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The growing threats posed by wildfires in Southern Europe are calling for the
development of comprehensive and sound management and risk assessment
strategies. In this work, we present the application of wildfire simulation modeling
based on the minimum travel time (MTT) algorithm to assess fine-scale (100-m
resolution) wildfire hazard, transmission, and exposure to communities in the
ltaly-France Maritime cooperation area (Sardinia, Corsica, Tuscany, Liguria
and Provence-Alpes-Cote d'Azur), which cover about 72,000km? of land.
We simulated thousands of wildfires considering the current landscape and
characterized and measured fine-scale wildfire risk factors and profiles by taking
into account historical fire regimes, fuels, winds and fuel moisture conditions
associated with the occurrence of the largest wildfires (>100 ha) that affected the
study area in the last 20 years. Individual fires were simulated at 100-m resolution,
consistent with the input files. Modeled annual burn probability and ignition
probability revealed that Sardinia was the Region most affected by wildfires.
The wildfire simulation outputs were then combined with main land uses and
building footprint locations to characterize wildfire transmission and exposure to
communities, and were summarized for main vegetation types and Regions. This
study presents a cross-boundary and standardized approach based on wildfire
spread modeling to analyze and quantify wildfire risk profiles in Southern Europe.
The stochastic wildfire modeling systems we implemented used harmonized
sets of data for a vast, fire-prone Mediterranean area, where previous similar
studies were conducted at coarser resolutions and covered lower extent of
lands. The approach presented in this work can be used as a reference pillar for
the development and implementation of a common wildfire risk monitoring,
management, and governance plan in the study area. The methods and findings
of this study can be replicated in neighboring Mediterranean and other regions
threatened by wildfires.
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wildfire modeling, burn probability, MTT algorithm, wildfire management, wildfire risk,
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Introduction

Wildfires are a growing and significant threat to ecological, social,
and economic values in the Euro-Mediterranean region, as they can
cause relevant damages to natural values, ecosystem services, and
human activities, and even loss of lives (Keeley et al., 2012; Molina-
Terrén et al., 2019; Forzieri et al., 2021). More than 80% of the annual
area burned in Europe is typically concentrated in Southern countries,
which are characterized by vast portions of fire-prone lands that,
under extreme environmental conditions, are able to sustain the
propagation of fast-spreading, large and severe wildfires (San-Miguel-
Ayanz et al., 2016; FAO and Plan Bleu, 2018; Galizia et al., 2022).
According to San-Miguel-Ayanz et al. (2023), in the last 6 years the EU
territory faced 3 of the worst wildfire seasons in terms of area burned
of its history. In fact, a number of converging driving factors have
promoted variations in wildfire regime and risk: these drivers include
fuel buildup and land abandonment, climate-induced drought, high
wind intensity events, and WUI expansion into fire-prone areas
(Marlon et al., 2008; Moreira et al., 2011; Pausas and Fernandez-
Muifoz, 2012; Fernandes et al., 2014; Viedma et al., 2018; Turco et al.,
2019; Pereira et al., 2020; Ruffault et al., 2020; Ganteaume et al., 2021).

The growing incidence of wildfires and related losses calls for
strong actions to analyze and map wildfire hazard, transmission, and
exposure, and to propose solutions for mitigating risks (Calkin et al,,
2014; Ager etal., 2019; Alcasena et al., 2019). Nevertheless, accounting
for the risks posed by large wildfires involves adequate consideration of
their propagation and behavior potential in complex terrain and large
landscapes, while taking into account several factors such as ignition
patterns and fire regime, slope, fuel properties and moisture, historical
weather and winds (Ager et al., 2011). In this paper, we will adopt the
definitions of wildfire hazard (danger), exposure and risk of Chuvieco
etal. (2023), and the definition of transmission of Ager et al. (2014).

Nowadays, a large number of wildfire spread and behavior models
and simulators are available (Finney, 2004, 2006; Tolhurst et al., 2008;
Balbi et al., 2009; Tymstra et al., 2010; Andrews, 2014; Kalabokidis
et al,, 2016; Arca et al., 2019; Monedero et al., 2019; Trucchia et al,,
2020). Promising results to assess wildfire risk, exposure, and
transmission potential have been obtained by new wildfire spread
models based on Monte Carlo methods (Scott et al., 2018; Palaiologou
et al., 2022). In this context, several burn probability modeling
approaches are based on the MTT algorithm (Finney, 2002), a compact
fire simulation algorithm that allows to simulate thousands of wildfires
over large areas and is parallelized for multi-threaded processing. The
MTT fire behavior library is also integrated in a number of software
and command line applications, as for instance FlamMap (Finney,
2006), FconstMTT (Ager et al., 2017) or FSim (Finney et al., 2011). The
application of the MTT algorithm and the abovementioned systems
has emerged as a useful tool for a wide range of applications in
Southern Europe, including fire hazard evaluation and mapping
(Mitsopoulos et al., 2015; Alcasena et al., 2019; Sa et al., 2022), trade-off
analysis among management strategies (Palaiologou et al., 2020; Benali
etal., 2021; Aparicio et al., 2022), fire management potential (Alcasena
et al, 2019; Castellnou et al., 2019), impacts on communities and
values of interest (Alcasena et al., 2015, 2021; Mallinis et al., 2016;
Palaiologou et al., 2022), or post-fire disturbances (Salis et al., 2019).
Even if the modeling approaches based on the MTT were developed
and mostly tested in North America and Southern Europe (Miller and
Ager, 2013; Parisien et al., 2020), various successful applications can
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be also found in a range of other regions and ecosystem types (Gomez
et al.,, 2015; Jahdi et al., 2020; Galizia et al., 2021; Oliveira et al., 2021).

Several studies highlighted the need for systematic and standardized
large-scale evaluations to map potential cross-boundary wildfire hazard
and risk, with the final aim to target and prioritize the most critical areas
where specific cross-boundary planning and management activities are
necessary (Palaiologou et al., 2018; Ager et al., 2019; Thompson et al.,
2020). This was one of the main objectives of the cluster of wildfire
projects [a strategic project (MED-Star) and four associated projects
(MED-PSS, MEDCoopFire, MEDForeste, InterMED)] recently
financed by the Interreg Italy-France Maritime Programme (EU [F]M,
2023), funded by the European Regional Development Fund (ERDF)
and aimed at promoting territorial cooperation in the EU. The IFM
Programme assists in facilitating and supporting cooperation projects
between Italy, specifically the territories of Sardinia, Tuscany, and
Liguria, and France, specifically Corsica and the Provence-Alpes-Cote
d’Azur areas. This cooperation area shares a wealth of cultural, social,
and economic values, as well as comparable environmental conditions
and disturbances. Among these disturbances, wildfires are one of the
most significant disruptive factors: each year, particularly in the summer
season, the IFM area is affected by wildfires that threaten several
anthropogenic and ecological values, as well as human lives. In this
context, the EU IFM Programme has promoted a collaborative effort
among regional institutions, research agencies, and policymakers
aiming to develop strategies that implement operational and shared
solutions for wildfire risk assessment and prevention.

To support the implementation of cross-boundary wildfire risk
assessment and large-fire scenario analysis, we built on previous work
carried out in Sardinia and applied wildfire simulation modeling based
on the minimum travel time (MTT) algorithm. The goal of this study
is to assess fine-scale (100-m resolution) current patterns of wildfire
exposure, transmission, and exposure to communities in the IFM
cooperation area (about 72,000 km? of land). In order to assess wildfire
risk profiles for the whole study area, we simulated thousands of large
wildfire events by holding the current landscape, replicating the
weather and fuel moisture conditions associated with fire events above
100ha and running individual fires at 100-m resolution, consistent
with the input files. This study presents a cross-boundary and
standardized approach based on wildfire spread modeling to analyze
and quantify wildfire hazard, transmission and exposure profiles in a
relevant fire-prone area of Southern Europe. The wildfire modeling
approach presented in this work supports the development of strategic
decision support tools that can be used as a reference pillar for the
definition and implementation of a common wildfire risk monitoring,
management, and governance plan in the IFM area: for instance,
wildfire hazard and exposure outputs can guide the coordinated design
of landscape fuel treatment projects devoted to community protection
or highly exposed forests and natural values. Furthermore, the
methods and findings of this study are extendable and can be replicated
in neighboring Mediterranean areas and other fire-prone regions.

