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Les tendances observées aux Etats-Unis

Nombre de feux, surfaces brûlées et coûts de la lutte de 1983 à 2020

Les surfaces brûlées sont en augmentation nette depuis 40 ans.

Deux facteurs d’explication sont avancés :
- variations et réchauffement climatiques
- accumulation et changements de combustible

Source: National Interagency Fire 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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Le dessèchement des combustibles explique largement les variations de surface brûlée. 

Les tendances observées dans l'Ouest américain

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

−1.5 −1 −0.5 0 0.5 1 1.5 2

30

100

300

1000

Fuel aridity (σ)

Fo
re

st
 F

ir
e 

A
re

a 
(k

ha
)

1984−1999
2000−2015

R2 = 0.76
P<0.0001

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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relationships in traditionally fuel‐limited fire regimes, burned area in
South and Central Coast was positively and significantly correlated with
antecedent precipitation over the preceding 2 years, which promotes
fine‐fuel accumulation (Bradstock, 2010; Batllori et al., 2013; Abatzoglou
et al., 2018; Littell et al., 2018; Figures 2f, S4, S5, and S7). After removing
the positive relationship with SPI via linear regression (identifying the
range of months when SPI is most positively correlated with summer
nonforest burned area in each region), burned area is secondarily promoted
by current‐year moisture deficit, which promotes fuel drying (Figure S7).
This highlights the likelihood that nonforest wildfire is promoted by large
interannual swings in precipitation total, from wet conditions that drive
accumulation of grasses to dry conditions that promote desiccation of fuels.
Similarly, while the fire‐promoting effect of VPD is far weaker in nonforest
than in forest, warm‐season VPD correlated positively and significantly
(r = 0.29–0.50, p < 0.05) with residual time series of summer nonforest
burned area inNorth, Central, and South Coast after removal of antecedent
precipitation effects (Figure S8). Warm‐season aridity and drought there-
fore appear to be secondarily but still weakly influential on summer wild-
fire in many nonforest parts of California. Importantly, nonforested
landscapes in California are highly diverse, and the broad patterns
described above do not apply everywhere. In many chaparral ecosystems,
for example, vegetation is dense and fuel is generally not limiting (Keeley
& Fotheringham, 2001), but large wildfires that burn across multiple cha-
parral communities are nonetheless likely to be promoted when grasses
are abundant to provide connectivity.

Finally, in areas where wildfire is promoted by dry conditions, burned
area tends to correlate more strongly with atmospheric aridity (e.g.,
VPD) than with precipitation or more integrative moisture‐balance
metrics (Figure 2). This was observed previously across broader portions
of the western United States (e.g., Abatzoglou & Williams, 2016;
Williams et al., 2015) and may be partly representative of the importance
of fine dead fuels to fire spread, which can quickly equilibrate with atmo-
spheric moisture content (Matthews, 2014). However, correlative analyses
with a single variable may artificially confound or inflate its importance
due to covariance with other variables or factors (Holden et al., 2018;
Williams, Seager, Macalady, et al., 2015). For example, VPD is negatively
related to precipitation (cloud shade and soil moisture negatively force
VPD), so the effect of one variable is entrained in the correlation between
burned area and the other variable. Importantly, the positive correlation

between summer burned area and March–October VPD remained strong and significant (0.64–0.67,
p < 0.01) in North Coast and Sierra Nevada forests after accounting for the co‐occurring negative effects
of precipitation on VPD and burned area (Figure S9). Accounting for precipitation does not change the result
that increases in summer burned forest area during our study period corresponded to increases in warm‐
season VPD, as 2000–2018 burned area and VPD anomalies both remain strongly positive after covariability
with precipitation has been removed. These results support VPD as a leading driver of the observed trends in
forest‐fire area in California during 1972–2018.

