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Abstract. The use of spatially explicit fire spread models to assess fire propagation and behaviour has several
applications for fire management and research. We used the FARSITE simulator to predict the spread of a set of wildfires
that occurred along an east-west gradient of the Euro-Mediterranean countries. The main purpose of this work was to
evaluate the overall accuracy of the simulator and to quantify the effects of standard vs custom fuel models on fire
simulation performance. We also analysed the effects of different fuel models and slope classes on the accuracy of
FARSITE predictions. To run the simulations, several input layers describing each study area were acquired, and their
effect on simulation outputs was analysed. Site-specific fuel models and canopy inputs were derived either from existing
vegetation information and field sampling or through remote-sensing data. The custom fuel models produced an increase
in simulation accuracy, and results were nearly unequivocal for all the case studies examined. We suggest that spatially
explicit fire spread simulators and custom fuel models specifically developed for the heterogeneous landscapes of
Mediterranean ecosystems can help improve fire hazard mapping and optimise fuel management practices across the
Euro-Mediterranean region.
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Introduction

Southern European countries account for as much as 75% of the
fires and nearly 90% of the total burned area of the whole of
Europe (Schmuck et al. 2011): in this area, since 1980 ~50 000
fires per year have been recorded, burning ~465000 ha of
wildland (Schmuck ef al. 2011). In the Mediterranean basin,
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several studies have reported the relationships among wildfire
events, fire weather and fuels (Moreno et al. 2011; Koutsias
et al. 2012; Duguy et al. 2013; Ganteaume and Jappiot 2013;
Xystrakis and Koutsias 2013; Ager et al. 2014a). Many studies
have explained a substantial part of the intense wildfire activity
with the extensive land abandonment observed since 1970
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(Pausas and Vallejo 1999; Duguy and Vallejo 2008; Moreira
et al. 2011; Pausas and Fernandez-Mufioz 2012; Viedma ef al.
2015). In Mediterranean landscapes, the occurrence of large
fires is mainly attributed to the presence of severe and extreme
meteorological conditions (strong wind, heat weaves, etc.) and
the manner in which fire propagates (i.e. crown fires, spotting)
compared with smaller fire events (Pereira et al. 2005; Viegas
et al. 2009; Dimitrakopoulos ef al. 2011). As wildfires are
increasingly affecting human and ecological resources, interest
in developing new wildfire risk assessment methodologies and
tools based on fire behaviour modelling has risen in recent years
(Miller and Ager 2013).

Wildland fire behaviour modelling has its origin back in the
early 20th century and encompasses a range of various mathe-
matical approaches, which assemble a collection of equations
for the estimation and prediction of fire spread and behaviour at
different spatiotemporal extents and settings (Pastor ez al. 2003).
Though fire models can be described according to different
factors (nature of the equations, variables included, physical
system modelled, etc.), they are commonly classified into three
broad categories: (i) physical and quasi-physical models;
(i1) empirical and quasi-empirical models; and (iii) simulation
and mathematical analogue models (Sullivan 2009a; Sullivan
2009b). Each of these categories has some advantages and
disadvantages, depending on the computational effort, accura-
cy, transferability, robustness, data demands and costs. Yet, in
recent years, significant efforts have been concentrated on
developing numerical simulation techniques to allow the expan-
sion of existing one-dimensional linear models to two- or three-
dimensional models of fire spread across the landscape (Finney
1998, 2002; Linn et al. 2002; Linn et al. 2007; Sullivan 20095).
The capability of different fire spread models and simulators
to support fire management in Mediterranean Europe has
been investigated by several authors (Arca et al 2007a,
2007b; Duguy et al. 2007; Carmel et al. 2009; Filippi et al.
2010; Papadopoulos and Pavlidou 2011; Paz et al. 2011; Santoni
et al. 2011; Hollingsworth et al. 2012; Salis et al. 2013, 2014,
2015,2016; Alcasena et al. 2015, 2016; Kalabokidis et al. 2015;
Mitsopoulos et al. 2015). Among the various approaches, the
FARSITE fire area simulator (Finney 1998) is probably the most
widely used fire simulation system for single fire events, as it is
able to perform spatially and temporally explicit simulations
of fire spread and behaviour, is user-friendly and is freely
available. This simulator extends the capabilities of point-
based models such as the BEHAVE Fire Behaviour Prediction
and Fuel Modelling System (Andrews 1986), originally devel-
oped from the semi-empirical surface fire spread model of
Rothermel (1972), to calculate fire propagation and behaviour
in two dimensions or across a landscape. The description of the
simulator equations as well as the limitations and assumptions of
the modelling methods used in FARSITE are reported in several
works (Finney 1998; Stratton 2000).

In a landscape, as there are numerous potential combinations
of vegetation types, characteristics and succession stages, and it
is almost impossible to characterise all possible combinations,
the most common approach used for fire-spread modelling is to
generalise and characterise fuels into a finite number of fuel
models (Keane et al. 2001; Cai et al. 2014). A fuel model is an
identifiable association of forest fuel components of distinctive
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species, form, size, arrangement and continuity that will exhibit
characteristic fire behaviour under defined burning conditions
(Anderson 1982). In recent years, much effort has been dedicated
to developing an alternative to standard fuel models (Deeming
et al. 1972; Anderson 1982; Scott and Burgan 2005). In fact,
although FARSITE provides reliable results in fire behaviour
modelling over landscapes containing fuel types consistent with
the original standard fuel models of Anderson (1982) and Scott
and Burgan (2005) designed for US fuel types, extrapolation to
other ecosystems is not always an easy and reliable task and can
result in biased outputs (Pastor et al. 2003; Arca et al. 2007b;
Arroyo et al. 2008; Jahdi et al. 2015, 2016). Several customised
fuel models have been recently developed to better represent the
fuel characteristics of the Mediterranean vegetation in Greece
(Dimitrakopoulos 2002), the medium-height (maquis) and low
and degraded shrublands (garrigue) communities in Italy (Arca
et al. 2007b, 2009), the shrub vegetation in Turkey (Bilgili and
Saglam 2003; Saglam et al. 2008), Pinus pinaster stands in
Portugal (Fernandes 2001; Cruz and Fernandes 2008), and the
grass, shrub and canopy fuel types in Spain (De Luis et al. 2004;
Rodriguez y Silva and Molina-Martinez 2012; Vega-Garcia et al.
2014). Previous studies conducted using fire behaviour model-
ling suggested that site-specific fuel data could increase the
accuracy of predicted fire behaviour over standard fuel models
(Miller and Yool 2002; Arca et al. 2007b; Cheyette et al. 2008;
Mutlu et al. 2008; Salis 2008; Cai et al. 2014). Yet only few
works have tested the robustness and accuracy of the fire
simulation process with actual recent fires that occurred in the
Mediterranean Basin (Arca et al. 2007b; Paz et al. 2011; Salis
et al. 2013).

