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a Università degli Studi di Firenze, Dipartimento di Scienze della Terra, Via La Pira 4, 50121 Firenze, Italy 
b IREA-CNR, Via Diocleziano 328, 80124, Napoli – Via Bassini 15, 20133 Milano, Italy 
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A B S T R A C T   

We present a joint exploitation of space-borne and ground-based Synthetic Aperture Radar Interferometry 
(InSAR) and Multi Temporal (MT) InSAR measurements for investigating the Stromboli volcano (Italy) defor
mation phenomena. In particular, we focus our analysis on three periods: a) the time interval following the 2014 
flank eruption, b) the July–August 2019 eruption and c) the following post-eruptive phase. To do this, we take 
advantage from an unprecedented set of space-borne and ground-based SAR data collected from April 2015 up to 
November 2019 along two (one ascending and one descending) Sentinel-1 (S-1) tracks, as well as, in the same 
period, by two ground-based systems installed along the Sciara del Fuoco northern rim. Such data availability 
permitted us to first characterize the volcano long-term 3D deformation behavior of the pre-eruptive period 
(April 2015–June 2019), by jointly inverting the space-borne and ground-based InSAR measurements. Then, the 
GB-SAR measurements allowed us to investigate the sin-eruptive time span (3rd July 2019 – 30th August 2019) 
which revealed rapid deformation episodes (e.g. more than 30 mm/h just 2 min before the 3rd July 2019 ex
plosion) associated with the eruptive activity, that cannot be detected with the weekly S-1 temporal sampling. 
Finally, the S-1 measurements permitted to better constrain the post 2019 eruption deformations (31st August 
2019 – 5th November 2019), which are mainly located outside the GB-SAR sensed area. The presented results 
demonstrate the effectiveness of the joint exploitation of the InSAR measurements obtained through satellite and 
terrestrial SAR systems, highlighting their strong complementarity to map and interpret the deformation phe
nomena affecting volcanic areas.   

1. Introduction 

Geodetic techniques are powerful methods for determining the cur
rent state of magmatic/volcanic systems, which have been significantly 
extended using Synthetic Aperture Radar (SAR) data (Pritchard and 
Simons, 2004; Sansosti et al., 2010; Chaussard and Amelung, 2012; 
Biggs et al., 2014; Pinel et al., 2014; Ebmeier et al., 2018; Dumont et al., 
2018; Dzurisin et al., 2019; Biggs and Wright, 2020). Space-borne SAR 
data and, in particular, the Differential and/or Multi-Temporal Inter
ferometry (InSAR and MT-InSAR) techniques, are very useful for 
determining the extent and current state of a volcano slope instability 
that manifests in many forms, ranging from steady state to punctuated 
movement, or shallow erosion to deep-seated spreading (Amelung and 

Day, 2002; Borgia et al., 2000, 2005; Neri et al., 2009; Bonforte et al., 
2011; Ruch et al., 2013; Schaefer et al., 2015, 2019). Interpreting InSAR- 
derived ground deformation signals associated to volcano slope insta
bility is still challenging, being related to i) pressure changes due to 
magma movement (Bonforte and Guglielmino, 2015; Froger et al., 2015; 
Richter and Froger, 2020) or variations in hydrothermal systems (Narita 
and Murakami, 2018); ii) persistent, deep-seated flank motion (Lundg
ren et al., 2004; Bonforte et al., 2011; Chen et al., 2017; Poland et al., 
2017; Di Traglia et al., 2018a); iii) localized ground motion related to 
shallow erosion or accumulation (Di Traglia et al., 2018b); iv) thermal 
contraction or subsidence of newly emplaced lava or tephra deposits 
(Chaussard, 2016; McAlpin et al., 2017; Chen et al., 2018; Schaefer 
et al., 2019). 
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Although their potential and applicability have been already widely 
testified in several contexts, space-borne InSAR and MT-InSAR, as any 
radar system, allow measuring one-dimensional (1D) ground motion 
along the sensor line of sight (LOS) direction (Franceschetti and Lanari, 
1999). This implies that, due to the use of nearly polar orbit satellites, 
the space-borne InSAR sensors are essentially unable to detect the 
ground displacements along the North-South direction. However, 
several solutions have been developed to increase the ability to solve the 
whole (3D) displacement field (Hu et al., 2014), either integrating 

InSAR/MT-InSAR measurements with those obtained from techniques 
capable of extrapolating information on ground displacement from the 
amplitude of the SAR images, such as the pixel-offset (Casu et al., 2011) 
and the Multi-Aperture InSAR (Bechor and Zebker, 2006), or coupling 
InSAR/MT-InSAR with GNSS (Global Navigation Satellite System) and/ 
or other geodetic techniques (Fernández et al., 2003; Guglielmino et al., 
2011; Muller et al., 2015; Garthwaite et al., 2019; Smittarello et al., 
2019). 

In the recent years, ground-based (GB) SAR, using InSAR technology 

Fig. 1. The Stromboli Island actual SAR monitoring scenario: a) geographic location and footprints of the Sentinel-1 acquisitions for ascending (Track 44) and 
descending (Track 124) orbits; b) the main active geological features (locations of the main villages are also reported); c) locations of the two GB-SAR systems 
installed on the northern edge of the Sciara del Fuoco at 190 m a.s.l and 400 m a.s.l., respectively. 
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(Antonello et al., 2004; Monserrat et al., 2014), has also proved to be a 
very powerful tool for measuring ground displacements. It has exten
sively been applied in the monitoring of landslides (Frodella et al., 
2018), glacier movements (Dematteis et al., 2017) and volcanic de
formations (Calvari et al., 2016), due to its flexibility in observation 
direction and very high sampling frequency. Indeed, depending on their 
orientation, GB-SAR devices can detect displacements along directions 
that are usually blind to space-borne SAR (e.g. North-South). 

Moreover, GB-SARs may allow the operator to choose the optimal 
instrument location (i.e. distance, incidence and azimuth angles), thus 
permitting to estimate the ground displacement measurements with 
high spatial resolution, whereas the very high temporal sampling rate 
allows for continuous measurements, pushing the InSAR technology 
from “mapping and monitoring” to “surveillance and early warning” 
(Carlà et al., 2016a, 2016b). GB-SAR has been used for the contempo
rary identification of volcano slope instability (Di Traglia et al., 2014a) 
and pressurization of the magmatic/hydrothermal system before erup
tive events (Di Traglia et al., 2015; Kuraoka et al., 2018; Calvari et al., 
2020). However, the GB-SAR installation, in particular in volcanic 
contexts, is constrained by the site characteristics (accessibility, hazard, 
etc.); moreover, its footprint extension is clearly much more limited with 
respect to that of space-borne system, thus limiting the size of the sensed 
area. 

In this paper, the integration of measurements deriving from 
Sentinel-1 (S-1) images acquired over Stromboli Island (Italy) and from 
those obtained by two GB-SAR systems (Di Traglia et al., 2014a; 
Schaefer et al., 2019) is presented. S-1 data have been acquired from 
ascending and descending passes (see Fig. 1) and processed by using the 
MT-InSAR Small BAseline Subset (SBAS) approach (Berardino et al., 
2002; Casu et al., 2014; Manunta et al., 2019). The two GB-SAR are 
installed at 190 m a.s.l. (GB-SAR NE190) and at 400 m a.s.l. (GB-SAR 
NE400) (see Fig. 1) on the northern edge of the unstable flank (Sciara del 
Fuoco; SdF) of Stromboli volcano. 

