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Abstract We present future fire danger scenarios for the countries bordering the Mediter-
ranean areas of Europe and north Africa building on a multi-model ensemble of state-of-
the-art regional climate projections from the EU-funded project ENSEMBLES. Fire danger
is estimated using the Canadian Forest Fire Weather Index (FWI) System and a related set
of indices. To overcome some of the limitations of ENSEMBLES data for their application
on the FWI System—recently highlighted in a previous study by Herrera et al. (Clim Chang
118:827–840, 2013)—we used an optimal proxy variable combination. A robust assessment
of future fire danger projections is undertaken by disentangling the climate change signal
from the uncertainty derived from the multi-model ensemble, unveiling a positive signal of
fire danger potential over large areas of the Mediterranean. The increase in the fire dan-
ger signal is accentuated towards the latest part of the transient period, thus pointing to
an elevated fire potential in the region with time. The fire-climate links under present and
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future conditions are further discussed building upon observed climate data and burned area
records along a representative climatic gradient within the study region.

1 Introduction

Wildfires are events highly dependent on meteorological drivers (Krawchuk et al. 2009),
so much so that global fire activity can be simulated with a handful of climate variables
(Pechony and Shindell 2010). These meteorological variables are thus commonly used to
build fire danger indices, which are applied to characterize and anticipate potentially dan-
gerous conditions (e.g. Stocks et al. 1998; Williams et al. 2001). The Canadian Forest Fire
Weather Index (FWI System) is applied worldwide, constituting a building block of the
Canadian Forest Fire Danger Rating System (CFFDRS), established in Canada since the
early 70’s (van Wagner 1987; Stocks et al. 1989) and subsequently adopted in other regions
of the world, like the Mediterranean (Viegas et al. 1999; Dimitrakopoulos et al. 2011), nowa-
days becoming a reference index by the Joint Research Center to produce fire danger maps
at the European level (see e.g., Camia et al. 2008).

In the context of climate change, fire danger conditions are expected to increase in
many regions of the world due to the projected changes in climate (Groisman and et al
2007; Seneviratne and et al 2012), the Mediterranean being among the most sensitive areas
to these changes (see, e.g., Mouillot et al. 2002). Therefore, reliable estimates of future
fire danger are crucial for the implementation of effective adaptation strategies to these
climate-dependent, disaster-prone phenomena. The state-of-the-art regional climate change
scenarios for Europe were produced in the EU-funded ENSEMBLES project (van der
Linden and Mitchell 2009), building on the IPCC-AR4 Global Climate Models (GCMs) and
based on the principal Regional Climate Models (RCMs) developed in Europe, to produce
for the first time multi-model scenarios at a 25km resolution for the SRES-A1B scenario
(see van der Linden and Mitchell 2009, for an overview).

The main goal of the present work is to develop future FWI System projections based
on the multi-model ENSEMBLES dataset. In the first part of this study we deal with a
recently reported limitation of this dataset (Herrera et al. 2013) which precludes a direct
exploitation of the ENSEMBLES scenarios to this aim. Whereas FWI System is based on
instantaneous weather variables recorded at noon (van Wagner 1987), the ENSEMBLES
database provides daily means and/or extreme daily records from the RCM outputs (e.g.
minimum relative humidity, maximum temperature, etc.). Thus, in the first part of this study
we analyse the possibility of using maximum temperature and minimum relative humidity
(available in the ENSEMBLES database) as proxy variables of the instantaneous noon input
data. To this aim, we consider a single ENSEMBLES RCM with full availability of data,
obtained directly from the modelling center. In the second part of this work, we present
future fire danger scenarios for the Mediterranean using the optimal proxy combination
obtained from the previous analysis. To this aim, we consider a multi-model ensemble of
five ENSEMBLES RCMs driven by two different GCMs.

