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Abstract: We hereby present VolcFire, a new cellular automaton model for fire propagation aimed at
the creation of fire hazard maps for fires of volcanic origin. The new model relies on satellite-derived
input data for the topography, land-use, fuel, and humidity information, and produces probabilistic
maps of fire propagation simulating fire spread. The model contains several simplifications compared
to the current state-of-the-art, limiting its usability to plan fire-fighting interventions during an
event in favour of a reduced computational load. The accuracy and reliability of the model are also
discussed by presenting its ability to reproduce two recent fires on Stromboli island, with good spatial
fit (Brier score of 0.146 £ 0.002 for the 3 July 2019 volcanic fire, and of 0.073 4 0.001 for the 25 May
2022 anthropogenic fire) and less than 1.5% variation across multiple simulations for the same event.
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1. Introduction

Strong volcanic activity may lead to the fall of incandescent pyroclastic material that
can start fires on the volcano flanks. Fires are hazardous by nature, but in volcanology they
belong to the so-called secondary hazards, mainly related to the destruction of vegetation
that may promote the formation of floods in case of rain [1].

In recent years, Stromboli volcano (Figure 1) has seen a growing number of fires,
caused both by anthropogenic [2] and volcanic activity [3,4]. While anthropogenic fires
develop faster and hotter [5], volcano-induced fires can increase fatalities due to both the
great distance at which they can be ignited [3,4] and the destruction of vegetation along the
flank of the volcano, which can strongly increase the possibility of floods, as occurred on
Stromboli Island after the fire triggered by the 3 July 2019 eruption [1].

Fire-spread models have been investigated since the late 1960s [6-9]. These models
have proven to be fundamental for the analysis and management of fires in both forested
and wildland—urban interface areas [10-14]. Over the last decades, several models have
been developed, distinguished by their complexity, computational costs, and types of input
parameters. According to [15], fire-spreading models can be classified by the approach
used for propagation, and the balance they strike between completeness of the physics
and computational load. Common propagation approaches include cellular automata,
envelope models, semi-empirical models, and physical models. The more comprehensive
full-physics-based models [16,17] are also computationally expensive (e.g., with represen-
tation of vegetation on the mesoscale as a porous medium and/or using balancing of the
energy/heat equation), while others prefer a simplified physical model to achieve faster
computations, for example solving 2D reaction/diffusion equations [15,18], or using even
less physics, such as in estimate-based models using graphs [19], cellular automata [20-23]
or envelope-based approaches [24].
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Figure 1. Stromboli island, showing the two main villages of Stromboli and Ginostra. In the inset,
Southern Italy with the location of Stromboli island.

Among the numerical models for simulating the propagation of wildfires, ignition
mechanisms that utilise various input parameters are taken into consideration, including
different types of trees, canopies, and the influence of wind [25], moisture content, radiant
capacity [26], and/or topography [27]. The integration of these models into GIS environ-
ments allows for both soil classification (zoning for susceptibility, hazard, and exposure
estimation), considering the presence of vegetation and/or infrastructures [10,22], and the
possibility of mapping burnt areas using satellite data [28].

Models that use cellular automata [29] and/or machine learning [22,23] have also
gained popularity in recent years, with the aim of building an effective landscape network
or simulating the spread of fires based on meteorological factors.

To the authors’ knowledge, there is no fire propagation model designed for the assess-
ment of volcanic-induced fire hazards. The aim of our work is to fill this gap, presenting a
new probabilistic cellular automaton fire-propagation model, called VolcFire, specifically
aimed at the creation of hazard maps for fires of volcanic origin. The model takes as input
parameters the digital surface model, the wind direction and intensity, the vegetation,
the land use, and the ignition cells and returns hazard scenarios estimated from multiple
probabilistic runs (Figure 2). Several assumptions and simplifications have been made to
reduce the computational load, while maintaining sufficient accuracy in the fire propaga-
tion, since our primary goal is the use of VolcFire to produce hazard maps rather than the
simulation of individual scenarios.

