data, but
obviously cannot replace them when significant amounts are missing.

Furthermore, since the LFs are recognized as hot objects, they can be confused with
hot objects of other kinds. Hot areas are very often formed due to the sunlight reflection
of both the ground (Figure 6a) and the clouds (Figure 6c). At other times, the Sun itself
was included in the images as it travels its natural orbit (Figure 6d,e). Other kinds of hot
objects, which could be confused with LFs, were cooling lava flows (Figure 6b). Moreover,
different hot objects can combine their effects with those of the LFs (Figure 6e,f). Some of
these effects could be avoided by using special cameras, but this is not always possible.
Since the current state of development of the software does not allow a reliable distinction
between the noise and the LF signal, the user, for the purpose of determining the start and
end times, can limit the search space, so as to exclude particularly noisy periods.

Normally, the area signal is smoother than the mean altitude signal and therefore,
usually when determining the start and end time of an LF using the CPD algorithm, it
is preferable to consider the time series of the areas. However, in some cases, it may be
useful to consider the series of mean altitude, as described in the following example. For
instance, consider the area signal shown in Figure 7a, which refers to an LF occurring on
Etna on 20 February 2021. As can be seen, due to the presence of a cooling lava flow, the
area signal slowly decreases (thermal hysteresis), making it difficult to accurately perform
the automated detection of the ending time of this LF episode. However, this shortcoming
can be overcome by performing the CPD timing on the mean altitude signal, which is not
affected by the thermal hysteresis (see Figure 7b).
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Figure 6. (a) Effect of the Sun reflection on the ground slope (green area), EMOT camera; (b) cooling
lava flow (white area), EMOT camera; (c) Effect of the Sun on the clouds (pink area), ENT camera;
(d) the Sun in the camera field of view (white circle), EMCT camera; (e) Combined effects: lava
fountain in presence of the Sun in the field of view, EMCT camera; (f) lava fountain and Sun reflection
on the vegetation in the foreground, EBT camera. (a1–f1) are the corresponding gray images, and
(a2–f2) are the corresponding black and white binarized images.

Here, the term ‘timing’ will be used to indicate the estimation of the starting and
ending time of an LF episode. In particular, for this LF, while performing the CPD timing
from the area signal (Figure 8a), the end of the LF is estimated to be tend = 06:38, whereas
considering the mean altitude signal, the end of the LF is estimated tend = 00:56, which is
closer to that manually estimated (tend = 01:15) and reported in Table 2. This difference was
caused by the greater curvature that can be seen in Figure 8a, which was determined by the
cooling lava flow area.

Figure 7. Cont.
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Figure 7. (a) Area (in pixel2) and (b) mean altitude (in pixels above the crater rim) against time of the
lava fountain on 20–21 February 2021 at Mt. Etna, retrieved from the EMCT camera.

Figure 8. (a) Area (in pixel2) and (b) mean altitude above the crater rim (in pixels, measured above
the crater rim) with the timing (gray vertical lines) of start and end of the lava fountain episode. See
text for explanation.

3.4. Timing the Lava Fountains by a Gaussian Function-Based Approach

In some cases, assuming that a typical LF has a time distribution of area and mean
altitude, which roughly has a bell shape, it might be useful to approximate the measured
data by using a Gaussian function. This can be useful, for example, when the images are
affected by thick clouds passing through the field of view of the camera, generating a trend
such as those shown in Figure 9a, which refers to the LF episode on 13 December 2020 and
was observed from the ENT camera.

For this LF episode, the manually estimated starting and ending times were 22:00 and
22:48, respectively. However, from Figure 9a, it can be seen that precisely between these
two times, the recorded signal is discontinuous due to poor visibility, but nevertheless, it
can be seen that the area signal shows a well-detectable peak. Fitting the area samples, it
is possible to obtain the results shown in Figure 9b and thus estimate the start and end
dates of the LF to be 22:02 and 22:20, respectively, which are closer to the manually assessed
corresponding times.
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Figure 9. (a) Area (in pixel2) and mean altitude (in pixels, measured above the crater rim) against time
of the 13 December 2020 lava fountain episode as retrieved from the ENT camera, and (b) Gaussian
interpolation (red line) of the pyroclastic area against time of the 13 December 2020 lava fountain
episode retrieved from the ENT camera.

Timing of an LF episode, after having carried out the approximation of the curve
by means of a Gaussian function, is simply established by using a threshold approach:
the starting time is set as the one in which the recorded data exceed, for the first time, a
threshold of the normalized function height. Similarly, the end time is established as the
one in which the recorded signal falls, for the first time, below the threshold. In this paper,
the threshold value has been set, after a trial and error approach, to be 25% of the maximum
value.

Of course, the Gaussian approach can be used for timing LF as an alternative to the
CPD one, even when the visibility problems described above do not exist, as shown in the
example of Figure 10.

Figure 10. Graphs showing the timing of the LF episode N. 11, which occurred on 22–23 February
2021 (Table 2) obtained from (a) the CPD method and from (b) the Gaussian method. The black
vertical lines indicate the start and end time, and the red line in (b) is the Gaussian interpolation.
Table 2 shows that the manual method indicated the LF episode took place between 21:17 on 22
February and 00:03 of 23 February 2021. In accordance with the manual method, (a) shows that the
CPD automated timing indicated that the sustained phase of the LF developed between 23:26 and
23:55 on 22 February, and similarly, the Gaussian method (b) indicated a timing comprised between
23:21 and 23:55 on 22 February.

The software package presented in the previous sections was considered to perform
the timing of the 65 LF episodes in the data set reported in Table 2. Moreover, for each
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episode, the heights of the LF at 1 min intervals were used to calculate the total fluid erupted
volume from Equations (5) and (6), which included both gas and pyroclastics [8,31]:

U = (2gH)0.5 (5)

V = U·Av·D (6)

In expression (5), U is the mean fluid exit velocity at the vent, H is the LF height,
and g is the gravity acceleration, while in expression (6), V is the fluid volume (gas +
pyroclastic) erupted by the LF, Av is the vent section area, and D is the duration of the LF in
seconds. The vent surface area was calculated by assuming a circular vent with a diameter
of 30 m [8] and supposed to be constant. Moreover, we have computed the volume V2 of
pyroclastics from the total erupted volume V (gas + pyroclastics), considering 0.18% as the
ratio between the volumes of magma and fluids within the eruptive column as typical for
Etna’s fountains [3].

According to expression (6), the estimated volumes depend on the mean fluid exit
velocity U and LF duration D, for assigned values of the vent surface area. Thus, the
performances of the automated approach will depend on its readability to estimate height
H and duration D of the LF episodes. Concerning the reliability of the automated estimating
H, the comparison with the corresponding manual reading, for a few episodes of the data
set, is shown in Figure 11.

Figure 11. Time series of heights estimated by using the automated and the manual approaches for
a few episodes of the data set against time, with the blue line for the automated, and the orange
line for the manual detection: (a) Episode 7, 17–18 February 2021; (b) Episode 12, 28 February 2021;
(c) Episode 65, 10 February 2022, and (d) Episode 66, 21 February 2022.
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It can be seen in Figure 11 that manual height readings normally have a greater range
than those automatically estimated. Here, it should be borne in mind that, as expressed in
Equation (1), the automatically measured heights are a weighted average of the centroids,
while those measured manually are normally taken as the maximum height of the lava
fountain jet taken along the spreading direction. Considering that the heights represent
the only geometric element on which the volumes of erupted material depend, it follows
that with the automated estimation, these will normally be slightly less when compared
to the manual ones, but with the advantage of immediacy. It is also necessary to bear
in mind that for the purposes of estimating the volume of erupted matters, it is not so
much the precise values of the instantaneous heights that are relevant, but their average
value, which therefore also depends on the estimated duration for each individual episode.
The comparison among the mean heights for the whole LF episodes after estimating the
duration D by using both the CPD and Gaussian approaches are shown in Figure 12. In
this figure, the abscissa is the integer N ranging from 1 to 66, i.e., number of LF episodes in
the considered dataset (Table 2). The episode 32 is lacking because of poor visibility from
all the monitoring cameras (Table 2).

Figure 12. Mean altitude for each of the 65 lava fountain episodes estimated after having established
the timing of start and end for each recorded time series by using both the CPD (blue line) and
the Gaussian (red line) approach. Their values were compared with the corresponding manually
estimated values (yellow line). Episode 32 was lacking because of poor visibility from the cameras
(see Table 2).

In more detail, Figure 12 shows that for most of the episodes, there is a good agreement
between the average mean heights estimated for each episode, not only between those
obtained by using the CPD and Gaussian approaches, but also between these and those
manually estimated. Altitudes obtained with the manual approach are, on average, 12%
lower than those obtained by using the CPD approach, and 7% lower than the Gaussian
one.

As regards to the duration D for each episode, the comparison between the automated
and the manual estimation is shown in Figure 13.
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Figure 13. Estimated duration performed after timing the LF episodes by the CPD (blue line) and
Gaussian (red line) approaches, in comparison with the manual (black line) ones.

Figure 13 shows that the durations obtained by using both the methods for automated
timing are generally in good agreement with each other, as well as lower than those
obtained manually. In more detail, duration manually estimated was on average about
34% higher, with a standard deviation of 77%, than those estimated by using the CPD,
and about 3% higher, with a standard deviation of 93%, than the Gaussian one. To justify
the discrepancy, it is worth noting that the automated approaches generally identify the
sustained part of each LF, while the manual approach is not able to clearly distinguish the
threshold of the intermediate phase preceding the sustained portion of the LF [3,8].

The comparison between estimated volumes and TADR by the three methods are
reported in Figure 14a,b. A good agreement between the automated and manual estimation
is apparent, bearing in mind that the automated volumes are usually smaller than the
manual ones, because the durations refer to the sustained phase of the LF, while the manual
and automated TADR are in good agreement because this feature is computed as the ratio
between volumes and duration of each LF episode. In more detail, manual estimated
volumes are, on average, about 26% higher, with a standard deviation of about 77% than
those estimated by using the CPD approach, and 13% lower than the Gaussian, with a
standard deviation of about 107%. The TADR manually estimated is about 15% lower
that the CPD, with a standard deviation of 77% and 8% lower than the Gaussian, with a
standard deviation of 33%.
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Figure 14. (a) Comparison among volumes, and (b) comparison among TADR obtained from the
manual and automated approaches.

Figure 15 shows the differences between the values obtained by the manual and
automated routines, and indicates the good agreement between heights of the lava fountain
(Figure 15a) and TADR (Figure 15d), and the discrepancies between duration (Figure 15b)
and calculated erupted volume of pyroclastics (Figure 15c).

Figure 15. Comparison among automated and manual analysis of (a) heights of the lava fountain;
(b) duration of each episode; (c) estimated erupted volume of pyroclastics, and (d) TADR (time-
averaged discharge rate [53]).
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Considering the results obtained from the automated routines, the total volume of
erupted pyroclastics during the 65 episodes computed by using the automated CPD ap-
proach was ~34.5 × 106 m3, with a minimum of ~0.012 × 106 m3 and a maximum of
~3.25 × 106 m3. The average duration of the sustained part of LF was of ~65.7 min (mini-
mum 1 min, maximum 509 min). The TADR, calculated only for the pyroclastic portion
of the episodes and for the whole duration of each paroxysmal event, was 159 m3 s−1

on average, spanning from a minimum of 84 m3 s−1 and a maximum of 379 m3 s−1; LF
average height above the vents was 745 m, spanning from a peak value of 1834 m to a
minimum of 223 m.

4. Discussion

In this paper, we have presented an automated routine that might help volcanic
observatories such as INGV-OE to detect (1) the starting and ending time of an LF episode,
(2) the LF heights, (3) the erupted volumes, and (4) the TADR, saving time and especially
providing consistency and uniform data extraction from thermal monitoring videos. This
would allow a prompt understanding of the state of the volcano, and of the magnitude and
intensity of each explosive paroxysm as soon as it ended, allowing a timely volcanic hazard
assessment. In addition, both our automated routines, based on the CPD and Gaussian
interpolation, proved to be reliable in constraining the climax phase of the paroxysm
leading to a sustained eruptive column, which is the phase posing the greater hazard
for its impact on aviation and the population. Conversely, the manual analysis had clear
difficulties in distinguishing the threshold between the intermediate phase and the LF
sustained phase [3,8,30].

However, in order to routinely use the algorithms proposed here, it is necessary
to overcome some limits that we described earlier and illustrated in Figure 6. The first
shortcoming arose from the detection of unwanted objects falling in the field of view of the
eruption, such as the Sun or the surfaces it irradiated. In distinguishing this anomalous
pattern, the Gaussian interpolation might help, which would reveal and remove any
deviation from the normal trend. A more common problem, and one that is hard to handle,
is the cloud interference, with clouds resulting from water droplets, ash or gases filtering
or obscuring the thermal images [36–40]. In the cases of clouds partially obscuring the field
of view, it was still possible to interpolate the missing data, provided that they represent
a small percentage of the total duration of the episode, which was the procedure also
carried out with manual analysis. However, when the cloud cover was too continuous
and extended in many directions, such as the episode of 27 May 2021 (Table 2), there was
no way to retrieve any useful data, and an estimation of the erupted volume can only
be performed by considering the timing obtained from the seismicity or from borehole
strainmeters [17,43–45,47,48], and multiplying this for the average TADR estimated for
each single episode occurring during the whole period lasting from 13 December 2020 to
21 February 2022. Thus, considering for the episode # 32 of 27 May 2021, the duration of
60 min (=3600 s) estimated from the seismicity, and multiplying this time for the TADR
averaged over the 65 episodes (Table 2; ~146 m3 s−1), we obtained an estimated volume
of ~0.53 × 106 m3, which was in line with, and slightly below, the average of the other LF
events here considered (Table 2). This brought the total erupted volume of pyroclastics or
tephra, erupted between 13 December 2020 and 21 February 2022, to ~65.2 × 106 m3.

Considering the manually obtained results, from a volcanological point of view, it is
worth noting that, if we excluded the two outliers of 23 and 31 March 2021, which emitted
more than 4 × 106 m3 of tephra (Table 2), the volume of pyroclastics erupted during the LF
episodes, which occurred between mid-December 2020 and February 2022, increased with
time (Figure 4), and also, the time-averaged discharge rate (TADR) increased with time
(Figure 5). Figures 4 and 5 display a wide variability of values, and although this variability
might hide shorter eruptive cycles, it is however clear that the trend of TADR and erupted
volume increased with time. These observations, i.e., of the increase of erupted volume of
pyroclastics and rate of eruption with time, would suggest that the sequence of paroxysmal
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events was not yet over [31], and urges reliable and automated routines to be promptly
developed, tested, and applied to the analysis of the LF episodes.

5. Conclusions

In this paper, we have presented the timing of start and end for 65 of the 66 LF episodes
which took place at Etna volcano between 13 December 2020 and 21 February 2022, together
with their duration, maximum and average LF heights, erupted volume of pyroclastics, and
TADR (Table 2), obtained by manual analysis of the monitoring thermal images recorded
by the INGV-OE network. We have then presented two automated routines, based on the
CPD and Gaussian interpolation, that analyzed the thermal images and provided a fast
and reliable way to obtain the same parameters acquired manually, in a timely way. The
results obtained with the automated and manual routines are comparable (Figure 15), thus
suggesting that a complete automation of the process is feasible. However, our analysis
also highlighted important shortcomings arising from the presence of unwanted hot objects
comprised in the field of view of the explosive episode that may lead to false results.
Moreover, the presence of ash, weather, and gas clouds caused important interference with
the data analysis, and might have reached the point of a complete obscuration of the field
of view, as in the case of the episode #32 of 27 May 2021 (Table 2). We have shown that the
Gaussian interpolation may limit the errors caused by a partial view, but more studies are
necessary before this analysis can be routinely used for monitoring purposes. The results of
our study showed an increasing magnitude (erupted volume) and intensity (TADR) of the
explosive events in the period here considered (see Figures 4 and 5), and this issue would
urge a faster and reliable analysis to be obtained as soon as possible, thus motivating the
work presented here.
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Abstract: The Long Valley Caldera, located at the eastern edge of the Sierra Nevada range in
California, has been in a state of unrest since the late 1970s. Seismic, gravity and geodetic data
strongly suggest that the source of unrest is an intrusion beneath the caldera resurgent dome.
However, it is not clear yet if the main contribution to the deformation comes from pulses of
ascending high-pressure hydrothermal fluids or low viscosity magmatic melts. To characterize
the nature of the intrusion, we developed a 3D finite element model which includes topography
and crust heterogeneities. We first performed joint numerical inversions of uplift and Electronic
Distance Measurement baseline length change data, collected during the period 1985–1999, to infer
the deformation-source size, position, and overpressure. Successively, we used this information
to refine the source overpressure estimation, compute the gravity potential and infer the intrusion
density from the inversion of deformation and gravity data collected in 1982–1998. The deformation
source is located beneath the resurgent dome, at a depth of 7.5 ± 0.5 km and a volume change of
0.21 ± 0.04 km3. We assumed a rhyolite compressibility of 0.026 ± 0.0011 GPa−1 (volume fraction of
water between 0% and 30%) and estimated a reservoir compressibility of 0.147 ± 0.037 GPa−1. We
obtained a density of 1856 ± 72 kg/m3. This density is consistent with a rhyolite melt, with 20% to
30% of dissolved hydrothermal fluids.

Keywords: numerical modeling; Long Valley Caldera; deformation and gravity joint inversion;
topography correction; heterogenous crust; FEM; source parameters; intrusion density

1. Introduction

The Long Valley Caldera (LVC), located in east-central California on the western
edge of the Basin and Range Province and at the base of the Sierra Nevada frontal fault
escarpment, is an east-west elongated oval depression formed by the eruption of the Bishop
Tuff, 767,100 ± 900 years ago (Figure 1). Beginning in the late 1970s, the caldera entered a
period of unrest, without any eruptions, that continues to the present time (e.g., Figure 3
in [1]). The unrest episodes include recurring earthquake swarms beneath the South Moat
Seismic Zone (SMSZ) and the Sierra Nevada (SN) block, accelerated inflation of the central
Resurgent Dome (RD), variations in the geothermal system and gas emissions around
the flanks of Mammoth Mountain (MM) on the southwest margin of the caldera ([1] and
references therein).
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Figure 1. Map of Long Valley Caldera (LVC) and geodetic monitoring networks. Solid black lines
represent the area of Resurgent Dome (RD) and Mammoth Mountain. Black dashed line outlines
the LVC area. (a) Sites occupied in 1985–1999. Red circles are leveling stations. Green and cyan
triangles refer to EDM baselines referred to common end-points CASA and LKT, respectively. (b) Sites
occupied in 1982–1999. Red circles are leveling stations. No EDM data are available in this period.

The U.S. Geological Survey (USGS) began an intensive effort to monitor the unrest in
LVC between 1975 and 1983 with the setup of new leveling lines in 1982, a two-color Elec-
tronic Distance Measurement (EDM) network in 1983, trilateration arrays in 1979, a dense
seismic network in 1982, and a high-precision gravity network in 1982. Continuous Global
Positioning System (GPS) measurements have been made since 1993. Both ground-based
and space geodesy (including satellite interferometry) observations reveal a consistent
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radial and upward deformation pattern, centered at the RD and decreasing with radial
distance (e.g., [2–8]).

Inferences about the cause of inflation from deformation data indicate that the main
inflation source has been relatively stable since the 1980s and consists of a quasi-vertical pro-
late ellipsoid centered beneath the Resurgent Dome at a depth between 5 and 14 km [4,7–17].
Secondary sources of deformation include a deeper (9–15 km) source beneath the south
moat [2,4,11], a small, north-northeast trending dike beneath MM [11,17], and a right-lateral
strike-slip motion on west-northwest striking faults in the SMSZ [4].

The processes driving the unrest at LVC remain unclear, with the main likely source of
unrest being either a magmatic intrusion into the upper crust [1], or pulses of high-pressure
hydrous fluid intrusion into the upper crust [18]. Geologic and petrologic evidence support
the hypothesis that the LVC rhyolitic magmatic system is moribund and that the magma
body that fed the caldera-forming eruption may now be in the final stages of crystallization.
The most recent eruptions along the Inyo Craters/Mono Domes chain and Mammoth
Mountain have been fed by a different magmatic system. All of the eruptions inside the
LVC have been rhyolitic, with the most recent eruption ~100 ka in the west moat. There has
been no eruption on the resurgent dome over the last 500 ka. No significant seismicity and
no emission of CO2 or other magmatic gases has been recorded beneath the resurgent dome.
Finally, the drilling of the resurgent dome found temperatures of only 100◦ at a depth of
3 km [18]. On the other hand, several pieces of geophysical evidence point to a possible
magma intrusion as the cause of the present unrest. Multiple seismic imaging studies
using different techniques (e.g., teleseismic tomography and full-waveform ambient noise
tomography) highlighted large low velocity zones in the middle and lower crust, which
have been interpreted as evidence of the presence of a partial melt. Different geodetic
data (both ground- and satellite-based) measuring deformation at LVC since 1979, have
not recorded any substantial deflation episodes yet. This might instead be expected if the
inflation involved the injection of hydrothermal fluids with poroelastic swelling followed
by diffusion, as observed at other calderas, such as Yellowstone and Campi Flegrei [1].

While ground deformation can provide insights about volume changes in the under-
ground reservoir, it cannot constrain the mass of the intrusions and therefore discriminate
between magma and hydrous fluid intrusion. Combined deformation and gravity mea-
surements can be used to infer the density of the intrusive fluids and better define the
source of unrest [19–27]. Given the density difference between silicate melts (~2300 kg/m3)
and hydrothermal fluids (~800 kg/m3, [28]), density estimates can, in principle, be used to
distinguish between these two possible sources of caldera unrest.

Gravity measurements at LVC have been conducted yearly between 1980 and 1985
and repeated in 1998 and 1999 [28]. In this period, the RD experienced a quasi-steady uplift,
with accelerated phases in 1989–1990 and 1997–1998, when the most rapid deformation
occurred (e.g., [4,13]). These data have been analyzed, together with different kinds of
deformation records (EDM, leveling, GPS, InSAR) in different studies using analytical
models and considering increasing complexities, from point source to tilted finite ellipsoidal
source, from homogeneous to vertically layered elastic half-space [12,28–31]. The results of
these studies suggest that gravity data are more compatible with the addition of a magma
intrusion than pulses high-pressure hydrous fluids.

In this paper, we consider the 1982–1999 unrest period. This time has the best and most
complete gravity dataset. We perform numerical computations based on the finite element
method (FEM), exploring the effect of topography and realistic medium heterogeneities on
the parameters (e.g., location, depth, density) of the source of unrest. We first invert EDM
and leveling data from 1985 to 1999 in order to constrain the location, depth, and geometry
of the unrest source. We then use the inferred source to model the deformation and gravity
changes between 1982 and 1999, and to compute the source volume change, and density.

In Section 2, we present the methods including data, model setup and model computa-
tions; in Section 3, we show the results; in Section 4, we discuss our findings and conclusions.
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2. Methods

2.1. Data

We used the data from the Long Valley Caldera GIS Database ([13]; https://doi.org/
10.3133/ds81, accessed on 15 February 2021). The database includes extensive geologic,
monitoring, and topographic datasets from studies conducted in Long Valley caldera
between 1975 and 2001. The unrest is investigated using three sets of data: baseline
length changes (an approximation of horizontal deformation) from two-color EDM, vertical
deformation from a combination of GPS and leveling, and gravity changes.

The two-color EDM network consists of two sets of seven baselines. The first set is
formed by the sites Hot, Knol, Krak, Mine, Shark, Sher and Till, observed from the central
monument CASA (green triangles in Figure 1a). The second set is formed by the sites
Bald, Dead, Knob, Krak, Micr, Mike and Sage, observed from the LKT monument (cyan
triangles in Figure 1a). Measurements at these baselines span the 1985–1999 inflation period,
which is included in the targeted time in this work (Supplementary Materials, Table S1).
The methods used to extract the displacement and its error for each of the baselines are
described in [11,17]. The EDM deformation data that were used are from [13].

Vertical deformation (uplift) measurements were taken during different leveling sur-
veys along the 65-km-long line along Hwy 365 from Tom’s Place to Lee Vining, and along
several other routes within the caldera, and are obtained by combining leveling and GPS
data (Figure 1a). Complete leveling of the caldera occurred each summer from 1982 to 1986,
and in 1988 and 1992. In 1999, reference [13] occupied 44 leveling benchmarks with GPS to
bring up to date the direct measurement of vertical deformation. The data sets employed in
this work consist of the 44 benchmarks with leveling and GPS for the period 1985–1999 [13],
and 34 benchmarks with leveling and GPS for the period 1982–1999 [28] (red circles respec-
tively in Figure 1a,b; Supplementary Materials, Tables S2 and S3). The benchmark C916,
located near Lee Vining (Mono Lake), is the elevation datum for the vertical deformation.
The standard error for each elevation difference is calculated according to [13].

The Long Valley caldera gravity monitoring network is centered near Tom’s Place (the
primary reference station) and extends from the Sierra Nevada west of Lee Vining, CA,
southeastward to a station in the White Mountains east of Bishop, CA [32]. Gravity data
(gravity changes, noise from the water table and gravity corrected for the water table and
free-air effect) are from [28], Supplementary Materials, Table S4. In Section 2.4, we employ
the gravity data corrected for water table and free air contribution to estimate the density
of the intrusion.

2.2. Model Setup

We develop a three-dimensional (3D) numerical model using the finite element method
(FEM) and the software COMSOL Multiphysics (www.comsol.com, accessed on 15 Febru-
ary 2021). The geometry refers to a Cartesian reference system and is composed of a domain
of 120 km × 130 km. The model is 40 km deep (up to the Moho depth in the area [33,34]),
with zero depth corresponding to the sea level. The chosen size represents a crust portion
which includes the LVC and a significant part of its surroundings (Figure 2a).

Inside the domain, we assume the existence of an internally pressurized ellipsoidal
prolate cavity that we invert for its location, dimensions, and overpressure (Figure 2b; see
Section 2.3).

Pressurized cavities of simple geometry can mimic/approximate the crustal stress
field produced by the actual source. None of these geometries reproduced an actual source.
The actual deformation source, beneath the resurgent dome, is probably a network of
fractures filled with fluids (or magma) ascending from the crystallizing Pleistocene pluton
below [18].
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Figure 2. Model geometry representing (a) the rock domain with topography, (b) the rock + air domains in transparency
with the ellipsoidal source beneath the resurgent dome, (c) quasi-static bulk modulus, (d) dynamic bulk modulus, (e) density,
(f) Poisson’s ratio.

We explore three different crust configurations. A homogeneous elastic domain
with flat stress-free top surface (labeled HF) representing the average altitude of the area
(~2300 m a.s.l.), a homogeneous elastic domain with topography (labeled HT), and a fully
heterogeneous elastic domain with topography (labeled HeT). The topographic surface
is generated by using the STRM digital elevation model (DEM) from the USGS Earth
Explorer [35], resampled at 600 m resolution. Material heterogeneities (density, bulk
modulus, shear modulus and Poisson’s ratio; Figure 2c–f) are obtained from pressure
(VP) and shear (VS) wave velocity distributions. Shear wave velocities VS are from [36]
while pressure velocities VP are calculated from VS using a VP/VS ratio of 1.75 for the SN
block [37] and of 1.79 elsewhere, with a gradient d(VP/VS) of 3% [33,38]. VP, VS velocities
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are converted into Poisson’s ratio (ν), density (ρ) and dynamic Young’s Modulus (E) using
the equations in [39]:

ν = 0.5 ×
[(

VP
VS

)2
− 2

]
/

[(
VP
VS

)2
− 1

]
(1)

ρ = 1.6612VP − 0.4721V2
P + 0.067V3

P − 0.0043V4
P + 0.000106V5

P (2)

E =
V2

P ρ(1 + υ)(1 − 2υ)

(1 − υ)
(3)

However, to properly represent the medium strain rate in a quasi-static condition, we
need to refer to quasi-static mechanical properties. Laboratory tests [40,41] show, in fact,
that for lithostatic pressures in the range 1–3 kbar (3.8 to 11.5 km depth), the ratio between
quasi-static and dynamic bulk modulus Ks/Kd for granite is different from 1 and can vary
between 0.5 (at 0.09 kbar–0.4 km depth) to 0.9 (at 3 kbar–11.5 km depth). For the range
0–3 kbar of lithostatic pressure (equivalent to the distance between the top surface and
11.5 km depth), we calculate the dynamic bulk modulus from VP, VS values and multiply
it by the Ks/Kd ratio values from [40] at the corresponding lithostatic pressure (depth) level
to estimate the quasi-static bulk modulus. The relation between quasi-static and dynamic
mechanical properties is empirical and depends on several factors including stress state
and stress history [40,41], however our approach leads to a better characterization of the
material response with respect to what can be obtained using pure dynamical properties.
An interpolation function guarantees a smooth transition between different lithostatic
pressure levels. At a greater depth, where the lithostatic pressure is higher than 3 kbar, we
assume a Ks/Kd ratio of 1. From the quasi-static bulk modulus, we can calculate the quasi-
static shear modulus. Since Poisson’s ratio is not expected to change significantly [42], we
can retain its dynamic value. Crust properties are summarized in Table 1 and represented
in Figure 2c–f.

Table 1. Material property parameters used for the models.

Material
Parameter

Homogeneous
Rock Domain

Heterogeneous
Rock Domain

Air
Domain 1

Young’s Modulus [GPa] 45 10–60 -
Bulk Modulus

Density [kg/m3]
31

2800
8–45

2450–3200 1
Poisson’s ratio 0.26 0.25–0.27 -
Shear modulus 18 4–24 -

βc
2 [GPa−1] 0.049 see Section 2.4 -

1 Air domain fluid characteristics are not solved. 2 Compressibility of the reservoir due to medium elasticity and
reservoir shape; for A ∼= 3, βc = 7/8μ (see Section 2.4).

In terms of boundary conditions, the model bottom is fixed, the top surface is stress-
free while at the lateral boundaries we apply a roller condition (no displacement in the
direction normal to the boundary). An infinite element condition, set at the lateral and
bottom boundaries, simulates the far-field, and guarantees that the displacement vanishes
at a very far distance from the original geometric size, thus avoiding any boundary effects.
We prescribe a parametrized overpressure on the boundaries of the ellipsoidal cavity. The
model domain is meshed with tetrahedral elements while the source boundaries and the
top surfaces are discretized with triangular elements. Automatic adaptive mesh refinement
tests are carried until an optimal performance is found without further variation of the
output. The mesh for the whole domain is shown in Figure 3.
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Figure 3. Domain mesh (example with rock domain and topography). The top surface is refined to
accurately capture the topographic relief and the deformation pattern generated by the source overpressure.

We validate the FEM model for the deformation by performing a benchmark calcu-
lation for a vertical prolate ellipsoid in a flat homogeneous domain and comparing the
numerical results against the analytical solution by [43], see Appendix A.

2.3. Inverse Modeling of Deformation Data

We use the FEM model described in Section 2.2 to perform numerical inversions of
EDM baseline changes and uplift (leveling-GPS). Inversions are performed in two steps.

In the first step, we jointly invert the EDM and leveling-GPS data for the period
1985–1999 [13] and for each model configuration (with/without topography or with to-
pography and heterogeneities) we infer the best-fit source dimensions, position, and over-
pressure. In the second step, we keep the deformation source stable in size and location
and further optimize only for the source overpressure by performing a second inversion of
the leveling-GPS data for the period 1982–1999 [28]. This second step provides the source
parameters needed to model the gravity changes.

Inverse modeling is performed using the Nelder-Mead solver [44] and coupling the
structural mechanics and the optimization module in COMSOL Multiphysics. The link
between the data to invert and the source parameters is built by setting up the objective
function [45]

Fi = [(Mi − Di)× Wi]
2 (4)

where
Wi = ai/ ∑j aj (5)

and

ai =

∣∣∣∣Di
Ei

∣∣∣∣ (6)

Mi are the modeled data, Di the observed data, Ei the observation error, Wi the weights
and the index i relates to each benchmark. The inversion goal is to minimize the least
weighted squares Equation (4).

The inversion of EDM and leveling-GPS datasets for the period 1985–1999, is made
considering the following seven parameters of the ellipsoidal source: the semiaxes (Ea, Eb
and Ec), oriented along the cartesian x, y and z axis respectively; the horizontal position
along the x and y direction (Ex, Ey) with respect to a reference point located at longitude
−119◦W, latitude 37.5◦N; the source vertical position (Ez), with Ez = 0 m at the sea level;
the overpressure (ΔP) applied at the source internal boundaries. The first three parameters
control the source geometry, the second three control the source position and the last one
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controls the source overpressure. The source is assumed to be vertical, with a plunge
of 90◦. For each parameter we assign an initial value (used in the first iteration), and
lower and upper bounds to search for reasonable values during the computation (Table 2).
Initial values and ranges of parameters are based on results from previous studies (e.g.,
reference [7] and references therein). In particular, because of a poor data coverage in
the south caldera rim, we constrained the north-south source position Ey to fall within
the resurgent dome area. The solver is set to perform a maximum number of 400 model
evaluations. This threshold has been chosen by looking at the convergence rate and
considering that further evaluations no longer have any significant impact on the value of
the objective function.

Table 2. Initial values and ranges of the parameters used in the FEM model inversions.

Parameter Name Initial Value [m] Lower Bound [m] Upper Bound [m]

Ea (x-semiaxis) 1500 500 5000
Eb (y-semiaxis) 1500 500 5000
Ec (z-semiaxis) 3000 500 5000

Ex (center x-coord) 1 8000 4000 12,000
Ey (center y-coord) 1 20,400 18,000 23,000

Ez (depth) 2 5000 4000 8000

Parameter Name Initial Value [Pa] Lower Bound [Pa] Upper Bound [Pa]

ΔP (overpressure) 7.00 × 107 5.00 × 107 1.00 × 108

1 Ex and Ey represent the source center coordinates along the x and y direction with respect to a reference point
located at longitude −119◦W and latitude 37.5◦N. 2 Source depth relative to the stress-free surface and not the sea
level, i.e., accounting for the average elevation of LVC area (~2300 m a.s.l.).

According to [29], the inflation source could be slightly tilted with a dip angle between
91 and 105 degrees. To check whether this was the case for our source, we performed
preliminary tests, including additional parameters for a source rotation of ±10 degrees
around each of the three cartesian axes. Results showed that in all cases (with/without
topography or heterogeneities) the optimal rotation is minimal, <1◦ around x and y axis
and <2◦ degrees around the z axis. For this reason, we did not include these parameters in
our inversions.

2.4. Computation of Gravity Changes

The total gravity change recorded at a benchmark during unrest episodes contains the
effect of different contributions: (i) the free-air effect, due to the vertical displacement of the
benchmarks at the ground surface during unrest; (ii) the water table effect, proportional to
the water table level change in the area; (iii) the deformation effect, due to the coupling
between elastic deformation and gravity; and (iv) the residual gravity, which depends
on the density change related to the introduction of the new mass into the pressurized
volume (e.g., [20–22]). Furthermore, the estimation of gravity variation is sensitive to model
complexities, such as volumetric source geometry, topography, material heterogeneities
and fluid compressibility (e.g., [22–27]).

The best fit parameters of the ellipsoidal source from the three different crust con-
figurations (HF, HT, HeT; Figure 2), are used to compute the gravity change at the free
surface. Following the methodology in [46], we first compute the displacement field from
the previously estimated best source models (cf. Section 2.3), and we then solve the Pois-
son’s equation relating the gravity potential (ϕg) to the change in density distribution (Δρ)
caused by the subsurface mass redistribution ∇2 ϕg = −4πGΔρ(x, y, z), where G is the
gravitational constant. The gravity change can be then computed as δg = −∂ ϕg/∂ z. In
particular, the relation between the gravity potential ϕg and the density variations can be
expressed by the following contributions:

∇2 ϕg1 = 4πG(u·∇ρ0) (7)
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∇2 ϕg2ΔV = 4πG(u·∇ρ0) (8)

∇2 ϕg3 = 4πG(ρ0∇·u) (9)

∇2 ϕg2V = 4πG(ρin) (10)

where u is the inflation-related displacement field, ρ0 the embedding medium density and
ρin is the density of the intruding fluid. Equation (7) gives the gravity contribution δg1
due to the displacement of density boundaries in heterogeneous media, corresponding
to the Bouguer correction at the surface in case of flat homogeneous models. Equation (8)
gives the gravity contribution δg2ΔV due the displacement of the source boundaries, which
implies replacement of the surrounding mass. Equation (9) gives the term δg3, which con-
siders the effect of dilatational/compressional strains in the host rock, while Equation (10)
gives the term δg2V which considers the input of material (of density ρin) into the source
volume [21]. Equations (7)–(9) can be used to compute the massless deformation contri-
bution to the gravity changes while Equation (10) represents the contribution due to the
source mass change.

To numerically solve the Poisson’s equations, we modify the model geometry by
adding an additional domain with same size of the rock domain (Figure 2b), but made
of air (assuming E = 1 Pa, ρ = 1 kg/m3, ν = 0.25; Table 1). Furthermore, solving for all
contributions to the gravity potential requires the embedded source to be a domain and
not a cavity, as done during the inversion of displacements. Poisson’s Equations (7) and (8)
are solved on the stress-free surface and on the source boundaries, respectively. Poisson’s
Equation (9) is solved on the domains surrounding the source, and (10) is solved on the
source domain.

We validate the FEM model by performing a benchmark calculation for a vertical
prolate ellipsoid in a flat homogeneous domain and comparing the numerical results to the
analytical solutions by [47] (see Appendix A).