Building upon the previous projections of the EU-funded project PRUDENCE
(Christensen et al. 2007), two previous studies of FWI System-based fire danger projections
in the Mediterranean (Moriondo et al. 2006; Amatulli et al. 2013) point to an increment of
fire danger potential, although both are based on a single RCM driven by a single GCM,
thus preventing a proper assessment of model uncertainties. Furthermore, in the absence of
the necessary instantaneous variables —the data archive of both projects includes similar
variables— the aforementioned studies used a suboptimal version of actual FWI System as
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it is shown in this article. For a better comparability of results, we use the same reference
areas as (Moriondo et al. 2006) in this study. Our results highlight the need of multi-model
ensemble projections in order to obtain an estimation of model uncertainties and to iden-
tify those areas where the projections can be considered robust, and therefore potentially
useful for planners and decision-makers. In addition, we provide a number of practical
recommendations regarding the adequate indices for future fire danger assessment, in the
light of the uncertainties derived from their use in climate change conditions. Finally, the
actual fire-climate relationship is assessed using observed climate data and burned area
records to aid in the discussion of the potential fire impacts under the calculated fire danger
scenarios.

2 Data and methods

2.1 The fire weather index

The Fire Weather Index (FWI) System consists of six components rating the effects of fuel
moisture content and wind on a daily basis, based on various factors related to potential
fire behaviour. The combination of the different fuel moisture codes and fire behaviour
indices produce the Fire Weather Index (FWI), a dimensionless index rating the potential
fire line intensity given the meteorological conditions. The Daily Severity Rating (DSR,
van Wagner 1970) is calculated as an exponential function of FWI to better reflect the
expected efforts required for fire suppression and also for spatial/temporal aggregation pur-
poses. The FWI System uses as input four meteorological variables: daily accumulated
precipitation and instantaneous wind speed, relative humidity and temperature. Accord-
ing to the standard data recording protocol, these variables should be measured at noon
local standard time (Lawson and Armitage 2008). More details of FWI system structure are
provided in the Supplementary Material.

We computed FWI and retained only the data corresponding to June-September (JJAS),
thus focusing in the season of critical fire danger in the Mediterranean. In each case, we
calculated a number of commonly used FWI-derived fire regime indices, following previous
work (Bedia et al. 2012; Herrera et al. 2013; Bedia et al. 2013):

– The seasonal severity rating (SSR), by seasonally averaging the DSR (van Wagner
1970).

– The seasonally averaged FWI. Although SSR was conceived for averaging FWI val-
ues by season, FWI mean values are often found in the literature (e.g., Moriondo
et al. 2006), so we also computed mean FWI for a better comparability with previ-
ous studies. However, in order to analyse the consistency of this index, we did the
calculation of mean FWI following two alternative approaches:

i. By directly averaging the daily FWI values obtained across areas/time periods
(also termed FWI throughout the text) and

ii. By computing the FWI from the resulting SSR values applying the inverse of
the DSR equation. This version of the mean FWI is referred to as SFWI in
the text.

– The 90-th percentile of FWI (FWI90), to account for the extreme range of the fire
danger spectrum. Note that FWI90 was computed using the JJAS series.
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– The frequency-over-threshold 30 (FOT30), i.e. the number of days with FWI > 30,
expressed as a percentage of the total number of days. This index is computed con-
sidering only the JJAS period. While actual fire danger may vary significantly in
different regions for the same FWI value, indices above a certain appropriate threshold
are indicative of very high to extreme fire danger conditions (see, e.g., Palheiro et al.
2006; Moriondo et al. 2006). In this study we use a threshold of 30 to illustrate the
behaviour of threshold-dependent indices, although similar results were obtained using
other thresholds (i.e. 15 and 45, not shown).

– The length of the fire season (LOFS), defined as the number of days per year cor-
responding to the fire season. The fire season is defined by the start/end according
to the FWI≥15/FWI<15 threshold values respectively, maintained for two consecu-
tive weeks in the 7-day moving average annual FWI series. The rationale behind these
values, empirically derived from previous analyses in Italy and Greece, is provided
by Moriondo et al. (2006). Note that the computation of LOFS was done on the whole
annual series, rather than on the JJAS time slice.