Fire spread and behaviour are also affected by topography,
because fires spread more quickly upslope and more slowly
downslope; nevertheless, terrain has a significant influence on
wind flows. Overall, fire spread models based on Rothermel’s
equation (Rothermel 1972) are not able to capture the coupled
effects of topography and wind on fire propagation and behav-
iour in complex areas (Weise and Biging 1997; Santoni et al.
1999; Finney 1998; Viegas 2004; Viegas and Pita 2004). To
address the wind—terrain limitations for several fire spread
models, the use of mass-consistent wind models can allow for
wind flow as a spatially and temporally variable input across a
study area or allow the determination of preferential local wind
patterns based on local conditions (Carvalho et al. 1997; Werth
et al. 2011; Forthofer et al. 2014a, 2014b).

The validation of spatially explicit fire behaviour simulations
is a complex task, and most fire behaviour studies do not provide
any statistical estimate of the agreement between modelled and
observed fire perimeters and behaviour, mainly owing to the
difficulty of accurately describing the observed fires (Fujioka
2002; Paz et al. 2011; Jahdi et al. 2016). Nevertheless, to
incorporate fire spread simulation in operational workflows, it
is crucial to increase the model accuracy by suitable validation.
The validation of modelled fire behaviour results allows a timely
calibration before a fire event or incident, thus increasing the
potential for applicability (Hollingsworth et al. 2012).

In the present work, we used the FARSITE simulator to
predict the spread and behaviour of a set of wildfires that
occurred along an east—west gradient of the Euro-Mediterranean
countries. The main purpose of this study was to evaluate the
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overall accuracy of the simulated fire perimeters in complex and
heterogeneous Mediterranean landscapes and to compare the
accuracy of the simulations performed with standard and cus-
tomised fuel models. Then, we analysed the effects of fuel
models and slope classes on both fire spread and behaviour
indicators as well as on simulation accuracy.

Materials and methods
Description of the case studies

The case studies cover a wide gradient of different weather
conditions, topography, vegetation types and fire size across the
Mediterranean Basin (Table 1 and 2, Figs 1 and 2, and online
supplementary material). The selected wildfires occurred
between 1990 and 2011 and affected some of the most fire-prone
European areas. Four case studies were located in Sardinia,
Italy (Lochiri, Nuoro, Monte Doglia and Budoni), three in
Greece (Alexandroupoli, Attica and Penteli), and five in Spain
(Vall de Gallinera, Collado, Fresnedoso de Ibor, Hurdes and
Navalmoral) (Table 1 and Fig. 1). We analysed wildfires of
different size, including: two very large fires that burned more
than 7000 ha (Nuoro and Attica); three large fires, ranging from
1000 to 4000 ha (Penteli, Hurdes and Lochiri); and seven
medium—large fires that burned between 70 and 600 ha
(Table 1). For all the case studies, fire duration was considered
as the temporal interval between fire ignition and the end of
active fire suppression activities, without taking into account
mop-up operations, and fire size reflected the perimeter burned
in this interval. The majority of the fires analysed lasted less than
24 h. The Hurdes wildfire was the only one that spread actively
for almost 5 days. With the exception of Monte Doglia, which
took place at the end of May, the case study fires were ignited in
July or August, which is the peak fire season in the Mediterra-
nean Basin (Table 1). Overall, the fires mostly affected

Table 1.

Int. J. Wildland Fire C

Mediterranean shrublands, but herbaceous and wooded pastures
were also burned in several cases (Table 1 and Table S2 in the
online supplementary material). Though the main vegetation
types were similar, each study area revealed specific fuel
characteristics in terms of fuel load and depth, surface area-to-
volume (SAV) ratio, and other variables as specified in
Table S3). The information and data on the actual fires inves-
tigated in this study were provided by the local fire managers
and Forest Services.

Fire spread and behaviour simulations

Fire simulations were performed using the FARSITE simulator
(Finney 1998) in order to obtain spatial and temporal simula-
tions of fire spread and behaviour for each case study. The
required geospatial input layers describing the landscape were
processed, analysed and assembled into the landscape file (LCP)
within a Geographic Information Systems (GIS) environment
(ArcMap 10; ArcFuels 10, Ager et al. 2011). All the information
and data related to fire perimeters and spread were provided by
the local fire managers. We set the resolution of the landscape
layers at 50 m for the very large fires (Nuoro and Attica), at 25 m

Table 2. Interpretation of kappa (KC) and Sorensen (SC) coefficients

values, adapted from Filippi ez al. (2014)

KC and SC value range Interpretation

<0 No agreement

10.0-0.2] Slight agreement
10.2-0.4] Fair agreement

10.4-0.6] Moderate agreement
10.6-0.8] Substantial agreement
10.8-1.0] Almost perfect agreement

Summary of the case studies analysed

Med., Mediterranean

Case study Country Fire Date of ignition ~ Active fire spread Average area Main vegetation types Elevation
size (ha) duration (h) burned per hour (m above
(hah™) sea level)
Alexandroupoli Greece 124 23 August 2011 21 Wooded areas, Med. maquis 30-335
Attica Greece 7040 21 August 2009 925 Pastures, wooded pastures, 0-1095
Med. maquis, pines
Budoni Italy 141 26 August 2004 29 Wooded pastures, Med. 5-335
maquis
Collado Spain 373 18 July 2011 29 Wooded pastures, Med. 240485
maquis
Fresnedoso de Ibor ~ Spain 201 17 July 2011 29 Olive grove, Med. maquis, 410-795
pastures
Hurdes Spain 3092 25 July 2011 115 27 Med. forest, Med. maquis, 375-1465
pastures
Lochiri Italy 2520 13 July 2011 385 Pastures, wooded pastures 150-890
Monte Doglia Italy 70 30 May 2006 34 Med. maquis 45410
Navalmoral Spain 86 28 July 2011 43 Pastures, Med. maquis 340-445
Nuoro Italy 7460 23 July 2007 740 Pastures, wooded pastures, 45-1350
Med. maquis
Penteli Greece 3720 21 August 2009 140 Shrublands, grasslands, 0-1095
Aleppo pine forests
Vall de Gallinera Spain 591 24 July 1990 46 Pastures, shrublands 85-810
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Fig. 1. Location of the case studies analysed.

for the large fires (Penteli, Hurdes and Lochiri), and at 10 m for
the medium-large-size case studies (the remaining seven case
studies). These resolutions were considered sufficiently accurate
to ensure reliable and realistic wildfire simulations, especially
considering the spatial resolution of the input themes used to feed
the simulator.