The integration of the information retrieved from the available 
datasets allowed us to:  

1) Reconstruct the 3D deformation field of the SdF following the 2014 
flank eruption (Di Traglia et al., 2018c). This has been achieved by 
jointly exploiting the space-borne and the ground-based data 
collected between April 2015 and June 2019, through a linear 
inversion of the MT-InSAR measurements obtained by the two 
different SAR systems;  

2) Study the July–August 2019 eruption (Plank et al., 2019; Turchi 
et al., 2020) by analysing single interferograms, stacks of interfero
grams, and coherence maps collected in the sin- and post-eruptive 
periods. 

Both short- and long-term analyses highlight the strong comple
mentarity of the space-borne and ground-based techniques for mapping 
and monitoring volcano deformation phenomena. 

2. Technical background 

InSAR is a well-established remote sensing technique that allows 
detecting and measuring surface deformation over large areas of Earth 
with centimetre to millimetre accuracy (Gabriel et al., 1989). It exploits 
the phase difference (interferogram) between two SAR images acquired 
over the same area at different epochs (temporal baseline) and with 
different orbital positions (spatial baseline), and provides an estimate of 
the occurred ground displacement projected along the satellite LOS. 

Starting from the beginning of 90’s, thanks to the large availability of 
SAR satellite constellations, the space-borne InSAR technique has 
extensively been applied to study a large variety of deformation phe
nomena such as those associated with earthquakes, volcanic activity, 
slope instability, etc. (Massonnet et al., 1993, 1995; Peltzer and Rosen, 
1995; Rignot, 1998; Tesauro et al., 2000). Since then, the interest of the 

scientific community has progressively moved from the investigation of 
a single deformation event toward the study of the temporal evolution of 
the detected LOS-projected displacements by simultaneously exploiting 
the information available from sequences of InSAR interferograms. In 
this sense, a first attempt has been represented by the stacking tech
niques (Fialko and Simons, 2001; Peltzer et al., 2001; Fialko, 2004) that 
compute the LOS mean deformation velocity by adding the unwrapped 
interferometric phase from individual pairs, converting the summed 
phase to the LOS displacements, and dividing the latter by the total 
cumulative time span of all interferometric pairs in the stack. In this 
way, the stacking techniques allow getting an estimate of the mean 
deformation rate of the investigated area (improved with respect to the 
one obtained by considering a single interferometric pair) by reducing 
the atmospheric and/or orbital artefacts. 

However, it has been with the development of the so-called MT- 
InSAR techniques (Ferretti et al., 2001; Berardino et al., 2002; Lanari 
et al., 2004a; Werner et al., 2003; Hooper, 2008) that it has been 
possible to get further useful information on both the spatial distribution 
and the temporal evolution of the detected LOS-projected displace
ments. Indeed, these techniques, managing large sequences of SAR ac
quisitions and of the related differential interferograms, selected 
according to different strategies, generate deformation time-series and 
corresponding velocity maps for each coherent pixel of the investigated 
scene. 

Among them, we focus on the one referred to as Small BAseline 
Subset, SBAS (Berardino et al., 2002) that relies on an appropriate 
combination of differential interferograms produced by data pairs 
characterized by small temporal and spatial baselines in order to limit 
decorrelation effects (Zebker and Villasenor, 1992). Over times, this 
approach has successfully been exploited for the investigation of 
different scenarios, such as volcanoes, tectonics, landslides, and 
anthropogenic-induced land motions (Bonano et al., 2016; Calò et al., 
2014; Casu et al., 2006; D’Auria et al., 2015; Lanari et al., 2004b, 2007a, 
2007b, 2010; Manzo et al., 2012; Sansosti et al., 2010; Scifoni et al., 
2016; Zeni et al., 2011); moreover, it has demonstrated that it can 
generate deformation time-series and relative mean deformation ve
locity maps with accuracies of about 5–10 mm and 1–2 mm/year, 
respectively (Casu et al., 2006; Manunta et al., 2019). Very recently, a 
parallel version of the SBAS algorithm, referred to as P-SBAS (Casu et al., 
2014; Zinno et al., 2015, 2017), that permits to generate in an automatic 
and unsupervised way advanced InSAR products by taking full benefit 
from parallel computing architectures (such as cluster, grid and cloud 
computing infrastructures), has been developed. This approach can 
efficiently deal with large amounts of SAR data acquired from different 
sensors (such as those collected from the ERS-1/2 and ENVISAT systems 
as well as from the COSMO-SkyMed and TerraSAR-X ones). Moreover, 
the P-SBAS approach has further been modified to also process the SAR 
data collected by the S-1 constellation of the European Copernicus 
Programme. In this case, P-SBAS can take advantage from the data 
acquisition characteristics of the S-1 Interferometric Wide swath (IW) 
mode in terms of parallelization strategy (Zinno et al., 2018; Manunta 
et al., 2019; Lanari et al., 2020). 

The S-1 constellation is made up of two twin satellites operating at C- 
band, collects images over land with a wide spatial coverage and a short 
revisit time (down to 6 days in the case of the two operating satellites are 
both available). Moreover, the S-1 images are provided to users via a free 
and open access data policy. These characteristics have allowed, for the 
first time in the SAR satellite scenario, the migration from back analysis 
to the development of operative monitoring services. Furthermore, they 
have fostered the investigation of Earth surface deformation phenomena 
at unprecedented spatial scale and with a high temporal rate, thus 
encouraging, apart from the generation of LOS-projected deformation 
time-series, the retrieval of Vertical and East-West component defor
mation time-series. However, some limitations of the space-borne sys
tems still exist. First, the satellite revisit time, although progressively 
reduced with respect to the earlier SAR systems, does not allow 
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following fast and very-short-term (with respect to the satellite revisit 
time) deformation phenomena. Secondly, the (nearly) polar direction of 
the sensor orbits prevents the retrieval of the North-South deformation 
components with the same accuracy obtained from the vertical and East- 
West ones. 

Accordingly, the exploitation of ground-based SAR systems can be a 
complementary solution to the satellite systems. As for the satellite 
scenario, the GB-SAR devices are remote sensing imaging systems 
(Rudolf et al., 1999; Antonello et al., 2004; Monserrat et al., 2014) that 
emit and receive a burst of microwave pulses, repeating this operation 
while the sensor is moving (Rudolf et al., 1999). In this case, the SAR 
technology is made possible by moving the real antennas along a rail 
(track), and the length of this rail determines the cross-range resolution 
of the acquired images (Antonello et al., 2004). The GB-SAR measures 
the amplitude and the phase of the received radar signal. By using 
interferometric techniques, we can exploit the phase difference between 
the GB-SAR acquisitions to derive information on deformation of the 
observed scene (as for space-borne measurements). However, displace
ments, even in the best installation conditions, remain measured along 
the LOS. This can be very limiting for the unstable volcano flanks 
because: i) they are very large and can have large variability of incli
nation and orientation, and ii) displacements can be related both to 
gravitational phenomena (along the slope vectors) and to volcanic 
phenomena such as inflation/deflations and/or cooling of lava/pyro
clastic material (see Di Traglia et al., 2018a, 2018b). 

On the other hand, it is possible to take advantage from the pecu
liarity of space-borne and ground-based systems to overcome the above- 
mentioned limitations, through a joint exploitation of these independent 
displacement measurements (e.g. Bardi et al., 2016). The complemen
tary use of the satellite and terrestrial techniques allows us to have, at 
the same time, the mapping of phenomena on a large scale (satellite), 
and the ability to follow, and sometimes to anticipate, fast phenomena 
(terrestrial). In addition, where possible, the inversion of the deforma
tion measurements retrieved by the two different techniques permit to 
reconstruct the 3D displacement field. 

