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Superficie brûlée (Mha/an) 464
Afrique 323
Asie 50
Australie/ NZ 49
Amérique du sud 34
Amérique du nord et centrale 8,7
Europe 1,2

Les feux de végétation dans le monde : variabilité spatiale

Fraction de territoire brûlée par an (en %, maille de 0,25°, 2001-2010)

Estimations à partir de produits satellitaires (Randerson et al 2012, J Geophys Res. Données GFED4+petits feux)

Superficie brûlée %
Forêts 3,6
Landes arbustives 4,9
Savannes boisées 40
Savannes, steppes 42
Surfaces cultivées 4,6
Mosaïque 5,5

La superficie brûlée annuelle (460 Mha) représente 3,5 % de la surface des terres émergées
L’immense majorité des feux ont lieu en Afrique et dans les couverts herbacés.
La fréquence des feux est extrêmement variable.
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Figure 4. Regional time series (1997–2016) of GFED4s monthly burned area. The different colors indicate the contribution from each of the
different data sources and methodologies (ATSR, TRMM-VIRS, 500 m MCD64A1, and small fires) used to produce the entire dataset.

3.1 CASA-GFED framework

When CASA was developed it computed carbon fluxes as the
difference between NPP and Rh. Both are still calculated for
each month and each 0.25� grid cell. NPP is based on a light
use efficiency model (Field et al., 1995) and is distributed
over various live biomass “pools” (leaves, stems, roots) ac-
cording to satellite-derived fractional tree cover maps. In
forests we allocate NPP to all three live biomass pools, and
in grasslands to leaves and roots, accounting for variability in
allocation due to gradients in mean annual precipitation as in
GFED3. The carbon in these pools is subsequently delivered

to nine litter pools at the surface and in the soil with turnover
rates set for each pool depending on moisture conditions and
temperature.

The turnover rates of the wood pool in GFED4 (the mod-
eling framework used to derive both GFED4 and GFED4s
emissions) were adjusted at the biome level to match ob-
served aboveground biomass (Avitabile et al., 2016; Santoro
et al., 2015). Wood turnover now varies between 40 years
for deciduous broadleaf forest and 65 years for deciduous
needleleaf forest, with turnover times for evergreen forest in
between those values: 52 years for evergreen needleleaf and
55 for evergreen broadleaf (Fig. 5). Similarly, turnover times

www.earth-syst-sci-data.net/9/697/2017/ Earth Syst. Sci. Data, 9, 697–720, 2017
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www.earth-syst-sci-data.net/9/697/2017/ Earth Syst. Sci. Data, 9, 697–720, 2017

Les savanes africaines, un optimum pour l’activité des feux :
alternance régulière d’une saison humide (production de biomasse)
et d’une saison sèche (dessèchement de la végétation)

Les forêts tempérées d’Amérique du nord, une activité des feux irrégulière : 
saisons sèches plus ou moins longue et intense, déterminées par les 
variations interannuelles du climat.
Données mensuelles GFED4 - Van der Werf et al 2017, Eart Syst Sci Data

analyses underscore the pervasive influence of
human activity on global burned area, includ-
ing the potential for further declines in savanna
fires from ongoing agricultural development ac-
ross the tropics.

Trends in burned area

Global burned area declined by nearly one-
quarter between 1998 and 2015 (–24.3 ± 8.8%,
or –1.35 ± 0.49% year−1). Large decreases oc-
curred in tropical savannas of South America
and Africa and grasslands across the Asian steppe
(Fig. 1). Globally, decreases were concentrated in
regions with low and intermediate levels of tree
cover, whereas an increasing trend was observed
in closed-canopy forests. Declining trends were
robust when assessed with different burned area
data sets and time intervals (Table 1 and fig. S3).
Burned area from GFED4s and the 500m MODIS
product showed a similar decline during 2003 to
2015 (–1.28 ± 0.96% year−1 and –1.15 ± 1.21% year−1,
respectively), and satellite-based active fire detec-
tions fromMODIS provided an independent con-
firmation of the patterns of decreasing global fire
activity (fig. S4). Regional increases in burned
area were also observed, but areas with a sig-
nificant decline (P < 0.05) in burned area out-
numbered areas with a significant increase in

burned area for all continents except Eurasia
(fig. S5). For tropical savannas and grasslands,
declines outnumbered increases by 3:1. Within
individual continents, strong contrasting trends
were observed between northern and southern
Africa, and between Central America and tem-
perate North America (table S1).
Rainfall patterns explained much of the inter-

annual variability in burned area but little of the
long-term decline (Table 1 and Fig. 2A). Building
on previous work (15), we developed a linear
model to adjust for the influence of precipitation
variability on burned area (28) (fig. S6). Long-
term trends weremore significant after reducing
precipitation-driven variability. For example, the
global decline in burned area of –1.15 ± 1.21%
year−1 (2003 through 2015, P < 0.1) in the 500m
MODIS time series strengthened to –1.23 ± 0.44%
year−1 (P < 0.01) after adjusting for precipitation
(Table 1).Regionally, precipitation-adjustedburned
area time series showed significant declines in
Central America, Northern Hemisphere South
America, Europe, Northern Hemisphere Africa,
and Central Asia (table S1).
A decrease in the number of fires explained

most of the global decline in burned area with a
smaller contribution from decreasing mean fire
size (Fig. 2). The relative contributions from fire

number and fire size to observed trends varied
considerably among regions (Table 1 and fig. S7).
In northern Africa, the number and mean size of
fires contributed nearly equally to the net decline
in burned area. By contrast, a decrease in the
number of fires was the primary factor causing a
decline in burned area in South America, Central
America, and Central Asia (table S1). Regional
and interannual variability in the size distribu-
tion of individual fires provided new information
about the combined influence of climate, land-
scape fragmentation, andmanagement on burned
area; this information is essential for improving
representation of fire in Earth system models.
Current global fire models were unable to

predict the magnitude or spatial pattern of the
observed decline in global burned area (Fig. 3
and figs. S8 to S10). During 1997 to 2013, FireMIP
models (n = 9) predicted a mean trend in global
burned area of –0.13 ± 0.56% year−1, compared to
the observed trend of –1.09 ± 0.61% year−1 for
this interval (28) (Table 1 and table S2). Focusing
on the three models that account for human
contributions to the number and size of fires
(table S3), two models predicted a small decline
in global burned area, but often poorly simulated
the spatial structure of trends across different
continents (Fig. 3 and fig. S8). Despite including
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Fig. 1. Satellite observations show a declining trend in fire activity across the world’s tropical and temperate grassland ecosystems and land-use
frontiers in the Americas and Southeast Asia. (A) mean annual burned area and (B) trends in burned area (GFED4s, 1998 through 2015). Line plots (inset)
indicate global burned area and trend distributions by fractional tree cover (28).
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 Les feux de végétation dans le monde : variabilité temporelle

Surfaces brûlées mensuelles (Mha)

Surfaces brûlées mensuelles (Mha)

Sahel, zone semi-aride où la faible abondance de biomasse 
combustible limite l’activité des feux
(voir Alavarado et al 2019, Glob Ecol Biog)



Les incendies de forêt dans le monde

Surface brûlée %
Afrique 35
Asie 3

Australie/ NZ 14

Amérique du sud 72
Amérique du nord et centrale 9

Europe 5

Forest Ressource Assessment (FRA), 2015. (Van Lierop et al 2015, For Ecol Manag)

Surface brûlée %
Tropical 79
Sub-tropical 10

Tempéré 5

Boréal 5

La superficie brûlée annuelle était de l’ordre de 67 millions d’hectare au cours des dernières décennies,
dont l’immense majorité sous climats tropical et sub-tropical

Surface brûlée/ Surface forestière %
Afrique 2,6
Asie 0,3

Australie/ NZ 3,6

Amérique du sud 4,0
Amérique du nord et centrale 0,6

Europe 0,3

Surface brûlée / Surface forestière %
Tropical 2,9

Sub-tropical 2,2
Tempéré 0,5

Boréal 0,3

Par continent

Par climat

Fréquence du feu selon le couvert 
d’arbres en région tropicale

Van Nes et al 2018, 
Plos One



Les données satellitaires montrent une diminution de l’ordre de 1 % par an des surfaces brûlées à l’échelle mondiale
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Forest Ressource Assessment
(FRA), 2015. (Van Lierop et al 2015, 
For Ecol Manag)

Pour les seuls feux de forêt, la surface brûlée a diminué de 3,3 % 
par an en zone tropicale, 2,9% sous tous les climats (2003-2012), 

On n’observe aucune tendance sous les autres climats (sur 10 ans).

La tendance globale n’est pas significative, 
mais elle l’est dans certaines régions 
tropicales (Afrique - hémisphère nord, 
Amérique du sud) et en Asie centrale
(Forkel et al 2019 Env Res Commun)

Tendances des surfaces brûlées annuelles (1998-2015)
(en % par an de la fraction annuelle brûlée)

Les tendances des surfaces brûlées observées dans le monde 

Andela et al 2017, Science. Données GFED4s 



La population et l’agriculture influencent les surfaces brûlées, 
avec des directions et une ampleur variables selon les régions, 
en interaction avec les effets du réchauffement climatique.

Les corrélations spatiales sont positives quand le couvert forestier est 
important, elles peuvent devenir négatives
dans les savanes et steppes.

Les processus expliquant ces corrélations :
- utilisation du feu versus mécanisation en agriculture
- protection contre le feu, dans les régions riches
- réduction de la biomasse combustible par le pâturage
- déforestation

Corrélations spatiales entre surfaces brûlées et population, 
couvert agricole et pâturage, dans chaque unité spatiale (1.5°)

Andela et al 2017, Science

Changements (%) dans la fréquence des saisons de feu longues

Niveau des 
corrélations selon 
le couvert forestier

1979 à 2013
Jolly et al 2015, Nat Commun

Les déterminants de l’activité des feux et des évolutions à l’échelle mondiale



Les feux consomment une partie de la végétation (le combustible) libérant soudainement la matière et l’énergie 
accumulées via la photosynthèse, avec des effets sur l’atmosphère et les sols et sur les biens et les personnes.

Feux de tourbe, Indonésie, 1997

Ozone (couleurs)
Fumées (blanc)

Surface brûlée à l’interface forêt-habitat,
France

Protection des sols après un incendie,
Forêt de sapin de Céphalonie, Grèce, 2007

Glissements de terrain et coulées de 
boue post-incendie, Californie, 2018

Patrons de végétation post-incendie, 
Portugal

Panache, feux du 15 octobre 2017, Portugal

Nasa

Les impacts des feux de forêt



Van der Werf et al 2010 Atmos Chem Phys
(surfaces brûlées détectables avec MODIS)

Emissions de carbone 2,54
Afrique 1,29
Asie 0,53
Australie /NZ 0,13
Amérique du sud 0,44
Amérique du nord et centrale 0,13
Europe 0,003
Randerson et al 2012 J Geophys Res
(inclut les petits feux)

Les émissions annuelles sont du même ordre que la séquestration par les écosystèmes terrestres.
Les feux de forêts représentent de l’ordre de 30 % des émissions ("Forest + Woodland fires")

Flux de carbone de référence
Production primaire (terrestre) 17,0
Séquestration (terrestre) 3,6
Emissions fossiles 8,9

Milliards de tonnes / an Milliards de tonnes /an

Keenan et al 2018 Annu. Rev. Environ. Resour.  