The scatter plots in Figure 2 strongly suggest that aridification was the primary driver of the observed
increase in California burned area during 1972–2018, as indicated by the visible offsets (particularly in
Figure 2a) between the cooler and less arid pre‐2000s period and the warmer and more arid 2000s period.
Further, the effect of aridity on burned area (which is strongest in forest) is exponential (as implied by the
log scale of the y axes). This is clearly demonstrated in Figure 3a, which shows the strong, nonlinear response
of summer forest‐fire area to warm‐season VPD in the heavily forested North Coast and Sierra Nevada.
Because of the exponential nature of this response, each incremental increase in VPD leads to a larger

Figure 3. Response of forest‐fire area to atmospheric aridity. (a) Scatter plot
of (y axis) annual summer (May–September) forest‐fire area versus (x axis)
mean warm‐season (March–October) vapor‐pressure deficit (VPD) in North
Coast and Sierra Nevada. Curves represent regression fits to (maroon) the
full 1972–2018 data set, (blue) 1972–1999, and (orange) 2000–2018 based on
the least‐squares linear regression between log(burned area) and VPD.
(b) Temporal stability of the relationship shown in (a). Each curve in (a) was
used to estimate mean summer forest fire area in 1972–1999 and 2000–2018
as well as the change in mean summer forest fire area due to linear
increase in 1972–2018 warm‐season VPD. Whiskers: 95% confidence
intervals. Black bars: observations. Percentages above the bars on the right
indicate the percent of the observed increase in 1972–2018 forest‐fire area
that is accounted for by the observed increase in warm‐season VPD.
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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. 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 anthropique 
(modèle)

Abatzoglou et Williams 
2016, PNAS

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
danger days. Time series of mean western US forest (A) fire-weather season
length and (B) number of days per year when daily fire danger indices
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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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L'exclusion des feux et la gestion forestière ont 
profondément modifié la composition, la structure 
et le fonctionnement des forêts, aux échelles des 
peuplements et des paysages

Les nouvelles conditions sont plus favorables à des 
feux sévères (dommages)

(voir aussi revue de Hagman et al 2021, Ecol.  Appl.)
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Figure 1(B)—September 1979—70 years later. Camera pointreplicated original position.Soil disturbance during log-ging and exclusion of wildfireallowed ponderosa pine andDouglas-fir seedlings to be-come established and de-velop into a dense understory.The large ponderosa pine incenter foreground in the 1909view, as well as others trees,were cut during shelterwoodand selection harvests in1952 and 1962 (photographby W. J. Reich).

Figure 1(A)—1909. Fire Group 4: warm-dry Douglas-fir. Elevation 4,400 ft (1,341 m). A northwesterly view show-ing cleanup operations on the Lick Creek timber sale, Bitterroot National Forest, near Como Lake. The num-ber of stumps and slash piles suggests that this was an open ponderosa pine stand, a condition typical of thebitterroot Valley where stands had been subjected to frequent ground fires. Fire scar samples showed a meanfire interval of 7 years between 1600 and 1900. The understory appears to have a high incidence of lupine, butfew shrubs are evident. Forest Service “lumberman” C. H. Gregory stands in foreground (USDA Forest Ser-vice photograph 86476 by W. J. Lubken).

Figure 1—Historical and current photographs illustrating the changes in vegetation structure andcomposition due to fire exclusion (figures 1a through 1h; photos and text from Gruell 1993).
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Figure 1(B)—September 1979—70 years later. Camera pointreplicated original position.Soil disturbance during log-ging and exclusion of wildfireallowed ponderosa pine andDouglas-fir seedlings to be-come established and de-velop into a dense understory.The large ponderosa pine incenter foreground in the 1909view, as well as others trees,were cut during shelterwoodand selection harvests in1952 and 1962 (photographby W. J. Reich).
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Figure 1—Historical and current photographs illustrating the changes in vegetation structure andcomposition due to fire exclusion (figures 1a through 1h; photos and text from Gruell 1993).
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Figure 1(F)—August 20, 1980—71 years later. Camera was moved left of original point to avoid trees that screened early view.Regeneration of Douglas-fir has resulted in a landscape dominated by conifers. The rock outcrop visible in 1909 is nowalmost totally obscured by tee growth. Conifer competition has a largely eliminated early successional understory species(photograph by W. J. Reich).

