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Substantial increase in wildfire danger
conditions under anthropogenic climate
change in Southwest France
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Wildfires are an increasing concern under climate change,whichmay raise the frequency and intensity
of fire-prone conditions. Here we assess summer wildfire danger evolution in Southwestern France
under three climate scenarios (Representative Concentration Pathways RCP2.6, RCP4.5 and
RCP8.5), using six climatemodels. Alongside the FireWeather Index (FWI), widely used by operational
services to assess daily fire danger, a complementary index, SM6-T3-VPD3 (soil moisture integrated
backward to 6months, surface air temperature and vapour pressure deficit backward to 3months), is
also used to assessprolongedhot anddry conditions.Results indicate that under thehighest emission
scenario, the probability of extreme compound hot and dry events increases from 0.04 to 0.49 in
August during the twenty-first century. Even under the lowest emission scenario, their likelihood
increases from0.03 to 0.15. Therefore, this study underscores the importance and complementarity of
mitigation and adaptation strategies in addressing wildfire danger.

The expression of extremewildfire generally follows the definition of Tedim
et al. that considers both the underlying processes and their outcomes. This
definition is based on fire spread and behaviour parameters, as well as the
difficulty of suppression1. In the last decades, extreme wildfires had severe
environmental and socio-economic impacts. In Canada in 2023, 18.5 mil-
lion ha were burnt, which required the evacuation of 234,000 people. The
severity of this wildfire season has been associated with a combination of
interrelated climatic drivers, including early snowmelt, prolonged drought
in western Canada, and a rapid shift toward drought conditions in the east.
These factors coincided with exceptional surface warming—particularly
duringMay and June—when average dailymaximum temperatures rose by
8.11 °C. This warming pattern corresponded with persistent elevated geo-
potential height anomalies, which further intensified surface temperatures
through enhanced subsidence2,3. In 2015, 2017 and 2018, fire suppression
costs reached more than 1.4 billion dollars each year4. In 2009, Black
Saturday bushfires in the Australian state of Victoria resulted in the loss of
173 lives and the destruction of over 2000 homes5. The event was driven by
extreme fire weather conditions, characterised by daytime temperatures
exceeding 45 °C, strong surface winds, and exceptionally dry atmospheric
conditions—marking some of themost severe fire weather ever recorded in
the region6,7. Ten years later, the Black Summer fires of 2019–2020 in
Australia burnt 5.8 to 8.1million ha,which emitted up to 830million tonnes
of CO2eq. It is estimated that 3 billion animals were lost or displaced, with
possible extinctions, and that national financial impacts are over 8 billion

dollars8–10. The season was marked by record-breaking fire weather condi-
tions, as indicated by the Australian Forest Fire Danger Index (FFDI),
alongside atmospheric instabilities that generated strong andhighly variable
wind patterns11–13. In 2024, the United States allocated approximately $4.79
billion to wildfire suppression efforts, a significant increase compared to the
$200 million spent in 199414.

In Europe, the exceptional 2017 wildfire season in Portugal caused 114
fatalities15. The June fires were associated with a record-breaking heatwave
linked to a subtropical ridge, producing extremely high temperatures, low
humidity, and atmospheric instability conducive to convective activity. In
October, persistent southerly dry winds, combined with prolonged drought
and elevated temperatures, created conditions that favoured rapid fire
spread16. The next year, in 2018, burnt area in Sweden reached 835% of the
2008-2017 average, 827% in Latvia and 706% inGermany, showing that not
only Mediterranean countries are exposed to wildfire danger17. It is also the
year when the Mati wildfire in the Attica region in Greece had dramatic
impacts as it resulted in 102 deaths and burnt 1400 ha of land, 1200
buildings, and 300 vehicles18. Although not among the largest fires in the
region—let alone globally—it ranks as one of the deadliest worldwide in
terms of human fatalities17. It was favoured by very highwinds (90–120 km/
h) and air temperature above 40 °C. In 2021, Greece experienced a very
active wildfire season that caused a significant increase in air pollution19. In
2022, by the end of September, the fire season in southwestern Europe
(Portugal, Spain, and France) had resulted in a burnt area nearly three times
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greater than the annual average recorded between 2006 and 2021. In
Southwestern France in particular, 33,052 ha were burnt, representing 16
times the 2006–2021 average20, and leading to important ecological and
socio-economic damages21. In 2023, Greece experienced the largest single
wildfire recorded in the EuropeanUnion (EU) since 2000, with a burnt area
of 96,000 ha. In total, the 2023 wildfire season in Greece resulted in a burnt
area of 175,759 ha, the highest record since 2007, causing 24 deaths22.