When estimating the gravity changes due to reservoir inflation, it is important to
consider that the volume change accommodating for the input of new mass could arise, not
only from the expansion of the source wall that deforms the surrounding medium, but also
from the compression of the material stored in the reservoir (e.g., [25,48–50]). The relation
between the actual volume of the mass intrusion, ΔVm, and the volume change from the
inversion of deformation data (geodetic volume, cf. Section 3.2), ΔV, is (e.g., [48,51])

ΔVm = ΔV ×
(

1 +
βm

βc

)
= ΔV × rV (11)

where βm = 1
Km

is the compressibility of the material stored in the reservoir, βc = 1
Kc

is
the compressibility of the reservoir due to medium elasticity and reservoir shape, Km and
Kc are the bulk moduli, rV is the volume ratio, and βm is a function of several parameters,
like pressure, gas volume fraction, temperature, phenocryst content and source depth (e.g.,
Table 3 from [52]). Finite element calculations of reservoir compressibility βc as a function
of the source geometric aspect ratio A = Ec√

EaEb
indicates that in our case βc ≈ 7

8μ , where μ

is the shear modulus (see Figure 5 in [53], and Tables 1 and 3). βc can also be computed
as [48]:

βc =

(
1
V

)(
ΔV
ΔP

)
(12)

where ΔP is the overpressure, and V is the source volume before the application of the
overpressure (Table 4). Finally, the density corrected for the effect of compressibility (ρcmp)
can be computed as:

ρcmp = ρin

(
1

rV

)
(13)
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Table 3. Best fit source parameters, and associated uncertainties estimates σ, obtained from the joint inversion of
EDM + Leveling data for the period 1985–1999 and optimal overpressure obtained from the inversion of leveling data for
the period 1982–1999. HF: homogeneous flat crust; HT: homogeneous crust with topography; HeT: heterogeneous crust
with topography.

Model

Ea
(m)

Eb
(m)

Ec
(m)

A
Ex

(m)
Ey
(m)

Ez
1

(m)

ΔP
1985–1999

(MPa)

ΔP
1982–1999

(MPa)

σ σ σ σ σ σ σ σ σ

HF 1726 149 1491 141 4553 605 2.8 0.8 9145 374 18,006921 7674 634 69 2 88 2
HT 1865 162 1556 140 4136 419 2.4 0.6 9077 397 18,009919 7610 628 67 2 85 2
HeT 1217 146 1133 150 3032 254 2.6 0.6 8958 487 18,0001039 7519 521 65 2 84 2

1 Note that here we indicate the source depth with respect to the stress-free surface and not the sea level, i.e., accounting for the average
elevation of LVC area (~2300 m a.s.l.).

Table 4. Density values of the intrusion, and associated uncertainties estimates σ, obtained from the inversion of residual
gravity for 1982–1999.

Model

V [km3] ΔV [km3] ΔP [MPa] βc [GPa−1]
βm

[GPa−1]
rV

ρin
[kg/m3]

ρcmp

[kg/m3]

σ σ σ (*) σ σ σ σ

HF 49 9 0.21 0.04 88 2 0.049 0.014 0.026 0.001 1.53 0.15 2670 1741 172
HT 50 8 0.21 0.04 85 2 0.049 0.012 0.026 0.001 1.53 0.13 2720 1782 151
HeT 17 3 0.21 0.04 84 2 0.147 0.037 0.026 0.001 1.18 0.05 2184 1856 72

(*) Equation (12).

3. Results

3.1. Deformation: Best Fit Source

We find that the three different crust configurations (homogeneous, flat elastic half-
space HF; homogeneous elastic domain with topography, HT; heterogeneous elastic domain
with topography, HeT) give similar results for the position (Ex, Ey), depth (Ez), geometric
aspect ratio (A), and pressure change (ΔP) of the source (Table 3).

The nonlinearity of the inverse problem makes the evaluation of uncertainties difficult;
nonlinear error propagation is a difficult problem to address, COMSOL does not have a
feature that allows extraction of the covariance matrix, and the model covariance matrix
may not give a good estimate of the uncertainties [54]. A solution could be to employ a
Monte Carlo method. Unfortunately, this method requires each model to be run thousands
of times. We employ the result from the inversions (350 to 400 runs) to mimic a Monte
Carlo method and obtain an estimate of the uncertainties of the source parameters. We
then propagate the errors to the density results (see Appendix B).

The source is moved about 1 km eastwards (Ex), 2.4 km southwards (Ey) and 600 m
deeper (Ez), with respect to its starting position and starting depth. No major differences
can be seen between a homogeneous flat crust (HF), homogeneous crust with topography
(HT) or heterogeneous crust with topography (HeT). The source size is similar for the HF
and HT crust models, while we can observe in the HeT crust model a significant reduction
of about 1/3 of all semiaxes. The source shapes for each crust model before and after
inversion are showed in Figure 4. Although the main source parameters are similar for the
three different models (Table 3), material heterogeneities make a difference, especially in
the estimate of the absolute volume of the source (see Table 4).
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Figure 4. Perspective views and top views of the source shape before (black wireframe) and after (green shaded) the joint
inversion of EDM and leveling data for the period 1985–1999. HF: homogeneous flat crust; HT: homogeneous crust with
topography; HeT: heterogeneous crust with topography.

Figure 5 shows the total displacement (combination of vertical and horizontal dis-
placements) at the free surface for each model configuration. For the HF and HT cases
we can clearly observe two lobes with higher displacement northwards and southwards
of the source with the topography playing a minor damping role and a slight clockwise
rotation of the northern lobe. When heterogeneities are introduced (HeT), the southern
lobe disappears while the northern lobe further rotates clockwise and shows an area of
maximum total displacement.

Figure 5. Total displacement at the free surface (top view) from the joint inversion of EDM and leveling data for the period
1985–1999. Black dotted line represents the caldera border. (a) Homogeneous model without topography. (b) Homogeneous
model with topography. (c) Heterogeneous model with topography. The color scale (0.05–0.35 m) is the same for the three panels.

3.2. Fit to Deformation Data

Figures 6 and 7 compare the modeled and observed values for horizontal (EDM
baseline length changes) and vertical displacements (uplift) for 1985–1999, obtained from
the numerical joint inversions of EDM and leveling data. Observed values and numerical
results for the baseline changes and for the leveling data over the period 1985–1999 are
reported in Tables S1 and S2 in Supplementary Materials.
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Figure 6. (a) Comparison between observed (black arrows with thin solid line as error) and modeled
(colored arrows corresponding to different model configurations) EDM baseline length changes.
(b) Corresponding residuals between modeled and observed baseline length changes. Obs: observa-
tions; HF: homogeneous flat crust; HT: homogeneous crust with topography; HeT: heterogeneous
crust with topography. χ2 values for each model are shown on top right.

Results for EDM show a good agreement between models and observations (Figure 6a)
except for LKT-MIKE baseline which is slightly underestimated in all three crustal models.
However, the difference between the models’ results and the measurement for LKT-MIKE
is within the data uncertainty (thin solid black lines). From the EDM residuals (Figure 6b)
we can observe that the fit improves when we add topography (χ2 decrease by 19% from
HF to HT, red and blue arrows) and material heterogeneities (χ2 decrease by 21% from HF
to HeT, red and yellow arrows).
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Figure 7. (a) Comparison between observed (black arrows with thin solid line as error) and modeled
(colored arrows corresponding to different model configurations) uplift for the period 1985–1999.
(b) Corresponding residuals between modeled and observed uplift. Obs: observations; HF: ho-
mogeneous flat crust; HT: homogeneous crust with topography; HeT: heterogeneous crust with
topography. χ2 values for each model are shown on top right.

The inversion results for the leveling data (Figure 7a) show a good agreement between
the observed and modeled data at the benchmarks located inside the caldera border (black
dashed line). However, the model underestimates the observed uplift by 5–10 cm at the
benchmarks located outside the southeastern (SE) caldera border (near Crowley Lake)
and by 2–5 cm for the benchmarks located at the northwestern (NW) caldera border
(Figure 8). This discrepancy influences the χ2 value (Figure 7b), which slightly decreases
when topography is included (5% decrease in χ2 from HF to HT) but increases when we
add the material heterogeneities (16% increase in χ2 from HF to HeT). This is probably
because, in the HeT model, the material outside the caldera area is stiffer than the material
inside it (Figure 2).
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Figure 8. Comparison between observed (black circles with 1-sigma error bars) and modeled (colored cir-
cles corresponding to different model configurations) uplift at leveling benchmarks for the data 1985–1999
ordered according to the horizontal distance from the resurgent dome center. HF: homogeneous flat crust;
HT: homogeneous crust with topography; HeT: heterogeneous crust with topography.

Figures 9 and 10 compare the observed leveling data over the period 1982–1999 and
the correspondent model results. The latter were obtained by further optimizing the source
overpressure using the leveling data 1982–1999, while keeping the same source location
and size from the joint inversion of EDM and leveling data from 1985–1999 (c.f. Section 2.3).
In this case, we reach a good agreement between the models and uplift for all three crustal
models, with residuals within the observation error (Figures 9b and 10). Some discrepancy
is still observed for the benchmarks southeast of the caldera border, since the uplift in
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this area is probably controlled by the deformation along the Sierra Nevada block [55].
In this case, the χ2 value is reduced by 36% when we add topography (from HF to HT)
and by a further 10% when we also add the heterogeneities (46% total decrease χ2 in from
HF to HeT). Observed values and numerical results for the leveling data over the period
1982–1999 are reported in Table S4, Supplementary Materials.

 

Figure 9. (a) Comparison between observed (black arrows with thin solid line as error) and modeled
(colored arrows corresponding to different model configurations) uplift for the period 1982–1999.
(b) Corresponding residuals between modeled and observed uplift. Obs: Observations; HF: ho-
mogeneous flat crust; HT: homogeneous crust with topography; HeT: heterogeneous crust with
topography. χ2 values for each model are shown on top right.
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Figure 10. Comparison between observed (black circles with 1-sigma error bars) and modeled
(colored circles corresponding to different model configurations) uplift at leveling benchmarks for
the data in 1982–1999 ordered according to the horizontal distance from the resurgent dome center.
HF: homogeneous flat crust; HT: homogeneous crust with topography; HeT: heterogeneous crust
with topography.

The large residuals observed for three benchmarks close to the center of the resurgent
dome are from the exploitation of the hydrothermal aquifers by the local geothermal power
plant [13]. Other discrepancies are because of motion along faults in the caldera South
Moat [4] or the Sierra Block (e.g., Figures 7 and 9) [8,55]. The heterogeneous model (HeT)
can better fit the uplift for 1982–1999 than the two homogeneous models (HF and HT;
Figure 9).

3.3. Density of the Intrusion

The observed gravity change, after free-air and water-table correction, shows a positive
anomaly centered on the resurgent dome, with peak amplitude of about 60 μGal ([28] and
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black circles in Figure 11), that suggests mass intrusion into the sub-caldera crust beneath
the resurgent dome.

 

μ
μ

μ

Figure 11. Comparison between observed gravity changes (1982–1999, Table S4, Supplementary
Materials) after the removal of free air and water table effect (black circles with 1-sigma error bars)
and the total deformation contribution to gravity changes (δg1 + δg2ΔV + δg3) from the solution of
Equations (7)–(9) corresponding to different model configurations (colored circles), ordered according
to the horizontal distance from the resurgent dome center. HF: homogeneous crust, red circle;
HT: homogeneous crust with topography, blue circle; HeT: heterogeneous crust with topography.

The estimate of the density of the intrusion requires three steps. First, we calculate the
gravity changes associated with the deformation of the source and of the surrounding crust
(δg1 + δg2ΔV + δg3) by solving (7)–(9), the so-called “deformation effects”, see Figure 11.
The gravity variations due to deformation effects are substantial in the near-field of the
source location, with the highest values at the source-tip location (up to −60 μGal, i.e.,
comparable, in magnitude, to the observed gravity change after free-air and water-table
correction) and decaying to magnitudes <10 μGal at a distance of ~10 km.

We then subtract the deformation effects from the observed gravity changes in order
to calculate the residual gravity (black circle with error bars in Figure 12). It is worth noting
that the observed gravity changes had been previously corrected for water table noise
and the free-air effect (Table S4, Supplementary Materials) (details in [28]). The residual
gravity, δg2V, depends on the mass change accompanying the deformation. Following
the methodology described in Section 2.3, we solve the inverse problem with Poisson’s
Equation (10) to obtain the density value for the intruding fluid which best matches the
observed residual gravity change δg2V. Numerical results for modeled residual gravity
change agree within the measurement errors with most of the residual gravity observations
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(Figure 12). Figure 12 shows a good fit to the observed residual gravity for the FEM model
of a homogeneous crust with topography (HT). Adding additional information about
heterogeneities in the crust does not significantly improve the fit.

Table 4 shows the resulting density values of the intrusion, assuming that the mass
change is due to either an incompressible (ρin) or compressible (ρcmp) fluid intrusion. The
relation between the density of incompressible (ρin) or compressible (ρcmp) fluid intrusion
is given in Equation (13). Reference [53] and Equation (12) allow for computing the
compressibility βc of the crust surrounding the intrusion from quasi-static elastic properties
(Table 1) and the results of the FEM models (Table 4).

The density of the intrusion depends on magma and reservoir compressibility—
Equations (11)–(13). According to [56], the isothermal compressibility for a rhyolite, with
a volume fraction of water between 0% and 30%, is 0.026 ± 0.0011 GPa−1. We estimated
a crust compressibility of 0.147 ± 0.037 GPa−1 for the heterogeneous model. Using these
values, we obtained a density of 1856 ± 72 kg/m3. This density is consistent with a rhyolite
melt (no crystals) with 20% to 30% of dissolved hydrothermal fluids.

 

Figure 12. Comparison between observed (black circles with 1-sigma error bars) and modeled
(colored circles corresponding to different model configurations) residual gravity, δg2V . The misfit
value χ2 for each case is also indicated. The corresponding best fit values for density, under the
assumption of incompressible magma, are shown in Table 4. HF: homogeneous crust, red circle;
HT: homogeneous crust with topography, blue circle; HeT: heterogeneous crust with topography,
orange circle.
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4. Summary

We build a 3D finite element model to investigate the source of observed displacements
and gravity changes at Long Valley Caldera for 1982–1999. Using the geodetic data
available in Long Valley Caldera GIS Database (https://doi.org/10.3133/ds81, accessed on
15 February 2021)—EDM baseline change, uplift, and gravity change measurements—we
explore different model configurations starting from a flat and fully homogeneous domain
and then adding additional complexities, such as topography and medium heterogeneities.
Limits on the coverage of the existing geodetic monitoring network, ambiguities on the
interpretation of subsurface distribution of the crust elastic properties, and the nature
of non-linear inversion make our models and solutions non-unique. We can improve
the bounds on the parameters of the deformation source by employing an appropriate
modeling approach.

Since the joint inversion of horizontal and vertical deformation better constrain the
geometry of the deformation source, we first invert EDM and leveling data for the period
1985–1999 to infer the size and location of an ellipsoidal source under the caldera. We then
optimize the estimate of the source volume and mass change by performing a second set
of inversions of leveling and gravity data for 1982–1999. This is the period with the best
signal to noise ratio for gravity data.

One advantage of our approach is, not only the inclusion of topography, but also of
full heterogeneities (3D). The influence of mechanical heterogeneities in LVC has been
considered in other works [30,57–59], but while past works relied on simplified models
in terms of geometry (e.g., 2D) or the material heterogeneities distribution (e.g., only
vertical), in this study, similarly to [8], we implement both lateral and vertical material
heterogeneities. Furthermore, we account for the difference between static and dynamic
mechanical properties, since the use of a dynamic bulk modulus for the overall domain
would overestimate the medium rigidity at shallow depths (lithostatic pressure < 3 kbar).

To estimate the subsurface mass change of the deformation source, we first estimate
the so called “deformation effects” given by (7)–(9); see Figure 11. We then subtract the
“deformation effects” from the gravity changes to obtain the residual gravity, since the
residual gravity, δg2V , depends on the mass change accompanying the deformation. Finally,
we solve the inverse problem with Poisson’s Equation (10) to obtain the density value for
the intruding fluid which best matches the observed residual gravity change (Figure 12).

The density of the intrusion will change if the fluid is either incompressible (ρin)
or compressible (ρcmp), since the density of the intrusion depends on the ratio βm/βc
(Equation (13), Table 4). We can estimate βc either from the shear modulus and source as-
pect ratio (Table 1; [53]) or from the absolute volume of the source inferred from our numer-
ical analysis (Table 4). Both approaches calculate the same value of βc for a homogeneous
medium. We find the second approach more appropriate for our heterogeneous model.

5. Conclusions

Gravity data are usually noisier than deformation data (e.g., [28]) but are essential for
estimating the density of intrusion, because changes in the gravity potential are related to
the changes in density distribution caused by the subsurface mass redistribution. Without
gravity data, we cannot obtain information about the nature of the deformation. In this
specific case, the major ambiguity is not coming from the errors in the gravity data but
from the uncertainty about the appropriate value of magma compressibility. Reference [56]
present experimental values of the isothermal compressibility of rhyolite, andesite, and
basalt glasses as a function of the volume fraction of water (see Table 4 and Figure 5
in [56]). We assume here the compressibility values for rhyolite, i.e., the main component
of erupted magma in LVC [18]. According to [56], the isothermal compressibility for a
rhyolite, with a volume fraction of water between 0% and 30%, is 0.026 ± 0.001 GPa−1.
Using our inversion results for source parameters, for the heterogeneous case we estimated
a reservoir compressibility of 0.147 ± 0.037 GPa−1 (Table 4). We therefore obtained a

187



Remote Sens. 2021, 13, 4054

density of 1856 ± 72 kg/m3. This density is consistent with a rhyolite melt with 20% to
30% of dissolved hydrothermal fluids.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/rs13204054/s1, Table S1: Horizontal deformation for the period 1985–1999 (two-color EDM
data), Table S2: Vertical deformation (uplift) for the period 1985–1999, Table S3: Vertical deformation
(uplift) for the period 1982–1999 (leveling data), Table S4: Gravity data (1982–1999).
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Appendix A Validation of Numerical vs. Analytical Solution

To assess the accuracy of the finite element calculations, the absence of edge effects
and ensure that the geometry and mesh adopted yield sufficient sensitivity, we validated
the FEM, the numerical solution, for a vertical prolate ellipsoid in a homogeneous model
without topography against the analytical solutions from [43]. For this comparison, we
used a prolate ellipsoid with horizontal semiaxes a = b = 1.5 km and vertical semiaxis
c = 3 km. The ellipsoid depth is 7 km and an outward (inflating) overpressure of 70 MPa
is applied. We first compare the horizontal and vertical components of displacement on
the stress-free surface on ±40 km EW profile (Figure A1a). Successively, we calculate the
gravity changes due to the source deformation and to an intruding fluid with a density of
2700 kg/m3 using the method described in the main text (Section 2.4) and compare them
with the analytical solutions from [47] (Figure A1b,c). For the gravity contribution from
the mass change (δg2V), we also checked with the solutions from [60]. We observe a good
agreement between the analytical and FEM solutions for both the displacements and the
gravity components. Minor differences visible over the first 5 km distance from the source
are inside the ranges of uncertainty, which are ~1 mm for horizontal displacements, ~1 cm
for vertical displacements and ~10 μGal for gravity changes.
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Figure A1. Benchmark test. Comparison between analytical (blue) and numerical (red) solutions for
an ellipsoidal source in a homogeneous space with no topography. All solutions are shown along a
radial distance centered at the source horizontal position. (a) Comparison of horizontal and vertical
displacement at the free surface. (b) Comparison between the various components of gravity changes
at the surface. (c) Total gravity change obtained by summing all the components shown in (b) and
the gravity change only due to the contribution of deformation (δg1 + δg2ΔV + δg3).

Appendix B Error Propagation
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Abstract: Volcanic plume height is a key parameter in retrieving plume ascent and dispersal dynamics,
as well as eruption intensity; all of which are crucial for assessing hazards to aircraft operations.
One way to retrieve cloud height is the shadow technique. This uses shadows cast on the ground
and the sun geometry to calculate cloud height. This technique has, however, not been frequently
used, especially not with high-spatial resolution (30 m pixel) satellite data. On 26 October 2013,
Mt Etna (Sicily, Italy) produced a lava fountain feeding an ash plume that drifted SW and through the
approach routes to Catania international airport. We compared the proximal plume height time-series
obtained from fixed monitoring cameras with data retrieved from a Landsat-8 Operational Land
Imager image, with results being in good agreement. The application of the shadow technique to a
single high-spatial resolution image allowed us to fully document the ascent and dispersion history of
the plume–cloud system. We managed to do this over a distance of 60 km and a time period of 50 min,
with a precision of a few seconds and vertical error on plume altitude of ±200 m. We converted height
with distance to height with time using the plume dispersion velocity, defining a bent-over plume
that settled to a neutral buoyancy level with distance. Potentially, the shadow technique defined
here allows downwind plume height profiles and mass discharge rate time series to be built over
distances of up to 260 km and periods of 24 h, depending on vent location in the image, wind speed,
and direction.

Keywords: Etna volcano; lava fountain; paroxysmal explosive eruptions; ash plume height; Landsat
8 satellite images; mass discharge rate time-series

1. Introduction

Volcanic ash clouds injected into the atmosphere represent a threat to population health and aircraft
operations [1]. This is a recurrent problem, and despite the improved monitoring of volcanic clouds,
aircraft encounters and incidents occur regularly (e.g., [1–5]). Damage to aircraft, traffic rerouting
and airport traffic disruption can cause millions of dollars in losses for airline companies and any
related businesses [6]. Even explosive eruptions at volcanoes located in unpopulated areas represent a
threat because the associated ash clouds can be transported thousands of kilometers away from their
sources [7]. In volcanic hazard assessment, the retrieval of cloud height is a key parameter because
it can be linked to dispersion [8,9], and is used to derive other, higher-level parameters that allow
better classification of the eruption and understanding of the associated eruption dynamics, such as
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the Volcanic Explosive Index (VEI) [10] and mass discharge rate (MDR, i.e., mass flux per unit time in
kg s−1) [8].

The synoptic view offered by satellites is especially useful in observing large-scale phenomena
such as volcanic clouds [11,12]. Other advantages of satellite data include their free or cheap
availability, rapid (near-real-time) dissemination, synoptic view and global coverage [7]. Moreover,
many volcanoes that experience low-frequency but high-magnitude and -intensity—Vulcanian through
Plinian—eruptions [13,14], do not possess ground-based monitoring networks so that sometimes
satellite data are the only available data to detect, track and study an eruption [11,12,15]. Satellites have
thus been used for an increasing number of studies focused on detecting volcanic clouds and tracking
their dispersal since the 1970s. As part of this, several methods that use satellite sensor-based data have
been developed to retrieve cloud heights (as reviewed in Supplementary Materials Table S1). One of
them is the height-from-shadow technique, whereby the length of the shadow cast by the cloud onto
the ground is measured, and a “simple” trigonometric relationship with the sun geometry delivers the
cloud height [16]. However, the shadow technique has not frequently been used for volcanological
applications, especially using high-spatial resolution (30 m pixel) data, such as LANDSAT’s MSS,
TM, ETM+ and OLI, Terra’s ASTER and ESA’s Sentinel (cf. Supplementary Materials Table S2).
The height-from-shadow method does have some issues, such as the assumptions that need to be made
regarding cloud shape or plume top topography [17]. It is also only applicable during daytime when
shadows are present. It is, however, unclear why such high-spatial resolution data have not been used
to more frequently retrieve heights for volcanic clouds. This is especially so when considering problems
associated with the commonly used height-from-temperature or brightness temperature method,
which suffers from problems such as plume transparency or ice formation [7,18–21], and which are more
typically applied to low-spatial resolution (1–4 km pixel) data from sensors such as AVHRR, MODIS,
GOES, and SEVIRI. The shadow technique also has the advantage of not requiring stereo-imaging or
temperature measurement, nor does it require assumptions regarding cloud thermal and/or emissive
and transmissive properties. In this study, we thus develop and validate a method that allows the
shadow technique to be used to (i) retrieve cloud height in high-spatial resolution data, and (ii) convert
the downwind plume heights to at-vent MDR time series.

A distinction needs to be made between volcanic plumes, which are connected to the source
(rooted to the vent), and volcanic clouds, which have become detached from the source [22]. The former
is characterized by a dominant vertical component, the latter by a dominant horizontal component.
Eruptive columns can be divided from bottom to top into three regions. The first and lowermost
is the gas-thrust region immediately above the vent where the plume rises as a momentum-driven
jet [8,23,24]. The second is the convective region, where the density of the plume becomes less than that
of the surrounding atmosphere, atmospheric mixing occurs and ascent by buoyancy takes over [8,23].
The third is the umbrella region, where the densities of the plume and the atmosphere become equal
and the cloud spreads laterally, defining the neutral buoyancy level (NBL) [23,25]. Initially, though,
the maximum plume height will be higher than the NBL because of the inertia of the particles arriving
at the top of the column to lead to overshooting [23]. Thus, while the dispersal of volcanic clouds
depends on their interaction with atmospheric motions (mostly wind speed and direction), plume
dynamics will also depend on atmospheric stratification through the entire height of their ascent,
variation in wind speed with height, as well as “source” conditions, notably MDR and air entrainment
rates [8,22]. Depending on the eruption intensity (MDR) and wind strength (speed), we can find a
continuum of plume behaviors. The end members are umbrella clouds, which are strong plumes that
rise above the vent and spread horizontally around the neutral buoyancy height, and bent-over or
weak plumes [26] that are significantly distorted downwind and may not reach the NBL before being
sheared-off downwind [8].

For this study, a cloud-free Landsat-8 Operational Land Imager (OLI) image of the 26 October 2013
lava fountaining event at Mount Etna (Sicily, Italy) was selected. This target has the advantage of
possessing excellent ground-truth data, as are available from the continuously monitoring camera
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network operated by the Istituto Nazionale di Geofisica e Vulcanologia (INGV—Osservatorio Etneo,
Catania, Italy). This consists of a network of thermal and visible cameras (Figure 1), which have
been previously applied to plume tracking [27] and which are routinely used for monitoring.
Their specifications are detailed in Ref. [28], where the GPS-stamped image frames allow for precisely
timed event detection. In processing the Landsat 8 data, to produce plume or cloud height profiles versus
distance from the vent, several parameters such as plume top topography, shape, ground topography
and satellite viewing geometry need to be taken into account [cf. 17]. This is done here through
developing a methodology to extract height with distance using the cloud shadow. We convert these
profiles into times series using cloud dispersal velocities obtained from the INGV camera network.
This allows us to plot plume height over the vent for one hour prior the satellite image acquisition
and to derive an MDR time series. This permits us to (i) describe the effects of settling to the NBL,
(ii) assess the effect of wind on the bending of a fire fountain, and (iii) derive physical and empirical
relations for the ascent and dispersal of this fountain-fed plume–cloud system.

 

Figure 1. Ortho-rectified Landsat 8 OLI image of Mt. Etna acquired on 26 October 2013 at 09:37
UTC (courtesy of National Aeronautics and Space Administration (NASA)/United States Geological
Survey (USGS)). Flight routes and altitudes for air traffic approaching Catania Fontarossa airport are
taken from www.flightradar24.com. The two cameras from the INGV—Osservatorio Etneo camera
network used in this paper are marked. A zoom on each cloud is given as inset. SV = Simeto Valley;
CTA = Catania Fontanarossa airport.
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2. Case Study: OLI Imagery of the 25–26 October 2013 Fountaining at Etna

Mount Etna is characterized by Strombolian and lava fountaining activity, and frequent effusive
eruptions (e.g., [29,30]). The climaxes of lava fountaining at Etna, which gave rise to ash plumes and
clouds, are termed “paroxysmal episodes” [28]. The fall out of lapilli and ash represents a frequent
hazard to the population residing on the flanks of Etna [31], which is around one million [32]. The threat
to Catania airport is also a persistent hazard [5] where, for example, between 2011 and 2015 alone there
were 49 lava fountain events [28], and 150 between 1990 and 2015 [33]. Fountaining and Strombolian,
as well as Vulcanian, activity can be sourced from flank vents feeding effusive activity, as well as
from the summit craters. Etna hosts five active summit craters: Bocca Nuova (BN), Voragine (VOR),
North-East Crater (NEC), South-East Crater (SEC) and the New South-East Crater (NSEC) [28,34].
Of these, SEC has become the most common locus of lava fountain activity since its formation in
the 1970s (e.g., [28,35]). The NSEC developed from a pit on the east flank of the SEC that formed in
2011 and fed fountaining episodes between 2011 and 2015 [29,30]. It is one of these events, that of
25–26 October 2013, that we focus on here.

2.1. The 25–26 October 2013 Eruption

The 25–26 October 2013 eruption occurred after a six-month-long pause in activity [36]. It was
marked by activity from several craters at the same time, with Strombolian explosions starting
on 25 October at the NSEC. Its intensity increased during the night, and a lava fountain began
around ~01:30 (hh:mm; all times are Coordinated Universal Time, UTC) on 26 October [36] feeding
a light-toned ash plume. Lava flowed out of the NSEC at ~03:15 [36] and the NEC also started to
emit a dark-gray ash plume at ~06:20 that dispersed at a lower altitude than the NSEC plume. At the
same time, occasional explosions occurred at BN. The lava fountain at NSEC lasted until around 10:00,
reaching an average height of 430 m [28]. Its plume consisted initially mostly of gas, but the amount of
pyroclastics increased with the increase in intensity, causing tephra fallout. The plume was, though,
rapidly bent-over toward the west southwest by the wind [37].

A satellite image from Landsat 8′s OLI sensor was acquired at 09:37 on 26 October around the end
of the lava fountain episode (Figure 1). The two clouds from the NSEC and the NEC are distinguishable
from the tonal difference and are visibly being blown toward the WSW by the wind. The light-toned
cloud from the NSEC seems to be separated into two parts, the first extending 8 km from the vent;
then a second, after a gap of 22 km, being at least 30 km long (it running off of the western edge of the
image). The two parts will be referred to, hereafter, as cloud 1 for the near vent part and cloud 2 for the
distal part. Cloud heights for this event are available for validation purposed from the INGV camera
network (Figure 1), and have been derived from this same image using an independent, parallax-based
method, i.e., the Plume Elevation Model (PEM) of De Michele et al. (2019) [38], thus also allowing
inter-method comparison.

2.2. Data

Since the method developed here needs a clear view of the shadow cast by a plume, or cloud,
on the ground, only satellite images taken during daylight can be considered. The meteorological
cloud cover needs to be as little as possible to ensure the best visibility, even though shadows cast over
meteorological clouds can be used, provided that the meteorological cloud top height is known or can
be calculated at the same time. The volcanic cloud must also be sufficiently opaque so as to provide a
clearly defined shadow. However, even if the cloud is not dense or is partially transparent, the method
can be applied as long as a shadow is visible. This is an advantage over the brightness temperature
method or the PEM procedure, where transparency or lack of optical thickness can cause plume height
underestimations [7,38].

The LANDSAT 8 OLI image was downloaded directly from the Earthdata Search engine (https:
//search.earthdata.nasa.gov/search), which provides access to NASA’s Earth Observing System Data
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and Information System (EOSDIS) services. The product available is a level 1 product, which is
terrain-corrected. The pre-processing of such level 1 products includes geo-referencing (alignment of
imagery to its correct geographic location) and ortho-rectification (correction for the effects of relief
and view direction on pixel location) to ensure the exact positioning of the image [39]. For a cloud,
though, this is not ideal, as geo-referencing can introduce distortions when a cloud is projected onto
the surface [40]. LANDSAT 8′s OLI and Thermal Infrared Sensor (TIRS) provides 11 different bands of
data at a spatial resolution of 15–100 m (Table 1).

Table 1. LANDSAT 8′s OLI and TIRS instrument characteristics.

Bands Wavelength (μm) Spatial Resolution (m) Measure

Band 1—Coastal aerosol 0.43–0.45 30 TOA/SR
Band 2—Blue 0.45–0.51 30 TOA/SR
Band 3—Green 0.53–0.59 30 TOA/SR
Band 4—Red 0.64–0.67 30 TOA/SR
Band 5—NIR 0.85–0.88 30 TOA/SR
Band 6—SWIR 1 1.57–1.65 30 TOA/SR
Band 7—SWIR 2 2.11–2.29 30 TOA/SR
Band 8—Panchromatic 0.50–0.68 15 TOA
Band 9—Cirrus 1.36–1.38 30 TOA
Band 10—Thermal
Infrared (TIRS) 1 10.6–11.19 100 Temperature

Band 11—Thermal
Infrared (TIRS) 2 11.50–12.51 100 Temperature

NIR = near infrared; SR = surface reflectance; SWIR = shortwave infrared; TIRS = thermal infrared; TOA = top of
atmosphere reflectance.

3. Methodology

3.1. Height-from-Shadow Time Series from a Single High-Spatial Resolution Image

The height-from-shadow technique is based on the fact that the plume and cloud casts a shadow
on the ground. If the length of the shadow and the angle between the ground and the sunray direction is
known, then basic geometry delivers an approximation of the plume height [17,19,41–46]. We here lay
out a six-step methodology that begins with the definition of the fundamental Sun–Earth astronomical
relationships that underpin the methodology, and ends with the generation of a cloud height time series.

3.1.1. Sun–Cloud Geometric Relations

The Sun–Earth astronomical relationships from Iqbal (1983) [47] were used to calculate the
sun elevation and sun azimuth at the time of image acquisition, as converted to true solar time
by taking into account the latitude and longitude of the summit of Etna. To facilitate the length
measurements, the North-oriented image was rotated clockwise by the sun azimuth angle (Ψ) using
cubic convolution. As a result, the sunrays are orientated in a vertical direction, so that shadow length
along a correct orientation can be made along easy-to-define vertical lines. (Figure 2) A second line,
called the intersection line, was composed of as many segments as there were direction changes in
the cloud, and was drawn following the center of clouds 1 and 2. This line represents the position
of the cloud height profile that will be created. The image was contrast-enhanced to maximize the
intensity of the shadow darkness and the contrast with the background. As shown in Figure 2,
a shadow length measurement (SLM) was carried out for each peak and trough in the enhanced shadow
outline (i.e., at each point of variation, the shadow being the same between each turn-around point).
Each selected point on the shadow outline was then linked to its matching point on the intersection
line, following a vertical line, which now (following the rotation) represents the sun azimuth direction
(Figure 2). The measurements were made in pixels and converted to distance (in m) using the pixel size
calculated to take into account off-nadir and Earth curvature distortion following Harris (2013) [48].
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Finally, each shadow length measurement was linked to a distance from the vent using the geographical
coordinate of each pixel and taking into account Earth curvature.

 
Figure 2. Schematic satellite view of the rotated plume/shadow system and parameter definition.

3.1.2. Viewing and Shadow Geometry

Whether the entire length of the shadow is visible or not depends on the viewing geometry of the
satellite with respect to the sun geometry (Figure 3a). Taking into account the distance between the Sun
and the Earth relative to the size of the object that casts a shadow on the Earth’s surface, the sunrays
are assumed to be parallel lines. If the entire length of the shadow is visible, then a simple geometry is
valid. However, if there is no area on the ground illuminated by the sun between the cloud and its
shadow, then the distance needed for the calculation is missing a part of the shadow which is hidden
behind the cloud (Figure 3b). In the case of a hidden shadow on a horizontal surface, the following
correction can be applied:

Plume altitude (hidden shadow case) = D′ tanα+
(D′ tanα)2

D′ tan σ−D′ tanα
(1)

where α is the sun elevation and σ the satellite scan angle. In our case, there was no hidden part,
so Equation (1) did not need to be applied.

Four cases need to be considered depending on whether shadows are also apparent on the cloud
top or not. In the first case, there are no shadows on the plume top, meaning that the plume top is
relatively flat (Figure 4a). In the second case, there are shadows on the plume top, meaning that two
different heights can be measured: the cloud hedge height, and the variation in height between the
cloud edge and structures within the cloud (Figure 4b). In the third case, the shadow extends to the
edge of the cloud, meaning only the cloud top height can be measured (Figure 4c). The final case is
one intermediate between cases i and iii (Figure 4d). For the imaged case, the high-spatial resolution
allowed us to determine visually that cloud 1 belongs to cases ii, iii and iv, and cloud 2 belongs to
case i. As a result, our height measurements use the length of the cloud shadow on the ground (D) to
obtain the height of the cloud edge (H), and the lengths of shadows cast on the cloud top (d) to obtain
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variations in the height (h) across the cloud depending on the case identified (Figure 4). The case that
needed to be applied to any point in the cloud was determined by visual inspection of the imagery.

 
Figure 3. Satellite and Sun viewing geometry responsible for a “missing” shadow portion. (a) General
geometry. (b) Detailed geometry for the case where a portion of the shadow is hidden.
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Figure 4. Plume/cloud height measurement at nadir case depending on the shadow distribution.
(a) Case i: flat plume. (b) Case ii: plume with topography where measurement of H and h is possible.
(c) Case iii: plume with topography where measurement of H and h is possible. (d) Case iv: intermediate
case: only the measurement of H+h is possible.

3.1.3. Height Calculations and Corrections

The simple trigonometric relationship between sun elevation, shadow length and cloud height
uses a distance projected onto a horizontal plane. However, the shadow length visible on the satellite
image is modified by the slope of the terrain onto which it is projected. Two two-dimensional cases
were considered. For case 1, the shadow is cast onto a surface tilted in the same direction as the sunrays
(Figure 5a) and in the opposite direction in case 2 (Figure 5b). The plume altitude for each case can be
calculated following:

Plume altitude (case 1) = tanα

⎛
⎜⎜⎜⎜⎝

H1

tan(sin−1 ( H1
SLM ))

⎞
⎟⎟⎟⎟⎠+ AI (2)

Plume altitude (case 2) = tanα

⎛
⎜⎜⎜⎜⎝

H1

tan(sin−1( H1
SLM ))

+
H1

tanα

⎞
⎟⎟⎟⎟⎠ + AI (3)

where H1 is the elevation difference between the cloud shadow edge and its matching point in the
intersection line, SLM is the shadow length measurement, and AI is the altitude of the point on the
intersection line. This last value is added to the above-surface height measurement to obtain the plume
altitude in meters above sea level (m a.s.l.), rather than meters above the ground surface (Figure 5b).
The sign of H1 determines the case: if H1 is negative, then the geometry can be described by case
1; if positive, by case 2. The ground surface altitudes were obtained using Google Earth Pro with a
precision of ±5 m.
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Figure 5. Effect of topography on shadow length measurement. (a) Case 1: surface tilted in the
same direction as the sunray direction. (b) Case 2: surface tilted in the opposite direction to the sun
ray direction.