Figure 1(E)—1909. Fire Group6: moist Douglas-fir. Eleva-tion 6,100 ft (1,860 m). Look-ing north-northwest upBlake Creek at a point 1mile above forest boundaryon south side of Big SnowyMountains, Lewis and ClarkNational Forest. Sceneshows effects of wildfire inthe late 1800s that burnedboth sides of drainage.Scattered ponderosa pineand Douglas-fir occupynear slope and canyon bot-tom. Herbs and shrubscomprise early succes-sional vegetation in burnedareas. On right, fire createda mosaic of burned andunburned timber. Note rockoutcrop in burned stand(U.S. Geological Surveyphotograph 114 by W. R.Calvert).
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Figure 1(F)—August 20, 1980—71 years later. Camera was moved left of original point to avoid trees that screened early view.Regeneration of Douglas-fir has resulted in a landscape dominated by conifers. The rock outcrop visible in 1909 is nowalmost totally obscured by tee growth. Conifer competition has a largely eliminated early successional understory species(photograph by W. J. Reich).

Figure 1(E)—1909. Fire Group6: moist Douglas-fir. Eleva-tion 6,100 ft (1,860 m). Look-ing north-northwest upBlake Creek at a point 1mile above forest boundaryon south side of Big SnowyMountains, Lewis and ClarkNational Forest. Sceneshows effects of wildfire inthe late 1800s that burnedboth sides of drainage.Scattered ponderosa pineand Douglas-fir occupynear slope and canyon bot-tom. Herbs and shrubscomprise early succes-sional vegetation in burnedareas. On right, fire createda mosaic of burned andunburned timber. Note rockoutcrop in burned stand(U.S. Geological Surveyphotograph 114 by W. R.Calvert).
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and sea surface temperature patterns in large fires has
been well described in both Canada (Flannigan and
Harrington 1988, Johnson and Wowchuck 1993, Skin-
ner et al. 1999, 2002, 2006, Gillett et al. 2004) and the
United States (Schaefer 1957, Schroeder 1969, Gedalof
et al. 2005, Liu 2006, Trouet et al. 2006). The role of
seasonal to interannual climate variation has received
less attention, but the importance of extreme fire
weather and ignitions is often contingent on climatic
factors operating at longer time scales that influence fuel
moisture and continuity.
The mid-20th-century decline and subsequent increase

in annual West-wide WFAB fit a hypothesis of
increasingly effective fire suppression and fuel accumu-
lation (Fig. 1; Agee 1993, Pyne 1997), but evidence from
paleo and modern fire histories indicates the combined
influence of climate, vegetation, land use, and land
management is likely a strong contributor to total
variation in WFAB, with regional and local differences
in the relative influence of these factors producing the
aggregated response (Stephens 2005). A common
working ecological hypothesis is that the relationship
between climate and fire is mediated by vegetation
structure and composition and sensitivity to moisture at
the broad scales of ecoprovinces (e.g., Westerling et al.
2002, McKenzie et al. 2004). More specifically, the area
burned by fire in any given year is indirectly related to
climate through climatic influence on fuels (e.g.,
Carcaillet et al. 2001) via the production and drying of
vegetation. Evidence of this would be different ecopro-
vince WFAB sensitivities to climate consistent with the
dominant vegetation composition in an ecoprovince.
Although ecoprovinces are large, classify vegetation
only coarsely, and have inherent within-province diver-
sity, consistent repetition of similar climate–fire patterns
across similar ecoprovinces would indicate an important
relationship between climate and fuels in the ecopro-
vince fire regime. Testing this hypothesis would lead to

an ecosystem-specific set of climate–fire–vegetation
relationships useful to land managers faced with
mitigating the vulnerability of ecosystem services such
as water resources, forest products, habitat for species of
concern, and recreation.

In this paper we focus on large-scale, interannual to
seasonal climate (precipitation, temperature, and
drought) that may precondition different ecosystems to
increases in area burned. Specifically, we reconstruct the
area burned in each of 16 Bailey’s ecoprovinces (Bailey
1995) that together cover most of the western United
States and relate variation in these WFAB time series to
climatic influences for the period 1916–2003. By
stratifying the fire and climate data using ecoprovinces
(Bailey 1995), our approach considers how the season-
ality, ecosystem vegetation type, and coarse physiogra-
phy affect the relationship between climate and fire. This
approach extends previous work by examining the
relative role of precipitation, temperature, and drought,
as well as extending the time period of the climate–fire
analysis to most of the 20th century.