11720 G. R. van der Werf et al.: Global fire emissions

Table 7. Annual emissions estimates (TgC year�1) over 1997–2009 for different regions1.

Region2 Year Mean Contribution
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 (%)

BONA 19 116 36 14 5 69 60 139 66 50 40 49 44 54 2.7
TENA 2 8 11 12 6 10 9 4 6 11 20 13 8 9 0.5
CEAM 14 60 14 27 9 13 28 8 27 20 14 14 19 20 1.0
NHSA 20 51 14 19 17 9 54 26 13 11 25 13 13 22 1.1
SHSA 201 412 298 137 143 231 214 327 459 241 572 194 91 271 13.4
EURO 4 6 3 9 5 2 5 3 5 4 7 2 2 4 0.2
MIDE 1 2 2 1 2 2 2 2 1 2 3 1 2 2 0.1
NHAF 581 586 511 532 428 479 506 407 532 442 441 445 362 481 23.9
SHAF 514 682 534 514 514 483 597 579 621 548 533 578 544 557 27.7
BOAS 42 338 85 141 103 191 333 16 48 96 46 165 66 128 6.4
TEAS 57 31 18 37 33 49 43 25 27 35 35 40 31 36 1.8
CEAS 65 187 160 56 40 91 69 166 87 83 165 64 106 103 5.1
EQAS 1069 184 33 21 70 285 71 109 123 368 21 25 101 191 9.5
AUST 118 112 182 146 186 153 128 155 89 147 122 78 136 135 6.7
Global 2705 2775 1901 1665 1561 2066 2118 1966 2105 2059 2043 1681 1524 2013 100.0

1 Annual estimates for other trace gases, as well as the contribution of different fire types, can be found on http://www.globalfiredata.org/. 2 See Fig. 7 for the list of region
abbreviations.

carbon emissions and not all errors were included; we did
not, for example, include errors in the fractional tree or land
cover that were used in several places in our model.
The uncertainty we assigned to biomass was based on the

comparison with Amazonian biomass (Fig. 1). Specifically,
we used the square root of the mean of the squared residuals
of the comparison. Since the scatter increased with biomass
density (heteroskedasticity), the standard deviation was ap-
plied as a scaling factor (here the light use efficiency) instead
of an absolute value. For herbaceous fuels, the same stan-
dard deviation was used but we doubled the value to account
for additional uncertainties such as the amount of grazing
and our inability to accurately determine the time since the
previous fire (one of the key factors regulating the amount
of herbaceous fuels) due to our relatively coarse resolution
model set-up. Standard deviations for combustion complete-
ness and depth of burning were estimated subjectively as
half of their respective ranges. For depth of burning into or-
ganic soil in boreal regions, for example, the standard devia-
tion was set to 7.5 cm. These values are relatively large and
should account for the substantial uncertainty here, which
probably exceeds uncertainties in combustion completeness,
although no formal assessment was done.
For combustion completeness, burned area, and the depth

of burning into organic soil, we truncated the distributions
to avoid physically unrealistic scenarios. For example, if
the combustion completeness exceeded unity or the depth of
burning was negative, these were cut-off at 1 and 0, respec-
tively. Therefore uncertainties in some areas were not neces-
sarily normally-distributed, and the mode of the Monte Carlo
runs was not necessarily the same as the values we report as
our best estimates.

 

Fig. 8. Cumulative annual carbon emissions from different fire types and their coefficient of 

variation (CV) during 1997-2009. 
Fig. 8. Cumulative annual carbon emissions from different fire
types and their coefficient of variation (CV) during 1997–2009.

3 Results

3.1 Emissions

3.1.1 Global overview

Average carbon emissions over 1997–2009 were
2.0 PgC year�1 with considerable interannual variability,
especially over the 1997–2001 period (Figs. 8, 9, Table 7).
Emissions in the peak fire year 1998 (2.8 Pg year�1) were
78% higher than those in 2001 (1.6 Pg year�1). From 2002
through 2007, emissions were relatively constant from
year to year on a global scale. Regionally, however, large

Atmos. Chem. Phys., 10, 11707–11735, 2010 www.atmos-chem-phys.net/10/11707/2010/
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Wildfire: A burning issue for insurers? 
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7 Transferring wildfire risk 
The evolution of insurance was partly led by major catastrophic fire events in Europe, highlighting the 
significance of fire as a peril for insurers throughout history. Fire insurance dates back to the 17th century as 
it developed following the 1666 Great Fire of London which destroyed over 13,000 structures. Fire insurance 
evolved in urban centres, where there was a high concentration of wooden structures, and only later 
widened to properties in non-urban environments. While the risk of fire in cities has significantly decreased 
as brick and concrete structures have replaced wood, the risk of damage, especially to property in the 
Wildland Urban Interface, from wildfires is on the increase. The majority of wildfire insured losses have 
resulted from property damage in the Wildland Urban Interface and property exposure in this area will most 
probably increase. As economic losses are potentially set to rise due to population growth, increased 
property value and a growing desire to live in the Wildland Urban Interface, insured losses are likely to 
experience the same trend as economic losses. Therefore, insurers need to be aware of their exposure to 
wildfires and the implications of wildfires across their books of business.  

7.1 Insured losses 
 
The graphs below compare economic and insured losses from major perils between 2002 and 2012. Wildfire 
disasters are present every year, although their magnitude varies and their relative importance in terms of 
insured loss is relatively small compared to other natural catastrophes, such as earthquakes, floods or 
tropical cyclones. 
 
 

 
 

Figure 13: Global economic and insured losses from major catastrophic events over the period 2002-
2012. (Source: Aon Benfield, 2012) 

 
Insured losses for wildfires should not be underestimated; wildfires have accounted for billions of dollars of 
insurance losses in California and in Australia alone over the past quarter-century68. Although comparatively, 
tornadoes cost the insurance industry over $25bn in 2011 alone as highlighted by a Lloyd’s report on 
tornadoes69,70.   

Global Insured Losses by Peril Global Economic Losses by Peril 

Pertes en vies humaines et pertes économiques dues aux feux catastrophiques
de 1990 à 2019 à l’échelle mondiale
Période Nombre 

d’évènements
Décès Dommages

(millions $ par an)
Nombre de décès 

par évènement
Dommages par 

événement 
(millions €)

1990-1999 103 859 1913 8 186
2000-2009 142 629 2244 4 158
2010-2019 96 856 8792 9 916

Source EM-DAT 2020

Pertes économiques 
liées aux catastrophes 
naturelles (2002-2012)
(source: Lloyd’s report, 
2013)

Les pertes sont faibles en comparaison des autres 
catastrophes naturelles à l’échelle mondiale.

Elles sont néanmoins très élevées en Amérique du 
Nord, Europe et Australie.

Les impacts sur la santé (fumées) sont difficiles à 
estimer, mais considérables (ex. Russie 2009, 
Indonésie 1997)

Les impacts socio-économiques des feux catastrophiques 
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Nombre de feux, surfaces brûlées et coûts de la lutte de 1983 à 2019

Les surfaces brûlées sont en augmentation nette depuis 40 ans.

Deux facteurs d’explication sont avancés :
- variations et réchauffement climatiques
- accumulation de biomasse combustible succédant à une politique 

d’éradication des feux

Source: National Interagency Center
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Figure 10. Annual burned area, fuel consumed, and PM2.5 emitted
for 2003–2015.

resulting from the different EFPM2.5 used for southern and
western/northern forests (Table 9). Maps of annual burned
area, fuel consumed, and PM2.5 emitted averaged over 2003–
2015 are shown in Fig. 11. In the eastern two-thirds of the
domain, fire activity and emissions are spread broadly across
the southern tier, while being comparatively sparse in the
north. In the west (western 11 states), fire activity has no
latitudinal split, but there are large pockets where emissions
are limited or absent. Many of the areas in the west without
emissions are in desert regions of the southwest with sparse
vegetation.

The monthly distributions of burned area, fuel consump-
tion, and PM2.5 emitted over 2003–2015, broken down by

Figure 11. Annual burned area, fuel consumed, and PM2.5 emitted
averaged over 2003–2015.

cover type, are plotted in Fig. 12. Burned area has a bimodal
distribution with peaks in April and August. Summer (June,
July, August) and spring (March, April, May) accounted for
49 % and 31 % of burned area, respectively. The ratio of herb
and shrub to forest burned area was similar for summer (1.3)
and spring (1.5) but differed considerably between the peak
months of April (2.7) and August (1.0). August was the most
significant month for emissions, accounting for 32 % PM2.5
emitted, more than twice the share of the next highest month,
which was July at 15 %. While April had the third high-
est burned area (15 % of total), it accounted for only 6.7 %
of PM2.5 emitted. The geographic distribution of emissions
varies considerably by season, as may be seen in Fig. 13.

Understanding the spatiotemporal distribution of emis-
sions is aided by aggregating the emissions according to six
regions in Fig. 14. Roughly 8 % of fuel consumption and 6 %

Earth Syst. Sci. Data, 10, 2241–2274, 2018 www.earth-syst-sci-data.net/10/2241/2018/
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which was July at 15 %. While April had the third high-
est burned area (15 % of total), it accounted for only 6.7 %
of PM2.5 emitted. The geographic distribution of emissions
varies considerably by season, as may be seen in Fig. 13.

Understanding the spatiotemporal distribution of emis-
sions is aided by aggregating the emissions according to six
regions in Fig. 14. Roughly 8 % of fuel consumption and 6 %

Earth Syst. Sci. Data, 10, 2241–2274, 2018 www.earth-syst-sci-data.net/10/2241/2018/

Surfaces brûlées (2003-2015)

Fraction de territoire brûlée (% par an, 2003-2015)

(Urbanski et al 2018, 
Eart Syst Sci Data)



Une analyse des feux de l’Ouest des Etats-Unis montre un fort accroissement du nombre de grands feux, 
allumés par la foudre, et associés à un printemps (fonte des neiges) et un été plus précoces (déficit hydrique).

Westerling 2016, Phil Trans R Soc

Le dessèchement du combustible explique 
largement les variations de surface brûlée.
La relation est exponentielle.

Evolution du nombre de grands feux (> 400 ha) de 1970 à 2012

obtained from NHPS actual evapotranspiration (AET) and
snow-water equivalent (SWE) simulated with the variable
infiltration capacity (VIC) hydrologic model [17] at a daily
time step in water balance mode forced with the daily climate
data, LDAS vegetation and topography, and climatological
winds. Potential evapotranspiration (PET) was estimated
using the Penman–Montieth equation with the same forcing
data, and used with AET to calculate moisture deficit (D ¼
PET 2 AET) [1,18,19]. D was then aggregated to monthly
cumulative values.

(d) Trend analysis of wildfire frequency and burned
area by coarse vegetation type

Number and burned area of large forest wildfires on BIA,
NPS and USFS lands were aggregated annually by coarse
vegetation type (‘forest’ versus ‘non-forest’) derived from
documentary fire history data. Annual large-fire frequency

and burned area time series were plotted by coarse veg-
etation type and reported ignition source (human- versus
lightning-caused ignitions; figure 1). Decadal averages were
calculated (figure 1) and pairwise comparisons using
two-sided Mann–Whitney [20] tests of the null hypothesis
that each subsequent decade’s fire frequency and burned
area distributions have the same mean as for 1973–1982
(tables 1–2). Trends were fit to annual burned area time
series for forest and non-forest fires using linear regression
techniques with the glm() function in R.