Next, we need to correct for the effect of the ortho-rectification, where the raw data are projected
onto a digital elevation model. While this insures that all ground points are located correctly and
image distortion is removed [39], it also projects airborne objects (i.e., clouds) from their position above
the ground onto the topography so that they consequently become distorted. As a result, the shadow
edge line is at its correct location on level 1 data, but the cloud edges and cloud-top features are
not (Figure 6a). The cloud appears, instead, as a flat feature that is draped across the topography.
This affects the shadow length measurements. We can obtain the shadow length measurement in
geometrically corrected level 1 (SLM1) data, but we need the shadow length measurement in reality
(SLMr), i.e., corrected for geometric distortion, if we are to correctly calculate the actual cloud height,
hp (Figure 6b). In the case of a projection onto a plane in the direction of the sunrays, the problem can be
resolved in two dimensions (Figure 6b). In Figure 6b, H1 is the altitude difference between plume edge
and the shadow edge as projected onto the topography in the ortho-rectified image. H2 is the altitude
difference between the cloud edge as located on the ortho-rectified image and the intersection with the
sunrays above this point on the ground. This, effectively, projects the position of the cloud edge from
its flattened position on the ground vertically upwards onto its actual above-ground position. As a
result, we define parameter x, which is the altitude difference between the cloud edge as placed on the
level 1 image and the actual location of the cloud edge in the air (Figure 6b). We thus first need to
calculate SLMr (Equation (4)), which then allows us to estimate hp using Equation (5):

SLMr =
SLM1 ∗

[
H1 + H2 +

(
tanα ∗ H2∗SLM1

tan σ−H1−H2

)]

H1 + H2
(4)

hp = SLMr −H1− x (5)
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(a) (b) 

Figure 6. (a) Comparison of cloud and shadow projections between raw and post-processed
(geometrically corrected, level 1) data. (b) Geometry for the resolution of the ortho-rectification
issue in two dimensions.

Glaze et al. (1999) argued that one of the issues of the shadow technique is that the sunrays,
most of the time, do not hit the cloud at the very top, but instead may intersect with the cloud a little
below its top [17]. This results in an underestimation of the cloud height. In such a case, the cloud
maximum height, Hmax, can, however, be calculated by assuming a spherical geometry for a convective
ash puff, as drawn by Sparks et al. (1997) [8]. This spherical geometry is described in Figure 7, and in
such a case the height hs to add to the plume altitude of Equation (5) in order to obtain the maximum
cloud height is given by:

hs = 2 sin(
α
2
)

dw

2
cos(

180− α
2

) (6)

where dw is the cloud width measured with the same method as the SLM. Consequently:

Hmax = plume altitude (case 1 or 2) + hs (7)

 
Figure 7. Spherical plume top geometry correction applied to estimate the maximum cloud height;
a case to be used when sunrays intersect with the plume not at the very top of the plume, but a
little below.

3.1.4. Error Calculation

A few error sources can be neglected because of the relatively low scan angles of Low Earth
Orbit (LEO) sensors such as Landsat [49]. This minimizes problems due to pixel distortion, overlap,
rotation and spherical shape [48]. The first major component of the possible errors is radiation smearing.
Indeed, the spectral radiance arriving at the sensor is not 100% exclusive to each pixel. The spatial
distribution of radiance across the pixel is described by the point spread function [48]. This has a bell
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shape, and for TM pixels spreads into one neighboring pixel [50]. The effect is especially strong when
the contrasts between radiances are great, such as between dark shadow and light-colored ground.
Consequently, spectral radiance from shadow pixels contaminates two to three neighboring pixels,
causing the limit to blur by ±2 or 3 pixels. Moreover, the rotation performed in order to facilitate the
shadow length measurements involves a restructuring of the pixels in relation to each other using
cubic convolution. This operation is known to change the gray-scale value of some pixels, and can
result in the insertion of “fill” pixels [51], possibly modifying the pixels selected during measurements.
This effect is estimated to also affect an area of±1 pixels. We can obtain the shadow length measurement
error by multiplying the number of pixels by the pixel size previously calculated, and then the cloud
height error by trigonometry using the sun azimuth angle. A summary of the resulting cloud height
error estimations is given in Table 2. Cloud 2′s altitude error is greater than cloud 1 because of its greater
transparency, which made it more difficult to select edge and shadow pixels. Hmax is the parameter
with the greatest error because its calculation used two more pixel selections (for the plume width).

Table 2. Plume height error estimations.

Cloud 1 Cloud 2

Cloud altitude error Hmax error Cloud altitude error
±140 m ±210 m ±185 m

We note that our solution for the effect of ortho-rectification is only for a 2D case, when the problem
is three-dimensional. One solution would be the application of the Fmask algorithm developed by
Zhu and Woodcock (2011) [52], and its upgrade for application to mountainous areas MFmask [40].
These algorithms are designed to automatically detect cloud and cloud shadow and match them
according to their shapes. One of their inputs, though, is the cloud base height, which is needed to
produce a double projection and increase the match between cloud and cloud shadow. To do this,
Zhu and Woodcock (2011) used the temperature method to extract height [52]. This introduces further
uncertainty inherent in applying the height-from-temperature method, which we strive to avoid here.
Nevertheless, given the topography, sun angles and satellite-viewing geometry for the case considered
here, we estimate only a slight underestimation of shadow length (by no more than 10%) for these low
cloud heights. Error will, though, increase with cloud height, thus becoming more of a concern for
higher (sub-Plinian and Plinian) clouds.

3.1.5. Cloud Dispersal Velocity Calculation

The ground-based video camera footage was used to calculate the cloud dispersal velocity.
Frames from these data are stamped with GPS times, so that timings are accurate to less than a second.
Every 10 min, two consecutive camera frames were selected (separated by less than 30 s). A point in
each frame was chosen based on the same recognizable plume top shape and the number of pixels
between the two points was counted. The points were chosen to be the highest and farthest from
the vent possible in order to avoid the cloud dispersal velocity being affected by the jet velocity.
Now velocity can be obtained from the time difference between the two frames and the distance moved.
This gave a mean dispersal velocity of 18.5 m s−1, with a range of 12.6 to 26.7 m s−1 (Table 3). This is
in agreement with the value used by De Michele et al. (2019) [38] and the wind speed profile from
the National Center for Environmental Prediction (NCEP)/National Center for Atmospheric Research
(NCAR) at 12:00 UTC (i.e., 18 m s−1 at 10,000 m a.s.l.).

3.1.6. Generation of Cloud Height Time Series

Each cloud height calculated along the intersection line was linked to an emission time using the
distance from the vent (dVIx) and the cloud dispersal velocity (V). To do this, the time of release of the
cloud at any given point can be obtained by subtracting the time the cloud has taken to travel from
the vent to the point (=dVIx/V) from the time of image acquisition (i.e., 09:37:47 UTC). For cloud 1,
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the cloud dispersal velocity used was that calculated between 9:30 and 9:40. Since the proximal edge
of cloud 1 was calculated to have been emitted at 9:32:58 and the image was acquired just before 09:38,
only one cloud dispersal velocity was available (Table 1). For cloud 2, the cloud dispersal velocity
was changed whenever the velocity for each 10-min period of cloud dispersal velocity calculation
from the ECV camera changed (Table 1). The time series generated in this way from a single, static,
high-spatial resolution image gives us the possibility to track plume height for several hours prior to
image acquisition, with a temporal resolution of (in our case) down to 1 s over around one hour.

Table 3. Cloud dispersal velocities calculated with ECV camera footage.

Time Range Cloud Dispersal Velocity (m/s) (This Study)

8:40–8:50 17.4
8:50–9:00 19.6
9:00–9:10 16.7
9:10–9:20 21.5
9:20–9:30 26.2
9:30–9:40 26.7

3.2. Cloud Height Validation

3.2.1. Cloud Height from the INGV-OE ECV Camera

The ground-based camera that we use is named after its location label (i.e., ECV) and is located
26.7 km to the South of the NSEC (see [28] for location and further camera details). Scollo et al. (2014)
have developed a method to retrieve plume height from images acquired by the camera located at
ECV [53], which involves placing a grid showing a succession of heights over the image. The ECV
camera can capture videos of Etna’s eruption columns up to a height of 9 km a.s.l, with a height
calculation error of ±500 m [53]. Scollo et al. (2014) provided two examples of grids applied to two
previous events [53]. These were modified in order to fit the 26 October 2013 event (Figure 8). The wind
on 26 October was blowing the plume in the WSW direction while the two example grids were fitted
for plumes spreading in the ESE direction. Consequently, the grid was horizontally mirrored and
overlain onto the camera frames (Figure 8). The plume height was then measured as the maximum
apparent height on the frame.

 

Figure 8. Plume height retrieval from ECV camera frames (at 08:53:36 and 09:14:36) using Scollo et al.’s
(2014) [53] grid (green lines). The blue lines are Etna’s outline and the direction of the plume ascent
(wind direction dependent). The meteorological and volcanic clouds are highlighted respectively in
grey and black hatching.
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The fountaining activity started to produce a plume at around 02:45, and the sun rose around
05:00. Consequently, being a visible camera, ECV was not usable for the first two hours of the eruption.
However, once enhanced, all frames after 04:30 had sufficient luminosity to allow the plume top to be
viewed. As such, we were able to derive a cloud height time series with a temporal resolution of one
frame per minute between 04:30 and 09:37 for validation of the OLI-derived time series.

3.2.2. Cloud Height from PEM

De Michele et al. (2019) created a method to extract the cloud top height from ortho-rectified
Landsat 8 OLI images [38]. This method takes advantage of the physical offset between the multispectral
and the panchromatic bands of the push broom sensor. This results in a short time lag (0.52 s) between
acquisitions of each band. This is equivalent to the use of the stereoscopic parallax introduced by
Prata and Turner (1997) [54] to take advantage of the two viewing angles provided by the Along-Track
Scanning Radiometer (ATSR), but using only one single satellite pass. The Plume (top) Elevation
Model (PEM) method was introduced by De Michele et al. (2016) [55] and applied to the plume from
the 2014 Holuhraun (Iceland) eruption using raw (level 0) OLI data [55], and has since been developed
for standard (level 1) OLI data for the same 26 October 2013 Etna lava fountain event considered
here [38]. The method produces a digital elevation model for the plume top (a PEM). A new PEM for
Etna’s 26 October 2013 cloud was created here to correct for the ground topography. Cloud height
was then retrieved at the same points used by the shadow technique. The PEM calculations, however,
use a pixel window of 48 pixels and, as the window is moved across the image in steps of 24 pixels,
the pixel window covers half of its neighboring window so that values are smoothed. Consequently,
the spatial resolution decreases compared to the original image (with an equivalent pixel size of 240 m),
and plume heights are smoothed.

4. Results

From here on, our cloud measurements are referred to as altitude if given in terms of their position
above sea level or height if above ground level. For cloud 1, 84 height measurements were made over
the 7.7 km of its downwind extent (Figure 9a). There is a gap of 22 km where no cloud is apparent. Then,
cloud 2, for which we have 62 height measurements, extends 19.5 km to the image edge (Figure 9a).

4.1. Cloud Height Variation with Distance

Near-vent, cloud 1 ascends at a rate of 530 m of ascent per 100 m of downwind travel to reach
an altitude of 7.6–8.0 km a.s.l. (4.4–4.8 km above the vent) after 1.47 km. Thereafter, ascent is less
steep (90 m of ascent per 100 m of downwind travel), so that the cloud reaches a peak altitude of
10–10.4 km a.s.l. after 4.15 km. This peak altitude is equivalent to a 6.8–7.2 km high cloud. Thereafter,
the cloud descends to 7.2–7.6 km a.s.l. at 7.7 km. We assume that these trends with distance reflect
plume overshooting followed by adjustment (settling) to the neutral buoyancy level (cf. [41]). There is
some variation in altitude after the peak at 4.15 km. For example, there are local peaks of 9–9.4 and
8.4–8.8 km at 4.8 and 6.6 km, respectively, and a low of 7.6–8 km at 5.5 km. The shape of the profile in
Figure 9a is typical of a bent-over plume, where the peak point (which will be vertically over the vent
in no-wind or high-MDR conditions [28,56]) has been blown 4.15 km downwind for a bent-over angle
of 67◦.

Cloud 2 begins 30 km away from the vent. Overall, cloud 2 ascends in altitude from 7.8–8.2 km a.s.l.
at the closest point to the vent to 9.3–9.7 km a.s.l. at the image edge (59 km from the vent). It thus
ascends at a rate of around 50 m per kilometer. Cloud 2 shows less frequent and less marked variations
than Cloud 1, but there is a low between 33.4 and 36.2 km where the cloud altitude decreases by 700 m
to a height of 7.4–7.6 km (Figure 9a).
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4.2. Cloud Height Time Series

Figure 9b displays the time series of plume altitude above the vent. In distance plots, the first
events chronologically are furthest from the vent and the most recent events are closest to the vent.
Thus, the temporal profile is a mirror of the distance profile. Empirically, MDR and plume height
have been linked with increasing MDR, resulting in increasing plume height (e.g., [8,57]). This means
that, assuming that the height fluctuations measured down the axis of the cloud represent variations
at the source, the general increase in cloud altitude with distance down cloud 2 can be explained by
a decreasing MDR with time, where the low point would be a short period of lower MDR. That is,
in general, the oldest and furthest travelled part of the cloud was emitted at a higher MDR than the
youngest and nearest (to the vent) part. For this case, we can trace the evolution of the plume emission
and cloud dispersal back in time for 50 min prior to the acquisition of the satellite image. While the
imaged portion of cloud 2 was erupted between 08:47 and 09:11, cloud 1 emission began at 09:33
and emission was continuing at the time of image acquisition at 9:37. Given an optimally placed
event and low wind speeds, we can potentially derive a time series with a duration of more than 24 h.
For example, the leading edge of plume with a source in the lowermost SW corner of a 180 × 185 km
OLI image will, in a 3 m s-1 wind blowing to the NE, take 24 h to traverse the image.

4.3. Comparison with PEM and ECV Camera

In Figure 9a we compare the cloud heights from the shadow with the cloud heights generated by
the PEM method. There is a good agreement between these two datasets for cloud 1, except for the more
proximal part where the plume begins to become transparent. There is another difference between the
two height estimations at the beginning of cloud 2 for the same reason. Cloud transparency thus seems
to be responsible of underestimations of between 25% and 50% in the height using the PEM method
in these two regions. In addition, the PEM does not pick up the overshooting region (the highest
portion of cloud 1) because the PEM method sub-samples the pixels in the image, thus smoothing the
height profile. For cloud 2, there is a great deal of variation in the PEM measurements because the
measurements have been made at the border of the cloud. This is a mixed pixel effect, where pixels
become mixed in two senses: vertically and horizontally. In the vertical sense, the signal from a
semi-transparent cloud and that from the underlying ground become mixed. In the horizontal sense,
where a pixel is only partially filled by the cloud, the pixel-integrated spectral-radiance is a product
of the portion of the pixel occupied by the cloud and ground occupying the remainder of the pixel
(Marsh, 1981). We can also have cases of vertical and horizontal mixing (a semi-transparent cloud
that partially fills a pixel). These effects result in a much greater error than for the shadow method.
The PEM underestimates the height if the pixel selected is too close to the ground, or overestimates the
height if the pixel selected is closer to the center of the cloud.

The cloud altitudes from the shadow technique are also in line with those of the ECV camera
(Figure 9b), meaning that the plume dispersion velocities are most likely correct, and that the
satellite-retrieved altitudes appear valid. Unfortunately, the weather became cloudy from around 09:20
onwards, blocking the ECV camera view of the plume top until 09:36. The satellite-retrieved cloud
altitudes are, however, able to fill this gap—Figure 9b shows a generally declining plume altitude,
from around 9.3–9.7 to 7.8–8.2 km a.s.l. above the vent between 08:45 and 09:10. This is a total decline
of 1500 m in 25 min, for a rate of 60 m of decline per minute. There is then a rapid waxing period
between 09:33 and 09:35, when the plume picked up from around 7.3–7.7 to 10–10.4 km a.s.l. This is an
increase of 2600 m in 2 min, for a rate of ascent of 1300 m per minute, or around 22 m s−1.

5. Discussion

5.1. Cloud Separation: Shut-Down in Activity?

Between 8 and 30 km, we see an apparent gap in the cloud in the OLI image (Figure 1). The question
is: does this relate to and signify a pause in activity? Given the cloud dispersal velocity, any such
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pause would have lasted for 20 min beginning at 09:13 and ending at 09:33 (Figure 9b). Cloud cover
did not allow plume top height observations from the ECV camera between 09:20 and 09:36, but a lava
fountain was visible from the near-vent EMOT camera at this time. The lava fountain height decreased
by half between 09:12 and 09:30. Concomitantly, the plume altitude viewed by the ECV camera
decreased by 500 m between 09:11 and 09:19. The difference in plume behavior is visible on Figure 8;
at 9:14, the plume is much lower than at 8:53. There was then a plume altitude increase between 09:33
and 09:35, but at no point did the eruptive activity stop. This decrease in plume altitude coincides
with a decrease in levels of sulfur dioxide and ash emissions (cf. Figure 4 of [58]). The short-lived
(22 min long) decrease in lava fountain intensity resulted in a plume height decrease but also a decrease
in the quantity of erupted material. When contrast-enhanced, there is in fact material visible in the
OLI image in the air between the two clouds. However, it appears as a haze, and is not optically thick
enough to produce a shadow. Thus, the gap between the two clouds, although being coincident with
a decrease in activity, does not mark a shut down. The gap in the volcanic cloud is also coincident
with a zone that lacks meteorological clouds (Figure 1). This coincides with the valley of the Simeto
river, where elevations fall away to around 400 m a.s.l., compared with 1000 m a.s.l. in the mountains
to the west. The two volcanic clouds are also light-toned, indicating that they were rich in water
vapor. We thus suggest that the atmospheric conditions across the Simeto valley prevented both
meteorological and water-rich (ash-poor) volcanic clouds from condensing in this area, enhancing the
“disappearance” of the cloud during the decrease in activity. This apparent absence of the volcanic
cloud raises concerns regarding the detection of volcanic material by satellite in this particular area,
which happens to be the flight corridor for aircraft coming into the Catania Fontanarossa airport
(Figure 1).

5.2. Settling of Cloud Height to Neutral Buoyancy Level

The height values obtained from the shadow technique and the ECV camera images are in good
agreement for the proximal cloud, there being a difference of just 20–200 m (Figure 9b). Due to
wind effects, the position at which the cloud reaches its maximum height is offset by 4 km to the SW
(Figure 9a). Between 4 and 8 km, the cloud settles back to the level of neutral buoyancy, which is
around 1 km below the overshoot height. For the case considered here, settling is systematic and
follows the trend:

Cloud altitude (m) = −0.415 ∗Distance f rom the vent (m) + 11.093.
(
r2 = 0.68

)
(8)

It is important to note that this relation lumps all of the complexities in the plume settling dynamics
into a single, simple relation, where our objective is simply to derive a trend for plume height with
distance for this case where a simple, systematic trend can be seen.

Calvari et al. (2018) proposed a formula linking lava fountain, H (lava fountain), and associated
plume, H (plume), heights (in m) [28]:

H(plume) = 5.26 H(lava f ountain) + 6.830 (9)

This relation was empirically derived by considering data from 20 lava fountaining events at the
NSEC between 2011 and 2013, but did not include the event of the case study given here. The values
calculated with Equation (8) are systematically higher than the heights obtained by the shadow method
(Figure 9b). However, our measurements are mostly for the height of neutral buoyancy and not
maximum plume height. Thus, the 800–2200 m difference in Figure 9b between the result of Equation (9)
and the measurement of plume height from the shadow may be due to plume settling. This therefore
likely gives the difference between maximum plume height, H (plume), and neutral buoyancy height,
H (NB), so that:

H(NB) = H(plume) − average o f f set = 5.26 H(lava f ountain) + 5.130.
(
r2 = 0.50

)
(10)
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Here, the average offset is the median value for the differences between Equation (9)’s output and
the plume height at all down-wind measurement points. This relation is supported by the fact that
the maximum plume height measured from the image is, in fact, in very good agreement with that
expected from the relation of Calvari et al. (2018) [28] (Figure 9b). Thereafter, the results of Equation (9)
and the measurement of cloud height diverge downwind due to plume settling.

5.3. Mass Flux Fluctuation Effect

Assuming constant rates of air entrainment (cf. [59]), an empirical relation that enables the
estimation of the MDR required to drive a plume to height H (plume) is that of Woodhouse et al.
(2013) [60]:

H(plume) = 0.318 ∗MDR0.253 (11)

where H (plume) is measured in kilometers and MDR is the mass flux measured in kilograms per second.
However, this relation is designed for sustained plumes associated with Plinian eruptions [60], and not
for lava fountains, which have different convective properties. During lava fountaining events, magmas
can ascend the conduit to erupt as a spray of magma clots and gas at the surface [8,61]. A variable—but
usually minor when compared with Plinian plumes—amount of fine pyroclasts is produced to drive a
convective plume above the fountain [8]. Most of the heat produced during lava fountains is held by
the coarse ejecta, which fall from the plume rapidly [8]. As a result, only a small percentage of the
thermal energy flux is conveyed to the plume, so that volcanic plumes above fountaining vents are
usually weaker and less high than those fed at comparable MDR during Vulcanian and sub-Plinian
eruptions [8]. Moreover, Equation (11) requires maximum plume height and not the neutral buoyancy
height calculated in most of the points in this study. We thus need to adapt Equation (11) for a jet-fed
thermal, using the height corrected for the settling effect following Equation (10). Calvari et al. (2018)
provide a time series of volumetric discharge rates (VDR) for this event [28]. We used the relation of
Woodhouse et al. (2013) [60] to estimate the MDR from each of our H (plume) and corrected the height
using Equation (11), then converted them to VDR using an assumed tephra density of 2650 kg m−3

dense rock equivalent (DRE) [28] and compared them (Figure 10).

Figure 10. Comparison between cloud volumetric discharge rate (VDR) estimated from H (plume)
using Equation (10) from Woodhouse et al. (2013) [60] and measurements of Calvari et al. (2018) [28].

Following Andronico et al. (2018) [37], only 4% of the erupted magma volume DRE accounts for
the distal tephra fallout (i.e., the cloud), and 23% for the proximal tephra fallout (the lava fountain).
This means that the mass discharge rate for particles going into the cloud should be around 17% of that
for those involved in feeding the lava fountain. Considering that the VDR calculated from Calvari
et al. (2018) fluctuates between 100 and 150 m3 s−1 [28], the DRE flux (for the particulate portion of
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the mixture) should be around 17–26 m3 s−1. Instead, in Figure 10, the DRE flux fluctuates between
250 and 450 m3 s−1. However, the difference is systematic, allowing us to multiply the relation of
Woodhouse et al. (2013) [60] by a factor of 0.065 ± 0.005 to take into account the differing dynamics
and mass partitioning between a Plinian and a lava fountain plume. The following corrected equation
was only fitted to our single event, and applies to the volume flux of solid particles (as DRE) and not
the whole cloud (mixture of particles, gas and entrained air):

H(plume) = 0.318 ∗ (VDR ∗ 0.065± 0.005)0.253 (12)

5.4. Wind Effects on the Plume above the Vent

The effects of the wind on the plume are visible in the cloud 1 profile (Figure 9), because the
crosswind speed is higher than the plume rise velocity [25]. At the acquisition time, the plume dispersal
velocity was 12.5 m s−1. However, there seem to be two dynamics within the ascending column
(Figure 11). It first ascends with a slope of 530 m per 100 m of downwind travel to reach an altitude of
7.6–8 km a.s.l. (4.4–4.8 km above the vent) for a downwind bending 1.47 km. Then, the ascent is less
steep (90 m per 100 m of downwind travel) until the cloud reaches its peak altitude of 10–10.4 km a.s.l.
(7840 m above the vent) after 4.15 km. The first part of the ascending column has an angle of 72◦ and
the second part an angle of 51◦ (Figure 11).

 
Figure 11. Wind effect on the eruptive column of Etna 26 October 2013 lava fountain.

The plume is thus more bent in its upper part than in its lower part (Figure 11). This fits with
a non-uniform wind field with height [56] as well as a lower mass of solids feeding the upper part.
In fact, the wind profile versus altitude from the NCEP/NCAR data for Etna at 12:00 UTC [38] shows
that the wind speed increased with altitude between 3 km (the altitude of the vent) up to 10 km a.s.l.
Thus the difference in the bending angle is the result of the transition between the fountain part of the
plume, which is jet-dominated with a relatively high MDR and relatively low wind speed (Figure 11),
and the upper tephra-rich part where the wind speed is higher, where the MDR is lower, and where
more air is incorporated inside the plume [8,56]. The upper part has transitioned to a buoyant phase,
where the air entrainment rates can be significantly higher for buoyant thermals fed by a jet in such
“weak” (Strombolian and Hawaiian) plume cases [22].

5.5. Plume/Cloud Ascent and Dispersion Dynamics: Summary

The 26 October 2013 fountain event at Etna produced a plume that, above the vent, was a bent-over
rooted thermal. A decrease in mass flux between the lower fountain-fed portion of the plume and the
upper portion, in tandem with the increasing wind speed with altitude, resulted in an increase in the
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degree of bending 2.5 km above the vent. This represents the transition between the jet of large clasts
that fall back to the ground (thereby removing mass and thermal energy from the system) and the
plume of tephra that continues to ascend by convection (Figure 11). In such a scenario, the upper part
is bent over more easily than the lower part. Ascent rates were 22 m s−1 up to a maximum height of
10–10.4 km above (but offset by 4.2 km downwind from) the vent. Thereafter, overshooting tephra
settled to a neutral buoyancy level at around 7.8–8.2 km a.s.l. after 7.7 km (Figure 12). A lack of
condensation in the water-rich plume meant that there was an apparent gap in the cloud between 8
and 30 km. However, thereafter an apparent increase in cloud height implied higher mass fluxes in the
50-min period prior to image acquisition (Figure 12).

 
Figure 12. Summary of the dispersion dynamics of the 26 October 2013 Etna fountain-fed plume and
cloud system. The red dot indicates the visible end of cloud 2 at the image edge.

6. Conclusions

The cloud-height-from-shadow technique set up and validated in this study allowed the retrieval
of a cloud altitude time-series from a single LANDSAT 8 OLI image, allowing us to document the
ascent and dispersion history of a plume–cloud system emitted during a fountaining event at Etna
volcano. The high-spatial resolution of the LANDSAT 8 product allowed us to detail and quantify
cloud and plume dynamics over a distance of 60 km and over a time period of 50 min, with the
precision of a few seconds and vertical error on plume altitude of ±200 m. Potentially, our method
allows downwind plume height profiles and MDR time series to be built over distances of up to 260 km
and periods of 24 h, depending on source location in the image, wind speed and direction. The results
were found to be in good agreement with measurements of plume height from ground-based cameras,
as well as the PEM method of De Michele et al. (2019) [38].

The data set derived here for cloud/plume altitude versus distance and time allowed a number
of empirical relations to be derived and refined for a fountain-fed plume. These include refinement
for relations between settling and distance, maximum plume height and level of neutral buoyancy,
and MDR and plume height. These relations are, however, strictly calibrated for the 26 October 2013
event, but do suggest peculiarities in the dynamics and mass partitioning between different segments
of a fountain-fed plume when compared with Vulcanian and Plinian plumes. However, whether the
empirical, best-fitting relations given here can be viewed as a general model for fountain-fed plumes
requires the collection of data for further events so as to build a model based on a robust statistical
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approach. We thus advocate the targeting of high-spatial resolution satellite sensors to fountaining
events, especially those where ancillary ground-based thermal camera videos are available (e.g., Etna,
Hawaii, and Piton de la Fournaise) to follow up on, and check, the relations implied here.

The time series generated here uses a single, static, high-spatial resolution image, allowing time
series with a resolution of seconds to be built from a single image. The temporal resolution depends on
the distance between pixels selected, whereby an increase in the number of points where measurements
are made will increase the processing time. Potentially, though, the measurement can be made
pixel-by-pixel, allowing a measurement to be made every few tens of meters which, in high wind
speed conditions, will convert to a measurement every few seconds. Such time series have, to date,
typically been the domain of sensors mounted on geostationary satellites with spatial resolutions of
1–4 km, and temporal resolutions of 15 min (e.g., [16,21,42]). The method thus represents a great increase
in both the spatial and temporal resolutions of the record, providing data essential for constraining
and running models for plume ascent and dispersal cf. [62]. There are, however, a few limits to the
application of this method. First, it can only apply to daytime events, as we required the presence
of a shadow. Second, the conversion to a time series requires reliable data on wind speed or cloud
dispersal velocity. Because these vary with time, height and distance, a single value might not give
reliable results. Finally, such explosive events (being short, just a few hours in duration) are difficult
to capture given the typical 16-day return period of LEO satellites carrying high spatial resolution
sensors needed for the method applied here. This argues for more use of pointing capabilities, such as
that represented by the ASTER Urgent Response Protocol [63], or constellations, wherein currently the
Landsat-ASTER-Sentinel satellites represent just such a network.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/23/3951/s1,
Table S1: Reference list for volcanological applications of satellite data to volcanic plumes. Table S2: Sun-Earth
geometry calculations.
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Abstract: On Vulcano Island (Italy), many geochemical crises have occurred during the last 130 years
of solfataric activity. The main crises occurred in 1978–1980, 1988–1991, 1996, 2004–2007, 2009–2010
and the ongoing 2021 anomalous degassing activity. These crises have been characterized by early
signals of resuming degassing activity, measurable by the increase of volatiles and energy output
emitted from the summit areas of the active cone, and particularly by increases of gas/water ratios in
the fumarolic area at the summit. In any case, a direct rather than linear correspondence has been
observed among the observed increase in the fluid output, seismic release and ground deformation,
and is still a subject of study. We present here the results obtained by the long-term monitoring (over
13 years of observations) of three extensive parameters: the SO2 flux monitored in the volcanic plume,
the soil CO2 flux and the local heat flux, monitored in the mild thermal anomaly located to the east
of the high-temperature fumarole. The time variations of these parameters showed cyclicity in the
volcanic degassing and a general increase in the trend in the last period. In particular, we focused on
the changes in the mass and energy output registered in the period of June–December 2021, to offer
in near-real-time the first evaluation of the level and duration of the actual exhalative crisis affecting
Vulcano Island. In this last event, a clear change in degassing style was recorded for the volatiles
emitted by the magma. For example, the flux of diffused CO2 from the soils reached the maximum
never-before-recorded value of 34,000 g m−2 d−1 and the flux of SO2 of the plume emitted by the
fumarolic field on the summit crater area reached values higher than 200 t d−1. The interpretation
of the behavior of this volcanic system, resulting from the detailed analyses of these continuous
monitoring data, will complete the framework of observations and help in defining and possibly
forecasting the next evolution of the actual exhaling crisis.

Keywords: SO2 flux; CO2 flux; heat flux; Vulcano Island; geochemical crisis; extensive parameters

1. Introduction

Volatiles degassing from volcanic systems is a peculiar and useful tool for monitoring
the volcanic activity by characterizing the geochemistry of shallow plumbing systems,
and by highlighting the changes of the volcanic outgassing in order to forecast the next
evolution of the system.

Many scientists have carried out investigations to identify the main active degassing
structures that are present on volcanic systems by means of the volatile degassing reaching
the shallow hydrothermal plumbing systems, either dissolved in groundwater, bubbling
out of surface water, outpoured by the ground as diffuse degassing or released through
fumaroles and volcanic plume [1].
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The fluid phase expanding towards the surface to respond to the physical and chemical
gradients allow for the tracking and interpreting of the energy and mass exchange between
the magmatic source, the shallow plumbing system and the atmosphere.

Many volcano observatories have been established throughout the world, and the
network of observable phenomena include some geochemical parameters selected among
the extensive and intensive variables.

The extensive parameters, like CO2, SO2 and heat fluxes from soil and plume, can
be monitored continuously by remote sensing, thanks to the technological evolution that
refined the optical instruments and to the active research, verified and constrained by the
direct measurements (and continuous monitoring) of spy parameters carried out in some
select locations.

Such a geochemical tool has been successfully applied to Vulcano Island, the south-
ernmost of the islands of the Aeolian archipelago, characterized by solfataric activity in
the last few centuries after the last eruption occurred in 1888–1890 [2–12]. The solfataric
activity is mainly concentrated in the top part of the island in the crater of the Fossa and
the Bay of Levante (Figure 1). Furthermore, anomalous diffuse degassing from the soils is
present in the Palizzi area and in part of the inhabited center of Vulcano.

Figure 1. Location map of monitoring stations supplying the discussed datasets with pictures of
each measurement system: W-LAN bridge; scanning DOAS Levante and Palizzi for SO2 plume flux
monitoring; VSCS station for CO2 diffuse flux and temperature monitoring.; Meteo station Lentia.

During the last 130 years of observed normal solfataric activity, many geochemical
crises occurred and were recognized. In particular, these crises have been characterized by
clear signals of resuming degassing activity with increases of volatiles and energy output
emitted from summit areas of Vulcano Island and by increases of gas/water ratio of the
main high-temperature fumaroles located in the La Fossa Crater. The main crises observed
occurred in 1978–1980 [13], 1988–1991 [14–18], 1996 [19], 2004–2007 [20–22], 2009–2010 [5,7]
and the ongoing 2021 anomalous degassing activity.

Many other studies, carried out in different volcanic areas, already highlighted that
the diffuse degassing of CO2 and the associated thermal output cannot be considered a
negligible component in the energy and mass balance of solfataric activity [1,23–31].

Moreover, many different geochemical investigations were carried out to estimate the
CO2 output of discharged fluids from Vulcano Island [3,6,32,33]. It was also discovered that
the summit area accounts for more than 90% of total CO2 discharged from the island [6]
and is a suitable site for installing a geochemical monitoring station to investigate volcanic
activity. Therefore, an automated soil CO2 fluxes monitoring station was installed in
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September 2007 within the active summit crater of La Fossa, beyond the fumarolic areas [5]
to investigate, in near-real-time, any changes in the level of solfataric activity.

Other investigations about the energy output diffused from the soils have been carried
out by [20,34] that introduced the theoretical background for the evaluation and monitoring
of diffuse thermal release. Such areas have been defined as steam-heated soils (SHS), or
sub-fumaroles, and are worthy of attention in the scientific investigations of volcanic activity
because they can highlight the turning condition from background and anomalous exhaling
activity by monitoring the volcanic activity at a safe distance from the main conduits [35–40].

The best site for monitoring the changes in the heat release from a volcanic system
is where the condensation zone is just below the monitored profile because the simple
temperature measurements in the ground track the vertical shifts of the massive convective
front and the correlated changes in the diffuse heat flux. Figure 2 shows a schematic section
of the steam-heated soil in the sub-fumaroles zone. In the same Figure, on the left is the
linear temperature distribution within the shallow ground, accounting for the diffusive
heat transfer.

Figure 2. Schematic section of the steam-heated soil in the sub-fumaroles zone. In the same Figure, on
the left is the linear temperature distribution within the shallow ground, accounting for the diffusive
heat transfer.

Consequently, the three continuous monitoring parameters considered in this investi-
gation are the SO2 flux evaluated in the volcanic plume, the diffuse CO2 flux and the heat
flux emitted from the soil in the summit area of La Fossa crater (Figure 1; [6,7,20]).

This article aims to present the obtained results on the long-term monitoring (over
13 years of observations) of these three extensive parameters, showing changes in the mass
and energy output useful to evaluate in real-time the degassing activity level of this volcanic
system. Moreover, we analyzed in detail the last strong ongoing degassing that occurred in
Vulcano Island in the period June–December 2021, in order to show the evolution of the
actual exhaling crisis.

2. Geological and Volcanological Background

Vulcano Island is one of the most active volcanoes of the Tyrrhenian Sea, the exposed
summit of a volcanic edifice sited in the southern-most sector of the Aeolian archipelago
(Figure 3). The Aeolian Archipelago is part of a volcanic arc located in a complex geo-
dynamic setting. The complexity of this regional sector in the southern Tyrrenium sea is
due to three different tectonically active areas resulting from the Neogene–Quaternary
Africa–Eurasia convergence with extension zones oriented NE–SW and NNW–SSE in west
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Calabria and NE Sicily, respectively, an E–W oriented belt of compression affecting the
southern Tyrrhenian Sea above western and central Sicily and the NNW–SSE trending right-
lateral Aeolian–Tindari–Letojanni fault system in between [40–44] (Ruch. J. et al., 2016;
Pecerillo et al., 2006, 2013; De Astis 2013; Neri et al., 2005; D’Agostino and Selvaggi, 2004).
The whole volcanic edifice forming the island of Vulcano rises from the local sea floor
(about 1000 m b.s.l.) up to the maximum height of 499 m a.s.l. at Monte Aria [43–47]. The
Island consists of overlapping volcanic edifices whose formation began at 120 ka [43,48,49].
The volcanic system comprises the Primordial Vulcano edifice (120–100 ka), dissected by the
development of Il Piano caldera that lasted until around 100 ka before the present and sub-
sequently by the La Fossa caldera (dating back from 80 to 15 ka before the present) [48–50].
In the last 15 ka, new eruptive vents were activated in the northern sector of the island,
developing in a N–S direction. The two most recent volcanic structures are the La Fossa
cone, the active volcanic center developing the stratocone that started to erupt around
5.5 ka b.p. [51], and Vulcanello, the small volcanic peninsula in the northern part of La
Fossa caldera. The Vulcanello peninsula, showing three coalescent crater rims, is composed
of a lava platform and three partially overlapping scoria cones aligned NE–SW along the
northern ring fault of La Fossa caldera [52].

 
Figure 3. (a) Geodynamic setting; (b) Aeolian Archipelago sketch map; (c) South Italy map, modified
from Peccerillo et al. 2013; (d) Vulcano Island image from Google Earth.

The presence of a magmatic chamber below the La Fossa cone is required to account
for the time variations of diffuse degassing registered in the area and the whole volcanic
edifice forming the island of Vulcano rises from the local sea floor (about 1000 m b.s.l.) up to
the maximum height of 499 m a.s.l. at Monte Aria [45]. The Island consists of overlapping
volcanic edifices whose formation began at 120 ka [43,48,49]. The volcanic system comprises
the Primordial Vulcano edifice (120–100 ka), dissected by the development of Il Piano
caldera that lasted until around 100 ka before the present and subsequently by the La
Fossa caldera (dating back from 80 to 15 ka before the present [48,50]. In the last 15 ka,
new eruptive vents were activated in the northern sector of the island, developing in a
N–S direction. The two most recent volcanic structures are the La Fossa cone, the active
volcanic center developing the stratocone that started to erupt around 5.5 ka b.p., [51] and
Vulcanello, the small volcanic peninsula in the northern part of La Fossa caldera. The
Vulcanello peninsula, showing three coalescent crater rims, is composed of a lava platform
and three partially overlapping scoria cones aligned NE–SW along the northern ring fault
of La Fossa caldera [52]. The presence of a magmatic chamber below the La Fossa cone is
required to account for the time variations of diffuse degassing registered in the area and
is also suggested by the high geothermal gradients measured in the Agip boreholes [53].
Different geophysical and geochemical evidence accounts for the evaluated depths of
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magma storage. These two different approaches agree with indicating a multibaric and
multi-thermal plumbing system during the entire life of Vulcano, and in identifying the
different magma storages at about 20 km of depth at 13–8 km and 5–3 km, as well as the
shallowest storage system zone, indicatively located about 1–2 km beneath the La Fossa
cone [42]. The magmatic intrusion located 1–2 km of depth, and the magmatic storage at
about 5–3 km, have been strongly influencing the shallow hydrothermal system, feeding
the fumarolic field of the Grancratere of La Fossa, during the historical observation period.