3. The Stromboli volcano 

The 916 m-high Stromboli Island (Fig. 1b) is the emerged portion of a 
~ 3000 m-high volcano located in the Tyrrhenian Sea, off the southern 
coast of Italy (Francalanci et al., 2013). Stromboli volcano is affected by 
bi-lateral instability which formed two scars, one on its NW flank (SdF 
depression) and the other one on the SE flank (Le Schicciole – Rina 
Grande depression) (Kokelaar and Romagnoli, 1995; Tibaldi, 2001; 
Romagnoli et al., 2009; Francalanci et al., 2013; Risica et al., 2019). The 
SdF depression is a landslide scar that extends down to 700 m below sea 
level on the NW flank of the volcano, with slopes ranging from 40◦ to 45◦

in the subaerial part, and decrease in the underwater part, remaining 
>30◦ up to 300–400 b.s.l.. SdF is partially filled with volcaniclastic 
deposits and lavas (Casalbore et al., 2010, 2011; Di Traglia et al., 2018b, 

Fig. 2. The Stromboli Island scenario maps. a) Intrusion-induced landslides susceptibility map (based on Di Traglia et al., 2018d); b) Normalized Difference 
Vegetation Index applied on Sentinel-2 image collected on 7th July 2019, highlighting the area affected by tephra deposition and wildfire damage after the 3rd July 
2019 paroxysmal explosion; c) topographic change detection map, highlighting the elevation variation in the Sciara del Fuoco area between May 2012 and October 
2019 (modified after Di Traglia et al., 2020); d) morpho-lithological map of the Sciara del Fuoco area, after the July–August 2019 eruption. 
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2020) emitted from the summit crater terrace and from ephemeral vents 
located within the SdF (Di Traglia et al., 2018d). Slope instability phe
nomena at Stromboli are classified, on the base of their size and 
movement, into three types (Di Traglia et al., 2018d; Schaefer et al., 
2019): 1) “deep-seated gravitational slope deformations” evolving to 
“rock or debris avalanches” from the SdF (volumes >106 m3); 2) “rock 
(rotational or planar) slides” evolving to “rock avalanches” from the SdF 
(volumes≈106 m3); 3) “rock falls” or “gravel/debris slides” evolving to 
“gravel/debris flows” (volumes ≈ 105 m3). 

Stromboli is one of the most well-known volcanos in the world and 
its persistent activity, consisting of frequent, small scale, explosions, 
gives its name to Strombolian activity (Blackburn et al., 1976). The most 
hazardous phenomena at Stromboli Island are the mass-flows induced 
tsunamis (Nave et al., 2010; Fornaciai et al., 2019), likely generated 
both by intrusion-related landslides from the SdF (Fig. 2a) or by the 
entry into the sea of pyroclastic density currents (PDCs) produced during 
high-intensity explosions (locally called “major” or “paroxysmal”; Bar
beri et al., 1993). Tsunamis also occurred in recent times as in 1879, 
1916, 1919, 1930, 1944, 1954, 2002, and 2019, accounting for an 
average of 1 tsunami every 20 years (Maramai et al., 2005). Tsunamis 
can affect large areas both on the coast of Stromboli Island and on the 
coasts of the other Aeolian islands and the Tyrrhenian coasts of southern 

Italy (Fornaciai et al., 2019). 
The distinctive persistent Strombolian activity is characterized by 

intermittent explosions from three vent areas (NE, SW and Central) in a 
summit crater terrace, located at ≈ 750 m a.s.l. in the upper part of the 
SdF (Calvari et al., 2014). This activity, showing intensity and frequency 
fluctuations over time, is often punctuated by lava overflows from the 
crater terrace (Calvari et al., 2014), by flank eruptions, with the 
outpouring of lava flows from ephemeral vents (Marsella et al., 2012; Di 
Traglia et al., 2020), or by high-intensity explosions, that can have a 
severe impact on the island, as occurred during the 2019 eruption 
(Fig. 2b). Moreover, recent flank eruptions occurred in 2007 and 2014 
(Di Traglia et al., 2014a, 2018c). The 2007 eruption began on 27th 
February 2007 with the opening of a first ephemeral vent at 650 m a.s.l. 
at the base of the NE crater area, which was followed by the opening of a 
second ephemeral vent at 400 m a.s.l. within the SdF (Marsella et al., 
2012; Di Traglia et al., 2014a). After the 2007 flank eruption, Stromboli 
had periods of higher than ordinary activity in September 2008, May 
2009, July–September 2011, December 2012–March 2013, with more 
intense and frequent explosions, some overflows, spattering, and, 
sporadically, some major explosions (Calvari et al., 2014; Di Traglia 
et al., 2014a, 2014b). After these events, Stromboli experienced a period 
of intense and frequent explosions, together with overflows, spattering, 

Table 1 
Eruptive activity and slope processes between November 2014 and November 2019.  

Period Eruptive activity Slope processes References 

Nov 2014 – Sep 2016  Erosion of the 2014 lava field; rockfall and gravel 
flows along the SdF 

Di Traglia et al. (2018a)  

26th Jul 2017 Major explosion  Giudicepietro et al. (2019), Bevilacqua 
et al. (2020)  

23th Oct 2017 Major explosion  Giudicepietro et al. (2019), Bevilacqua 
et al. (2020)  

1st Nov 2017 Major explosion  Giudicepietro et al. (2019), Bevilacqua 
et al. (2020)  

1st Dec 2017 Major explosion  Giudicepietro et al. (2019), Bevilacqua 
et al. (2020)  

Dec 2017 – Jan 2018 Intense spatter activity and a lava overflow Frequent rockfall and gravel flows during spatter 
activity 

Schaefer et al. (2019), Giudicepietro 
et al. (2019)  

7th Mar 2018 Major explosion  Giudicepietro et al. (2019), Bevilacqua 
et al. (2020)  

18th Mar 2018 Major explosion  Giudicepietro et al. (2019), Bevilacqua 
et al. (2020)  

24th Apr 2018 Major explosion  Giudicepietro et al. (2019), Bevilacqua 
et al. (2020)  

26th Apr 2018 Major explosion  Giudicepietro et al. (2019), Bevilacqua 
et al. (2020)  

Dec 2018 – Jan 2019 Intense spatter activity Frequent rockfall and gravel flows during spatter 
activity 

Schaefer et al. (2019), Giudicepietro 
et al. (2019)  

3rd Jul 2019 Paroxysmal explosion  Giudicepietro et al. (2020)  

3rd Jul 2019 – 30th Aug 
2019 

Lava flow from the SW crater rim and occasionally 
from the NE crater 

Frequent rockfall and gravel flows during effusive 
activity 

Plank et al. (2019)  

28th Aug 2019 Paroxysmal explosion  Giudicepietro et al. (2020)  

29th Aug 2019 Major explosion  Giudicepietro et al. (2020)  

Sep 2019–Nov 2019 Frequent Strombolian explosion Frequent rockfall and gravel flows This study  
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and frequent landslides from the crater terrace since late May 2014, that 
culminated on 7th August 2014 with the onset of the 2014 flank erup
tion (Di Traglia et al., 2015, 2018a, 2018b, 2018c). The effusion lasted 
until 13th November 2014 (Di Traglia et al., 2018a, 2018c), with the 
emplacement of 2.697 ± 0.190× 106 m3 of lava on the SdF from a 
fracture located at 650 m a.s.l. (Fig. 2c; Di Traglia et al., 2018c, 2020). 
After the 2014 flank eruption, Stromboli was characterized by very low 
eruptive activity in 2015 and 2016 (Table 1), when strong erosion of the 
subaerial SdF occurred (Di Traglia et al., 2018a, 2020). Afterward, 
Stromboli had periods of higher than ordinary activity in July 2017, 
October 2017–January 2018, March–April 2018, December 
2018–January 2019, with more intense and frequent explosions, some 
overflows, spattering, and, some major explosions (Giudicepietro et al., 
2019; Inguaggiato et al., 2019; Bevilacqua et al., 2020; Table 1). 