2.2 Regional climate change scenarios from RCMs

We focused in a subset of six ENSEMBLES RCM-GCM couplings driven by two different
GCMs (HadCM3 and ECHAM5) and a single control (20C3M) and transient (SRES-A1B)
scenarios (Nakićenović 2000): C4I - RCA3.0, ETHZ - CLM, HC - HadRM3, KNMI -
RACMO2, MPI - REMO and SMHI - RCA.3.0 (Nomenclature follows the structure Mod-
elling Centre - Name of the model). In the following, models will be termed using the
modelling centre acronyms (in bold, more details in the Supplementary Material). Note that
two different physics schemes, Q0 and Q16, are considered for the HadCM3 model (Collins
et al. 2006), the latter leading to more extreme scenarios in terms of high temperatures and
dryness than the standard unperturbed physics scheme (Q0).

The selection of these models was based on two criteria: 1) They have demonstrated a
good overall performance in previous studies (see e.g. Herrera et al. 2010; Coppola et al.
2010). 2) In addition, all of them fulfil the condition of bearing all the required variables
for the proxy analysis (see Section 2.3), and in particular minimum relative humidity, which
is not common to all ENSEMBLES RCMs. It is important to remark that each RCM is
treated separately throughout all the process of fire danger scenario generation, and only
the resulting final values are aggregated/summarised in terms of the multi-model mean and
standard deviation.

2.3 Calculation of the FWI system with proxy variables

Since the ENSEMBLES database does not store the instantaneous variables required for
FWI calculation (see Section 2.1), in this work we consider alternative proxy variables and
test their suitability. To this aim, we considered minimum daily humidity and maximum
daily temperature as proxies of their noon value, assuming that they are representative of
the atmospheric conditions at that time. However, for wind speed no suitable proxy vari-
able was found and the daily mean value is used instead in all cases. We tested different
combinations of wind speed and precipitation with the two proxy variables, as shown in
Table 1, in order to construct the different FWI System components and the derived fire
danger indices (Section 2.1). The resulting values were compared with the reference ver-
sion built upon instantaneous variables at 12UTC (C0, Table 1). To this aim, we used data
from the KNMI model with full data availability (including the required instantaneous data),
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Table 1 Temporal aggregation of the FWI System input variables tested in this study

Temp. R. Hum. Precip Wind vel.

C0∗ 12UTC 12UTC 24h 12UTC

C1 DM DM 24h DM

C2 Max DM 24h DM

C3 DM Min 24h DM

C4 Max Min 24h DM

12UTC correspond to instantaneous model outputs at that time. DM corresponds to daily mean values, and
Max/Min to maximum/minimum daily values. Precipitation is always the 24-hour accumulated value. The
asterisk indicates the combination following the original definition of the FWI System (not available through
the ENSEMBLES data server) whereas the remaining combinations (C1-C4) are different surrogates of C0
(the actual FWI system input definition), available in the ENSEMBLES database

obtained directly from the modelling center. The good performance of this RCM has been
reported in different studies and for different sub-regions of Europe (e.g., Herrera et al.
2010; Kjellström et al. 2010; van Meijgaard et al. 2012).

The testing area for the proxy experiment was geographically restricted to the Iberian
Peninsula, given that this is an area of pronounced climatic variability and representative of
the different fire danger areas throughout the European domain of the study. For brevity, in
the proxy analysis we only show the results for SSR, FWI90 and FOT30, which are rep-
resentative of fire danger mean and extreme conditions, and from threshold dependent fire
danger indices, respectively. In this regard, the results obtained for FWI (and SFWI) were
similar to SSR, and the results corresponding to LOFS were in accordance with FOT30.

2.4 Observational reference dataset

The WFDEI dataset is based on the ERA-Interim reanalysis (see Weedon et al. 2011, for
a methodological description applied to ERA-40), consisting of eight meteorological vari-
ables at 3-hourly time steps and as daily averages, for the global land surface at 0.5◦
resolution for the period 1979–2012. It has been chosen for application in this study because
it allows the calculation of FWI according either to its original definition or the different
proxy versions tested in this study (Table 1), and also because of the better adequacy of
ERA-Interim for fire danger applications compared to ERA-40 (Bedia et al. 2012). Fur-
ther comparisons against previous datasets generated in the frame The Water and Global
Change EU-funded project WATCH (2007–2011, www.eu-watch.org) are provided in the
Supplementary Material, providing further rationale on the selection of WFDEI in this
study.

