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A B S T R A C T   

The topography of Mt. Etna, Italy, is subjected to continuous modifications depending on intensity and 
magnitude of eruptions that frequently occur at the volcano summit and flanks. In order to make high-resolution 
maps of morphological changes and accurately calculate the overall volume of the erupted products (e.g., lava 
flows, tephra fall out, scoriae cones) in ten years, we have compared the altimetry models of Mt. Etna derived 
from 2005 Airborne Laser Scanning data and 2015 Pleiades stereo satellite imagery. Both models cover a 
common area of 400 km2 with spatial resolution of 2 m and comparable vertical accuracy (RMSE < 0.8 m). The 
results show that the area most affected by the erupted products is the mid-upper portion of the volcano with an 
altitude ranging from 1300 m to more than 3300 m a.s.l., value reached at the summit of the North East crater. In 
particular, this portion changes dramatically in the eastern sector due to the birth and growth of the New South- 
East Crater, the invasion of dozens of lava flows in the Valle del Bove, and the formation of the 2014 scoriae 
cones and lava field at the base of the North-East Crater. The total volume of products erupted in the investigated 
period results in 284.3±15.8 x 106 m3 with a yearly average volume of 28.4 x 106 m3/y comparable with the 
previous decades. In addition, the products emitted by the 2014 sub-terminal eruption are mapped and quan-
tified including, for the first time, the volume of the 2014 scoriae cones generated on the eastern flank of North- 
East Crater This study demonstrates how a rigorous comparison between digital elevation models derived from 
different remote sensing techniques produce high accurate mapping and quantifications of morphological 
changes applicable for worldwide active volcanoes. This allows to quantify volumes and areas of erupted 
products reducing the error estimations, a crucial point to provide precise data often used as key parameters for 
many volcanic hazard studies.   

1. Introduction 

The Mt. Etna stratovolcano, located in the north-eastern area of 
Sicily (Italy), is one of the most active in the world (Branca and Del 
Carlo, 2004) and represents a potential hazard for about 900,000 people 
living on its slopes as well as hundreds of thousands of tourists who 
yearly visit the volcano (Andronico and Lodato, 2005). The volcanic 

activity of Mt. Etna, both explosive and effusive, has been particularly 
active and intense in the last 30 years (Barberi et al., 1993; Harris et al., 
2011; 2012; Bonaccorso and Calvari, 2013; Proietti et al., 2020) causing 
continuous and consistent morphological changes of the volcano on its 
slopes and the summit area. Most of the morphological changes occurred 
during remarkable eruptions, which opened eruptive fissures on the 
flanks of the volcano and produced plentiful lava flow fields, as the 
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1991–1993 (Calvari et al., 1994), 2004–05 (Del Negro et al., 2016; 
Fornaciai et al., 2021) and 2008–09 (Aloisi et al., 2009; Bonaccorso 
et al., 2011) eruptions. Large scoriae cones were also produced in 2001 
(Calvari and Pinkerton, 2004) and 2002–2003 (Andronico et al., 2005). 
With more than 200 paroxysms (hereafter also named paroxysmal epi-
sodes; e.g., Andronico al., 2009a,b; 2014a; Behncke et al., 2014; De Beni 
et al., 2015; Andronico et al., 2015; 2016; Corsaro et al., 2017), the 
eruptive activity occurred in the summit area caused the rapid growth of 
craters, proximal coarse-grained tephra fallout, ash and lapilli dispersal 
in several distal areas, and the spreading of extensive lava flows, most of 
them in the eastern part of the volcano. 

In literature, the mapping and volume quantifications of the Etna 
morphological changes are often referred to single eruptive events and 
estimated by the following methodologies: i) extrapolations from field 
data and modelling (Coltelli et al., 2007; Andronico et al., 2008); ii) 
estimations obtained by thermal remote sensing techniques (Harris et al. 
1997; 1998; Bailey et al., 2006; Lombardo et al., 2011); iii) comparison 
between Digital Elevation Models (DEMs) before and immediately after 
the eruptive event (Neri et al., 2008; De Beni et al., 2019; Proietti et al., 
2020). The first method, requiring proper collection of field data, de-
pends on the accessibility and the extent of the erupted deposits. In 
different conditions, the other two methods (ii, iii) represent a valid 
solution for providing volume estimations, especially if the uncertainty 
is provided. This is still an open issue for the thermal satellite technique 
that, based on several parameters, suffers from multiple sources of un-
certainty (Ganci et al., 2018; Lombardo et al., 2020). Conversely, the 
DEMs comparison method allows to correctly quantify the uncertainty, 
if the errors in x, y and z of source data used to produce the DEMs are 
quantified. In particular, multi-temporal topographic changes are 
detected by remote sensing derived DEMs elevation differencing, a 
conceptually simple approach to produce a 3D differential surface that 
can measure the spatial distribution of volume change (Etzelmuller, 
2000). The derived DEMs have different qualities inherited from their 