METHODS

Study area

We focused on the ecoprovinces in 11 western U.S.
states (AZ, CA, CO, ID, MT, OR, NM, NV, UT, WA,
WY), because data sets of fire area burned at both scales
of interest (18 latitude 3 18 longitude gridded and state)
were available and because they contain much of the
federal public land for which ecologically specific
climate–fire relationships would be useful. Ecoprovinces
(Bailey 1995; Fig. 2) represent coarse aggregations of
biophysical constraints on modern ecological assem-
blages and are subsets of Köppen-Trewartha domains
and divisions (Köppen 1931, Trewartha 1968) based on
subregional vegetation characteristics with more specific
climatic features. Twenty ecoprovinces are contained

FIG. 1. Observed and reconstructed area-burned comparison. Time series of observed total wildfire area burned (WFAB) for 11
western U.S. states (bars, adjusted for area reporting bias) and reconstructed total WFAB for 16 ecoprovinces (line) for the period
1916–2004.

June 2009 1005CLIMATE AND ECOPROVINCE FIRE AREA BURNED

Sécheresses prononcées Conditions plus humides Sécheresse, températures ↑,
printemps plus précoce

Surfaces brûlées annuelles dans l'Ouest américain
(1916-2004; Littel et al 2009)

Climat

Mise en place et montée en puissance 
de la politique d'exclusion des feux

En résumé

Le climat joue un rôle majeur dans les évolutions 
observées et la hausse récente des grands feux.

Les politiques forestières et d'exclusion ont 
probablement contribué à augmenter la sévérité 
des feux des dernières décennies.

Exclusion dominante, mais non 
systématique ;  feux prescrits et 
gestion du combustible

Gestion

Stephens et al 2005,
Ecol Appl
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Pausas & Fernandez-Muñoz, 2012 - 24

Figure 2. Fire occurrence and size (in ha) in the Valencia province for all the period available (1873-2006). Triangles in the lower x-axis indicate the 

periods without data; ticks in the upper x-axis indicate fires of unknown size. Inset figure: annual area burnt (ha x 1000, vertical lines) for the same period 

and region and the rural population density (inhabitants/ha); for computing annual area burnt, fires without size data are given the value of the average fire 

size during the historical period (1873-1965).

Les incendies des années 80 succèdent  à une longue période de faible activité.
Ce nouveau régime  apparait après la déprise rurale.

Pausas and Fernandez-Munoz 2012, Climatic change
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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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Le danger météorologique est stable ou a augmenté Tendances du danger météorologique de 1980 à 2012 (été) 
Evolution du danger saisonnier
(Mars-Sept.) de 1960 à 2012
en Europe du sud
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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

Nat. Hazards Earth Syst. Sci., 14, 1477–1490, 2014 www.nat-hazards-earth-syst-sci.net/14/1477/2014/

(mean seasonal FWI)

ERA 40

ERA Interim

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

Frontiers in Earth Science | www.frontiersin.org 7 April 2020 | Volume 8 | Article 104
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Slope (FWI unit/year)Trend significance (p-value)

Evolution du danger saisonnier en France
(1960-2017 : mai-sept)

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.

Temps de retour de l'année 
2003 de plus de 500 ans sans 
ACC, de 10 ans avec ACC ...



Les tendances observées en France méditerranéenne
La diminution de l’activité des feux succède à un renforcement des politiques et des moyens de lutte
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Une modélisation probabiliste de l'activité des feux permet de préciser les tendances et leurs causes

Les tendances observées en France méditerranéenne

Effets temporels réel et attendus (scénarios) entre deux décennies
(1993-2003 et 2009-2018) – Modèle Firelihood (Pimont et al 2021, Ecol. Appl.)