The fire-propagation law used in VolcFire has been validated against two test cases,
the 3 July 2019 volcanic fire and the 25 May 2022 anthropogenic fire on Stromboli island,
with good fits between the simulated and actual burnt areas, excluding firefighting inter-
ventions, both by the local inhabitants and from civil protection services.
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Figure 2. Graphical representation of the input parameters and output of the VolcFire model.

2. Materials and Methods

Fire-spreading cellular automata (CA) models [9,20,25,30] are based on a square
lattice (representing the burnable area) on which each node (cell) can be in one of several
states. Common choices include three-state CA models, with normal/unburnt, burning,
and completely burnt cell states [15], and five-state CA models (unburnt, ignited, fully
developed, extinguishing, and completely burnt) [21]. This kind of simulation is usually
controlled by the rate of fire spread (ROS) [31], and a probabilistic or stochastic law that
determines the cell state at each step, based on the neighbour cell condition [15].

For Volcfire, we have opted for a three-state model, augmented by a fourth (invariant)
unburnable state for cells covering the sea and the Sciara del Fuoco. The input data,
initialisation of the CA, spreading model, final output, and validation method are described
in the following subsections.

2.1. Input Data

The input data of VolcFire are the topography, land use, vegetation load and humidity,
wind direction and intensity, and the initial ignition cell(s).

The topographic information is provided through a Digital Surface Model (DSM),
which is a raster grid of the Earth’s surface height, including natural and human-made
structures. The information about the elevation or height of each cell is used in the VolcFire
spreading model to compute the slope between adjacent cells. For this work, we used a
DSM of Stromboli island with a spatial resolution of 10 m, derived from Pléiades satellite
data using the MicMac code [32].

Stromboli’s land use has been mapped using Skysat satellites, which is a constella-
tion of 21 commercial on-demand satellites performing acquisitions at submetric spatial
resolution. Thanks to a procedure based on the “Random Forest” supervised learning
algorithm implemented using the Google Earth Engine platform, we identified five classes:
sea, bare soil (i.e., the Sciara del Fuoco), vegetated areas, burned or parched areas, and
human infrastructures.

The vegetation load and humidity are derived from Sentinel-2 imagery, using the
Normalized Difference Vegetation Index (NDVI) and the Normalized Difference Moisture
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Index (NDMI), respectively. NDVI quantifies the health and density of vegetation, and is
computed as

B8 — B4
NDVI = g0 (1)
while NDMI detects its moisture levels and is computed as
B8 — B11
DMl = ————. 2
NDM B8 + B11 @

In the above formulas, B4, B8, and B11 are the Sentinel-2 bands whose properties are
summarised in Table 1. Due to the difference in resolution, B11 is interpolated to a 10 m
resolution by constant interpolation.

Table 1. Main properties of the Sentinel-2 bands used by the VolcFire model.

Central
Band Resolution Wavelength Description
B4 10 m 665 nm Red
B8 10 m 842 nm Visible and near infrared (VNIR)
B11 20 m 1620 nm Short-wave infrared (SWIR)
B12 20m 2190 nm Short-wave infrared 2 (SWIR2)

Information about the wind direction and strength is assumed to be constant during
each simulation, and given as input by the user. In the test cases presented here, this
information was taken from data provided by the media and found on [33].

Finally, the ignition cell(s) indicate the cells from which the fire starts and spreads.
These are also given as input by the user, in latitude/longitude for each ignition cell.

2.2. CA Initialisation

The model implementation starts by importing the DSM and land-use map as raster
grid data. These define the computational region and cell resolution for the automaton.
Sentinel-2 data, specified as a command-line parameter, are then loaded with GDAL, which
is a translator library for raster and vector geospatial data formats [34]. The satellite imagery
is cropped to the computational region, and the NDVI and NDMI indices are computed for
each cell, clipping to 0 for invalid data and negative values, since we are only interested in
the cells where these indices are positive.

Each cell of the CA is then initialised to either the unburnt or unburnable state,
based on a combination of the topographic information, land use, NDVI, and NDM]I, as
detailed below.