3. Materials and Methods

3.1. Plume SO2 Fluxes, Network and Methodology of the UV Scanning DOAS Network on
Vulcano Island

The remote sensing technique of passive DOAS (differential optical absorption spec-
troscopy), [54,55] allows the quantifying of different volcanic gases within the columns
emitted from active volcanoes by collecting the spectra in the ultraviolet region (UV) in
order to supply indirect measurements of magmatic volatiles [7,56–58]. The DOAS method
is based on the principles of absorption spectroscopy (Bouger–Beer-Lambert law) and is
used for the quantification of different trace gases’ concentrations (e.g., SO2, NO2, BrO).

In the framework of the “Network for Observation of Volcanic and Atmospheric
Change” (NOVAC), a worldwide network of permanent scanning DOAS instruments was
installed on 19 volcanoes around the world, to measure in real-time the emitting SO2 fluxes
for volcanic gas monitoring [59]. The NOVAC network was established with a project
funded by the European Union in the period 2005–2010, thereafter, it continued to be
maintained and expanded, thanks to resources supplied from the volcano observatories
initially involved in the active project. The NOVAC community currently counts about
160 stations on 47 volcanoes in different regions of the world, now including Iceland,
Philippines, Indonesia, Papua New Guinea and Montserrat [60]. The present work shows
the updated results of the ground-based scanning DOAS network installed at Vulcano
Island Italy in 2008 (Figures 1 and 4). The results presented here are the first example
of SO2 continuous monitoring, performed in a closed conduit volcano with solfataric
activities and relatively low gas emissions, like the active cone of Vulcano Island. On the
active cone of Vulcano Island, these long-term measurements of SO2 flux have provided
relevant information about the reference level of volcanic activity; they would contribute
to evaluating the number of volcanic gases released into the atmosphere by this natural
source. In 2015, the monitoring network had been implemented, thanks to the Vulcamed
project, with the installation of a new UV-scanning DOAS station on the NW side of the
island. This implemented configuration allowed the tracking of plumes for more than 80%
of days during each solar cycle (one year). All the data acquired from each measurement
station are telemetered in real-time to reference the Vulcano Observatory (in this case
to the local INGV volcanological center Carapezza) through a wireless system. From
the Vulcano Observatory, the data are transmitted via the internet in near-real-time to
the Istituto Nazionale di Geofisica e Vulcanologia (INGV, Palermo); moreover, both the
raw and the analyzed data have been hosted in Gothenburg and mirrored in Brussels
and Heidelberg [61].

The NOVAC scanning DOAS instruments provide a direct method for measuring the
total SO2 flux from Vulcano Island and for sharing data with a worldwide scientific com-
munity involved in geophysical and environmental research. Details of the instrument and
operation routines are described in [59,60,62]. The system consists of a single spectrometer
from the Ocean Optics Company (S2000 spectrograph), an embedded personal computer, a
global positioning system receiver, a timer, an optical fiber and a telescope.

The spectrometer used (S2000 from the Ocean Optics Company) a 2400 lines/mm
grating combined with a 50 nm slit, which provided an optical resolution of ca. 0.6 nm over
a wavelength range of 280 nm to 390 nm.

The telescope automatically moves from horizon to horizon using a stepper motor.
The control unit is running on a Linux operating system and includes a serial, USB 2 and
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Ethernet communication ports. Serial ports are used for communication with the spectrom-
eter and control of the scanner’s stepper motor. The USB port can be used for powering the
spectrometer, while the Ethernet port is usually used for data transfer to radio modems. A
digital thermometer allows the recording of the internal temperature, a voltmeter checks
the battery voltage and a GPS antenna records the position and working time.

 

Figure 4. (a) UV scanning DOAS and conic scanning path; (b) two examples of the distribution
of the plume on two measurements made under conditions of different degassing activities. The
graphs were produced by the NOVAC software and show the positions of the telescope during a
single measurement, from 90◦ to −90◦ (X axis; horizon to horizon) for a total of 50 positions for one
complete measure, and the column density of SO2 (Y axis; ppmm). The white dots represent the peak
intensities of the light, and the red bars the column density for each position of the telescope during
the measurement. (a) Measurement during 2020 (normal activity, ca. 14 t d−1). (b) Measurement on
12 October 2021 (increased activity, ca. 140 t d−1).

The telescope consists of a single plane-convex quartz lens with a diameter of 25.4mm
and a focal length of 7.5 cm, as well as a Hoya (U330) UV filter that reduces intensity of
light with wavelengths longer than 360 nm. A stepper motor automatically moves the
telescope from horizon to horizon (90◦ to −90◦). At every elevation angle, 15 spectra
are collected for one measurement. Every full measurement cycle contained fifty-three
spectra: one Zenit sky spectrum, one dark current spectrum, one offset spectrum, and fifty
measurement spectra. It usually takes about 10 min, depending on the light conditions of
the sky. The plume is scanned along a conical surface rather than a vertical one (Figure 4)—
this configuration significantly increases the wind direction range that can be covered by
a single scanning instrument, and at the same time reduces problems related to multiple
scattering effects [60]. The telescope is coupled to one (single-beam) quartz optical fiber
with a diameter of 600 μm. This combination gives a field of view of 8 mrad. The optical
fiber is coupled with the entrance slit of the spectrometer, which has a width of 50 μm and
height of 1 mm. The NOVAC instruments are powered by an array of 12V batteries and
solar panels. A timer is added to interrupt operation of the instrument at night and reset
the instrument in the morning.

The spectra are analyzed according to the DOAS procedures, based on the Beer–
Lambert Law, to analyze the collected data and evaluate the flux [63,64]. Each spectrum is
first corrected for the electronic noise (offset and dark current) and the optical density is
obtained by dividing each spectrum measurement by a reference spectrum (i.e., a spectrum
taken outside the plume), and then a logarithm is taken of the result of this calculation. A
polynomial fit is used to take into account any broadband extinction structure caused by
broadband absorption of trace gases [55,64]. A high-pass filter is applied to the absorption
cross-sections to use only the remaining high-frequency structure, which is unique for any
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trace gas, and which can therefore be used to determine its abundance. Shifts and squeezes
are allowed for the absorption cross-sections to compensate for any small shift, caused
mainly by variations in the temperatures of the spectrometer and the detector unit [7].

3.2. Environmental Parameters Network (Lentia and La Fossa Crater)

The main weather station, used to elaborate the data supplied by the UV scanning
DOAS, was installed on Lentia Hill (Figure 1) at an altitude comparable to that of the
Fossa crater (350 m a.s.l.). This location ensured the same exposure to the main wind
directions, and the absence of any physical barrier between the sensor positions and the
fumarole field of La Fossa cone was the condition to register the best local weather variable
fitting to the DOAS measurements to extrapolate the real Flux of SO2 and other associated
species. The weather station “Lentia” engineered by Davis was the model Vantage Pro2
and provided the following variables: wind speed and direction, rainfall, air temperature,
relative humidity, infrared radiation and UV radiation (Figure 1). The communication with
the remote server was ensured by a wireless system. Acquired data passing via the Vulcano
Observatory arrived at Palermo data center acquisition (INGV) in real-time, passing via
the Vulcano Observatory.

A second meteorological station was integrated into the VSCS soil CO2 fluxes mea-
surement station, located in the summit area of the La Fossa Crater. The anemometer used
in this case is Wind-Sonic Gill, a 2-axis ultrasonic wind sensor, which provides data on
wind speed (0–60 m/s) and wind direction (0−359◦). This ultrasonic wind sensor is ideal
for use in the adverse conditions found in the crater area of Vulcano, having no moving
parts to jam, break or wear out and being robust and resistant to corrosion. The SHT75
thermo-hygrometer allows the measurement of relative humidity in the air with a range of
Rh% 0–100% and air temperature with a temperature range of T −40 to 100 C ◦ (Figure 1).

The wind speed has been utilized inside of a NOVAC program algorithm [64–66] to
calculate the flux by the concentration of the molecules in the cross-section, perpendicular
to the direction of propagation of the plume (Figure 3). Local wind monitoring is crucial
because any erroneous estimation of wind speed and direction of propagation results in
underestimations or overestimations of the flux measurement [1]. Here, we have also
tested the wind data provided by global model from European Centre for Medium-Range
Weather Forecasts (ECMWF) or the National Oceanic and Atmospheric Administration
(NOAA) that have been considered in other volcanic assets. We found that the global
modeling of weather parameters does not fit well the local dispersion of the small volcanic
plume, generated by the active cone of La Fossa, due to the actual condition affecting the
dispersion of gases (e.g., low altitude of the source, small distance from the populated
areas) and the position of the Vulcano Porto Village, laying very close to the main fumaroles.
For these reasons, we generally used the wind data from two very local weather stations
(Lentia and VSCS in Figure 1) to better evaluate the SO2 flux and better constrain the input
data requested for tracking the local dispersion of noxious gases, like the sulfur dioxide of
volcanic origin.

Furthermore, a UV-visible camera (MOBOTIX M25 Res. 1280 × 720 HD) was installed
in 2016 on the roof of the Carapezza volcanological center in the direction of the volcano
summit and a daily time-lapse is recorded with frames every 5 min (Figure 5). This camera
has a dual purpose, to directly observe the degassing activity and to have direct feedback on
the plume emitted from the solfataric area of the Fossa crater. This allows us to have a view
of both direction and height of the plume, useful for processing the data of the slant column
density of SO2 to be multiplied by the wind speed. Moreover, the visual information
acquired by the UV-visible camera allows us to choose, which is the UV-scanning-DOAS
station to utilize for the calculation of the output of SO2.

3.3. Soil CO2 Fluxes, Methodology

The most sensible site for monitoring the summit degassing and evaluating the vol-
canic activity level is the summit crater area, which generally releases over 90% of the total
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CO2 degassing from Vulcano Island [6]. For this reason, in September 2007, an automated
soil CO2 monitoring station (VCSCS) was installed within the active summit crater of La
Fossa beyond the fumarolic areas (Figure 1; the station is manufactured by West Systems
ltd., [67]. Carbon dioxide was measured with a Dräger Polytron IR spectrometer, which op-
erates in the range of 0–9999 ppm (precision of ±5 ppm); environmental parameters (wind
direction and speed, soil and atmosphere temperatures, atmospheric pressure and soil and
atmosphere relative humidity) are acquired at the same time and in the same place [5]. The
near-real-time measurement of CO2 fluxes (VCSCS) is carried out on an hourly basis and
the data are either stored in loco or transmitted directly to the INGV–Palermo geochemical
monitoring center via internet utilizing WLAN/rooter service [5]. In case of failure in the
transmission system, the local storage prevents the loss of data and the time series can be
updated by in situ downloading.

 
Figure 5. Photos of the Vulcano crater obtained by video monitoring. (a) View of the fluid emission
from the main fumaroles field during the period of background solfataric activity degassing; (b) view
of the fluid emission from the main fumaroles field during the anomalous degassing of 2021 crisis.

3.4. Soil CO2 Output, Methodology and Campaigns

The last survey of diffuse soil CO2 flux, in order of time, was carried out on
30 September 2021, in coincidence with the maximum CO2 emission (34,000 g m2 d−1) from
soils, recorded by the VCSCS station. The survey was performed with the West Systems
equipment on 164 points located in the summit area of the active cone of La Fossa, exactly
in the same target area of the 2007 survey [6] outside of the main fumarole field. These
CO2 flux data have been plotted on a normal probability plot [68] to assess the anomaly
threshold for soil CO2 flux and differentiate among different populations of soil CO2 flux,
following a Graphical Statistical Approach (GSA). Soil CO2 flux data were processed for
surface mapping using the sequential Gaussian simulation [69,70] (sGs), and this stochastic
simulation allowed the best interpolation of the sets of data and evaluation of the output of
diffuse CO2 flux associated with the standard deviation of the total CO2 output. The soil
diffuse CO2 output has been extended to cover the crater, except the fumarole area, and
has been compared to the results of the 2007 survey [6].

3.5. Thermal Gradient and Heat Fluxes

The dataset of ground temperatures consists of temperature measurements in the
porous ground (loose volcanic breccia) recorded on the west of the high-temperature
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fumarole vents located on the northern slope of the active cone of La Fossa caldera. The
temperature data were recorded at the VSCS station (Figure 1) on a vertical line of four
PT1000 sensors (temperature range of –40 ◦C to 150 ◦C, accuracy ±0.2 ◦C, resolution
±0.1◦C), the distance between each sensor was 0.15 m, and thus the total depth of the
monitored profile was 0.60 m. The temperature data were recorded hourly.

The measured profile is located a short distance (2 m) from the accumulation chamber
for the diffuse CO2 flux monitoring in order to monitor both the heat and gas flux at the
same time and in the same diffuse degassing zone (Figure 2D). Therefore, temperature data
in the shallowest layer of ground have been stored in the same server at the same time as
CO2 flux data diffusely released there.

The diffuse gas emission is essentially CO2 because the main component of the hy-
drothermal advection, which is water vapor, has in this case condensed just below the con-
ductive layer, and all the other condensable species are trapped in the liquid phase within
the saturated ground. Therefore, temperature data in the shallowest layer of ground have
been stored in the same server at the same time as CO2 flux data diffusely released there.

These areas of mild thermal anomaly were named sub-fumarole area by [70,71] or
steam heated soil (SHS) by other authors [1]. The method for measuring the heat flux from a
shallow profile of temperature in volcanic areas was developed by [70] and further applied
in continuous monitoring mode by other authors such as [72,73]. At the best condition, the
monitored profile is almost dry (low humidity and absence of a liquid phase and steam)
and the condensation zone of the steam ascending from the deep magmatic source stands
at a short distance from the bottom of the profile along the z-axis [73]. In this almost-dry
condition, the continuous monitoring of the diffuse heat flux associated with the thermal
grounds has been ensured for long-term acquisition and avoided frequent interpolations
due to missing data, or not-ideal conditions of the site.

The main issue in managing temperature data from the SHS monitoring stations is
that the result is strongly site-sensitive, so the thermal monitoring profile must be located
in steam-heated soils, along active faults, eruptive fractures or close to active fumaroles
conduits, to promptly highlight magmatic impulses or new changes of trends. The heat
flux monitored on the earth’s surface is indeed the result of the combined effect of forces
of opposite origin—the endogenous geothermal source, generated by buried magma on
one side and the exogenous radiative source of sun on the other side. Another issue is the
high sensitivity of the shallow ground to the natural changes of external conditions because
rainfall, strong winds and sun radiations strongly perturb the ground temperature of the
shallow layer of ground. The synchronous monitoring of atmospheric variables at the local
scale and the cross-correlation with other volcanic variables, independently monitored,
are strongly recommended in order to avoid erroneous interpretation of the temperature
trends. In general, the best location for the temperature monitoring profile is at same
distance from a fumarole vent, where the steam advection degrades from the convective
to the diffusive transfer, and therefore the temperature distribution within the ground
(thermal gradient and depth of the massive convective front) becomes the main variable to
be directly correlated to the local heat flux. The previous monitoring experiences [33,73]
proved that the best location for the temperature monitoring profile is at same distance
from fumarole vents, where the steam advection degrading from the convective to the
diffusive transfer is the best location for the temperature monitoring profile. In this case,
the temperature distribution within the ground (thermal gradient and depth of the massive
convective front) becomes the main variable directly correlating with the local heat flux. In
the SHS, the main changes of thermal gradient result in changes to the conductive heat flow,
but also in changes in the depth of the massive convective front, reflecting any contraction
or expansion of the convective zone manifested by the neighboring fumaroles.

3.5.1. Depth Limit of the Conductive Layer (Z1)

The depth limit of the conductive layer (Z1) was calculated based on the temperature
gradient following the hypothesis that the monitored profile was dry and the conductive

225



Remote Sens. 2022, 14, 1283

heat transfer law dominated. The profiles showing a linear fit coefficient (R, calculated
on 4 contemporary temperatures) lower than 0.99 indicated not ideal condition. The
local temperature variation/depth range (Dt/Dz) slope, measured along the shallow
ground profile to a maximum depth of 0.6 m, indicated the temperature distribution in the
uppermost ground layer when the heat transport was essentially conductive. Extrapolation
of each linear slope to the local boiling point (100 ◦C; 1 atm) indicated the Z1 at the VSCS
station at the recording time. Thus, by extrapolating the linear profiles of temperature
to the boiling point, we can evaluate the local changes in Z1 and also track the vertical
shifts of the massive convective front throughout the monitoring period by following the
time variations of Z1. Figure 6 gives an example of the linear thermal gradient (red line
and equation) used to evaluate the depth limit of the conductive layer (Z1), that is the
shallowest depth of the convective front, with the logarithm equation also fitting the air
temperature and the resulting boiling point (blue curve and equation). R2 is the correlation
value for the correspondent regression. The temperature values in the example of Figure 6
X were recorded in January 2019, the 1◦ at H 12:00. When the heat release increases the
convective front moves toward the interface between air, the local condition and the site
could turn from sub-fumarole to fumarole condition. In this case, the linear regression
coefficient results get lower than 0.990 and the thermal gradient is low because the diffuse
heat flux becomes just a minor component of the heat release; more undetected variables
should be investigated to quantify the real heat flux leaving the ground.

Figure 6. Example of a ground profile showing the thermal gradient in dry ground condition (brown
circles) and air temperature (blue circle) recorded at the VSCS station. The brown line and equation
show the linear gradient extrapolated to the depth limit of the conductive layer (Z1); the blue curve
and equation shows the logarithm equation also fitting the air temperature. R2 is the correlation
value for the correspondent regression.

3.5.2. Heat Flux of the Steam Heated Ground (SHS-Flux)

The heat flux of the steam heated ground (SHS-Flux) is calculated in the superficial
ground zone (above the Z1 level), using the following heat flux equation simplified by [74]:

SHS-Flux = λ(t4 − t2)/(zt4 − zt2) (1)

where t4 and t2 are the temperatures, measured along the shallow vertical profiles at
different depths (zt4 = −0.6 m; zt2= −0.3 m) and λ is the thermal conductivity, which, in
the dry ground conditions requested for SHS flux evaluations, is assumed to be constant
for a specific site (in this case we applied the value λ = 0.8 W· m–1·K–1, in accordance
with [37–74]). In order to minimize the sun radiation effect, the SHS-Flux was calculated
based on the temperature gradient, excluding the uppermost sensor of temperature (T1
at depth of 0.15 m). When/if the temperature of the sensors in the ground increases to
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more than 70 ◦C, the temperature gradient is no more linear and the convective component
of the heat flux becomes dominant. In this case, steam is the main component in the
porous ground, and the monitored layer loses the ideal dry condition requested for the total
conductive heat transfer. When the ground temperature of the monitored profile is higher
than 70 ◦C, the SHS monitoring system can still supply the real start and end time of the
increased heat release, but in this instance, the evaluated heat flux is highly underestimated,
not including the convective heat transfer, that is—temporary—the main component of the
local heat flux.

4. Results

4.1. SO2 Plume Fluxes

The SO2 plume fluxes monitored from 2008 to 2021 showed values between 7 and
248 t d−1 (Figure 7), with an average value of 25 t d−1. In the following discussion, this
last value, plus the standard deviation, will be considered the actual threshold value
(25 +/− 21 t d−1) to indicate the background convective outgassing, sourced from the
high-temperature fumarole field of the La Fossa cone.

Figure 7. Daily average of SO2 fluxes from the volcanic plume of the 2008–2021 period. Histogram of
the SO2 fluxes data with a mean value of 25 t d−1.

Two major peaks in outgassing were observed in detail in September–December
2009, respectively (Inguaggiato et al. 2012), which reached values of SO2 fluxes of around
100 t d−1; and the ongoing stronger increases occurred in September–December 2021 with
flux values that had abundantly exceeded 200 t d−1, up to a maximum value of 248 t d−1

to date (one order of magnitude over the mean value of the last 13 years). To date, the last
period of anomalous outgassing is still ongoing (31 December 2021).

In addition, several smaller increases with peaks of 75, 60, 50 and 40 t d−1 respectively
occurred over the long observation period. During 2015, on the other hand, lower degassing
values were recorded for the whole year, and the SO2 flux values slightly exceeded the
average value of 25 t d−1.

4.2. Soil CO2 Fluxes

The fluxes of CO2 from the soils measured at the VSCS station represented the time
variations of diffuse gas emissions from the summit of the active cone of the island of
Vulcano in the period 2007–2021. The monitoring station showed values between 100 and
34,000 g m−2 d−1, with an average value of 1637 g m−2 d−1 (Figure 8). The two largest
increases in the diffuse CO2 fluxes from the ground occurred respectively in the period
September–December 2009 [5], with values of 14,000 g m−2 d−1, and from September to
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December 2021, with the highest values of 34,000 g m−2 d−1. After the peak occurred in
2009, a general decreasing trend, with minor peaks, was observed until the 2015 period,
when the lowest fluxes (around 100 g m−2 d−1) were observed. Thereafter, starting from
2016 onwards, a reversal in the diffuse degassing trend has been observed, with a series
of increasing peaks in 2016, 2017, 2018 and 2019. However, in these previous years, the
maximum values of soil CO2 fluxes never exceeded 5000 g m−2 d−1. Starting from 2020
onwards, the VSCS station showed a main positive trend of diffuse gas emissions with flux
values increasing from 500 g m−2 d−1 to 34,000 g m−2 d−1, recorded on 30 September 2021.
This value, reached in September, represented an increase of 20 times higher with respect
to the average values evaluated in 13 years of observation.

Figure 8. Daily average (24 measurements/day) of CO2 fluxes of VSCS station of the 2007–2021
period. Histogram of the CO2 fluxes data with a mean value of 1637 g m−2 d−1.

4.3. Soil CO2 Output

On 30 September 2021, the survey of CO2 fluxes in a target area of La Fossa caldera has
been carried out to detect the ongoing strong increases of soil CO2 fluxes recorded in the
summit area by the VCSCS station. This survey started in coincidence with the maximum
CO2 fluxes recorded in the summit area by the VCSCS station, (34,000 g m−2 d−1). The total
output of CO2 degassing from the soils in this area has been estimated as 1548 t d−1 (see
Table 1 for sGs statistics and reference surfaces). This CO2 flux value was around 16 times
higher than the 2007 campaigns (92 t d−1; Figure 4; [6]), although they were performed on
the same target area of comparable extension (Table 1). In both the surveys, the targeted
area excluded the sector interested by the main fumarole release (Figure 9); moreover, the
last survey confirmed CO2 fluxes by the VCSCS station as representative of the whole
summit degassing of the crater area of this active cone.

Table 1. Summit area CO2 flux output (t d−1).

Date
Number of

Samples
Area
(m2)

Total CO2

Output
(t/d)

Standard
Deviation

(t/d)

Total CO2 Output (t/d)
Area of 440,755 m2

Sep-2021 164 88,900 312 7.1 1547

Sep-2007 244 70,575 15 0.6 94
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Figure 9. Summit soil degassing area maps relative to 2007 and 2021; the brown field shows the main
fumarole release. The distribution of CO2 flux over the summit area and estimates of the total CO2

discharge were derived by sequential Gaussian simulation (sGs).

The probability plot resulting from the flux measured in the last survey (Figure 10a and
Tables 1 and 2) shows a three-modal distribution, consisting of three lognormal populations
named A, B and C, with a partial overlapping of the samples in (A) and (B). Based on
the GSA technique proposed by [69], the mean CO2 flux and the 95% confidence interval
of the mean [74] are for the population (A) 606 g m−2 d−1 (336–1679 g m−2 d−1); for
the population (B) 1343 g m−2 d−1 (1150–1629 g m−2 d−1); and for the population (C)
13,518 g m−2 d−1 (12,816–14,789 g m−2 d−1).

Figure 10. (a) Log CO2 fluxes vs the cumulated probability (%) of the 2007 survey; (b) Log CO2 fluxes
vs the cumulated probability (%) of the 2021 survey. Both surveys were performed at the summit area.

Table 2. Proportions of each population with a mean CO2 flux (in g m−2 d−1) and the corresponding
90% confidence intervals obtained by statistical graphical approach.

Crater 2021

Population
of CO2 Flux

Mean Flux of
CO2

(g m−2 d−1)

90%
Confidence

Interval
(g m−2 d−1)

Proportion
(%)

A 606 336–1679 29

B 1343 1150–1629 57

C 13,518 12,816–14,789 14

Crater 2007

A 30 28–34 40

B 455 414–512 60

The results of the GSA for the data measured in September 2021 highlights two new
populations characterized by high CO2 flux that were never registered before (Figure 10b
and Tables 1 and 2) [5], suggesting a new and more active degassing level, possibly of
magmatic origin.
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4.4. Thermal Monitoring

The thermal monitoring of diffuse heat flux from the marginal zone of the high-
temperature fumarole field of the active cone of La Fossa Caldera began in April 2018. For
more than three years, we registered the hourly variation of temperature in the section of
the ground crossed by diffuse gas emission. Both the depth limit of the conductive layer
(z1 depth) and the diffuse heat flux resulted in the hourly monitored shallow temperature
gradient. The period from June 2018 to June 2019 was characterized in general by back-
ground solfataric activity, as can be confirmed by comparing the general report of volcanic
surveillance. For this reason, the average value of the z1 depth, extrapolated during the
same period, represents the reference value of the depth limit of steam condensation during
the background degassing. The time variations of Z1 depth (Figure 9) show that the z1
depth has been generally deeper than −0.9m, except in July 2018, during summer 2019
(from the end of May to 8 August) and from 26 June to the end of 2021 (Figure 11). From
28 September to 11 October, the Z1 depth rose (see Figure 10) and the monitored profile
included a narrow level interested by mixed heat transfer (above a depth of 0.4m, both
conductive and convective) while the deepest part was essentially convective (below a
depth of 0.4 m), and two levels reached the same maximum temperature of 93 ◦C. The
shallowest depth limit of the conductive layer was registered on 11 October 2021 and rose
to −0.4m below the ground level.

Figure 11. Time variation of the depth limit of the conductive layer recorded at VSCS station. The
dashed lines indicate the standard deviation around the average value, evaluated during the period
of background diffuse degassing (June 2018–June 2019).

This long-term monitoring of the thermal anomaly in this diffuse degassing zone
also suggested the statistic threshold value for normal SHS flux values representing the
background activity (Figure 12). The heat flux included in the range of values from 43
to 50 w × m−2 (average value plus standard deviation evaluated during the first year,
June 2018–2019) indicates the normal background oscillation of heat flux emitted from the
ground by the diffusive layer, while all the heat flux values higher than the average, plus the
standard deviation, indicate periods of anomalous heat release. The most intense impulses
of diffuse heat flux have been recorded in the year 2021, with the longest and most intense
heat flux release starting after 28 August. From 20 September to 14 October, the station
showed values higher than 65 w × m2, but these values highly underestimated the local
heat output, because the convective heat transfer (undetermined by the SHS monitoring
station) has been the dominant form of heat transfer along the profile after 17 September
2021. Indeed, from 28 September to 10 October 2021, we observed the highest temperature
values ever recorded at this site, and two levels of the recorded profile reached the buffered
temperature of 93 ◦C. This thermal record is our reference to indicate the acme of the actual
exhalative crisis by measuring the effect directly (i.e., by contact sensors) on the thermal
anomaly located in the summit area at La Fossa caldera. According to the VSCS monitoring
station, the thermal effect of the volcanic unrest has been evident from the end of June 2021
and has remained persistent to the end of the year 2021, as indicated by the rate of increase
of the ground temperatures, registered again after any external perturbation occurred in
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the last three months. However, starting on the night of 29 September 2021, very strong
winds and intense rainfall events highly perturbed the soil gas emission, often causing
sudden decreases in the shallow ground temperatures.

Figure 12. Time variation of diffuse heat flux recorded in the sub-fumarole area since April 2018.
The grey area includes the average value and standard deviation evaluated during the period of
background diffuse degassing (June 2018–June 2019).

5. Discussion

The plumbing system of this volcanic island is fed by deep magmatic input and is
modulated by the overlying hydrothermal system [5,9,22] which is able to absorb or release
its volatile compounds as a function of the dynamic input/output energy balance. The
volatiles fluxes monitored on the summit area of the La Fossa cone during the solfataric
activity represent the main surface manifestation of the shallow plumbing system.

In particular, the time variations of both SO2 and CO2 fluxes, tracked by the respective
monitoring stations since 2008, have shown two major increases of solfataric activity,
highlighted by evident anomalies both in the convective and in the conductive transfer of
gases occurring in 2009 and 2021. Furthermore, in the long-term, the diffuse gas emissions
showed that a decreasing trend characterized the period from 2009 to 2015, while an
opposite, increasing trend has been registered from 2016 to 2021. Taking into account
the diffuse degassing, we can divide the entire observation period (2007–2021) into two
sub-periods, 2008–2014 (Figure 13) and 2016–2021 (Figure 14) for both recorded parameters
(SO2 and CO2, to better understand the degassing processes in progress.

Figure 13. Daily average of SO2 fluxes from the volcanic plume of the 2008–2014 period. Histogram
of the SO2 fluxes data with a mean value of 22 t d−1.

Moreover, after the anomalous degassing in 2009, SO2 flux underwent a progressive
decrease from 104 t d−1 down to 40 t d−1 in 2014, showing for this sub-period the average
value of 24 t d−1 (Figure 13).
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Figure 14. Daily average of SO2 fluxes from the volcanic plume of the 2016–2021 period. Histogram
of the SO2 fluxes data with a mean value of 29 t d−1.

The second sub-period, from 2016 to 2021, has been characterized by the average value
of 29 t d−1, a generally more sustained outgassing, and several small anomalies in 2016,
2018 and 2019, showing values exceeding 50 t d−1. Finally, the strongest increase in the
convective degassing has begun in April 2021 and reached values up to 250 t d−1, an order
of magnitude higher than the average value in September–October 2021 (Figure 14).

The behavior of the two sub-periods is better visualized by GSA, as shown in Figure 15
and in Table 3. In detail, the 2008–2014 period was characterized by a unimodal distri-
bution of degassing families, while the 2016–2021 period has been characterized by the
bimodal distribution with two different degassing families with frequencies of 86% and
14 %, respectively.

Figure 15. Partition of the SO2 flux measurements recorded daily from the active DOAS monitoring
system, according to the method of Graphical Statistical Approach proposed by [50].

Table 3. Results of the partition shown in Figure 14 of the SO2 flux measurements recorded daily
from the active DOAS monitoring system, based on the method of Graphical Statistical Approach
proposed by [68].

Population
of SO2 Flux

Mean Flux of
SO2

(t d−1)

90%
Confidence

Interval
(t d−1)

Proportion
(%)

A 19.5 18.8–20.4 86

B 85 77–95 14

The monitoring station for the diffuse degassing of CO2 highlighted a clearer discon-
tinuity between the two sub-periods, also highlighted by GSA on the SO2 flux data. The
first sub-period from 2008 to 2014 (Figure 16) is characterized by a major anomaly in 2009
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(11,000 g m−2 d−1), but also by an average value of approximately 1720 g m−2 d−1 and by
a series of decreasing peaks of CO2 flux values reaching 6000, 4000 and 2500 g m−2 d−1,
respectively, in the period 2010–2012. Finally, in 2013–2015, the CO2 flux diffused from
the ground at the summit station VSCS reached the absolute minimum value of about
100 g m−2 d−1, while the second sub-period from 2016 to 2021 (Figure 17) showed a series
of increasing CO2 flux peaks at 2000, 4000 and 5000 g m−2 d−1, respectively, in 2016, 2018
and 2019, corresponding to subsequent CO2 pulses. Finally, the second half of 2020 was
characterized by a growing trend, which increased almost continuously until September–
October 2021, reaching the highest recorded values of 34,000 g m−2 d−1.

Figure 16. Daily average (24 measurements/day) of CO2 fluxes of VSCS station of the 2008–2014
period. Histogram of the CO2 fluxes data with a mean value of 1720 g m−2 d−1, reported on the
horizontal yellow line.

Figure 17. Daily average (24 measurements/day) of CO2 fluxes of VSCS station of the 2016–2021
period. Histogram of the CO2 fluxes data with a mean value of 1573 g m−2 d−1, reported on the
horizontal green line.
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The cumulated probability plot, applied to the CO2 flux data, show that the 2007–2014
period is characterized by a unimodal distribution of degassing family, while the 2016–2021
period is characterized by a three-modal distribution with different degassing families
respectively showing frequencies of 10%, 85 and 5 %, with the respective mean CO2 flux
values diffused from the ground of 180, 663 and 8155 g m−2 d−1 (Figures 14–16 and Table 4).

Table 4. Results of the partition shown in Figure 18 of the diffuse CO2 flux recorded daily at the
VSCS station, based on the method of Graphical Statistical Approach proposed by [68].

Population
of CO2 Flux

Mean Flux of
CO2

(g m−2 d−1)

90%
Confidence

Interval
(g m−2 d−1)

Proportion
(%)

A 180 177–184 10

B 663 635–693 85

C 8155 7676–8726 5

Figure 18. Partition of the diffuse CO2 flux from the ground recorded daily from the VSCS monitoring
system, according to the method of Graphical Statistical Approach proposed by [68].

Figure 19a shows the strong increase, registered during 2021 on both fluxes degassing
rate (daily) and SO2 fluxes in September 2021, with 3 t d−2 rate of SO2 increasing daily and
over 100 t d−2 plume SO2 flux.

Figure 19b shows the strong increase, registered during 2021 on both fluxes degassing
rate (daily) and CO2 fluxes in September 2021, with 1000 g m2 d−2 rate of CO2 increas-
ing daily and over 10,000 g m2 d−1 diffuse CO2 flux. However, the anomalous diffuse
degassing started in June–July 2021, with a minimum rate of about 60 g m2 d−2 and fluxes
of 3000 g m2 d−1. In the following period, from October to December 2021, a decreasing
rate of CO2 fluxes has been recorded; even if the monthly CO2 fluxes remained around
10,000 g m2 d−1, that is one order of magnitude higher than the average value recorded in
the last 5 years (500 g m2 d−1).

Focusing on the last year of heat flux monitoring (Figure 20), the diffuse heat flux
diffused from the ground oscillated within the background range of values from April to
July, but in May and October, the heat flux showed the greatest dispersion of daily values.
Such great dispersions reflect the condition of an altered equilibrium in the outgassing,
but only a multi-parameter correlation could confirm this hypothesis. The anomalous
heat flux resulting at VSCS during May does not show a positive correlation with the
other two extensive parameters discussed here (CO2 flux diffused from soil and SO2 flux
released in the volcanic plume emitted by the high-temperature fumaroles). Afterwards,
the heat flux at the VSCS station began increasing in June 2021, but the strongest increasing
rates were observed in September and November. The ideal condition requested for
this simplified thermal monitoring system was lost for about two weeks (28 September–
10 October), when the conductive transfer became the minor component in the local heat
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balance and the convective transfer was undetermined. For this reason, the heat flux
based only on the temperature gradient resulted in a high underestimation, temporarily
interrupting the direct correlation with the general trend of the anomalous gas emissions
from the volcanic system.

 
(a) 

 
(b) 

Figure 19. (a) SO2 plume degassing, monthly SO2 degassing rate (t d−2) and SO2 fluxes monthly
average (t d−1) of 2021 period. Red bars indicate the increasing degassing rate; blue bars indicate the
decreasing degassing rate. The brown line represents the monthly average of SO2 fluxes. (b) VCSCS
summit station, monthly CO2 degassing rate and CO2 fluxes monthly average of 2021 period. Red
bars indicate the increasing degassing rate; blue bars indicate the decreasing degassing rate. The
brown line represents the monthly average of CO2 fluxes.

During the second half of 2021, a clear change in degassing style was recorded for
the volatiles emitted by the magma in the summit area, such as the flux of diffused CO2
from the soils and the flux of the SO2 of the plume emitted by the fumarolic field. In
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particular, the volatiles released from the magma stored 2–3 km below the Vulcano edifice,
rose towards the surface and interacted with the shallow hydrothermal system (Figure 21).
During the background level of activity, groundwater receive, modulate and partially
buffer, the fluids released from the magmatic bottom source produced a volatile scrubbing
process that modulated the normal shallow solfataric degassing activity. This condition
determined a uni-modal distribution in the degassing style, as we observed from 2007 to
2015 (Figure 15). Differently, during a geochemical crisis, the groundwaters were not able to
modulate or buffer the new increased volatiles fluxes anymore. In this case, the monitoring
stations showed that the heat and CO2 fluxes in the diffuse degassing areas increased over
the statistical thresholds of the background, and the DOAS network revealed more than
one order of magnitude increase of SO2 flux from the fumaroles field. This is what we
observed during the last period, and these conditions determine a tri-modal distribution of
degassing families (Figure 18).

Figure 20. Time variation of diffuse heat flux from the summit station VSCS (red curve) and daily rate
of heat release evaluated on a monthly base during the year 2021 (red bars for anomalous degassing
average, blue bars for the background average degassing). The red border indicates the entire range
of values and the grey border indicates the statistical “normal range” of values from the hourly record,
resulting from a unimodal distribution around the average values. The highest values of diffuse heat
fluxes occurred seldom in the months of May and much more frequently in October 2021.

Figure 21. NW–NE profile of the Caldera La Fossa running from Mt. Lentia, Vulcano Piano. The
ratio between height and length of this profile is H/L = 1.5; the total length is 4.6 km; and La Fossa
Caldera occupies 3.3 km along this section. The schematic section shows the model of solfataric
release in background condition (modified from [5,9,55] Inguaggiato et al., 2012; Federico et al., 2010;
Fusillo et al., 2015).
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6. Conclusions

The long-term monitoring of the hydrothermal release from the summit area of the ac-
tive cone of La Fossa highlighted the huge increase of energy and mass output occurring in
the second half of 2021 on the Island of Vulcano. The correlation among these three different
and independent geochemical parameters allowed the quantification of timing and the
intensity of the actual volcanic crisis, updating the obtained results and evaluations in
almost real-time. The three remotely controlled monitoring systems discussed here are
tracking the evolution of exhaling activity without exposing the research units involved in
the maintenance of the network to the growing gas hazard.

