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Abstract

Lava flow hazard is a significant geological threat associated with volcanic activity. Understanding and
quantifying this hazard is crucial for protecting communities, infrastructure, and the environment,
especially in active volcanic areas like Etna. Here we propose a new probabilistic methodology for
assessing the lava flow hazard at Etna volcano based on a 4,000 years-long dataset of eruptions and
accurate statistical analyses. The methodology combines the probability of future vent opening,
the probabilities of occurrence of individual classes of eruptions, and the weighted combination
of lava flow simulations. These simulations are based on representative scenarios for each eruption
class. The results are two maps, one for flank and one for summit eruptions, which provide the
likelihood that a specific area will be affected by lava flow inundation during specific time intervals.
Moreover, we present the first attempt to assess the hazard from both kinds of eruptions (flank and
summit) that occur at Etna volcano. These hazard maps represent a fundamental support for local
authorities, facilitating land-use planning, emergency management, and decision-making during
eruptive crises at Etna volcano.
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1. Introduction

Active volcanoes are a source of natural hazards with potentially catastrophic consequences on the political,
social and economic welfare of populations under threat. Etna (Sicily, Italy; Fig. 1) is the largest active volcano
in Europe, well-known for its persistent activity from the summit craters and frequent lateral eruptions forming from
vents situated on its flanks (Branca and Del Carlo, 2005). Persistent summit activity does not represent a significant
threat to the population areas, although important tourist facilities and infrastructures close to the central craters
may be threatened, and accidents may affect people (especially tourists) close to the area interested by the volcanic
phenomena (e.g. 16 March 2017; Cioni et al., 2023). Conversely, flank eruptions pose a serious danger to the towns
located around the volcano, especially when the eruptive vents open at very low altitudes (Del Negro et al., 2019;
Centorrino et al., 2021).

Over the last four centuries, the most destructive flank eruption occurred in 1669 when ~1 km?3 of lava erupted
in about four months, producing a ~17.5 km long tube-fed lava flow field that partially destroyed the city of
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Catania (Branca et al., 2013). In the last century, the town of Mascali was destroyed by lava flows in 1928, and
the villages of Fornazzo and Randazzo were respectively threatened in 1979 and 1981 (Coltelli et al., 2012;
Branca et al., 2017). Due to the potential social and economic disasters posed by flank eruptions at Etna, knowing
the probability of a particular site being overrun by a lava flow can be useful during eruptive emergencies to plan
crisis response activities and to recognize communities and infrastructure at risk (Mangiameli et al., 2025).

The hazard related to Etnean flank eruptions has been of scientific interest for decades. The first maps proposed

hazard zonations mostly based on qualitative analysis of historical eruptions (e.g., Frazzetta and Romano, 1978; Guest
and Murray, 1979; Duncan et al., 1981; Behncke et al., 2005), while the most recent ones are based on simulations
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Figure 1. Etna’s flank eruptions that destroyed or threatened towns and villages over the last 400 years. The background
image is the shaded relief extracted from the 2005 Digital Surface Model (DSM) of Etna (Gwinner et al., 2005).
Contour lines are from 3,000 to 0 meters a.s.l. (every 500 meters). The inset shows Etna’s summit with the names
of the main active craters: SEC (South-East Crater), NEC (North-East Crater), and CC (Central Crater), which
includes BN (Bocca Nuova) and VOR (Voragine). The background image is the shaded relief of a satellite-derived
DSM updated to July 2021 (Ganci et al., 2023).
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performed by numerical models of different types and complexity (e.g., Wadge et al., 1994; Favalli et al., 2009;
Crisci et al., 2010; Cappello et al., 2011a; 2011b; Del Negro et al., 2013b).