Methods
Study area

The study area, extending approximately 72,000km? of land, is
located between 39°00” and 45°00” N latitude and 5°00” and 12°00" E
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longitude (Figure 1). This encompasses the Italy-France Maritime
(IFM) cooperation area, which involves four regions: Sardinia,
Tuscany, and Liguria in Italy, and Corsica in France. Furthermore, it
includes the French Departments of Var and Alpes-Maritimes, located
within the region known as Provence-Alpes-Cote d’Azur, or
PACA. Approximately 9 million people reside in this area, with a
significant proportion living near the coastlines and major towns.
During the summer, these coastal regions witness a substantial influx
of tourists, leading to a considerable increase in the resident
population. Overall, the average terrain elevation is approximately
550m above sea level (a.s.l.), with a range from 0 to 3,040 ma.s.l.
(Figure 1A). The highest peaks are found in the Alps, which broadly
separate France from Italy. The primary plains are situated in Tuscany
and Sardinia, whereas Liguria and Corsica exhibit a minimal presence
of flat areas. Climate conditions fluctuate based on latitude, elevation,
and distance from the Mediterranean Sea. This leads to several
distinctions in climatic and weather conditions both among and
within regions. In fact, the average annual temperatures range from
about —6°C in the highest mountains to approximately 17°C in the
warmest coastal areas of Sardinia, Corsica, and Tuscany. The average
annual precipitation varies between roughly 400 mm and about
2,300mm (Table 1).

To derive a common map of vegetation types for the study area,
we used as inputs the regional forest type geodatasets of four Regions
[Corsica and PACA, (IGN, 2023), Liguria, (Agriligurianet, 2023);
Tuscany, (GEOscopio, 2023)]. Apart from some differences in the
forest classifications, all geodatasets provided spatial information on
the main forest species and canopy cover (Supplementary Figure 1).
These data were combined with the Corine Land Cover 2012 (EEA,

10.3389/ffgc.2023.1241378

2017) to characterize non-forested areas. Regarding Sardinia, due to
the absence of an updated forest-type map, we used the Sardinia Land
Use Map (Sardegna Geoportale, 2023) and the Sardinia Bioclimatic
map (Canu et al., 2015). Then, we involved regional stakeholders and
experts with meetings, surveys and questionnaires in order to
characterize other properties of the main forest species [i.e., type of
understory (litter; shrubs; high shrubs); canopy characteristics (e.g.,
stand height, base height); fire behavior] that were not included in the
1, 2). Afterwards,
we incorporated in the regional datasets the information obtained

forest datasets (Supplementary Figures
from the regional experts and we assembled a common and
standardized spatial geodatabase covering the whole study area.
We also summarized the different vegetation classes into a set of 19
standardized vegetation types, organized into 6 main vegetation types
(Agriculture; Pastures; Shrubs; Broadleaf Forests; Conifer Forests;
Other) (Figure 1B). We finally converted the geodatabase in a 100-m
vegetation type raster map of the [IFM cooperation area (Figure 1B,
Supplementary Figure 1, and Supplementary Table 1). The most
relevant vegetation types of the study area (Table 1 and Figure 1B) are
represented by broadleaf forests (~36%) [mostly Quercus spp. (Q. ilex
L., Q. pubescens Willd., Q. cerris L., Q. robur L., Q. suber L.), Castanea
sativa Mill, Fagus sylvatica L., Ostrya carpinifolia Scop.],
Mediterranean maquis (~16%), grasslands (~15%), and conifer forests
(~8%) [mainly Pinus spp. (P. pinaster Aiton, P. nigra J.EArnold,
P sylvestris L., P. pinea L., P. halepensis Mill.)]. Broadleaf forests are the
dominant forest type of the IFM Regions except for Sardinia, where
Mediterranean maquis is the most significant vegetation type in the
wildlands. Broadleaves are particularly relevant in Corsica and
Liguria, where they account for 60 and 50% of the total regional area,

Var and Alpes-Maritimes

DEM
(m a.s.l)
3040

Sardinia

40°0'0"N 45°0'0"N

FIGURE 1

Digital Elevation Model (DEM) of Italy-France Maritime cooperation area (A), which includes four Regions (Sardinia, Tuscany, and Liguria, in Italy, and
Corsica, in France) and two French Departments (Var and Alpes-Maritimes, located in the Provence-Alpes-Coéte d'’Azur (PACA) Region), and vegetation
types of the study area (B). GR, grasslands; MA, mixed agricultural areas; PC, permanent crops; HP, herbaceous pastures; WP, wooded pastures; SV,
sparse vegetation; LMM, low Mediterranean maquis; HMM, high Mediterranean maquis; BL, broadleaf with litter understory; BS, broadleaf with shrub
understory; BHS, broadleaf with high shrub understory; CL, conifer with litter understory; CS, conifer with shrub understory; CHS, conifer with high
shrub understory; MF, mixed forests; AA, anthropic areas; WB, water bodies; R, rocks; S, sands.

Vegetation Types

Agriculture Broadleaf For.

[ JGR EEBL
[ ImA I BS
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TABLE 1 Overview of the main characteristics of the study area, summarized at the regional level.

Sardinia, Italy

Tuscany, Italy

Liguria, Italy

Corsica, France

10.3389/ffgc.2023.1241378

PACA (Var and

Alpes Maritimes),
France

~1,800ma.s.l.

~2,600ma.s.l.

~2,135ma.s.l.

~2,600ma.s.].

Size (km?) 24,100 23,000 5,400 8,700 10,270
Inhabitants (Year) 1.60 M (2020) 3.67M (2020) 1.51 M (2020) 0.33M (2020) 2.14M (2020)
Anthropic structures (#,

566.8 1,284.0 515.8 274.9 1,474.4
thous.)

From ~0mm to From ~0mm to From ~0mm to From ~0mm to From ~ —5mm to
Elevation

~3,040ma.s.l.

Annual precipitation

From ~400 mm in the
coastal areas to
~1,100 mm in the

mountain areas

From ~500 mm in
coastal areas to
~2,200mm in the

mountain areas

From ~700 mm in
coastal areas to
~2,300mm in the

mountain areas

From ~500 mm in coastal
areas to ~1,100 mm in the

mountain areas

From ~600 mm in coastal
areas ~1,200 mm in the

mountain areas

Mean annual

temperature

From ~8°C in the
mountain areas to ~17°C

along the coasts

From ~4°C in the
mountain areas to ~17°C

along the coasts

From ~5°C in the
mountain areas to ~16°C

along the coasts

From ~3°C in the
mountain areas to ~17°C

along the coasts

From ~ —6°C in the
mountain areas to ~16°C

along the coasts

Grasslands (26%), Grasslands (18%),

Most relevant
Mediterranean maquis
(28%), broadleaf forests

(19%)

herbaceous pastures
(10%) broadleaf forests
(42%)

vegetation types (>10%

regional area)

Broadleaf forests (50%)
Broadleaf forests (38%),

conifer forests (30%)

Mediterranean maquis
Broadleaf forests (60%)
(30%), conifer forests

(11%)

Inhabitant data refer to ISTAT (ISTAT, 2023) for Italy and Insee (Insee, 2023) for France. Anthropic structure counts were obtained from Open Street Map (OSM) buildings shapefiles (OSM,
2022). Weather data were derived from Fick and Hijmans (2017). Main vegetation types were derived from Figure 2.

respectively. In the PACA Departments, also conifer forests occupy
vast areas (about 30% of the total area). Mediterranean maquis covers
about 30% of Corsica and Sardinia islands, while on the contrary the
lowest values can be found in Tuscany (~5%).