On 3rd July 2019, Stromboli experienced a paroxysmal explosion 
(14:45 UTC; Giudicepietro et al., 2020; Inguaggiato et al., 2020; Calvari 
et al., 2021), causing a casualty and inducing a wide-spread wildfire 
(Turchi et al., 2020; Fig. 2b), generating an eruptive plume up to 4–5 km 
(Plank et al., 2019; Métrich et al., 2021) and a PDC flowing along the 
SdF that induced a small tsunami wave (Fornaciai et al., 2019; Giordano 
and De Astis, 2021). In the following months, lava outpoured from a 
vent localized in the SW crater, and sporadically from the NE one 
(Fig. 2d). On 28th August 2019, a new paroxysmal explosion occurred 
(Turchi et al., 2020; 10:27 UTC; Inguaggiato et al., 2020), and a new 
PDC flowed along the SdF, generating another small tsunami wave 
(Fornaciai et al., 2019). This second explosion was followed by strong 
volcanic activity, culminating with a lava flow emitted from the SW- 
Central crater area (in the night between 29th and 30th August 2019). 
Coarse-grained tephra (spatter bombs and ballistic blocks), erupted 
during the 3rd July 2019 and 28th August 2019 paroxysms, have been 
mainly accumulated on the summit of the island (Fig. 2d). 

In particular, the 3rd July 2019 tephra fallout (lapilli and ash) has 
impacted the south-western and southern part of the island, including 
the village of Ginostra (Turchi et al., 2020), whereas the 28th August 
2019 tephra fallout has affected only a small part of the island, being its 
dispersal axis easterly directed. Subsequently, the eruptive activity 
decreased, although frequent instability phenomena linked to the 
growth of new cones on the edge of the crater terrace occurred. 

4. Space-borne and ground-based SAR data 

We investigate the recent Stromboli deformation history starting 
from 2015 up to the end of 2019 with different space-borne and ground- 
based data availability. According to the volcano behavior and the 

paroxysm of July–August 2019 eruption, we divide the investigation 
(and the data) into pre-, sin- and post-eruptive periods. 

For the satellite InSAR analysis, we exploited the archive of Sentinel- 
1 SAR data acquired over Stromboli spanning the 24th April 2015 – 5th 
November 2019 time interval. In particular, we considered 221 and 226 
SAR data collected from ascending (Track 44) and descending (Track 
124) orbits, respectively. Overall, we generated 561 ascending and 606 
descending differential interferograms, respectively. To this aim, we 
used the 1-arcsec Shuttle Radar Topography Mission (SRTM) Digital 
Elevation Model (DEM) of the volcano to remove the topography related 
phase components and then we applied a complex multilook operation 
with 5 looks in the range direction and 1 look in the azimuth one. 

The final results have been resampled on the DEM grid, thus 
obtaining a final pixel size of about 30 m × 30 m. In Table 2 we report 
the main characteristics of the considered SAR data-sets. We performed 
the satellite InSAR processing according to the following three time 
periods: 1) 24th April 2015 - 26th June 2019, being the pre-eruptive 
period; 2) 2nd July 2019 – 25th August 2019, representing the sin- 
eruptive period; 3) 31st August 2019 – 5th November 2019, corre
sponding to the post-eruptive period. 

For each period, we adopted different processing strategies in order 
to take into account the 2019 eruptive behavior comprising the occurred 
two paroxysmal explosions and lava effusion. In particular, for the pre- 
eruptive period, since no preparatory phase occurred, we applied to the 
ascending and descending SAR data-sets the P-SBAS technique (Casu 
et al., 2014; Manunta et al., 2019) to automatically generate displace
ment time-series and the corresponding mean deformation velocity 
maps. Moreover, by benefiting from the availability of the ascending and 
descending acquisition geometries, we were able to discriminate the 
Vertical and East-West components (Casu and Manconi, 2016; De Luca 
et al., 2017) of the computed displacements for the pixels common to the 
orbits results. 

For the sin-eruptive period, we observed a high level of decorrelation 
noise within the interferometric phase signal due to the deposits of the 
material emitted during the 3rd July 2019 paroxysm, which changed the 
scene from the electromagnetic point of view. This effect was particu
larly evident in the central-southern sector of the SdF, thus making the 
deformation time-series analysis not reliable. On the contrary, this 
sector could be investigated by considering differential interferograms 
and the corresponding spatial coherences computed with the SAR data 
acquired within this time interval. 

Finally, for the post-eruptive period, we noted a decrease of the 
decorrelation noise within the computed differential interferograms in 
the Southern sector of the SdF and detected a clear displacement signal. 
Accordingly, we exploited a specific redundant interferogram network 
for both ascending and descending orbits that we used to generate the 
relative mean deformation velocity maps by applying the InSAR stack
ing technique mentioned in Section 2 (Fialko and Simons, 2001). In 
particular, to maximize the signal/noise ratio and emphasize the time- 
persistent signals we applied the following approach: i) we computed 
and unwrapped interferograms with a 6 days temporal span in order to 
preserve the coherence of the scene and reduce the Phase Unwrapping 
errors; ii) we referred each displacement map (derived from each 
considered interferogram) to the same stable point located in an area as 
close as possible to the SdF; iii) finally, we averaged all the computed 
displacement maps dividing them by their respective time span, thus 
obtaining the mean deformation velocity map of the area. With this 

Table 2 
Main characteristics of the exploited Sentinel-1 SAR dataset.   

Ascending orbits Descending orbits 

Wavelength 5.5 cm  

Acquisition mode TOPS  

Look angle 38.14◦ – 38.84◦ 37.33◦ – 37.61◦

Heading angle ~348◦ ~192◦

Spatial resolution ~30 m × 30 m  

Track 44 124  

Time interval 30/04/2015–24/10/ 
2019 

24/04/2015–05/11/ 
2019  

Number of SAR 
acquisitions 

221 226  

Acquisition time 16:55 UTC 05:05 UTC  

Table 3 
Number of Sentinel-1 SAR images used for the analysis of the investigated three 
periods.   

Ascending orbits Descending orbits 

April 2015 – June 2019 205 201 
3rd July 2019 – 30th August 2019 9 10 
31st August 2019 – 5th November 2019 12 10  
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stacking approach we tried to limit the impact of the atmospheric ar
tefacts and emphasize the displacement signals. We estimated the 
stacking noise level by considering the standard deviation of the signal 
outside the SdF, where we assume no significant deformation is present. 

Moreover, as for the pre-eruptive period analysis, by benefiting from 
the two acquisition orbits, we discriminated the Vertical and East-West 
deformation components. 

In Table 3 we report the number of ascending and descending SAR 
images for each identified period. 