Terrain data (elevation, slope and aspect) were derived from
digital elevation models (DEM), whereas surface fuel and cano-
py cover maps were derived either from existing vegetation and
land-use maps (e.g. Corine Land Cover, EEA 2002) or from site-
specific mapping based on aerial photographs or satellite imag-
ery (e.g. http://earthexplorer.usgs.gov, accessed 29 June 2016).
The standard surface fuel models used for the simulations were
those developed by Anderson (1982) and Scott and Burgan
(2005). The selection of the standard fuel models for the
simulations was based on the similarity to actual fuels in terms
of general fire-carrying fuel type, fuel properties (e.g. depth, live
fuel load, compactness), photo-guides and expected fire behav-
iour. A set of custom fuel models (see Table S3 and Fig S1) was
also developed by using field data collected for most case studies.

For each case study, we performed a set of preliminary
FARSITE simulations using different standard fuel models, as
well as customised fuel models. In the present work, we only
describe the results obtained by the most accurate simulations
(as measured by Kappa and Sorensen indices) obtained using
specific combinations of standard and customised fuel models
for each case study. The standard and custom fuel model codes,
as well as the custom fuel data used as input for the FARSITE
simulations presented in this work, are reported in Tables S2 and
S3. Further, the canopy fuel information required to model
crown fires, including stand height (m), crown base height (m)
and crown bulk density (kg m ), were provided by the
national forest inventory systems (e.g. Italy, INFC 2005; Spain,

Ministerio de Agricultura 2007), derived from field sampling
or estimated by regression equations based on forest stand
parameters (Mitsopoulos and Dimitrakopoulos 2014). The ini-
tial values of fuel moisture content as well as the other fuel
variables (SAV ratio, heat content, moisture of extinction, etc.)
were determined for each case study considering the values
of the standard fuel models and the most relevant studies
conducted in Mediterranean areas (Dimitrakopoulos 2001;
Dimitrakopoulos and Panov 2001; Arca et al. 2007b, 2009;
Duguy et al. 2007; Pellizzaro et al. 2007; Salis et al. 2015).
When available, fuel data collected during specific sampling
campaigns were also used. In more detail, fuel moisture values
for live and dead fuels were set empirically based on field
sampling, mostly performed some days after the wildfire event.
The moisture values of the fine dead fuel (<0.6 cm in diameter),
expressed as percentage of dry weight, ranged between 3 and
35%, and were below 10% for most of the fires studied. The
moisture values of the live woody components ranged between 70
and 130%, with the lowest values observed in the shrubland fuel
types of Sardinia. Herbaceous fuels were considered fully cured,
with the exception of irrigated areas (e.g. Vall de Gallinera).

The wind data observed in the closest weather stations to
each wildfire, as well as the elevation data and the dominant
vegetation of the modelling areas, were provided as inputs to the
mass-consistent model WindNinja (Forthofer 2007; Forthofer
and Butler 2007; Forthofer et al. 2014a, 2014b) to generate
raster grids of wind speed and direction (on an hourly basis and
at 2-m height) for use in FARSITE simulations.

Concerning the FARSITE simulation parameters, we set the
resolution of perimeter and distance calculations in the range
10-50 m, and fire spread isochrone projections from 10 to
30 min, depending on the size of the study area, to ensure a
satisfactory resolution level for the projections of fire perimeters.
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Fig.2. Maps of the actual fire perimeters, ignition point locations and fuel models: (@) Alexandropouli; () Attica; (¢) Budoni; (d) Collado; () Fresnedoso
de Ibor; (f) Hurdes; (g) Lochiri; (2) Monte Doglia; (i) Navalmoral; (j) Nuoro; (k) Penteli; and (/) Val de Gallinera. The data on fire perimeters and ignition
points were provided by the local fire management agencies. The fuel model codes are defined in Table 4.

The local fire managers reported spot fire phenomena for
five case studies (Lochiri, Nuoro, Attica, Hurdes and Vall de
Gallinera): spot fires were simulated from torching trees for
passive and active crown fire as implemented in the FARSITE
simulator (Albini 1979). Based on the interviews and data
gathered from the various Forest Services, the spot fire
ignition frequency was set between 1% (Hurdes) and 5%
(Vall de Gallinera), while the spot fire ignition delay was in
the range between 0 and 2 min after firebrands landing. For the
case studies of central Spain, a set of barriers was defined using
FARSITE functionalities in order to consider the terrestrial
and aerial attacks that were reported as effective in stopping
wildfire spread. The decision of using barriers only for these
case studies was related to the availability of accurate infor-
mation and localisation of the areas where suppression activi-
ties were able to efficiently block the fire spread. For the other
case studies, either this information was absent or inaccurate,

or the suppression activities were not able to block fire
propagation.

We gathered a set of FARSITE outputs, which were (1) the
contours of the simulated partial and final fire perimeters, and
(2) the grid files of the simulated fire behaviour corresponding to
time of arrival (h), rate of spread (m min "), rate of size growth
(hah™") and flame length (m).

Assessment of the accuracy of simulations

We assessed the accuracy of fire perimeters of the FARSITE
simulations performed with standard and custom fuel models in
each study area. Additionally, the performance of the most
accurate simulation for each case study was analysed across the
different fuel models, as well as within different slope ranges.
For this purpose, we first calculated an error matrix between
actual and simulated burned areas to define the frequency of
each case (presence or absence of burned areas) (Fig. 3). Then,
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Fig.3. Maps of overestimation, underestimation and agreement between simulated and observed fire perimeters for each of the case studies analysed.
The results refer to the simulations performed using the custom fuel models. BA, Burned Area.

we used two statistical indicators of accuracy derived from the
error matrix: Cohen’s kappa coefficient (KC, Congalton 1991),
and the Sorensen coefficient (SC, Sorensen 1948).