Wildfire regime and data

To characterize wildfires in the study area, we used the 1998-
2019 Promethée database for the French regions (PROMETHEE 2,
2023) and the database provided by each Italian Region (1998-2019
for both Sardinia and Tuscany; 1998-2016 for Liguria). Excluding
wildfires with a size lower than 1ha, the study area was affected
by about 34,000 wildfires (0.022 fire ignitions km™ year™):
approximately 2/3 of the ignitions were in Sardinia. Regarding the
area burned (AB), in the study period about 600,000 hectares of land
were burned, with an annual average of 0.38 hakm™ and an evident
peak in Sardinia, which accounted for about 62% of the total AB in
the study area (Table 2). In more detail, two Regions, PACA, and
Tuscany, showed relatively low levels of average annual AB, with 0.21
and 0.08 hakm™, respectively, while higher values were presented by
Sardinia, Liguria, and Corsica (0.70, 0.48, and 0.46hakm™,
respectively). Overall, large wildfires were the main source of risk in
the study area: about 60% of the total AB was due to a limited number
of events (2.5% over the total fire ignitions) larger than 100 ha. In this
regard, the incidence of large wildfires in terms of the total AB ranged
from a minimum of 34.2% in Tuscany to little less than 80% in
Corsica and the two PACA Departments (Table 2). Only about 0.5%
of the total fire number in the IFM area originated fires with size
above 500 ha, which accounted for about 36% of the total AB, with
peaks in Corsica and PACA Departments (~260% of the total AB) and
the lowest relevance in Tuscany (~9% of the total AB). Wildfires were
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largely concentrated in the May-October months, which accounted
for about 90% of the total AB in the study area; however, Liguria and
Alpine areas also presented significant wildfires in late fall and
winter periods.

Input data

We used Arcfuels (Ager et al., 2011; Vaillant et al., 2013) to
assemble and process, for the whole modeling domain, spatial data
on topography and fuels and produce a 100-m resolution gridded
landscape file, as required by FlamMap (Finney, 2006). The wildfire
modeling domain (approximately 74,500 km?) covered the study area
and also included a 2-km buffer around PACA Departments, Liguria,
and Toscana to take into account incoming fires from neighboring
areas and remove the “edge effect” (Palaiologou et al, 2022).
Topography layers were obtained from the 25-m digital elevation data
of Europe (EEA, 2017). Regarding fuels, starting from the
standardized geodatabase described in the previous section,
we attributed to each vegetation type and/or subtype (e.g., considering
deciduousness, species, understory type) a specific surface fuel
model, either standard (Anderson, 1982; Scott and Burgan, 2005) or
customized (Arca et al., 2009; Duce et al., 2012; Ascoli et al., 2020;
Supplementary Figure 1; Figure 2A; Table 3; Supplementary Table 2).

Dead and live fuel moisture content (FMC) was set focusing on
the driest periods of the summer season and using as reference
moisture data collected in previous studies and projects carried out
in southern Europe (Pellizzaro et al., 2007; Salis et al., 2015; Martin-
StPaul et al, 2018; Yebra et al, 2019; Pellizzaro, personal
communication; Massaiu, personal communication). To account for
FMC differences among and within Regions, we split the study area
into four homogeneous bioclimatic zones, as presented in
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TABLE 2 Wildfire regime characteristics at the regional level and for the study area.

Years Total FN Avg. Annual Total AB Avg. Annual AB AB,w FNLw
FN
(#) (# km=2yr?) (ha) (hakm=2yr?) (% over (% over
total) total)
Sardinia 1998-2019 21,900 0.041 369,500 0.70 57.6% 2.5%
Tuscany 1998-2019 5,000 0.010 41,200 0.08 34.2% 1.2%
Liguria 1998-2016 3,100 0.030 49,100 0.48 42.6% 2.7%
Corsica 1998-2019 2,700 0.014 89,000 0.46 79.2% 3.9%
PACA (Var and
1998-2019 1,300 0.006 48,100 0.21 78.7% 4.6%
Alpes Maritimes)
IT-FR 1998-2019 34,000 0.022 596,800 0.38 59.6% 2.5%

FN, fire ignition number; AB, area burned; LW, large wildfires (size above 100ha). Fires below 1 ha are not considered in this summary.

Fuel Models
Grass Timber
CIFMT Litter
[ IFrM2  []TL2
[ ]FM3 [ TLe
[ IcvGt T
[ lcve2

Shrub
[sHs

[ sH?

[ cvst
B cms2
B cvs3
B cms4
B cvs5

Timber
Understory
CJTul
B Tu4
Il TUs

Nonburnable 5

I N\B

FIGURE 2
Surface fuel model map of the study area (A) (fuel model codes, parameters,
Table 3); bioclimatic map of the study area (B) [classes derived from Pesaresi

Bioclimatic

zones

B Thermomed.

[ Lower Mesomed.

[] Upper Mesomed.

I From Supramed.
To Cryorotemp.

C—Jkm

and incidence at the Regional and study area level are provided in
etal. (2014)].

Figure 2B. The above four bioclimatic zones were determined starting
from the spatial datasets of bioclimatic conditions of Pesaresi et al.
(2014). In more detail, according to the abovementioned measured
data, the dead FMC values ranged from the low moisture scenario of
Scott and Burgan (2005), which was adopted in the areas
characterized by the hottest bioclimatic conditions, to the moderate
moisture scenario of Scott and Burgan (2005), adopted in the coldest
bioclimatic contexts. Intermediate dead FMC values were selected in
the remaining portions of the study area. Regarding live FMC, values
ranged from 75 to 90% in timber understory and mature shrub fuel
models, and from 50 to 65% in degraded shrubs. Also, in this case,
we adopted a live FMC gradient moving from hot bioclimatic zones
to cold areas and mountains based on observed data.

Dominant wind directions for wildfire simulations were set
considering the wildfires larger than 200ha (Table 4) and gathering
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the main wind direction observed in the weather station closest to
each large wildfire on the day of the fire event. Wind speed was set to
35kmh" and remained constant during each wildfire simulation and
for all wind direction scenarios.

A smoothed annual fire ignition probability grid was
determined taking into account all wildfire ignitions with size
larger than or equal to 1 ha, as reported in the historical databases,
considering the reference study period. The ignition probability
grid was created with ArcGIS 10.8 (Esri Inc.) using the Point
Density method with a 10-km bandwidth. The above radius was
the minimum value that would generate a nearly continuous map
of fire ignition probabilities for the whole study area. Fire ignition
probability grids derived from historical patterns, rather than the
application of randomly assigned ignitions, allowed to replicate
recent observed fire occurrence and to adequately take into
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TABLE 3 Summary of surface fuel model data used for the wildfire simulations.

Surface fuel = Dead fuel Live fuel  Fuel depth Incidence
model code load load ™ Tos. PACA IT-FR
(tha™) (tha™) (cm) (%) (%) (%)
Grass fuel models
FM1 1.66 0.00 30 26.40 1.36 1.12 18.11 1.30 15.15
FM2 7.86 1.12 30 347 2.61 8.16 8.29 322 524
FM3 6.74 0.00 76 6.05 1.45 2.11 10.75 4.99 6.55
CMG1 0.83 0.00 15 3.54 1.47 2.45 5.12 4.45 3.85
CMG2 9.43 1.34 35 4.78 4.84 0.00 0.00 0.29 2.24
Shrub fuel models
SH5 12.78 6.50 183 0.00 16.85 6.76 0.73 7.79 393
SH7 24.66 7.62 183 14.59 5.30 2.64 2.75 21.24 9.70
CMS1 10.23 7.80 180 18.02 3.58 0.93 242 0.00 7.35
CMS2 17.27 9.91 185 0.81 10.57 2.09 0.00 0.00 1.72
CMS3 19.72 9.14 145 1.72 0.48 2.06 1.47 13.80 3.26
CMS4 5.30 4.10 45 2.02 3.47 26.31 0.14 0.00 3.47
CMS5 12.00 12.50 135 9.78 0.00 0.00 0.00 0.00 3.29
Timber litter fuel models
TL2 13.23 0.00 6 0.00 1.58 20.29 6.64 0.13 3.88
TL6 10.76 0.00 9 3.43 27.64 12.66 27.99 20.53 17.44
TL9 31.61 0.00 18 0.00 7.65 0.00 6.06 0.00 2.88
Timber understory fuel models
TU1 5.83 2.47 18 0.40 3.52 2.30 1.50 4.02 1.80
TU4 10.09 4.48 15 0.00 1.23 0.00 0.00 6.41 1.07
TUS5 24.77 6.73 30 0.00 3.60 5.05 2.84 2.81 2.14

The incidence of each fuel model in terms of the percentage of area covered at the Regional scale, and for the whole study area, is also provided. Nonburnable fuels (anthropic areas, water,
sands, etc.) are not included in the table. More information on fuel models parameters can be found in Supplementary Table 2.