For what concerns the GB-SAR systems at Stromboli, we remark that 
they exploit a 4m long rail along which the transmitting and receiving 
antenna move. The recorded signals measure ground displacements 
along the radar LOS, through the InSAR technique applied to the phase 
differences between the backscattered signals associated with two 
consecutive SAR images (Antonello et al., 2004; Di Traglia et al., 2015). 
In particular, the interferograms are obtained from phase information of 
“averaged” images, in the sense that they are created by averaging the 
phase information derived from the different acquisitions. Specifically, 
the images are averaged every half hour, which means that 3 images are 
exploited for the GB-SAR NE400 system and 15 for the GB-SAR NE190 
one. After a resampling operation, the pixel size is of about 2 m by 2 m 
along both range and cross range (Casagli et al., 2009). 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 preci
sion in the displacement measurement of 0.5mm (Antonello et al., 2004; 
Di Traglia et al., 2015). 

The ability of GB-InSAR to measure volcano deformation depends, as 
for all radar system working in interferometric mode, on the persistence 
of the backscattering and phase coherence over time (for GB-InSAR 
coherence definition see Antonello et al., 2004). Changes of the target 
backscattering and the coherence loss are primarily due to significant 
volcanic phenomena (e.g. lava flows or rock avalanches; Di Traglia et al., 
2018b). A coherence threshold equal to or above 0.7 is required to 
recognize deformation areas from a GB-InSAR interferogram, whereas a 
threshold of 0.5 is set during the interferograms stacking operation. 
Moreover, a threshold on the squared image amplitude (Calvari et al., 
2016, 2020) of the backscattering image has been set for both radars at 
55 dB. Due to the position of the two systems the LOS of both GB-SAR 
devices are mostly sensitive to the N-S horizontal component of 
occurred displacements (average azimuth angle = 15◦). Accordingly, the 
negative and positive values of the displacements indicate a movement 
toward and away from the sensor, respectively. We further remark that 
the two GB-SAR devices, located in a stable area N of the SdF, are used to 
monitor the NE portion of the summit crater terrace and the northern 
portion of the SdF (Schaefer et al., 2019), being the area most affected by 
vent opening and intrusion-related landslides in recent eruptions (Di 
Traglia et al., 2018d). The features of the two GB-SAR devices are re
ported in Table 4. 

5. Multi-geometry InSAR measurements fusion 

To take benefit from the availability of different space-borne and 
ground-based data sets, the obtained InSAR measurements must be 
properly merged according to their respective acquisition geometry. 
Here-below the data geometry characteristics and the adopted fusion 
strategies are described. 

The acquisition geometry of the SAR satellite sensors is essentially 
defined by Fig. 3a, b, where the look angle θ is the angle between the 
nadir and the radar LOS, and the satellite heading angle α represents the 
angle between the North direction and the projection of the sensor path 
on the ground. Presently, the available SAR satellites follow nearly polar 
orbits, implying values of α around 345◦ for ascending satellite passes 
and around 195◦ for descending ones. The look angle for each pixel on 
the ground, instead, is strongly satellite dependent varying on the image 
footprint extent (swath) and on the image acquisition mode. For the 
Sentinel-1 Interferometric Wide Swath mode, the look angle between 
near- and far-range varies from ~29◦ to ~46◦ (ESA. Sentinel-1 SAR User 
Guide—Interferometric Wide Swath. 2018. https://sentinels.copernicus 
.eu/web/sentinel/user-guides/sentinel-1-sar/acquisition-modes/interfe 
rometric-wide-swath). 

As already said, the displacement values detected by both space- 
borne and ground-based InSAR are one-dimensional measurements 
that derive from the projection, along the radar LOS, of vertical, east and 
north displacement components (dU,dE,dN) (Elachi, 1988; Curlander 
and McDonough, 1991). In the following we describe the surface mo
tions in terms of displacement rate, although the same description holds 
for discrete displacements. In this respect, the LOS velocity vLOS can be 
expressed as follows: 

vLOS = (cosθ − sinθcosα sinθsinα )

⎛

⎝
vU
vE
vN

⎞

⎠ (1)  

where vU, vE and vN are the vertical, east and north displacement rates, 
respectively. In the previous equation the strong limitation of the sat
ellite SAR technology becomes clear, which, due to the polar orbit, is not 
very sensitive to the displacement component along the north direction 
being sinα very close to zero. 

By referring to Eq. (1), to retrieve the three motion components, at 
least three non-coplanar LOS vectors are needed (Rocca, 2003). To this 
aim, and as described in the previous paragraph, we exploit the InSAR 
measurements retrieved from one ascending and one descending P-SBAS 
S-1 processing and, as third equation, from one of the two available GB- 
SAR systems, which results to be necessary to retrieve an accurate 
reconstruction of the 3D displacement field. It is important noting that 
the estimation of the vertical, east and north deformation components is 
only possible on the common area imaged by all the exploited obser
vation systems. Accordingly, to maximize the above-mentioned com
mon area it is more convenient to exploit the GB-SAR NE190 only, which 
illuminates a large part of the SdF, while the GB-SAR NE400 just senses 
the summit part of Stromboli volcano thus strongly limiting the recon
struction of the 3D field. 

Moreover, we highlight that the GB-SAR systems located at Strom
boli volcano mostly illuminate along the North-South direction, thus 
guaranteeing a high sensitivity in the estimation of the deformation 
component in the same direction. As for the SAR satellite sensors, the 
acquisition geometry of the GB-SAR systems is essentially defined by 
Fig. 3c, d, where the look angle θ and the heading angle α have the same 
definition as for the satellite case described at the beginning of this 
section; moreover, the specific values are reported in Table 4. 

To perform the multi-geometry InSAR measurements combination, 
we first averaged the GB-SAR displacement maps to make the results 
comparable (in terms of ground resolution) with the P-SBAS S-1 ones. 
Secondly, we selected the SRTM-1 arcsec as the common grid to refer 
both satellite and ground based SAR analysis. The grid alignment was 

Table 4 
Technical features of the two GB-SAR devices installed at Stromboli volcano.  

System GB-InSAR NE400a GB-InSAR NE190b 

Model GB-InSAR LiSAmobile k09 GB-InSAR LiSAmobile 
k09 

Band Ku Ku 
Revisiting time 

[min] 
11 (until Nov. 2017) 6 (since 
Nov. 2017) 

2 

Averaging interval 
[min] 

33 30 

Look Angle [deg] 63.8◦ – 90.0◦ 65.0◦ – 113.5◦

Heading Angle [deg] 143◦ – 217◦ 115◦ – 245◦

From aDi Traglia et al. (2015) and bSchaefer et al. (2019). 

F. Di Traglia et al.                                                                                                                                                                                                                              

https://sentinels.copernicus.eu/web/sentinel/user-guides/sentinel-1-sar/acquisition-modes/interferometric-wide-swath
https://sentinels.copernicus.eu/web/sentinel/user-guides/sentinel-1-sar/acquisition-modes/interferometric-wide-swath
https://sentinels.copernicus.eu/web/sentinel/user-guides/sentinel-1-sar/acquisition-modes/interferometric-wide-swath


Remote Sensing of Environment 260 (2021) 112441

8

performed following a nearest neighbourhood approach. Finally, among 
all ground points (pixels) covering the SdF area, we selected those that 
were common to both satellite and GB-SAR displacement maps. 

According to De Luca et al. (2017) and Casu and Manconi (2016), the 
system of equations to solve for each common pixel is the following: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

vlosA = vUcosθA − vEsinθAcosαA − vNsinθAsinαA

vlosD = vUcosθD − vEsinθDcosαD − vNsinθDsinαD

vlosGB = vUcosθGB − vEsinθGBcosαGB − vN sinθGBsinαGB

(2)  

where vlosA, vlosD and vlosGB are the LOS deformation velocities of the 
ascending, descending and ground-based acquisition geometry, respec
tively, which are estimated on the common time span to make the 
measurements comparable (further details are provided in the supple
mentary material). 