Topographic information is used to distinguish land and sea cells, with sea cells set to
unburnable, while land use is used as a first step to recognise the bare soil cells, especially
those belonging to Stromboli’s Sciara del Fuoco, which are also set to unburnable.

According to [35], humidity should be lower than 83% to allow fire to develop. During
the validation of our model, we found that an NDMI threshold of 0.4 (corresponding to the
lower bound of high canopy cover with no water stress, according to EOS [36]) represents
a good approximation of this criterion: therefore, all cells with a NDMI value higher than
0.4 are also marked unburnable. We remark that this criterion is seasonal, in contrast to the
filtering based on land use.

We also consider a lower boundary of 0.33 on NDVI, on the assumption that lower
values represent areas with not enough fuel. Cells with NDVI lower than 0.33 are therefore
also unburnable for the model. In the test cases discussed in this paper, there is a sizeable
overlap in the filtering performed by the land-use map and the NDVI threshold. In fact,
with a clear sky, the bare soil filtered from the land use constitutes a strict subset of the cells
filtered by low NDVI: the land use is still necessary because it is not affected by clouds,
which may otherwise influence the NDVI thresholding.
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All other cells start in the unburnt state, except for the starting ignition cell(s) that are
set to the burning state. After this initialisation, the fire-spreading iteration is started.

2.3. VolcFire Spreading Model
At each iteration, the automaton computes the state change for each cell:

. unburnable or burnt cells remain in the same state;

*  burning cells become burnt;

*  burnable cells compute an ignition probability based on their properties and the
neighboring cells’ states, and randomly change to the burning state if their ignition
probability is not null, as detailed below.

The automaton supports both Von Neumann and Moore [37] neighborhoods, whose
structures are shown in Figure 3.

Figure 3. Diagram of the cellular automaton neighborhoods supported by our models: (a) Moore;
(b) Von Neumann.

In our experiments, the full Moore neighborhood gives the best results, provided that
the diagonal neighbors are handled appropriately.
The ignition probability of each burnable cell is estimated as:

p=pm(1—(1—pp)™) ®3)

where pj, is the base ignition probability, p;, is the moisture contribution, and a,, and ay, are
factors depending on wind and slope, respectively.
In the VolcFire model, py, is equal to the NDVI value and p,, is derived from the NDMI
value as follows:
pm =1 —vNDML 4)

The slope factor ay, is computed from the slope between each cell and its neighbor as

follows:
Ah

Taae
where A is the DSM height difference, p the DSM resolution, and J; is a neighbor correction
factor, equal to 1 for neighbors along a principal axis (Von Neumann neighbors) and v/2

for diagonal neighbors. The slope is clipped to the [—0.6, 0.6] range and normalised to the
[—1, 1] range to obtain the normalised slope

®)

max(—0.6, min(S, 0.6
5, = MAN(C06 min(5,0) ©
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before computation of the slope coefficient:

ah:1+ss(|5n|)w %

where 0 = sgn(Sy,) is the sign function applied to S, and s5(x) is the 5th order smooth-step
function
s5(x) = 6x° — 15x* 4+ 10x°. 8)

A plot of the slope coefficient over the entire slope range is shown in Figure 4.

T T T T T T T T T T
20F

0.5 n

-1.0 -0.5 0.0 0.5 1.0
Slope

Figure 4. Plot of the slope factor aj, for a slope between —1.0 (—100%) and 1.0 (100%), illustrating the
factor strength leveling out after 0.6 (60%).

The wind factor ay, is the same as the one used in PROPAGATOR [29].

If the resulting ignition probability is non-zero, a random number p, is generated and
the cell changes to the burning state if p, < p. If the cell does not change state, the next
neighbor is checked.

Fuel is taken into account by considering an initial value corresponding to the NDVI
value, with a loss of 0.6 per iteration in which the cell is in the burning state. A cell is
marked as burnt when the fuel drops to 0 or below.