TABLE 4 Dominant wind directions were used as inputs in the wildfire simulations.

Dominant wind direction Wind direction range

(degrees)
0° 337.50 + 22.49 13 0.0 6.7 33.0 0.0
45° 22.50 + 67.49 17 19.6 50.0 4.0 0.0
90° 67.50 + 112.49 6.8 13.0 0.0 0.0 8.8
135° 112,50 + 157.49 11.8 19.6 0.0 40 8.8
180° 157.50 + 202.49 8.5 152 133 7.0 14.7
225° 202.50 + 247.49 157 19.6 100 24.0 17.6
270° 247.50 + 292.49 33.6 13.0 100 24.0 14.7
315° 292.50 + 337.49 20.6 0.0 10.0 40 35.3

These data refer to the weather conditions observed in the weather station closest to each large wildfire (above 200 ha) on the day of the fire event, for the study period 1998-2019.

account current hot-spot zones in the IFM study area, as well as  the definition of coarse ignition probability grids (>30km
to guarantee a minimum ignition likelihood in those remote areas ~ bandwidth) to saturate the landscape and avoid the exclusion of
that did not experience fires during the study period. Furthermore,  simulations in those areas that did not record large fires in their
to derive the probability grids, we did not restrict our selection  vicinity, particularly in Tuscany and PACA Departments. The
only to ignitions that originated fires above 100 ha: this would  ignition probability grid was held as constant input for all
have substantially reduced the sample size and would have caused ~ wildfire simulations.
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Wildfire simulation modeling

Wildfire simulations were performed by using the minimum
travel time (MTT) algorithm, as implemented in the “RANDIG”
command-line version (Finney, 2002). The MTT algorithm calculates
a two-dimensional fire growth, while the weather is held constant,
following the Huygens’ principle, by searching for the pathways with
minimum spread time from nodes or cell corners at a given resolution
set by the user (Finney, 2002). The MTT is implemented to simulate
thousands of potential wildfire ignitions and several fuel moisture and
wind conditions, but cannot consider vegetation succession or fire
suppression efforts. This algorithm has been widely used in previous
research and studies aimed at assessing wildfire exposure and
transmission and evaluating fire risk mitigation strategies over large
and complex landscapes (Palaiologou et al., 2019; Parisien et al., 2020;
Alcasena et al., 2021). Fire spread is predicted by the surface fire
spread model of Rothermel (1972), fire intensity is converted to flame
length using the equation of Byram (1959), and crown fire initiation
is predicted through Van Wagner (1977) methods as implemented by
Scott and Reinhardt (2001).

Fire ignition points were distributed within the burnable fuels of
the modeling domain, according to the ignition probability grid
originated from the historical fire data. Then, each fire was
independently modeled randomly drawing from the frequency
distribution of wind directions of the Region where the ignition was
located. Overall, 145,000 fire events burning under extreme weather
were simulated at 100 m resolution, consistent with the input data
resolution, with constant fuel moisture and wind intensity (35kmh™),
and a burning period of 480 min; fire suppression was not considered.
The total simulated area burned by the wildfire simulations was close
to 150 million hectares, which in the IFM cooperation area correspond
to the area burned by wildfires in about 5,300 fire seasons.

Wildfire hazard, transmission, and exposure
analysis

For the whole modeling domain, the wildfire simulations
generated burn probability (BP) rasters, frequency distributions of
flame lengths (FL) in twenty 0.5-m intervals for each pixel, fire size
(FS) list, and simulated wildfire perimeter polygons. The annual burn
probability (aBP) represents the annual likelihood of burning at each
specific pixel given the current modeling domain, landscape
characteristics and extreme weather conditions; it is calculated as the
ratio of the number of times a given pixel burned to the modeled fire
seasons (i.e., 5,300 in our study). aBP can range from 0 (the pixel never
burns) to 1 (the pixel burns every year). The simulated average aBP
was then summarized at the regional scale and for the whole study
area by calculating the average value from the aBP raster file, for each
Region and for the whole IFM area.

The fire size list, which includes the simulated fire ignition
coordinates, allowed us to characterize the cumulative simulated
ignition point densities (IPd) in the modeling domain and to compare
this output with the historical data: the IPd was quantified in terms of
annual number of events per km? and was therefore indicated as alPd
(annual ignition point density). From the flame length distribution
outputs, we derived the maximum flame length (FLM) of a surface fire
burning a pixel.
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Wildfire transmission for the modeling domain was first of all
quantified using the wildfire source-sink ratio (SSR), which is the
ratio, on a logarithmic scale, between average simulated FS and
average simulated aBP: in relative terms, the cells with high burn
probability but unable to generate large fires from an ignition act as
wildfire sinks, while wildfire sources are those cells that have low burn
probability but can generate large fires when an ignition occurs (Ager
et al,, 2012). In addition, following the methods proposed by Ager
etal. (2014) and Palaiologou et al. (2019), wildfire transmission was
estimated by intersecting simulated wildfire perimeters and ignition
points with a hexnet of 1,000-ha hexcells (1 =8,050) for the whole IFM
area and with vegetation type polygons (Figure 1B); we then assigned
the wildfire origin (i.e., source hexcell or vegetation type) based on the
ignition location. We then cross-tabulated the total area burned (AB)
in each of the resulting intersected perimeter fragments, which were
divided into (1) incoming fire (i.e., AB in a given vegetation type from
a fire ignited outside of that vegetation type), (2) outgoing fire (i.e., AB
outside the vegetation type where the fire was ignited), and (3) self-
burning (i.e., a fire ignited in a vegetation type and entirely burned
within it). This analysis allowed us to map wildfire transmission for
the study area and to quantify the role played by each hexcell and
vegetation type, and at the regional level, in terms of annual wildfire
transmitting potential, in hectares per year, and of percentage of
transmission types.

Finally, we estimated the structures threatened by wildfires in the
study area. For this purpose, we used the Open Street Map (OSM)
buildings shapefiles (2022). This structure footprint database provided
accurate locations and contained all structures (approximately 4.1
million footprints) in the whole study area including residential
housing, commercial buildings, farms, large stores, industrial
buildings, and religious structures. We first derived the building
centroids from each building polygon, which was classified at the
municipal level. Then, we intersected building centroids and polygons
with all wildfire perimeters simulated in the modeling domain. This
allowed us to assess the structures threatened by wildfires in terms of
the average annual number of threatened structures and relative terms
(i.e., the annual number of threatened buildings in the unit area over
the total number of buildings in that unit area), and to quantify the
structure exposure to wildfires at the regional and provincial levels. To
summarize and provide maps of wildfire threatened structures for the
whole IFM area, we used the hexnet of 1,000-ha hexcells.

Results

Wildfire hazard

The output data and maps for annual burn probability (aBP) and
annual ignition point density (aIPD) are presented in Table 5 and
Figures 3A,B and showed specific patterns across the study area. Not
surprisingly, aBP and aIPD outputs confirmed that Sardinia is by far
the area most threatened by wildfires in terms of both probability of
burning and probability of having ignitions. Conversely, Tuscany was
the less affected Region, with the lowest mean values of aBP and aIPD.

In more detail, excluding non-burnable fuels, wildfire simulations
for the study area generated a mean aBP value of 3.94 107%, which
corresponds to about 28,200 hectares burned per year and is slightly
higher than the historical value (about 27,500 hayr™') observed in the
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TABLE 5 Mean values of simulated and historical annual burn probability (aBP) and annual ignition point density (alPD) at the regional level and for the
whole study area.