Following the implementation of above-described approach, the re
sults of the multi-geometry data fusion are shown in the next section. 

6. Results 

The S-1 and GB-SAR datasets used in this work cover the April 
2015–November 2019 period and are divided, as said in Section 4, into 
three different time intervals:  

1) April 2015–June 2019, being the intra-eruptive periods, between the 
2014 and 2019 eruptions;  

2) 3rd July 2019 – 30th August 2019, as the sin-eruptive period;  
3) 31st August 2019 – 5th November 2019, representing the post- 

eruptive period. 

The description of the achieved results for each of these periods is 
now in order. 

6.1. April 2015 – June 2019 

The April 2015 – June 2019 period permits to perform a long term 
InSAR analysis of the volcano. In Fig. 4 we show the mean deformation 
velocity maps obtained through the S-1 data processed with the P-SBAS 
algorithm. In particular, Fig. 4a and b correspond to the results retrieved 
along the ascending and descending LOS, respectively, while Fig. 4c and 
d report the corresponding Vertical (also referred to as Up-Down) and 
East-West displacement components computed for the pixels common to 
the observations from the two orbits. 

The satellite InSAR analysis highlights deformation patterns mainly 
located in the northern part of the SdF and coincident with the area 
covered by the 2014 lava flow field. These results are also confirmed by 
the ground-based long term InSAR analysis shown in Fig. 5a and b. 

Moreover, some areas affected by displacements patterns are 
observed immediately outside the 2014 lava field, in the area below the 
SW crater and in the central SdF. 

In summary:  

• Concerning the 2014 lava flow field, the Up-Down component shown 
in Fig. 4c, reveals the strong subsidence that characterizes the area at 
whole, whereas in the East-West displacement map shown in Fig. 4d 
it is possible to identify differential displacements. In particular, in 
this case most of the movements are toward the west, while there are 
localized areas that have an eastward movement.  

• The 3D displacement field, retrieved via the multi-geometry data 
fusion and presented in Fig. 6, confirms the strong subsidence of the 
2014 lava flow field (see Fig. 6a). Moreover it permits us to show that 
the horizontal component follows the slope direction (Fig. 6b), 
suggesting that there are along slope displacements of the entire 
2014 lava field. The different contribution to the overall deformation 
measured on the 2014 lava flow field has been yet estimated by 
Schaefer et al. (2019), where the contribution of the lava cooling 
processes has been estimated using the model proposed by Chaussard 
(2016), considering the lava thickness measured by Di Traglia et al. 

Fig. 3. SAR reference geometries. a) Sentinel-1 ascending orbit. b) Sentinel-1 descending orbit, c-d) GB-SAR system. θ: look angle; α: heading angle.  
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Fig. 4. 24th April 2015 – 26th June 2019 Sentinel-1 displacement. a) Ascending orbit; b) Descending orbit; c) Up-Down component (red dots: subsidence; blue dots: 
uplift); d) E-W component (red dots: westward displacement; blue dots: eastward displacement). The outline of the 2010–2011 overflows and 2014 lava flow field are 
also reported (derived from Di Traglia et al., 2020). 

Fig. 5. Pre-eruptive (24th April 2015 – 26th June 2019) cumulated displacement maps based on the a) GB-SAR NE190 and b) GB-SAR NE400 devices, highlighting 
the displacement related to slope instability in Sciara del Fuoco on the NE crater areas. 
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(2018c). The subsidence predicted by the cooling model is then 
compared to the observed displacement to isolate the remaining 
contribution. This model predicted ~72% of the observed deforma
tion (110 mm/yr in a 35 m thick flow) in correspondence of the high 

vertical displacement up-slope in the SdF, whereas in areas charac
terized by strong horizontal displacement the cooling-induced sub
sidence predicted by the model (60 mm/yr), accounts for only ~9% 
of the observed deformation. Schaefer et al. (2019) concluded that 
the cooling-induced deformation accounts for only a limited part of 
the rapid flank motion observed after the 2014 Stromboli flank 
eruption, whereas the maximum observed deformation along the SdF 
seems more correlated with the slope angle rather than with the lava 
thickness, suggesting a slope instability control of the observed 
deformation.  

• It is important to note that the coastal area of the lava field, where 
the lava deltas formed during the 2007 and 2014 eruptions are 
located, reveals a differential deformation, with a northern stable 
part and one more localized toward the center of the SdF that shows 
subsidence (Fig. 6a) and westward movements, indicating a general 
movement along the slope (Bonaccorso et al., 2009; Di Traglia et al., 
2018b). 

• Concerning the area below the SW crater, the displacement compo
nents derive only from the satellite InSAR analysis and highlight a 
downwards and westwards deformation pattern (Fig. 4c, d), 
compatible with movements along the slope.  

• In the central SdF area, there are areas characterized by vertical 
movements in lowering and horizontal southward movements 
(Fig. 6). These are easily explained by erosion of the material that 
produces a movement away from both the satellites (vertical 
downward movement) and from GB-SAR (horizontal movement with 
a strong southward component). These areas correspond to the 
eroding areas identified by Di Traglia et al. (2018a) and Di Traglia 
et al. (2020).  

• The Fig. 6 analysis also shows displacements in areas located north 
and south the 2014 lava flow field. The 3D analysis reveals dis
placements in the northern edge of SdF, consistent with instability of 
the local high slopes; while, the southern area has a downward 
module in the Up-Down component (Fig. 6a), as well as a horizontal 
component directed toward South (Fig. 6b) consistent with erosion. 

We further remark that during the pre-eruptive period from April 
2015 to June 2019, the GB-SARs recorded movements toward the sen
sors in the crater terrace (Fig. 5), with variable displacement rates that 
mainly increased in December 2017–January 2018 and December 
2018–January 2019 (see also Schaefer et al., 2019, and Calvari et al., 
2021). 

Fig. 6. 24th April 2015 - 26th June 2019 3D displacement, derived from 
Sentinel-1 and the GB-InSAR NE190 data. a) Up-Down component (red: sub
sidence; blue: uplift); b) horizontal component (length of the arrows are pro
portional to the ground displacement according to the legend). 

Fig. 7. a) 3rd July 2019 (07:21–08:26 UTC) interferograms generated with GB-SAR NE400 system, testifying the absence of evident deformation hours before the 
paroxysm; b) 3rd July 2019 (13:53–14:43 UTC) interferograms generated with GB-SAR NE190 system, testifying the strong ground displacement associated with the 
pre-eruptive inflation. 
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6.2. 3rd July 2019 – 30th August 2019 

On 3th July 2019 Stromboli began a new eruption with a strong 
paroxysmal explosion, followed by an explosive-effusive phase that 
lasted 2 months. During this period, the GB-SAR NE190 and NE400 data 
allowed identifying events of change in the pressurization of the shallow 
plumbing system, as well as the instability of the newly emplaced ma
terial. In particular, Fig. 7 shows the rapid acceleration of deformation, 
with Fig. 7a testifying the absence of evident deformation several hours 
before the paroxysm and Fig. 7b highlighting that the eruption was 
anticipated by a significant ground displacement that started about 2 h 

before. We underline that the displacement rate reached the peak value 
of more than 30 mm/h just 2 min before the paroxysmal explosion. 
Ground deformation was toward the sensors, compatible with a strong 
and fast inflation of the very shallow storage system (see Di Traglia et al., 
2015 for storage system definition). During and soon after the explosions 
both GB-SAR devices recorded data with low coherence, according to 
the rapid phenomena associated with the explosion, such as the PDCs 
that developed along the SdF, and the post-eruptive mobilization of the 
material emplaced during the explosive activity. In Table 5 the GB-SAR 
sin-eruptive observations are reported. 