original data source, pre- and post-processing techniques, filtering and 
interpolation procedures. These different characteristics result in 
inherited uncertainty that must be understood and propagated in com-
parisons of elevation data over broad temporal scales to ensure that 
observed elevation changes are meaningful (Anderson, 2018). For this 
reason, it is necessary that the source data are properly processed, and 
the derived products are compared following rigorous criteria based on 
fundamental rules of the spatial analysis: co-registration, same spatial 
resolution, comparable accuracy. These criteria assure that the meth-
odologies take into consideration data source errors, source data vari-
ations, and error propagation. This last factor is important, since the 
access to 3D data are increasing with the wider availability of Lidar, 
stereo photogrammetry from commercial satellite imagery, and with the 
low-cost and accessibility of structure-from-motion derived elevation 
data. 

In this study, an accurate identification and quantification of the 
overall Etna morphological changes are obtained by applying the third 
methodology previously mentioned. In detail, we compare two altimetry 
models of the volcano, the first derived from the 2005 Airborne Laser 
Scanning (ALS), the second obtained from the 2015 Pleiades stereo 
satellite imagery using the Structure from Motion (SfM) technique. Both 
models have a spatial resolution of 2 m and vertical root mean square 
error (RMSE) of 0.24 m and 0.78 m, respectively. Taking into account 
the extent of the two DEMs, a common area of 72 km2, centred on the 
volcano summit, represents our study area (Fig. 1). This paper initially 
presents the two altimetry models and the recent volcanic activity. In the 
following, it describes the resulting map in terms of thickness and vol-
ume. Then a discussion of the results is presented, including some 
considerations on the drainage network and the roughness surface. 
Lastly, the conclusions resume the main remarks pointing out some 
possible hazard implications. 

Fig. 1. Geographic setting of the investigated area. The 3 coloured outlines indicate the extent of Lidar DEM (yellow), the Pleiades DEM (blue) and the Study 
Area (red). 
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2. The 2005 ALS DEM 

During the Airborne Laser Scanning (Axelsson, 1999) 2005 survey 
(September 29–30, 2005), 250 million points were acquired and pro-
cessed to obtain a Digital Terrain Model (DTM) and a Digital Surface 
Model (DSM) of Mt. Etna at a spatial resolution of 2 m and vertical RMSE 
of ± 24 cm (Bisson et al., 2016). Both models, geo-coded into WGS84 
UTM 33 N geodetic cartographic system, reproduce the topography of 
the volcano (Fig. 1) covering an area of 620 km2 with an elevation 
ranging from 0 to 3300 m a.s.l. These models represent the most 
extensive high-resolution topographies of Mt. Etna to date and were 
validated with ground control points (GCP) selected from the Mt. Etna 
geodetic network (Bisson et al., 2016; Bonforte and Puglisi, 2006). 
Fig. 2a shows the 2005 morphology of the study area. 

3. The 2015 Pleiades DEM 

The Stereo Satellite Photogrammetry technique, using two or more 
images in stereo mode and standard procedures of processing (Deilami 
and Hashim, 2011), allows the reconstruction of DEMs with spatial 
resolution and accuracy depending on the sensor characteristics and the 
processed band. The 2015 Pleiades DEM was obtained by processing the 
pan-sharpened multispectral stereo imagery acquired on July 28, 2015 
by the polar orbiting P-1A and P-1B satellites with an angle incidence of 
16◦. In detail, the pan-sharpened band 1 image (0.43–0.55 µm) at 1 m 
resolution was processed by using the NASA Ames Stereo Pipeline (ASP) 
procedure (Beyer et al., 2018). The ASP standard workflow was modi-
fied setting the best feature matching algorithm and introducing the 
conversion in ortho-metric heights in order to obtain a DSM comparable 
in spatial resolution and accuracy with the model of 2005 DEM 

Fig. 2. The shaded relief of 2005 and 2015 DEMs, coming from ALS survey and Pleiades satellite data, respectively. The black dashed circles enclose false mor-
phologies generated by the presence of meteorological clouds, fumaroles and volcanic plume as documented by the panchromatic band of the Pleiades data showed 
in Fig. 4. 
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(Palaseanu-Lovejoy et al., 2019). The Pleiades DEM, in ortho-metric 
height, has a spatial resolution of 2 m and covers 400 km2 with elevation 
ranging from 382.2 m a.s.l. to 3326.5 m a.s.l., i.e., up to the summit area 
of Mt. Etna (Fig. 1). The model has an overall vertical RMSE of ± 78 cm 
and ± 50 cm in non-vegetated stable areas at elevation higher than 1800 
m a.s.l. (Palaseanu-Lovejoy et al., 2019). Fig. 2b shows the 2015 
morphology of the study area. 