Region, Country aBP sim aBP hist aBP diff alPD sim alPD hist alPD diff
Mean Mean % Mean Mean %
Sardinia, Italy 708107 69610 +1.68 36810 36710 +0.19
Toscana, Italy 842107 8.14 107" +3.45 8.08107° 821107 —1.60
Liguria, Italy 5.04 107 4.76 107 +5.75 229107 227107 +0.93
Corsica, France 4.85107 4.63 107 +4.67 1.18 107 118 107 +0.07
PACA, France 2.20107° 212107 +3.75 4.87 107 4741077 +2.54
Italy-France Maritime area 3.94107° 3.84107° +2.79 1.89 107 1.89107 +0.09

The percent differences between simulations and historical values are also reported.
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FIGURE 3

wildfire simulations, as described in the Methods.
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Maps of annual burn probability (aBP) (A), annual fire ignition point density (alPD) (B), and maximum flame length (FLM) (C), which is the maximum
flame length of a surface fire in a given pixel, of the Italy-France Maritime cooperation area, at 100-m resolution, derived from the combination of

study period. aBP ranged from about 0-1.31 107", with the highest
peaks (aBP>0.1) concentrated in small areas of central-southern
Sardinia and of the province of Imperia, in Liguria. This output
revealed large spatial variations within the study area and each Region
(Figure 3A and Table 5). At the regional level, Sardinia presented the
highest mean aBP (7.08 10~), which is almost double than the mean
value obtained for the IFM cooperation area. Liguria and Corsica also
showed relevant mean aBP values (4.76 10~ and 4.63 107,
respectively), which are slightly higher than the mean value for the
study area. By contrary, the lowest mean aBP values were observed in
PACA Departments (2.12 10~°) and primarily in Tuscany (8.14 107,
about 4.5 times lower than the mean value of the study area). About
11% of the IFM area exhibited aBP higher than 1.00 107 (Figure 3A),
with the most evident hot spot areas observed in Sardinia, Corsica,
and Liguria (with 22.5, 14.5, and 12.1% of the regional area
characterized by aBP >1.00 1072, respectively); the incidence of high
aBP areas was much lower in PACA Departments and Tuscany (about
4.0 and 0.4% of the regional area, respectively). On the contrary, about
52% of the study area presented mild aBP conditions, with values
below 1.0 107%, even if large variations can be observed among and
within Regions. Again, Tuscany and PACA showed vast areas with low
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aBP (about 75.1 and 62.8% of the regional area, respectively);
conversely, the regional area with a low probability of fire occurrence
and spread was approximately 30.2, 45.3, and 51.9% in Sardinia,
Corsica, and Liguria, respectively. As a result, the estimated annual AB
ranged from a maximum of about 17,100ha in Sardinia, which
accounted for about 60.5% of the annual AB in the study area, to a
minimum of about 1,940 ha in Tuscany. The annual AB at the regional
level from our simulations was moderately overestimated in all
Regions with respect to the observed values: the highest
overestimations were observed in Liguria (about +5.8%) and Corsica
(+4.7%).

Even if the simulated aBP values were close to the observed data
at the regional scale and for the whole study area, we noticed some
significant differences between historical and simulated values at the
The most
underestimation of aBP was observed in northern Sardinia, where the

local and province/department levels. relevant
annual area burned by our simulations was about 1,400 and 1,700 ha
lower than that observed during the study period in Sassari and Nuoro
provinces, respectively; on the contrary, a large overestimation was
observed in the Sud Sardegna province (about +2,500ha burned per

year). Observed and simulated aBP in Liguria and the PACA
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Departments also presented some important differences:
we overestimated aBP in the Imperia province (1.41 107 vs. 7.91 10~°)
and in the Alpes-Maritimes Department (3.64 107 vs. 1.31 107),
while we underestimated aBP in the Var Department (1.17 107 vs.
2.69 107%). Less significant differences between historical and
simulated aBP were observed in Corsica and Tuscany provinces.

Focusing on fire events with size not lower than 1ha, the mean
simulated aIPd for the study area was about 1.89 1072 ignitions km™
(Table 5), which corresponds to the historical value observed in the
period under investigation. Overall, the aIPd values of the whole IFM
area ranged from 0 to about 0.27 ignitions km™2, while the historical
data ranged from 0 to about 0.26 ignitions km™. With respect to the
historical values, our simulations presented a slight underestimation
of aIPD in Tuscany (—1.60%), while the most relevant overestimation
was observed in the two PACA Departments (+2.54%). The modeling
outputs highlighted that the highest concentration of annual wildfire
ignitions (>0.03 fires km™) was in specific hot-spot areas, mostly
located in Sardinia, Liguria, and Corsica, with about 37.1, 26.8, and
5.1% of the regional territory characterized by high likelihood of fire
ignitions, respectively (Figure 3B). This pattern is confirmed also in
terms of mean alPD at the regional scale: Sardinia exhibited the
highest mean aIPD, which was about 3.68 107* ignitions km™ and
preceded Liguria, with approximately 2.29 ignitions km ™ As a matter
of fact, about 45% of the simulated fire ignitions in the study area were
distributed in Sardinia. The other Regions (Corsica, PACA, and
Tuscany) presented mean aIPD lower than the mean value of the study
area, with the lowest values observed in Tuscany and PACA (8.08 10~*
and 4.87 10~° ignitions km ™, respectively). The smallest probabilities
of fire ignitions were primarily observed in PACA and Tuscany, which
presented about 29.4 and 45.4% of the regional territory characterized
by aIPD below 4.00 107 fires km ™2, respectively.

The wildfire simulations produced values of maximum flame
length (FLM) in the range 0-9.75m. Considering the whole study
area, a significant percentage of lands (about 66% of the total area)
showed FLM values below 1.20m, particularly in the most managed
and productive agricultural zones and in the coldest bioclimatic
conditions (Figure 3C). The Regions with the highest incidence of low
FLM levels were Liguria and Tuscany. On the other hand, about 6.5%
of the IFM territory exhibited the potential to originate high-intensity
surface fires, especially in areas where the presence of high or mature
shrubs is more prominent. The Regions with FLM greater than 2.50 m
were mainly located in Sardinia, particularly in the eastern belt, in the
southwestern part of the PACA Departments, and in the coastal areas
of Corsica (Figure 3C).

Wildfire transmission

We then examined the wildfire transmission for the study area
and started with the analysis of the source-sink ratio (SSR). About
31% of the entire study area presented SSR values below 5.5 and acted
as wildfire sinks (Figure 4A). Specifically, the areas that presented the
lowest SSR values were mainly located in Liguria, Sardinia, and
Corsica. In these areas, overall, we found high aBP values (often also
associated with high aIPD values), which corresponded to relatively
low mean FS values. In contrast, the simulations evidenced SSR values
above 6.5 in about 15% of the modeling domain: these areas, which
can be classed as wildfire sources, were particularly relevant in
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Tuscany and PACA Departments (Figure 4A). Wildfire sources
correspond to areas where the potential to originate large wildfires is
high, although the probability of wildfire ignition and propagation is
relatively limited.

The average incidence of outgoing wildfires in the IFM area, split
into a net of hexcells with 1,000-ha size, is presented in Figure 4B. The
incidence of outgoing wildfires in a given hexcell was calculated as the
ratio between the AB outside the cell where the fire was ignited and
the total AB (by self-burning, incoming wildfires and outgoing
wildfires) in that cell. On the whole, about 4% of hexcells evidenced a
high percentage (> 60%) of outgoing wildfires. These areas were
mostly concentrated in mountains and steep zones, characterized by
low burn and ignition probability, but able to produce large events
with the potential to affect the neighboring cells given an ignition.
About 48% of the study area presented a low percentage (<30%) of
outgoing wildfires. In several cases, these areas were also characterized
by low incoming wildfires but significant amount of self-burning
wildfires, which were related to a high number of fire events with
limited size and unable to spread toward other cells. The Regions that
presented the lowest percentages of outgoing wildfires were Liguria
and Tuscany, for which values below 30% were observed in about 70
and 60% of their hexcells (Figure 4B).

The modeling outputs revealed that agricultural areas, shrubs, and
broadleaf forests were the most relevant transmitters of wildfires in the
study area, with about 38, 25, and 20% of the total annual AB (about
27,600ha per year) which was related with the above three main
vegetation types, respectively (Figure 5A).