On the other hand, the hazard posed by lava flows from summit eruptions at Etna has been investigated
in more recent times. This was especially due to the increasing activity of the South-East Crater (SEC) since
2011 (Cappello et al., 2019), the most active among the summit craters (North-East Crater: NEC; Central Crater:
CC, which includes Bocca Nuova and Voragine; Fig. 1). This has led to the production of lava flow hazard maps
for the SEC (Vicari et al., 2011; Cappello et al., 2019) and, in 2013, to the first hazard map for the summit
area (Del Negro et al., 2013b). However, the notable morphological changes that Etna’s summit area has undergone,
due to both the emplacement of eruptive deposits and the partial collapses of the cones, make it necessary to
continuously update these maps in order to always have accurate and up-to-date estimates.

Here we propose an updated estimate of the flank and summit lava flow hazard at Etna volcano based on
a probabilistic approach that analyzes the lava flows of the last 4,000 years and the last century, respectively, and
simulates possible lava flow paths using the new GPUFLOW model (Cappello et al., 2022). The two maps show the
areas more likely to be inundated by lava flows during the next 30 years for flank eruptions, and 3 years for the
summit activity. The shorter time projection for the summit eruptions is motivated by the current fast topographic
evolution of the summit area. A unified hazard map was also developed by combining both types of eruptive activity,
considering an exposure time of 10 years. The presented maps could be fundamental tools, especially in the long
term, for emergency preparedness and territorial planning, allowing to easily identify the zones where future
eruptions could have a higher impact. Moreover, they could help local authorities to deal with ongoing eruptions,
make focused decisions, and mitigate the associated risks.

2. Lava flow hazard assessment

Our methodology to build the hazard map is developed in different stages, each one producing a specific product:
the spatiotemporal probability map of future vent opening, the occurrence probabilities associated with classes of
expected eruptions, a large number of eruptive scenarios simulated with the GPUFLOW model, and the effective
long-term hazard map computed by merging the products obtained during the previous stages.

A detailed description of each stage is reported in the following sections.

2.1 Quantification of the vent opening probability

The first and maybe most important step in forecasting lava flow hazards involves the construction of
a spatiotemporal probability map for the identification of the most probable emission zones of future lava flows,
based on the analysis of the spatial location of past eruptive vents, as well as the eruption frequency within a time
window (Selva et al., 2012; Cappello et al., 2015; Bevilacqua et al., 2017).

For flank eruptions, we reconstructed the most complete and up-to-date catalogue of flank fissures at Etna that
opened in the last 4,000 years starting from the most recent and complete geological map of Etna (Branca et al., 2011;
Proietti and Branca, 2024). Based on our statistical analysis, we produced the spatial vent opening map for flank
eruptions using an Exponential kernel with a smoothing factor of 1,250 m (obtained by optimizing the fit between
the training and testing datasets, see Sandri et al., 2024 for details), which shows that high-altitude flank fissures
are two-to-three orders of magnitude more likely to occur than the low-altitude ones. It also confirms a North-East
to South-East pattern of higher probability that involves the highest urbanized flank immediately upstream from
the city of Catania (see Fig. 5 in Sandri et al., 2024). This map was rescaled considering a constant temporal rate
of 0.988, estimated for the next 30 years by using a time-dependent model (Garcia-Aristizabal et al., 2012) on the
flank eruptions that occurred since 1600.

For the summit eruptions, we separately considered eruptions of short and long durations that occurred in the last
40 years. Indeed, during paroxysmal activity, lava overflows lasting a few hours occur mostly from the main vents or
from minor vents on the upper flanks of the summit cones. Long-lasting eruptions may also occur from sub-terminal
fractures at hundreds of meters from the main vents. The spatial map for the long-lasting eruptions was obtained
by using a 2D Gaussian kernel with a smoothing factor of 324 m (Zuccarello et al., 2023), showing that the highest
probability is located southeast of SEC. The probability has been rescaled considering the temporal rate in a time
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span of 3 years derived by using the power intensity function (Smerthurst et al., 2009). For the short-lasting
eruptions, we considered the area surrounding the craters from the rims to 150-300 m, by distributing the temporal
probability using a Gaussian kernel. The temporal probability has been estimated for each summit crater using
a Discrete-Time Markov Chain approach, where 4 daily states were identified to build the transition matrix and
calculate the probability of the lava fountaining state for the next three years (Zuccarello et al., 2023).