This geochemical monitoring method, based on the selection of a few independent
variables, which are closely related to the energy and mass flux escaping from the deep
magmatic system, is still sustainable, even when the severe environmental conditions in
the main fumaroles area become ever more adverse and the visitors are forbidden to reach
the summit zone of the active cone due to the increase of solfataric activity.

Thanks to the long-term time series of monitoring data, these authors defined the
local thresholds of the background for the exhaling activity by means of simple but robust
statistical evaluations based on several thousands of validated measures to show the
behavior of each monitored variable: SO2 flux plume, diffuse CO2 flux and diffuse heat flux.

The monitoring station of these fluid emanations are extremely site-sensible, but the
location selected here ensures correlated evidence of massive steam releases from the
summit of the La Fossa cone by means of independent acquisitions by remote sensing flux
evaluations in the volcanic plume, CO2 diffused flux and thermal anomalies.

The long-term data comparisons show that the simple thermal monitoring of the
shallow ground is useful to track the time variation of the extensive flux of hydrothermal
origin, thanks to the direct relationship between the temperature of the ground and the
flow of steam and hot gas rising through the main fractures and fumarole conduits.

In conclusion, the extensive parameters indicate that the increases in mass and energy
output in the summit area of the La Fossa crater began in June 2021. Then, a sharp variation
starting in September 2021 brought both the SO2 flux in the plume, as well as the CO2 and
the heat fluxes from the diffuse degassing zone to their respective actual absolute maximum
values. In particular, we underline that the plume SO2 flux, soil CO2 fluxes from the VCSCS
station and soil CO2 output, all measured with different techniques but all related to the
outgassing activity, showed sharp increases in September 2021, with similar factors (e.g.,
10, 20 and 16 times higher respectively) respect to their background degassing values.

After these sharp increasing fluxes, we observed from October to December a halt
of the growing rate of the extensive parameter with a slight decrease, followed by a
stabilization of the phenomenon on new levels, an order of magnitude higher than the
background evaluated during the previous 13 years of observation. On the base of the
degassing sketch model supplied so far, we strongly suggest following up this monitoring
activity and comparing observable parameters (geophysical and geochemical ones) as far
as possible to capture—in useful time—any variation of this state of activity.

Finally, the long-term monitoring of this volcanic system confirmed that this last crisis
had been far more intense than the previous ones because it falls well over the normal
oscillation of the hydrothermal system. To date, the degassing activity is still very intense,
and the system seems to have reached a new equilibrium state characterized by high fluid
pressures in the shallowest storage zone.

Many different processes may alter this new equilibrium condition, possibly resulting
in the destabilization of this new dynamic degassing balance between the input/output of
volatiles through the shallow hydrothermal systems.

Tracking the trending variation of extensive fluxes, we could follow the evolution of
this active system towards different scenarios: the opening and/or reactivation of faults,
corresponding an increase in surface permeability caused by seismic activity, coupled with
a decrease in the deep input, could bring the pressure of the surface plumbing system back
to pre-crisis values, while a new deep input of volatiles from magmatic storage, occurring
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in this new energetic steady state, could trigger the next unrest, leading to the next phreatic
and/or magmatic explosive activity.

The prediction of the occurrence of a phreatic eruption and the identification of
possible precursors has been a debated topic for many years. This debate has led to
the identification of the actions to be adopted in order to characterize and monitor a
volcanic system [75] and identify a modus operandi able to evaluate the variation of the
state of volcanic activity [1,76]. The presence of a modern, multidisciplinary and efficient
monitoring system is a fundamental requirement to achieve useful results for the possible
prediction of paroxysmal events. The island of Vulcano possesses all these requisites and
the evolution of the volcanic activity in progress will certainly provide useful information
to enrich the international case history, better linking the observed geochemical variations
of the hydrothermal system with changes in volcanic activity. Furthermore, it is important
and desirable for the data presented in this work to be compared with the geophysical
data acquired from the other monitoring networks installed on the island (accounting
for seismicity, deformation, tremor, etc.) to formulate a more complete dynamic model,
including the deep and shallow plumbing systems of Vulcano Island.
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Abstract: With approximately 800 million people globally living within 100 km of a volcano, it
is essential that we build a reliable observation system capable of delivering early warnings to
potentially impacted nearby populations. Global Navigation Satellite System (GNSS) and satellite
Synthetic Aperture Radar (SAR) document comprehensive ground motions or ruptures near, and at,
the Earth’s surface and may be used to detect and analyze natural hazard phenomena. These datasets
may also be combined to improve the accuracy of deformation results. Here, we prepare a differential
interferometric SAR (DInSAR) time series and integrate it with GNSS data to create a fused dataset
with enhanced accuracy of 3D ground motions over Hawaii island from November 2015 to April 2021.
We present a comparison of the raw datasets against the fused time series and give a detailed account
of observed ground deformation leading to the May 2018 and December 2020 volcanic eruptions. Our
results provide important new estimates of the spatial and temporal dynamics of the 2018 Kilauea
volcanic eruption. The methodology presented here can be easily repeated over any region of interest
where an SAR scene overlaps with GNSS data. The results will contribute to diverse geophysical
studies, including but not limited to the classification of precursory movements leading to major
eruptions and the advancement of early warning systems.

Keywords: integrated DInSAR and GNSS time series; geodetic dataset; volcanic deformation;
early warning applications; natural hazards

1. Introduction

Volcanic eruptions, earthquakes, and tsunamis occur over numerous spatial and tem-
poral scales. Although these phenomena are often studied individually, there is frequently
interconnectivity between disaster types. For example, concentrated swarms of earth-
quakes, elevated readings of gas emission, and increased ground motion over volcanic
regions may indicate an impending eruption [1–8]. Most active volcanoes around the
world are monitored using geodetic data sets such as Synthetic Aperture Radar (SAR) and
Global Navigation Satellite System (GNSS) data, in conjunction with other ground-based
instruments, with the goal of providing early warning for major eruptions and reducing
risk to nearby populations or infrastructure [9]. While several studies have attempted to
forecast or model potential volcano hazards using remote sensing techniques [2,10–16],
there is currently no single framework in place that simultaneously consolidates geodetic
data from multiple sensors, freely provides scientists with near real-time continuous time
series products and is capable of distinguishing and broadcasting geophysical events.

The GeoScience CyberInfrastructure Framework (GeoSCIFramework or GSF) project
aims to improve intermediate-to-short term forecasts of catastrophic natural hazard events,
allowing researchers to instantly detect phenomena and reveal more suppressed, long-
term motions of Earth’s surface at unprecedented spatial and temporal resolutions. These
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goals will be accomplished by applying big data analytics and training machine learning
algorithms to recognize patterns across various data signals during noteworthy events.
When complete, the system will be capable of processing and delivering large streams of
near real-time data from a mix of Differential Interferometric SAR (DInSAR) imagery, GNSS,
and other geodetic-related sensors, as well as seismic, gas emission, and thermal data.

DInSAR quantifies line-of-sight (LOS) ground deformation with mm-cm precision, and
GNSS data delivers precise point positioning and timing data to determine exact location
and deformation measurements, also with mm-cm scale precision. Furthermore, DInSAR
processing can be combined with GNSS data to obtain 3D ground surface motions [17–20].
Together, these time series produce high resolution, sub-centimeter precision measurements
of ground deformation over large swaths of Earth’s surface with dense spatiotemporal
coverage, which provides scientists with a greater understanding of crustal or shallow
subsurface dynamics over volcanic regions.

We focus on generating an automated DInSAR time series processing routine that is
integrated with GNSS data into a unified deformation field to provide more constrained
deformation rates and vector measurements related to volcanic activity. We process
Sentinel-1A/B SAR data into time series over Hawaii from November 2015 to April 2021
and integrate those results with GNSS data at various station positions (Figure 1). The
DInSAR + GNSS integrated time series can be used to describe the full extent of ground
motions through time with decreased uncertainty in three directions of motion (east-west,
north-south, and up-down). We present the unified DInSAR and GNSS time series and
compare them to the original datasets.

Figure 1. Region of study over the Big Island of Hawaii. The red outline shows the extent of the SAR
scenes used for this study, Path 87 Frame 526, downloaded from the Alaskan Satellite Facility Vertex
portal [21]. The yellow box shows the cropped outline of each interferogram used when generating
time series. Grey circles and colored diamonds indicate GNSS station locations, which were used
to create kriging interpolated GNSS maps in Section 2.3. Twenty-four-hour final solution GNSS
time series data, from stations listed in Table 1 and aligned to the local, fixed, Pacific Plate reference
frame were obtained through the Nevada Geodetic Laboratory (NGL), University of Nevada Reno
(http://geodesy.unr.edu/ (accessed on 1 November 2021)). Stations are maintained by the USGS
HVO [22,23], and data are archived and distributed by the UNAVCO GAGE facility. We take a closer
look at the time series over the diamond GNSS locations in Section 3.2, where the blue diamond is the
NUPM GNSS station, the purple diamond corresponds to the CRIM station, orange represents the
MKEA station, and green is the BLBP station. The blue triangle shows the location of the Mauna Loa
volcano summit, and the yellow polygon indicates where the East Rift Zone is located. Background
image taken from Google Earth/Data SIO, NOAA, U.S. Navy, NGA, GEBCO/Data LDEO-Columbia,
NSF, NOAA/ Imagery Date: 13 December 2015.
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Our region of interest is over the Big Island of Hawaii. Unlike most volcanic systems,
Hawaii experiences frequent eruptive activity and provides an opportunity for scientists to
record extensive observations over multiple events. Kilauea volcano has erupted 34 times
since 1952 [24]. Two volcanic eruptions are captured within our time series between
November 2015 and April 2021. The first eruption occurred in May 2018, when the lava
lake within the Halema’uma’u crater (collocated with CRIM station, Figure 1) drained
following an intrusion into, and subsequent eruption from, the Puu uu Ōu ō crater (collo-
cated with NUPM station, Figure 1) and Kilauea’s lower East Rift Zone (ERZ) (Yellow
polygon, Figure 1). Sudden changes in lava lake levels, increased micro-seismicity around
Kilauea’s summit, and deformation along the NE strike of the ERZ were all precursory indi-
cations reported by the Hawaiian Volcano Observatory (HVO) that an impending eruption
might occur [10,25]. According to [26], an obstruction in the magma plumbing system at
Puu uu Ōu ō volcano caused widespread pressurization in the volcano, driving magma into
the lower, eastern flank. Activity over the ERZ decelerated by September 2018 and re-
mained quiet until December 2020, when a summit eruption that continued through May
2021 refilled the lava lake within the Halema‘uma‘u crater [24]. Although we observe
this activity within the separate datasets, DInSAR and GNSS, as shown in Section 2, by
integrating the two geodetic datasets together, we recover a 3-D spatial map, instead of
1-D LOS motion, with the resolution of the DInSAR images, that includes time series for
motion in the east-west, north-south, and up direction, at each location. In addition, there
is a significant improvement in the accuracy of each component of motion (east, north, up)
relative to either the DInSAR or GNSS data alone, as presented in Sections 3 and 4.

2. Materials and Methods

The automated DInSAR processing routine was separated into three different com-
ponents. The first section (Stage 1) was built based on GMTSAR source code [27,28] to
process single look complex (SLC) DInSAR satellite imagery into interferograms using the
small baseline subset (SBAS) method [29] performed in parallel. The second phase (Stage 2)
applies the New SBAS (NSBAS) inversion [30] method to the GMTSAR interferograms
of Stage 1 and generates the DInSAR time series and the cumulative deformation map.
Finally, the third component (Stage 3) produces integrated 3D displacements using the
LOS deformation from Stage 2, the geometry of the SAR acquisition, and precise, 3D vector
positioning measurements [12,18–20]. The routine can process the fused data at a single
pixel, which is delivered as a plotted time series, or as an interpolated displacement map
over a larger region, created from an array of available GNSS stations within the extent of
the SAR scene.

2.1. Data

For this study, 250 descending Sentinel-1A/B SLC images were acquired between
November 2015 to April 2021 along Path 87 Scene 526 (Figure 1; Supplementary Material
List S1) through the Alaskan Satellite Facility (ASF) Vertex portal [21]. Twenty-four-hour
final solution GNSS data was managed by the USGS HVO and archived by the UN-
AVCO GAGE facility; processed time series were generated by and distributed through
NGL [22,23]. Data from 48 GNSS stations over Hawaii (Table 1, Figure 1) were obtained
over the same period of time, decimated to match the sampling rate of the InSAR time
series, and used to create the interpolated map for this study. We used the ordinary krig-
ing interpolation algorithm [31–33] supported by an exponential distribution model to
construct standard variograms from the 48 GNSS station data.

While GNSS is known for its high precision in the horizontal directions (east and
north), estimates of vertical motion have a larger uncertainty [34,35]. On the other hand,
with an incidence angle range of 18.3◦ to 46.8◦, DInSAR sensors are most sensitive to vertical
displacements and can help to improve ground velocity estimates in the up direction [20,35].
Our integrated results provide a better representation, and therefore, a better understanding
of the volcanic deformation pattern and subsurface-surface behavior through time. The
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workflow presented here can be easily repeated or applied to other locations where GNSS
data falls within an SAR scene footprint.

Table 1. GNSSS stations over Hawaii Island used in this study for time series integration with
DInSAR data. Bolded station corresponds to colored diamonds in Figure 1. GNSS data were obtained
through the NGL, and stations were maintained by the USGS HVO [22,23].

Station
Name:

Latitude
(◦N)

Longitude
(◦W)

Elevation
(m)

Station
Name:

Latitude
(◦N)

Longitude
(◦W)

Elevation
(m)

AHUP 19.379 −155.266 1104.881 KULE 19.249 −155.323 57.839

AINP 19.373 −155.458 1567.881 MANE 19.339 −155.273 996.466

ALAL 19.381 −155.592 3203.593 MKAI 19.356 −155.176 892.897

ALEP 19.541 −155.644 2922.262 MKEA 19.801 −155.456 3754.657

ANIP 19.396 −155.517 2599.215 MLCC 19.563 −155.491 2886.947

APNT 19.264 −155.202 42.009 MLES 19.464 −155.553 3841.48

BLBP 19.355 −155.711 2664.265 MLRD 19.556 −155.533 3082.687

BYRL 19.412 −155.26 1099.085 MLSP 19.451 −155.592 4078.4

CNPK 19.392 −155.306 1123.818 MMAU 19.374 −155.178 949.575

CRIM 19.395 −155.274 1147.6 MOKP 19.485 −155.599 4132.709

ELEP 19.45 −155.525 3378.14 NPOC 19.393 −155.11 809.836

GOPM 19.322 −155.222 759.313 NUPM 19.385 −155.175 933.27

HLNA 19.293 −155.31 698.278 OUTL 19.387 −155.281 1103.498

HOLE 19.315 −155.128 408.431 PAT3 19.43 −155.572 3831.48

JCUZ 19.384 −155.102 826.863 PHAN 19.447 −155.638 3700.613

JOKA 19.434 −155.004 482.625 PIIK 19.322 −155.564 2308.363

KAEP 19.281 −155.121 38.147 PMAU 19.677 −155.818 2033.189

KAMO 19.395 −155.122 781.432 PUH2 19.421 −155.908 50.715

KAON 19.278 −155.282 288.305 PUKA 19.506 −155.479 3026.304

KFAP 19.438 −155.441 2073.534 RADF 19.584 −155.431 2414.046

KHKU 19.317 −155.637 2641.483 SLPC 19.407 −155.67 3141.234

KNNE 19.286 −155.686 2468.357 STEP 19.536 −155.575 3419.067

KOSM 19.363 −155.316 990.363 TOUO 19.504 −155.703 2535.406

KTPM 19.341 −155.16 783.049 UWEV 19.421 −155.291 1257.633

2.2. Building Interferograms

DInSAR processing is challenging and complex in that several improvements, in-
cluding orbital, topographic, and atmospheric corrections, must be applied to isolate the
deformation signal. As we consider an automated system that will be streaming continuous
Sentinel-1A/B data over Hawaii Island, we must decide how these corrections are applied
and systematized within the processing routine. This first component requires several
input parameters and files to run, including the SAR images, the corresponding orbital
correction files, a Digital Elevation Model (DEM), and the number of allowed days between
potential interferometric image pairs.

For the time series presented in this paper, we used only precise orbital corrections on
each Sentinel-1 A/B SLC image. These precise files, which were also obtained through the
ASF Vertex portal [21], are not available to users until two weeks after the SAR image is
acquired by the Sentinel satellite. Thus, for the real-time automated system, and due to the
Sentinel-1A/B satellites’ repeat period of 6–12 days, the most recent SAR image acquisitions
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over the region of interest were first processed using real-time orbital corrections and then
updated with the precise corrections two weeks later. We thoroughly review the effects of
real-time vs. precise orbital corrections in [9] and determine that the use of real-time orbits
is sufficient for early-warning applications. For the topographic correction, we used a 30 m
resolution SRTM DEM that completely covers the SAR image footprint.

After the orbital and topographic corrections are applied, the complex interferogram is
formed. We allowed the algorithm to pair any two images that were obtained within 35 days
of each other. From the 250 descending SLC images acquired between November 2015 and
April 2021, 671 interferometric image pairs were successfully generated (Supplementary
Material List S2). For each pair, interferometric products of phase, coherence, phase gradi-
ent, and LOS displacement were constructed in both radar and geographical coordinates
(Figure 2). The code utilizes the Snaphu phase unwrapping method [36] and geocodes all
interferometric output products. These outputs are formatted as GMT-compatible grids,
which easily convert to GeoTIFF or other GDAL-compatible raster drivers.

2.3. DInSAR Time Series Generation

The second component of the automated system uses the GIAnT software [37] to con-
struct LOS displacement maps and time series. In GIAnT, unwrapped interferograms are
converted to units of millimeters before any processing takes place. The software assembles
the input data, the unwrapped interferograms, coherence maps, masks, and metadata, into
binary files and a composite HDF5 file that is compatible with GIAnT processing.

The user can choose between several atmospheric model corrections, including the
European Centre for Medium-Range Weather Forecasts (ECMWF) model, which is built
into the software so that the atmospheric files are pulled and applied automatedly. Cur-
rently, ECMWF is in the midst of migrating its data to an updated server, rendering the
files temporarily unavailable. Therefore, for this study, the Generic Atmospheric Correction
Online Service (GACOS) atmospheric model correction was applied. The GACOS model
integrates the ECMWF atmospheric files with continuous GNSS tropospheric delay esti-
mates, which currently must be manually ordered through the online portal [38–41]. The
goal is to incorporate it into automated processing in the future.

The user can also choose between different time series inversion methods, available
from GIAnT, to estimate filtered time series. The SBAS and NSBAS techniques, which are
implemented here, are applicable when the differential interferograms have a small spatial
baseline, a characteristic of Sentinel-1A/B data [29,30]. In particular, the NSBAS technique
also estimates DEM errors and compensates for pixels that have missing observations. This
inversion method estimates the LOS phase change of each pixel independently using a
linear system.

For Stage 1, the automated scripts ran using high-performance computing nodes on the
SUMMIT supercomputer located at the University of Colorado, Boulder, for approximately
eight hours to produce 694 interferograms between November 2015 and April 2021. The
NSBAS technique applies inversion on the 694 input interferograms to generate a time
series with a cumulative displacement measurement for every date, or time-slice, included
within the data. In this case, the time series produced 275 time-slices (See Figure 3). The
atmospheric correction and inversion process in Stage 2 took approximately two hours to
complete. Once the historical data has been processed, however, adding a new acquisition
to the time series takes on the order of a couple of hours to fully acquire and process the
necessary data, then output all the updated DInSAR-related products and time series.
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Figure 2. Example of an unwrapped LOS phase interferogram between 23 April 2018 and 4 June 2018,
over the Big Island of Hawaii (Path 87 Frame 526) in units of radians from Stage 1 of the automated
processing routine, based on GMTSAR. Here, warm colors and positive values are concentrated along
the ERZ and represent an increase in slant range, corresponding to ground motion away from the
satellite over this time. Cool colors and negative values represent a decrease in slant range, which
means the ground moved towards the satellite. This color convention is reversed when the units of
radians are converted to millimeters of deformation.

2.4. Integration of Geodetic Datasets

We integrate our DInSAR time series with GNSS data from 48 stations over Hawaii to
produce 3D high-resolution cumulative displacement maps with corresponding errors. The
24 h final GNSS solutions are provided in three components (east, north, up) and aligned to
the local, fixed Pacific plate reference frame to minimize linear trends of the tectonic plate
motion. It is worth noting that NGL also provides solutions aligned to the International
GNSS Service-14 (IGS14) reference frame, which is based on the International Terrestrial
Reference Frame (ITRF) and holds a no-net-rotation (NNR) [42]. We present a comparison
of the results from both reference frames in the Supplementary Material (Figures S1–S3).
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Figure 3. Cumulative LOS displacement DInSAR time series results for Sentinel-1A/B Path 87
Frame 526 data over the Big Island of Hawaii from November 2015 to April 2021. These are twelve
of the possible 275 time-steps from the 5.5-year-long time series. Each submap corresponds to
the total deformation between (a) 11 November 2015 and (b) 09 May 2016; (c) 05 November 2016;
(d) 04 May 2017; (e) 18 November 2017; (f) 05 May 2018; (g) 07 November 2018; (h) 06 May 2019;
(i) 14 November 2019; (j) 12 May 2020; (k) 08 November 2020; and (l) 13 April 2021. Once the phase
is converted to units of millimeters, the sign convention in GIAnT changes. Here, warm, positive
colors represent regions of uplift and cool; negative colors correspond to subsidence.

First, we temporally subset the GNSS data from 48 stations to extract the data corre-
sponding to the interval of the DInSAR time series. For each time step, we used the ordinary
kriging algorithm and the 3D displacements from the 48 stations to compute a variogram.
The spatial covariance of the GNSS data determines the structure of the variogram, and
the weights were calculated from the data using an exponential distribution model to
interpolate undefined points across the spatial field [31,32]. The kriging algorithm outputs
three cumulative displacement maps (east, north, and up) with the same discretization and
geocoding as the DInSAR output from Section 2.2 (Figure 4), [12,18,19,43–45].
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Figure 4. Interpolated GNSS displacement maps generated using 48 Hawaiian GNSS stations
and the ordinary kriging algorithm. Each submap corresponds to the total deformation be-
tween 11 November 2015 and (a) 23 December 2016; (b) 18 November 2017; (c) 28 June 2018;
(d) 14 November 2019; (e) 12 May 2020; and (f) 13 April 2021.

To combine all the geodetic displacement data into a single time series product, we
expand on the DInSAR+GNSS velocity integration method developed by [12]. The method
uses a Bayesian statistical modeling approach in conjunction with Markov random field
(MRF) theory to combine datasets with varying spatio-temporal extents. Integration of DIn-
SAR and GNSS high-resolution, 3D surface displacement measurements was achieved by
minimization of the energy function related to the corresponding Gibbs random field (GRF)
distribution, in which the joint probability density of the variables are positive [12,18,19,33].
The energy function is as follows:

U(b/a) =
N

∑
i=1

(bi − ai)
2

2σ2
i

(1)
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where U
(

b
a

)
is the likelihood energy, b is the observation with uncertainty σ, a is the

unknown parameter, and N is the number of observations or pixels within the acquisition.
The resulting adaptation of Equation (1) to our geodetic displacement datasets is:
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where σ is the standard deviation for the measurements, dLOS is the cumulative LOS
displacement,

[
SLOS

x , SLOS
y , SLOS

z

]
are the unit vectors pointing from the ground to the

satellite, and
[
dGPS

x , dGPS
y , dGPS

z

]
are the 3D displacements from the kriging interpolated

GNSS data. The remaining equation details are outlined in the Supplementary Material
(Equations S1–S8).

Uncertainties associated with the 3D displacement maps and the plotted time series
are automatically generated with the corresponding products. These are integrated us-
ing the same methodology as the observations and are a combination of the raw GNSS
data uncertainties and the LOS DInSAR uncertainties (Equations S6–S8 in Supplementary
Material). For the 3D displacement maps, an additional error is introduced when we
interpolate data from the 48 GNSS stations into a variogram using the ordinary kriging
algorithm. We present the error analysis for that integration in the Supplementary Material
(Figures S4 and S5).

3. Results

3.1. Cumulative Deformation Maps

The automated processing system can provide the assimilated DInSAR+GNSS time
series to users in multiple ways. Over large areas, the code produced 3D high-resolution
cumulative displacement maps and the corresponding uncertainties for each individual
date or time-step of the series. Figure 5 shows the evolution of 3D surface motions captured
in our time series, revealing the long-term deformation response to the May 2018 and
December 2020 eruptions. The pixel resolution of the fused products was 100 m, the same
as the DInSAR results.

Slight inflation (~10 cm) over the Kilauea volcano (purple diamond, Figures 1 and 5)
was observed in the fused DInSAR+GNSS results as early as November 2016, nearly
1.5 years before the eruption took place (Figure 5a). By August 2017 (Figure 5b), cumulative
inflation over Kilauea reached +26 cm. This magma intrusion is further supported by
the pattern observed over the same region in the north-component subplot, in which the
southern flank of Kilauea moved approximately 15 cm further south, and the northern
flank moved 8 cm further north.

Upward motion over Mauna Loa volcano (blue triangle, Figures 1 and 5) also began to
increase in August 2017. By February 2018 (Figure 5c), this inflation pattern was recogniz-
able over Mauna Loa, where the ground reached +16 cm of uplift and was obvious over the
Kilauea volcano after reaching +30 cm of total uplift. Over the following months, inflation
at Mauna Loa began to slow, while it continued to increase at a similar/opposite rate over
Kilauea. This interaction between the two volcanic systems has been studied before [46–49]
and provides further evidence of upper mantle links and magma transportation.
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Figure 5. Integrated DInSAR+GNSS 3D cumulative displacement maps from November 2015
to April 2021 in east, north, and up components of motion. Each submap corresponds to the
total deformation between 22 November 2015, and (a) 05 November 2016; (b) 14 August 2017;
(c) 22 February 2018; (d) 05 May 2018; (e) 28 June 2018; (f) 31 December 2018; (g) 14 November 2019;
(h) 14 December 2020; (i) 13 April 2021. Subplots (a–c) are pre-eruption (which occurred 04 May
2018). In subplot a, the blue triangle corresponds to the summit of Mauna Loa, the purple diamond
represents the summit of Kilauea, and the yellow polygon overlays the ERZ.

On 30 April 2018, the Pu’u ‘Ō’ō eruptive vent collapsed [48–50], and on May 4, a Mw
6.9 earthquake occurred on the south flank of Kilauea, initiating the 2018 volcanic eruption.
Our integrated results from 5 May 2018 (Figure 5d) recorded the 43 cm southeast ground
rupture of the earthquake. Next, the sudden evacuation of subsurface material resulted in
a rapid −10 cm ground deflation at Kilauea’s crater and −80 cm over the ERZ near Puu u

u Ōu ō volcano (yellow polygon, Figures 1 and 5a).
As this eruptive activity began over the ERZ, the ground at Mauna Loa inflated in the

east-west directions from a continued subsurface magma injection. This divergent, horizon-
tal pattern became more obvious by June 2018 (Figure 5e), after Mauna Loa experienced
an additional +3 cm of uplift (a net total of 13 cm). A closer look at deformation over the
Kilauea crater in June 2018 indicated additional, sudden ruptures that moved the localized
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ground 25 cm to the west and in the vertical direction, Kilauea crater subsided another
−9 cm. This deformation was likely due to the accelerated down-drop of Kilauea’s caldera
combined with 62 summit collapse events between May 16 and August 2 [48,49]. HVO
reported that some collapse events released energy equivalent to a Mw 4.7 to 5.4 earthquake;
our results captured these details.

Another interesting feature includes the three zones of subsidence radially surround-
ing Kilauea’s summit and the Halema’uma’u crater. These deflated regions are spatially
separated by ~120 degrees. The two zones to the north and the southwest both experienced
between −35 and −45 cm subsidence. The southeast leg of the three-pronged sinking
feature fed into the ERZ, which has subsided more than −1.17 m to date. No active surface
lava was observed after 4 September 2018 [48,49], but the ground surface over the ERZ
continued to deflate through December of that year (Figure 5f), reaching a cumulative
minimum of −1.32 m.

Soon after, the cumulative subsidence from the ERZ began to shrink, indicating that
during the recovery from the 2018 eruption, the subsurface chambers may have begun
refilling with magma. In November 2019 (Figure 5g), the east-west inflation pattern over
Mauna Loa became more prominent, and uplift reached a total of +21 cm. The north-south
component revealed that the Kilauea crater also recovered 17 cm of motion to the north
(against the dominant southeastern motion of the ERZ and the coastline just south of the
region) and regained +26 cm in vertical surface height.

Over the next year leading to the December 2020 summit eruption, another +11 cm
of upward motion occurred at Mauna Loa (net total of +32 cm), and +14 cm occurred
along the ERZ (net total of −83 cm) (Figure 5h). Immediately following the summit
eruption, the ground height at Kilauea summit measured a total of +20 cm, while the region
surrounding the crater subsided once more, decreasing the total ground height by −30 cm.
In mid-April 2021, when our time series ended (Figure 5I), a cumulative total of +21 cm of
uplift occurred at the Kilauea crater, and +46 cm of uplift had occurred at Mauna Loa in
response to the 2018 eruption and 2020 summit eruptions. Kilauea’s surrounding volcanic
flank and the ERZ experienced −50 cm and −1.0 m of subsidence, respectively.

These products allowed us to observe the total cumulative deformation pattern in the
east, north, and up directions over the entire island from November 2015 to April 2021
with improved accuracy and detail. The 3D cumulative displacement maps provided new
information regarding the pre-, during-, and post-eruption phases of the Hawaiian volcanic
system at unprecedented spatial scales and revealed surface effects from magma movement
and seismic activity leading to two different types of eruptions. For example, Figure 6
converts the integrated results and raw GNSS data from 3D to 1D, LOS deformation to
match the raw DInSAR results, for easy comparison of all final results across the three
datasets. While all three datasets visually complement one another, the results from
integrating the GNSS data with the DInSAR data, Figure 6A, showed a more constrained
uplift pattern than the DInSAR or GNSS results alone. Figure 7 compares the integrated
results with the kriged GNSS data, illustrating the additional information provided by
incorporating the DInSAR data. Uncertainty estimates for each component of motion at
each time step are provided and analyzed in the Supplementary Material (Figures S6–S10).
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Figure 6. Comparison of (a) the final time-step of the integrated time series converted to LOS with
(b) the final cumulative LOS DInSAR scene and (c) the final cumulative GNSS interpolated map, also
converted to LOS.

Figure 7. Comparison of (a) the final time-step from the integrated time series with (b) the final
time-steps of the GNSS variograms interpolated with kriging in the east, north, and up directions
of motion.

3.2. Plotted Time Series

In addition to generating the assimilated displacement maps, we present time series
at four locations within the image where the GNSS stations overlap with a corresponding

254



Remote Sens. 2022, 14, 784

DInSAR pixel coordinate. These stations are strategically positioned across the island and
include both active and relatively stable regions. Figures 8–11 present the DInSAR+GNSS
integrated time series at CRIM, NUPM, MKEA, and BLBP GNSS stations, respectively.
We compare each component of motion from the integrated dataset with the raw GNSS
time series and LOS DInSAR time series. These graphs depict the ground movement of a
single point at every time-step of the series and record the surface response of that specific
location to the two volcanic eruptions. The selected GNSS stations monitor a mixture of
the most and least active regions of Hawaii and span a large spatial extent of the island.
Similar to the 3D displacement maps, these individual time series provide researchers with
a comprehensive study of surface deformation through time. By comparing the integrated
product against the original GNSS time series, we find that information in the horizontal
direction is slightly improved and information in the vertical direction is significantly
enhanced once fused with LOS DInSAR measurements. The plotted time series provide
additional insight into the temporal behavior at any given location.

The CRIM station (Figure 8) is located at the summit of Hawaii’s most active volcano,
Kilauea, along the southern rim of the Halema’uma’u crater (purple diamond, Figure 1).
At the CRIM station, the integrated results align nicely with the raw GNSS data. Over the
period of time leading up to the 2018 eruption (November 2015 through May 2018), the
ground at the CRIM station experienced 15.56 cm of horizontal motion to the southeast
and 22 cm of uplift. The May 4 Mw 6.9 earthquake jolted the ground 11.4 cm further
southeast and uplifted suddenly by 2 cm before volcanic activity dominated the signal.
From the eruption itself, the ground moved 1.65 m northwest and subsided almost 2 m
before it began a period of steady recovery at the beginning of 2019. Between January
2019 and December 2020, the CRIM station recovered 41 cm of south-southeast motion
and uplifted approximately 20 cm from its lowest surface height. Finally, we observed
another smaller jolt of ground motion 10.44 cm northeast and 10 cm down in response to
the 20 December 2020 summit eruption.

The NUPM station (Figure 9) is positioned at the Puu uu Ōu ō volcano (blue diamond,
Figure 1), which connects with the ERZ. We present plotted time series from this location
to show the sudden displacement from the May 4 Mw 6.9 earthquake. The ground at
NUPM stayed relatively stable between November 2015 and May 2018, leading up to the
volcanic eruption, with ~4.5 cm southeast motion and stable (+/−1 cm) fluctuations in the
vertical direction. Suddenly, the signal broke 58.83 cm southeast and 28 cm downward.
Volcanic activity took over the signal and continued over the next couple of months, adding
20.88 cm of horizontal motion to the southeast (net total of 79.71 cm) and another 38 cm of
subsidence (net total of 66 cm) before entering a state of ground recovery. Leading to the
December 2020 summit eruption, the ground at the NUPM station recovered ~8.95 cm to
the northwest and regained 17 cm of uplift. The summit eruption was slightly detectable at
this location, having recorded 2 cm of motion to the northeast.

The MKEA station (Figure 10) lies along the southeastern flank of the dormant volcano,
Mauna Kea (orange diamond, Figure 1). Data from November 2015 to January 2020 at
the MKEA station was associated with the highest uncertainty values throughout this
study. In the horizontal directions, the integrated dataset agreed nicely with the GNSS
data; however, in the vertical orientation, the data trended more with the DInSAR time
series results between 2015 and 2019. In January 2020, HVO reported an instrumental
dome replacement, after which the variability in the integrated signal tightened, yet still
deviated slightly (~1 cm) from the raw GNSS data. This time series provides an important
example of the GNSS dataset with the highest error used in this study and demonstrates
how combing the GNSS data with DInSAR also keeps a system of checks and balances of
the integrated system. Even with high uncertainty, we could distinguish a 2.5 cm trend
southeastward during the 2018 eruption.
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Figure 8. Integrated results compared to original, raw GNSS time series in the (a) east-, (b) north-,
and (c) up-components of motion at the CRIM GNSS station (19.395◦N, –155.274◦W). (d) DInSAR
LOS time series at the same pixel, over CRIM station. Yellow vertical lines indicate the May 2018
and December 2020 volcanic eruptions. The inset in subfigure a shows location of CRIM station
in Hawaii.
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Figure 9. Integrated results compared to original, raw GNSS time series in the (a) east-, (b) north-,
and (c) up-components of motion at NUPM GNSS station (19.385◦N, –155.175◦W). (d) DInSAR LOS
time series at the same pixel, over NUPM station. Results clearly distinguish the Mw 6.9 earthquake
rupture in 2018 and continued motion due to volcanic activity. Yellow lines are as in Figure 8, above.
The inset in subfigure (a) shows location of NUPM station in Hawaii.
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Figure 10. Integrated results compared to original, raw GNSS time series in the (a) east-, (b) north-,
and (c) up-components of motion at MKEA GNSS station (19.801◦N, –155.456◦W). Motion in the east-
west and north-south directions are slightly more constrained, while motion in the up-down direction
is significantly transformed after combining the DInSAR and GNSS datasets together. (d) DInSAR
LOS time series at the same pixel, MKEA station. Yellow lines are as in Figure 8, above. The inset in
subfigure a shows location of MKEA station in Hawaii.
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Figure 11. Integrated results compared to original, raw GNSS time series in the (a) east-, (b) north-,
and (c) up-components of motion at BLBP GNSS station (19.355◦N, –155.711◦W). (d) DInSAR LOS
time series at the same pixel, BLBP station. Yellow lines are as in Figure 8, above. The inset in
subfigure a shows location of BLBP station in Hawaii.

259



Remote Sens. 2022, 14, 784

The scatter observed in the DInSAR data, and the integrated results in the up direction
in Figure 10 are partially due to the fact that the GPS data is at a single, isolated point,
while the DInSAR results average the value of deformation over a 100 × 100 m2 pixel. The
DInSAR values may also contain small amounts of residual tropospheric noise. Exami-
nation of the MKEA station (Figure 10), which is associated with the highest uncertainty
measurements from the array of 48 GNSS stations, illustrates how the integrated dataset
deviates significantly from the GNSS data in the up direction. Motions in the east-west and
north-south directions are slightly more constrained, and motion in the up-down direction
is significantly transformed after combining the DInSAR and GNSS datasets together. The
integration algorithm weighs the DInSAR time series more than the GNSS data based on
the errors of the individual datasets (see Supplemental Material).

Finally, the BLBP GNSS site (Figure 11) is situated over an area of comparatively
stable ground along the southwestern part of the island, where relatively low activity was
maintained over the duration of our time series (green diamond, Figure 1). Leading up
to the 2018 volcanic eruption, the ground at BLBP experienced approximately 1 cm of
eastward motion, while remaining within ± 4 mm of motion in the north-south direction.
At the time of the 2018 eruption, the BLBP station moved ~12 cm to the east, remained
steady in its north-south component of motion, and unclearly moved in the up-down
direction. Nevertheless, over the entire time series, we detected that the ground at the
BLBP station moved a total of ~3 cm to the southeast, and ~4 cm of subsidence occurred
between November 2015 and April 2021.