Regarding agricultural lands, which cover about 24% of the IFM
area, approximately 10,500 ha were annually burned in the study area
by the wildfire simulations: about 80% (approximately 8,500 ha per
year) of this AB was observed in Sardinia (Figures 5A, 6D). The other
two Regions which presented relatively high annual area burned in
agricultural areas were Tuscany and Liguria, with about 880 and
690ha annually burned, respectively. With respect to the total AB at
the regional scale, in general, the transmission type analysis for the
agricultural areas vegetation type showed a substantial balance among
outgoing (about 3,370ha per year), incoming (about 3,470ha per
year), and self-burning fires (about 3,670 ha per year) at the IFM area
level. However, two Regions presented a different pattern: Corsica and
PACA Departments showed very low values of self-burning, about 13
and 10% of the total transmission for this main vegetation type,
respectively, and on the other hand, exhibited a percentage of outgoing
fires close to 50% (Figures 5B, 6A-E). This can be explained by the fact
that the AB in agricultural lands in these Regions is quite limited, and
this main vegetation types in both Regions is fragmented and
characterized by small-size parcels, so wildfires tend to spread to other
main vegetation types.

Shrubs, with about 6,750 ha burned annually in the study area,
are the second largest main vegetation type contributing to wildfires
in the 5 Regions under investigation. Again, the most significant
territory was represented by Sardinia, which concentrated
approximately 60% of the annual area of shrubs affected by wildfires
in the IFM area. Likewise, an important contribution to the area of
shrubs affected by wildfires was made by Corsica, for which the
simulations estimated about 1,750ha burned annually. Tuscany,
Liguria, and PACA Departments accounted for little of the total
annual shrubs AB (about 1.5 percent, 7.5 percent, and 4.5 percent,
respectively) in the IFM zone. Focusing on wildfire transmission
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outgoing wildfires (B), using a net of 1,000-ha hexcells.

Maps of source-sink ratio (SSR), which measures the ratio (on a logarithmic scale) between simulated FS and simulated aBP (A), and percentage of

Outgoing Fire (%)

N < 20.00

[ 20.01 + 30.00
30.01 = 40.00
40.01 = 50.00

% 50.01 = 60.00

N > 60.00

types, the main sources of transmission were incoming and outgoing
fires, which for shrubs were roughly equivalent (around 40%). In
addition, at the study area level, the self-burning percentage for
shrubs was generally limited and close to 20%. The Regions with the
highest self-burning values were Corsica (particularly in the northern
area) and Sardinia (in the eastern area), i.e., the areas where the
presence of shrubs is most continuous and covers large portions of
the territory.

Broadleaf forests accounted for about 20% of the total annual AB
in the study area, although they are the most important fuel category
for the IFM area, with roughly 36% of the territory occupied by this
main vegetation type. Our simulations estimated an average annual
AB for broadleaf forests of about 5,300 ha. Sardinia and Corsica were
the regions with the highest annual AB in broadleaf zones, with about
1,600 and 1,550 ha, respectively, followed by PACA Departments with
about 1,000 ha per year. In the latter case, wildfires in broadleaf forests
accounted for about 45% of the total AB in that Region. Of the total
area affected by wildfires on broadleaf forests, the most relevant
transmission type for the whole study area was represented by
outgoing fires, which accounted for about 2,300 ha per year, or nearly
43% of the total; in the 5 Regions, this value remained relatively stable
and ranged from a low of 41% in Tuscany to a high of 45% in Corsica.
With about 2,100 hectares per year, incoming fires were the second
fire transmission form for broadleaf forests in the IFM area; on
average, for Tuscany and Liguria incoming fires were more relevant
than outgoing fires in wildfire transmission on this main
vegetation type.

Pastures, which occupy about 8% of the IFM lands, affected the
surfaces burned in the study area by about 3,150 ha per year, which is
about 11.5% of the total AB. Sardinia was the Region with the greatest
influence on this, with approximately 2,050 ha burned per year, which
corresponds to about 65% of the AB in pastures considering the entire
study area.
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About 5% of the surfaces affected by wildfires in the IFM area,
roughly equal to 1,400 ha per year, involved conifer forests. In this
case, the areas most disturbed were located in the PACA Departments,
which accounted for 40% of the total conifer AB in the study area.
Among the main vegetation types, conifers presented the lowest values
of transmission by self-burning (10.5% at the study area scale). Finally,
a very small proportion of wildfire events, about 450ha per year,
affected lands characterized by other fuels.

Wildfire exposure to communities

We observed substantial variations of wildfire exposure to
communities across the study area (Figures 7A,B and Table 6).
Overall, our simulations revealed that on average about 8,800
structures were annually threatened by wildfires in the IFM area
(Table 6). Liguria and Sardinia accounted for about 65% of the total
annual wildfire exposure to communities, with approximately 3,070
and 2,670 threatened structures each year, respectively. The most
exposed hexcells (>16 threatened structures yr' per hexcell) were
mainly located in Liguria, where about 6.5% of the regional hexcells
presented high exposure conditions (Figure 7A). The Liguria province
with the highest exposure to community was Imperia, which
presented about 2,150 structures threatened by wildfires per year and
a normalized value of annually threatened structures of about 1.64%
(Table 6). In the remaining Regions, high exposure values (>16
threatened structures yr~' per hexcell) were observed in much less
areas and ranged from about 0.7% of the hexcells in Corsica to 0.2%
in the PACA Departments (Figure 7A). On the other hand, on average
approximately 78.8% of the study area presented less than 1 threatened

structure yr~' per hexcell. In this case, the highest incidence of
low-exposure hexcells was observed in Tuscany (88.2%) and Corsica

(82.3%), while Liguria exhibited the lowest percentage (60.1%).
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In terms of normalized structures threatened, that is the ratio
between annual structures exposed to fires and total structures per
hexcell, about 0.5% of the hexcells in the study area presented values
in the range 4-8% ( ): in other words, only 0.5% of the IFM
area presented a fire return interval nearby communities
approximately between 12 and 25years. The Regions which
highlighted the most significant incidence of normalized structures
threatened higher than 4% were Sardinia (about 1.1%, particularly in
the southern part of the island) and Liguria (1.7%, largely in the
western board of the Region), while in the PACA Departments and
Tuscany, this exposure value was observed in less than 0.1% of their
territories ( ). Regarding Liguria, it is noteworthy to evidence
that this Region exhibited the highest value of normalized structures
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threatened, about 0.6%, which was largely determined by the province
of Imperia, with average values of 1.64%, while the other provinces
presented values below 0.30% ( ). Besides, a huge group of
hexcells (about 49.7%) in the study area showed values of normalized
structures threatened lower than 0.1%, which indicates very limited
probabilities of wildfires impacting or menacing anthropic structures
( ). Again, Tuscany highlighted vast portions (75.7%) of the
regional area with so low exposure to communities, followed by the
PACA Region (58.3%). On the contrary, in Sardinia only 23.3% of the
hexcells presented normalized structures threatened below 0.1%: in
this Region, the average value of normalized structures threatened was
one of the highest and was close to 0.5%, with the highest peaks
observed in the provinces of Sud Sardegna and Oristano ( ).
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Discussion and conclusion

In this study, we implemented a wildfire simulation modeling
system to evaluate cross-boundary wildfire hazard, transmission, and
exposure to communities in the so-called Italy-France Maritime
(IFM) cooperation area, which covers about 72,000 km? of land and
includes four Regions (Sardinia, Tuscany, and Liguria, in Italy, and
Corsica, in France) and two French Departments [Var and Alpes-
Maritimes, located in the Provence-Alpes-Cote d’Azur (PACA)
Region]. We were able to characterize and measure fine-scale (100-m
resolution) wildfire risk factors by taking into account historical fire
regimes, current fuels, weather, and fuel moisture conditions
associated with the occurrence of wildfires above 100 ha. Through the
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iterative modeling of thousands large wildfires, we captured a large
number of possible combinations of ignition sources and fire-weather
scenarios in the study area. This comprehensive approach enabled the
generation of a broad set of potential wildfire footprints, thereby
helping to reduce some of the uncertainties in modeled predictions of
exposure to communities and overall hazard (for instance, by using
historically-based ignition probability grids and weighted weather
scenarios). Furthermore, stochastic wildfire modeling systems, such
as the one we implemented in this study, facilitate predictions of future
large events and the exposure odds of severe wildfires impacting forest
and rural areas, anthropic values and human communities (Ramirez
etal, 2019; Ager etal,,
expected wildfires in terms of potential hazard and transmission, and

2021). These predictions offer an assessment of
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form the basis for developing consistent risk management strategies
in the IFM cooperation area or elsewhere. The estimation of wildfire
risk or exposure stem from the potential effects of a large set of
plausible large wildfire episodes and aim at quantitative assessments
rather than qualitative indices (Calkin et al., 2011; Oom et al., 2022;
Chuvieco et al,, 2023). To date, only a few studies have employed
comparable wildfire modeling techniques across such a vast domain
to explore wildfire hazard, transmission, and exposure at fine
resolutions in the Euro-Mediterranean area (Alcasena et al., 2019,
2021): our study is among this small group, encompassing numerous
communities and providing a level of detail not often seen within the
Euro-Mediterranean area.

