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ABSTRACT

Fire weather in the Mediterranean Basin is projected to intensify as regional warming and summer drying outpace
the global average, but the magnitude of that intensification, and its translation into burned area, remains poorly
guantified at the sub-regional scale relevant to fire management planning. We computed the Canadian Forest Fire
Weather Index (FWI) System daily across five Mediterranean sub-regions (Iberia, southern France, peninsular Italy,
the Balkan Peninsula, and Greece and the Aegean) using a nine-member, bias-corrected EURO-CORDEX regional
climate model ensemble at 0.11 degree resolution, driven under SSP2-4.5 and SSP5-8.5, and benchmarked the
ensemble's historical (1991-2020) FWI distribution against ERA5-Land reanalysis and the Global Fire Weather
Database before projecting fire danger to two future periods, 2041-2070 and 2071-2100. A regional empirical
burned-area model, calibrated against 2001-2020 European Forest Fire Information System records using summer
FWI percentiles, antecedent drought code, and land-cover fuel class as predictors, was then applied to the same
ensemble to translate fire weather change into burned-area change. Averaged across the five sub-regions, the
number of very-high-to-extreme fire danger days per year is projected to increase from a historical baseline of 21
days to 34 days (62% increase) under SSP2-4.5 and to 49 days (133% increase) under SSP5-8.5 by 2071-2100,
with the largest absolute increases in Iberia and the Balkans and the largest proportional increases in currently
cooler, wetter sub-regions such as the northern Balkans, where fire danger is projected to more than double.
Modelled burned area rose accordingly, with the ensemble median projecting a 78% increase in annual burned area
across the domain under SSP5-8.5 by end-century relative to 2001-2020, though the inter-model range spanned a
factor of three, reflecting substantial disagreement in projected summer precipitation. Fuel moisture code
components indicated that late-summer drought code values are projected to exceed historical 95th-percentile
thresholds in most years by mid-century under SSP5-8.5, implying a shift toward chronic rather than episodic
extreme fire danger. These results support prioritizing fuel management and suppression capacity expansion in
currently lower-risk sub-regions where relative fire danger change, not absolute danger level, is projected to be
largest.
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1. INTRODUCTION

The Mediterranean Basin is one of the regions where the
coupling between anthropogenic warming and wildfire
activity is most directly observable, because its climate
already combines a pronounced summer dry season with
fuel loads shaped by centuries of land management, and
small further shifts in summer temperature and
precipitation translate quickly into changes in live and
dead fuel moisture [1,2]. Large, fast-moving fires in
Portugal, Greece, and southern France in recent years
have renewed attention to how much of this activity is
attributable to a warming climate as opposed to fuel
accumulation from rural land abandonment, and several
attribution studies now link specific extreme fire seasons
directly to anthropogenic warming of the associated heat
and drought conditions [3,4].

Fire danger rating systems, most widely the Canadian
Forest Fire Weather Index (FWI) System, translate daily
temperature, relative humidity, wind speed, and
precipitation into indices representing fuel moisture at
different depths and the resulting potential fire behaviour,
and have become the standard tool for projecting how
climate change will alter fire weather because they can
be driven directly by climate model output without
requiring a fire-behaviour simulation of comparable
computational cost [5]. Global and continental-scale
studies using the FWI System consistently project
increases in fire weather severity across the
Mediterranean under all future emissions pathways, but
with substantial spread in the magnitude of projected
change between climate models, driven primarily by
disagreement over summer precipitation trends rather
than the more robustly projected warming signal [6,7].
Fire weather severity is a necessary but not sufficient
predictor of burned area: whether elevated fire danger
translates into large burned area also depends on fuel
continuity and load, ignition frequency, and suppression
capacity, all of which vary substantially across the
Mediterranean's diverse landscapes and institutional
contexts [8,9]. Empirical models linking observed burned
area statistically to fire weather and fuel indicators,
calibrated against satellite-derived burned-area records,
provide one practical route to projecting future burned
area without the computational cost of process-based
fire-spread simulation, though they carry the limitation of
assuming that the statistical relationship between fire
weather and burned area observed historically remains
stable under future climate and land-use conditions
[10,11].