(e) Generalized Pareto log-fire size distributions
Generalized Pareto distributions (GPDs) [21] characterize the
distribution of exceedances over a threshold. Here we binned
individual fire records in the combined BIA, NPS USFS fire
history by decade and coarse vegetation type, and fit GPDs
to the logarithm of fire sizes exceeding a 400 ha threshold
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Figure 1. Human and lightning-ignited annual large forest fires, (a), grass and shrubland fires (b), forest burned area (c), and grass and shrub burned area (d ),
on Forest Service, Park Service and Indian Lands in the western US. Horizontal lines indicate decadal averages.
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forest fire area. It follows that co-occurring increases in fuel aridity
and forest fire area over multiple decades would also be
mechanistically related.
We quantify the influence of ACC using the Coupled Model

Intercomparison Project, Phase 5 (CMIP5) multimodel mean
changes in temperature and vapor pressure following Williams
et al. (26) (Fig. S1; Methods). This approach defines the ACC
signal for any given location as the multimodel mean (27 CMIP5
models) 50-y low-pass-filtered record of monthly temperature
and vapor pressure anomalies relative to a 1901 baseline. Other
anthropogenic effects on variables such as precipitation, wind, or
solar radiation may have also contributed to changes in fuel
aridity but anthropogenic contributions to these variables during
our study period are less certain (22). We evaluate differences
between fuel aridity metrics computed with the observational
record and those computed with observations that exclude the
ACC signal to determine the contribution of ACC to fuel aridity.
To exclude the ACC signal, we subtract the ACC signal from daily
and monthly temperature and vapor pressure, leaving all other
variables unchanged and preserving the temporal variability of
observations. The contribution of ACC to changes in fuel aridity is
shown for the entire western United States; however, we constrain
the focus of our attribution and analysis to forested environments
of the western US (Fig. 1, Inset; Methods).
Anthropogenic increases in temperature and VPD contributed

to a standardized (σ) increase in all-metric mean fuel aridity av-
eraged for forested regions of +0.6 σ (range of +0.3 σ to +1.1 σ
across all eight metrics) for 2000–2015 (Fig. 2). We found similar
results with reanalysis products (all-metric mean fuel aridity in-
crease of +0.6 σ for two reanalysis datasets considered; Methods),
suggesting robustness of the results to structural uncertainty in
observational products (Figs. S2–S4 and Table S2). The largest
anthropogenic increases in standardized fuel aridity were present
across the intermountain western United States, due in part to

larger modeled warming rates relative to more maritime areas (27).
Among aridity metrics, the largest increases tied to the ACC signal
were for VPD and ETo because the interannual variability of these
variables is primarily driven by temperature for much of the study
area (28). By contrast, PDSI and ERC showed more subdued ACC
driven increases in fuel aridity because these metrics are more
heavily influenced by precipitation variability.
Fuel aridity averaged across western US forested areas showed a

significant increase over the past three decades, with a linear trend
of +1.2 σ (95% confidence: 0.42–2.0 σ) in the all-metric mean for
1979–2015 (Fig. 3A, Top and Table S1). The all-metric mean ACC
contribution since 1901 was +0.10 σ by 1979 and +0.71 σ by 2015.
The annual area of forested lands with high fuel aridity (>1 σ)
increased significantly during 1948–2015, most notably since 1979
(Fig. 3A, Bottom). The observed mean annual areal extent of for-
ested land with high aridity during 2000–2015 was 75% larger for
the all-metric mean (+27% to +143% range across metrics) than
was the case where the ACC signal was excluded.
Significant positive trends in fuel aridity for 1979–2015 across

forested lands were observed for all metrics (Fig. 3B and Table
S1). Positive trends in fuel aridity remain after excluding the
ACC signal, but the remaining trend was only significant for
ERC. Anthropogenic forcing accounted for 55% of the observed
positive trend in the all-metric mean fuel aridity during 1979–
2015, including at least two-thirds of the observed increase in
ETo, VPD, and FWI, and less than a third of the observed in-
crease in ERC and PDSI. No significant trends were observed
for monthly fuel aridity metrics from 1948–1978.
The duration of the fire-weather season increased significantly

across western US forests (+41%, 26 d for the all-metric mean)
during 1979–2015, similar to prior results (10) (Fig. 4A and Table
S2). Our analysis shows that ACC accounts for ∼54% of the in-
crease in fire-weather season length in the all-metric mean (15–
79% for individual metrics). An increase of 17.0 d per year of high
fire potential was observed for 1979–2015 in the all-metric mean
(11.7–28.4 d increase for individual metrics), over twice the rate of
increase calculated from metrics that excluded the ACC signal
(Fig. 4B and Table S2). This translates to an average of an addi-
tional 9 d (7.8–12.0 d) per year of high fire potential during 2000–
2015 due to ACC.
Given the strong relationship between fuel aridity and annual

western US forest fire area, and the detectable impact of ACC on
fuel aridity, we use the regression relationship in Fig. 1 to model
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Fig. 1. Annual western continental US forest fire area versus fuel aridity:
1984–2015. Regression of burned area on the mean of eight fuel aridity
metrics. Gray bars bound interquartile values among the metrics. Dashed
lines bounding the regression line represent 95% confidence bounds, ex-
panded to account for lag-1 temporal autocorrelation and to bound the
confidence range for the lowest correlating aridity metric. The two 16-y periods
are distinguished to highlight their 3.3-fold difference in total forest fire area.
Inset shows the distribution of forested land across the western US in green.

Fig. 2. Standardized change in each of the eight fuel aridity metrics due
to ACC. The influence of ACC on fuel aridity during 2000–2015 is shown
by the difference between standardized fuel aridity metrics calculated
from observations and those calculated from observations excluding the
ACC signal. The sign of PDSI is reversed for consistency with other aridity
measures.
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Une augmentation des conditions favorables aux feux depuis ~2000 ...

Fig. S2. As in Fig. 2 but for (A–H) ERA-INTERIM and (I–P) NCEP–NCAR reanalysis. The influence of ACC on fuel aridity during 2000–2015 is shown by the
difference between standardized fuel aridity metrics calculated from observations and those calculated from observations excluding the ACC signal. The sign
of PDSI is reversed for consistency with other aridity measures.
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Fig. S3. As in Fig 3 but for ERA-INTERIM. (A) Time series of (Top) standardized annual fuel aridity metrics and (Bottom) percent of forest area with stan-
dardized fuel aridity exceeding one SD. Red lines show observations and black lines show records after exclusion of the ACC signal. Only the four monthly
metrics extend back to 1950. Daily fire danger indices are constrained to 1979–2015. Bold lines indicate averages across fuel aridity metrics. (B) Linear trends in
the standardized fuel aridity metrics during 1979–2015 for (red) observations and (black) records excluding the ACC signal (black). Asterisks indicate positive
trends at the (*) 95% and (**) 99% significance levels.
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Fig. S2. As in Fig. 2 but for (A–H) ERA-INTERIM and (I–P) NCEP–NCAR reanalysis. The influence of ACC on fuel aridity during 2000–2015 is shown by the
difference between standardized fuel aridity metrics calculated from observations and those calculated from observations excluding the ACC signal. The sign
of PDSI is reversed for consistency with other aridity measures.
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Fig. S3. As in Fig 3 but for ERA-INTERIM. (A) Time series of (Top) standardized annual fuel aridity metrics and (Bottom) percent of forest area with stan-
dardized fuel aridity exceeding one SD. Red lines show observations and black lines show records after exclusion of the ACC signal. Only the four monthly
metrics extend back to 1950. Daily fire danger indices are constrained to 1979–2015. Bold lines indicate averages across fuel aridity metrics. (B) Linear trends in
the standardized fuel aridity metrics during 1979–2015 for (red) observations and (black) records excluding the ACC signal (black). Asterisks indicate positive
trends at the (*) 95% and (**) 99% significance levels.
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Evolution du dessèchement du combustible forestier

Les courbes en noir 
montrent l’évolution qui 
aurait eu lieu sans 
changement climatique 
d’origine anthropogénique 
(modèle)

Abatzoglou et Williams 
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the contribution of ACC on western US forest fire area for the
past three decades (Fig. 5 and Fig. S5). ACC-driven increases in
fuel aridity are estimated to have added ∼4.2 million ha (95%
confidence: 2.7–6.5 million ha) of western US forest fire area
during 1984–2015, similar to the combined areas of Massachusetts
and Connecticut, accounting for nearly half of the total modeled
burned area derived from the all-metric mean fuel aridity. Re-
peating this calculation for individual fuel aridity metrics yields
ACC contributions of 1.9–4.9 million ha, but most individual
fuel aridity metrics had weaker correlations with burned area
and thus may be less appropriate proxies for attributing burned
area. The effect of the ACC forcing on fuel aridity increased
during this period, contributing ∼5.0 (95% confidence: 4.2–5.9)
times more burned area in 2000–2015 than in 1984–1999 (Fig. 5B).
During 2000–2015, the ACC-forced burned area likely exceeded
the burned area expected in the absence of ACC (Fig. 5B).
A more conservative method that uses the relationship between
detrended records of burned area and fuel aridity (2) still indicates a
substantial impact of ACC on total burned area, with a 19% (95%

confidence: 12–24%) reduction in the proportion of total burned
area attributable to ACC (Fig. S5).
Our attribution explicitly assumes that anthropogenic increases

in fuel aridity are additive to the wildfire extent that would have
arisen from natural climate variability during 1984–2015. Because
the influence of fuel aridity on burned area is exponential, the
influence of a given ACC forcing is larger in an already arid fire
season such as 2012 (Fig. 5A and Fig. S5C). Anthropogenic in-
creases in fuel aridity are expected to continue to have their most
prominent impacts when superimposed on naturally occurring
extreme climate anomalies. Although numerous studies have
projected changes in burned area over the twenty-first century due
to ACC, we are unaware of other studies that have attempted to
quantify the contribution of ACC to recent forested burned area
over the western United States. The near doubling of forested
burned area we attribute to ACC exceeds changes in burned area
projected by some modeling efforts to occur by the mid-twenty-
first century (29, 30), but is proportionally consistent with mid-
twenty-first century increases in burned area projected by other
modeling efforts (17, 31–33).
Beyond anthropogenic climatic changes, several additional

factors have caused increases in fuel aridity and forest fire area
since the 1970s. The lack of fuel aridity trends during 1948–1978
and persistence of positive trends during 1979–2015 even after
removing the ACC signal implicates natural multidecadal climate
variability as an important factor that buffered anthropogenic
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Fig. 3. Evolution and trends in western US forest fuel aridity metrics over
the past several decades. (A) Time series of (Upper) standardized annual fuel
aridity metrics and (Lower) percent of forest area with standardized fuel
aridity exceeding one SD. Red lines show observations and black lines show
records after exclusion of the ACC signal. Only the four monthly metrics
extend back to 1948. Daily fire danger indices begin in 1979. Bold lines in-
dicate averages across fuel aridity metrics. Bars in the background of A show
annual forested area burned during 1984–2015 for visual comparison with
fuel aridity. (B) Linear trends in the standardized fuel aridity metrics during
1979–2015 for (red) observations and (black) records excluding the ACC
signal (differences attributed to ACC). Asterisks indicate positive trends at
the (*) 95% and (**) 99% significance levels.
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Fig. 4. Changes in fire-weather season length and number of high fire
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Biomass abundance appears to regulate how drought and aridity affect summer burned area in nonforest
landscapes, particularly in Central and South Coast. In these regions, fire risk may be promoted by wet‐
dry events (see Methods), when increased fine‐fuel biomass due to high precipitation total in one year dries
out due low precipitation in a subsequent year. The observed frequency of wet‐dry events increased over the
past century (Figure 5f), and this increase was at the margin of the p < 0.05 one‐tailed significance level
based on 10,000 repetitions with randomized precipitation records. The observed centennial increase in
wet‐dry event frequency occurred mainly as a result of an increase in interannual variability in total annual
precipitation (Figure S16). Climate models do project increased interannual variability of California precipi-
tation at a range of temporal scales (Berg & Hall, 2015; Pendergrass et al., 2017; Polade et al., 2014; Polade
et al., 2017; Swain et al., 2018), but the multi‐model mean suggests no clear anthropogenic promotion of
wet‐dry events as of 2018 (Figures 5f and S16).