KC is a non-parametric measure of classification accuracy
that allows evaluation of the overall agreement between simu-
lated and actual burned areas after chance agreements are
removed. KC is given by:

ke = N2 X = D (i x)
N2 =3 i1 (xipxsi)

where 7 is the number of rows in the error matrix, N is the total
number of observations, x;; is the number of observations in

row i and column 7, and x;, and x; are the marginal totals of
row i and column i respectively. KC values range between zero
and one, with perfect agreement when KC equals 1 (Table 3).
The significance of the coefficient KC was evaluated with the
Z-test, in order to assess if the classification derived from the
error matrix was significantly better than chance agreement
(Salis 2008). The non-parametric test of McNemar (Agresti
1996; Foody 2004), based on the chi-square distribution, was
then used for evaluating the significance of the difference in
KC between custom and standard fuel model simulations
(Table 3).

SC is an asymmetric statistical index derived from the error
matrix and computes the portion of similarity between two
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samples. It indicates the exclusive association between the two
areas burned (observed and simulated), and is calculated as:

2a

SC= (2a+b+c)

where a is the number of cells coded as burned in both observed
and simulated data, b is the number of cells burned over-
estimated by the simulation, and c is the number of cells burned
underestimated by the simulation. SC ranges between 0 and 1,
with values closest to one indicating the highest agreement,
whereas 0 means no agreement (Table 3).

KC is frequently used to perform accuracy assessment and
evaluate land-use or other spatial classifications. Yet it is
influenced by landscape size, as it varies with the dimension
of the study area. For this reason, when preparing the landscape
file for each case study, we established that the burned-area
category should range between 15 and 25% of the whole study
area, so that the unburned areas agreement affected the results in
a similar way in all case studies. Moreover, we delimited the
study areas taking care that the simulated wildfires did not
spread beyond the landscape boundaries. Therefore, the SC and
KC metrics were independent of the landscape size and SC
contributed to strengthening the simulation accuracy
assessment.

In order to analyse the main source of error (overestimation
or underestimation) of FARSITE simulations, starting from the
error matrix, we derived an overestimation index (OI), which
was calculated as follows:

(b—c)
(b+c)

Ol =

This index ranges between 1 and —1, with the highest values
associated with major errors of overestimation, and the lowest
with underestimation. OI values close to 0 indicate limited
differences among overestimated and underestimated cells.

Data about partial fire perimeters, rate of spread (ROS)
and flame length (FL) observed during the actual fires were
obtained from fire reports, pictures collected during the events
and interviews. These data only permitted localised compar-
isons with the simulated values. The comparison between
observed and simulated fire spread was performed considering
the average rate of fire area growth. Further, the average rate of
spread in the fire front, the maximum ROS (m min ') and
average and maximum FL (m) were computed for all case
studies based on FARSITE outputs.

Results

All simulations estimated the spatial extension of burned areas
better than random chance (P = 0.01, Table 3). In almost all case
studies, the use of custom fuel models improved the perfor-
mance of FARSITE in predicting fire spread when compared
with standard fuel models (Table 3, Fig. 3). In particular, the
wildfire simulations performed using custom fuel models
resulted in a significant increase in fire area accuracy (McNemar
chi-square, P=0.01) when compared with standard fuel
models, with the exception of the case studies of Collado and
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Navalmoral, where no significant statistical differences and
significant differences only at P =0.05 were observed respec-
tively (Table 3). The largest improvements in the accuracy
(30-36% in terms of KC, 26-33% in terms of SC) of the sim-
ulated fire areas when using custom fuel models instead of
standard ones were observed for the case studies of Alexan-
droupoli, Attica, Monte Doglia and Vall de Gallinera (Table 3).
In the case studies where the custom models covered only small
areas compared with the whole area burned (Hurdes, Collado,
Navalmoral and Fresnedoso de Ibor), the difference in both KC
and SC between custom and standard fuel model simulations
was limited to 2—5% (Table 3). In the remaining case studies, the
custom models led to less pronounced improvements of accu-
racy (15-25% in terms of KC, 9-22% in terms of SC) (Table 3).
In most cases, the use of standard fuel models resulted in a
larger overestimation of the burned areas (e.g. simulations with
standard fuel models: Ol =1 in five case studies; simulations
with custom fuel models: OI =1 in two case studies), with the
exception of the Budoni fire, where the use of standard fuel
models caused a large underestimation of the area burned and OI
equalled —1 (Table 3). The simulations with standard and
custom fuel models resulted in similar OI values in the case
studies of Lochiri and Hurdes. Moreover, the custom fuel
models provided an underestimation only in the case studies
of Penteli (Ol = —0.47) and Nuoro (Ol = —0.14) (Table 3). In
Monte Doglia, Vall de Gallinera, Attica and Alexandroupoli, the
final size and growth rates of the simulated fires using
the standard fuel models were more than double compared with
the custom models. Only for three case studies (Nuoro, Budoni
and Collado), the standard models produced fire growth rates
and final sizes smaller than those obtained using custom models.
As mentioned above, custom fuel models used in FARSITE
simulations gave better results compared with standard fuel
models, with substantially better agreement with the observed
fire area in most of the case studies (11 out of 12) as indicated by
the SC and KC indices (Tables 2 and 3; Fig. 3). For this reason, in
order to describe the effects of fuel models and slope classes on
fire spread and behaviour, the results obtained using only
custom fuel models are presented hereafter (Tables 4 and 5).
The average ROS of the simulated fire front showed different
mean values depending on the case study (Table 4, Fig. 4). The
highest average ROS, ~40 m min~ !, was estimated for the
Lochiri fire. Other fire events (Fresnedoso de Ibor, Nuoro and
Attica) presented average values of ~20 m min~', whereas
lower ROS values were obtained for the other case studies. Very
high values of maximum ROS (even exceeding 100 m min~")
were simulated in areas with very steep terrain covered by large
amounts of fine fuels (e.g. grasslands) and shrublands, for
example in the fire events of Penteli and Fresnedoso de Ibor.
For all the other case studies, the maximum ROS values varied
between 40 and 65 m min~', with the exception of Vall de
Gallinera, where the maximum ROS was 4 m min~ .
The average FL values (Table 4, Fig. 4) were higher than
10 m for the Spanish case studies of Collado, Navalmoral,
Fresnedoso de Ibor and Hurdes: this was related to the use of
barriers for the simulations of these events, to account for
firefighting intervention. The barriers were located in areas
where firefighting intervention was reported as safe and effec-
tive in stopping fire spread, and in low—moderate fire intensity
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Table 4. Effect of the main fuel models in simulation accuracy and fire behaviour, considering the simulations performed using the custom
fuel models
KC, kappa coefficient; SC, Sorensen coefficient; Ol, overestimation index; Obs., observed; Sim., simulated; avg., average; ROS, rate of spread; FL, flame
length. Values of KC followed by ** indicate significant accuracy with respect to chance agreement at P < 0.01