2.5 Computing the climate change signal

RCM projections cannot be directly used in impact studies, since they may contain sig-
nificant biases inherited from the GCMs and also resulting from different physics and
parametrisations involved in the formulation of the models (Christensen et al. 2008). In this
regard, the “delta method” is often applied in climate research (e.g., Winkler et al. 1997) in
order to extract the climate change signal from model simulations while significantly allevi-
ating the problems linked to model biases (e.g., Räisänen 2007). The delta method operates
by calculating the difference of the RCM values for a variable of interest in a future period

http://www.eu-watch.org
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(such as 2071-2100, given by the transient A1B runs) and in a control period (such as 1971–
2000, given by the control 20C3M runs), working at a grid-box level. Thus, as far as all
values are relative to the same RCM-GCM coupling, the effect of these biases is cancelled
to a great extent. Throughout the text, the term delta will be used in the sense of anomaly
of the future time slices with regard to the historical one (1971–2000). We computed the
anomalies (or deltas) of the fire danger indices defined in Section 2.1: SSR, FWI, FWI90,
FOT30 and LOFS for the periods 2011–2040, 2041–2070 and 2071–2100.

3 Results and discussion

3.1 Best proxy selection for FWI calculation

For the assessment of proxy adequacy, we computed the spatial mean, Mean Absolute Error
(MAE) and the spatial correlation (Spearman’s ρ) for the proxy versions of the fire indices
(Table 1) with respect to the reference FWI (C0). The upper panel of Fig. 1 depicts the
results for SSR, FWI90 and FOT30 for the 1971-2000 control run, showing that the com-
bination C3 attained the best agreement with the reference values, whereas C1 and C2
notably underestimated the spatial values and C4 overestimated specially SSR and FOT30.
These results are similar as those obtained with the different components of the FWI system
(presented in the Supplementary Material). On the other hand, the high spatial correlation
values attained by proxy C1 are in accordance with previous analyses (Carvalho et al. 2010;
Herrera et al. 2013). However, correlation is insensitive to the bias magnitude, which is
remarkable in some cases, with a high positive bias in the case of C4, and a negative bias in
the case of C1 and C2.

The corresponding deltas for the period 2071–2100 are presented in the lower panel of
Fig. 1. The climate change signal of FWI90 is fairly similar among the different proxy ver-
sions, being C4 and C3 the closest to the reference value. On the other hand, C3 provided
the most accurate representation of C0 for the mean fire regime, represented by the seasonal
severity rating (SSR), and for the threshold-dependent index FOT30. Furthermore, C3 was
the only proxy version yielding high correlation values (ρ > 0.9) for all the fire danger
indices. It is also noteworthy the failure of proxies C1 and C2 to represent FOT30 deltas;
C2 was used by Moriondo et al. (2006) in the calculation of the length of future fire sea-
son, using threshold-dependent measures similar to FOT30 (FOT15 and FOT45). Thus, the
results of this previous study should be considered with caution, provided the poor perfor-
mance attained by this proxy version in the case of future FOT30 projections (Spearman’s
ρ = 0.59). These results align with previous findings by Herrera et al. (2013), in which
future projections of FOT30 built upon C1 proxy were not consistent with C0 ones, neither
in magnitude, nor in their spatial pattern.

In conclusion, the most adequate proxy definition of the FWI System for future scenario
development is C3, so it will be used in the following sections to produce future FWI sce-
narios for the Mediterranean regions. Hereafter, all maps displayed will correspond to C3
proxy version unless otherwise indicated.

3.2 Analysis of FWI projections in present climate conditions

The comparison of the mean FWI against the SFWI (defined in Section 2.1) indicates that
both calculation procedures yield similar results. We obtained a very high linear relationship
between FWI and SFWI, according to the linear equation FWI = 3.4452+0.9777×SFWI
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Fig. 1 Climatologies of the FWI-derived indices of fire danger according to the actual FWI (C0) and the
different input proxy versions tested (C1-C4, see Table 1), using the data from the KNMI RCM. In the
upper panel, the results of the 20C3M scenario (1971–2000) are presented. The lower panel displays the
corresponding delta values —difference between the A1B (2071–2100) and the 20C3M (1971–2000)— for
the different input proxy versions tested. The figures below each map indicate the spatial mean, and in
parenthesis the Spearman’s rho correlation coefficient and the mean absolute error (MAE), in this order. Best
proxy versions are highlighted in boldface

with a R2 = 0.999. Similarly, the delta values were unaffected by the FWI aggregation
version used (not shown). Thus, henceforth we will use mean FWI, and will refer to it as
FWI throughout the paper.