On the whole, our simulations were quite consistent with the
historical wildfire data for the whole study area. Focusing on the
annual area burned (AB) and burn probability (BP), we obtained a
good agreement in each of the Regions, even if a limited overestimation
of the annual AB was observed (about +3% for the whole study area).
Similarly, an overestimation of the simulated annual AB compared to
the historical data was reported by previous works (e.g., 54 et al.,
2022). The simulated annual ignition point density (aIPd) was in line
with the historical data, and the most relevant differences with respect
to the observed data were observed in the PACA Departments
(+2.5%) and Tuscany (—1.6%). We highlighted relevant variations
among and within the Regions under investigation in terms of wildfire
hazard, exposure to communities, and transmission. These differences
are related to several factors, which include wildfire regime and
frequency, bioclimatic conditions, occurrence of weather conditions
conducive to large events, and socio-economic factors. In this work,
we tried to keep into account these specific regional characteristics:
for instance, fuel moisture values were tuned depending on bioclimatic
conditions, and this allowed to obtain more realistic modeling outputs.
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However, the spatial maps of BP for Sardinia presented some relevant
differences in the identification of the hot-spot zones with respect to
a previous study (Salis et al., 2021). We also highlighted some relevant
differences in historical vs. simulated aBP for some other provinces or
Departments in PACA and Liguria. This can be explained by the fact
that in this work the wildfire simulations for each Region were not
stratified considering homogeneous zones and adopting specific
weather conditions for each zone as done in the abovementioned
study; moreover, in Salis et al. (2021) special attention was given to fire
ignition patterns on large and very large wildfire days (above 200 ha),
rather than considering the whole set of fire ignitions above 1 ha. The
much lower incidence of wildfire ignitions, and particularly of large
and very large wildfires in the other Regions under investigation, did
not allow to replicate the same methodology previously applied in
Sardinia, as the number of historical events to characterize BP and
wildfire hazard for given weather scenarios was not able to adequately
inform the wildfire modeling approach and to saturate the IFM study
area. This resulted in a general overestimation of the simulated aBP in
those areas and provinces/Departments which exhibited high values
of ignition probability. In this regard, future work will refine the
wildfire simulation approach proposed in this study to further
calibrate the input and output data at more local scales by identifying
homogeneous areas in terms of weather and fire regime. Yet, in terms
of identification of the most significant hot-spot and high BP zones,
our results were in line with previous studies carried out in some of
the IFM Regions (Tonini et al., 2020; Pimont et al., 2021).

We evidenced the role played by herbaceous fuels and shrubs in
wildfire spread and transmission, as well as the relatively low potential
of forests in acting as wildfire sources. Similar results were highlighted
by other works carried out in the Euro-Mediterranean area (Nunes
et al,, 2005; Oliveira et al., 2013; Salis et al., 2021). In general,
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TABLE 6 Number of structures threatened by wildfires per year for the Regions and the Provinces/Departments included in the study area.

Province/ Total structure Structure Threatened Normalized
Department and counts density structures threatened
Region structures
# 103 # km2 #y?!

Cagliari 1,249.63 67.997 54.41 3385 0.50
Nuoro 5,645.07 91.731 16.25 279.8 0.31
Oristano 2,992.90 79.761 26.65 444.0 0.56
Sassari 7,697.79 184.659 23.99 4713 0.26
Sud Sardegna 6,537.38 142.688 21.83 1,133.8 0.79
Sardinia 24,122.77 566.835 23.50 2,667.3 0.47
Arezzo 3,230.08 167.996 52.01 74.6 0.04
Firenze 3,513.12 182.188 51.86 95.2 0.05
Grosseto 4,505.83 118.582 26.32 51.2 0.04
Livorno 1,217.74 82.859 68.04 36.8 0.04
Lucca 1,775.99 245.586 138.28 441.6 0.18
Massa e Carrara 1,156.20 130.101 112.52 103.1 0.08
Pisa 2,445.73 141.874 58.01 245.8 0.17
Pistoia 963.556 86.595 89.87 163.1 0.19
Prato 366.084 42.678 116.58 16.6 0.04
Siena 3,820.37 85.542 22.39 24.1 0.03
Tuscany 22,994.70 1,284.001 55.84 1,252.1 0.10
Genova 1,834.48 181.244 98.80 609.7 0.34
Imperia 1,154.79 132.547 114.78 2,167.7 1.64
La Spezia 882.849 87.574 99.19 91.1 0.10
Savona 1,548.97 114.401 73.86 201.7 0.18
Liguria 5,421.09 515.767 95.14 3,070.1 0.60
Alpes-Maritimes 4,298.51 923.771 214.90 345.8 0.04
Var 6,035.66 550.617 91.23 625.1 0.11
PACA 10,334.17 1,474.388 142.67 970.9 0.07
Corse-du-Sud 4,023.99 127.872 31.78 2455 0.19
Haute-Corse 4,709.03 147.052 31.23 620.1 0.42
Corsica 8,733.02 274.924 31.48 865.6 0.31
Study Area 71,605.75 4,115.915 57.48 8,826.0 0.21

The total exposure in the Italy-France Maritime cooperation area is about 8,826 threatened structures yr™' (about 0.21% of the total number of structures are annually threatened by wildfires).

herbaceous areas are characterized by the presence of fine-sized fuel
particles (with varying loads depending on the level of management
and grazing) which generally exhibits high surface area-to-volume
ratios and are fully or nearly cured during the wildfire season: in
combination with strong winds and low fuel moisture, herbaceous
fuels can sustain the establishment of high wildfire spread and
acceleration rates and the expansion potential of the fire fronts toward
neighboring forests, shrublands and anthropic areas (Cheney et al.,
1993; Cheney and Gould, 1995; Cruz et al., 2022). In this regard, the
presence of agriculture and pastoral farms must be recognized as key
factor for land management and fire risk reduction purposes, as it can
limit continuity and load of flammable fuels (Catry et al., 2010;
Aquilué et al., 2020; Colantoni et al., 2020; Spadoni et al., 2023). The
current patterns of loss of agriculture, pastoralism, and silvicultural
activities, with the inherent land abandonment and vegetation
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encroachment processes that are affecting a number of marginal and
inner areas of the IFM territory, can increase the occurrence and
severity of major wildfire events (Moreira et al, 2011; Sil et al., 2019;
Salis et al., 2022). This risk could be further exacerbated by climate
change, which is already impacting Southern Europe, and is expected
to be responsible for a lengthening of the fire seasons and for
increasing the risk and extent of wildfires in future years (Dupuy et al.,
2020; Pimont et al., 2022; Venildinen et al., 2022).