Case study Fuel type (fuel model) KC SC Ol Obs. fire  Sim. fire Avg. ROS Max. ROS  Avg. Max.
size (ha) size (ha) (mmin~') (mmin~") FL(m) FL (m)
Alexandroupoli  Agricultural areas (CMA4) 0.42%*% 0.50 0.72 8.3 17.2 22 8.6 0.2 0.2
Dense shrublands (CMAT1) 0.73** 0.76 0.76 422 61.9 3.7 17.3 6.1 19.0
Grasslands (CMA3) 0.78**  0.80 0.65 15.7 20.4 2.9 10.6 0.4 0.5
Very low, seasonal shrubs (CMA2) 0.68** 0.78 —0.69 57.6 444 1.5 6.9 0.8 1.2
Attica Agricultural areas (GS2) 0.65%* 0.80 0.73  1496.6 2220.4 0.6 39.0 1.0 3.0
Grasslands (FM1) 0.65**  0.80 0.45 481.9 569.3 8.8 39.0 0.6 16.0
Pinus halepensis stands without shrub 0.54**  0.69 0.73 870.8 1614.9 14.7 60.0 4.1 16.0
layer (FM3)
Pinus stands with moderately dense 0.78** 0.81 0.78 460.8 796.3 3.5 19.0 0.0 14.0
Quercus shrubs (FM6)
Pinus stands with tall and dense Quercus  0.58** (.68 1.00 7.0 10.3 3.1 9.0 0.9 9.0
shrubs (FM7)
Quercus coccifera maquis and Pinus 0.56%* (.72 0.98 37229 5745.9 11.0 64.0 7.0 24.0
halepensis stands (FM4)
Budoni Grasslands (FM1) 0.60**  0.61 1.00 9.6 8.0 10.8 52.1 1.9 8.8
High-load maquis (CMB2) 0.60**  0.66 0.00 109.3 179.0 7.6 72.0 2.9 10.5
Low-load maquis (CMB1) 0.58** 0.65 —1.00 21.8 42.0 33 43.6 1.3 8.3
Collado Agrostis grasslands (FM1) 0.00 0.00 —0.69 1.0 0.2 13.0 13.0 8.0 8.0
High Cytisus multiflorus shrubs (CMES) ~ 0.72*%* 0.79 —0.18 115.2 110.3 7.3 19.0 3.7 10.0
High Cytisus scoparius shrubs (FM4) 0.16%*  0.24 1.00 80.6 328.8 18.5 38.0 9.3 18.0
High-load Pinus understorey (FM9) 0.00 0.00 1.00 0.0 23 0.5 1.0 0.0 0.0
Holcus grasslands (FM2) 0.31** 0.39 0.99 37.2 68.9 13.1 29.0 7.5 14.0
Medium-height Cytisus multiflorus 0.86%* 0.94 —0.38 47.5 46.8 9.0 18.0 4.1 8.0
shrubs (FM7)
Medium heigth Cytisus scoparius shrubs — 0.60**  0.66 0.95 91.5 155.7 9.0 18.0 44 10.0
(FM6)
Fresnedoso de ~ High Cistus ladanifer shrubs (FM4) 0.46** 0.49 0.91 119.2 282.9 51.5 105.0 20.5 40.0
Ibor High Cytisus multiflorus shrubs (CMES) ~ 0.40%*  0.40 0.94 2.7 9.6 11.2 31.0 5.7 16.0
Holcus grasslands (FM2) 0.68** 0.72 —0.50 60.2 332 16.9 70.0 6.1 28.0
Low-load Pinus understorey (FMS) 0.08 0.05 —0.05 2.0 1.8 0.0 0.0 0.0 0.0
Medium-height Cistus ladanifer shrubs 0.17** 0.17 1.00 0.7 7.3 16.0 31.0 4.6 10.0
(FMo)
Quercus shrubs (FM7) 0.62%*  0.68 0.99 16.2 25.7 12.0 37.0 6.4 17.0
Hurdes High Cytisus multiflorus shrubs (CMES) ~ 0.75%*  0.79 0.11 473.8 495.8 10.1 22.0 5.7 11.0
High Cytisus scoparius shrubs (FM4) 0.98** 098 —0.14 548.1 546.6 29.5 59.0 14.4 28.0
High-load Pinus understorey (FM9) 0.73*%*% 0.75 —0.86 88.0 57.2 43 9.0 0.5 1.0
Holcus grasslands (FM2) 0.61** 0.66 —0.91 89.6 13.8 14.7 47.0 7.1 24.0
Low-load Pinus understorey (FMS8) 0.84** 0.89 —0.97 192.9 156.5 4.1 9.0 0.5 1.0
Medium-height Cytisus scoparius shrubs — 0.75%*  0.80 0.95 16559 2459.1 19.3 50.0 11.5 23.0
(FMo)
Lochiri Broadleaf stands (CMS6B) 0.63** 0.71 0.97 898.9 1568.3 6.2 39.0 9.4 46.0
Garrigue (CMS2) 0.07 0.07 1.00 2.6 72.8 6.0 33.0 1.8 8.0
Grasslands (CMS4G) 0.61** 0.68 096 13432 2420.8 5.1 24.0 0.5 8.0
Mediterranean maquis (CMS3) 0.48** 0.51 0.99 171.0 487.7 5.9 32.0 9.1 36.0
Open pastures (CMS1) 0.79** (.81 1.00 10.1 14.8 11.8 36.0 1.0 5.0
Orchards (CMS40) 0.81** 0.85 0.87 91.8 118.6 7.5 27.0 0.7 18.0
Pinus stands (CMS5) 0.06 0.06 1.00 2.4 81.3 8.4 26.0 11.6 36.0
Monte Doglia High and close maquis (CMM1) 0.75*%*% 0.80 1.00 28.3 42.5 6.0 30.3 2.8 6.7
Medium-height and open maquis 0.66** 0.70 0.00 41.8 68.5 6.5 37.6 3.0 7.5
(CMM2)
Navalmoral Agrostis grasslands (FM1) 0.70%* 0.75 0.94 24.1 31.1 20.5 41.0 10.4 20.0
Cytisus multiflorus shrubs (CMES) 0.84** 0.86 0.95 62.2 73.4 245 48.0 11.4 22.0
Holcus grasslands (FM2) 0.00 0.00 1.00 0.0 32 8.3 19.0 0.5 1.0
Nuoro Broadleaf stands (CMS6B) 0.77%*  0.81 0.12  2361.1 2492.0 6.1 33.0 6.9 27.0
Garrigue (CMS2) 0.74**% 0.78 —0.11 392.8 374.5 5.6 31.0 1.9 11.0