The results for present climate conditions obtained with the ensemble of RCM-GCM
couplings considering the 20C3M scenario (1971–2000) highlight the spatial consistency
of the fire danger representation, regardless of the relative magnitudes exhibited by the dif-
ferent models, resulting from their inherent biases (see Section 2.2). For conciseness, we
only present the results of FWI90 (see Fig. 2), although the same conclusions can be drawn
from the analysis of the remaining fire danger indices (see the Supplementary Material).
The geographical pattern of the FWI90 maps is consistent across the two driving GCMs
(HadCM3 and ECHAM5), with the exception of the HC RCM, which yields an anoma-
lous positive bias in the Iberian Peninsula, Morocco and Turkey. Note that even the C4I
model, which is also driven by the HadCM3 GCM, but with the more extreme Q16 per-
turbed parametrization setting (Collins et al. 2006) is consistent with the results from the
rest of models.
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Using the WFDEI proxy C3, we computed spatial correlations as an adequate bias-
insensitive metric for comparison. All RCMs attained high spatial correlation values with
WFDEI, significantly lower in the case of the HC model (Fig. 2). This lower correlation
occurred for all FWI-derived indices (not shown), and notably for FOT30 and LOFS, with
correlation coefficients around 0.65. Thus, in the following, the results of the HC model
will be excluded from the multi-model ensemble projections. It is worth reminding that the
previous projections by Moriondo et al. (2006) are based solely on the projections of the
HC RCM. In this sense, these results highlight the importance of adopting a multi-model
ensemble approach, allowing the analysis of different models in order to discard those
RCMs likely to introduce large errors. It is worth mentioning other possible alternatives
for ensemble model selection that have not been addressed in this article, as for instance
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average rankings, bias Z-scores, and elimination of the worst ranking model(s) in each cat-
egory, although previous studies show that none of these approaches appear more robust or
objective than any other (see Littell et al. 2011, for more details on these methods and their
assessment).

The resulting 5-RCM ensemble climatologies of fire danger indices for the control run
(1971–2000) are presented in the left column of Fig. 3, attaining a narrow multi-model
spread (shown in the Supplementary Material).

3.3 Future FWI projections

The magnitude of the climate change signals for SSR, FWI, FWI90, FOT30 and LOFS are
displayed in the central and right panels of Fig. 3. For brevity, only the deltas corresponding
to the last part of the transient period (2071–2100) are displayed (see the Supplementary
Material for extended information).

The vast majority of the study area exhibits a positive climate change signal, leading to
increased values of the fire danger indices analysed. Remarkable increments are expected
to occur for FOT30 and LOFS in areas with very low initial values (see Fig. 3), pointing to a
lengthening of the fire danger season. However, both FOT30 and particularly LOFS, exhibit
a large multi-model spread. The rest of fire danger indices, particularly SSR and FWI, but
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also FWI90 and FOT30, are projected to increase over the Mediterranean, specially SSR
and FWI in the Iberian Peninsula and Turkey, and FWI90 and FOT30 in the Iberian Penin-
sula and southern France. Furthermore, the multimodel projections exhibit low standard
deviation values, higher at those areas where the climate change signal is more intense,
highlighting the robustness of these projections.

3.4 Regional analysis of future FWI projections

We computed spatial averages of present and future fire danger indices over selected
Mediterranean areas (indicated in the top panel of Fig. 2) and the resulting deltas were suc-
cessively stacked on the initial values of the baseline scenario (Fig. 4). Note that the range
of the projected changes (i.e. minimum and maximum of the multi-model) is shown, rather
that the standard deviation.