4. The recent volcanic history of Mt. Etna 

Mt. Etna summit area includes five craters named North-East Crater 
(NEC), Voragine (VOR), Bocca Nuova (BN), South-East Crater (SEC), the 
most active crater of Mt. Etna since 1998, and New South-East Crater 
(NSEC) (Fig. 2b). The latter is the youngest cone, which gradually began 
to grow after 2011 over a lateral pit-crater located on the east flank of 
the SEC until they merged (Andronico et al., 2018a, 2018b). The NSEC 
overlooks the edge of the Valle del Bove (VdB) that extends towards the 
eastern side of the volcano (Fig. 2b). The large structure formed by the 
coalescence of the SEC with the NSEC constantly evolves due to the 
continuous eruptive activity. Hereafter, we use the term SEC-NSEC 
structure to indicate the composite cone made up of the merging of 
the two previous cones. 

In the last 50–60 years, the eruptive history of Mt. Etna showed 
marked increasing activity in the number of eruptions and volume of 
erupted magma compared to the past centuries (e.g., Andronico and 
Lodato, 2005; Branca and Del Carlo, 2005) and, after 1995, the eruptive 
style was frequently characterized by explosive activity, although coeval 
or alternating with lava effusions. More than 200 paroxysmal episodes 
have been recorded since 1989. A few lava overflows and lava outputs 
from eruptive fissures have broken the slopes of the cones at the summit 
craters. The last paroxysmal episode occurred on 31 March-1 April 2021. 
After 2000 the upper flanks were affected by two long-lasting explosive/ 
effusive eruptions in 2001 and 2002–2003 (Behncke and Neri, 2003; 
Andronico et al., 2005 and 2008), and prolonged effusive eruptions in 
2004–05 (Del Negro et al., 2016), 2006 (Lombardo et al., 2011) and 
2008–09 (e.g., Aloisi et al., 2009; Bonaccorso et al., 2011). The most 
recent flank eruption occurred on 24–27 December 2018, when an 
eruptive fissure opened at the base of the NSEC generated a copious lava 
output and, a poor tephra emission (Cannavò et al., 2019; Laiolo et al., 
2019). 

4.1. The 2005 – 2015 volcanic activity 

In the following, we give an overview of the 2005–2015 eruptive 
activity characterizing the summit portion and the flanks of the volcano 
with the aim to summarize the volume of erupted products coming from 
field survey and available literature. Such volume will be compared with 
the volume value calculated by the methodology used in this work. 

In the summit portion, the most frequent activity consisted of 
paroxysmal episodes, defined here as short eruptions with overall 
duration spans from few hours to few days. They are initially charac-
terised by a resumption phase (Alparone et al., 2003), during which 
weak, discontinuous Strombolian explosions may be accompanied by a 
poor-fed lava output. Such explosions gradually increase more and more 
in frequency and intensity up to evolving into powerful Strombolian 
activity and/or lava fountaining. This is the paroxysmal phase, 
commonly lasting from tens of minutes to few hours and generates an 
unique formation of eruption column, sometimes up to 10 km above the 
crater, as well as fast coeval spreading of highly fed lava flows (e.g., 
Andronico et al., 2015; Corsaro et al., 2017). Typically, at Mt. Etna, 
these eruption columns cause proximal tephra fallout (<2 km) and distal 
tephra that reach over tens to hundreds of km away from the vent 
(Andronico et al., 2014). The conclusive phase sees the quick waning of 
the eruptive phenomena until their total (or almost complete) 
exhaustion. 

In detail, there are 77 paroxysms recorded from 2005 to 2015, 26 of 

those from the SEC and 51 from the NSEC. In the considered period, we 
observed a wide intensity range of paroxysms, from small-to large-scale, 
during which the volume of distal tephra generated by the eruption 
cloud can vary widely (0.1–1)x 106 m3 (Andronico et al., 2015). Such 
range of volumes is obtained considering few of 77 paroxysms since the 
distal tephra emitted by the most of those paroxysms is not estimated in 
terms of volumes in literature. Finally, although the dominant winds 
blowing above Mt. Etna disperse most of the tephra fallouts towards E 
and SE, a recent study on the 12–13 January 2011 lava fountain high-
lighted that 60% of the total erupted distal tephra fell within a radius of 
5–6 km from the respective vent (Andronico et al., 2014). 