Our model does not track time information, so the ROS is not taken into account.
The automaton iterations are purely indicative of causality, and do not provide time-span
information such as minimum travel time.

2.4. Run Termination and Aggregate Probability

A single run of the model repeats the fire-spreading iterations described in Section 2.3
until no more burning cells are present in the automaton. Optionally, a maximum number
of iterations can be set as a proxy in individual scenarios where it is known that there has
been human intervention to cut fire propagation.

Due to the probabilistic nature of the model, multiple runs can provide different results.
An aggregate probability of invasion can be computed by running the model multiple times
and estimating the combustion probability for each cell as the ratio between the number of
runs in which it is burnt to the total number of runs.
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The code, the overall structure of which is shown in Figure 5, is designed to produce
directly the aggregate probability of invasion, running the model multiple times for a single
simulation. By default, each simulation aggregates the result of 100 runs.

Input data
processing

/—¢_\

Cellular automaton
initialisation

;l—

Aggregate probability computation

Begin run
,,,,, | 20
Reset initial state VolcFire Spreading Model ‘
|

| Begin iteration |(—

For each cell
compute
state change

|
|
!
|
!
|
| v
|
!
|
!
|
!

For each cell
update
cell state

End iteration

has
burnable
cells?

@ " =T
|

YES |

End run

Y

Aggregate

output

Figure 5. Flowchart of the VolcFire model.

2.5. Model Validation

Since the model is probabilistic, the quality of the results of a simulation can be
quantified by computing the Brier score [38]

(fc _Oc)z )

™M=

1
BS = —
N
c=1

where N is the number of burnable cells, f. is the probability computed by VolcFire for
each burnable cell to burn, o, is 0 for cells that were not reached by the fire in the real event,
and 1 for the cells that were burnt by the real fire.

To determine the burned area, we use the difference Normalised Burn Ratio index
(dNBR) [39]. This is obtained as the difference between the Normalised Burn Ratio (NBR)
computed before and after the fire. The NBR is computed as

B8 — B12
NBR = B8 + B12 (19
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where B12 is the Sentinel-2 band whose properties are summarised in Table 1, and the
dNBR is
dNBR = NBRpre — NBRpost- (11)

A cell is marked as burnt in the fire if ANBR is larger than 0.1
The reliability of the model was assessed by computing the Brier score of multiple
simulations for each test case, and assessing its stability.

3. Results

To validate our model, we tested it using two fires that occurred on Stromboli island:
one on 3 July 2019, caused by a paroxysmal eruption, and another on 25 May 2022, of an-
thropogenic origin. In both cases, fire-fighters and the local inhabitants intervened to stop
the fire spreading. Since our model is not able to represent this aspect, we have set an upper
limit of 400 iterations to artificially stop fire spreading in the model. This has proven to be
significant in the 3 July 2019 test case, and less so in the 25 May 2022 case.

The Brier score stability for each test case was assessed by running 11 simulations per
test case. The reported Brier score in each case represents the average and range of the
scores across the 11 simulations.

3.1. Fire of 3 July 2019

On 3 July 2019, a paroxysmal eruption led to the fall of incandescent material on
the southwest of the island, north of Ginostra village. This ignited a fire and caused one
death [3,4]. According to media and satellite data, this fire propagated both west and east,
reaching the shoreline on both sides, and it was stopped mainly by firefighter intervention
(air-tankers) to the east and north-east of the Sciara del Fuoco.

For this fire, we considered an ignition point at 15.20328 E and 38.79035 N with a wind
strength and direction equal to 13 km/h and 115 degrees, respectively, according to the
information offered by the media and the wind map available at [33]. The NDVI and NDMI
derived from the Sentinel-2 image acquired on 2 July 2019 are shown in Figure 6. An upper
limit of 400 iterations was imposed, as a proxy for the firefighting interventions.

[ —— [ P—————

Stromboli

0.00 0.00

Figure 6. Maps of the NDVI (a) and NDMI (b) derived from the Sentinel-2 image acquired on 2 July
2019 and used as input of the VolcFire model.