4. Discussion

The 2018 event at Kilauea volcano was the largest caldera collapse and most effusive
volcanic eruption in Hawaii within the past 200 years [26,48–51]. Combining high-quality
geodetic datasets, such as DInSAR and GNSS, resulted in detailed observations and precise
measurements regarding the development and evolution of volcanic events.

The median uncertainty associated with the LOS DInSAR dataset was 6.60 mm, and
the average was 6.54 mm. The maximum uncertainty associated with our LOS DInSAR
displacement maps came from the final cumulative time slice and was equal to 1.03 cm. This
uncertainty considers errors estimated from the DEM, orbital, and atmospheric corrections
applied during processing.

The median errors associated with the raw GNSS data in the east, north, and up
directions were 0.81 mm, 0.74 mm, and 3.27 mm, respectively. The corresponding maximum
uncertainties associated with the raw GNSS data in the east, north, and up directions were
7.63 mm, 3.28 mm, and 9.65 mm. For direct comparison with the LOS DInSAR data, the
converted LOS vector component of the raw GNSS data took on a maximum uncertainty of
1.27 cm.

Integrated uncertainties were combined from the raw DInSAR and GNSS sigma values
using the same methodology as the real data (see Supplementary Material Equations S1–S8).
Maximum integrated uncertainty in the LOS component of motion was 7.93 mm. When
generating the 3D displacement maps, however, the error introduced from using the kriging
algorithm and interpolating over undefined points in the spatial field must also be included,
and in doing so, resulting in increased maximum uncertainties in the east, north, and up
directions of 7.07 cm, 5.82 cm, and 5.71 cm, respectively.

At a single pixel, where kriging interpolation was not applied, the accuracy of our
deformation measurements improved. For example, at the corresponding pixel where the
CRIM GNSS station is situated, the median uncertainties for the raw GNSS time series
data in the east, north, and up directions of motion were 0.77 mm, 0.70 mm, and 3.06 mm,
respectively. The raw LOS DInSAR time series at this specific location had a median
uncertainty of 1.99 mm. By integrating the two geodetic datasets together, the fused dataset
had an improved median uncertainty of 0.76 mm, 0.70 mm, and 1.95 mm in the east, north,
and up directions. Further analyses of the errors associated with each dataset are available
in the Supplementary Material.
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Many other studies have utilized geodetic remote sensing techniques to better under-
stand magmatic systems and volcanic eruptive history. Our raw interferometric products
and LOS displacement values are consistent with those produced by the USGS HVO and
European Space Agency, also processed with GMTSAR software with Snaphu phase un-
wrapping [52]. Furthermore, our results extend further evidence of the 62 summit collapse
events between May 16 and August 2, reported by HVO. Another study by [50] used raw
GNSS and DInSAR measurements from Hawaii as input for multi-reservoir conceptual
models to quantitatively constrain the hydraulic connectivity between magmatic systems.
By exploiting high-quality geodetic data, they learned that the Halema’uma’u magmatic
reservoir is distinct from the South Caldera reservoir and that the ERZ is being fed simulta-
neously by both chambers. Our LOS inflation and deflation patterns over Kilauea and the
ERZ agreed with their observations derived from descending interferograms from Novem-
ber 2018 through March 2019. Lundgren et al. [51] also used airborne InSAR measurements
from the Glacier and Ice Surface Topography Interferometer (GLISTIN-A) instrument
over Hawaii to measure the bulk volume of subaerial lava flows between 18 May and
15 September 2018. They found that 0.593 +/−0.011 km3 sourced from the Lower ERZ and
−0.836 +/−0.002 km3 of material resulted from the summit collapse. Finally, a study at
Piton de la Fournaise, France, used four interferograms to determine the displacement
source and a temporal inversion of GNSS data to describe the dynamics of magmatic
propagation [53].

These examples show the broad, interdisciplinary applications that come from a mix
of DInSAR and GNSS monitoring over volcanic regions and further support the relevance
and benefits of this study. A more accurate, fused dataset creates potential for improved
volumetric analysis during large events, enhanced volcanic source modeling and mapping
of magma chamber geometries or subsurface transport channels, and may provide a better
means to forecast initial eruption sites or potential lava flow pathways along the surface.

5. Conclusions and Upcoming Work

Geodetic datasets such as DInSAR and GNSS time series contain valuable information
for earth scientists. These data are particularly useful in analyzing the long-term evolution
of volcanic systems. When integrated together, they deliver improved, more constrained
estimates of 3D motions of the Earth’s surface. Inflation estimates such as that detected in
our integrated time series prior to both eruptions are useful for hazard response purposes
and applications and underline the importance of deformation monitoring in volcanic
regions. The methods performed here can be applied to other regions in the world and can
be easily adapted to different volcanic systems.

The integrated 3D displacement maps and associated time series provided new esti-
mates and details of the spatial and temporal dynamics of the 2018 Hawaiian eruption. In
conjunction with seismic, tide gauge, gas emission, and thermal datasets, the individual
InSAR and GNSS time series and the combined results presented here will be streamed
through machine learning algorithms capable of identifying pixels or clusters of pixels that
exhibit anomalous movement. This will facilitate the detection and analysis of precursor
motion and can be used to inform early warning systems. Eventually, the system will run
continuously, providing researchers with large streams of historic or near real-time data
from an array of geodetic sensors.

With a continuous, scalable, near real-time data streaming architecture in place, the
combined data will contribute to the early detection of major geophysical events such as
volcanic eruptions and improve our understanding of the fundamental processes involved
over the locations of interest. The fused dataset can be used to improve volcanic modeling
systems, using the long-term surface response to map the subsurface magmatic plumbing
system. The results presented here also have additional detailed insight into earthquake
dynamics, and further research may lead to the distinction or isolation of certain geophysical
phenomena within the signal. Finally, the application of machine learning algorithms to
these datasets will improve our understanding of the connections between these volcanoes
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or how activity at one location may have implications for potential activity at another and
be critical inputs for early warning applications. These results will provide researchers
with better methods in real-time or near real-time to monitor volcanic regions and evaluate
resulting surface deformations with millimeter precision, ultimately advancing scientific
discovery and benefitting efforts to further protect human life and property.
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Abstract: Cotopaxi is an active volcano in Ecuador, whose eruptions are characterized by producing
destructive primary lahars which represent a major risk for the country. The hazard assessment
related to such lahars relies largely on the knowledge of the latest event, which occurred on 26 June
1877, for either scenario definition or simulation calibration. A detailed (1:5000 scale) cartography
of the deposits belonging to that eruption has been obtained in the proximal northern drainage of
Cotopaxi. The cartography was performed through a combination of geological fieldwork, as well as
the analysis and interpretation of high-definition imagery obtained by drone surveys combined with
the Structure from Motion technology for image processing. Such imagery included red and green
visible bands, and a near-infrared band, which allowed the obtention of NDVI imagery where the
primary lahar deposits were identified and cartographed with support of fieldwork data. Both data
sources are mutually complementary, and the final cartography would be impossible if any of them
were not available. The results obtained represent a significant advance for the level of detail with
respect to previous cartographic works. Moreover, they should allow an improved calibration of the
new generation of numerical models that simulate lahar flow for hazard assessment at Cotopaxi.

Keywords: Cotopaxi volcano; 1877 eruption; primary lahars; drone-imagery; geological mapping;
lahar hazard assessment

1. Introduction

Cotopaxi is an ice-capped active volcano located 50 km south of Quito, the capital city
of Ecuador (Figure 1). It has long been recognized as a highly hazardous volcano, especially
for its capacity to produce primary lahars, which are mixtures of water and volcanic debris
formed as large portions of the glacier instantaneously melt by contact with pyroclastic
density currents (PDCs) during highly explosive eruptions [1–5]. Primary lahars formed in
this way are characterized by volumes reaching 106–107 m3, and peak discharges of up to
103–104 m3/s [6,7], with the capacity to produce widespread destruction tens of kilometers
away from their source, as occurred with Armero town (Colombia), during the eruption of
Nevado del Ruiz volcano in 1985 [8].

In the case of Cotopaxi, such lahars have been channelized by three main drainage
systems: the Pita river to the north, the Cutuchi river to the south, and the Tamboyacu river
to the east, where they have historically produced extensive damage in the neighboring
inhabited areas, such as Valle de los Chillos around Sangolqui town, and many Quito
suburbs to the north, or Mulalo and Latacunga, to the south (Figure 1) [1,2,6].

Given the regional-scale destructive potential of Cotopaxi’s primary lahars, the In-
stituto Geofísico of Escuela Politécnica Nacional (IG-EPN) has elaborated several hazard
maps during the last five decades, with the aim of providing information for land-use
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planning and policymaking, as part of their official mandate to assess volcanic hazard
in Ecuador [3,9–15]. Those maps have been partially or totally based on research results
produced by various scientific teams (i.e., [4,6,16–21]). They have also served as the basis
for vulnerability [22,23] and risk [7,24] assessments, as well as being tools for emergency
response during volcanic crises [25,26].

Figure 1. (a) Regional location of the study area and of (b) Cotopaxi volcano with reference to the
major drainages and cities (QU: Quito; SA: Sangolquí; MA: Machachi; MU: Mulalo; LA: Latacunga).
The present study is related to the proximal northern basin drained by the Río Pita and Río Salto
drainages. Coordinate system in all maps is Geographic WGS84.

Because of their origin during highly explosive events, primary lahars at Cotopaxi
are a relatively infrequent phenomena, averaging less than one event per century over
the past 800 years [6,17]. Thus, the lahar hazard at Cotopaxi has always been assessed by
deterministic approaches, which have used different numerical models calibrated with
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field data and corresponding lahar scenarios. Numerical models tested at Cotopaxi include
1-D hydrological [7,16,27,28], statistical [18], and more developed flow-dynamics-based
codes which consider deposition, bulking and erosive processes [29,30]. Regardless of
the numerical model, the field data or lahar scenario used as either entry data, boundary
condition, or calibration, has been invariably derived from knowledge of the primary lahar
that occurred on 26 June 1877, during the latest highly explosive eruption of the Cotopaxi
volcano. Thus, lahar hazard assessments at the Cotopaxi volcano significantly rely on the
knowledge related to this specific event.

It has been strongly suggested that the 1877 event may not represent the most likely
nor the worst-case scenario for future eruptions of Cotopaxi [6,17]. However, it is the
only one with some detailed and reliable historical accounts that help understanding the
eruption evolution and its consequences [1,2]. Moreover, due to its stratigraphic position
and a few facies characteristics, the lahar deposits from 1877 are the most suitable for
detailed geological studies that could confidently feed and calibrate numerical models.
This helps to understand why this deposit has been widely used as the standard for lahar
hazard and risk assessments at Cotopaxi [7,13–15,24].

During the last decade, the combination of imagery obtained by drones with the
Structure from Motion (SfM) algorithms has been established as a useful tool for geo-
logical [31–34] and volcanological [35–37] studies. Sub-decimeter resolution imagery and
digital elevation models obtained with this technology have been used for the study or mon-
itoring of lava flows [38,39], and morphological changes during eruptions [40]. Moreover,
surface processes occurring at volcanoes have been studied using similar methodologies
and data, such as the short- and long-term deposition/erosion processes associated with
rain-triggered lahars [41–43]. In all those cases, the aim was mapping sub-metric features
(scales < 1:1000) over relatively small surfaces (1–2 km2), thus obtaining detailed measure-
ments and assessments. A few examples also exist of this methodology being used for
larger scale cartography and volcanic hazard assessments [44,45]. In many of the aforemen-
tioned cases, the combination of drone imagery with SfM is supported by complementary
ground-based measurements.

In the present work, detailed cartography of the 1877 primary lahar deposit is per-
formed in the proximal northern drainage of Cotopaxi, by means of extensive geological
fieldwork and drone surveys, also supported by freely available satellite imagery. The
fieldwork included identifying outcrops and lateral contacts of the 1877 lahar deposit in
172 control points and along 47 track lines. The drone surveys produced 25 cm-pixel ortho-
mosaics obtained by SfM, composed of red, green, and near-infra-red bands covering an
area of 28.4 km2. These data were subsequently used to map the deposit contacts with the
help of remote-sensing techniques (NDVI single-band images) and in correlation with field
data. This survey aimed at obtaining new high-definition geological information to feed or
calibrate next-generation numerical models of the 1877 primary lahar, which would allow
an improved assessment of the hazards related to future eruptions of Cotopaxi volcano. The
term “drone” will be preferred in this study, instead of “unmanned aerial vehicle—UAV”
(or other similar), on the grounds of gender neutrality, simplicity and familiarity.

2. Context of the Proximal Northern Drainage

2.1. Morphology and Drainage Network

The study area corresponds to the plains extending at the northern, north-eastern, and
eastern feet of Cotopaxi’s edifice, limited by the Ruminahui and Sincholahua volcanoes to
the north-west and north-east, respectively as well as by the Chalupas caldera to the east
(Figure 1). These plains collect several different drainages descending through the deep
gullies of Cotopaxi’s middle and lower flanks, all of which are tributaries to the Rio Pita
river (Figure 1). The 1877 lahar deposit, as well as several others, widely outcrop along
these plains [6,17]. Given its extension, the study area has been divided into the following
plains comprising specific drainages and morphologies: (1) Sindipamba; (2) Victor Punina
(3) North-eastern; and (4) Eastern.

269



Remote Sens. 2022, 14, 631

The Sindipamba plain is located to the north, just below the 4000 m level, limited by
the Limpiopungo lagoon to the west and the Ingaloma hill to the east (Figure 2). At least
six major gullies of Cotopaxi’s north flank drain into the Sindipamba plain: the western-
most gully and two others are unnamed; Quebrada Chilcahuaycu flows at the base of the
Ingaloma hill, while Quebradas Yanasacha and Yanashaco traverse the plain (Figure 2). All
these drainages converge to form the Rio Salto, which flows for some ~14 km northwards,
before joining the Rio Pita at the base of the Pasochoa volcano (Figures 1 and 2). The
exception is Chilcahuaycu, which bends north-eastwards at the base of Ingaloma and joins
the Victor Punina drainage north of the Jatunloma sector, where both flow into the Rio Pita
(Figure 2).

Figure 2. Location of the Sindipamba and Victor Punina plains in the northern lower flanks of
Cotopaxi. The areas surveyed by drone are highlighted in yellow polygones.

The Victor Punina plain sits just east of the Ingaloma hill, below the 3800 m level,
and upstream it is the only current drainage actively cutting a deep gully through the
hummocks and toreva blocks that constitute the Salitre hills (Figure 2) [46]. The source
zone of this drainage is the same as the Quebradas Yanashaco and Chilcahuaycu from the
Sindipamba plain, and is located above the 4600 m level in the north flank of Cotopaxi
(Figure 2).

The North-eastern plain extends between the Salitre and Mauca Mudadero hills, below
the 4000 m level (Figure 3). Five major gullies channel drainages into this plain: Tailoma,
Potrerillo, Pucarumi, Pucahuaycu, and Jatabamba, all of which have their source zones in
the north-eastern flank of Cotopaxi, above the 4600 m level. Moreover, all these drainages
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traverse the plain and flow into the Rio Pita along the south-west foot of the Sincholahua
volcano (Figures 1 and 3).

Figure 3. Location of the North-eastern and Eastern plains in the lower flanks of Cotopaxi. The
areas surveyed by drone are highlighted in yellow polygons. See insert in Figure 2 for location. For
improved visualization, the map has been rotated counterclockwise (north is pointing to the left).

Finally, the Eastern plain is located south of the Mauca Mudadero hills, below the
4200 m level (Figure 3). Five major gullies channel drainages into this plain, all of which are
unnamed except for the Quebrada Gualpaloma, the fourth from the north. The source zone
of these drainages is located in the eastern flank of Cotopaxi’s edifice, above the 4600 m
level. Additional gullies are further to the south in this plain, but those drainages flow into
the Rio Tamboyacu towards the Amazonian basin (Figures 1 and 3).

2.2. Geological Characterization of the 1877 Deposits

The 1877 explosive eruption of Cotopaxi unfolded on the morning of June 26th, after
at least three months of unrest and low-level eruptions [1,2]. The main deposits associated
with this eruption were a tephra fall layer, bomb-rich pyroclastic density currents (PDCs),
and the primary lahars, all of which currently outcrop around the lower flanks of Cotopaxi,
though the tephra layer is less than 5 cm thick in the study area [6,17,20,47]. No lava flows
occurred during this eruptive episode.

The historical accounts have been, in general, confirmed by the geological studies
performed on the 1877 deposits so far. Pistolesi et al. [17] have found that the tephra deposit
underlies the lahar deposit in the volcano’s vicinity, and that the remains of some PDCs can
be found generally in the middle and proximal lower flanks. Additionally, Mothes et al. [6]
have found evidence of post-June 26th explosive activity, as described shortly after the
eruption by Wolf [1], represented by a few bomb-rich PDC deposits which overlie the lahar
deposit. All authors agree that both the PDC and the primary lahar are characterized by
containing decimeter- to meter-sized black, cauliflower-shaped bombs. Internally, these
bombs are brownish and display chilled margins and thermal fractures. However, several
older primary lahar deposits (i.e., from the 1768 or 1853–1854 eruptions) also outcrop in the
study area, and some contain similar black bombs [17], which may produce confusion.

271



Remote Sens. 2022, 14, 631

A reliable field identification of the 1877 primary lahar deposit was thus critical
for the present study and was based on the characteristics described above, namely, the
stratigraphic position and the presence of the black, cauliflower-shaped bombs. However,
two additional characteristics were recognized as useful to identify the 1877 lahar deposit.
The first is related to the stratigraphic position of the deposit: as this primary lahar is
the latest to have been emplaced, it is also the one whose surface has developed the least
amount and diversity of vegetation ever since [48]. It was evident during field surveys that
each plain of the study area displays noticeable changes in the vegetation that correlate
with lateral contacts of primary lahar deposits, and that usually the least vegetated zones
correspond to the 1877 deposit (Figure 4). However, as each plain is placed at different
altitudes, the amount and type of vegetation also change from one to another. There are
other poorly vegetated deposits in the study area (i.e., at Sindipamba and Victor Punina
plains), so additional criteria are needed for a proper deposit identification.

 

Figure 4. Vegetation and lithic contrasts between lahar deposits belonging to the 1877 eruption and
an older eruption, as observed in the North-eastern plain. Differences may appear less evident in the
field when the age of the deposits are closer.

The second characteristic that helped with the identification of the 1877 deposits (either
PDC or primary lahar) is a unique mechanical property of the cauliflower-shaped black
bombs they contain. Regardless of the bomb size, they easily break apart in fragments
through their internal thermal fractures, when slightly hit a few times with a hammer
(Figure 5a). Although, externally, they look very similar, this is impossible to achieve
with the black bombs present in many other deposits, which will only break through one
fracture surface when strongly hit with a hammer (Figure 5b). This specific characteristic
of the 1877 black bomb is so outstanding that even Theodore Wolf described it when he
studied the fresh eruption deposits in September, 1877 [1]. The presence of these bombs
has been considered as the primordial characteristic to identify the 1877 deposits in the
field, and significant care was put into their identification during fieldwork, especially in
the Sindipamba and Victor Punina plains, where other poorly vegetated deposits exist.

272



Remote Sens. 2022, 14, 631

 

Figure 5. Contrasting mechanical behavior observed between cauliflower-shaped black bombs
belonging to (a) the 1877 eruption, and (b) older eruptions. Unbroken bombs are very similar.

Finally, it was also important to differentiate between PDC and primary lahar deposits,
given that both are placed in the same stratigraphical position and contain the 1877-specific
black bomb. In general, the most evident differences between the two types of deposits
were: (a) their surface morphologies, and (b) their surface petrographycal composition. As
already noticed by previous studies [6,17], the 1877 PDC deposits display a clear decimeter-
to meter-thick relief with broad and steep lateral levees and tongue-like frontal tips, which
make them very visible in the landscape (Figure 6). Moreover, the PDC deposits, at least in
surface, have a strong tendency to be mono-lithologic, displaying almost exclusively the
decimeter- to meter-sized cauliflower-shaped black bombs. To the contrary, the primary
lahar deposits display modest to low relief, with the lateral contacts usually represented by a
trimline of scattered cauliflower-shaped black bombs, displaying an evident poly-lithologic
composition on the surface (Figure 6).
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Figure 6. A PDC deposit tops a primary lahar deposit from the 1877 eruption, as seen at Quebrada
Chilcahuaycu in the Sindipamba plain (Figure 2). Notice the vegetation contrast between the lahar
deposits from 1877 and from an older eruption, and the trim line formed by the specific 1877 black
bombs at the lateral contact.

3. Methodologies

3.1. Geological Fieldwork

Field surveys aimed at identifying the lateral contacts and outcrops of the 1877 primary
lahar and PDC deposits, were based on the criteria described above. For this, each plain
of the study area was transected by foot along several paths, where two types of control
points were recorded with a hand GPS-receiver: contacts and outcrops. Contact-control
points were places where a clear distinction between two different deposits was possible,
with one of those deposits belonging to the 1877 eruption. Most commonly, such contacts
were characterized by displaying clear trim lines formed by accumulations of the black
cauliflower-shaped bombs (Figures 5 and 6). Additionally, in some cases when the contacts
were clearly visible and when it was judged useful, track-lines were also recorded with the
GPS receiver along lateral contacts of the 1877 deposits.

On the other hand, outcrop-control points were locations where the 1877-specific
black bomb (Figure 5) was found on the surface, but no contact could be identified in the
field. These kind of locations were always characterized by displaying little vegetation
and varying amounts of the 1877 black bombs. Most of the outcrop-control points were
recorded in locations where such bombs were scarcely found in the surface.

3.2. Drone Surveying—Image Acquisition

The obtention of high-resolution imagery was central to the purpose of the present
study. Given the size of the study area, this task was performed using a fixed-wing
drone [49]. The device employed was a SenseFly Classic eBee drone, equipped with a
Canon S110 NIR camera producing 12 Mpix frames (Table 1). The main characteristic of
this sensor is the acquisition of a near-infrared (NIR) band, centered at 850 nm, in addition
to the visible red and green bands. The use of this sensor was prioritized because the NIR
band is known to be useful for identifying changes in the type and amount of vegetation in
the surveyed areas [50–52], which is one of the key surface features that differentiates the
1877 deposits from others, as mentioned above.
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Table 1. Technical features of the sensor used for image acquisition.

Resolution 12 Mpix

Ground resolution at 100 m 3.5 cm (pixel)
Sensor size 7.44 × 5.58 mm

Output formats JPEG and/or RAW
Band centers NIR 850 nm, Red 625 nm, Green 550 nm

The drone also bears an internal GPS receiver which inputs a geotag to each of the
frames obtained by the sensor during acquisition flights. This information is later used
during image processing with SfM to provide a geoposition for the images. However,
given the size of the study area and the target scale for the cartography (1:5000), no ground
control points were used to produce an absolute georeferencing for the imagery. Instead, as
described further below, an accuracy test was performed in the processed images before
using them for cartography.

The drone surveys were planned using the proprietary software eMotion 3 (which
also pilots the eBee drone while flying) by creating mission blocks covering the study
area and establishing an overlap of 60–70% between the individual frames in the lateral
and longitudinal direction. The flights were performed at an average altitude of 160 m
above the ground level, from where the sensor obtained individual frames with an average
ground-resolution of ~5 cm/pixel. More than one drone flight was usually required to
complete a mission block. The weather conditions during the flights were very variable,
with temperatures ranging from 5 ◦C to 20 ◦C, and average wind speeds from 2.1 m/s
to 9.7 m/s (flying with average windspeeds higher than 10 m/s is not recommended by
the drone manufacturer). As a result, reflectance measurements by the drone sensor were
affected by variable sunlight conditions between and during flights.

3.3. Image Processing and Cartography

The groups of individual frames obtained for each mission block were processed to
obtain orthomosaic images, by the use of commercial software based on the Structure from
Motion (SfM) algorithms and methodologies [31,53]. Such orthomosaics had three spectral
bands (i.e., NIR, red and green) and ground resolutions ranging from 5 to 7 cm/pixel, but
all were resampled to a 25 cm/pixel ground resolution for additional processing prior to
contact identification and mapping.

As mentioned above, one key feature of the 1877 deposits is their vegetation com-
position, which is usually different from other deposits outcropping in the study area
(Figures 4 and 6) [48]. Then, the Normal Difference Vegetation Index (NDVI) was applied
to the orthomosaics with the intent to highlight the regions covered with the 1877 deposits
from others [51,52,54]. The NDVI value was obtained with the following equation:

NDVI =
NIR − R
NIR + R

(1)

where NIR is the pixel value of the near-infrared band and R is the pixel value of the red
band. The results are new single-band raster layers with pixel values between −1.0 and
1.0 which could be interpreted as a proxy for vegetation composition [54]. The obtained
imagery showed that in general the lower NDVI values represent zones dominated by rock
or bare soil, while the higher values represent bushes, grassland, and thicker vegetation.
For mapping purposes, the final screen displays of the NDVI images were enhanced
with additional contrast and both the maximum and minimum values of the layers were
sometimes cut off using their respective cumulative counts. The whole drone-NDVI
imagery is provided as supplementary material to this study.

Most of the mission blocks were planned to cover juxtaposed areas in order to assess
the effect of the lack of ground controlled georeferencing in the cartographic quality of
the orthomosaic images. After comparing the apparent location of point objects present
in two adjacent images, it was observed that the differences between the objects were
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consistently lower than 2 m (Figure 7a,b). This means that the orthomosaic images may be
used for cartography with relative georeferencing down to scales of ~1:2500. In addition,
the orthomosaics were compared in the same way with freely available Google Earth
imagery in order to assess the absolute georeferencing [55]. In this case, the differences
raised to up to 4.5 m, implying that cartography at 1:5000 scale was still possible without
an absolute georeferencing from the orthomosaics (Figure 7c).

Figure 7. Assessment of geolocation obtained with the processed drone images (orthomosaics). The
vector features (green circles) corresponding to opposite vertices of a rectangular ceiling as observed
in one mission block (a), are overlayered on an adjacent overlapping mission block (b), and on the
Google Earth imagery (c). When cartography is performed at 1:5000 scale, the differences among the
imagery become negligible.

Given the constantly changing weather and sunlight conditions during image acquisi-
tion, the use of supervised classification approaches to extract the regions of interest from
the imagery was impractical. Then, the final vector layers representing the 1877 deposits
were elaborated by hand, through correlation and interpretation of the field data together
with the drone-NDVI imagery. In some specific regions where drone imagery could not be
obtained, the field data was interpreted using the freely available satellite images provided
by the Google Earth server. Thus, the hand mapped contacts from the 1877 deposits were
classified in four categories:

1. Identified in the image, when the contact was drawn from the NDVI imagery in
correlation with field data;

2. Observed in the field, when the contact was obtained with a hand GPS track;
3. Identified in satellite, when the contact was drawn from Google Earth imagery in

correlation with field data;
4. Inferred, when the contact was not identifiable in the images (NDVI or Google Earth)

and was drawn by informally extrapolating and interpreting field data.

Consequently, the contacts belonging to the first three categories may be considered
as most reliable, while those inferred are considered as less reliable. As a final product,
two geospatial vector layers at 1:5000 scale were created from the mapped contacts. One
layer contains line features, where information about the contact categories defined above
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was included as an attribute value. The second layer contains polygone-features, which
represented a merger of the previous layer lines, with an attribute defining the deposit type
(i.e., primary lahar or PDC) as a value. Both vector layers are provided as supplementary
material to this study.

4. Results

During geological field surveys, a total of 165 control points were recorded in the
whole study area, from which 105 corresponded to lateral contacts and 33 to outcrops of
the 1877 deposits, while 27 corresponded to outcrops belonging to deposits from other
eruptions (Table 2). Additionally, a total of 38 GPS track lines representing lateral contacts
of the 1877 deposits were also acquired, with a total length of 10.96 km.

Table 2. Summary of the cartographic data acquired during geological field surveys of the study area.
Locations are shown in Figures 8, 10, 12 and 14.

Plain

Control Points Tracks

1877 Contact
1877

Outcrop

Other
Deposit
Outcrop

Number of
Tracks

Total Track
Length (km)

Sindipamba 12 15 6 5 2.33
Víctor
Punina 10 6 2 17 2.96

North-
eastern 57 1 14 9 2.81

Eastern 26 11 5 7 2.55

For the drone surveys, the study area was divided into 21 mission blocks, covering
a total surface of 28.4 km2. To cover this area, 62 drone flights were required with a total
flight time of 18 h 12 m, during which a total of 8973 individual frames were obtained
(Table 3).

Table 3. Summary of the drone surveys performed in the study area.

Plain
Number

of Mission
Blocks

Number
of Flights

Frames
Obtained

Area
(km2)

Duration
(h)

Average
Altitude
(m above
Ground)

Sindipamba 7 27 3291 8.32 7.25 146
Víctor
Punina 3 7 1103 3.36 2.13 168

North-
eastern 5 19 2420 10.29 5.4 156

Eastern 6 9 2159 6.4 3.42 203

The processing of the 21 mission blocks through SfM was performed by means of
a commercial software and yielded RMS reprojection errors ranging between 0.54 and
1.21 pixels, for ground resolutions ranging from 5 to 7 cm/pixel. The number of tie
points identified in the mission blocks for the initial image alignment varied from ~217 to
~697 thousand, and the processed dense clouds contained between ~88 and 473 million
points. Thus, 21 orthomosaic images were created from the mission blocks covered by the
drone surveys, containing NIR, red and green bands, and were all resampled to ground
resolutions of 25 cm/pixel. Consequently, 21 single-band images with NDVI values were
also obtained and were the main supply to perform the cartography together with the
geological field data. Following, the cartographic results are presented for each plain.
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4.1. Sindipamba Plain

Geological fieldwork in this plain was characterized by a relative difficulty in differen-
tiating the 1877 deposits from those belonging to other preceding eruptions of Cotopaxi.
Firstly, the 1877 lahar deposits in the Sindipamba plain contained few of the characteris-
tic black cauliflower-shaped bombs, and consequently the field survey required special
care for their identification (Figure 5). Secondly, deposits from other primary lahars with
scarce vegetation covering, that occurred shortly before the 1877 eruption (i.e., 1854), were
widespread in the plain, as already noticed by Pistolesi et al. [17]. Thus, from 33 control
points obtained in this plain, 15 corresponded to the 1877 outcrops (i.e., locations where
the 1877 black bomb was found in the surface) and only 12 to 1877 contacts (i.e., locations
where the 1877 lateral limit could be identified), while 5 tracks of lateral contacts covering
2.3 km could be recorded (Figure 8).

Figure 8. Results of cartography performed in the Sindipamba plain (see Figure 2 for location).

The difficulty in identifying lateral contacts of the 1877 deposits persisted in the NDVI
images, given the presence of other deposits with similar vegetation covering, which
produced reduced contrast in the images. Thus, significant interpretation and inference
was necessary during contact drawing (Figures 8 and 9). A total of 39.84 km of 1877 lateral
contacts were mapped in this plain, from which 10.72 km (27%) were inferred and 26.8 km
(67.3%) were identified either in the NDVI or in the Google Earth images (Table 4).

Table 4. Summary of the contact length by types, obtained during the mapping performed for the
1877 deposits. All figures are in meters.

Plain Drone Image Satellite Inferred
Field (GPS

Track)
Total

Sindipamba 19,198 7595 10,720 2330 39,843
Víctor Punina 10,068 5288 11,597 2957 29,910
North-eastern 81,980 8677 397 2805 93,859

Eastern 25,646 15,488 3412 2554 47,100
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Figure 9. Detail of (a) geological control points observed in the field superposed on the drone-NDVI
imagery, as compared with (b) the mapped lateral contacts in a segment of the Sindipamba plain. See
Figure 8 for location.

The results of carthography show that the 1877 primary lahar flowed through three
of the four main drainages of the Sindipamba plain. The eastern Chilcahuaycu drainage
perhaps channelized the largest volumes and discharge rates, and fed flows into both the
Rio Salto northwards and the Rio Pita northeastwards (Figure 8). Conversely, the Yanasacha
and the unnamed (to the west) drainages diverted apparent smaller volumes directly to the
Rio Salto. A pyroclastic fow deposit has been mapped in the upper Chilcahuaycu drainage,
from both drone-NDVI and Google Earth imagery (Figures 6 and 8). The field observations
show that the PDC deposit overlies the primary lahar deposit.

4.2. Victor Punina Plain

Similarly to the Sindipamba, the geological field survey in the Victor Punina plain was
complicated due to the low abundance of the specific black bombs in the 1877 deposits and
to the presence of other recent deposits with poor vegetation covering. Only 10 contact and
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6 outcrop-control points could be obtained in the plain, although 17 tracks covering 2.96 km
of 1877 lateral contacts could be recorded, most of them outside the drone-surveyed area,
in the upper stream above the 3800 m level (Table 2, Figure 10).

Figure 10. Results of cartography performed in the Victor Punina plain (see Figure 2 for location).
The map has been rotated counterclockwise (north is pointing to the left) to optimize space. Map
legend is the same shown in Figure 8.

Contact cartography thus also required significant interpretation in the Victor Punina
plain where differences between deposits in the drone-NDVI images were slight due to the
lack of contrast (Figure 11). A total of 29.91 km length of contacts were mapped, from which
11.6 km (38.8%) were inferred and 10.07 km (33.7%) were considered as identifiable from
the drone-NDVI images (Table 4). Moreover, this plain is characterized by a significant
amount of contacts mapped from the Google Earth imagery, with a total of 5.29 km (17.7%)
(Figure 10). In this plain it was evident that even in close locations, there might be significant
changes in the vegetal covering of the 1877 deposits, as is observed in the eastern zone of the
Victor Punina plain where the drone-NDVI imagery shows lighter gray hues (Figure 11).

Figure 11. Detail of (a) geological control points observed in the field superposed on the drone-NDVI
imagery, as compared with (b) the mapped lateral contacts, in a segment of the Victor Punia plain.
See Figure 10 for location. The map has been rotated clockwise (north is pointing to the right) in
order to fit with Figure 10. Map legend is the same as in Figure 9.
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The cartography obtained in the Victor Punina plain shows that the 1877 flow was
channelized in the deep valley of the upper drainage, between the 3800 and the 4000 m
level (Figure 10). Upon arrival to the flatter and wider valley floor, the lahar experienced
significant deposition and formed a fan, after which three narrow ravines contained the
remaining flow towards the conjunction with the Rio Pita northwards (Figure 10). Given
the amount of field data acquired and the difficulty in identifying contacts in the imagery,
the cartography in the Victor Punina plain is considered to have the most uncertainty.

Similar to the case of the Sindipamba plain (Figure 9), other poorly vegetated deposits
can be observed around the 1877 deposits in the Victor Punina plain (Figure 11) in the field
and in the NDVI imagery. These deposits were probably emplaced shortly before 1877 and
belong to the 1854 eruption of Cotopaxi volcano, as also suggested in [17].

4.3. North-Eastern Plain

The North-eastern plain was generally characterized by the occurrence of clearly
distinguishable 1877 deposits. Throughout the plain, the deposits abundantly contained
the specific 1877 black bombs, while displaying the least amount of vegetation covering
with respect to the neighboring deposits, facilitating the identification of lateral contacts
(Figures 4 and 12). Thus, a total of 57 contact and only 1 outcrop control points were
recorded for the 1877 deposits, while 14 outcrops of other deposits were also identified
(Table 2, Figure 12). Additionally, nine GPS tracks were recorded covering a total 2.81 km
of lateral contacts.

Figure 12. Results of cartography performed in the North-eastern plain (see Figure 3 for location).
The map has been rotated counterclockwise (north is pointing to the left) in order to optimize space.
Map legend is the same shown in Figure 8.

Identification and cartography of the 1877 deposits present in the North-eastern plain
was also relatively simple in the drone-NDVI images, given their significant contrast and
the clear correlations with the geological field data (Figure 13). A total of 93.86 km length
contacts were mapped in the plain, from which 81.98 km (87.3%) were considered as identi-
fiable and only 0.4 km (0.4%) were inferred in the NDVI imagery (Table 4). Additionally,
8.68 km were obtained from the Google Earth imagery, mainly in the upper flanks, close to
the 4000 m level (Figure 12).
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Figure 13. Detail of (a) geological control points observed in the field superposed on the drone-NDVI
imagery, as compared with (b) the mapped lateral contacts, in a segment of the North-eastern plain.
See Figure 12 for location. Map legend is the same shown in Figure 9.

The cartography in the North-eastern plain suggests that the total volume of 1877 primary
lahars was significantly larger than in the previous plains, and certainly richer in juvenile clasts
(specific black bombs). They descended through the Potrerillo, Pucarumi, Pucahuayco and
Jatabamba drainages, all of which display wide and deep canyons in the middle and upper
NE flanks of Cotopaxi. Once in the flatter zones, the flows displayed a complex behavior,
producing an intricate network of contacts, specially between the Potrerillo and the Jatabamba
drainages (Figures 10 and 11). Though significant deposition must have occurred in the plain,
large volumes of the flows seem to have reached the Rio Pita, given the long intersections
between the mapped deposits and the river course. The NDVI images also show the presence
of other lahar deposits with changing amounts of vegetation (pale gray shades) surrounding
the 1877 deposits (Figure 13).

Finally, a PDC deposit which descended the Potrerillo drainage was also observed in
the plain, which was composed almost exclusively of the specific 1877 black bombs. From
field observations, this deposit is unequivocally overlying the 1877 primary lahar deposit,
which implies explosive activity at Cotopaxi after the June 26 eruption. This is in agreement
with the report by Wolf [1], who mentions that the volcano produced loud explosions for
several weeks after the main event.

4.4. Eastern Plain

Similarly to the North-eastern plain, the Eastern plain was characterized by the
widespread occurrence of the 1877 deposits, with abundant presence of the specific black
bombs and clear differences in vegetation covering with respect to the neighboring deposits.
Therefore, also in this case the identification of lateral contacts was relatively simple in
the field. A total of 26 contact- and 11 outcrop-control points for the 1877 deposits were
obtained, together with 5 outcrops of older deposits in the plain (Figure 14, Table 2). Addi-
tionally, seven GPS tracks recorded lateral contacts in the Eastern plain for a total distance
of 2.55 km.
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Figure 14. Results of cartography performed in the Eastern plain (see Figure 3 for location). The map
has been rotated counterclockwise (north is pointing to the left) in order to optimize space. Map
legend is the same shown in Figure 8.