It has been projected that warming should promote increased lightning frequency across the Unites States
(Romps et al., 2014), but we do not evaluate lightning effects here. Increased lightning would likely promote
increased summer wildfire frequency where it is not accompanied with wetting precipitation, but the effect
on area burned would likely be small, as the relationship between annual area burned and lightning fre-
quency is weak in North Coast and Sierra Nevada, where California's lightning frequency is the highest
(Abatzoglou et al., 2016).
3.3.2. Fall
The connection between fall wildfire and anthropogenic climate change is less clear than in summer. Large
fall wildfires generally require a strong dry wind event (e.g., Santa Ana winds) to intersect with dry fuels and
ignitions. Fuels in fall can remain dry enough to burn until commencement of the winter precipitation sea-
son and lower temperatures, which generally occurs in early to mid‐fall. Therefore, a change in the onset of

Figure 5. Mean all‐region trends in climate variables important to summer wildfire. (a–c) March–October mean daily maximum temperature (Tmax), vapor‐
pressure deficit (VPD), and standardized precipitation index (SPI), respectively. (d) November–February SPI. (e) May–October mean 1,000‐hr dead fuel
moisture (FM1000). (f) Number of “wet‐dry” events per decade, when at least one of the 2 water years (WYs) preceding a dryWYwas wet (WY: October‐September).
Wet and dry WYs: precipitation total greater and lower than the 80th and 20th percentiles of a 1921–2000 baseline, respectively. Black record: observations
(2017–2018 indicated with black dots) and (bold curve) 50‐year low‐pass filter. Blue record in (e): FM1000 after removal of linear temperature (T) and relative
humidity (RH) trends from 1948–2018. Red curve: fifth phase of the Coupled Model Intercomparison Project (CMIP5) ensemble‐mean 50‐year low‐pass filtered
time series (gray areas bound interquartiles of 50‐year low‐pass filtered time series among climate models). Horizontal black lines: observed mean. See
Figures S12–S15 for trends in the individual regions.
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Euro-MEDLes surfaces brûlées ont diminué depuis 40 ans 
dans tous les pays, à l’exception du Portugal.
Le nombre de feux a diminué depuis 2000.
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L’enregistrement des plus petits feux (<0.1 ha) est 
peu fiable, au moins sur la première décennie
(Turco et al 2016, Plos One)
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Turco et al (2016) analysent les tendances pour le nombre de feux 
(> 1ha) et les surfaces brûlées par des méthodes robustes 

La diminution est avérée à l’exception du Portugal, et de la Grèce 
pour le nombre de feux.

Pays Nombre de 
feux ( > 1ha)

Surface 
brûlée

Portugal +8 -4
Espagne -39** -86***
France -89*** -73**
Italie -101*** -78***
Grèce +3 -91**

Tendances en % de la valeur moyenne (1985-2011) 

Données EFFIS 
complétées/corrigées 
par des bases 
nationales ou 
régionales 
indépendantes

Turco et al (2016), Plos
One

trend in northern Portugal and some Spanish provinces, while most of the NUTS3 divisions in
southern France and in northern and central Italy exhibit negative trends (Figs 7a and 8a).

Quite similar results are obtained for the spring series, with no significant trends for several
regions in southern Portugal, Spain, in the south of peninsular Italy and Greece. Few areas
exhibit a significant positive trend: the north of Portugal, the centre of Spain generally, Sar-
dinia, and Sicily. Several Spanish provinces along the Mediterranean coast, southern France,
and central and northern Italy show a significant negative trend (Figs 7b and 8b).

The summer BA records show that most of the NUTS3 division have non-significant trends.
Several areas in the western and Mediterranean regions of Spain and in central Italy exhibit
negative trends, while a few isolated divisions in Portugal, Italy (mostly in Sicily) and Greece
show positive trends (Fig 7c). Considering the summer NF series, most of the areas show non-

Fig 5. Trends of the annual burned area for (a) the studied domain for the period 1985-2011, (b) Portugal for the period 1980-2011, (c) Spain for the period
1974-2011 and (d) southern France for the period 1974-2011. NUTS3 units with more than 5 years of missing data are excluded from the analysis. Significant
trends (p < 0.05) are indicated by the filled black circles. Trends are shown as the percentages of the total trend for the available period (e.g. ha per 27 years)
divided by the historical mean calculated over the same period (e.g. 1985-2011).

doi:10.1371/journal.pone.0150663.g005
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and spring trends were not statistically significant for the BA series, while they were positive
for NF. The summer and autumn Spanish series indicated statistically significant negative
trends. The BA and NF series in France and Italy displayed negative trends in all seasons.
Finally, statistically significant and negative trends for Greece were found for the BA series in
spring, summer and autumn, while the NF series showed a statistically significant downward
trend only in autumn. These results are fairly insensitive to the exclusion of those NUTS3 units
with at least one missing year (See Table A in S1 File).

At NUTS3 level, BA trends over the common period 1985-2011 are quite homogeneous in
space (Fig 5a), with a decreasing BA in all domains (not significant in central Spain) except
Portugal, where trends are more mixed, and the Cantabria region of northern Spain, Hérault (a
department in southern France) and the Italian region of Sicily, where the trends are positive.
This pattern generally does not change when a longer period, when available, is considered in
the trend analysis (Fig 5b, 5c and 5d). The NF trend shows larger spatial variability, although
most of the NUTS3 units have a downward trend. Areas in northern Portugal, central and
northern Spain, the French department of Hérault, Sicily, and locally in Greece, however, expe-
rienced an increase in NF in the period 1985-2011. Considering longer periods, most provinces
in Spain, except the Mediterranean ones, exhibit a positive trend, highlighting non-linearity in
trends (Fig 6).

The raw input data of the National and EFFIS datasets are generally similar (the EFFIS data-
base is mainly built from national datasets) so, not surprisingly, the trend estimates are also
very similar, with few exceptions (See Figures B, C, D, E and F in S1 File). For Greece, we
pointed out strong differences between GRC and EFFIS data that can be attributed to the
changes in fire detection procedures (see “Materials and Methods”), leading to a serious prob-
lem in fire data consistency.

In order to better understand which units contribute most to the observed national trends
(shown in Table 2), a seasonal analysis at the NUTS3 level was performed (Figs 7 and 8). Gen-
erally similar trend patterns emerge with regard to the BA or NF series.

Most of the NUTS3 subdivisions in southern Portugal, Spain, southern Italy and Greece
show non-significant trends in the winter series. In contrast, winter BA and NF show a positive

Table 2. Trends for total annual BA and NF for the period 1985-2011. Trend units are the percentages of
the total trend for the 27-year period (e.g., ha per 27 years) divided by the historical mean calculated over the
whole study period (1985-2011).

Country Variable Annual Winter Spring Summer Autumn

Portugal BA -4 +131*** +90*** -6 +7

NF +8 +140*** +120*** -37 +12

Spain BA -86*** +6 -12 -90** -71**
NF -39** +45* +45** -87*** -78***

France BA -73** -115** -101*** -63* -52**
NF -89*** -104*** -88*** -116*** -78**

Italy BA -78*** -96** -99*** -46* -143***
NF -101*** -104*** -102*** -71*** -128***

Greece BA -91** +9 -60* -55** -145***
NF +3 +54 +36 +25 -30**

* p < 0.10.
** p < 0.05.
*** p < 0.01.

doi:10.1371/journal.pone.0150663.t002
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Figure 3. Trend of March–September mean FWI calculated using the ERA-40 data set for 1960–1999 (b) and the ERA Interim data set for
1980–2012 (d). The statistical significance (↵) is shown at levels 0.01, 0.05 and 0.1 for ERA-40 (a) and ERA Interim (c).
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Figure 4. The year-to-year variation of March–September FWI values above 20 and above 45 from ERA-40 and ERA Interim data sets
calculated for southern Europe and for the whole of Europe. The value is expressed as a probability (Eq. 1).

For the cross-correlation analysis we defined the period
from 1969 to 1999 (i.e. not considering the breakpoint of
1978). The cross-correlation graphs between FWI of ERA-
40 and ERA Interim south and the untransformed and trans-
formed (ln) total area burned at the national scale in Spain
(Fig. 9) indicate significant correlations at lag 0. The corre-
lation coefficients, as shown in Fig. 9, are 0.50 and 0.62 for
ERA Interim and 0.59 and 0.67 for ERA-40 for the untrans-
formed and the ln-transformed burned area values respec-
tively. The correlation coefficients for the number of fires are
smaller than those of total burned area, though not as much
as in the case of Greece (see the Supplement).

3.2.3 Finland

No trend in FWI was found for Finland, only large year-to-
year variation (Fig. 10). The correlation between the burned
area and FWI was roughly as high as in the case of the
two Mediterranean countries studied above, i.e. around 0.6
(Fig. 11). Specifically, the correlation coefficients, as shown
in Fig. 11, are 0.63 and 0.59 for ERA Interim and 0.61
and 0.57 for ERA-40 for the untransformed and the ln-
transformed burned area values respectively. The correlation
coefficients for the number of fires are smaller than those of
total burned area, though not as much as in the case of Greece
(see the Supplement).
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2.2 National level

Fire statistics at the national scalewere available for Greece
for the period 1977–2010, for Spain for the period 1969–
1999 and for Finland for the period 1960–2012. The Greek
data comprise a subset from a national wildfire time series
data (Koutsias et al., 2013) originally obtained from the Na-
tional Statistical Service of Greece (NSSG), the Hellenic For-
est Service (HFS), the Hellenic Fire Brigade (HFB) and Kai-
lidis and Karanikola (2004). The Spanish data covered the
1961–2010 period and were obtained from the national for-
est fire statistics (EGIF, General Statistics of Wildfires) of
the Spanish Ministry of Agriculture and Environment. The
Finnish fire statistics have been published by the Finnish For-
est Research Institute (2010).
For the national level calculations, in Spain, Greece and

Finland we selected the FWI values to be analysed for the
mid-summer months from June to September both from
ERA-40 and ERA Interim data sets using only the grid cells
located within peninsular Spain, Greece and Finland respec-
tively. To identify possible abrupt shifts in the mean values
of FWI in the time series, indicating distinct time periods, we
applied the F statistic and the generalized fluctuation tests as
described in Zeileis et al. (2003) and implemented in the R
package “strucchange” (Zeileis et al., 2002). We applied both
tests with a 0.1 bandwidth resulting in 5-year data window.
To identify the optimal number of breakpoints, we adopted
the method described in Zeileis et al. (2003). Within the de-
fined segments, based on the breakpoints, we analysed the
trend using the Mann–Kendall test, and the slope of the trend
line was calculated using Sen’s slope estimate.
Total burned area and number of fires were ln-transformed

and the cross correlations with FWI were estimated apply-
ing the modified Pearson’s correlation coefficient accounting
for the autocorrelation of the time series using the approach
followed by Meyn et al. (2010) by calculating the effective
sample size that arises when a first-order correlation coeffi-
cient is considered. Additionally, cross correlations between
FWI and the untransformed fire statistics were estimated by
means of the non-parametric Spearman’s coefficient also ac-
counting for the autocorrelation in the time series. The cross-
correlation analysis was performed using ±3 lags (years)
within the defined time segments in order to explore any bi-
variate lagged relationships between area burned and FWI.