Most existing Mediterranean fire danger projections
report either a single aggregate index for the whole basin
or results for individual countries using different climate
model ensembles and baseline periods, making direct
comparison of relative risk change across sub-regions
difficult [12,13]. This matters for adaptation planning
because a sub-region with comparatively low absolute
fire danger, but a very large projected relative increase,
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may be exactly the setting where fuel management
infrastructure and suppression capacity are least
prepared for the fire regime shift now underway [2,14].
Here we compute the FWI System consistently across
five Mediterranean sub-regions using a common
bias-corrected regional climate model ensemble and two
future scenarios, quantify both absolute and relative
changes in fire danger days and drought code, and apply
a burned-area model calibrated on two decades of
satellite-derived fire records to translate projected fire
weather change into projected burned-area change, with
the aim of identifying where relative fire regime shift,
rather than absolute danger level alone, is projected to
be largest.

2. MATERIALS AND METHODS

We computed the Canadian FWI System daily across
five Mediterranean sub-regions using a nine-member
bias-corrected EURO-CORDEX regional climate model
ensemble at 0.11 degree resolution under two future
scenarios, verified the ensemble's historical fire weather
distribution against reanalysis and satellite fire records,
and applied a burned-area model calibrated on
2001-2020 observations to project future burned area.

I 2.1 Study domain and sub-regional definition

The study domain covers the Mediterranean coastal and
near-coastal zone of southern Europe, divided into five

sub-regions  following broad biogeographic and
administrative boundaries: Iberia (Spain and Portugal
south of 42 degrees N), southern France

(Mediterranean-climate departments south of the Massif
Central), peninsular Italy (excluding the Alpine arc), the
Balkan Peninsula (former Yugoslav states, Albania, and
Bulgaria's southern provinces), and Greece and the
Aegean islands. Sub-regional boundaries were drawn
along administrative and Koppen-Geiger climate-zone
lines rather than fixed latitude-longitude boxes to keep
each sub-region within  predominantly Csa/Csb
Mediterranean climate classification.

I 2.2 Fire Weather Index System computation

The Canadian Forest Fire Weather Index System was
computed daily from noon local standard time
temperature, relative humidity, 10 m wind speed, and
24-hour precipitation, following the standard formulation
of the Fine Fuel Moisture Code, Duff Moisture Code,
Drought Code, and their combination into the Initial
Spread Index, Buildup Index, and Fire Weather Index.
Overwintering carry-over of Drought Code values
followed the standard spring start-up procedure, with a
fixed regional start-up value informed by historical
late-winter precipitation for each sub-region. Fire danger
days were classified into five standard classes (low,
moderate, high, very high, extreme) using
percentile-based thresholds fit to each sub-region's own
1991-2020 FWI distribution, following the approach
recommended for regions outside the boreal and
temperate zones where the System's original class
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thresholds were calibrated.
I 2.3 Climate model ensemble, bias correction and future scenarios

Daily temperature, relative humidity, wind speed and
precipitation were taken from nine regional climate model
simulations from the EURO-CORDEX ensemble at 0.11
degree (approximately 12.5 km) resolution, each driven
by a distinct global climate model boundary condition and
downscaled by a distinct regional model, providing a
structured sample of both global and regional model
uncertainty. Each ensemble member was bias-corrected
against ERA5-Land reanalysis over the 1991-2020
historical period using empirical quantile mapping fit
separately by calendar month and sub-region, and the
same monthly correction factors, derived from the
historical period, were applied to each member's future
simulation under SSP2-4.5 (a moderate mitigation
pathway) and SSP5-8.5 (a high-emissions pathway) for
two future periods, 2041-2070 (mid-century) and
2071-2100 (end-century).

I 2.4 Historical benchmarking against reanalysis and observed
fire records

Before projecting future fire danger, the bias-corrected
ensemble's historical (1991-2020) FWI distribution was
compared against FWI computed directly from
ERA5-Land reanalysis and against the Global Fire
Weather Database's regional summaries for the same
period, at both the annual-mean and extreme-percentile
level, to confirm the ensemble reproduced the observed
sub-regional ranking of fire danger (highest in Iberia and
Greece, comparatively lower in the northern Balkans)
before using it for future projection.

I 2.5 Burned-area model calibration

A regional empirical burned-area model was calibrated
separately for each sub-region using annual burned area
from the European Forest Fire Information System for
2001-2020 as the response variable, regressed against
summer (June-September) mean and 90th-percentile
FWI, peak Drought Code, and the proportion of burnable
land cover (shrubland, sclerophyllous forest, and
unmanaged grassland from the Corine Land Cover
inventory) using a generalized linear model with a
gamma error distribution and log link, appropriate for the
right-skewed, strictly positive distribution of annual
burned area. The same predictor set was then computed
from each ensemble member's future simulation and
passed through each sub-region's fitted model to
produce a distribution of projected annual burned area
for each scenario and period.