(Continued)
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Table 4. (Continued)
Case study Fuel type (fuel model) KC SC (0)1 Obs. fire Sim. fire Avg. ROS Max. ROS  Avg. Max.
size (ha) size (ha) (mmin~") (mmin~') FL(m) FL (m)
Grasslands (CMS4G) 0.72** 0.76 —0.27 1026.0 896.5 6.2 34.0 0.6 9.0
Mediterranean maquis (CMS3) 0.78** 0.83 —0.12 16715 1598.5 9.2 37.0 7.8 24.0
Mixed woods (CMS6W) 0.42*%* 0.53 —0.74 178.5 86.0 6.2 20.0 6.6 20.0
Open pastures (CMS1) 0.72** 0.78 —0.30 1203.0 1049.3 11.0 42.0 0.7 7.0
Orchards (CMS40) 0.68** 0.70 —0.43 183.8 142.0 8.6 38.0 0.8 8.0
Pinus stands (CMS5) 0.74** 0.78 0.20 4433 483.5 7.6 45.0 6.9 27.0
Penteli Dense shrublands (CMP1) 0.85%* 0.93 0.31 941.4 961.1 6.3 98.0 15.7 34.0
Grasslands (CMP4) 0.79** 0.82 0.94 13.8 19.7 9.6 111.0 42 7.0
Non-burnable areas (NB) 0.24 0.29 —0.99 516.1 87.9 0.0 0.0 0.0 0.0
Sparse shrublands (CMP2) 0.80** 0.89 —0.36 2000.7 1975.5 2.8 111.0 22 34.0
Understorey of Pinus stands (CMP3) 0.57**% 0.65 —0.64 248.0 164.8 1.8 58.0 1.1 10.0
Vall de Agricultural areas with significant natural ~ 0.02 0.02 —-1.00 314 0.3 0.2 1.0 0.2 1.0
Gallinera vegetation (GS1)
Dense shrublands (CMV2) 0.85%* 0.87 0.00 393.4 423.5 1.9 4.0 2.1 5.0
Irrigated agricultural areas and 0.00 0.00 —1.00 10.1 0.0 0.0 0.0 0.0 0.0
fruit trees (GR1)
Low-density shrublands (CMV1) 0.56** 0.59 —0.50 83.3 40.7 0.1 4.0 0.1 4.0
Shrublands with sparse trees (Pinus and ~ 1.00%*  1.00 0.00 52.1 52.1 0.7 3.0 0.7 3.0
Quercus) (SH5)
Urban areas with very low fuel load (NB)  0.00 0.00 —1.00 20.6 0.0 0.0 0.0 0.0 0.0

zones; thus, lower-intensity areas were selectively eliminated
from the fire area by suppression activities. In the other case
studies in which barriers were not used, clear differences in FL
estimates among simulations were observed, with the highest
values simulated in the Lochiri and Nuoro fires (average
FL > 5 m). The lowest average FL values were obtained in Vall
de Gallinera (1.8 m) and in Alexandroupoli (2.4 m) events.
The comparison among simulations, summarised for differ-
ent fuel type classes and slope ranges, showed that all simula-
tions estimated the spatial extent of burned and unburned areas
better than random chance at P =< 0.01 (Tables 3 and 4), with the
exception of some minor fuel types. Except for fuel models
covering very small areas, KC and SC values were above 0.50
for most of the fuel models used (Table 4) and the lowest
agreement between actual and simulated fires in terms of fuel
types was observed in the case study of Collado for ‘Holcus
grasslands’ (FM2) (KC=0.31; SC=0.39) and ‘High Cytisus
scoparius shrubs’ (FM4) (KC = 0.16; SC = 0.24), both of which
showed errors of overestimation (OI = 0.99) (Table 4); also,
‘Agricultural areas with significant natural vegetation’ (GS1) in
the case study of Vall de Gallinera showed very low KC and SC
values (KC=0.02; SC=0.02) due to underestimation errors
(OI'=1.00). Other fuel types that presented relatively low KC
and SC values were shrublands (FM4 in Fresnedoso de Ibor,
CMS3 in Lochiri), forest understorey (CMS6W in Nuoro) and
agricultural areas (CMA4 in Alexandroupoli) (Table 4). The
limited agreement between observation and simulation for these
fuel types can be explained by an inappropriate assignment of
fuel model characteristics, an incomplete description of the
suppression activities and the limitations of Rothermel’s model.
In several cases, the fuel types with a predominance of herba-
ceous vegetation presented average ROS values higher than

the other types, and were also distinguishable by a significantly
lower average FL value (Table 4). In contrast, conifer and
broadleaf understorey types were characterised by lower average
ROS values and higher average fire intensity than grasslands in
almost all cases. High and dense shrublands (e.g. CMES; FM4)
were, however, characterised by relatively high ROS and FL,
especially in some case studies: this was due to the characteristics
of such fuel types (low live fuel moisture, high fuel load and
depth) and to the steep and degraded areas they occupy.