The deltas obtained for the different future periods using the FWI are proportionally
similar to those of SSR, although the multi-model spread of FWI is more limited, especially
in the second and third time slices (2041–2070 and 2071–2100). FWI projections exhibit in
all regions a clearly distinct and positive signal, as depicted by the non-overlapping vertical
bars, which indicates a lower degree of uncertainty, as compared to SSR. Thus, FWI seems
to have more desirable properties than SSR for climate change studies on account of the
smaller spread of the future mean projected values. The projected future increases exhibit
similar trends for all regions, with FWI means growing consistently with a non-linear law.
Future fire danger scenarios elaborated for the Mediterranean by Moriondo et al. (2006)
also reported a similar summary by regions, although their results can only be partially
compared with these ones, since the latter are built on a single RCM for the last time slice
using a different emission scenario. The high multi-model uncertainty of the regional delta
projections of most fire danger indices, particularly FOT30 and LOFS, warns against the
use of a single RCM for projecting future fire danger conditions. In addition, the use of
the multi-model ensemble approach is further supported by the fact that uncertainties (as
depicted by the vertical bars) are well centred around the mean values, thus confirming the
robustness of the projections.

It is worth noting that in all regions but France, the projected end-of-the-century multi-
model average of FWI90 would be above 50, which is a critical level for large fires potential
in Europe (see e.g. San-Miguel-Ayanz et al. 2013).

The results attained by regionally averaging FOT30 and LOFS reveal some shortcom-
ings in their use in the context of future fire danger assessment. Their multi-model spread
is remarkable and for most periods analysed it is large enough to reach significantly over-
laps among contiguous periods (though more moderately in the case of FOT30). Although
there are also some overlaps in the case of FWI and FWI90 in some regions (e.g. France,
Balkans), these are less frequent and of lesser relative magnitude. For instance, the ranges of
LOFS projections in 1971-2000 significantly overlap with the 2071-2100 ranges in Portu-
gal, Italy, the Balkans, Greece and Turkey and in all these cases the overlap with 2041-2070
is such to render the projections substantially undistinguishable. The steep increase of the
projected LOFS in France compared to the moderate to negligible increase in the other coun-
tries/regions, might suggest a saturation effect which would tend to grow more in areas with
lower starting values and reduce the increments when getting around 200 days. It is also
an indication that future climate conditions will induce a “mediterranean-type” fire danger
season in areas that are currently under the Atlantic influence. On the other hand the quite
strong inter-regional variability observed for FOT30 projected trends, and the absence of
any comparable pattern in the other indices, would rather indicate a problem of stability of



Climatic Change (2014) 122:185–199 195

2071-2100
2041-2070
2011-2040
1971-2000
Uncertainty

yekruTniapS ylatIe ceeerGcnarF snaklaBPortugal

yekruTniapS ylatIe ceeerGcnarF snaklaBPortugal

yekruTniapS ylatIe ceeerGcnarF snaklaBPortugal

yekruTniapS ylatIe ceeerGcnarF snaklaBPortugal

yekruTniapS ylatIe ceeerGcnarF snaklaBPortugal

S
S

R
0

10
20

30

0
10

20
30

40
50

60
0

20
40

60
80

10
0

0
10

0
15

0
25

0
50

20
0

30
0

70

0
10

20
30

40
50

60
70

F
W

I

F
W

I9
0

F
O

T
30

 (
%

)

LO
F

S
 (

da
ys

)

Fig. 4 Mean values of the fire danger indices in different countries/regions of the Mediterranean, for the
20C3M scenario (1971–2000) and the three future periods of the A1B emission scenario (2011–2040, 2041–
2070 and 2071–2100). Vertical lines indicate the minimum and maximum values of the four periods analysed,
in ascending order from left to right. See Fig. 2 (top left panel) for country/region area definition

this index. We consider similar concerns to be applicable to any FWI threshold used, i.e. to
any FOT-like, threshold-dependent index applied to FWI future projections.