3 Results

3.1 European level

3.1.1 Response of mean FWI

The temporal variation of mean FWI values since 1960 dis-
plays a relatively large year-to-year variation (Fig. 2). For the
years 1980–1999 there is an overlap between ERA-40 and
ERA Interim data sets, with an overall good agreement in
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Figure 2. The year-to-year variation of March–September mean
FWI from ERA-40 and ERA Interim data sets for four selected areas
(see Fig. 1) and for the whole of Europe.

the values of FWI from both. In southern Europe, the values
based on ERA Interim are about the same as from ERA-40,
whereas elsewhere FWI calculated from ERA-40 is system-
atically higher (Fig. 2).
According to the trend analyses for ERA Interim-based

FWI (Table 1), there was a significant upward trend at
the 99% level for southern and eastern Europe. The ERA
Interim-based FWI trend for all of Europe also showed the
same very high 99% confidence level. However, ERA-40-
based FWI did not exhibit any trend. The results show that
during recent years, from approximately 1995 onwards, a
tendency toward a higher FWI can be detected in the time
series of Era Interim in all sub regions tested but the north.
When we look at the trend for the whole period of 1960–
2012 in the time series created by completing the ERA In-
terim backwards using ERA-40 data and the relationship de-
fined using the common period of 1980–1999, the statisti-
cally significant rising trend at the 99% level was found for
the southern Europe. For eastern and western Europe the ris-
ing trend was statistically significant at 90% level, and for
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ERA 40 et ERA Interim sont 
deux ré-analyses du climat 
observé.

Barbero et al. Fire Weather and Climate Change in France

FIGURE 3 | (A) Mean FWI from May to September averaged across the Mediterranean region (see map) using observations (color) and counterfactual observations

(black) as deduced from the multimodel mean. The shaded gray area shows the 75% range of counterfactual observations as deduced from different GCMs. Linear

trends are also shown as well as the fractional contribution of anthropogenic climate change (ACC) calculated as 100× ((bobs − bcf )/bobs) where b denotes the slope

of the linear trend. The mean fractional contribution across models as well as the interquartile range are indicated. (B) Same as (A) but for KBDI. (C) Same as (A) but

for NFWI>20. (D) Same as (A) but for NKBDI>35.

in 2017 when considering NFWI>20 and 9 (6–23, 75% CI) times
more likely when considering NKBDI>35.

4. CONCLUSION AND DISCUSSION

Previous observational studies have reported on increase in fire
weather conditions globally (Jolly et al., 2015) and regionally
across portions of Europe (Turco et al., 2019). Here, we
disentangled the anthropogenic forcing from natural variability
and showed that anthropogenic climate change has increased
mean fire weather conditions across France alongside the
frequency of critical days as viewed through the lens of
two different fire weather indices, elevating the probability
of occurrence of a 2003-like fire weather season by orders of
magnitude under today’s climate. Based on the likelihood scale
of the risk ratio provided in Lewis et al. (2019), we conclude
that conditions observed in 2003 have become very much
more likely due to climate change. Although comparison with
previous studies examining the impact of anthropogenic climate
change on heat waves is confounded by methodological and
data differences, or the way an event is defined in space and
time, our results are in line with Christidis et al. (2015) who
showed that the 2003 heat wave has become increasingly more

probable with global warming. Further studies are needed to
compare relative changes in fire weather metrics with respect
to heat extremes. The exceptional character of extreme events
such as 2003 is hypothesized to be amplified when examined
through the lens of fire weather indices rather than heat alone,
particularly in regions experiencing decreased precipitation
during the fire season.

About half of the long-term increases in fire weather
conditions over the last 60 years was accounted for by
anthropogenic climate change, with larger contribution in the
frequency of critical days. Yet, this leaves a considerable part
of the variability which is not explained by anthropogenic
climate change. It should be kept in mind that this number
was estimated through a simple linear regression spanning
a period prior to 1980s with lower anthropogenic emissions.
The anthropogenic contribution is thus likely to increase when
restricting the analysis to more recent years. Using piecewise
linear fitting, polynomial or other non-linear fitting may also
describe more accurately historical changes. A potential source
of underestimation of the anthropogenic forcing may also arise
from a late and/or weak simulated warming over France in some
GCMs with respect to observations due to the combination of
natural variability and anthropogenic aeorosols cooling effect
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Figure 7. Cross-correlation graphs between total burned area (original and ln-transformed) at the national scale in Greece and FWI val-
ues estimated from ERA-40 and ERA Interim Greek data for the period 1977–2010 (grey columns indicate significant values at the 95%
confidence level).

Figure 8. Breakpoints of FWI time-series data based on ERA-40
and ERA Interim for Spain. Vertical dotted lines correspond to
breakpoints, while red horizontal lines correspond to the 95% con-
fidence intervals of the estimated breakpoints. Blue lines represent
the mean values of FWI for each identified segment.

More specifically, and focusing on the three countries
studied, it has been shown that, generally and with significant
variability among regions and seasons, rainfall amount in the
Greek peninsula shows a trend of decline after the 1980s,
which is confirmed from various sources (Maheras et al.,
2000; Pnevmatikos and Katsoulis, 2006; Feidas et al., 2007).
This further supports the argumentation of Dimitrakopou-
los et al. (2011c) regarding an increase in summer drought
episodes. In Spain, temperatures have increased, although
not homogeneously, across the country (Brunet et al., 2007;
Pérez and Boscolo, 2010; Fernández-Montes et al., 2013;
Acero et al., 2014), while precipitation changes, although
less robust, also evidence a tendency towards a reduction,

particularly during the last half of the century in the lower
south-eastern half of the country (Pérez and Boscolo, 2010;
Beguería et al. 2011). Although the annual mean tempera-
ture has risen in Finland by around 1 �C since 1900, the sum-
mer season mean temperature has not risen during the past
50 years (Tietäväinen et al., 2010). Similarly, there is no trend
in summer precipitation. This lack of trend in either tempera-
ture or precipitation is reflected in temporal variation of FWI
calculated for Finland; that is, there is no trend, only large
year-to-year variation typical for northern Europe’s highly
variable climate.
The identification of breakpoints in the various series anal-

ysed helped in defining homogenous periods in the FWI time
series that could be used to test trend-free cross correlations
with fire statistics, rather than making a thorough analysis of
the observed FWI variability. It is interesting to observe that,
although the analysis did not identify any significant break-
point, the pattern between the FWI series from Greece and
Spain is very similar and characterized by a distinct period of
low FWI values during the 1970s. In Spain, this period begins
earlier and the differences in FWI values between this period
and the time period just before are higher. This is the main
reason for the identification of significant breakpoints in the
Spanish data but not in the Greek data. However, respective
breaks in the mean air temperature time series over vari-
ous regions in Greece in the early 1970s and middle 1990s
(Nastos et al., 2011; Kolokythas and Argiriou, 2013) and in
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Espagne (1960-2012)
Evolution du danger saisonnier

L’indice de danger météo (FWI) journalier traduit  
l’effet du vent et de la teneur en eau du combustible 
sur l’intensité du feu.
La teneur en eau répond aux conditions météo du 
jour à la saison (3 échelles temporelles). 
Le danger saisonnier est une statistique calculée sur 
la saison à partir des valeurs du danger journalier.



La diminution de l’activité des feux succède à un renforcement des politiques et moyens de lutte : 
exemple de la France méditerranéenne
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Figure 3.16: Partial reproduction of the interannual dynamics by the occurrence model. The grey envelope (left) 
indicates the 5th and 95th quantiles among the 100 simulations of fire occurrence. A decreasing trend is visible 
during the training period (1995-2015). 

When the full probabilistic model was used (occurrence and size model), similar trends as for 
fire numbers were observed (correlation and level were correct but a decline over time was 
noticeable, mainly attributable to fire numbers) (Figure 3.17, left).   

 
Figure 3.17: The performance of the burnt area model using historical occurrences. The model fails to reproduce 
the 2003 peak. It reproduces relatively well the rest of the observations of the period. The three last years (2016-
2018) on the right corresponds to the external validation, since they were not included in the training data. 2017-
peak is correctly reproduced. 

Une baisse significative des 
feux de taille > 1 ha après 2003

En gris, simulations d’un modèle d’occurrence 
des feux sans effet "année 2003 " . 
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Evolution des surfaces brûlées et du nombre de feux > 1ha de 1973 à 2019 
en France méditerranéenne 

Les coûts de la prévention (1/4) et de la lutte (3/4) sont estimés à 500 millions d’euros par an.
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Les grands feux récents sont associés à des vagues de chaleur, et 
éventuellement à une sécheresse extrême (Turco et al 2019) .
L’abondance et la continuité du combustible sont un facteur aggravant, voire 
déterminant de la taille des feux dans certaines études (Fernandes et al 2016, 
Ecosyst).
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where BA(t) stands for the BA in the summer t; β1 is the intercept; β2 denotes the sensitivity of BA to dry con-
ditions as indicated by the detrended summer SSI; β3 is the coefficient of the detrended summer TX90p index; 
and ε is a term that represents the stochastic noise capturing all other factors affecting BA different from SSI′ 
and TX90p′, including, e.g., forest fire prevention and fire fight efforts. Prior to the analysis, the predictors are 
standardized (see Methods). This standardization makes the coefficients of regression model comparable with 
each other. Since BA follows approximately a log-normal distribution, the variable has been normalized by a log 
transformation. The resulting model is:

= . − . ⋅ ′ + . ⋅ ′BA t SSI t TX p tlog[ ( )] 11 26 0 32 ( ) 0 45 90 ( ) (2)

Importantly, the variance explained for the log(BA) model is 0.61, pointing out the skilful performance of this 
parsimonious model (that includes only two predictors) to reproduce the observed BA. Besides, the coefficients 
of the model are statistically significant (p-value < 0.01), with bootstrapped 95% confidence intervals spanning 
between (−0.46 and −0.16) for the SSI′ coefficient, and between 0.24 and 0.67 for the TX90p′ coefficient. These 
key variables show significant correlation (−0.45, p-value < 0.01), indicating that (i) dry summers are usually hot 
in this area and (ii) that there is the danger of over-fitting in the regression model. To demonstrate the importance 
of considering both variables, two simpler models were tested, based on SSI′ or on TX90p′ alone. Both models 
show lower explained variance (R2), with the SSI′ model yielding a R2 value of 0.39, while the R2 value of TX90p′ 
model is 0.50. Also, the Akaike Information Criterion score has been calculated (AIC, adjusted for finite sample 
size). AIC is a score usually used on statistical models to quantify their skill, and is substantiated on a trade-off 
between complexity (that is, the number of free parameters) and its accuracy (explained variance). The applica-
tion of this criterion permits to select that model with the lowest AIC score. Henceforth, this analysis settles that 
the regression model including both variables has the largest explanatory power with the highest simplicity, with 
an AIC of −29 considerably better than the model based solely on SSI′, with an AIC of −14, or the model based 
on TX90p′, with an AIC of −22.