The wildfire modeling and exposure results from this study can
guide the coordinated design of landscape fuel treatment projects across
the IFM area. While our previous management-oriented works were
limited to some study areas in Sardinia (Salis et al., 2016, 2018; Jahdi
etal,, 2023), we now have the required baseline information to extend
the analysis to the entire cooperation area. For example, this expanded
scope could facilitate the development of fuel reduction projects in
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high-priority areas, designed to protect communities in rural or forest
areas where a declining population is leading to rapid fuel increase and
pasture encroachment (Schuh et al., 2020). Furthermore, conducting
landscape fuel treatment projects could benefit from the analysis of the
wildfire transmission types (self-burning, outgoing, or incoming fires)
to identify the best locations for contrasting the spread of large wildfires:
significant reductions of the potential area burned could be obtained
prioriting those areas (hexcells) with high values of outgoing fires, while
a lower effectiveness would be guaranteed treating in self-burning
locations. Plus, understanding and mapping the preferential fire
propagation types for the main vegetation types can be valuable in
orienting wildfire risk mitigation strategies: for instance, in case of
herbaceous fuels with high transmission potential, grazing may result
in the most appropriate and cheap fuel reduction strategy. On the other
hand, hexcells with high propagation potential and high fuel loads, such
as given forest areas with shrub understory, would likely require
mechanical fuel treatments and more investments in terms of budget
and personnel. In this context, using prioritization tools and building
upon the modeling outputs, we can design the optimal mosaic of fuel
treatment locations while considering the availability of local resources,
existing environmental constraints, and operational limitations during
treatment implementation (Alcasena et al., 2018; Palaiologou et al.,
2020). Specifically, these projects could be integrated into ongoing
community protection programs, where the use of prescribed fires and/
or grazing is being incorporated to mitigate wildfire hazards, limit shrub
encroachment and preserve grasslands, particularly in areas where
extensive pastoral use remains a significant activity (Montiel and Kraus,
2010; Varela et al., 2018; Valk6 and Dedk, 2021; Cabiddu et al., 2023).
In wildland-urban interface (WUI) areas, our exposure results
offer a valuable resource for providing a spatially explicit and
quantitative measure of buildings threatened by wildfires and for
enhancing existing WUI maps (Del Giudice et al., 2021; Bar-Massada
et al, 2023), which aid in identifying areas where structures
intermingle with hazardous fuels. However, previous studies have
shown that high building density does not necessarily correlate with
high wildfire exposure or losses (Alcasena et al., 2021, 2022), thus
emphasizing the need of estimating the actual number of structures
threatened by wildfires and provide policymakers with rough
estimates of potential impacts during wildfires. These findings are
crucial for insurance companies, raising awareness among the
population, and guiding wildfire risk management efforts aimed at
generating fire-adapted communities. It is important to note, however,
that careful interpretation of our exposure results is necessary, as they
represent a worst-case scenario without accounting for suppression
efforts. In real-life fire scenarios, intervention teams on the ground
and in the air work hard and diligently to limit damages in WUT areas.
On the whole, despite the escalating threat and increasing losses
from unprecedented catastrophic wildfires occurred in recent years
and likely occurring in future decades under changing climate
conditions, wildfire risk assessment varies widely among EU countries
and often, due to fire regime and environmental specificities, follows
different national or even regional approaches not fully comparable
(Oom et al, 2022). To address the lack of a comprehensive
pan-European modeling and risk assessment system, a number of EU
regulations and projects are progressively emphasizing the need for an
EU-scale approach, as well as for a harmonization of procedures for
wildfire risk assessment and for improving the actions of EU member
states and cross-border regions in preventing and managing wildfires
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(Chuvieco et al., 2023). We advocate for the need to predict potential
large and severe wildfires and assess potential hazard and exposure
over vast domains in order to manage wildfires more effectively and
prioritize risk prevention and mitigation strategies. However, current
wildfire management budgets and efforts at EU level are mostly
focused on wildfire detection, monitoring, and suppression: when
weather and drought conditions are extreme or in case of concomitant
events, real-time fire monitoring and suppression alone have proven
to be inefficient and unable to contrast the propagation and impacts
of large wildfires (Calkin et al., 2014; Thompson et al., 2017). For
instance, a single large wildfire that occurred in the Montiferru area
(western Sardinia) in July 2021, under extreme weather, burned about
13,000 hectares, damaged around 600 structures and threatened
approximately 1,300 more. Such large and severe episodes, which
exhibit rapid growth and extreme fire behavior, can easily overwhelm
terrestrial forces suppression efforts, and often even the effectiveness
of aerial resources is limited by a number of environmental conditions
or constraints (e.g., topography, strong winds, low visibility, smoke,
atmospheric turbulence, proximity to water resources), as well as by
the priority goals of protecting lives and values of interest rather than
focusing on contrasting the major wildfire paths (Plucinski et al., 2012;
Tedim et al., 2018; Rodrigues et al., 2020). In other words, wildfire
containment only becomes feasible when weather, environmental and
civil protection conditions offer a reprieve, rendering the process
largely opportunistic (Costa Alcubierre et al., 2011; Castellnou et al,
2019). As an alternative, wildfire hazard and transmission assessment
at operational scales provides the anticipation necessary to implement
large-scale fuel treatments or risk prevention and reduction programs
and allows to identify high-priority areas or safe zones (Ager et al.,
2017; Thompson et al, 2022). It would be therefore crucial to
implement cross-border and transregional projects and policies that
strengthen cooperation and support mechanisms, starting with
standardized and harmonized wildfire management and planning
strategies and including the adoption of virtuous examples of land and
fuel management or prevention activities, as neighboring southern EU
territories share similar problems and contexts and are highly fire-
prone. In this regard, this work lays the foundation for the
identification of the main critical issues of the IFM area in terms of
wildfire hazard, transmission, and exposure to communities.

There are numerous limitations to the current study. Even if fire
spread models are used with good success in several areas after
adequate calibration and validation, the modeling equations and
variables involved in the spatiotemporal simulation of fire propagation
and behavior have inherent limitations and assumptions that should
be taken into consideration (Sullivan, 2009a,b; Mell et al., 2010;
Alexander and Cruz, 2013). In addition, fire models based on
Rothermel’s equation (Rothermel, 1972) present some weaknesses in
accounting for the coupled effects of topography and wind on fire
propagation and behavior, particularly in areas with complex
topography (Viegas, 2004; Viegas and Simeoni, 2011; Rodrigues
etal, 2013).

In terms of fuels, we used previously validated standard and
custom models and associated them with standardized vegetation
types for the IFM area to generate fuel model maps. Future works
could refine the mapping of vegetation types and the related fuel
models using spatially explicit local information and more accurate
datasets. For instance, LIDAR-derived data and metrics could be used
to improve the assessment and mapping of canopy fuels, which are
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crucial for assessing the occurrence of crown fires, as well as for
estimating canopy understory (Gonzalez-Ferreiro et al., 2017; Mauro
etal., 2021; Marino et al., 2022; Labenski et al., 2023). Likewise, more
accurate mapping of herbaceous fuels (i.e., considering their level of
agricultural management or grazing regimes) and shrublands (i.e.,
determining height, density, canopy cover) would improve the
assignment of specific fuel models, with relevant effects in the fuel
map quality and reliability for several fire-prone contexts (Garcia et al,
2011; Marino et al,, 2016; Huesca et al., 2019; Bright et al., 2022). In
this sense, a pan European freely available LIDAR-data coverage based
on common and standardized methodologies and products, as well as
the definition of standard formats, coordinate systems, resolution and
update timing, would be strategic.

To minimize fire ignition locations and fire-weather uncertainty,
we performed a large number of simulations based on historic ignition
densities and on randomly sampled weather conditions from observed
probabilities during the wildfire season, focusing on the days
characterized by large fire spread. However, we did not consider
containment effects, which vary a lot based on myriad factors such as
fire simultaneity, resource availability and environmental constraints
(Finney et al., 2009; Plucinski et al., 2012; Plucinski, 2019): including
containment effects would exceedingly complicate the analysis of fire
exposure, transmission and hazard, and therefore was out of the scopes
of this work. Consequently, we are aware that our results may have
overestimated the burned areas close to communities or highly valued
resources, where suppression efforts are prioritized and concentrated
during wildfires. Nevertheless, considering all limitations, the modeled
outcomes showed relatively good correspondence with the observed fire
regime and conditions, and the feedbacks received from the Regional
Partners involved in this project were overall positive.
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