I 2.6 Uncertainty characterization

Projected changes in fire danger days, Drought Code,
and burned area are reported as the nine-member
ensemble median together with the 10th-90th percentile
range, distinguishing uncertainty arising from inter-model
spread in  projected climate (dominant  for
precipitation-sensitive quantities such as burned area)
from uncertainty in the burned-area model's statistical fit
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itself, the latter assessed by parametric bootstrap (1000
resamples) of the calibration regression for each
sub-region.

3. RESULTS

Averaged across the five sub-regions, the historical
(1991-2020) baseline of very-high-to-extreme fire danger
days was 21 days per year, ranging from 14 days in the
northern Balkans to 33 days in Iberia. Table 1 reports
projected days by sub-region, scenario, and period.
Under SSP2-4.5, the ensemble median rises to 28 days
by mid-century and 34 days by end-century (a 62%
increase over baseline); under SSP5-8.5 the increase is
considerably larger, reaching 33 days by mid-century
and 49 days by end-century, a 133% increase, with the
90th-percentile ensemble member projecting more than
70 days per year in Iberia and Greece by end-century
under the high-emissions pathway.

Table 1. Projected very-high-to-extreme fire danger days
per year by sub-region, scenario, and period, relative to the
1991-2020 baseline (ensemble median).

SSP2-4. SSP2-4. SSP5-8. SSP5-8.
Sub-region Baseline 5 5 5 5
9 (1991-2020) 2041-20 2071-21 2041-20 2071-21
70 (0]0] 70 (0]0]
Iberia 33 41 48 47 63
Southern 17 22 26 25 35
France
Peninsular 19 24 28 27 28
Italy
Balkan 14 19 24 23 33
Peninsula
Greeceand  ,, 29 34 33 46
the Aegean
Domain mean
® 21 27 32 31 43

sub-regions)

Fire danger days are computed from the nine-member
bias-corrected EURO-CORDEX ensemble; values shown are the
ensemble median day count above each sub-region's own
historical very-high threshold (80th percentile of 1991-2020 FWI).

The proportional increase in fire danger days was
largest, not in the already fire-prone southern
sub-regions, but in the comparatively cooler and wetter
northern Balkans, where the end-century SSP5-8.5
median projects 33 days per year against a baseline of
14, a 136% relative increase, versus a 91% relative
increase in Iberia over the same period despite Iberia's
much larger absolute baseline. Figure 1 shows this
pattern across all five sub-regions and both scenarios,
with the proportional-increase ranking essentially inverse
to the baseline danger ranking.
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Projected increase in extreme fire danger days by sub-region and scenario,
end-century (2071-2100) relative to 1991-2020 baseline
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Figure 1. Projected percentage increase in very-high-to-extreme
fire danger days at end-century (2071-2100) relative to the
1991-2020 baseline, by sub-region and emissions scenario.
Peak-season Drought Code, an indicator of deep soil
and heavy-fuel moisture depletion linked to the largest
and most difficult-to-suppress fires, showed the clearest
scenario separation of any FWI component. Under
SSP2-4.5, end-century late-summer Drought Code
exceeded the historical 95th-percentile threshold in a
median of 44% of years across sub-regions; under
SSP5-8.5 this rose to 79% of years, indicating a shift
from episodic to near-chronic extreme drought-code
conditions by late century in most of the domain under
the high-emissions pathway.

Table 2. Projected percentage change in annual burned
area by sub-region and scenario at end-century
(2071-2100), relative to the 2001-2020 observed mean
(ensemble median with 10th-90th percentile range).

SSP2-4.5 median SSP5-8.5 median
(10th-90th pct.) (10th-90th pct.)

Sub-region

+91% (+34 to

Iberia +158%)

+46% (+18 to +79%)

Southern France +22% (-4 to +58%) +44% (+9 to +112%)

Peninsular Italy +19% (-8 0 +61%)  +38% (+6 to +121%)

+68% (+21 to

Balkan Peninsula +1399%)

+35% (+5 to +72%)
+97% (+39 to

Greece and the Aegean +171%)

+51% (+21 to +88%)

+78% (+22 to
+165%)

Domain mean (5
sub-regions)

Projected burned area, summarized in Table 2, followed
the fire-danger-day pattern but with substantially wider
uncertainty, reflecting the burned-area model's sensitivity
to summer precipitation, the most divergent variable
across ensemble members. Domain-wide annual burned
area is projected to increase by a median of 41% under
SSP2-4.5 and 78% under SSP5-8.5 by end-century
relative to the 2001-2020 observed mean, but the
10th-90th percentile range for the SSP5-8.5 end-century
projection spanned 22% to 165%, a roughly sevenfold
span reflecting how strongly projected burned area
depends on the sign and magnitude of each ensemble
member's summer precipitation trend.