Regarding slope, FARSITE simulations did not show an
evident relationship between slope classes and simulation accu-
racy (Table 5). For instance, excluding slope classes covering
small areas, in some cases the most accurate SC and KC values
were obtained for slopes greater than 25° (Attica, KC =0.73;
SC=0.85; Hurdes, KC=0.79; SC=0.83), whereas in
others, the best performance was obtained for flat areas
(Lochiri, KC=0.61; SC=0.73; Vall de Gallinera, KC=0.75;
SC =0.77) (Table 5). Furthermore, an unequivocal relationship
between the slope class and the average or maximum ROS and
FLI values was not observed, except for the Monte Doglia and
Attica fires, where the average ROS increased with slope (data
not shown). The lack of relationship among slope classes, ROS
and FL is due to the fact that in our analysis, we did not take into
account the fire spread direction, which determines relevant
effects in terms of fire behaviour (e.g. backing fire downslope vs
heading upslope).

Discussion

The present work illustrates the results obtained using the
FARSITE simulator in quite a large set of historic fires along
a transect of fire-prone southern European areas. Even if
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Simulation accuracy and fire size calculated for each case study, considering different slope classes

KC, kappa coefficient; SC, Sorensen coefficient; OI, overestimation index Obs., observed; Sim., simulated. All values of KC
showed significant accuracy with respect to chance agreement at P =< 0.01. The results refer to the simulations performed using
the custom fuel models

Case study Slope (°) KC SC Ol Obs. fire size (ha) Sim. fire size (ha)
Alexandroupoli <5 0.67 0.70 0.34 18.6 23.1
5.01-12 0.65 0.71 0.18 51.0 57.7
12.01-25 0.73 0.78 0.31 47.4 55.3
>25.01 0.77 0.80 0.40 6.8 8.1
Attica <5 0.61 0.71 0.69 1441.8 21313
5.01-12 0.56 0.76 0.90 3013.8 4563.8
12.01-25 0.52 0.72 0.96 2264.5 3842.3
>25.01 0.73 0.85 0.96 320.0 419.6
Budoni <5 0.66 0.67 1.00 6.4 12.0
5.01-12 0.68 0.76 0.85 53.0 79.0
12.01-25 0.62 0.72 0.88 77.1 127.0
>25.01 0.52 0.56 1.00 4.8 11.0
Collado <5 0.40 0.44 0.68 77.0 169.9
5.01-12 0.52 0.66 0.84 165.4 301.5
12.01-25 0.43 0.69 0.99 126.0 236.3
>25.01 0.86 0.95 1.00 4.6 5.0
Fresnedoso de Ibor <5 0.61 0.53 0.81 24.9 56.0
5.01-12 0.64 0.65 0.69 56.5 93.3
12.01-25 0.47 0.54 0.68 1159 205.9
>25.01 0.14 0.22 0.60 3.6 9.8
Hurdes <5 0.45 0.48 0.20 49.5 61.6
5.01-12 0.81 0.83 —0.13 302.7 289.8
12.01-25 0.77 0.81 0.57 1929.1 2360.8
>25.01 0.79 0.83 0.66 810.8 1016.2
Lochiri <5 0.61 0.73 0.86 1255.6 2015.9
5.01-12 0.62 0.70 0.93 891.4 1581.9
12.01-25 0.51 0.56 0.97 393.4 994.7
>25.01 0.34 0.36 1.00 382 171.8
Monte Doglia <5 0.64 0.67 1.00 11.9 25.0
5.01-12 0.70 0.73 1.00 26.5 45.0
12.01-25 0.81 0.83 1.00 28.9 38.0
>25.01 0.42 0.44 0.20 2.7 3.0
Navalmoral <5 0.73 0.77 0.96 53.8 75.7
5.01-12 0.89 0.90 091 31.6 30.6
12.01-25 0.66 0.67 1.00 0.8 1.2
>25.01 0.23 0.23 1.00 0.0 0.2
Nuoro <5 0.69 0.72 —0.27 943.8 813.0
5.01-12 0.75 0.79 —0.18 3467.0 3210.0
12.01-25 0.79 0.82 0.02 2720.5 2740.5
>25.01 0.63 0.65 0.35 280.5 358.8
Penteli <5 0.72 0.76 —0.38 459.0 394.0
5.01-12 0.69 0.79 —0.59 849.0 707.0
12.01-25 0.63 0.80 —0.55 2003.0 1778.0
>25.01 0.42 0.68 —-0.51 409.0 330.0
Vall de Gallinera <5 0.75 0.77 —0.50 137.6 98.8
5.01-12 0.76 0.77 0.00 144.9 125.3
12.01-25 0.73 0.74 0.00 146.1 154.8
>25.01 0.71 0.72 —0.33 162.3 137.7

the number of fire events analysed in this study still does not
fully represent the complexity of fire conditions and vegetation
in the Mediterranean basin context, the broad gradient of the
events considered highlights the potential for applying spatially
explicit fire modelling in Mediterranean environments.
Overall, modelling fire spread and behaviour is a complex
task owing to a set of factors, including spatial and temporal

heterogeneity in weather and fuels and fire suppression effects
on fire propagation (Mutlu ez al. 2008; Alexander and Cruz
2013; Taylor et al. 2013; Jahdi et al. 2015). Several previous
studies validated fire spread simulators by comparing simulated
fire propagation against historical fire data (Perry 1998; Fujioka
2002; Arca et al. 2007b; Filippi et al. 2014; Milne et al. 2014;
Jahdi er al. 2015). With regard to fuels, several studies have
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Fig.4. Maps of the simulated fire rate of spread (m min ") and flame length (m) for each of the case studies analysed. The actual fire perimeter is the red
polygon. The results refer to the simulations performed using the custom fuel models.

stressed the inadequacies and limitations of the use of standard
fuel models in areas different from those in which they were
developed and tested, and suggested the need for developing
custom fuel models to produce more reliable predictions with
fire simulators (Pastor et al. 2003; Arca et al. 2007b). Our work
confirmed that the accuracy of FARSITE predictions can be
improved by using custom fuel models. This was observed in
most of the case studies, as the set of custom fuel models we
applied provided a more realistic and accurate representation of
the structural characteristics of the Mediterranean vegetation
types, generating an increase in the accuracy of simulation
results with respect to standard fuel models (Table 3). In fact,

in those case studies where the customisation of fuel models was
minimal (e.g. central Spain case studies), the accuracy of the
simulations was lower than for the other case studies (Table 4).
The improvement of the FARSITE performance driven by the
use of custom models generally resulted in a reduction of
overestimation errors (Table 4), owing to a better description
of the local fuel characteristics.