The question of the role of climate change in the occurrence of extreme
wildfire events has been raised. Attribution studies have revealed that cli-
mate change often increased the likelihood of weather conditions prone to
extreme wildfires21,23–29. While numerous studies have examined historical
records and identified increasing trends in fire weather days30–32, recent
research has also focused on projecting the climatic drivers of wildfire
activity33,34.Wildfires’ ignition and spread are not only influenced by climate
conditions, but also by the state of vegetation, topography, and anthro-
pogenic factors, such as land management, land conversion, population
density and thewildland-urban interface (WUI)35–40. In this article, we focus
on climate conditions, as they play a crucial role in modulating wildfire
activity worldwide, especially in the context of climate change41–45. We
employ the terminology presented by Chuvieco et al. that defines the
wildfire risk as the combination of danger, exposure and vulnerability46.
Here, we mainly focus on the wildfire danger.

The most widely used index to assess weather conditions prone to
wildfires is the Canadian Forest Fire Weather Index (FWI)47. It informs on
the daily variability of the wildfire danger, also accounting for monthly
dryness. It consists of five key components: the Fine Fuel Moisture Code
(FFMC),DuffMoistureCode (DMC),DroughtCode (DC),Build-Up Index
(BUI), and Initial Spread Index (ISI). The FFMC, DMC, and DC are
meteorological indices that provide moisture assessments at various litter
depths (1.2, 7 and 18 cm, respectively). The deeper the soil layer, the longer
the timescale over which it responds to moisture changes. The BUI is
derived from the DMC and DC. It represents long-term drying of bulkier
fuels, assuming a sufficient availability of dead fuel, and is linked to the
potential intensity offires. In contrast, the ISI reflects the combined effects of
fine fuelmoisture andwind speed,which influence the rate atwhichfires can
spread. Ultimately, the FWI is determined using both the BUI and ISI,
offering an estimate of fire danger and intensity under prevailing weather
conditions, should ignition occur. The FWI is strictly ameteorological index
that estimates fire danger based on these components, without directly
accounting for actual fuel loads or conditions48,49. The index is unsuitable for
averaging and should be used as its single daily value only. Nevertheless, it
can be transformed into the Daily Severity Rating (DSR) and subsequently
averaged over time to produce the Seasonal Severity Rating (SSR) (see
“Methods”)47.

The FWI analysis is usually based either on fixed threshold intensities
(e.g. FWI = 15, 30, or 45, corresponding to moderate, high or very high
danger)50–54, or on percentiles (e.g. 90th or 95th percentiles)55,56. FWI
thresholds associatedwith specificdangermight be region-dependent57. The
graduated alert thresholds, indexed to the FWI and corresponding to the
phased deployment of firefighting resources, vary from one region to
another to account for the specific characteristics of each territory, as
recommended49. In this regard, using percentiles on a reference period
appears to be a relevant metric to analyse high danger for a given location.
Other indices were also used to assess the increase in wildfire potential and
magnitude, such as the Keetch–Byram Drought Index (KBDI)58–60, or the
McArthur Forest Fire Danger Index (FFDI)61,62. These indices are usually
updated daily to monitor the wildfire danger evolution and adapt opera-
tional decisions63–65. Developed in the USA, the KBDI assesses the cumu-
lative soil moisture deficit in the upper soil layers based on air temperature
and rainfall66. The FFDI not only assesses drought conditions, but as the
FWI, it also aims at evaluating fire behaviour and suppression difficulty,
integrating two other variables: wind speed and relative humidity67,68.