Variation Feux > 1 ha Feux > 100 ha

Effet réel - 43 % - 38 %

Danger météo +30 % + 62%

Couvert végétal et variables socio-éco +2% -8%

Autres effets temporels - 57% -62%

Distribution spatiale du changement temporel 
(autres effets temporels)

Hypothèse : prévention, lutte Castel-Clavera, 2021

La probabilité qu'un feu devienne grand n'a pas diminué dans le temps :
Nombre de feux > 1 ha Proba de dépasser 10 ha Proba de dépasser 100 ha

Effets 
"année"
(Firelihood) 

Temps de retour 
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Evin et al 2018,
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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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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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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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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 
scénarios pessimistes 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) 
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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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Le modèle probabiliste Firelihood simule les occurrences et les tailles de feu de la zone Prométhée
selon le danger météo quotidien et la surface forestière de chaque pixel de 2000 à 2100 (Feux d'été)

Les évolutions futures projetées en France

Fargeon2019, thèse de doctorat
Pimont et al 2021, Ecological Applications
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Limites et incertitudes

• Prévisions en conditions sévères (grands feux, feux extrêmes)

However, it is important to acknowledge that it had
apparently not affected the number of escaped fires,
weakening this assumption, as their number was consis-
tent with expectations.

Predictability of fire activity

We proposed a detailed analysis of the predictability
of fire activities at various temporal and spatial

aggregation scales to better understand the role of
stochasticity in fire activity patterns. In general, stochas-
ticity in observations (fire counts and sizes) typically
decreases when aggregating them to larger scales, such
that the nature of both observations and model predic-
tions becomes more deterministic. Slight biases of mod-
els arising at the voxel scale may then lead to stronger
biases at aggregated scales.

Predictability and confidence intervals at weekly scale.—
As shown in Fig. 4, aggregating fire activity over the
whole area at the weekly scale led to reasonable confi-
dence intervals and MAE for the year 2001. More gener-
ally, the overall predictability of escaped fires at the
weekly scale was satisfactory for the whole period
(1995–2018), with a MAE of 32% and a CP of 84%
(Appendix S3: Fig. S1A). However, the number of
escaped fires out of the confidence interval (16%) was
slightly larger than expected (5%). The majority of these
weeks consisted in false “high” fire numbers for small
observed numbers, and false “low” fire numbers for high
observed numbers. They were explained by stochasticity
(fortunate and unfortunate events), Bayesian model
smoothness, and overdispersion of observations with
respect to aggregated Poisson laws (caused by the
decrease in fire suppression efficiency with fire activity
for example). More explanations can be found in
Appendix S3. Regarding weekly burned areas, the cen-
tral tendencies (Appendix S3: Fig. S1B) were positively
correlated with observed burned area for 1995–2018, but

FIG. 9. Partial effect of the FWI for the different occurrence
models.

FIG. 10. Same as Fig. 4, for year 2003. Comparison of simulated fire activity (in red) with observation (black dots): daily and
weekly escaped fire numbers, as well as weekly number of fire larger than 10, 50, 100 ha and weekly burned areas were summed for
the whole study area. Central tendency (red line) was surrounded by the 95th and 99.9th confidence intervals in orange and light
orange (computed from 1,000 simulations of fire activities).
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Firelihood (avec le FWI)  sous-estime le nombre de grands feux et les surfaces brûlées en 2003
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Limites et incertitudes

• Dynamiques de végétation : sécheresse, mortalité et teneur en eau 

Les indices de sécheresse reflètent imparfaitement les dynamiques
de teneur en eau de la végétation (feuilles vivantes).
La mortalité du feuillage induit une baisse de la teneur en eau de canopée.
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Limites et incertitudes

• Dynamiques couplées feu-végétation

Figure 5. Changes in mean annual burned fraction (BF) in MPI-ESM-LR simulations related to present date. (a) Relative changes between future (2081–2100) and
present date (1981–2000) in experiments FUL_EFF (BFfuture/BFpresent-day! 1); (b to d) Relative factorial effect (RFE, equation (1) and Table 2) for annual burned
area fraction in future. Only significant changes (p< 0.05) are presented using Mann-Whitney U test. Areas with no change or nonsignificant change are in white.
Areas with greater than 50% agricultural land were excluded (grey).