To support the selection of SSI as the best drought predictor for BA, we repeat the analysis using other indica-
tors including the Standardized Precipitation Index (SPI; which is mathematically similar to SSI, but is based only 
on precipitation) and the Standard Precipitation and Evaporation index (SPEI). Table 1 summarises the results 
for all indicators. The three models perform similarly, with best results using the SSI index. Interestingly, while 
the SPI index does not show any significant trend, the SPEI displays a negative trend (−0.3, p-value < 0.05), in 
line with the SSI trend.

Henceforth, drought and high summer temperatures are both significant predictors for BA, and the omis-
sion of one of these two variables could conduce to a reduced ability to explain fire variations. Also, the climatic 
variables used by the empirical model allow the coefficients in Eq. 2 to provide estimations of the relative weight 
of the diverse climate predictions, since the variables are regional means of standardized series (dimensionless). 
The weight of the extreme temperature indicator is larger than that of SSI′, indicating that for this region, high 
temperature values seem to drive BA fluctuations more effectively than drought.
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Figure 1. Time series of (a) burned area in Portugal over the period from 1980 to 2017 for a June-October fire 
season and of the summer (June to August) (b) percentage of days with maximum daily temperature above the 
90th percentile (TX90p index) and of (c) drought index based on soil moisture (SSI). Vertical grey lines indicate 
the top 3 burned area years.
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Comment quantifier les évolutions futures ? 

Des modèles du système feu-végétation existent,
mais comportent de nombreuses limitations
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the boxes with and without extrapolation), especially for the +1.5
and +2 °C scenarios. The future increase in BA, which is larger as
the warming level increases, is thus confirmed. To further address
the extrapolation issue, we also estimate BA changes when
constraining Ty and SPEI projections to historical extremes
(following ref.52). In this case, we found no remarkable changes in
our results, with only a slightly lower increase in BA. This result is
presumably due to the partial compensation of two competing
effects. On the one hand, constraining SPEI projections means
that the BA values will be lower (following Eq. 1). On the other
hand, constraining Ty means that the climate-fire adjustments of
Eq. 2, that led to lower BA changes, are also lower.

These results have been obtained considering bias-adjusted RCM
data. Bias correction methods directly adjust the target variable
projected by the climate model, using the corresponding local
observations as references. One serious problem that may affect
downscaling/bias correction methods is that they can modify the
raw climate change signal (see, e.g.,53–55). The comparison between
bias-corrected BA projections and the corresponding obtained with
the direct RCM output (i.e., without bias correction) provide an
estimation of the impact of the bias correction method in the results
and, above all, allows us to assess whether the bias correction
method preserves the climate change signal of the RCMs in the BA
impacts. Although some differences appear, the main conclusions

a b

c d

e f

SM NSM

Im
pa

ct
 a

t 1
.5

 °
C

Im
pa

ct
 a

t 2
 °

C
Im

pa
ct

 a
t 3

 °
C

>250
250
225
200
175
150
125
100
70
50
25
No model

>250
250
225
200
175
150
125
100
70
50
25
No model

>250
250
225
200
175
150
125
100
70
50
25
No model

Fig. 4 Ensemble mean burned area changes. Burned area changes (%) for a the +1.5 °C case with the stationary model SM (i.e., using Eq. 3), (b)
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the boxes with and without extrapolation), especially for the +1.5
and +2 °C scenarios. The future increase in BA, which is larger as
the warming level increases, is thus confirmed. To further address
the extrapolation issue, we also estimate BA changes when
constraining Ty and SPEI projections to historical extremes
(following ref.52). In this case, we found no remarkable changes in
our results, with only a slightly lower increase in BA. This result is
presumably due to the partial compensation of two competing
effects. On the one hand, constraining SPEI projections means
that the BA values will be lower (following Eq. 1). On the other
hand, constraining Ty means that the climate-fire adjustments of
Eq. 2, that led to lower BA changes, are also lower.

These results have been obtained considering bias-adjusted RCM
data. Bias correction methods directly adjust the target variable
projected by the climate model, using the corresponding local
observations as references. One serious problem that may affect
downscaling/bias correction methods is that they can modify the
raw climate change signal (see, e.g.,53–55). The comparison between
bias-corrected BA projections and the corresponding obtained with
the direct RCM output (i.e., without bias correction) provide an
estimation of the impact of the bias correction method in the results
and, above all, allows us to assess whether the bias correction
method preserves the climate change signal of the RCMs in the BA
impacts. Although some differences appear, the main conclusions
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show a statistically significant change and more than 66% agree on the direction of the change. Coloured areas (without dots) indicate that changes are
small compared to natural variations, and white regions (if any) indicate that no agreement between the simulations is found (similar to ref.70)
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Une revue de 23 études scientifiques projetant le danger ou les surfaces brûlées futures sous différents 
scénarios climatiques conclut à une augmentation :
- de 2 à 4% par décennie du danger météorologique saisonnier
- de 15 à 25% par décennie des surfaces brûlées, soit un facteur de l’ordre de 3 à la fin du siècle.
selon les modèles utilisés et les régions. (Dupuy et al 2020, Ann For Sci) 

the boxes with and without extrapolation), especially for the +1.5
and +2 °C scenarios. The future increase in BA, which is larger as
the warming level increases, is thus confirmed. To further address
the extrapolation issue, we also estimate BA changes when
constraining Ty and SPEI projections to historical extremes
(following ref.52). In this case, we found no remarkable changes in
our results, with only a slightly lower increase in BA. This result is
presumably due to the partial compensation of two competing
effects. On the one hand, constraining SPEI projections means
that the BA values will be lower (following Eq. 1). On the other
hand, constraining Ty means that the climate-fire adjustments of
Eq. 2, that led to lower BA changes, are also lower.

These results have been obtained considering bias-adjusted RCM
data. Bias correction methods directly adjust the target variable
projected by the climate model, using the corresponding local
observations as references. One serious problem that may affect
downscaling/bias correction methods is that they can modify the
raw climate change signal (see, e.g.,53–55). The comparison between
bias-corrected BA projections and the corresponding obtained with
the direct RCM output (i.e., without bias correction) provide an
estimation of the impact of the bias correction method in the results
and, above all, allows us to assess whether the bias correction
method preserves the climate change signal of the RCMs in the BA
impacts. Although some differences appear, the main conclusions
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Augmentation des surfaces brûlées (%) selon le niveau 
de réchauffement global (Turco et al 2018, Nat Commun)

Modèles empiriques de corrélation sécheresse – surface brûlée 

Augmentation du danger météorologique
(Bedia et al 2014, Clim Change)
Sévérité de la saison de feu

SSR, métrique cumulant le danger météorologique, de Juin à Sept.

+2°C

+3°C

Les évolutions futures projetées en Europe du sud



spatial variations in fire danger, the Mediterranean area being characterized by much higher
fire danger than the rest of the territory. Differences between scenarios are visible in most
southern and western France where fire danger is or will become significant, the highest
differences being observed in the former Languedoc-Roussillon region and the Corsica region.
Future anomalies (Online Resource, Figures S6 to S8) for both scenarios indicated a wide-
spread increase in fire danger, despite important regional differences in magnitude. For
example, the increase was more pronounced in the Mediterranean area and western France.

Figure 4 shows the differences between future increases (anomaly) under both RCP4.5 and
RCP8.5 and each source of uncertainty (model uncertainty and interannual variability) at
horizon 2078–2098. When this difference is positive (red colors), the change exceeds the
uncertainty. When this difference is negative (blue colors), the uncertainty dominates. When
comparing the anomaly to model uncertainty (Fig. 4, left panels), a latitudinal gradient was
evident for both scenarios. In northern France, negative values indicate that model uncertainty
prevailed over anomalies, because of large model uncertainties (Online Resource, Figures S6
to S8). Conversely, southern France was characterized by low model uncertainty and high
anomaly, especially in the Mediterranean area. This is especially true in the RCP8.5 scenario.
When comparing the anomaly to the interannual variability for RCP4.5, most of France,
including the Mediterranean area, exhibited negative values. Conversely, future increases
under RCP8.5 exceeded interannual variability, meaning that climate change-induced signal
is projected to exceed that of interannual variations.

Fig. 3 Evolution of the spatial distribution of the mean FWI during the fire season between historical and future
periods under the two scenarios alongside the difference between RCP8.5 and RCP4.5
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patterns for summer temperature and precipitation (Fig. 6, similar to Fig. 2): scenario uncer-
tainty overwhelmed the other sources for temperatures for the second half of the twenty-first
century, whereas interannual variability remained the major contributor to the variance for
summer precipitations. The mean seasonal FWI pattern showed a transition between the
characteristics shown for summer temperature and precipitation (Fig. 2).

4 Discussion

4.1 Natural climate variability and emergence

The comparison between FWI projections and its current interannual variability shed light on
the impact of anthropogenic climate change on future fire danger and on the differences
between scenarios. Our result showed that under the RCP8.5 emission scenario, it is only from
2060s that fire danger projections emerge from the historical background of interannual
variability (Fig. 1) in almost all of France (Fig. 4). This implies that a majority of years with
“elevated” fire danger level are projected for the post 2060 period. By contrast, under the

Fig. 5 Range of the different sources of uncertainties for mean FWI during the fire season (FWIfs). Maps display
the mean standard deviation of each pixel on the future period (2078–2098)

Fig. 6 Contributions of different uncertainty sources to total variance for mean temperature (left) and accumu-
lated precipitation (right) during the fire season between 1995 and 2098
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Evolution du danger saisonnier (FWI) entre 1995-2015 et 2078-2098 (5 modèles)

L’augmentation du danger dans le sud et à l’ouest est confirmée
(cf Chatry et al 2010, Bedia et al 2014).
L’augmentation est importante et assez certaine dans le sud-est.
Son ampleur est plus incertaine à l’ouest.
La tendance émerge de la variabilité naturelle en 2060 (RCP8.5)

model spread). This uncertainty incorporates model uncertainties arising from differences
between models, model parameterization schemes, and initial conditions. Model uncertainty
is illustrated for FWIfs in Online Resource, Figure S4.

The last source of uncertainty was the scenario uncertainty, which expresses the magnitude
of change in fire danger, resulting from uncertainties regarding future political decisions
(illustrated for MPI-ESM-REMO2009-run1 in Online Resource, Figure S3). It was computed
as the standard deviation of the multi-model means, computed for the different scenarios (here
RCP4.5 and RCP8.5). The sum of the squares of the three uncertainties corresponds to the
overall variance in annual predictions.

3 Results

3.1 Projected trends in fire danger and their relative uncertainties

All fire danger metrics (i.e., FWIfs, FWI90, and FOT30) increased over the twenty-first
century in France, albeit with high uncertainty in the magnitude of future changes (Fig. 1).
Remarkable differences resulted from the emission pathway, RCP8.5 being characterized by a
much steeper increase than RCP4.5 after 2050. By the end of the century, relative changes in
fire danger metrics reached + 24%, + 19%, and + 93% for FWIfs, FWI90, and FOT30
respectively for RCP4.5, and + 67%, + 50%, and + 295% for RCP8.5.