On the other side, an interferometric coherence satellite analysis 
allowed for the identification of the areas impacted by the 3rd July 2019 
eruption (Fig. 8). More specifically, in Fig. 8a the coherence map 
retrieved with two S-1 data acquired before the explosion are shown, 
whereas in Fig. 8b the one generated with a couple of S-1 images taken 
across the explosion. 

By comparing these two maps, the impact of the paroxysmal event on 
the electromagnetic properties (and, as consequence, on the coherence 
signal) of the area that surrounds the crater is strongly evident, which is 
also correlated with wildfire that affected the Stromboli Island due to the 
event. Accordingly, the MT-InSAR analysis of ground displacements was 
not possible due to the observed, abrupt loss of InSAR coherence across 
the event. 

In the following month, the effusive eruption continued, emplacing a 
lava flow field from the SW crater and small overflows from the NE 
crater, and ground displacements were variable (Fig. 9a, b). This 
behavior did not change with the second paroxysm on the 28th August 
2019, when no associated deformations were recorded (Fig. 9c and d). 
However, on the 29th August 2019 a new ground inflation occurred 
(Fig. 9e), followed, the day after, by a deflation simultaneous with the 
emission of a last lava flow from the SW crater (Fig. 9f). 

6.3. 31st August 2019 – 5th November 2019 

The 2019 eruption ended on 30th August 2019, after the emplace
ment of the lava flow from the SW crater. Following this eruption, an 
explosive activity remained very significant and the displacements 
measured by the GB-SAR systems were mainly related to the post- 
eruptive mobilization of the material emplaced during the explosive 
activity (Fig. 10). In particular, in Fig. 10a a 1-day interferogram is 
shown (5th–6th September 2019), highlighting displacements located 
around the NE crater area, as well as in the SdF, testifying the instability 
of newly emplaced material. In Fig. 10b, a 6-days interferogram better 
highlights the slope movements along the SdF (interferometric fringe in 
the central SdF), whereas in the NE crater area displacements are no 

Table 5 
Summary of the ground deformation events recorded during the 2019 eruption 
by the GB-SAR devices installed at Stromboli.  

Start End GB-SAR data Interpretation 

3rd July 
2019–12:27 
UTC 

3rd July 
2019–14:43 
UTC 

Rapid increase in the 
displacement rate 
toward the sensor in 
the crater terrace 

Strong inflation of the 
summit area  

3rd July 
2019–14:43 
UTC 

3rd July 
2019–18:23 
UTC 

Low coherence Accumulation and/or 
rapid movement of 
newly emplaced 
material due to 
paroxysmal explosion  

3rd July 
2019–18:23 
UTC 

28th August 
2019–10:16 
UTC 

Variable 
displacement rate 
toward the sensor in 
the crater terrace, 
with episodes of rapid 
increase 

Episodic inflation of 
the summit area  

28th August 
2019–10:16 
UTC 

28th August 
2019–10:49 
UTC 

Low coherence Accumulation and/or 
rapid movement of 
newly emplaced 
material due to 
paroxysmal explosion  

29th August 
2019–18:37 
UTC 

29th August 
2019–19:42 
UTC 

Increase in the 
displacement rate 
toward the sensor in 
the crater terrace 

Inflation of the 
summit area  

30th August 
2019–01:26 
UTC 

30th August 
2019–03:37 
UTC 

Increase in the 
displacement rate 
away from the sensor 
in the crater terrace 

Deflation of the 
summit area  

Fig. 8. Sentinel-1 coherence maps: a) before (20th – 26th June 2019) and b) after (26th June – 8th July 2019) the 3rd July 2019 paroxysmal explosion.  
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more detectable due to temporal decorrelation (i.e., too fast movement 
considering the interferogram interval). 

We further remark that ground movements were recorded in the 
central SdF, but the complete extension of the deformed area could not 

be measured with the GB-SARs due to the limited extension of the 
footprint. However, during the post-eruptive period, the satellite InSAR 
analysis allowed investigating the SdF section not imaged by the GB- 
SAR, further highlighting the strong complementarity of the satellite 

Fig. 9. a) 30th July 2019 (05:01–09:38 UTC) interferogram generated with GB-SAR NE400 system, as example of low displacement rate period during the 2019 
eruption; b) 14th July 2019 (17:40 UTC) - 15th July 2019 (05:42 UTC) interferogram generated with GB-SAR NE190 system, testifying increase in displacement rate 
in the crater terrace within the 2019 eruption; c) 28th August 2019 (09:11–09:43 UTC) interferogram generated with GB-SAR NE400 system, testifying the absence of 
deformation observed before the 28th August 2019 paroxysm; d) 28th August 2019 (09:37–10:02 UTC) interferogram generated with GB-SAR NE190 system, 
testifying the low coherence observed before the 28th August 2019 paroxysm; e) 29th August 2019 (19:10–19:42 UTC) interferogram generated with GB-SAR NE400 
system, testifying the strong ground displacement before the increase in the effusive activity occurred on 29th–30th August 2019; f) 30th August 2019 (01:26–03:37 
UTC) interferogram generated with GB-SAR NE400 system, testifying the strong ground displacement associated with the deflation occurred at the end of the effusive 
activity. Fig. 9a and b are modified after Calvari et al. (2021). 
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Fig. 10. Interferograms collected on a) 5th September 2019 (15:18 UTC)- 6th September 2019 (15:23 UTC) and b) 18th September 2019 (08:05 UTC) - 24th 
September 2019 (08:05 UTC), highlighting the displacement related to slope instability in the Sciara del Fuoco and NE crater areas. 

Fig. 11. Post-eruptive Sentinel-1 displacement: 31st August 2019 – 30th September 2019 a) Up-Down component (red dots: subsidence; blue dots: uplift); b) E-W 
component (red dots: westward displacement; blue dots: eastward displacement); 30th September 2019 – 5th November 2019 c) Up-Down component (red dots: 
subsidence; blue dots: uplift); d) E-W component (red dots: westward displacement; blue dots: eastward displacement). 
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and ground systems. 
In Fig. 11 we show the S-1 InSAR results relevant to the vertical 

(Fig. 11a and c) and East-West (Fig. 11b and d) deformation components 
of two consecutive time intervals (31st August 2019 – 30th September 
2019; 30th September 2019 – 5th November 2019), included in the post- 
eruptive period. We identified these two periods because we observed 
that the 6-days interferograms covering the 31st August 2019 - 30th 
September 2019 time interval are characterized by the presence of 
higher fringe rates with respect to the 30th September 2019 – 5th 
November 2019 interval (see Fig. S3 of the supplementary material). 
This fringe rate decrease reveals a progressive reduction of the defor
mation in time. Maps of Fig. 11 reveal that almost the entire part of the 
SdF affected by the accumulation of the 2019 lava flow field was 
deforming. The analysis of these components shows that most of the 
movement has both a downward (higher than 150 cm/yr in the first time 
interval) and westward (higher than 100 cm/yr in the same period) 
direction, compatible with the adjustment of the lava field along the SdF 
slope. Exceptions to this trend are proximal areas covered by the 2019 
lava flow field, and in particular, the zone characterized by pre-effusive 
low topographic gradient below the SW crater. The calculated noise 
level outside the SdF was of about 12 cm/yr which is well below the 
computed maximum values of the displacement rates. 