As regards the lava flows emitted in all the paroxysmal episodes, the 
volumes are characterized by the same order of magnitude. In fact, the 
maximum length of these lava flows usually does not exceed 4.3 km 
from the vent, and most of them stop within 2–3 km, corresponding to 
volumes of (1–2)x 106 m3 and altitudes of around 1900–2100 m a.s.l. 
(Behncke et al., 2014; De Beni et al., 2015). 

In addition, the summit area is affected with less frequency to sub- 
terminal eruptions represented by volcanic activity from eruptive fis-
sures which opened in close spatial and structural relation with the 
summit cones, i.e. over their slopes or at their foot. On 22 January 2014 
a minor effusive activity began when lava was emitted from vents 
opened in the lower eastern flank of the NSEC. This activity went on 
with large fluctuations in the effusive rate for about 75 days, with the 
total lava volume estimated at 7.8 x106 m3 (De Beni et al., 2015). 
Conversely, a larger sub-terminal activity affected the lower eastern 
flank of the NEC, where on 5 July 2014 an eruptive fissure system 
opened at ~ 3000 m (Spina et al., 2017). This eruption lasted around a 
month, producing simultaneously explosive activity associated with the 
formation of scoriae cones at the upper tips of the fissures, and lava 
output which formed a lava flow field down the northern wall of the 
VdB. The volume of this lava flow field was estimated in 5.9 x106 m3 (De 
Beni et al., 2015). 

With regard to the flank activity, only a single eruption is recorded in 
2005–2015. It occurred on 13 May 2008, when a system of eruptive 
fissures, propagating from the base of the SEC toward the western wall 
of the VdB, started a prolonged effusive activity, which stopped on 6 
July 2009 (Aloisi et al., 2009). The 2008–2009 flank eruption has pro-
duced lavas with an estimated volume around ~ 74 x106 m3 (Behncke 
et al., 2016). 

The main characteristics of Mt. Etna summit and flank activities are 
summarized in Table 1 reporting the volumes of erupted deposits (lava 
and proximal tephra) that are published in the literature. The 
Table highlights that most of lava flows are estimated in terms of vol-
ume, whereas the proximal tephra emitted during the paroxysmal epi-
sodes are not estimated except for the 2011–2012 and 2013 proximal 
tephra. The total volume resulting from data published in the literature 
is equal to ~ 218.81 x106 m3, that is evidently underestimated. 

5. Results and discussion 

5.1. 2005–2015 morphological changes 

The co-registration, the same spatial resolution (2 m) and the similar 
vertical RMSE (<0.8 m) allowed a rigorous comparison between the 
2005 and 2015 DEMs in the common area. This study focuses on the area 
defined in Fig. 1 centred on the summit area and covering 72 km2 with 
sides of 10 km by 7.2 km. Working on a GIS platform (ESRI environ-
ment), the map of difference in height (Fig. 3) was obtained by sub-
tracting DEM2005 from the DEM2015. In this map, zones outlined in 
black have been excluded by the analysis as they show false values due 
to the presence of meteorological clouds, fumaroles and volcanic plume 
as documented by the panchromatic band of Pleiades data (Fig. 4). The 
values of the map range from − 80 m to about +210 m and the error in 
elevation is calculated as RMSE of the differenced DSMs according to 
equation (1) below: 
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Table 1 
Summary of Mt. Etna summit and flank activities from 2005 to 2015. The references are the main publications or internal reports dealing with the indicated eruptions. 
When published, the values of volumes are reported. The NEC = North-East Crater; NSEC = New South-East Crater; SEC = South-East Crater; VdB = Valle del Bove.  

Year Date Type of activity Vent location Erupted volume 
estimation 
106m3 

References     

lava proximal 
tephra  

2006 15–24 July Strombolian activity and Lava flow SEC 2  Harris et al., 2011Andronico et al., 
2009b  

13 September − 27 
November 

16 paroxysmal episodes SEC 37  Andronico et al., 2009a,b; Harris 
et al., 2011 

2007 29 March − 23 November 6 paroxysmal episodes SEC   Andronico et al., 2009a,b; 
2008 10 May paroxysmal episode SEC   Di Grazia et al., 2009 
2008–2009 13 May 2008–6 July 2009 paroxysmal episode followed by flank 

eruption 
SEC and W wall of the 
VdB 

74  Di Grazia et al. 2009; Behncke et al., 
2016 

2011–2012 12 January 2011–24 April 
2012 

25 paroxysmal episodes NSEC 28 19 Behncke et al., 2014; Andronico 
et al., 2014 

2013 19 February − 28 
December 

21 paroxysmal episodes NSEC 19.73 20.48 De Beni et al., 2015; Andronico 
et al., 2018a 