The results of a 100-run simulation offer a fire hazard map that follows overall the same
area as the real fire, with the exception of the Ginostra area, where the inhabitants stopped the
fire themselves. In the VolcFire model, the fire continues to propagate east, reaching the Forgia
Vecchia area, and west, reaching the coastline at Punta Chiappe (Figure 7). After 400 steps,
simulations cover an area that closely matches the burnt area (calculated using the Sentinel-
2 images acquired on 2 and 7 July 2019), with a Brier score of 0.146 + 0.002. Without
the 400-iteration limit, the fire propagates further north, reaching the town of Stromboli,
highlighting the usefulness of the iteration limit as a proxy for firefighting interventions.
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Stromboli

100

Figure 7. (a) Map of the dNBR obtained using the NBR indexes from the Sentinel-2 images acquired on
2 and 7 July 2019; (b) cumulative probability of combustion given by 100-run numerical simulations.
The black contour represents the burnt area derived from the dNBR thresholding.

3.2. Fire of 25 May 2022

On 25 May 2022, an anthropogenic fire started about 500 m southwest from the
C.0.A. (Advanced Operations Centre of Stromboli), southwest of the town of Stromboli,
propagating all over the northeastern area of the island.

For this fire, we considered an ignition point at 15.23252 E and 38.80019 N with a wind
strength of 12 km/h and a direction of 315 degrees, again according to the information
offered by the media and the wind map at [33]. The NDVI and NDMI derived from the
Sentinel-2 image acquired on 22 May 2022 are shown in Figure 8.

Stromboli

y

0.00

Figure 8. Maps of the NDVI (a) and NDMI (b) derived from the Sentinel-2 image acquired on 22 May
2022 and used as input of the VolcFire model.

Simulations had average of 233 iterations per run (the upper limit of 400 iterations
was never reached), and the Brier score of our simulated propagation area is 0.073 £ 0.001,
compared to the burnt area obtained by dNBR thresholding from the Sentinel-2 images of
22 May and 1 June 2022 (Figure 9).

The Brier score is low even though the spread estimated by our model includes an
area with low probability of invasion that was not burnt in the actual fire, as it is located
beyond the point where firefighting intervention prevented further spreading.
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Figure 9. (a) Map of the dNBR obtained using the NBR indexes from the Sentinel-2 images acquired
on 22 May and 1 June 2022; (b) cumulative probability of combustion given by 100-run numerical
simulations. The black contour represents the burnt area derived from the dNBR thresholding.
The acronym C.O.A. stands for Centro Operativo Avanzato.

4. Discussion

In this paper, we have introduced VolcFire, a probabilistic cellular automata model for
the evaluation of the probability of burning by volcano-induced fires. Since the aim of the
model is the production of full-scale hazard maps, the evolution of the cellular automaton
sacrifices physical accuracy in favour of simplicity and computational speed. Examples
of these simplifications compared to other models include missing contributions from
vegetation type, which is often used to fine-tune the ignition probability (compare [10,29]),
the lack of timing information related to the ROS of the fire (compare [5,26,29,31,40]), and a
choice to assume that wind information is constant in time and space during a simulation
(compare [29]).

The model can still be applied to individual scenarios, a feature that has been used
to validate the fire propagation mechanism in the two test cases presented. However, it is
important to remark that the results obtained from the VolcFire simulations do not provide
sufficient information to plan scenario-specific interventions, for which timing information
is essential.

VolcFire has been validated against two real-world scenarios: the fire that occurred on
3 July 2019, caused by a paroxysmal eruption of Stromboli, and the anthropogenic fire that
occurred on 25 May 2022. In both cases, the results show that the model is able to estimate
the burnt areas with high accuracy, as indicated by the low Brier score, reproducing the
overall real burn pattern obtained from the dNBR maps. Due to the inability to model
scenario-specific firefighting interventions, we had to use an upper limit to the iterations
in the simulations as a proxy. This still gives sufficiently accurate results, but it negatively
affects the Brier score in the 3 July 2019 test case, which is around twice the score for the
25 May 2022 test case. The reliability of the model has been assessed by running multiple
simulations and evaluating the changes in the Brier score, which varies by less than 1.5%
across 11 simulations for each test case.