3.5 Fire-climate relationship

In order to illustrate the potential application of the above results to estimate future fire
impact, we analysed the actual link between fire danger conditions (as represented by
FWI90) and fire impact (burned area), calculated using the observational data from the
WFDEI dataset (Section 2.4) and the burned area data from the European Fire database
of the European Forest Fire Information System (EFFIS, Camia et al. 2010). The obtained
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a

b

c

Fig. 5 a Climatological mean of 90th percentile of FWI (FWI90) averaged by EU-Med regions according to
the WFDEI dataset (see Section 2.4) for the period 2001-2012. b Mean relative burned area (RBA) of each
of the EU-Med regions (in ha) for the same period. (c) Relationship between (log-transformed) FWI90 and
RBA. Full circles indicate the FWI90 vs. RBA means as represented in a and b. Small crosses correspond
to the annual values for each region (n = 10 years). Bluish symbols correspond to French regions, reddish
for Italian and greenish for Greek. Dashed lines represent the regional, inter-annual linear fits (their r2 and
significance are indicated using the same colors in the left-hand side of the panel). Global linear fit is indi-
cated by the grey straight line. All data displayed correspond to the fire danger season (JJAS) and the period
2001-2012. Signif. codes: ***P < 0.001; **P < 0.01; *P < 0.05; .P < 0.1; ns, non-significant

results are shown in Fig. 5, where each of the regions represents a spatially continuous cli-
matic (2001-2012) gradient encompassing a representative range of fire danger conditions
(Fig. 4). The figure shows how and increase in FWI90 leads to larger burned areas, both
along the whole FWI90 gradient —considering the 10-year averages of the different regions
(full circles)—, and for the local FWI90 gradients within each particular region —coloured
crosses—. Similar results are also found using different indices (particularly FOT30, FWI
and SSR). It is therefore expectable an increased severity of fire impacts in the Mediter-
ranean regions in the forthcoming decades, especially in those areas where the magnitude
of projected changes is larger. In this sense, it must be also acknowledged the evidence that
fire in resource-limited ecosystems, such as those in the most arid and hotter Mediterranean
areas, is not so dependent on fire danger conditions but instead driven by fuel amount and
structure (Krawchuk and Moritz 2010; Pausas and Paula 2012). This is reflected in the weak
links attained in the hotter and drier regions with highest FWI90 records in Fig. 5c, posing
the question of how climate-induced changes in ecosystem properties will affect future fire
regimes as a result of climate-vegetation feedbacks, an important subject out of the scope
of this study.

4 Conclusions

Our results indicate that proxy version C3 (minimum relative and the rest daily mean val-
ues) was the best proxy to actual FWI, outperforming C2 (maximum temperature and rest
of daily mean values), the former being positively biased and the latter negatively with
respect to actual FWI. Besides, proxy version C4 (combining both minimum humidity and
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maximum temperature) lead to a larger positive bias of fire danger estimates. Input combi-
nations C3 and C2 gave upper and lower bounds of the actual FWI projections respectively,
although C2 was outperformed by C3 in the representation of FOT30 deltas. Overall results
show that C3 is the best proxy in order to give realistic estimates of fire danger scenar-
ios using the ENSEMBLES RCMs in current climate, and also a realistic estimation of the
climate change signal.

A consistent positive signal in terms of fire danger potential over large areas of the
Mediterranean was unveiled, accentuated in the latest part of the transient period. The
degree of model uncertainty was particularly low in the case of FWI, highlighting the use-
fulness of this index for the assessment of future fire danger scenarios, regardless of the a
priori best suitability of SSR to this aim. In addition, we found no significant differences
between mean FWI and SFWI scenarios, neither in spatial pattern nor in magnitude. On
the other hand, the use of threshold-dependent indices related to fire season length, often
applied in impact studies (i.e. FOT30 and LOFS), is not recommended in the context of
future impacts assessment, due to the particularly high uncertainty associated to their future
projections.

We undertook a robust assessment of future fire danger projections by applying a multi-
model ensemble approach. By comparison with previous studies (Moriondo et al. 2006) we
found that the multi-model uncertainty (we considered 5 RCMs, but a single scenario) is
even larger than the scenario uncertainty, highlighting the importance of adopting a multi-
model ensemble approach. Moreover, the existing link between fire danger and fire impacts
(burned areas in this study) evidences the potential applicability of the future fire dan-
ger scenarios for decision-making in those areas in which forest fires represent a relevant
conditioning factor.
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