2014 22 January − 7 April subterminal eruption NSEC 7.8  De Beni et al., 2015  
14–16 June paroxysmal episode NSEC 2.3  De Beni et al., 2015  
5 July − 10 August subterminal eruption base of the NEC 5.9  De Beni et al., 2015  
8–16 August paroxysmal episode NSEC 2.6  De Beni et al., 2015  
28 December paroxysmal episode NSEC   INGV-OE, 2014 

2015 31 January − 15 May 3 paroxysmal episodes NSEC   INGV-OE, 2015a,b 
Partial 

volumes    
179.33 39.48  

Total volume    218.81   

Fig. 3. Map of the difference in height 2005–2015 obtained comparing the Lidar and Pleiades altimetry models. The numbers 1, 2 3, and 4 indicate the four areas 
mostly affected by morphological changes from 2005 to 2015. The coordinates at the corners are expressed in meters according to the WGS 84 UTM N 33 Carto-
graphic System. 
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RMSEdif =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

RMSE2
ALS + RMSE2

SfM

√

(1) 

where RMSEdif represent the RMSE of the result, RMSE2
ALS represents 

the RMSE of the Lidar data, and RMSE2
SfM represents the RMSE of the 

Pleiades derived data. 
The accuracy of the result at 68% confidence interval (C.I.) (for 1 

Standard Deviation) is ± 0.82 m, and for 95% C.I. is ± 1.6 m (2 Standard 
Deviation). 

In Fig. 3, the coloured areas identify zones affected by real 
morphological changes, because the map values are greater than +1.6 m 
and lesser than –1.6 m. The areas with values between –1.6 m and +1.6 
m are visualized by grey tones of the shaded relief and identify zones 
where it is not possible to distinguish accumulations of deposit from 
losses of material or unchanged surface. The positive and negative 
values in the map have distinct origin and interpretations. The positive 
values represent the cumulative thickness of the erupted products in the 
10 years and are visualized with a colour ramp from yellow to red 
through the green, orange, pink and purple tones. In particular, the 
lowest thicknesses (<2.5 m) are in light yellow and identify some 
branches of lava flows or portions of pyroclastic material deposited in 
specific zones such as Valle del Leone or the canyons situated between 
the Pizzi Deneri Osservatorio and Mt. Frumento delle Concazze, both 
located in the north-east direction to the upper summit. Instead, the 
highest thicknesses (greater than 200 m) are coloured in red and identify 
the summit portion of the NSEC. 

The negative values indicate areas affected by decreases in elevation 
and are coloured with blue tones. The light blue colour identifies the 
areas where the difference in height reaches − 5 m, whereas dark blue 
discriminate zones affected by greater decreases (from − 5 m to − 80 m). 
In particular, the minimum value of − 80 m is only present in the south- 
east crater rim of Bocca Nuova that collapsed in the investigated period. 
Further blue areas are well recognizable over or at the base of the 2001 
and 2002–2003 cones, in a sector of the NEC, in some portions of the 
NNE flank of the NEC and, finally, in some very small areas in the 
western sector of Valle del Bove. Such areas are the result of probable 
erosion or detachment phenomena. 

5.2. Spatial analysis of morphological changes 

The 2005–2015 eruptive activities in Valle del Bove are character-
ized by the spatial distribution of positive values in the difference map 
(Fig. 3). In particular, there is a central area located between 1750 m and 
3250 m a.s.l. (orange colour) where the minimum retrieved thickness is 
25 m. Inside this area, three sub-areas are well identified thanks to the 
thickness ranging from 50 m to 100 m (pink colour). These high thick-
nesses are the result of the overlapping of numerous lava flows occurred 
between September 2005 and July 2015, not distinguishable between 
them but evaluable at least in over 50 lava flows (references in Table 1). 
Another zone characterised by elevate thicknesses is represented by the 
cone-shaped structure generated by the intense activities of the SEC and 
NSEC cones (purple colour in Fig. 3), where the highest value of 
210.7±1.6 m is reached on the rim of the NSEC. Thicknesses greater 
than 25 m are reached by the lavas present only in the Valle del Bove, 
whereas thicknesses lower than 10 m affect both the Valle del Bove and 
the South-West flank and stop at elevations around 1300 m and 1900 m 
a.s.l., respectively. Zones with moderate thicknesses (from 3 m to 10 m), 
are well recognizable in Valle del Leone and in some of the canyons 
situated between the Pizzi Deneri Observatory and Mt. Frumento delle 
Concazze, both located to the NE of the summit portion of the volcano 
(Fig. 3). The presence of these moderate thicknesses is probably due to 
coarse-grained tephra deposits produced by powerful lava fountains in 
2013 (Poret et al., 2018) that, subsequently were eroded by intense rains 
and/or snow melting, and accumulated along natural and radial 
drainage routes present in the canyon to the SW of Mt. Frumento delle 
Concazze and in some portions of Valle del Leone walls. These drainage 
routes (Bisson et al., 2019) are also shown in Fig. 5 where they are 
combined with the map of the difference in height. In detail, Fig. 6a 
shows the radial canyons upstream of Mt. Frumento delle Concazze 
internally filled by layers of tephra that were removed from uneven 
ridges or gravity-slid from the steep sidewalls. Furthermore, in the 
centre of the canyons, the superficial and temporary drainage caused by 
rain is well marked (Fig. 6a), resulting in thick piles of tephra deposits on 
small areas where break-in-slopes are present. The limited depression 