A more detailed comparison of the model results with the actual spread allows us to
derive additional information about the events. Specifically, in the simulation of the 3 July
2019 case, removing the upper limit of 400 iterations from the model results in the simulated
fire consistently spreading through the entire island. The number of iterations used as a
limit corresponds approximately to the number of steps needed for the simulated fire to
reach the section of the island where firefighting intervention took place. This suggests
that firefighting played a significant role in effectively curtailing the fire spreading. For the
25 May 2022 event, our simulations indicate on the other hand that the fire would have
had a high probability of stopping before crossing over to the Forgia Vecchia area and
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progressing to the southern side of the island; the model still estimated a 1 in 10 probability
of further spreading, once again justifying the air-tanker intervention.

A point of note concerns the classification of roads as fire barriers. The model runs at
a relatively low spatial resolution of 10 m, which is insufficient to resolve the narrow roads
on Stromboli island. Although the roads themselves could be accounted for from the higher
resolution land-use map information, we have ultimately decided not to take them into
account even as lower-dimensional fire barriers, since the surveyed road width is never
larger than 2 m, and roads are surrounded by abundant, highly flammable vegetation,
questioning their actual effectiveness as fire barriers.

Indeed, the volcano-flank vegetation mainly consists of Arundo donax, which belongs to
the top 100 most invasive alien species [41], with the peculiarity of its fast growth (5 cm per
day) and low water content. This type of vegetation, in a high humidity environment like
that of Stromboli island, creates the perfect condition for fire ignition and propagation, and
explains the wide spreading all over the island in the absence of firefighting intervention.

The results obtained with the current model are encouraging and highlight the oppor-
tunity to produce an island-wide fire hazard map, which may be used to plan preventive
interventions to reduce the associated risk [42]. The model proposed in this work has been
designed with this specific intent, although it may not currently provide information to
assist near-real-time firefighting efforts.

5. Conclusions and Future Works

The presented probabilistic cellular automaton model for fire propagation demon-
strates promising capabilities in simulating the spreading of volcanic-induced fires, as
evidenced by its application to previous scenarios on Stromboli island. The model sacrifices
complexity and physical detail in favour of higher computational efficiency and simplicity
of input, as it is being developed with the primary goal of generating island-wide fire
hazard maps. Some of the input data needed by the model is long-term (the topography
and land-use map), while others are seasonal (the wind direction and intensity, and the
vegetation load and moisture content; the latter can be derived automatically from satellite
imagery from which the model computes the NDVI and NDMI indices during initialisation).

The model currently employs the NDVI and NDMI indices directly as model data,
with empirically-determined thresholds to identify unburnable cells and cells that can burn
for more than one iteration. The values of these thresholds currently used in the model
have been tuned for Stromboli, and may need to be calibrated to allow the model to be
used accurately on other volcanoes.

A detailed sensitivity analysis of the model to these parameters is needed to estimate
their relative importance on the model output, and to determine their optimal value. As
part of this process, the model will also be tested on a broader range of volcanic-fire events
and conditions (e.g., the Cumbre Vieja eruption of 2021 [43]) to determine in what measure
these values are location-dependent.

Taking into account the simplifications adopted for the model, the authors are also
exploring the possibility to adapt the evolution function into a single-run probability
propagation. This would allow the computation of the probability of combustion for each
cell at each iteration without resorting to multiple runs of the automaton, and would
make it easier to incorporate probabilistic information about the initial ignition points,
allowing the volcano-related fire hazard map for the entire island to be computed in a
single automaton run, given information about the probability of impact from incandescent
pyroclasts over the source areas.
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DSM Digital Surface Model

GIS Geographic Information System

NDBR Normalized Difference Burn Ratio

NDMI Normalized Difference Moisture Index

NDVI Normalized Difference Vegetation Index

ROS Rate of Spread
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