The identification of the 1877 contacts in the drone-NDVI images was facilitated by
the clear contrasts produced with other deposits and sharp correlations with the field
data (Figure 15). A total of 47.1 km of contacts were cartographed in the Eastern plain,
from which 25.65 km (54.5%) were considered identifiable and 3.41 km (7.2%) inferred
from the NDVI imagery, while 15.49 km (32.9%) were obtained from Google Earth, mainly
corresponding to the upper zones of the plain (Figures 14 and 15).

 

Figure 15. Detail of (a) geological control points observed in the field superposed on the drone-NDVI
and on the Google Earth imagery, as compared with (b) the mapped lateral contacts, in a segment of
the Eastern plain. See Figure 14 for location. Map legend is the same shown in Figure 9.
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The results show that the 1877 primary lahar flows in the Eastern plain were possibly
the largest of all in the study area and contained abundant specific black bombs. This
suggests that, similar to the North-Eastern plain, the process of glacier melting by contact
with PDCs during the eruption was somehow more widespread or more efficient than
in the Sindipamba and Victor Punina plains to the north. Five deep and wide drainages
channelized the flows descending the eastern higher flank of Cotopaxi, which eventually
coalesced and flooded nearly the whole Eastern plain, before diverting most of the released
volume into the Rio Gualpaloma which are the headwaters of Rio Pita (Figure 14). In the
southernmost Eastern plain, a part of the primary lahar’s discharge indeed flowed into the
Rio Tamboyacu drainage, which runs towards the Amazonian basin (Figures 1 and 14). No
evidence of PDC deposits belonging to the 1877 eruption were identified in this plain.

5. Discussion

5.1. Level of Detail and Inference during Contact Cartography

The present work has been an attempt to produce a detailed geological mapping of
the primary lahars that occurred in the 26 June 1877 eruption of the Cotopaxi volcano. This
means that the mapped contacts represent the zones where those deposits can currently
be found in surface, at 1:5000 scale. However, it is important to recognize the various
limitations and constraints of the cartography performed here.

One of the main flaws of the cartography presented here is that it ignores the actual
existence of relatively extensive alluvial deposits corresponding to the erosion that has
occurred at Cotopaxi since 1877, which partially cover the primary lahar. These alluvial
deposits outcrop extensively in the study area, usually displaying light reddish hues and
forming either fans or intricate branch systems, with sizes ranging from a few to tens of
meters wide. In some places, deposition is actively going on, while in others it seems to
be paused or have stopped completely. The identification of these deposits is easy in the
field, but may be very challenging in the drone-imagery in the case of the thinner branches.
Due to these difficulties, an initial attempt to map these deposits and extract them from the
1877 deposits was abandoned.

It is important to consider that the cartography presented here only partially rep-
resents the original deposits. Specially for the case of the primary lahars, the mapped
contacts should not be considered as the originally flooded regions, but only the places
where enough deposits have remained in place. For lahar flows, it is well known that
the inundation extension is always larger than the observable deposits, even if the study
area is relatively flat. Additionally, as mentioned above, the post-1877 deposition and
erosion have modified the original deposit. Finally, during fieldwork it was evident that
the 1877 deposits were always the least vegetated of any specific place, but the amount of
vegetation was not constant all around the volcano. Thus, in some places, vegetation can be
expected to have completely covered an originally thinner or finer grained lahar deposit.

5.2. Comparison with Previous Works

Though several investigations have been published about the 1877 primary lahars
of Cotopaxi, only a few have presented geological maps of the deposits. The earliest of
those is the report prepared by Theodore Wolf [1], who extensively visited the volcano
shortly after the eruption, in early September, 1877. This report includes a detailed recount
of the events that occurred right before and during the June 26 eruption, a description of
the observations he made during the field visit, which included an ascension to the volcano
summit, and surprisingly wise interpretations about the eruption and the processes that
led to the formation of the primary lahars. A map of Cotopaxi is presented at the end of the
report, where the main geomorphologic features of the volcano are displayed together with
a cartography of the “water and mud avenues” which is indeed the way the author refers
to the primary lahars in the text. The segment of that map covering the proximal northern
drainage of Cotopaxi is shown in Figure 16a, together with the results of the present study
in Figure 16b.
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Figure 16. Comparison between the geological map published by Theodore Wolf [1] (a) and that
obtained in the present study (b). Numbers in (a) denote changes in names or highlight localities
for an improved comparison with (b). 1: Laguna Limpiopungo, 2: Rio Salto, 3: Ingaloma, 4: Salitre,
5: Mudadero, 6: Quebrada Jatabamba, 7: Mauca Mudadero. Map legend for deposits in (b) is the
same shown in Figure 8. North arrow in (a) is approximate.

The cartography obtained in the present study is in significant agreement with Wolf’s
map, and although several location and drainage names are different, it is still possible
to make a direct comparison between both maps. From Limpiopungo lake, eastwards
until Ingaloma, both maps show three main lahar branches joining into the Rio Salto
(Rio de Pedregal in Wolf’s map). Just east of Ingaloma, both maps show the Victor Punina
drainage and plain, but Wolf’s map includes an additional lahar branch at Salitre where
the present study could not find deposit evidence. East and South from Salitre, Wolf’s
map shows the whole North-eastern plain as covered by lahar deposits descending from
only two drainages, the southernmost corresponding to the Quebrada Jatabamba (Quebrada
Mutadero in Wolf’s map) and the other most probably to Pucarumi. Interestingly, Wolf’s
map shows an unnamed drainage equivalent to Quebrada Potrerillo as not channeling the
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1877 deposits, although most modern studies coincide to show primary lahar and/or PDC
in that drainage [6,17,20,48]. Finally, south and east from Mauca Mudadero, Wolf’s map
shows a fully flooded valley corresponding to the Eastern plain in the present study.

A more recent cartographic effort has been performed by Hall and Mothes [20]. This
survey was performed at a 1:50,000 scale, covering the whole volcano spatially and strati-
graphically, and displays a map of the 1877 deposits. Figure 17 shows an overlying of
the lahar deposits in that map with the results here, only for the purpose to highlight the
level of improvement achieved. Indeed, it is difficult to compare both maps, given the
differences in scale and base information used to obtain each one; i.e., it can be noticed that
the topographic base used by Hall and Mothes [20] does not match the one available for
the present study.

 

Figure 17. Comparison between the lahar deposits mapped in the present study and those presented
by Hall and Mothes [20].

Finally, Pistolesi et al. [17] present a detailed geological map coincident with the area
of the present study, based on an extensive stratigraphic study of the Cotopaxi primary
lahars that have occurred during the last eight centuries. Unfortunately, the cartographical
data (geospatial layers) are not available from the paper publisher, and a digitalization of
the published map was unpractical due to the figure size and the lack of a coordinates grid
in the map. Nonetheless, significant coincidences and differences may be highlighted with
respect to the present results.

In general, the Pistolesi et al. [17] map displays the 1877 deposits outcropping in all
the same four plains as the results here. The contacts mapped in the Sindipamba and
Victor Punina plain seem generally coincident in distribution and size with respect to
Figures 8 and 10, although the lahar branch of the Quebrada Chilcahuaycu is lacking in
the former. However, clear differences arise in the North-eastern and Eastern plains. In
both cases, the 1877 outcrops mapped by Pistolesi et al. [17] appear in much smaller zones
with respect to Figures 12 and 14. In the North-eastern zone, only the PDC deposits at
Quebrada Poterillo and a very small primary lahar branch of the Quebrada Jatabamba
are mapped, while in the Eastern plain only the western half of the valley appears to
contain the 1877 primary lahar deposits. This lack of deposits in the North-eastern and
Eastern plains in the Pistolesi et al. [17] map, and is also in contradiction with the direct
observations made by Wolf shortly after the eruption (Figure 16a).
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The Pistolesi et al. map also shows that all the plains are largely covered by deposits
belonging to older Cotopaxi eruptions. This agrees with observations made in the present
study even if the cartography is not coincident. Older deposits could be observed both in
the field and in the drone-NDVI imagery, some of them with apparent lateral extensions
suggesting much larger volumes than the 1877 deposit, especially in the Sindipamba, Victor
Punina and North-eastern plains. A detailed cartography of those deposits using the drone-
NDVI imagery could also be possible if specific facies criteria were available to constrain
them in the field, i.e., the case of the fragile cauliflower-shaped black-bombs present in the
1877 deposits.

5.3. Future Lahar Hazard Assessment and Modelling

The main findings of the present study should be taken into account when lahar
hazard at Cotopaxi is re-assessed with improved numerical models in the future. Two of
the most recent and developed numerical approaches tested for lahar hazard assessment
at Cotopaxi are based on: the numerical solution of fluid-dynamics partial differential
equations that represent lahars by a Voellmy-Salm reology (RAMMS software) [29]; and,
the use of a multicomponent Cellular Automata of semiempirical models of surface flows
(LLUMPIY model) [30]. Both are 3D models capable of simulating phenomena such as
erosion and deposition of the moving flow, as well as providing fundamental quantitative
information (i.e., for further risk assessment) such as basal, lateral and impact pressure, or
flow height and average velocity at any point of a high-resolution drainage topography. In
those studies, RAMMS and LLUMPIY have produced simulations starting in the higher
Cotopaxi flanks, with the latter being even capable of simulating contrasting rates of water
release from the glacier during the eruption. Finally, and as usual, in both studies the
models were calibrated using geological information related to the 1877 eruption and
primary lahars.

Thus, in the simplest approach, the results of the present study could be useful to
improve the calibration of new generation models such as RAMMS or LLUMPIY [29,30].
This means that the adjustment of parameters governing any 1877 model should be such
that the produced simulations are at least somewhat similar to the cartography presented
here, considering that the current day topography might be significantly different from that
prior to 1877 and, as already discussed, the cartography presented here only represents the
current day lithic deposit left since the original event. In this comparative approach, the
calibration simulations produced by RAMMS [29] seem closer to the results obtained here,
although they ignore a significant part of the flows that descended the Eastern plain, which
certainly has an impact on the final results.

Conversely, the 1877 calibration simulations obtained with LLUMPIY [30] are sig-
nificantly different from the cartography of this study. One of the main reasons for such
differences may be related to another finding highlighted here. The present survey has
shown that the 1877 primary lahar deposits observed in the Sindipamba and Victor Pun-
ina plains were clearly depleted in the 1877-specific black bombs and were, in general,
smaller in size with respect to those observed in the North-Eastern and Eastern plains. This
suggests that important differences existed between the PDCs that melted the glacier in
the North flank with respect to those in the East flank of Cotopaxi. Such differences are
explained by the topography of the summit crater, whose northern rim is ~120 m higher
than its eastern rim, which produced that only the more diluted bomb-depleted PDCs
descended northwards, while the denser bomb-rich PDCs descended towards the East.
However, one of the main assumptions made in [30] during LLUMPIY calibrations, is that
PDCs (and consequently primary lahars) are evenly distributed all around the crater rim,
which ultimately produces the differences between the calibration simulations and the
cartography obtained here.

287



Remote Sens. 2022, 14, 631

6. Conclusions

A detailed (1:5000 scale) geological cartography has been performed for the deposits
belonging to primary lahars occurred at Cotopaxi volcano on 26 June 1877, as observed
in the Sindipamba, Victor Punina, North-Eastern and Eastern plains, which compose the
northern proximal drainage. The final cartography was possible through a combination of
geological fieldwork with the analysis and interpretation of high-definition imagery ob-
tained by drone surveys. During fieldwork, contacts and outcrops of the 1877 deposits were
recorded in locations where a very specific cauliflower-shaped black bomb was identified.
On the other hand, the drone imagery included near-infrared, red and green bands, which
allowed obtaining 25 cm/pixel NDVI imagery with the help of SfM procedure, covering
a total surface of 28.4 km2, where the 1877 deposits were identified and cartographed at
1:5000 scale. Additionally, Google Earth imagery was used in some regions where the drone
surveys could not be performed.

From those data, a total of 210.63 km length of contacts was drawn for the 1877 deposits,
from which 136.84 km were obtained from the drone-NDVI imagery, 37.02 km from the
Google Earth imagery, 10.64 km were GPS field tracks and 26.13 km were classed as in-
ferred. The results show that the primary lahars that occurred in the Sindipamba and Victor
Punina plains were clearly depleted in the specific 1877 black bomb and smaller in size
with respect to those that flooded the North-Eastern and Eastern plains. This suggests that
significant differences existed between the PDCs that melted the glacier in the North flank
with respect to the East flank, during the formation of primary lahars which, in turn, might
be a consequence of Cotopaxi’s summit crater topography.

The obtained cartography is in general agreement with respect to previous studies, but
it represents a significant advance in the level of detail achieved and in the methodological
approach, which can be applied in other volcanic areas. However, it is important to mention
that the cartography represents the currently identifiable outcrops, which are expected
to be different from the originally flooded areas, due to the action of erosion/deposition
processes and vegetation development that have occurred at Cotopaxi since 1877.

Finally, next generation lahar hazard assessments at Cotopaxi volcano might benefit
from the results from this study. Specifically, the calibration of developed numerical models
could be improved by either comparative approaches to the cartography presented here, or
by the new insight obtained with respect to the 1877 eruption.

Author Contributions: Conceptualization, methodology, field-work, data acquisition and analysis
and original draft preparation, S.D.A.; field-work, data acquisition, curation and analysis, E.S., S.C.
and V.N.; resources and data acquisition G.L. and J.B. All authors have read and agreed to the
published version of the manuscript.

Funding: E.S and S.C. were funded by Escuela Politécnica Nacional (Ecuador) through the grant num-
ber PIMI 1608 (for S.D.A.). Additionally, V.N. was funded by the UK United Kingdom Research and
Innovation (UKRI) Collective Fund using Official Development Assistance (ODA) funding through
the UKRI GCRF: Urban Disaster Risk Hub—Tomorrow’s Cities (UKRI grant number NE/S00900-1).

Data Availability Statement: The following datasets are freely available online at https://zenodo.
org/deposit/5866730 (accessed on 17 November 2021) (doi:10.5281/zenodo.5866730): (1) Drone-
NDVI imagery at 25cm/pixel for the four surveyed plains; (2) Geospatial vector layer of the geological
fieldwork control points; (3) Geospatial vector layer of the cartographed 1877 deposit contact lines;
(4) Geospatial vector layer for the cartographed 1877 deposit polygons.

Acknowledgments: The authors would like to thank Elisa Sevilla and Karina Barragán for the high-
quality digital historical information provided. Also, the invaluable support during geological and drone
fieldwork provided by staff at Instituto Geofísico—Escuela Politécnica Nacional is deeply acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

288



Remote Sens. 2022, 14, 631

References

1. Wolf, T. Memoria sobre el Cotopaxi y su última Erupción acaecida el 26 de Junio de 1877; Imprenta de El Comercio: Guayaquil, Ecuador,
1878; p. 48.

2. Sodiro, L. Relación Sobre la Erupción del Cotopaxi acaecida el día 26 de Junio de 1877; Imprenta Nacional: Quito, Ecuador, 1877; p. 40.
3. Miller, C.; Mullineaux, D.; Hall, M. Reconnaissance Map of Potential Volcanic Hazards from Cotopaxi Volcano, Ecuador; U.S. Department

of the Interior: Washington, DC, USA, 1978.
4. Mothes, P. Lahars of Cotopaxi Volcano, Ecuador: Hazard and Risk Evaluation. In Geohazards, Natural and Man-Made; McCall, G.,

Laming, D., Scott, S., Eds.; Chapman and Hall: London, UK, 1992; pp. 53–64.
5. Mothes, P.A.; Hall, M.L.; Janda, R.J. The Enormous Chillos Valley Lahar: An Ash-Flow-Generated Debris Flow from Cotopaxi

Volcano, Ecuador. Bull. Volcanol. 1998, 59, 233–244. [CrossRef]
6. Mothes, P.; Hall, M.L.; Andrade, D.; Samaniego, P.; Pierson, T.C.; Ruiz, A.G.; Yepes, H. Character, Stratigraphy and Magnitude of

Historical Lahars of Cotopaxi Volcano (Ecuador). Acta Vulcanol. 2004, 16, 85–108.
7. Aguilera, E.; Pareschi, M.T.; Rosi, M.; Zanchetta, G. Risk from Lahars in the Northern Valleys of Cotopaxi Volcano (Ecuador). Nat.

Hazards 2004, 33, 161–189. [CrossRef]
8. Pierson, T.C.; Janda, R.J.; Thouret, J.-C.; Borrero, C.A. Perturbation and Melting of Snow and Ice by the 13 November 1985

Eruption of Nevado Del Ruiz, Colombia, and Consequent Mobilization, Flow and Deposition of Lahars. J. Volcanol. Geotherm. Res.
1990, 41, 17–66. [CrossRef]

9. Hall, M.L.; von Hillebrandt, C. Mapa de los Peligros Volcánicos Potenciales Asociados con el volcán Cotopaxi, zona Norte 1988; Instituto
Geofísico, Escuela Politécnica Nacional: Quito, Ecuador.

10. Hall, M.L.; von Hillebrandt, C. Mapa de los Peligros Volcánicos Potenciales Asociados con el volcán Cotopaxi, zona sur 1988; Instituto
Geofísico, Escuela Politécnica Nacional: Quito, Ecuador.

11. Hall, M.L.; Mothes, P.A.; Samaniego, P.; Yepes, H.; Andrade, S.D. Mapa Regional de los Peligros Volcánicos Potenciales del Volcán
Cotopaxi—Zona Norte 2004; Instituto Geofísico, Escuela Politecnica Nacional: Quito, Ecuador.

12. Hall, M.L.; Mothes, P.A.; Samaniego, P.; Yepes, H.; Andrade, S.D. Mapa Regional de los Peligros Volcánicos Potenciales del Volcán
Cotopaxi—Zona Sur 2004; Instituto Geofísico, Escuela Politecnica Nacional: Quito, Ecuador.

13. Mothes, P.A.; Espín, P.A.; Hall, M.L.; Vasconez, F.; Sierra, D.; Andrade, S.D. Mapa Regional de Amenazas Volcánicas Potenciales del
Volcán Cotopaxi—Zona Norte 2016; Instituto Geofísico, Escuela Politécnica Nacional: Quito, Ecuador.

14. Mothes, P.A.; Espín, P.A.; Hall, M.L.; Vasconez, F.; Sierra, D.; Córdova, M.; Santamaría, S. Mapa Regional de Amenazas Volcánicas
Potenciales del Volcán Cotopaxi—Zona Sur 2016; Instituto Geofísico, Escuela Politécnica Nacional: Quito, Ecuador.

15. Vasconez, F.; Sierra, D.; Almeida, M.; Andrade, S.D.; Marrero, J.; Mothes, P.A.; Bernard, B.; Encalada, M. Mapa Preliminar de
Amenazas Potenciales del Volcán Cotopaxi—Zona Oriental 2017; Instituto Geofísico, Escuela Politécnica Nacional: Quito, Ecuador.

16. Barberi, F.; Carusso, P.; Macedonio, G.; Pareschi, M.T.; Rosi, M. Reconstruction and Numerical Simulation of the Lahar of the 1877
Eruption of Cotopaxi Volcano (Ecuador). Acta Vulcanol. 1992, 2, 35–44.

17. Pistolesi, M.; Cioni, R.; Rosi, M.; Cashman, K.V.; Rossotti, A.; Aguilera, E. Evidence for Lahar-Triggering Mechanisms in Complex
Stratigraphic Sequences: The Post-Twelfth Century Eruptive Activity of Cotopaxi Volcano, Ecuador. Bull. Volcanol. 2013, 75, 698.
[CrossRef]

18. Pistolesi, M.; Cioni, R.; Rosi, M.; Aguilera, E. Lahar Hazard Assessment in the Southern Drainage System of Cotopaxi Volcano,
Ecuador: Results from Multiscale Lahar Simulations. Geomorphology 2014, 207, 51–63. [CrossRef]

19. Ettinger, S.; Mothes, P.; Paris, R.; Schilling, S. The 1877 Lahar Deposits on the Eastern Flank of Cotopaxi Volcano. Geomorphologie
2007, 13, 271–280. [CrossRef]

20. Hall, M.; Mothes, P. The Rhyolitic–Andesitic Eruptive History of Cotopaxi Volcano, Ecuador. Bull. Volcanol. 2008, 70, 675–702.
[CrossRef]

21. Sierra, D.; Vasconez, F.; Andrade, S.D.; Almeida, M.; Mothes, P. Historical Distal Lahar Deposits on the Remote Eastern-Drainage
of Cotopaxi Volcano, Ecuador. J. S. Am. Earth Sci. 2019, 95, 102251. [CrossRef]

22. Christie, R.; Cooke, O.; Gottsmann, J. Fearing the Knock on the Door: Critical Security Studies Insights into Limited Cooperation
with Disaster Management Regimes. J. Appl. Volcanol. 2015, 4. [CrossRef]

23. Ariyanti, V.; Gaafar, T.; De La Sala, S.; Edelenbos, J.; Scholten, P. Towards Liveable Volcanic Cities: A Look at the Governance of
Lahars in Yogyakarta, Indonesia, and Latacunga, Ecuador. Cities 2020, 107, 102893. [CrossRef]

24. Rodriguez, F.; Toulkeridis, T.; Sandoval, W.; Padilla, O.; Mato, F. Economic Risk Assessment of Cotopaxi Volcano, Ecuador, in
Case of a Future Lahar Emplacement. Nat. Hazards 2017, 85, 605–618. [CrossRef]

25. Mothes, P.A.; Ruiz, M.C.; Viracucha, E.G.; Ramón, P.A.; Hernández, S.; Hidalgo, S.; Bernard, B.; Gaunt, E.H.; Jarrín, P.; Yépez, M.A.;
et al. Geophysical Footprints of Cotopaxi’s Unrest and Minor Eruptions in 2015: An Opportunity to Test Scientific and Community
Preparedness. In Volcanic Unrest: From Science to Society; Gottsmann, J., Neuberg, J., Scheu, B., Eds.; Springer: Cham, Switzerland,
2019; pp. 241–270. ISBN 978-3-319-58412-6.

26. Hidalgo, S.; Battaglia, J.; Arellano, S.; Sierra, D.; Bernard, B.; Parra, R.; Kelly, P.; Dinger, F.; Barrington, C.; Samaniego, P. Evolution
of the 2015 Cotopaxi Eruption Revealed by Combined Geochemical and Seismic Observations. Geochem. Geophys. Geosyst. 2018,
19, 2087–2108. [CrossRef]

27. Toapaxi, J.A.; Ortega, P.; Casa, E.; Santamaría, J.; Hidalgo, X. Análisis de la Modelación Numérica del Flujo Producto de una
Erupción del Volcán Cotopaxi—Flanco Norte. Rev. Politéc. 2019, 44, 7–14. [CrossRef]

289



Remote Sens. 2022, 14, 631

28. Vera, P.; Ortega, P.; Casa, E.; Santamaría, J.; Hidalgo, X. Modelación Numérica y Mapas de Afectación por Flujo de Lahares
Primarios en el Drenaje Sur del Volcán Cotopaxi. Rev. Politéc. 2019, 43, 61–72. [CrossRef]

29. Frimberger, T.; Andrade, S.D.; Weber, S.; Krautblatter, M. Modelling Future Lahars Controlled by Different Volcanic Eruption
Scenarios at Cotopaxi (Ecuador) Calibrated with the Massively Destructive 1877 Lahar. Earth Surf. Process. Landf. 2021, 46,
680–700. [CrossRef]

30. Lupiano, V.; Catelan, P.; Calidonna, C.R.; Chidichimo, F.; Crisci, G.M.; Rago, V.; Straface, S.; Di Gregorio, S. LLUNPIY Simulations
of the 1877 Northward Catastrophic Lahars of Cotopaxi Volcano (Ecuador) for a Contribution to Forecasting the Hazards.
Geosciences 2021, 11, 81. [CrossRef]

31. Turner, D.; Lucieer, A.; Watson, C. An Automated Technique for Generating Georectified Mosaics from Ultra-High Resolution
Unmanned Aerial Vehicle (UAV) Imagery, Based on Structure from Motion (SfM) Point Clouds. Remote Sens. 2012, 4. [CrossRef]

32. Cress, J.J.; Hutt, M.; Sloan, J.; Bauer, M.; Feller, M.; Goplen, S. US Geological Survey Unmanned Aircraft Systems (UAS) Roadmap 2014;
US Department of the Interior, US Geological Survey: Reston, VA, USA, 2015.

33. Favalli, M.; Fornaciai, A.; Isola, I.; Tarquini, S.; Nannipieri, L. Multiview 3D Reconstruction in Geosciences. Comput. Geosci. 2012,
44, 168–176. [CrossRef]

34. Westoby, M.J.; Brasington, J.; Glasser, N.F.; Hambrey, M.J.; Reynolds, J.M. ‘Structure-from-Motion’ Photogrammetry: A Low-Cost,
Effective Tool for Geoscience Applications. Geomorphology 2012, 179, 300–314. [CrossRef]

35. James, M.R.; Robson, S. Sequential Digital Elevation Models of Active Lava Flows from Ground-Based Stereo Time-Lapse Imagery.
ISPRS J. Photogramm. Remote Sens. 2014, 97, 160–170. [CrossRef]

36. Jordan, B.R. Collecting Field Data in Volcanic Landscapes Using Small UAS (SUAS)/Drones. J. Volcanol. Geotherm. Res. 2019, 385,
231–241. [CrossRef]

37. Amici, S.; Turci, M.; Giulietti, F.; Giammanco, S.; Buongiorno, M.F.; La Spina, A.; Spampinato, L. Volcanic Environments
Monitoring by Drones—Mud Volcano Case Study. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2013, XL-1/W2, 5–10.
[CrossRef]

38. Favalli, M.; Fornaciai, A.; Nannipieri, L.; Harris, A.; Calvari, S.; Lormand, C. UAV-Based Remote Sensing Surveys of Lava Flow
Fields: A Case Study from Etna’s 1974 Channel-Fed Lava Flows. Bull. Volcanol. 2018, 80, 29. [CrossRef]

39. De Beni, E.; Cantarero, M.; Messina, A. UAVs for Volcano Monitoring: A New Approach Applied on an Active Lava Flow on Mt.
Etna (Italy), during the 27 February–02 March 2017 Eruption. J. Volcanol. Geotherm. Res. 2019, 369, 250–262. [CrossRef]

40. Turner, N.; Perroy, R.L.; Hon, K.A.; Rasgado, V. Kı̄lauea June 27th Lava Flow Hazard Mapping and Disaster Response with UAS;
American Geophysical Union Fall Meeting Abstracts. 2015. Available online: https://agu.confex.com/agu/fm15/meetingapp.
cgi/Paper/85504 (accessed on 17 November 2021).

41. Tsunetaka, H.; Shinohara, Y.; Hotta, N.; Gomez, C.; Sakai, Y. Multi-Decadal Changes in the Relationships between Rainfall
Characteristics and Debris-Flow Occurrences in Response to Gully Evolution after the 1990–1995 Mount Unzen Eruptions. Earth
Surf. Processes Landf. 2021, 46, 2141–2162. [CrossRef]

42. Walter, T.R.; Salzer, J.; Varley, N.; Navarro, C.; Arámbula-Mendoza, R.; Vargas-Bracamontes, D. Localized and Distributed Erosion
Triggered by the 2015 Hurricane Patricia Investigated by Repeated Drone Surveys and Time Lapse Cameras at Volcán de Colima,
Mexico. Geomorphology 2018, 319, 186–198. [CrossRef]

43. Gomez, C.; Shinohara, Y.; Tsunetaka, H.; Hotta, N.; Bradak, B.; Sakai, Y. Twenty-Five Years of Geomorphological Evolution in the
Gokurakudani Gully (Unzen Volcano): Topography, Subsurface Geophysics and Sediment Analysis. Geosciences 2021, 11, 457.
[CrossRef]

44. Bunds, M.; Toké, N.; DuRoss, C.; Gold, R.; Reitman, N.; Johnson, K.; LaJoie, L.; Personius, S.; Briggs, R.; Fletcher, A. High-
Resolution Topographic Mapping for Geologic Hazard Studies Using Low-Altitude Aerial Photographs and Structure from
Motion Software: Methods, Accuracy, and Examples. In Proceedings of the GSA Annual Meeting, Baltimore, MD, USA, 1–4
November 2015; p. 733.

45. Rodgers, M.; Dixon, T.H.; Gallant, E.; López, C.M.; Malservisi, R.; Ordoñez, M.; Richardson, J.A.; Voss, N.K.; Xie, S. Terrestrial
Radar Interferometry and Structure-from-Motion Data from Nevado Del Ruiz, Colombia for Improved Hazard Assessment
and Volcano Monitoring. In Proceedings of the AGU Fall Meeting Abstracts, San Francisco, CA, USA, 14–18 December 2015;
p. G41A-1017.

46. Vezzoli, L.; Apuani, T.; Corazzato, C.; Uttini, A. Geological and Geotechnical Characterization of the Debris Avalanche and
Pyroclastic Deposits of Cotopaxi Volcano (Ecuador). A Contribute to Instability-Related Hazard Studies. J. Volcanol. Geotherm.
Res. 2017, 332, 51–70. [CrossRef]

47. Pistolesi, M.; Rosi, M.; Cioni, R.; Cashman, K.V.; Rossotti, A.; Aguilera, E. Physical Volcanology of the Post-Twelfth-Century
Activity at Cotopaxi Volcano, Ecuador: Behavior of an Andesitic Central Volcano. Geol. Soc. Am. Bull. 2011, 123, 1193–1215.
[CrossRef]
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Abstract: Stromboli is an active insular volcano located in the Southern Tyrrhenian Sea and its
recent volcanic activity is mostly confined within the Sciara del Fuoco (SdF, hereafter), a 2-km wide
subaerial–submarine collapse scar, which morphologically dominates the NW flank of the edifice.
In August-November 2014, an effusive eruption occurred along the steep SdF slope, with multiple
lava flows reaching the sea. The integration of multisensor remote sensing data, including lidar,
photogrammetric, bathymetric surveys coupled with SAR amplitude images collected before and
after the 2014 eruption enabled to reconstruct the dynamics of the lava flows through the main
morphological changes of the whole SdF slope. Well-defined and steep-sided ridges were created
by lava flows during the early stages of the eruption, when effusion rates were high, favoring the
penetration into the sea of lava flows as coherent bodies. Differently, fan-shaped features were
emplaced during the declining stage of the eruption or in relation to lava overflows and associated
gravel flows, suggesting the prevalence of volcaniclastic breccias with respect to coherent lava flows.
The estimated volume of eruptive products emplaced on the SdF slope during the 2014 eruption,
accounts for about 3.7 × 106 m3, 18% of which is in the submarine setting. This figure is different
with respect to the previous 2007 eruption at Stromboli, when a large lava submarine delta formed.
This discrepancy can be mainly related to the different elevation of the main vents feeding lava
flows during the 2007 eruption (around 400 m) and the 2014 eruption (around 650 m). Besides
slope accretion, instability processes were detected both in the subaerial and submarine SdF slope.
Submarine slope failure mobilized at least 6 × 105 m3 of volcaniclastic material, representing the
largest instability event detected since the 2007 lava delta emplacement.

Keywords: lava delta; slope failure; repeated bathymetric surveys; digital elevation models; LiDAR;
PLÉIADES; morphological monitoring

1. Introduction

Stromboli is the north-easternmost island of the Aeolian Archipelago in the Southern
Tyrrhenian Sea, representing the tip of a large, 3000 m-high volcanic edifice (Figure 1).
Stromboli and Panarea volcanic edifices are part of a 45 km long volcanic area developed
along a NE-SW regional extensional fault system (Figure 1b) above the thinned continental
crust of the Calabrian Arc [1,2]. The evolution of Stromboli island occurred in the last 85 ka
(apart from the older Strombolicchio edifice dated at about 200 ka) and can be divided in
six main growth stages, with magmas ranging from calc-alkaline to potassic series, typical
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of an arc-volcanic setting, whose formation can be related to the subduction of the Ionian
crust beneath the Calabrian Arc ([2] and references therein).

The Stromboli edifice is characterized by a quasi-bilateral symmetry with respect to
a tectonically controlled NE-SW axis (Figure 1c), which corresponds to the main orien-
tation and distribution of dykes, eruptive fissures, secondary vents and active summit
craters during most of the volcano evolution [1–3]. Dyke intrusion along this axis also
promoted the development of recurrent lateral collapses along the NW and SE flanks of
the volcano [2,4,5]. Specifically, multiple sectors collapses affected the NW flank of the
edifice in the last 13 ka, the last of them likely occurred during medieval times, leading to
the development of the Sciara del Fuoco scar, SdF hereafter (Figure 1c) [2].

 

Figure 1. (a) Simplified geological map of Italy (modified from [6]), with the location of the Aeolian Islands (black box); (b)
zoom of the Aeolian archipelago in the Southern Tyrrhenian Sea, with the geographical location of Stromboli Island (in red)
and the main SW–NE regional system (black dashed lines) controlling the Stromboli–Panarea alignment; (c) shaded relief
map and contour lines (equidistance 500 m) of the Stromboli edifice (location in Figure 1b), with the indication of the 2002
tsunamigenic landslide scars (see also Figure 4a) and the main rift axis oriented along the SW–NE direction.

The SdF is a very steep subaerial/submarine partially filled depression that funnels
eruptive material produced at the summit craters into the sea, where a large volcaniclastic
fan, composed by debris avalanche deposits and overlying turbidite deposits, is recogniz-
able to over 3000 m water depth (mwd, hereafter) [7]. This volcaniclastic system is mostly
fed by the persistent activity, occurring at the summit craters (South-Western, Central
and North-Eastern Craters, SWC, CC and NEC, respectively, in Figure 1a). This activity,
mostly consisting of low- to mid-energy Strombolian explosions, shows intensity and
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frequency fluctuations over time and is punctuated by: (a) high-energy explosive events,
called paroxysms [8,9], often associated with pyroclastic flows as observed in 2019 [10],
and (b) lava overflows from the summit crater area [11,12] and/or effusive flank eruptions,
as recently occurred in 1985–1986, 2002–2003, 2007 and 2014 [13–16].

Dyke intrusions and effusive eruptions also induce stress changes on the volcanic
flanks and can generate slope instability at different spatial scales, as observed during the
initial phases of the last four flank eruptions [16–18]. Of these events, only the 2002–2003
eruption was associated with the occurrence of tsunamigenic submarine and subaerial
landslides (red dashed line in Figure 1c; [19,20]). The tsunami waves related to the 2002 sub-
marine and subaerial landslides severely impacted the Stromboli coastline with a maximum
runup of 10 m [21], evidencing the high hazard associated with similar events that have
repeatedly occurred also during the previous century [22,23]. Since then, SdF slopes have
been carefully monitored through repeated topographic surveys for their submarine [24–26]
and subaerial part [27]. These surveys are part of a more complex monitoring network
including: ground-based thermal infrared data [3]; infrasonic monitoring [28], seismic
network [29], borehole strainmeters [10], dilatometric sensors [30], ground tiltmeters [31],
plume and soil gas geochemical monitoring [32,33], two ground-based interferometric
synthetic aperture radar sites [34] and satellite thermal monitoring [35]. However, except
for the study of the 2002-2003 eruption and related tsunamigenic landslides [36], no com-
prehensive subaerial and submarine studies of the eruptive events occurring at SdF were
performed until now.

In this paper, we present an integrated analysis of multisensor remote sensing data
for the characterization of the morphological changes associated with the 2014 effusive
eruption occurred at Stromboli volcano, during which lava flows entered the sea in the
NW shallow offshore of the island. In detail, the bathymetric comparison between multi-
beam surveys performed before and after the 2014 eruption have been integrated with
lidar, photogrammetric and SAR amplitude images [16], aimed at fully understanding the
morphological evolution of the SdF slope involved in this eruption. The integration of
submarine and subaerial DEMs also allows one to estimate the volume of the eruptive
products emplaced on the SdF slope during the 2014 eruption and compare it with the
values previously estimated using satellite and ground based thermal observation [28,37],
thus providing a crossvalidation of the two methodological approaches.

More generally, the results of this study are important to better understand the behav-
ior and morphological evolution of lava flows penetrating into the sea, mainly in relation
to the paucity of bathymetric monitoring of coastal areas during eruptive crisis [25,38],
with observations mainly limited to the subaerial part of lava deltas [27,39,40] or scuba
dives at water depth less than 50 m [41,42]. This is a very important issue considering the
possible hazard associated with these events in active insular and coastal volcanoes.

2. The 2014 Eruption: Chronology and Subaerial Morphological Analysis

The 2014 effusive eruption began on the morning of 7 August 2014 and ended on 13
November 2014. The eruption was preceded by two months of more intense activity and
anomalous values in geophysical and geochemical parameters [28,32,43], with stronger
and more frequent Strombolian explosions, overflows from the crater terrace and small
landslides along the subaerial SdF triggered by crater-rim collapse or by remobilization of
volcaniclastic material by overflows (Figure 2a, [44]). The most frequent explosive activity
and the lava overflows were generated mainly by the NEC, with the accumulation and
remobilization of volcaniclastic material along the central part of the SdF [16,44]. On 6
August 2014, starting in the early afternoon, a series of overflows from the NEC area
reached the sea. These events were associated with crater-rim collapse landslides that
occurred in the same sector (Figure 2a; [16]). The actual onset of the eruption (between 3
and 5 a.m. UTC on 7 August 2014) was marked by the propagation of magma from the
crater terrace towards the NEC, with the development of an eruptive fracture that fed a
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lava vent at an altitude of 650 m above sea level, asl hereafter (Figure 2d,e) located 100 m
lower than the crater terrace altitude.

 

Figure 2. (a) Landslide associated with an overflow occurred on 6 August 2014; (b) initial phases of the 2014 eruption, with
the entry into the sea of the various branches of the lava flow on 7 August 2014; (c) the Sciara del Fuoco during the 2014
effusion, with the extension of the 2014 lava field, the area affected by the different overflows of July-early August 2014 and
by subsequent debris flows to November 2014; (d) single thermogram (approximately 0.67 m pixel resolution) showing the
active lava flows, the various branches of the lava field, and the overflows of emplaced on 6 August 2014 and subsequent
debris flows to November 2014; (e) proximal area of the upper SdF slope that highlights the emission zone of the July-early
August 2014 overflows (F1 to F3) and the vent of the 2014 lava field (F4, in red).
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The propagation of the fracture triggered the collapse of the volcaniclastic talus below
the NEC [16]. The first days of the 2014 eruption were characterized by a high effusive
rate, which decreased dramatically in the following days, and then remained low for
the duration of the eruption [28,45]. During this initial phase, a series of lava flows
reached the sea in different points, always located in the northernmost area of the SdF
(Figure 2b–d; [46]). Subsequently, with the decrease of the effusive rate, the lava flows
did not propagate far from the vent, with lava fronts that stood at around 400 m a.s.l..
This produced the typical morphology of Stromboli lavas with vent positioned at high
altitudes [14], with the development of a proximal shield, a medial zone fed by small flows,
and characterized by frequent lava crumbling down slope and producing a debris field,
with debris moving downslope, to the coastline (Figure 2c,d; [46]).