2.2 Characterization of the expected eruptions

2.2.1 Flank eruptions

Historical catalogues of Etna’s flank eruptions starting from 1600 have been revised to define intervals of
duration and volumes. The analysis of the trend of effusive rates of the most recent ones has led to the definition of
generalized effusive rate curves to be used for both long- and short-term applications and the definition of classes
of eruptions to be used for simulations (Zuccarello et al., 2022).

In total, we analyzed 63 flank eruptions (from 1610 to 2018) that occurred below 2,900 m a.s.l., for which
sufficiently complete information on vent location, duration, and lava volume was available (Del Negro et al., 2013a;
Proietti and Branca, 2024). To determine the eruption classes, we looked for a law correlating duration and volume,
in order to estimate the distribution of the events within the appropriate error bands, and determine both “regular”
events (where volume and duration would correlate) and “outliers” (for which volume and duration would not follow
the law), as detailed blow.

A preliminary analysis was conducted on the duration of the flank eruptions, lasting from a minimum of 1 day
to a maximum of 10 years, with a mean of 172 days and a standard deviation of 489 days, and quartiles at 8, 24 and
125 days. The set of eruptions was then split into “short” (lasting 7 days or less), and “long” (duration longer than
aweek) eruptions (Fig. 2a). This was done for two reasons: the first is the consideration that shorter events are more
sensitive in the estimation of the coefficients of the law, and would thus produce noisier results; the second is led
by the assumption that short events with a “regular” behavior would emit small amounts of lava and thus have
limited influence in the hazard assessment, while short events with large mass fluxes would be outliers and would
thus be better studied as a separate category.

For the “long” eruptions (48 events), a law in the form V = k = AT™ was used to fit the volume V against the
duration AT. To find the optimal value of the exponent, we minimized the coefficient of variation of V/AT™ for
n in the range [0, 1], obtaining n = 0.500254, which we approximate as n = 0.5, suggesting that the volume of
an eruption is generally proportional to the square root of the duration. A statistical analysis of V/AT®® for the
considered eruption allowed us to derive uncertainty bands for the proportionality coefficient k (Fig. 2b).

Nine eruptive classes were then identified, separated by the 25t and 75t percentile in duration (17 days and
173 days, respectively) and volume coefficient (k=2.88 and k = 9.28, respectively). For each of these classes,
a representative value was selected by picking a property (duration, volume coefficient) in the following way: if
the class fits within the first quartile for said property, the 5t percentile was taken as representative; if the class fit
between the first and third quartile, then the median was taken as representative; and finally, for the classes beyond
the third quartile, the 95t percentile was taken as representative. The corresponding durations, coefficient k, and
volumes for the nine classes are summarized in Table 1.

The effusion rate curve used for all classes has the same bell-shaped trend, which has been shown to reproduce
well the general behavior of lava effusion rates related to the flank eruptions of Etna (Zuccarello et al., 2022).
In particular, the effusion rates grow from 0 at the beginning of the eruption to a maximum at 1/4 of the total
duration, then falling to an inflection point at 2/3 of the total duration, and then finally to 0 at the end. The mass
flux at the inflection point is set as 1/3 of the peak mass flux (Fig. 3).

The remaining “short” eruptions were neglected for the calculation of the above law. However, a separate outlier
class was considered to include those eruptions that have shown particular short duration and large volumes.
This class has a total duration of 10 days, a peak of activity at 7 hours with 269 m3/s and the inflection point of
72.7 m3/sec after 42 hours. The data for this outlier class was taken from the 1928 and 1981 eruptions, which are
considered among the most hazardous events of the last century at Mt. Etna (Zuccarello et al., 2022).