Fig. 4. Image of panchromatic band of Pleiades data acquired on July 28, 2015.  
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areas close to Valle del Leone are also shaped by freeze and thaw cycle 
that, in general, at 1500–3000 m of altitude can be active for several 
months a year. The water that freezes in the ground increases in volume 
and exerts significant pressure in the thick tephra cover where it has 
penetrated, fragmenting, and displacing the volcanic material that can 
be removed and transported downwards more easily by rain. In other 
cases, solifluction processes can form small-scale lobes (Fig. 6b). 

Analysing the spatial distribution of the negative values of the map 
(Fig. 3), three main zones were identified: i) the summit craters, ii) the 
2001 and 2002–2003 cones, and iii) the Valle del Bove western portion. 
In the summit craters zone, we observe a slight lowering (3–4 m) in the 

northern portion of the NEC that includes part of the rim and flank. A 
relevant collapse (about 80 m) is evident inside the southeast portion of 
the Bocca Nuova and two enclosed depressions are visible in the west 
sector of the NSEC, indicating a lowering of around 7–8 m. In the second 
zone, identified by the 2001 and 2002–2003 cones, only the flanks 
exposed to East are affected by a lowering that ranges from 2 to 10 m, as 
well as the northeast flank of the nearby Mt. Frumento Supino (Fig. 3). In 
the third zone, Valle the Bove, the decrease in elevation characterizes 
scattered areas of limited extent (<5000 m2) along the west side and on 
the southern bottom. The areas located on the flanks can be explained by 
the very high steepness and roughness of the flanks themselves that, in 

Fig. 5. The 2005 and 2015 drainage networks at Mt. Etna. The zones in grey enclose the false morphologies generated by the presence of meteorological clouds, 
fumaroles and volcanic plume. 

Fig. 6. a) Panoramic view of the NE area of Etna between Pizzi Deneri Osservatorio (PDO; the building in the top-right of the volcano) and Mt. Frumento delle 
Concazze (from which the picture is taken). The yellow arrows show the shallow drainage in the middle of the canyons. b) Small lobes due to solifluction processes in 
the upper areas of Valle del Bove. Photos by D. Andronico. 
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specific climatic conditions, can favour frequent and intense erosion 
triggering isolated detachment or more complex landslides. This is well 
highlighted in the roughness map (Fig. 7) calculated by applying the 
Index of Riley et al. (1999) to the 2015 Pleiades DEM. In fact, in the map, 
the highest values of roughness are identified along the northern and 
western walls of the Valle del Bove, whereas the lower values are present 
in the scoriae cones (2001 cone, 2002 cones, Mt. Frumento delle Con-
cazze, Mt. Simone, M.te Centenari and Mt. Supino) and the lava flows. 
Further and more detailed distinctions can be possible combining the 
roughness map with other typologies of data (Spinetti et al., 2009; 
Fornaciai et al., 2010). As regards the depressions visible at the bottom 
of the west flank, they can be explained by local transport and erosion 
due to the accumulation of snow in the colder season and the following 
melting in spring. Moreover, the limited depression areas close to Valle 
del Leone is also shaped by freeze and thaw cycle. 

Lastly, examining zones lower than 1700 m a.s.l. outside of the Valle 
del Bove (north-west and north-east portions of the study area), the map 
in Fig. 3 shows some areas with a peculiar stippled pattern represented 
by positive and negative values. These values are due to the changes in 
height of the vegetation that exists in these areas. 

5.3. Erupted products volumes 

In order to estimate the total volume of the erupted products be-
tween 30 September 2005 and 28 July 2015, we have considered the 
areas where the map of difference in height results greater than 1.6 m 
excluding the zones covered by clouds or volcanic plumes (see black 
outlines in Fig. 3) and/or affected by growing vegetation (see 5.2 sec-
tion). The volume calculation was performed on matrix data by multi-
plying the extent of the areas for the respective difference in elevation 
between 2015 and 2005. In detail, the formula used is the following: 

V =
∑

i
ΔZi*Δx2 (2) 

where Δx is the grid cell size and Δzi is the height difference between 
the post- and pre-eruption surfaces for each pixel. 