Model uncertainty (represented by the standard deviation of model runs in Fig. 1) increased
over time during the twenty-first century, especially for FOT30, and exceeded the difference
between RCP4.5 and RCP8.5.

The RCP4.5 multi-model trend remained within the standard deviation of interannual
variability observed between 1995 and 2015 (Fig. 1, black dashed lines) due to high interan-
nual variability. By contrast, the RCP8.5 multi-model trend rose above “elevated” current fire

Fig. 1 Trends in fire danger over France between 1995 and 2098, according to three different metrics computed
with daily FWI during the fire season (June to September): mean FWI (FWIfs, left panel), 90th percentile of FWI
(FWI90, middle panel), and number of days above a FWI of 30 (FOT30, right panel). The multi-model trend
(average for a given scenario) is represented in colored solid lines, surrounded by the model uncertainty (shaded
areas), expressed as standard deviation between model trends. Horizontal black solid line indicates current mean
of each metric during the historical period (1995–2015). The historical interannual variability is represented by
dotted lines and can be interpreted as the interval in which 68% of the historical fire danger years fall. The lower
and upper bounds correspond to the 16th and 84th percentile of fire danger years, respectively (return interval of
6.25 years), the upper bound being referred to as the “elevated” level
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Variabilité
naturelle 
du climat 

Incertitude
scénario 

Emergence du 
signal (RCP 8.5)

+ 85%

+ 35%
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modèles les plus chauds et secs sur la GRECO Massif Central contenant une bonne partie des 

Cévennes : une augmentation de plus de 5000 ha/an est ainsi projetée par HadGEM RCA4. Ces 

augmentations de surface brûlée attendue sont à mettre en regard du niveau historique 

plutôt faible des surfaces brûlées cumulées observées dans cette région (un peu moins de 

1500 ha/an en moyenne). 

 

 

Figure 4.4 : Anomalies de surfaces brûlées attendues par GRECO pour chacun des modèles climatiques sous 
scénario d’émission pessimiste. Les anomalies observées sont beaucoup plus importantes que sur la Figure 3 
(l’échelle de couleur est identique). La GRECO méditerranéenne (J) connaît à nouveau les augmentations les plus 
fortes en valeur absolue. La Corse voit aussi son bilan s’alourdir considérablement. On note également des 
anomalies fortes prédites par les modèles les plus chauds et secs sur la GRECO Massif Central (G). 

 

 Dynamique saisonnière et extension temporelle du risque 
Cette partie vise à répondre à la question suivante : au-delà d’une augmentation quantitative 
du risque tout au long de l’année, la période propice aux feux va-t-elle s’étendre dans le 
temps ? Cette question aura en effet des conséquences importantes (Encadré 4.1). 

 

Encadré 4.1 : Implications d’une saison de feu variable 

 

La longueur de la saison de feu est une question opérationnelle très importante : les 

gestionnaires ont besoin de savoir quand et comment mobiliser leurs moyens au mieux dans 

un contexte budgétaire contraint, et de prévoir comment adapter le dispositif actuel.  

D’un point de vue scientifique, cette question peut impacter fortement la présentation des 

résultats de projection, rendant la comparabilité des études plus délicate. Beaucoup d’études 
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Figure 4.1 : Évolution de l’activité attendue pour les 5 modèles climatiques considérés entre la période historique (1986-

2015) et la période future (2066-2095). Les courbes en gras montrent l’évolution de la tendance, calculée comme une 
moyenne lissée sur une fenêtre de 30 ans. Les enveloppes représentent les 5ème et 95ème quantiles de 100 simulations du 
modèle probabiliste. La tendance à l’augmentation est générale, mais l’amplitude varie suivant le modèle et le scénario. 

Nombre annuel de feux > 1 ha Surface brûlée annuelle (ha)

Un modèle probabiliste permet de simuler les occurrences et les tailles de feu à l’échelle du jour et de 
chaque pixel de 8 km de la zone Prométhée (base de données des feux du Sud-Est)

Métrique Historique 
(1986-2015)

Futur (rcp8.5)
(2066-2095)

Accroissement (%)
Mod. moyen (min-max)

Danger saisonnier (FWI) 11.2 16.8 50 (37-59)
Nombre de feux > 1 ha (/an) 212 393 85 (33-112)
Surface brûlée (/an) 6182 15597 152 ( 48-202)
Taille moyenne des feux (ha) 29 40 36 (12-42)
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Les incendies de forêt sont-ils en augmentation dans le monde ?

Les mécanismes des évolutions observées sont souvent difficiles à démêler et changent dans le temps et dans l’espace.
En résumé :
• La superficie globale parcourue par les feux et leurs émissions de carbone évoluent peu.
• En région tropicale, les surfaces brûlées ont récemment diminué sous l’effet de facteurs anthropiques.
• Aux Etats-Unis, les variations climatiques et le réchauffement d’origine anthropogénique ont conduit à des 

conditions plus favorables au feu, entrainant une nette augmentation des surfaces brûlées sur 40 ans.
• En Europe du sud et en France, les surfaces brûlées ont tendance à diminuer sous l’effet des politiques de prévention 

et de lutte, malgré des conditions météorologiques plus favorables aux feux.
• L’exception du Portugal, et ses feux dévastateurs de 2017, ainsi que l’exemple des Etats-Unis, posent la question des 

limites de ces politiques dans les conditions extrêmes à venir, associant par exemple vague de chaleur et sécheresse.



Suppléments



Evolution de la sévérité de la saison de feu  (CSR) par rapport
à la période 1971-2000 (scénario A2, IPSL-CM4) 

La sévérité de la saison de feu est évaluée par un indicateur (CSR) cumulant le danger météorologique sur la saison.
L’accord des différents modèles (ici IPSL-CM4) est bon

Gillett et al. (2004) suggest that the increase in area burned in Can-
ada over the past four decades is due to human-caused increases in
temperatures. Flannigan et al. (2009a) in a review of global wild-
land fire activity found numerous research papers that suggests
area burned and fire occurrence will increase with a warmer cli-
mate and fire seasons will be longer. The results were more mixed
with respect to fire severity and intensity with some studies sug-
gesting increase and some suggesting no changes or decreases.
The objective of this paper is to examine future global fire season
severity using the Daily Severity Rating (DSR) of the Canadian For-
est Fire Danger Rating System (CFFDRS). These results provide in-
sights into future fire intensity, which is important in terms of
fire management. For example, as average fire intensity increases,
wildfire suppression resource requirements will exceed available
resource levels with greater frequency, resulting in greater area
burned. Additionally, we will calculate future fire season length
for the globe as an additional indicator of future fire management
challenges since longer fire seasons will translate into more fire
starts and more opportunities for fires to escape control.

2. Data and methods

This study used components of the Canadian Forest Fire Weath-
er Index (FWI) System. The FWI System is used by many countries
around the world, and the FWI component itself (of the FWI Sys-
tem) is commonly used as a general indicator of fire danger and fire
intensity at the landscape level (Van Wagner, 1987). The FWI Sys-
tem is a weather-based system that models fuel moisture using a
dynamic bookkeeping system that tracks the drying and wetting
of distinct fuel layers in the forest floor. There are three moisture
codes that represent the moisture content of fine fuels (Fine Fuel
Moisture Code, FFMC), loosely compacted organic material (Duff
Moisture Code, DMC) and a deep layer of compact organic material
(Drought Code, DC). The drying time lags for these three fuel layers
are 2/3 of a day, 15 days and 52 days respectively for the FFMC,
DMC and DC under normal conditions (temperature 21.1 !C, rela-
tive humidity 45%). These moisture indexes are combined to create
a generalised index of the availability of fuel for consumption
(Buildup Index, BUI); the FFMC is combined with wind to estimate
the potential spread rate of a fire (Initial Spread Index, ISI). The BUI
and ISI are combined to create the FWI which is an estimate of the

potential intensity of a spreading fire. The daily severity rating
(DSR) is a simple power function of the FWI intended to increase
the weight of higher values of FWI in order to compensate for
the exponential increase in area burned with fire diameter (Wil-
liams, 1959; Van Wagner, 1970).

The FWI was designed as a scaled analogue of Byram (1959) fir-
eline intensity. Fireline intensity is used operationally in many
jurisdictions around the world to evaluate the potential effective-
ness of different resources to contain and control wildland fire
for the environmental conditions on a given day. It was recognised
early in the development of fire danger rating that the appropriate
scale of operationally useful fire danger indexes (i.e. the FWI) did
not reflect the difficulty of control or work required for suppression
of a fire under given conditions (Williams, 1959). The Daily Sever-
ity Rating (DSR) was conceived to indicate fire suppression diffi-
culty in the Canadian danger rating system and is essentially a
simple power function of the FWI (with an exponent of 1.77). With
this scaling, the DSR is intended to reflect the non-linear increase
in difficulty of control as the fire grows (Van Wagner, 1970) and
as such is the index used when seasonal summaries of fire severity
are generated.

Typically, the average DSR over an entire fire season (the Sea-
sonal Severity Rating, SSR) is used to provide a general summary
of the potential difficulty of fire control over an entire season. It
is used when regionally contrasting potential fire control difficulty
for seasons over multiple years. A simple seasonal average, how-
ever, may not be the best relative indicator of changes in control
difficulty in scenarios where a trend to a lengthening of the fire
season exists. In such scenarios, increased number of days of high
and extreme potential suppression difficulty may be obscured in
the average by increased number of days overall; days which, in
the shoulders of the season, are likely to be more benign. For this
study, to try to capture the changes in control difficulty across fire
seasons with potentially changing lengths, we chose to rely on the
sum of DSR values over the season as our indicator of fire season
severity (the Cumulative Severity Rating, CSR). In a region with
an unchanging fire season duration, SSR and CSR are essentially
the same (CSR simply being SSR unscaled by the number of days
in the fire season). By not scaling the CSR by season length, how-
ever, it provides what can be thought of as a weighted count of
number of severe days in the fire season, and thus will be a better
indicator of the absolute numbers of challenging (in terms of fire

Fig. 1. CSR anomalies for the IPSL-CM4 A2 for 2041–2050 relative to the 1971–2000 base period.
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2041-2050
control) days across fire seasons. The fire season length was calcu-
lated using a straightforward temperature approach similar to that
used by Wotton and Flannigan (1993). The beginning of the season
was defined as 3 consecutive days of 9 !C or greater, and the end of
the fire season was defined as three consecutive days of 2 !C or
lower. These values are lower than what Flannigan and Wotton
used but this study used mean temperature as opposed to 1200
LST temperature in the previous study.

For the observational weather data required to calculate the
CSR, we used the NCEP Reanalysis I data from 1971 to 2000, which
was provided by NOAA/OAR/ESRL PSD, in Boulder Colorado. The
raw data was analysed using a 2.5! ! 2.5! grid for daily mean sur-
face RH, air temperature, U-wind vector and V-wind vector. Wind
speed was calculated as the magnitude of the sum of these two
vectors. The 6 h precipitation rate was analysed on T63 Gaussian
grid then interpolated to the 2.5! ! 2.5! grid and assumed to fall
uniformly over the 6 h interval. This hourly precipitation was then

accumulated for the 24 h prior to noon local time each day, and to-
gether with the other three weather variables, was combined into
one large dataset, sorted by date and grid point, and then used to
calculate daily FWI System outputs.