Figure 4. Simulated relative changes in burned area (BA) for Europe to the end of 21st century by twomodels, represented
as ensemble relative change to present date (1981–2000) for four ESMs in RCP 8.5 and RCP 2.6 scenarios (BAfuture/
BApresent-day). Spreads are ESMs uncertainties represented as one standard deviation among ESMs from the ensemble
mean. All lines are smoothed with 20 year moving average.
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3. Results
3.1. Model Evaluation

We evaluated the spatial and temporal patterns of the cross-ESM ensemblemean burned area by the twomod-
els against monthly burned area from the Global Fire Emission Database, GFED3.1 (Figure 1a) [Giglio et al., 2010]
which is calculated frommultisatellite products, gridded to 0.5° spatial resolution and available for the time per-
iod July 1996 through February 2012. In addition, the recently released GFED 4.1 s is also shown, which includes
the effect of small fires and covers a longer time period (1997–2014; Figure 1b) [Randerson et al., 2012].
Furthermore, we compared simulation results against monthly burned area data from the European Fire
Database [Camia et al., 2010] of the European Forest Fire Information System (EFFIS; http://effis.jrc.ec.europa.eu)
which is based on regional administrative statistics of reported burned area in natural vegetation (Figure 2).
The period 1997–2009 with full annual burned area cycles was chosen as the evaluation period.

At the continental scale, the spatial patterns are generally comparable between the two vegetation-fire mod-
els and observation-based estimates (Figures 1 and 2). Simulated burned area of LPJ-GUESS is around
0.38Mha/yr for the Mediterranean region, in closer agreement with GFED 3.1, which does not include small
fires. Overall, LPJ-GUESS, GFED 3.1, and EFFIS are showing a burned area in the order of 0.42Mha/yr for this
region. LPJ-GUESS generally overestimated burned area for the rest of the continent, but the simulated total
burned area in Europe outside the Mediterranean was very small (Figures 1 and 2). With considering small
fires, GFED4.1 s shows around 50% increase in burned area for the Mediterranean and also differs for the rest
of continent compared with GFED 3.1. For Mediterranean Europe, the burned area is more comparable with
LPJmL, which distinguishes small fires and generally simulated more fire activity for Europe. For eastern
Europe, both LPJ-GUESS and LPJmL compare better with the more recent GFED product.

In addition to the spatial patterns, we compared the time series in burned area for the major wildfire coun-
tries in the Mediterranean region (Figure 3) as well as for the rest of regions in Europe (Figure S3). A small

Figure 1. Observed ((a) GFED 3.1 and (b) GFED 4.1 s) versus simulated (c and d) mean annual burned fraction for Europe
over the period 1997–2009. Figures 1c and 1d are from the ensemble mean of ESMs-driven simulations (Table 1) in
experiment FUL_EFF (Table 2). Areas with greater than 50% agricultural land were excluded (grey).
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aux départements limitrophes des départements actuellement concernés par une activité 
fŽƌƚe͘ L͛aƌƌŝèƌe-pays méditerranéen montagneux (départements de la Lozère, de la Drôme, de 
ů͛Aƌdèche eƚ deƐ AůƉeƐ-de-Haute-ProvenceͿ Ɛeƌa aŝŶƐŝ cŽŶfƌŽŶƚé à ƵŶ ŶŝǀeaƵ d͛acƚŝǀŝƚé bŝeŶ 
plus élevé que par le passé. 
 

 
Figure 5.10 : Prédictions et projections du modèle probabiliste dans les départements pour lesquels le biais 
observé par rapport à la BDIFF est raisonnable. Les départements représentés en gris foncé sont ceux présentant 
un biais trop important entre contenu de la BDIFF et simulation sur période historique par le modèle 