In summary, we obtained 10 eruptive classes (9 for the long-lasting ones plus 1 for the outliers), for which we
estimated the probability of occurrence as the ratio between the number of eruptions belonging to that class and
the total number of eruptions.
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Figure 2. (a) Distribution of durations and lava volumes of the 63 flank eruptions that occurred at Etna since 1600 (some
labels with the year of the eruption are superimposed on others and therefore not visible). The vertical blue
line separates the “short” (less than a week) from the “long” (longer than a week) eruptions. (b) Distribution of
durations and lava volumes of the 48 long eruptions. The violet lines represent the 25t and 75t percentiles,
denoting the class separators. The representatives for each of the 9 classes (reported in Table 1) are also shown.

Duration percentile/

duration (d)

V05 (k = 0.58)

Volume percentile (k coefficient)

V50 (k = 5.88)

V95 (k = 15.7)

DO05/10 1.84 18.61 49.69
D50/70 4.86 49.25 131.53
D95/900 17.44 176.71 471.93

Table 1. Duration and volumes for the 9 eruptive classes extracted from the “long” eruptions. Note that, while the duration
for classes in the same row is the same, classes in the same column do not have the same volume, but the same
coefficient k (represented here with two digits of precision). Lava volumes are in million cubic meters.
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Figure 3. Effusion rate curves used for lava flow simulations characterizing flank eruptions (10 classes in total) with
different volumes and durations at 10 (a), 70 and 900 days (b).

2.2.2 Summit eruptions

We also reviewed Etna’s eruptions in the summit area, differentiating those emitted by NEC, CC, and SEC from
the so-called sub-terminals, i.e. those produced by effusive vents located at the base of the summit craters within the
area delimited by the rims of the Ellittico caldera (Fig. 1). This led to the discovery of two types of correlation
between duration and total volume of lava, one for summit eruptions and one for sub-terminals, which allowed us
to define characteristic classes of the two eruptive typologies (for details, see Zuccarello et al., 2023). In particular,
short-lived summit eruptions, represented by lava fountains, constitute the 90th percentile of the distribution. For
them, we defined three types of eruptive classes, with durations of 2-10 hours, volumes of 0.7-1.7 x 10® m3, and
a trapezoidal trend for the effusive rate defining its values during the pre-, syn- and post-fountain phases (Fig. 4a).
For sub-terminal eruptions, three other classes have been defined. The respective effusion rate curves have been

obtained by analyzing the temporal trends observed for events that occurred since 2006, with durations from 4 to
46 days and volumes of 1.5 - 7.9 x 10° m3 (Fig. 4b).
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Figure 4. Effusion rate curves used for lava flow simulations characterizing summit eruptions (6 classes in total): 3 classes

for short-lived events, lasting from 2 to 10 hours (a) and 3 classes for sub-terminal eruptions, lasting from 4
to 46 days (b).

2.3 Numerical modelling of lava flow paths

We simulated a large number of eruptive scenarios using GPUFLOW (Cappello et al., 2022), a physics-based
numerical model for lava flow simulations developed as an improvement of the MAGFLOW model (Cappello et al.,
2016). To simulate lava flow paths, GPUFLOW requires constraints of different parameters, including the digital
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representation of the topography over which the lava emplaces, the chemical composition of the lava, an estimate
of the effusion rate, and the location of the eruptive vent.

For the topography, we used a Digital Surface Model (DSM), obtained from Pléiades imagery acquired on 9 July
2019 for flank eruptions and in July 2021 for summit activity (Ganci et al., 2023). For the chemical composition of
the lava, we used a variable viscosity relationship with the typical properties of Etna’s basaltic rocks (Giordano and
Dingwell, 2003), parameterized in terms of temperature and water content. Typical parameters of Etna’s lava, used
to run GPUFLOW simulations, are summarized in Table 2.

Input parameter Value

Extrusion temperature 1360 K
Solidification temperature 1143 K
Density 2600 kg m=3
Water content 0.05 wt%

Table 2. Typical parameters of Etna’s lava (from Giordano and Dingwell, 2003; Rogic et al., 2019a; 2019b; 2022).