Though in each case study, fire behaviour and spread were
affected by an array of site-specific driving factors (e.g. wind
speed and direction, topography, fuel moisture), our results
suggested relevant differences among the main fuel types in
terms of predicted ROS and FL (Table 4). Overall, the highest
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Fig. 4. (Continued)

ROS values were observed in areas covered by herbaceous
vegetation, which were, however, characterised by low FL
values (Table 4). In contrast, shrubs and forest vegetation types
presented lower average ROS values but higher fire intensity,
with the exception of some case studies where shrublands were
located in steep areas and more exposed to wind. Although the
case studies analysed were characterised by a complex range of
fuel, topography and weather factors under which the fires
burned, the values of fire spread rate and intensity obtained by
FARSITE simulations for shrubland and herbaceous fuel
types are similar to those reported in previous empirical studies
conducted in Mediterranean ecosystems (Cruz and Viegas 1998;

Massaiu 1999; Fernandes et al. 2000; Fernandes 2001; Bilgili
and Saglam 2003; De Luis et al. 2004; Saglam et al. 2007,
Ascoli et al. 2007; Diana et al. 2011; Anderson et al. 2015; Arca
et al. 2015).

We observed that FARSITE had a slightly weaker perfor-
mance, as measured by SC and KC values, in areas with steep
slopes (>25°) in comparison with flat areas, mainly owing to the
overestimation of the actual burned surfaces (Table 5). This is in
agreement with the findings of other work, which highlighted
the complexity of fire propagation on steep slopes and in
canyons (Viegas and Pita 2004; Viegas 2006; Sharples et al.
2012; Raposo et al. 2015).
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Mass-consistent wind models can positively influence fire
simulation accuracy (Arca et al. 2007b; Salis 2008; Forthofer
et al. 2014a,2014b). In our work, this approach was applied for
all case studies, and fire simulation errors in steep areas were
likely reduced through the use of a mass-consistent wind model
(WindNinja) that describes wind fields in complex areas better
than constant winds, because it accounts for the effects of
topography on wind direction and speed (Forthofer 2007;
Finney et al. 2009).

The fire behaviour descriptors predicted by the modelling
approach proposed can support decision-making in local and
regional fire prevention, monitoring and suppression plans. In
addition, the data (burn probabilities, fire intensity, etc.) provid-
ed by the application of spatially explicit simulations based
on different weather and landscape scenarios can guide fire
management agencies in planning fuel treatment actions and
locating fire-towers, water tanks and other available firefighting
resources (Ager ef al. 2010; Wu et al. 2013; Vogler et al. 2015;
Salis et al. 2016); in near-real-time applications, these outputs
may also be useful in the short-term prediction of fire growth or
hazard mapping (Hollingsworth et al. 2012).

These simulation models, which allow spatial and temporal
characterisation of fire spread and behaviour, can also be used
as a tool for training and education purposes, as well as for
interpreting historic fires, evaluating firefighting operations
and tactics, and detecting strengths and weaknesses of specific
suppression activities (Alcasena et al. 2016; Salis et al. 2016).
The abovementioned output data can be integrated within a GIS
to provide geospatial information on topography, fuel charac-
teristics and weather, thus allowing detailed visualisation
and in-depth analysis of fire simulation results and landscape
fire behaviour analyses (e.g. Wildland Fire Decision Support
System,  http://wfdss.usgs.gov/wfdss/WFDSS_Home.shtml,
accessed 29 June 2016). Furthermore, the development of
reliable fire behaviour simulations such as those carried out
in the present work can help foster collaboration among
national fire-management authorities during major fire events,
when firefighting resources are often transferred across coun-
tries, and thus facilitate coordinated fire suppression efforts.
The characterisation of landscapes through a deeper knowledge
of'the properties of their fuel types, and the interactions between
fuels and fire spread and behaviour can substantially help
managers to perform risk evaluations and identify the most
critical locations. Many studies have concluded that fuel
management projects designed at a landscape scale have the
potential to reduce fire intensity or burn probability, and to
assist suppression efforts: fire spread models play a key role
in this purpose (Duguy et al. 2007; Ager et al. 2010; Safford
et al. 2012; Miller and Ager 2013; Ager et al. 2014b; Salis
et al. 2016).

The availability of fire spread and behaviour simulators
calibrated and validated for the vegetation characteristics of
Mediterranean fire-prone ecosystems and landscapes may foster
optimised designs of common fuel management practices across
the Euro-Mediterranean region (Curt et al. 2013; Duguy et al.
2013; Salis et al. 2013, 2016; Alcasena et al. 2015, 2016). This
would represent a crucial task for mitigation and adaptation
strategies under climate change scenarios, for which the use of
fire-spread modelling may play a relevant role in predicting
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future fire spread and behaviour, following a probabilistic
approach, in areas deemed to be at high risk or highly valued.

Conclusions

In the present work, we evaluated the performance of the
FARSITE simulator to predict the spread of a set of recent
wildfires with different sizes occurring along an east—west
gradient of the Euro-Mediterranean basin. Despite the inherent
limitations and assumptions of the modelling approach, we
showed that FARSITE provided realistic results in most of the
case studies analysed. The experimental results confirmed
the significant role played by the fuel model characteristics and
slope classes on the simulated fire spread and behaviour, namely
in terms of fire perimeters and size, ROS and FL, but also in
terms of accuracy with respect to the actual events.

A set of customised fuel models mainly related to Mediter-
ranean shrubland vegetation was also provided in this study.
The use of the custom fuel models specifically developed for
each site improved the accuracy and the reliability of the
simulations in comparison with the application of standard
fuel models. The whole methodology presented can be
replicated for other Mediterranean areas and elsewhere to
characterise fine-scale fire spread and behaviour and map fire
hazard. Such an approach provides useful data to improve both
short-term fire management and long-term strategic forest
management activities, also from a perspective of future
global changes. Moreover, it may inform fuel management
practices and firefighting suppression strategies across the
Euro-Mediterranean region.
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