4. DISCUSSION

These projections confirm and extend earlier basin-wide
assessments showing that Mediterranean fire weather is

+41% (+12 to +72%)
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projected to intensify substantially under continued
warming [6,7], and add sub-regional resolution showing
that the proportional increase in fire danger, and by
extension the scale of adaptation required, is largest
precisely in the sub-regions that have historically
experienced the least fire activity and consequently have
the least fire-adapted management infrastructure. This
inverse relationship between historical fire danger level
and projected relative change has been noted in other
fire-climate contexts [14] and appears robust here across
both emissions scenarios.

The much wider uncertainty range for projected burned
area than for fire danger days itself reflects a structural
feature of empirical burned-area modelling rather than a
flaw specific to this study: burned area depends on
summer precipitation both directly, through its effect on
fuel moisture, and indirectly, through its effect on fine fuel
(grass and shrub understory) growth in the preceding wet
season, and regional climate models disagree
substantially more about the sign and magnitude of
Mediterranean summer precipitation change than about
temperature change [7,9]. This implies that near-term
adaptation planning should treat the fire danger day
projections, which are comparatively well constrained
across the ensemble, as the more reliable basis for
prioritization than the burned-area projections, whose
wide range limits their use for anything beyond a rough
order-of-magnitude estimate of the resources at stake.
The finding that late-summer Drought Code is projected
to shift from episodic to near-chronic exceedance of
historical extreme thresholds under SSP5-8.5 has direct
implications for suppression capacity planning, since
Drought Code is most strongly associated with the deep,
heavy-fuel moisture depletion that produces the largest,
most resource-intensive fires, distinct from the more
numerous but generally smaller fires driven primarily by
short-term fine-fuel dryness [5,10]. A shift toward chronic
extreme Drought Code implies not simply more fire
danger days on average but a fundamentally different
seasonal risk profile in which suppression systems built
around episodic extreme-danger response may be
undersized for a regime of sustained extreme conditions
across most of the fire season.

Several limitations qualify these results. First, the
burned-area model is calibrated on a single two-decade
observational period and assumes the statistical
relationship between fire weather, fuel cover, and burned
area remains stable under future climate; land
abandonment, land-use policy change, and fuel
management investment could all shift this relationship in
ways the model cannot anticipate, and our projections
should be read as conditional on broadly unchanged land
management and suppression effort [8,11]. Second, the
FWI System's fixed fuel-moisture parameterization does
not account for possible future shifts in vegetation
community composition, including expansion of more
flammable shrub cover following repeated fire or drought
stress, an effect documented in several Mediterranean
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post-fire succession studies but not represented here
[2,13]. Third, sub-regional boundaries, while drawn along
biogeographic lines, still aggregate considerable local
heterogeneity in topography and fuel type; results should
be read as indicative of sub-regional average conditions
rather than as fine-scale risk maps suitable for local
planning without further downscaling. Finally, bias
correction was performed using a stationary quantile
mapping approach that assumes the climate model's
bias structure remains constant under future warming, an
assumption that becomes progressively less reliable the
further the future climate departs from the historical
calibration period, and is most relevant to the

end-century SSP5-8.5 projections reported here [6].

5. CONCLUSION

Averaged across five Mediterranean sub-regions,
very-high-to-extreme fire danger days are projected to
increase from a historical baseline of 21 days per year to
34 days under a moderate emissions pathway and 49
days under a high-emissions pathway by end-century,
with the largest proportional increases concentrated in
currently lower-risk sub-regions such as the northern
Balkans rather than in the already fire-prone south.
Peak-season Drought Code is projected to shift from
episodic to near-chronic exceedance of historical
extreme thresholds under the high-emissions pathway,
implying a change in seasonal risk profile rather than
simply a proportional increase in existing risk. Projected
burned area follows the same directional pattern but with
substantially wider inter-model uncertainty tied to
unresolved summer precipitation trends, underscoring
the value of prioritizing adaptation around the
comparatively  well-constrained fire danger day
projections while treating burned-area estimates as
indicative rather than precise.
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