For flank eruptions, locations of eruptive vents are the nodes of a rectangular regular grid of points with
514890-482490 easting and 4191990-4155990 northing (WGS84 UTM 33N), and spacing of 200 m (see grid
in Fig. 1a of Sandri et al., 2024). In this way, we obtained 28,928 potential vents (excluding those falling in the
sea), from which we ran 10 GPUFLOW simulations, each one representative of a particular eruptive class (see
Section 2.2.1). The effusion rates used for each class are the ones shown in Fig. 3. To summarize, we simulated
289,280 flank lava flow scenarios.

For the summit eruptions, we run the simulations from the 776 nodes of a regular grid with 100 m spacing in both
directions overlaid on the summit area, within the Ellittico caldera (see grid in Fig. 5a of Zuccarello et al., 2023).
For the vents closer to the summit cones, we ran the GPUFLOW simulations for each of the 6 eruptive classes (see
Section 2.2.2), while only the 3 classes linked to the sub-terminal eruptions were considered for the potential vents
external to the summit cones. The effusion rates used for each class are the ones shown in Fig. 4. To summarize, we
simulated 2,688 summit lava flow scenarios.

2.4 Estimation of the inundation probability

The probability of inundation at each point was computed by combining the spatiotemporal probability of
new vent opening, the probability of occurrence for each class of expected eruptions, and the overlapping of the
GPUFLOW simulations. The total accumulation probability in the considered At interval for each point (x,y) of the
domain can be expressed as:

14 Ci
Py a0 =1=[ [ [ (0 -%eCoy) *pai,at) +po) M

where V is the total number of potential vents, C; is the number of eruptive classes run from the vent v, xje(X,y)
is a characteristic function that is equal to 1 if the simulation of class e from the vent v; inundates the point (x,y) and
0 otherwise, p,(v;,At) is the vent opening probability of v; in the next At years, and p, is the probability of occurrence
of the eruptive class e. Therefore, P(x,y,At) represents the probability that at least one lava flow in the next At years
inundates the point (x,y), calculated as the complement of the probability that none of the eruptions reaches that
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Figure 5. Hazard map by lava flow inundation at Etna volcano based on 289,280 GPUFLOW simulations. Colors represent
the different probabilities with which a point can be inundated from a flank lava flow in the next 30 years. Contour
lines are from 3,000 to 0 meters a.s.l. (every 500 meters). VdB stands for Valle del Bove.

point. In this estimation, it was assumed that all simulated eruptive scenarios were independent but not mutually
exclusive, since all of them can occur without influencing each other (Del Negro et al., 2013b; Bilotta et al., 2023).

The lava flow hazard map for flank eruptions in the next 30 years is reported in Fig. 5. It covers the entire volcanic
edifice, reaching altitudes below 500 m a.s.l. in the south flank, skimming the city of Catania and the towns of
Misterbianco and Piano Tavola. The highest probabilities (>0.035) are reached inside the Valle del Bove and along
the North-East Rift, towards the town of Linguaglossa. Other main population centers exposed to lava inundation,
but with lower probabilities (<0.01), include Mascali and Giarre to the east, Milo and Zafferana Etnea to the
south-east, Ragalna and Nicolosi to the south, Adrano and Biancavila to the south-west, Bronte and Maletto to the
north-west, and Randazzo to the north.