The result indicates that products erupted in ten years have a volume 
of 284.3±15.8 x106 m3 with an uncertainty of 5.5% at 95% C.I. These 
products include lava flows and pyroclastic deposits covering a total 
area of 15.8 km2. Our results have been compared with the volume data 
available in literature and reported in Table 1 where the data are 
referred to single or multiple eruptions occurred in the investigated 
period. The sum of the volumes reported in Table 1 (218.81x 106m3) is 
23% lower than the volume calculated in this study (284.3±15.8 x106 

m3). This is expected considering the lack or partial quantification of 
several products erupted during the 10 years and the different accuracy 
of the methods used to map and calculate the products’ volumes. 
Consequently, we have compared our volume with those that cover very 
similar timeframes and are obtained by using equivalent methods to 
ours. Following these criteria, our result was compared with Ganci et al. 
(2018) that estimates a volume of 287±37 x106 m3 for the July 2005 - 
December 2015 period. This estimation has good agreement within its 
error limits with our result, although it is obtained comparing a 
photogrammetric DEM at 1 m spatial resolution and a satellite derived 
DEM at 4 m spatial resolution. A more precise volume calculation with a 
significantly reduced error has been obtained when using two models 
with same spatial resolution and comparable accuracy, such as 2005 
Lidar and 2015 Pleiades DSMs. In addition, the calculated volume 
allowed to derive a yearly average volume of erupted products equal to 
28.4 x106 m3/y, comparable to the previous annual rate of the 
1993–2013 period (Bonaccorso and Calvari, 2013). 

Four zones of particular interest have been identified in the map of 
differences in height that quantifies the most evident morphological 
changes during the ten years. These four zones are outlined and coded 
with numbers from 1 to 4 in the map itself (Fig. 3). 

Zone 1 (yellow dashed outline, Fig. 3.) identifies the scoriae cones 
and the lava flow field formed during the sub-terminal eruption 
occurred in 2014 in the eastern flank of the NE Crater (Spina et al., 
2017). This zone involves an area of 0.76 km2 with a volume of products 
equal to 8.6±0.8 x106 m3. In detail, the lava field has an average 
thickness of 11 m with more than 35 m near the active eruptive frac-
tures, in the central portion of the lava field itself. The 2014 scoriae cone 

Fig. 7. 2015 Roughness map of the study area. The zones in grey mask the false morphologies generated by the presence of meteorological clouds, fumaroles and 
volcanic plume. 
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reaches the maximum height of 3142.7±0.8 m a.s.l. in the horseshoe 
cone located to the north. The calculated volume is greater than those 
estimated from De Beni et al. (2015) through field observations, and 
from Ganci et al. (2018) through thermal remote sensing. This is ex-
pected because both referred to only the lava flow field without taking 
into consideration the explosive products, which formed a scoriae cone 
around the eruptive vents. 

Zone 2 (black dashed outline, Fig. 3) highlights the considerable 
increase of the SEC and NSEC cones due to the intense volcanic activity 
from July 2006 to May 2015. The volume of volcanic material that forms 
these cones was estimated at 53.7±0.7 x106 m3 covering an area of 0.72 
km2. In particular, the NSEC represents the portion of the volcano where 
the products erupted in the ten years reached the highest thickness 
(210.7±1.6 m). Our volume (53.7±0.7 x106 m3) has the same order of 
magnitude as the volumes estimated by Ganci et al. (2018) and Proietti 
et al. (2020) for the NSEC area only. However, both published estima-
tions (55±1.5 x106 m3 and 46 x106 m3, respectively) do not allow a 
rigorous comparison with our volume because they referred only to the 
NSEC cone instead of the entire SEC-NSEC structure. 

Zone 3 (red dashed outline in the map, Fig. 3) hosts a stratified li-
thology of alternating layers of lava and tephra fallout deposits. This 
zone covers an area of 1.29 km2 and is situated in the highest portion of 
the south flank of Mt. Etna, between 2800 and 3000 m a.s.l., immedi-
ately below the SEC-NSEC apparatus. Here the lavas accumulated a 
maximum thickness of 20 m with a total volume of 10.1±1.3 x106 m3. 
Such zone represents the most accessible area of Mt. Etna summit 
because it is easily reached by four-wheel drive buses that transport 
several thousand tourists each year. 