The volume of lava emitted by the 2014 eruption has been estimated to be 7.4 ×
106 m3 by [37] and 5.5 × 106 m3 by [28], with 2.697 ± 0.190 × 106 m3 of lava emplaced
on the subaerial slope (black dashed line in Figure 1b; [47]). After the 2014 eruption,
at least for the period 2015-2016, the eruptive activity remained at very low levels [29],
mainly characterized by sporadic, low intensity Strombolian explosions. In this period the
volcaniclastic sedimentation from the crater area towards the SdF was significantly reduced,
and erosion of the 2014 lava field mainly occurred, with small landslides mobilizing
volumes in the order of 103–104 m3 [34].

3. Data and Methods

Data used for this research mainly rely on the analysis of morphological changes
detected by using high-resolution topo-bathymetric surveys collected before and after the
2014 eruption along the SdF collapse scar and time-lapse SAR (synthetic aperture radar)
amplitude images collected between May and August 2014 (Figure 3 and Table 1).

Figure 3. Timeline of the surveys performed for this study, with the indication of the 2014 flank eruption and period of
“ordinary” and intense Strombolian activity.

Table 1. Timetable of the surveys used for monitoring the morphological evolution of the August-November 2014 effusive
eruption at Stromboli. Time elapsed refers to months before (−) and after (+) the 2014 eruption.

Survey Date Time Elapsed Elevation Range Cell-Size

LiDAR 4-8/05/2012 −27 months 0–981 m a.s.l. 1 m

Bathymetry
EM710 (70–100 kHz) 15/2/2013 −18 months 25–700 mwd 3 m

SAR amplitude
COSMO-SkyMed 8/5/2014 −91 days 0–981 m a.s.l. 3 m

SAR amplitude 24/5/2014 −75 days 0–981 m a.s.l. 3 m
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Table 1. Cont.

Survey Date Time Elapsed Elevation Range Cell-Size

SAR amplitude 9/6/2014 −59 days 0–981 m a.s.l. 3 m

SAR amplitude 25/6/2014 −43 days 0–981 m a.s.l. 3 m

SAR amplitude 11/7/2014 −27 days 0–981 m a.s.l. 3 m

SAR amplitude 27/7/2014 −11 days 0–981 m a.s.l. 3 m

SAR amplitude 12/8/2014 +5 days after the onset 0–981 m a.s.l. 3 m

Bathymetry
Teledyne Reson 7125 (455 kHz)
Teledyne Reson 8160 (45 kHz)

1/1/2016 +14 months 10–100 mwd
50–700 mwd 1–3 m

Photogrammetric
PLÉIADES tri-stereo 26/05/2017 +30 months 0–981 m a.s.l. 1 m

CSK-SAR dataset description: COSMO-SKYMED

Wavelength: 3.12 cm Geometry: Descending Sensor mode: H4-01 Track: 98

Line of sight angles 25.48◦ 11.19◦

Line of sight versors V: 0.903 N: −0.084 E: 0.422

3.1. Lidar, Photogrammetric and Bathymetric Surveys

The difference map, obtained by comparing repeated digital elevation models (DEMs,
hereafter), enable us to quantify the morphological change occurred on the SdF slope
during the time interval between the surveys, with positive and negative values associated
with slope accretion and erosion, respectively. The volumes associated with slope changes
were obtained by integrating the difference in depth over the area of interest through the
software Global Mapper. The reliability of computed volumes depends on the resolution
and accuracy of the DEMs, as described below both for the submarine and subaerial slope.

For the submarine slope, seafloor changes were computed through the difference
between multibeam bathymetries collected in 2013 and 2016 onboard the R.V. Urania and
Minerva 1 (CNR). On 15 February 2013, bathymetric data were collected between 25 and
700 m water depths using the multibeam echosounder Kongsberg Simrad EM710 working
at a frequency of 70–100 kHz. On 1 January 2016, bathymetric data were collected in
the depth range 10-700 m using Teledyne Reson 7125 and 7160 multibeam echosounders
working at a frequency of 400 kHz and 45 Hz in shallow- (<100 mwd) and deep-water
(>100 mwd), respectively. In these surveys, data were DGPS-positioned and processed with
hydrographic software (Caris Hips and Sips Professional), using daily sound speed profiles
and patch test of transducers in the survey zone. Furthermore, a hull-mounted sound
speed sensor was used to update in real-time the sound velocity values close to the flat face
of the multibeam transducer. Tidal corrections were performed using data from the nearby
tide gauge stations (www.mareografico.it). Random spikes and organized noise (multiple)
produced by local very steep slopes were removed by applying geometrical and statistical
filters. Cleaned multibeam data were gridded using a weighted averaging algorithm to
produce the DEMs at variable resolution, from 1 m in shallow-water (<100 mwd) to 5 m
at greater depths. DEMs used for bathymetric comparison were gridded with cell-size
of 3 m and limited at depths <500 m, because at greater depths acoustic noise largely
increased, making unreliable the computed changes. A vertical accuracy range of ±0.5 m
was estimated for the difference map by comparing the difference in depth of stable
benchmarks between pairs of successive bathymetric sets. Small depth changes below this
error range in the difference map were not considered in volume computations.

For the subaerial slope, topographic changes were estimated by comparing two DEM
reconstructed starting from a LiDAR airborne survey (4–8 May 2012) and PLÉIADES-1
tri-stereo satellite imagery (26 May 2017). The LiDAR-DEM was obtained through the pro-
cessing of the 3D point cloud that was acquired by using the Leica ADS80 sensor, which has
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instrumental vertical and horizontal accuracy of 0.10–0.20 and 0.25 m, respectively [46,47].
The acquired point cloud has a mean point density of 8 pt/m2. The 2017 DEM derived
from the tri-stereo optical imagery acquired by the PLÉIADES-1 satellites, provided by
Airbus with a nominal xy resolution of 1 m × 1 m. The PLÉIADES-1A (PHR1A) and
PLÉIADES-1B (PHR1B) satellites can sense different synchronous images of the same area,
with an angle variable between 6 and 28◦. The tri-stereo approach consists of the acquisition
of three nearly simultaneously images (one backward looking, one forward looking and a
third near-nadir image) allowing the DEM reconstruction through the photogrammetric
processing of the three stereo images [48]. Although the acquisitions used in this study
are 100% cloud-free, the presence of the gas plume from the crater terrace prevented the
reconstruction of the topography in this area. To assess the accuracy of the heights and their
horizontal position in the PLÉIADES-1 DEM, ground control points (GCPs) were collected
on the map database (cartographic XY standard deviation: 0.15 m). A block adjustment
including all the satellite scenes was performed. The block adjustment was validated when
the following accuracy was achieved: (i) an image’s pixel xy bias smaller than 0.3 pixels, (ii)
an image’s pixel xy standard deviation smaller than 0.3 pixels and (iii) an image’s pixel xy
maximum residuals smaller than 2 pixels (for details see [16,47]). The z standard deviation
was about 1.5 m (47).

3.2. Change Detection with SAR Amplitude Images

Data from SAR sensors have often been used to maps areas that have been affected by
lithological and morphological changes, i.e., to identify areas that have been impacted by
eruptive and post-eruptive (landslides or floods) phenomena [49–51]. The SAR backscat-
tering is determined by several factors, as the local morphology and the surface microrelief
related to the grain-size, and the dielectric constant of the material at the surface [52,53]. To
define which roughness scale affects the backscatter properties, the Rayleigh criterion was
applied. In this way, the root mean squared height (hrms) variation on horizontal surfaces
has been evaluated following [52] and, for the COSMO-SkyMed SAR (CSK-SAR) images
used in this study, the hrms is approximately 4 mm. In an area with volcaniclastic sedimen-
tation, this indicates that it is possible to identify the variation of the sedimented material
between fine-grained (i.e., ash-dominated deposits) and coarse-grained (i.e., blocks and
bombs dominated deposits, such as grain flows or ‘a’ā lava surfaces). Local morphology
produces irregularities having wavelengths at least twice as large as the satellite resolution
cell due to changes in the local incidence angles, and it is not directly possible to separate
the local morphology effects from the grain-size influence. Therefore, the term “roughness”
is used to represent a combination of both factors [52].

To detect and interpret changes in land cover in connection with the SdF slope, RGB
color composites are used [44,52]. The composite is created using these combinations:

• RED: 8 May 2014 image, considered as a reference for all the others;
• GREEN: image that is analyzed;
• BLUE: ratio of the amplitudes between the analyzed image and that of 8 May 2014.

The ratio is used because it depends on the relative average radar backscattering
changes between two images, and therefore it does not depend on the pixel’s intensity
level [54].

A dataset comprising 7 COSMO-SkyMed SAR (CSK-SAR) images, acquired in de-
scending orbit between 8 May 2014 and 12 August 2014, was used for this study (Figure 3
and Table 1). The products were coregistered, using the offset refinement based on the
shuttle radar topography mission (SRTM) digital elevation model (DEM) at 1 arc second
forming one unique stack, which is cropped around the target area. The cropped stack
is geocoded by correcting SAR geometric distortions using SRTM DEM, producing SAR
orthorectified map-projected images. Backscattered intensity of each image is transformed
in amplitude image and then decibel scaled, converting the data into a virtual band with
the expression 10*log10 (amplitude). Finally, the quality of the images was enhanced using
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a multitemporal speckle filter that reduces the “salt and pepper-like” texturing (speckle) of
the CSK-SAR data.

4. Results

4.1. Morphological Evolution of the Submarine SdF between 2013 and 2016

The DEMs used to constrain seafloor changes associated with the August–November
2014 eruption were collected in February 2013 and January 2016, respectively (Figure 3).
Despite the time gap before and after the eruption, our 20 years’ experience on submarine
monitoring of the SdF has evidenced that the main morphological changes occur during
eruptive crisis or increased period of Strombolian activity, while the “ordinary” evolution
of the slope is limited to small readjustments of the shallowest part of the SdF [20,24–26].

The pre-2014 eruption submarine SdF slope can be morphologically divided in the
SW and NE sectors, whose boundary roughly corresponds to the SW limit of the 2002
landslide scars (dashed red lines in Figure 4a). Considering also previous surveys, the SW
sector in the time frame 2002–2017 was affected by minor morphological changes, whereas
significant changes occurred in the NE sector both due to the morphological readjustment
of the 2002 landslide scar, and to the emplacement of the 2007 lava delta (dotted blue lines
in Figure 4a). These events left a depressed area in the southern part of the NE sector of the
SdF slope, hereafter defined as the central part of the SdF.

The difference between pre- and post-2014 bathymetries shows that the main morpho-
logical changes on the NE sector of the SdF occur within the first 250 mwd, even if they
locally extend down to 500 mwd (seaward limit of the difference map, Figure 4b). Seafloor
accretion largely overwhelms erosion, accounting for a total estimated volume of +1.75 ×
106 m3 and −3.5 × 105 m3, respectively (Table 2).

 

Figure 4. Shaded relief and contours (equidistance of 50 m) of the SdF in the NW Stromboli flank (location in Figure 1c),
using (a) pre-2014 eruption topography, with the limits of the 2002 tsunamigenic landslides scars (dashed red lines) and
the 2007 submarine lava delta (dotted blue line); (b) difference map (50% of transparency) between the pre- and post-2014
eruption topography, draped over the shaded relief and contours (equidistance of 50 m) of the SdF using post-2014 eruption
DEM. The pre-/post-eruption comparison for the subaerial part of the SdF shows only accretion that largely overwhelms
erosion (limited to a few sectors here indicated by arrows, see also (adapted from [47]). The dashed red line delimits the
area with main morphological changes associated with the 2014 lava flows entering the sea.
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Table 2. Volumetric estimation related to (a) submarine morphological changes (depth range 10–500 mwd) occurred between
2013 and 2106, (b) accretion and erosion of the entire SdF slope associated with the 2014 effusive eruption, (c) volcaniclastic
material emplaced in the central part of the SdF, mainly before the 2014 eruption (see text for detail). The red and light-blue
colors are referred to the subaerial and submarine flanks, respectively; the black color is used for the total volume. * Volume
inferred in the gap area between the coastward limit of the bathymetric survey (around 10 mwd) and the coastline. Note
that the error on z regard to the submarine and subaerial DEMs is on the order of 0.5 m and 1.5 m, respectively. The symbol
≈ is used for approximately.

2013–2016 submarine morphological changes Volume (m3)
Seafloor accretion (10–500 mwd) ≈+1.75 ×106 m3

Seafloor erosion (10–500 mwd) ≈−3.5 ×105 m3

2014 Eruption (accretion and erosion) Volume (m3)
Main subaerial lava flows in the NE part of the SdF ≈2.7 ×106

Subaerial lava flows in the central part of the SdF ≈3.5 ×105

Total subaerial volume related to the 2014 eruption ≈3.05 × 106

Seafloor accretion off the main lava flows (A2 and A3) ≈3.3 ×105

Seafloor accretion in the central part of the SdF (A1) ≈1.5 ×105

* Seafloor accretion inferred within the first 10 mwd ≈2 ×105

Total submarine volume related to the 2014 eruption ≈6.8 × 105

Total volume related to the 2014 eruption ≈3.73 × 106

Main submarine landslide related to the 2014 eruption ≈−3.5 ×105

Submarine landslide deposits related to the 2014 eruption (A4) ≈6 ×105

Volcaniclastic material in the central part of the SdF Volume (m3)
Volcaniclastic in the subaerial slope (first 500 m a.s.l.) ≈1.35 ×106

Volcaniclastic in the submarine slope (10–250 mwd) ≈4.9 ×105

* Volcaniclastic inferred in the submarine slope (<−10 mwd) ≈2.1 ×105

Total volcaniclastic in the submarine slope ≈7 × 105

Total volcaniclastic material in the SdF slope ≈1.84 × 106

Seafloor erosion (light-blue area in Figures 4b and 5) was almost confined in an area of
about 50.000 m2 facing the central part of the 2007 lava delta between 20 (coastward limit
of the bathymetric survey) and 200 mwd: here erosion affected the seabed up to 20 m of
thickness (E1 area in Figure 5).
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Figure 5. Zoom of the difference map between pre- and post-2014 eruption topography (location in Figure 4b, contours are
derived from post-2014 eruption DEMs), with the indication of the main areas characterized by seafloor accretion (A1 to A4)
and erosion (E1 and E2). Morphological ridges (R1 to R5) elongated downslope recognizable on the post-2014 bathymetry
(Figures 6 and 7) and a previously existing basement high (BH) are also indicated, along with the trace of the bathymetric
profiles (P1 to P5, blue dotted lines) shown in Figure 8.

A smaller erosive area (E2 in Figure 5), with thickness lower than 5 m, was recognizable
just to the north of E1. These erosive areas correspond to the formation of channelized
features on the 2016 DEM, bounded by steep-sided ridges (R1 and R2 in Figures 5 and 6b).
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Figure 6. Zoom showing the (a) pre- and (b) post-2014 shaded relief and contours (black and red lines, respectively;
equidistance 50 m) in the north-easternmost sector of the SdF collapse scar (location in Figure 5). In (b), the subaerial
difference map between pre- and post-2014 eruption is also draped over the coastal topography (for the color scale refer to
Figure 5) The dashed black lines (P2 to P4) are the trace of the bathymetric profiles shown in Figure 8. MH: morphological
high; BH: basement high; R: ridge; Ch: channelized area.

The E1 channelized area (Figure 5 and Ch in Figure 6b) roughly matches the location
of a large morphological high (MH in Figure 6a) on the 2013 DEM; the smaller E2 erosive
area corresponds, instead, to an area previously characterized by small-scale coalescing
fan-shaped features (Figure 6a).
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Seafloor accretion, as resulting from the comparison between pre- and post-2014
eruption, can be divided in four main areas (A1–A4 in Figure 5): A1–A3 were mainly
located in the first 200 mwd, while A4 was located at depths greater than 200 mwd.

The A4 area covers a surface of 1.8 × 105 m2 down to 500 mwd (seaward limit of
the difference map) for a total estimated volume of +6 × 105 m3; it morphologically
corresponds to the development of a large fan-shaped feature, as visible on the 2016 DEM
(Figure 6b), with its apex located within the E1 channelized area (see P3 in Figure 8).

The A1 area covers a surface of 1.25 × 105 m2, with a thickness of few tens of meters
(Figure 5 and P1 in Figure 8) for a total estimated volume of +8.35 × 105 m3; it morphologi-
cally corresponds to the development of small coalescing fan-shaped features alternated
with downslope elongated ridges (R3, R4 and R5 in Figures 5 and 7b), characterized by a
rough morphology and steep lateral gradients (over 60◦, P1 in Figure 8) on the 2016 DEM.

 

Figure 7. Zoom showing the (a) pre- and (b) post-2014 shaded relief and contours (black and red lines, respectively;
equidistance 50 m) in the central sector of the SdF collapse scar (location in Figure 5). In (b), the subaerial difference map
between pre- and post-2014 eruption is also draped over the coastal topography (for the color scale refer to Figure 5) The
dashed blue line (P1) is the trace of the bathymetric profile shown in Figure 8. MH: morphological high; Ch: channelized
area; R: ridge.

These ridges coincide, in fact, with the areas characterized by the highest values (up
to 20 m) of seafloor accretion in A1 (Figure 5), mostly matching the location of previous
channelized features (Ch in Figure 7a) recognizable on the 2013 DEM. The westernmost,
main ridge (R5 in Figures 5 and 7b) extended down to 200 mwd for a length of 275 m, a
width of 60 m and height of 5–6 m with respect to the surrounding seafloor (P1 in Figure 8).

The A2 accretion area also corresponded to a well-defined ridge (R2 in Figure 6b) on
the 2016 DEM, having steep flanks (slope gradients up to 60◦, P2 in Figure 8); this ridge
extended over an area of 2.6 × 104 m2 down to 200 mwd, with a maximum thickness
of 20 m (Figures 5 and 6b) for an estimated volume of +1.7 × 105 m3. R2, together with
smaller ridge (R1 in Figures 5 and 6b), bound the E1 erosive area. R2 was not present on
the 2013 DEM, roughly matching the location of a previous channelized feature (Ch in
Figure 6a), while R1 was already present before the eruption as part of a morphological
high (MH in Figure 6a) and did not correspond to an accreted area in the difference map of
Figure 5.

Finally, A3 was located in the NE-most part of the study area, covering a surface of
30.000 m2 down to 200 mwd, with an average seafloor accretion of approximately 10 m
(Figure 5 and P2 in Figure 8) for an estimated volume of about +1.5 × 105 m3. Seafloor
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accretion here morphologically corresponds to the development of irregular and smooth
fan-shaped features on the 2016 DEM, developed above and below of a marked slope break
(Figure 6b and P4 in Figure 8). These fan-shaped features were emplaced above a previous
channelized feature recognizable on the 2013 DEM (Ch in Figure 6a), carving the NW flank
of a basement high (BH in Figures 5 and 6) recognizable along the northern shoulder of the
SdF collapse scar.

In order to compare submarine and subaerial morphological changes associated with
the 2014 eruption, a topographic profile (P5 in Figure 8) crossing the entire NE sector of the
SdF (location in Figure 5) is reported, showing the slope accretion occurred between 2012
and 2017 surveys.

 

Figure 8. Bathymetric (P1–P4) and topographic (P5) profiles (location in Figures 5–7) showing seafloor accretion and erosion
(red and light blue polygons, respectively) between pre- and post-2014 eruption topography. Acronyms as in the previous
figures. Below the profiles, the graph of slope gradients is referred to the post-eruption topography. The location of the apex
fan recognizable on the hillshade bathymetry of Figure 6b is reported on profile P3, indicating that the scar is partially filled
by landslide deposits.

4.2. CSK-SAR Data Collected between May and August 2014

CSK-SAR images, collected between 8 May 2014 and 24 May 2014, show a decrease in
the amplitude ratio (i.e., loss in SAR backscattering between the two consecutive images)
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in the central portion of the SdF (Figure 9a), testifying the erosion of volcaniclastic deposits.
Afterwards, the progressive increase in the explosion rate (16), and the emplacement
of lava overflows and rock-falls evolving in gravel flows, produced the volcaniclastic
sedimentation in the central part of the SdF (Figure 9b,c).

 

Figure 9. CSK amplitude RGB color composites (RED: 8 May 2014 amplitude image; GREEN: analyzed image; BLUE:
ratio between the analyzed image and the 8 May 2014 image). For the significance given to “roughness” see the text.
(a) comparison image between 8 May 2014 and 24 May 2014, with a reduction in the SAR amplitude in the central part
of the SdF; (b) comparison image between 8 May 2014 and 9 June 2014, showing areas of reduced and increased SAR
amplitude; in (c–e) it is possible to observe how the areas characterized by increased SAR amplitude increase over time (up
to 27 July 2014). (f) The central area of the SdF is completely in shades of light blue, reflecting the increase of volcaniclastic
sedimentation and overflows that occurred before the onset of the 2014 eruption. Note also the strong reduction of the SAR
amplitude in the NEC talus area due to its collapse on 7 August 2014, while the 2014 lava field is characterized by little or
no variation in the surface roughness.

This sedimentation (and related superficial roughness) clearly increased in the images
collected before the onset of the eruption (11 and 27 July 2014; Figure 9d,e). The events of 6
August 2014, with a series of overflows associated with frequent landslides, significantly
increased the roughness in the central part of the SdF (Figure 9f). In the same image,
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the variation in amplitude on the coastline is due to the entrance into the sea of the lava
flows. The lava effusion that began on 7 August 2014 instead produced no remarkable
changes in SAR backscattered amplitude, probably due to the similar texture between the
pre-effusive and the early-lava flows surfaces. Instead, it is possible to note how the area of
proximal volcaniclastic accumulation (i.e., NEC talus) is characterized by accumulations
during the whole period considered, except for the last image where an erosive process is
highlighted (reduction in the backscattered amplitude in Figure 9f), consistent with the
landslide occurred in the early stages of the eruption.

5. Discussion

5.1. Seafloor Accretion Associated with the 2014 Eruption

The seafloor accretion observed in areas A2 and A3 (Figure 5) fits well the entry
points of the main lava flows reaching the sea on the NE-most sector of the SdF during
the 2014 eruption (outlined by the dashed black lines in Figure 1b), emplaced above the
remnants of the 2007 lava delta (Figure 6a; [16]). Once entered the sea, these lava flows built
40–60 m wide and some hundreds m long lobes (for instance R2 in Figure 6b), similarly
to what was observed during the emplacement of the 2007 lava flows at Stromboli [25].
However, some morphological differences can be noted between the lobes emplaced in
A2 and A3: while the former one corresponds to a well-defined and steep-sided ridge
(R2 in Figure 6b), a more irregular, fan-shaped feature is present in the area A3 (see P2 in
Figure 8 for comparison). This difference in morphology could be ascribed to the different
amount of coherent lava flows with respect to chaotic breccias, using as reference the scuba
observations made for the 2007 lava delta, where this kind of products were recognized [25].
Similarly, ancient analogous of ‘a’ā lava-fed deltas outcropping in Antarctica were found
to be made up by the coalescence of “hyaloclastic lobes”, with variable percentages of
coherent lavas and chaotic breccias [57].

The higher slope gradients (locally over 60◦, P2 in Figure 8) observed along the flanks
of R2 can be related to the high percentage of coherent lava flows forming this ridge. Lava
flows feeding R2 were, in fact, active along the slope during the first days of the eruption,
when the effusion rates were high (up to 20 m3/s according to the model of [28]). The high
effusion rates can also justify the thicker accretion recognizable on the difference map in
the coastal sector of the subaerial slope (red and violet colors in Figure 5 just above A2).
Such conditions would have favored the penetration of lava flows into the sea as coherent
bodies, as suggested by several laboratory and field studies [55,56]. On the meantime, the
lower thickness observed for the 2014 lava flows in the coastal sector facing A3 (yellow
colors in Figure 5) would justify the development of the irregular fan-shaped feature in
this area, due to the prevalence of volcaniclastic breccias on the slope. The volcaniclastic
contribution appeared predominant also moving downslope, where the emplacement of a
smoothed fan is observed in A3, down to almost 200 mwd (Figure 6b). This composite fan
likely formed during the declining stage of the 2014 eruption, when effusion rates reached
a steady value of 0.4 m3 /s, and the entrance of well-fed, coherent lava flows into the sea
was no longer observed. Moreover, the steep slope break at around 100 mwd could have
favored the brecciation of the less sustained submarine lava flows that reached this area, as
testified by the thinned seafloor accretion over the slope break (see P4 in Figure 8).

The overall comparison between the pre- and post-bathymetries thus suggests a key
role played by the paleomorphology of the SdF slope in controlling the location of the
different lava flows and volcaniclastic lobes, which were emplaced within previous chan-
nelized features (Figure 6; P2 in Figure 8). Beyond the SW limit of the main 2014 lava flows
(as reported by [16], indicated with the dashed line in Figure 4b), a series of steep-sided
ridges (R3, R4 and R5 in Figures 5 and 7b) form the accretion area A1. From the comparison
with onshore data (Figure 10) they can be interpreted as the submarine extension of lava
flows that were mainly emitted during the first days of the 2014 eruption, when effusion
rates were very high, and multiple flows reached this coastal sector (Figure 2b,d).
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Figure 10. (a) Correlation between submarine and subaerial topographic changes, where A1–A4 are areas with seafloor
accretion between 2012–2013 and 2016–2017; E1 is the main area with seafloor erosion during the same period. The profile
A-B shows the slope accretion associated with the 2014 eruption along the main lava flows that characterized this eruption;
(b) Main morphologies identified on the subaerial and submarine slope of the SdF; ridges R2 to R5 in magenta are compared
with subaerial lava flows drawn as dashed blue lines associated with the 2014 eruption; see text for further details. Dashed
black line on the subaerial SdF delimits the area with main morphological changes associated with the 2014 lava flows
entering the sea from (adapted from [16]), whereas the blue dashed lines show the other subaerial ridges that in this study
have been related to the 2014 lava flows through the integration of submarine/subaerial data.

Besides these ridges, the seafloor accretion in A1 is also made up of coalescing and
overlapping small fan-shaped features (Figure 7b) that can be interpreted as the result
of erosive-depositional processes associated with gravel flows entering the sea, fed by
small-scale instabilities on the steep (>30◦) subaerial and submarine slope of the SdF. These
small fan-shaped features are a common, but ephemeral feature, often observed in many
bathymetric surveys performed since the 2002. They are associated with the morphological
adjustment of the SdF slope that commonly occurs due to severe winter storms affecting
the NW flank of the island. A good match is observed between subaerial and submarine
accretion in the central sector of the SdF (Figures 5 and 10a), due to the progressive infilling
of this depressed area (P1 and P5 in Figure 8). This infilling can be mainly related to
the abundant volcaniclastic material derived from (a) overflow-induced landslides, (b)
the NEC-talus collapse (Figure 2a) and (c) erosion of the upper part of the SdF (arrow in
Figure 4b), occurred before, during and after the 2014 eruption.

CKS-SAR data show a relevant accumulation of volcaniclastic material within the
depressed area encompassed between the 2007 lava delta and the SW limit of the 2002
landslide scar some months before the starting on the 2014 eruption (Figure 9). Differ-
ently, relatively mild slope dynamics, mainly characterized by weak erosive-depositional
processes, occurred in the SdF in the period late 2014–early 2017 (Figure 3, [34]), when
the post-2014 submarine/subaerial surveys were realized. A possible limit between the
volcanic material emplaced in the submarine slope before and during the 2014 effusive
eruption has been inferred by through the analysis of the bathymetric cross-sections by
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reconstructing a hypothetical surface that approximately matches the base of the ridges
before mentioned (R2 to R5, dashed black line indicated as “inferred 2014 base” in P1 and
P2 of Figure 9).

5.2. Seafloor Erosion Associated with the 2014 Eruption

During the phase preceding the onset of the eruption, there were frequent gravel
flows both from the edge of the crater terrace and along the SdF, mainly triggered by
overflows. The volume of these gravel flows never reached 106 m3, remaining in the
order of magnitude 104–105 m3 of remobilized material [16]. In the submarine slope, two
failure events (E1 and E2 in Figures 5 and 10a) occurred where the main 2014 lava flows
entered the sea, indicating a strong link between slope failures and 2014 eruptive dynamics.
It is noteworthy that E1 is the larger submarine instability event recorded through the
bathymetric monitoring along the SdF since the 2007 lava delta emplacement.

The computed volume of this event is around −3.5 × 105 m3 (Table 2), but this figure
is very likely underestimated because: (a) bathymetric data are limited to water depth of
10 m, and the difference map indicates that the scar likely cuts back coastward and (b) the
scar is partially filled both by landslides deposits in its distal part (see Figure 6b and P3 in
Figure 8) and by small-scale fan-shaped features related to successive erosive-depositional
process in its proximal part (Figure 6b). A more realistic estimate of the mobilized volume
can be obtained by taking into account the A4 seafloor accretion area (Figures 4b, 5 and 10a),
interpreted as the landslide deposits recognizable at the base of the scar and accounting for
approximately +6 × 105 m3 (Table 2). The low runout of the mobilized material is likely due
to a rapid dissipation of pore pressures during the slide, similarly to what was reported for
small submarine slope failures affecting the 2018 ‘a’ā lava delta off Hawaii [38]. Again, this
figure is likely underestimated because (a) the mapping of the landslide deposits is limited
down to 500 mwd (Figure 5), and (b) the distal part of the moving landslide could be
evolved downslope as sedimentary gravity flow, due to the steep gradients characterizing
the SdF slope.

Regardless, the estimated volume of the E1 slope failure is two order magnitude larger
than any instability processes occurred since the emplacement of the 2007 lava delta, and
it also affected the more stable part of the delta according to the previous bathymetric
surveys [26]. Such findings support our inference that triggering mechanisms for this
larger slope failure are likely different from those common involved in the “ordinary”
readjustment of the submarine slope, such as the loading of the 2014 lava flows on the
submarine slope or the seismic activity associated with the 2014 eruptive event. However,
the combined action of storm-waves cannot be excluded among the triggering mechanisms
due to the shallow depths.

5.3. Volumetric Considerations on the 2014 Eruption and SdF Infilling

The estimation of the submarine volume emplaced during the 2014 eruption is difficult,
because the subaerial and submarine surveys were not performed just after and before the
eruption, as for instance realized during the 2007 eruption [15,25]. Data were collected one
year before and one after the eruption for the submarine part and a slightly longer time
frame (2012–2017) for the subaerial part. Despite such limits, some volumetric constraints
on the overall material emplaced in the SdF during the 2014 eruption can be derived.

According to [16] the main lava flows emitted during the 2014 were emplaced in the
NE-most sector of the SdF, encompassed by the dashed black line in Figures 1 and 9a,
with a volume of approximately +2.7 × 106 m3 (Table 2). Seafloor accretion in A2 and
A3 (Figures 4b and 10) can be confidently associated with these lava flows, accounting
for approximately +3.3 × 105 m3 (Table 2). However, taking into account a southwestern,
further extension of lava flows in the central part of the SdF on the base of submarine
evidence (from R3 to R5 in Figures 5, 7, 8 and 10) we proposed in this work that further
+1.5 × 105 m3 can be added as products of the 7 August–13 November 2014 eruption
(Table 2). Moreover, this figure is surely underestimated because the bathymetric com-
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parison pre-/post-eruption is limited at depths greater than 10 m. In order to compute
the volume not considered, an average thickness of 5 and 10 m has been assumed for the
SW and NE sectors, respectively, based on the trend derived from the difference map and
integrated over the coast. The estimated volume is +2 × 105 m3 of material that added to
the previous two figures accounts for a total estimated volume of ≈6.8 × 105 m3 in the
submarine part of the SdF (Table 2).

A similar approach has been also applied for the central part of the subaerial SdF
facing A1, where the volume possibly related to the 2014 eruption was distinguished with
respect to the underlying volcaniclastic material by reconstructing a surface interpolated
through the base of the subaerial ridges facing the submarine ones (P5 in Figure 8). This
volume was estimated to about +3.5 × 105 m3, which summed to the previous +2.7 ×
106 m3 accounts for a total volume of +3.05 × 106 m3 emplaced on the subaerial slope
(Table 2). It is noteworthy that the volume emplaced in the surveyed submarine area was
markedly lower (about 5 times) than the volume emplaced on the subaerial SdF (Figure 11
and Table 2). This is different from what observed during the previous 2007 eruption,
where the volume of the erupted material estimated for the submarine part (where a large
lava delta in the order of 7 × 106 m3 of volume was formed, see [25]) was approximately
three times larger than the subaerial one (Figure 11 and Table 2).

 

Figure 11. Bar graph showing the difference in volumes (see also Table 2) and percentages between
volcanic material accreted on the subaerial (light brown) and submarine (light blue) slope of the SdF
in correspondence of different eruptive phases.

This discrepancy can be mainly associated with the different elevation of the main
vents feeding lava flows during the 2007 eruption (around 400 m a.s.l.) and the 2014
eruption (around 650 m a.s.l). Considering that, during the 2014 eruption, effusion rates
drastically fell from 20 to 0.5 m3/s just two days after the eruption [28], lava flows erupted
by a high-elevation vent during the declining stage of the eruption could have remained
mostly confined to the median part of the SdF slope, without reaching the sea. Another
interesting finding is that the total volume estimated for the 2014 eruption through the
above-described computations (approximately +3.7 × 106 m3, Table 2) is markedly lower
than the total bulk volume of +7.4 × 106 m3 estimated using data derived by the new
satellite Technology Experiment Carrier-1 (TET-1) [37], whereas it is more comparable to
the total bulk volume of +5.5 × 106 m3 obtained by thermal images from satellites using the
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moderate resolution imaging spectroradiometer (MODIS) sensor [28]. This large difference
can be mostly explained by the different methods used for constraining the total volume,
as in the case of MODIS approach, where the error is usually estimated at 50% [58].

Nevertheless, our approach relies on topographic differences realized not contextually
at the start and end of eruption, so hindering a clear discrimination between material
the emplaced during the eruption with respect to the volcaniclastic material emplaced
(mostly) before and after the eruption, especially in the central part of the SdF. This
area, in fact, is a morphological low with respect to the surrounding NE and SW sectors,
representing a main pathway for the funneling to the sea of volcaniclastic material produced
by persistent strombolian activity and erosive processes acting in the upper SdF slope
(Figures 4b and 10), and this makes difficult to discriminate between such deposits and
the previous 2014 overflows. As a whole, our results show a good matching between the
subaerial and submarine slope accretion in the central part of the SdF (Figures 4b, 5, 9
and 10a). As regards the subaerial slope, this infilling is mostly limited between 500 m
and the coastline, resulting in a volume of approximately +1.35 × 106 m3 (Table 2). For the
submarine slope, the infilling is mostly limited down to −250 m, with an average accretion
of 10 m for an estimated volume of approximately +7 × 105 m3, 4.9 × 105 m3 of which were
directly measured through the difference map (limited to depths greater than 10–15 m).
The cumulative value between submarine and subaerial slope accounts for approximately
1.84 × 106 m3 accumulated during few years, representing not only eruptive dynamics
but also gravity instability processes reworking the SdF slope. It is noteworthy that this
infilling is also responsible for the development of a steep submarine volcaniclastic apron
in the proximal sector of the submarine SdF that was one of the main factors controlling
the geometry of the 2002 tsunamigenic landslide [20].

6. Conclusions

The integration of repeated bathymetric, lidar and photogrammetric surveys along
with SAR amplitude images was a fundament tool to understand the morphological
evolution of the SdF slope induced by the 2014 eruption and its pre-eruptive stage, which
was characterized by two months of intense Strombolian activity. Difference maps showed
that slope accretion largely overwhelmed erosion along most of the SdF slope both before
and during the 2014 eruption. The total volume of erupted material during the 2014
eruption was approximately estimated in +3.7 × 106 m3, ≈80% of which emplaced in the
subaerial slope. This figure is different from what depicted for the previous 2007 eruption,
where a large submarine lava delta formed, representing ≈75% of the total volume. This
difference can be explained by the location of the main vents feeding the 2007 (around
400 m a.s.l.) and 2014 eruption (around 650 m). Before the 2014 eruption, the total volume
estimated is about +1.84 × 106 m3, the 60% of which emplaced in the subaerial slope
between 500 m and the coastline. The remaining 40% was emplaced in the submarine slope
down to 250 mwd, promoting the formation of a steep volcaniclastic apron, a feature that
increase the tsunamigenic potential of the SdF, as it was considered to have controlled the
geometry of the submarine tsunamigenic landslide occurred in 2002.

The 2014 eruption also promoted significant slope instabilities along the SdF slope.
In the subaerial slope, landslides mobilized volumes in the order of −104/105 m3, mostly
affecting the upper part of the SdF during the early stages of the eruption. In the subma-
rine slope, a main landslide scar was detected in the NE part of the SdF within the first
200 mwd, just off the entry points of the main 2014 lava flows. Landslide deposits are
recognizable at the base of the scar, extending down to 500 mwd, corresponding to the
limit of the bathymetric survey. This landslide mobilized a volume of at least −6 × 105 m3,
representing the largest slope failure affecting the submarine part of the 2007 lava delta
since its emplacement.

DEM analysis also showed a good correlation between the subaerial and submarine
slope and a variability in submarine morphologies associated with the entrance into the sea
of lava flows (i.e., steep-sided ridges and fan-shaped features), reflecting a different ratio
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between coherent lava flows and volcaniclastic breccias that, in turn, was likely controlled
by changes in effusion rates and paleo-topography. This observation is very important for
the interpretation of seafloor volcanic morphologies around insular and coastal volcanoes,
mainly in relation to the paucity of marine studies monitoring the behavior of lava flows
penetrating into the sea.

The presented results highlight the importance of integrated submarine and subaerial
studies to monitor active volcanoes, providing a comprehensive view of the main pro-
cesses (constructive vs destructive) associated with eruptive dynamics, with significant
implications also for the related geohazard assessment.
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