The lava flow hazard map derived from Etna’s summit activity in the next 3 years is shown in Fig. 6. The total
inundated area is about 41 km2, reaching the minimum elevation of 1,300 m a.s.l. towards the south-east, inside the
Valle del Bove. The highest probabilities (>0.35) are due to lava flows emitted from the SEC, in the northernmost part
of the Valle del Bove and in a south-westerly direction, up to an altitude of 2,000 m a.s.l. High probabilities are also
reached toward the south-east, again inside Valle del Bove, and to the north-west, up to an elevation of 1,550 m a.s.l.
It should be noted that the area potentially affected by summit eruptions has altitudes above 1,500 m a.s.l. (outside
Valle del Bove) and does not include inhabited areas.
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Figure 6. Hazard map by lava flow inundation at Etna volcano based on 2,688 GPUFLOW simulations. Colors represent
the different probabilities with which a point can be inundated from a lava flow emitted from a summit eruption
in the next 3 years. Contour lines are from 3,000 to 1,500 meters a.s.l. (every 500 meters). CC = Central Crater,
NEC = North-East Crater, SEC = South-East Crater (redrawn from Zuccarello et al., 2023).

We also developed the first unified lava flow hazard map that considers lava flows emitted from flank eruptions
and summit activity (Fig. 7). First, we developed the probability maps of vent opening considering temporal rates
for flank and summit eruptions in the same exposure time of 10 years, chosen as a balance between the different
timescales of long-term flank eruptive activity and shorter-term summit activity. Then, we assessed separately
the flank and summit hazards. Finally, for each point (x,y) of the domain, we estimated the probability of lava flow
inundation once again as the complement of the probability that no flank or summit eruption reaches each point, i.e.:

P(x,y,10) = 1 — (1 — Pe(x,y,10)) = (1 — Ps(x,y, 10)) 2)

where Pg(x,y,10) is the hazard from flank eruptions and Pg(x,y,10) is the hazard from summit eruptions in the next
10 years.

The probabilities of this unified map are obviously higher towards the summit area, up to an altitude of
2,000 m a.s.l., while decreasing gradually going down in altitude. The highest probabilities (>0.35) follow the
spatial distribution of the summit hazard map (Fig. 6). Obviously the probabilities below 2,000 m are very low (<0.1)
both because they are linked to the flank activity which is less frequent than the summit one, and because they are
estimated for an exposure time of 10 years, which is very short compared to the long eruptive history of the volcano.
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Figure 7. Combined hazard map by lava flow inundation at Etna volcano. Colors represent the different probabilities with
which a point can be inundated from a lava flow emitted from a flank or summit eruption in the next 10 years.
Contour lines are from 3,000 to 0 meters a.s.l. (every 500 meters).

3. Discussion and Conclusions

Lava flow hazard assessment is important for multiple purposes, including land use planning, promoting safe
and sustainable development in volcanic areas, and improving community resilience to volcanic hazards through
preparedness and education (Bilotta et al., 2023). This emphasizes the importance of developing up-to-date hazard
maps, especially in active volcanoes experiencing concurrent flank and summit eruptive activity, and characterized
by several interchanging and growing vents on their summit, such as Etna volcano (Cappello et al., 2019).

In this work, we have provided up-to-date lava flow hazard maps of Etna volcano, obtained through a revised
methodology that heavily relies on Etna’s eruptive history, starting from the assumption that the locations
and characteristics of future eruptions will have the same causal factors as the past ones (Cappello et al., 2013;
Sandri et al., 2024).

We have statistically analyzed the historical records of both the flank and summit eruptions of Etna, including the
frequency, magnitude, and locations of past lava flows. We have used them to estimate the spatio-temporal probability
of future vent opening and to identify styles of expected eruptions, with specific characteristics in duration and
total lava volume erupted. These classes of expected eruptions were in turn used to construct characteristic curves
of effusive rate (exploiting the statistical analysis of duration and lava volume of historical eruptions) to be used as
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input for the GPUFLOW numerical simulations. The probability of future vent opening has been combined with the
overlap of the lava flow simulations to obtain three lava flow hazard maps, one for flank eruptions (Fig. 5), one from
the summit activity (Fig. 6) and one that considers both (Fig. 7). These three maps highlight the areas more likely to
be affected by lava flows over different periods, which mainly depend on the characteristics of the effusive activity.