7. Discussion 

In this paper we investigated the surface dynamics of Stromboli 
volcano by using an unprecedented set of space-borne and ground-based 
SAR data. In particular, we exploited the data collected from April 2015 
up to November 2019 along two (one ascending and one descending) 
Sentinel-1 tracks, as well as the images acquired, in the same period, by 
two ground-based systems installed along the SdF northern rim. In 
particular, in our analysis we focused on three different periods: April 
2015–June 2019; 3rd July 2019 – 30th August 2019; 31st August 2019 – 
5th November 2019. For these three periods we jointly exploited InSAR 
measurements generated by both space-borne and ground-based sys
tems, thus confirming their complementarity for the mapping and 
interpretation of the deformation phenomena affecting the Stromboli 
volcano. In particular, for the first period (April 2015–June 2019) we 
retrieve the 3D deformation field within the Sciara del Fuoco, by 
exploiting the ascending and descending satellite long-term MT-InSAR 
measurements and those achieved through the GB-SAR NE190 system. 
Indeed, the satellite systems moving over polar-orbits only permit to 
retrieve the vertical and East-West displacement component (by comb
ing the results from ascending and descending orbits) being totally blind 
to the displacements along the North-South direction. Instead, the 
orientation flexibility of the GB-SAR system with respect to the satellite 
one allows us to have information also along the North-South direction. 
This further confirms the need to dispose of multiple, complementary 
systems to overcome the respective space and terrestrial SAR system’s 
limitations, thus increasing the amount of information that can be 
collected over an area under study. This is even more evident in case of 
phenomena that cannot be monitored by one of the two systems. A clear 
example is given by the sin-eruptive period (3rd July 2019 – 30th August 
2019), which is characterized by very rapid (in the order of minutes/ 
hours) deformation episodes that cannot be detected with the weekly S- 
1 temporal sampling, while they can be effectively imaged by the 
ground-based technologies. On the other hand, the deformation field 
associated to the 31st August 2019 – 5th November 2019 period has 
been studied thanks to the S-1 data, being located mainly outside the GB- 
SAR sensed area. 

We remark that most of the ground displacements recorded in the 
long-term period (April 2015–June 2019) can be explained by 
comparing them with the morphological changes induced by the pre
vious eruptive activity, mainly the 2010–2011 overflows from the SW 
crater and the 2014 lava flow field (Fig. 2c, d; Di Traglia et al., 2020). 
First of all, it should be considered that the S-1 measurements show an 

area characterized by a persistent low coherence in the central part of 
the SdF (see Fig. 4) related to the rapid erosion/transport/accumulation 
processes that occurred in the SdF as response to both explosive activity 
and erosion/deposition processes (Fig. 2c, d; Bonforte et al., 2016; Di 
Traglia et al., 2018a, 2020). The along the slope displacements 
measured in the 2014 lava flow field testifies the persistent motion 
(creep) induced by slope overloading after effusive activity (Di Traglia 
et al., 2018a, 2018b). During the same period, the GB-SARs recorded 
variable displacement in the crater terrace, mainly related to magma 
movement beneath it. In this period, characterized by the re-awakening 
eruptive activity after the 2014 flank eruption (Giudicepietro et al., 
2020), increasing displacement rates were recorded in the December 
2017 – January 2018 and December 2018 – January 2019 time intervals, 
with the inflation of the summit crater terrace and a small and frequent 
sliding of the newly emplaced material (Schaefer et al., 2019; Calvari 
et al., 2021). 

A strong inflation of the crater terrace occurred on 3rd July 2019 and 
lasted ~2 h before the event, whereas no associated deformations were 
recorded by the GB-SAR devices before the 28th August 2019 explosion, 
as was the case for the explosion of 5th April 2003 and 15th March 2007 
(Antonello et al., 2004; Casagli et al., 2009). During all these paroxysmal 
events, no sin-explosive deformation was recorded by the GB-SAR due to 
the scene decorrelation (contrary to what other ground deformation 
monitoring systems have recorded, i.e. Mattia et al., 2004; Bonaccorso 
et al., 2009; Giudicepietro et al., 2020; Ripepe et al., 2021; Viccaro et al., 
2021), that is consistent with an excessive variation of the scattering 
properties of the ground. Moreover, the temporal sampling of GB-SARs 
is much smaller than those of other sensors such as tiltmeters, GNSS, 
dilatometers, strainmeters, and therefore less suitable for recording 
transient phenomena of short duration such as Strombolian explosions 
(see Calvari et al., 2021 on this topic). Further analysis is needed to 
understand the difference between the 3rd July 2019 and the other three 
paroxysms that occurred since 2003. 

As said before, the strong explosion occurred on 3rd July 2019 
changed significantly the electromagnetic properties in much of the is
land of Stromboli. Accordingly, S-1 interferograms were not useful to 
measure ground deformation during the 3rd July 2019 paroxysm, even 
if the SAR coherence was suitable to map the area impacted by both 
tephra fallout and explosions-triggered wildfires. 

The effusive activity as a whole was not associated with signs of 
inflation and deflation of the crater terrace, as was the case for the 2007 
and 2014 eruptions (Casagli et al., 2009; Di Traglia et al., 2018c). 
Despite this, brief signs of inflation-deflation were associated with the 
final part of the effusion (29th - 30th August 2019). These short crater 
terrace inflation-deflation signals, in Stromboli, have been associated 
with overflows, as the one occurred in 12th January 2013 (Calvari et al., 
2016). 

Finally, in the last analysed period (31st August 2019 – 5th 
November 2019), ground displacements were mainly related to insta
bility of the newly emplaced material on the steep volcano slopes. High 
topographic gradient in the SdF area and around the crater terrace 
accounted for the large deformations recorded by both systems, similar 
to the displacement recorded before the 2019 eruption on the 
2010–2011 overflows and 2014 lava flow field. However, the proximal 
2019 lava flow field is characterized by ground subsidence, accompa
nied by westward movement, which suggests the possible link between 
displacements and cooling in the areas with greater lava thickness and/ 
or pre-eruptive low topographic gradient (as proposed by Schaefer et al., 
2019 for the proximal areas of the 2014 lava flow field). 

8. Conclusions 

In the presented analysis a 2015–2019 SAR image dataset acquired 
by the Sentinel-1 constellation and two GB-SAR systems installed at 
Stromboli volcano have been processed through InSAR techniques, and 
the achieved results effectively integrated. In particular, this data 
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integration consisted of both a 3D displacement field retrieval operation 
(April 2015–June 2019), and a complementary exploitation (July 
2019–November 2019). The former activity allowed for the recon
struction of the slope displacements in between of the 2014 and the 
2019 eruptions, whereas the latter was carried out to constrain the 
eruptive dynamics and the post-eruptive slope readjustment. We remark 
that, while the InSAR measurements related to slope movements are due 
to both persistent flank motion and erosion/accumulation of volcani
clastics, the measured displacements associated with the eruptions are 
related to the magma movement in the shallow storage system. More
over, we found that the displacement recorded in the crater terrace of 
Stromboli was characterized by movements toward and away the 
sensor, consistent with either inflation or deflation of the deformation 
source respectively. Accordingly, future studies based on the inversion 
of deformation measurements will be focused on quantifying both the 
inflation before the 3rd July 2019 paroxysms, and the inflation/defla
tion associated with the last lava flow, between 29th and 30th August 
2019. 

This work demonstrates the need to dispose of multiple, comple
mentary SAR systems to increase the amount of InSAR information that 
can be retrieved for investigating an area, as for the Stromboli case 
described in this paper. This is particularly critical in zones prone to 
natural hazards where as much as possible complete information on the 
occurred displacements should be collected and provided to the civil 
protection authorities to analyse, monitor and manage the related risk. 
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