La répartition ƐaŝƐŽŶŶŝèƌe de ů͛acƚŝǀŝƚé aƚƚeŶdƵe eƐƚ ƌeƉƌéƐeŶƚée ƐƵƌ ůa Figure 5.11, où on peut 
comparer la période historique de référence du modèle (1986-2015) avec la période future 
(2071-ϮϭϬϬͿ͘ OŶ ƉeƵƚ ƌeƚeŶŝƌ ƋƵe ů͛aƵgŵeŶƚaƚŝŽŶ dƵ bŝůaŶ ƉƌŽũeƚée Ɖaƌ ůe ŵŽdèůe ǀŝeŶƚ 
principalement de la saison estivale, tant en ce qui concerne les occurrences que les surfaces 
bƌƸůéeƐ͘ L͛aƵgŵeŶƚaƚŝŽŶ eƐƚ ƉaƌƚŝcƵůŝèƌeŵeŶƚ ƐaŝƐŝƐƐaŶƚe ƉŽƵƌ ůeƐ ŵŽŝƐ de ũƵŝůůeƚ-août, où les 
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Scénario pour les régimes de feux futurs 

France Saison de feux plus longue et feux plus intenses

Sud-est Surfaces augmentées d'un facteur 2 à 3 dans le sud-est
Territoires de moyenne montagne au niveau du risque actuel des zones littorales
Risque de feux extrêmes fortement accru
Fréquence des feux conduisant à des conversions Forêt➞ Lande

Sud-ouest Régime des feux similaire à celui observé dans le sud-est aujourd'hui
Risque de feux extrêmes dans les Landes de Gascogne (forte combustibilité)

Nord Evolutions a priori peu sensibles (mais forte incertitude; dépérissements; feux agricoles)

Simulations exploratoires 
avec Firelihood
Facteurs : FWI et Surface 
forestière
Sans effets spatio-temporels
Hypothèse : la lutte 
conserve la même efficacité Fargeon 2019, thèse



Gestion du risque incendie : agir sur les trois composantes du risque

Aléa
fréquence, 
intensité

Réduire les départs de feu

Réduire la biomasse combustible

Contenir les feux (lutte)

Vulnérabilité 
sensibilité, capacité 

d'adaptation

Enjeux
exposition, valeur

RISQUE 

- Aménagement du territoire

- Constructibilité

Débroussailler aux interfaces

Sylviculture préventive

Normes construction

Le pin d'Alep en France,
B Prévosto, coord. Ed. Quae



Gestion du risque incendie : stratégie actuelle

La stratégie appliquée dans le sud-est et les Landes de Gascogne

- attaquer feux naissants (systématique et rapide)

- protéger les enjeux humains

- En conditions extrêmes :
évacuer, attendre des conditions plus propices à la lutte

Implications 

- prévisions (mise en alerte, fermeture des massifs)

- détection précoce

- accès au feu (pistes, coupures, aménagements DFCI)
- accès aux interfaces (forêt-habitat, forêt-infrastructures)

- obligations légales de débroussaillement (OLD), normes de construction

Coûts annuels (Chatry et al 2010)  : 500 M€ dont 3/4 lutte et 1/4 prévention (massivement DFCI) 

La prévention est vue comme préparation et appui à la lutte



La stratégie actuelle pourra être efficace dans le sud-ouest, au prix de coûts 
croissants

Le risque accru de feux extrêmes (surtout le sud-est), non contrôlables, impose 
une approche plus systémique, avec un rééquilibrage prévention - lutte

Gestion du risque incendie : stratégie pour le futur ?

Anticiper

- alerte feux extrêmes (prévision), éviter les éclosions

- préparation aux crises (simulations d'évènements, retours d'expérience)

- planification et aménagement territoire (simulations des régimes de feu)
Réduire le combustible à grande échelle – utopique ?

- brûlage dirigé

- pastoralisme

- fragmentation du paysage (agriculture)

Augmenter la résilience des socio-écosystèmes
- gestion forestière (réduire la sévérité; interventions post-incendie)

- culture du risque (informer, éduquer, préparer)

- auto-protection des enjeux



Leviers socio-économiques et financiers

- valorisation de la ressource, bio-économie

- assurances, paiements pour service

- politiques agricole et environnementale

Recherche et innovation

- connaissance et prévision des feux extrêmes

- interactions et dynamiques feux-végétation

- incendies, usages du feu et services écosystémiques
- coûts et impacts socio-économiques des incendies

Gestion du risque incendie : leviers