As expected, the hazard distribution is mainly influenced by the paths and overlap of the lava flow simulations,
which strongly depend on the input parameters of the model (especially the water content, the effusion rate and
the topography), the sensitivity of which has been analyzed in depth by Bilotta et al. (2012; 2019). However, by
comparing our results with the lava flow hazard maps developed in 2013 (Del Negro et al., 2013b), some differences
can be immediately noticed. The 2013 lava flow hazard map from flank eruption (old flank) has a sparser spatial
distribution than the updated map (new_flank), which is instead more homogeneous (Fig. 8). This is undoubtedly due
to the spacing of the grid from which the simulations started (at 500 meters in old_flank vs 200 meters in new_flank),
as well as the number of expected eruptive classes (6 in old_flank vs 10 in new_flank), which increased the number of
simulations performed by an order of magnitude (28,908 in old_flank vs 289,280 in new_flank).

Figure 8. On the left, the lava flow hazard map from flank eruptions updated to 2013 (called old_flank in the main text;
redrawn from Del Negro et al., 2013b). On the right, the up-to-date hazard map (called new_flank). Both maps
have been displayed using the same normalized color bar to improve the comparison. Contour lines are from

3,000 to 0 meters a.s.l. (every 500 meters).

In old flank, the highest probabilities are reached inside the Valle del Bove, while in new_flank, higher values
are reached in the North-East Rift, towards the town of Linguaglossa. This is because the simulations of old flank
have been run excluding only the main summit craters, not the whole summit area, which exhibits a particular
and different effusive activity from the lateral one. In this way, most of the lava flows emitted from vents in the
south-east flank of the volcano, even at very high altitudes (more than 2,800 m a.s.l.) follow the same paths, reaching
the Valle del Bove area. The same consideration can be made for the other flanks, even if it is not so evident due to
the lack of such a large depression, like the Valle del Bove.

By comparing the 2013 lava flow hazard map from summit eruptions (old_summit) with the updated map (new_
summit), the differences are very evident (Fig. 9). The first and perhaps most important aspect is the extension.
Indeed, the inundated area in old_summit measures about 51 km?, while it is 41 km? in new_summit. Moreover, the
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maximum distance of the simulated lava flow paths in old summit reaches about 700 m a.s.l. in the south-east
flank, while the longest lava flow paths in new_summit reach the minimum elevation of 1,300 m a.s.l. inside the
Valle del Bove.

Figure 9. On the left, the lava flow hazard map from summit activity updated to 2013 (called old_summit in the main text;

redrawn from Del Negro et al., 2013b). On the right, the up-to-date hazard map (called new_summit; redrawn
from Zuccarello et al., 2023). Both maps have been displayed using the same normalized color bar to improve
the comparison. Contour lines are from 3,000 to 1,000 meters a.s.l. (every 500 meters).

The areas with the highest probability of inundation in old_summit are very large, making the preferential paths of
the lava unclear. Conversely, new_summit highlights that, with the current morphology of the terrain, the more likely
areas to be inundated by future lava flows are the northernmost part of the Valle del Bove, in the south-westerly
direction, and toward north-west. Finally, in old_summit, the northern tourist facility of Piano Provenzana is exposed
to lava inundation, while it is not covered in new_summit. The southern tourist facility of Rifugio Sapienza is shielded
from the pyroclastic cones formed during the flank eruptions in 2001 and 2002-2003, which naturally divert the
lava west or east of the cones.

These differences highlight the need to develop innovative methodologies for the estimate of the hazard,
providing increasingly accurate and reliable maps, which can be used both for the management of emergencies,
and for territorial planning.

Data availability statement. Figures were generated using the free and open source GRASS GIS software. The
Geotiff maps of the flank and summit lava flow hazard can be downloaded from the Open Data portal of the INGV-
Osservatorio Etneo, respectively, at the links https://doi.org/10.13127/volc_hazard/etna_flank_lava_2023 and https://
doi.org/10.13127/volc_hazard/etna_summit_lava_2023.
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