Zone 4 (white dashed outline in the map, Fig. 3) defines the extent of 
the deposits accumulated on the upper portion of Valle del Bove. These 
deposits cover an area of 4.22 km2 with a volume of volcanic material 
equal to 155.0±4.2 x106 m3 that represents more than half of the total 
volume erupted by Mt. Etna in the investigated period. 

Based on the calculated volumes above, the areas most exposed to 
volcanic activity are the cone-shaped structure generated by SEC and 
NSEC (zone 2) and the upper portion of Valle del Bove (zone 4). In 
particular, zone 2 is where the accumulation of pyroclastic deposits 
reaches the highest thickness (211 m) with a significant volume of 
53.7±0.7 x106 m3 represented by the SEC-NSEC structure, whereas the 
zone 4 represents the sector of the volcano mostly affected by effusive 
and explosive products and, in fact, it is characterized by the highest 
change in volume of 155.0±4.2 x106 m3. 

As mentioned previously, these quantifications do not consider the 
areas of no data, highlighted with black boundaries in Fig. 3. These areas 
of no data cover 1% of the entire study area. In particular 0.5% corre-
sponds to crater degassing plume and the remaining 0.5% to the mete-
orological clouds and their shadows. Focusing the attention only on the 
thickness map, the meteorological clouds cover 2.3% of the entire map 
resulting in 1.6% of no data in the zone 4 (where the highest thickness 
has been identified). 

Finally, the morphological changes occurred in the four zones have 
led a substantial modification of the drainage network as highlighted in 
Fig. 5. It shows that the 2015 drainage paths significantly change only in 
the areas covered by the products erupted in the investigated period. In 
fact, in these areas, 90% of the drainage networks routes are different. 
Such drainage network changes, strongly correlated with topography 
slope changes, may be able to modify the water direction runoff under 
extreme meteorological conditions, intensifying their natural flow to-
wards the coastal municipality of Giarre that, with Riposto and Acireale, 
were affected by several disastrous floods in the past (Bisson et al., 
2019). 

6. Conclusions 

This work maps the morphological changes of Mt. Etna volcano in 
the mid-upper portion from 2005 to 2015 and quantifies the relative 

total volume change with computed accuracy (RMSE <0.8 m). The re-
sults indicate that Mt. Etna, in ten years, emitted a products’ volume of 
284.3 x106 m3 with an uncertainty of 5.5% at 95% C.I. This value is 23% 
higher than the sum of the volumes obtained for each occurred eruption 
and previously published in literature. This is expected considering the 
lack or partial quantification of several products erupted during the 10 
years. Otherwise, the calculated volume is in agreement, within the 
reported errors, with a literature work referred to similar period and 
remote sensing technique. In addition, the yearly average volume of 
erupted products of 28.4 x106 m3/y is comparable to the 1993–2013 
annual rate previously estimated in literature. 

The most relevant morphological changes refer to: i) the upper 
portion of the Valle del Bove, where the volume of the emitted products, 
155 x106 m3, represents more than half of all erupted volume in ten 
years (284.3 x106 m3); ii) the birth of scoriae cones generated by the 
intense volcanic activity of the SEC and NSEC resulting in a products 
volume of 53.8 x106 m3. These products reach the maximum thickness 
of all erupted deposits (211±1.6 m) in the south-east portion of the 
NSEC; iii) the formation of the scoriae cones and the lava flow field 
generated from the 2014 sub-terminal eruption on the eastern flank of 
the NEC. These products cover an area of 0.76 km2 with a volume of 8.6 
x106 m3. This lava flow field is characterized by an average thickness of 
11 m with a maximum of more than 35 m reached on the summit of the 
horseshoe cone and near the eruptive fractures positioned in the central 
portion of the lava field itself; iv) alternating layers of lava and tephra 
fallout deposits situated immediately below the SEC-NSEC apparatus (a 
touristic area). Here the accumulated volcanic products show a 
maximum thickness of 20 m and a volume of 8.6 x106 m3. 

Based on these observations, the areas most affected by the 
2005–2015 volcanic activities are the upper portion of the Valle del 
Bove and the large structure generated by the intense activity of the SEC 
and NSEC cones. The rigorous methodology applied here allowed us to 
increase the accuracy of the calculated volume of the emitted products 
between 2005 and 2015, and to reduce by an order of magnitude the 
error estimation with respect to previously published results, irre-
spective of the methodologies employed (thermal, remote sensing, 
photogrammetric). Besides, without a rigorous analysis of errors, 
different sources of DEMs cannot be accurately compared, and change 
analysis results start to be meaningless. For this reason, our results, 
obtained with a narrower margin of error, represent an improved 
contribution to the topographic changes quantification in active volca-
nic areas allowing to derive more accurately key parameters often used 
in many volcanic hazard studies. 
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