We selected three GCMs for this study: (1) the CGCM3.1 from
the Canadian Centre for Climate Modelling and Analysis, (2) the
HadCM3 from the Hadley Centre for Climate Prediction in the Uni-
ted Kingdom, and (3) the IPSL-CM4 from France. For the Canadian
model, there were two resolutions available: T47 and T63. T47 was
chosen as it was more complete than T63. These three models were
selected to provide us a range of warming with the Canadian mod-
el being the smallest increase in monthly mean temperatures and
the Hadley having the largest increase in monthly mean
temperature.

There are four families of emission scenarios to choose from for
this analysis; A1, A2, B1, and B2. A1 is described by a world of very
rapid economic growth, with the global population peaking

Fig. 2. CSR anomalies for the IPSL-CM4 A2 for 2091–2100 relative to the 1971–2000 base period.

Fig. 3. Composite CSR anomaly map for the A2 scenario 2041–2050 relative to the 1971–2000 base period.
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mid-century. In this scenario, there is a rapid introduction of new
and more efficient technologies. A1 is further divided into three
groups. A1F1 is fossil-fuel intensive, A1T assumes non-fossil en-
ergy resource use, and A1B is a balance across all energy sources.
A2 is a world with increased population growth, slow economic
development and slow technological change. B1 shares the same
population trend as A1, but has a more rapid change in economic
structure, moving towards service and information technology.
Lastly, B2 has an intermediate population and economic growth.
It emphasises local solutions to economic, social and environmen-
tal sustainability. We selected three scenarios for evaluation in this
study: A1B, A2 and B1.

We downloaded the historical or baseline monthly data for air
temperature, precipitation rate, U-wind vector and V-wind vector
variables for each GCM. For CGCM3.1 and IPSL-CM4 models, spe-
cific humidity was downloaded and converted to relative humid-
ity; for HadCM3, relative humidity was downloaded directly. We

calculated 30-year monthly averages for each variable. We then
downloaded monthly data for the 21st century for all three GCMs
and all three emission scenarios (A1B, A2 and B1). The CSR and fire
season lengths were calculated using the modified NCEP daily data
to be representative of future decades. Because the GCM grids were
different from the NCEP Reanalysis, we interpolated all GCM data
to the same NCEP 2.5! ! 2.5! grid. We used XConv/convsh 1.91
(Cole, 2009) which allowed us to easily interpolate from one grid
format to any other grid format using an area weighted
interpolation.

For all scenarios and models, we calculated the decadal monthly
means for all the variables and for all decades in the 21st century
(2001–2010 to 2091–2100). The GCM 30-year baseline monthly
averages for air temperature, relative humidity and wind speed
were subtracted from the future decadal monthly averages and
the result was added to the NCEP baseline daily data, by month.
The resulting new daily weather was used to calculate the start

Fig. 4. Composite CSR anomaly map for the A2 scenario 2091–2100 relative to the 1971–2000 base period.

Fig. 5. Fire season length anomaly maps for 2041–2050 for Hadley CM3 B1 scenario relative to the 1971–2000 base period.
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and end dates of the fire season and calculate the FWI System com-
ponents, and ultimately the CSR over the resulting fire season. For
example, if the average May temperature was 2 !C warmer in a fu-
ture decade than in the GCM 1971–2000 period at a particular grid
point then all the daily May temperatures in the NCEP baseline
data at that grid point were increased by 2 !C. For precipitation,
the decadal future monthly GCM averages were divided by the
30-year GCM monthly baselines to get a ratio of future precipita-
tion over baseline precipitation. This ratio was used as a multiplier
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Gillett et al. (2004) suggest that the increase in area burned in Can-
ada over the past four decades is due to human-caused increases in
temperatures. Flannigan et al. (2009a) in a review of global wild-
land fire activity found numerous research papers that suggests
area burned and fire occurrence will increase with a warmer cli-
mate and fire seasons will be longer. The results were more mixed
with respect to fire severity and intensity with some studies sug-
gesting increase and some suggesting no changes or decreases.
The objective of this paper is to examine future global fire season
severity using the Daily Severity Rating (DSR) of the Canadian For-
est Fire Danger Rating System (CFFDRS). These results provide in-
sights into future fire intensity, which is important in terms of
fire management. For example, as average fire intensity increases,
wildfire suppression resource requirements will exceed available
resource levels with greater frequency, resulting in greater area
burned. Additionally, we will calculate future fire season length
for the globe as an additional indicator of future fire management
challenges since longer fire seasons will translate into more fire
starts and more opportunities for fires to escape control.

2. Data and methods

This study used components of the Canadian Forest Fire Weath-
er Index (FWI) System. The FWI System is used by many countries
around the world, and the FWI component itself (of the FWI Sys-
tem) is commonly used as a general indicator of fire danger and fire
intensity at the landscape level (Van Wagner, 1987). The FWI Sys-
tem is a weather-based system that models fuel moisture using a
dynamic bookkeeping system that tracks the drying and wetting
of distinct fuel layers in the forest floor. There are three moisture
codes that represent the moisture content of fine fuels (Fine Fuel
Moisture Code, FFMC), loosely compacted organic material (Duff
Moisture Code, DMC) and a deep layer of compact organic material
(Drought Code, DC). The drying time lags for these three fuel layers
are 2/3 of a day, 15 days and 52 days respectively for the FFMC,
DMC and DC under normal conditions (temperature 21.1 !C, rela-
tive humidity 45%). These moisture indexes are combined to create
a generalised index of the availability of fuel for consumption
(Buildup Index, BUI); the FFMC is combined with wind to estimate
the potential spread rate of a fire (Initial Spread Index, ISI). The BUI
and ISI are combined to create the FWI which is an estimate of the

potential intensity of a spreading fire. The daily severity rating
(DSR) is a simple power function of the FWI intended to increase
the weight of higher values of FWI in order to compensate for
the exponential increase in area burned with fire diameter (Wil-
liams, 1959; Van Wagner, 1970).

The FWI was designed as a scaled analogue of Byram (1959) fir-
eline intensity. Fireline intensity is used operationally in many
jurisdictions around the world to evaluate the potential effective-
ness of different resources to contain and control wildland fire
for the environmental conditions on a given day. It was recognised
early in the development of fire danger rating that the appropriate
scale of operationally useful fire danger indexes (i.e. the FWI) did
not reflect the difficulty of control or work required for suppression
of a fire under given conditions (Williams, 1959). The Daily Sever-
ity Rating (DSR) was conceived to indicate fire suppression diffi-
culty in the Canadian danger rating system and is essentially a
simple power function of the FWI (with an exponent of 1.77). With
this scaling, the DSR is intended to reflect the non-linear increase
in difficulty of control as the fire grows (Van Wagner, 1970) and
as such is the index used when seasonal summaries of fire severity
are generated.

Typically, the average DSR over an entire fire season (the Sea-
sonal Severity Rating, SSR) is used to provide a general summary
of the potential difficulty of fire control over an entire season. It
is used when regionally contrasting potential fire control difficulty
for seasons over multiple years. A simple seasonal average, how-
ever, may not be the best relative indicator of changes in control
difficulty in scenarios where a trend to a lengthening of the fire
season exists. In such scenarios, increased number of days of high
and extreme potential suppression difficulty may be obscured in
the average by increased number of days overall; days which, in
the shoulders of the season, are likely to be more benign. For this
study, to try to capture the changes in control difficulty across fire
seasons with potentially changing lengths, we chose to rely on the
sum of DSR values over the season as our indicator of fire season
severity (the Cumulative Severity Rating, CSR). In a region with
an unchanging fire season duration, SSR and CSR are essentially
the same (CSR simply being SSR unscaled by the number of days
in the fire season). By not scaling the CSR by season length, how-
ever, it provides what can be thought of as a weighted count of
number of severe days in the fire season, and thus will be a better
indicator of the absolute numbers of challenging (in terms of fire

Fig. 1. CSR anomalies for the IPSL-CM4 A2 for 2041–2050 relative to the 1971–2000 base period.
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L’évolution du danger météorologique à l’échelle mondiale
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Fig. 2 – Change point analysis for the period 1968–2010 for the vegetative season (May to November) in the Northwest region
of Spain. The four upper graphs are related to the number of fires, while the lower four are related to the burned area. For
each group, the two upper graphs in blue refer to the Pettitt index stepwise approach, while the lower graph in red refers to
the Pettit 11 year moving window. Plain lines represent the Pettit index, and dashed lines represent the significance
probability ( p-value) of a change point. Change points with a p-value I 0.80 are represented by diagonal stripes (upwards
are in red with diagonal stripes upward and downwards are in blue with diagonal stripes downward).
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Fig. 4 – Climatic and environmental drivers possibly related to fire regime changes in the period 1968–2010 in the selected
study regions. The fire regime characteristics and climate data refer to the vegetative season (May to November). The
vertical red dotted lines represent the upward change points, and vertical blue dashed lines represent the downward
change points that were detected for the number of fires or burned area.
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Fig. 4 – Climatic and environmental drivers possibly related to fire regime changes in the period 1968–2010 in the selected
study regions. The fire regime characteristics and climate data refer to the vegetative season (May to November). The
vertical red dotted lines represent the upward change points, and vertical blue dashed lines represent the downward
change points that were detected for the number of fires or burned area.
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La diminution de l’activité des feux succède à un renforcement des politiques et moyens de lutte : 
exemple de l’Espagne

Plusieurs lois et réglementations pour la 
prévention et la lutte
Acquisition de nouveaux moyens de lutte

Augmentation
du danger météorologiqueNombre de jours de 

danger élevé (FWI)

Région Nord-Ouest, feux en 
saison de végétation

Surfaces brûlées annuelles de 1968 à 2010 (base nationale)
Ruptures détectées

Dans cette région, la surface forestière et la population sont stables

Moreno et al 2014, Env Sci Policy

Les tendances observées en Europe méditerranéenne



* dont 109 décès (dans cette base) pour les deux méga-feux de juin et octobre 2017 au Portugal 

• Mati , Grèce, 2018, 99 décès

• Central Region, Portugal, 2017, 53 décès

• Pedrogao Grande, Portugal, 2017, 66 décès

• Horta de Sant Joan, Aspagne, 2009, 5 décès

• Makistos–Artemida, Grèce, 2007, 30 décès

• Riba de Saelices, Esapagne, 2005, 11 décès

• Ikaria, Grèce, 1993, 13 décès

• Curraggia, Italy, 1983, 9 fatalities

• A´ gueda, Portugal, 1986, 16 décès

• Armamar, Portugal, 1985, 14 décès

• La Gomera, Espagne (Canaries), 1984, 20 décès

• Lloret de Mar, Espagne1979, 21 décès

• Sintra Mountains, Portugal, 1966, 25 décès

Nombre de décès par an de 1979 à 2016

Feux catastrophiques  jusqu’en 2018

Molina et al 2019,

Int J Wildland Fire

Source EM-DAT 2020

Pertes en vies humaines et pertes économiques dues aux feux catastrophiques en Europe de 1990 à 2019 

Période Nombre 
d’évènements

Décès Dommages
(millions $ par an)

Nombre de 
décès par 

évènement

Dommages par 
événement 
(millions €)

1990-1999 22 137 269 6 122

2000-2009 46 196 804 4 175

2010-2019 20 322* 303 16 152

Les impacts socio-économiques des feux catastrophiques en Europe 