Two primary factors control the extent of burnt area: extremely hot,
dry and windy days, referred to as “weather anomalies”, typically measured
by the FWI or similar indices such as the FFDI, and relatively long dry

periods, defined as “climate anomalies” at the monthly or seasonal scale69.
Summer 2022 in Southwest France is a good example of such long-term
“climate anomaly”. Climate conditions were exceptional as they featured a
combination of a long-term drought that started in late winter, and three
successive heatwaves21,70, leading to the most devastating wildfires in the
region since 1949. Previous studies underlined the influence of long-term
soil dryness, temperature and vapour pressure deficit (VPD) on the wildfire
danger71–75. Lanet et al.21 created a seasonal compound index that correlates
with large burnt areas during July and August in Southwestern France. It
combines standardised soil moisture integrated over 6 months with stan-
dardised temperature and VPD integrated over three months to analyse
compound dry and hot events on a seasonal timescale. These events are
associated with prolonged vegetation moisture stress and complement the
FWI in specifically analysing the long-term drivers of extensive burnt areas
in Southwestern France. Aggregatingwind speed overmulti-month periods
would obscure the physical interpretation of the weather–fire relationship
by blending distinct synoptic regimes. In Southwestern France, a coastal
region, westerly winds typically transport moist air masses from the
Atlantic,while easterlyflows are generally associatedwith drier conditions76.
To preserve this meteorological specificity, wind speed is not accounted for
in the seasonal compound index. However, at daily timescales, wind speed
remains a critical variable in modulating fire behaviour in certain regions
and seasons76. Its influence is notably captured through the Initial Spread
Index (ISI), a key component of the FWI77. Atmospheric instability, which
can influencefire behaviour by promoting pyroconvection78, is not included
in this seasonal compound index neither, as its effects are more relevant at
daily timescales. This factor is likewise excluded from the formulation of
the FWI.

This study aims to assess how two key determinants influencing the
extent of summer burnt areas—long-term climate anomalies and short-
term weather anomalies, as identified by Pereira et al.69—will evolve in
response to climate change in Southwestern France. Previous research
conducted in Southwestern France during the summer months has shown
that theFWIand its short-termcomponent, the ISI, are correlatedwith large
wildfires. In contrast, its longer-term indicators—such as theDC,DMC, and
BUI—do not exhibit such correlations and appear less effective in capturing
prolonged fire-conducive conditions21. Further analysis supports this find-
ing, with a strong linear relationship observed between ISI and FWI, evi-
denced by a Pearson correlation coefficient of 0.94 (see Fig. S1 in the
Supplementary Material). Additionally, Kendall correlation coefficients,
which account for non-linear relationships, indicate that the FWI is pri-
marily correlated with its short-term components (see Fig. S2). Therefore,
the current study combines an evaluation on adaily timescale using the FWI
provided by the Copernicus Climate Change Service (C3S), with an eva-
luation on the seasonal timescale using an index characterising specifically
long-term compound dry and hot conditions, computed using CMIP6
climate data. Adapted from the index developed by Lanet et al.21 (see
“Methods”), this second index, SM6-T3-VPD3, combines surface soil
moisture integrated over 6 months (SM6), and surface air temperature and
VPD over 3 months (T3 and VPD3, respectively). Several studies have
highlighted the role of these three variables in increasing wildfire danger.
High VPD and temperature induce vegetation drying, therefore increasing
the wildfire danger32,75,79–83. Prolonged soil moisture deficits can also lead to
desiccation of both live and dead fuels, thus creating conditions favourable
for large and intense fires71,73. Soil moisture varies over longer timescales
than temperature and VPD, which justifies the use of a longer integration
period for this variable21 (see “Methods” for more details on the index
development).

Fire-prone extreme weather conditions are defined on a reference
period (1991–2020). The evolution of the likelihood of such event over the
twenty-first century is analysed (see “Methods”). We report an application
of themethodology to Southwestern France (longitude between−1.25° and
1.25°, and latitude between 43.73° N and 45° N), a region that experiences
wildfires on an annual basis. The study area includes the Landes Forest, an
intensively managed and predominantly homogeneous landscape of
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maritime pine (Pinus pinaster) (see Fig. 1), which is of central importance to
the regional timber industry. Wildfires in the region can be triggered by
natural phenomena, accidental human activity, or criminal arson84. We
focus on July and August, as they are the hottest and driest months in the
studied region. This period also coincides with the peak of tourist activity,
which further increases the risk of ignition due to heightened human pre-
sence in forested areas—often by individuals less familiar with fire pre-
vention practices than local residents85—and exacerbates emergency
response challenges. Although the wildfire season typically extends from
May to October, the months of July and August alone account for 78.6% of
the total burnt area between2006 and2024, according to theBDIFF (Base de
Données des Incendies de Forêt en France) database84 (see Fig. 2).

Results
Daily danger projection
The analysis of the FWI projections provided by theC3S (see “Methods” for
the evaluation and selection of the models) reveals that daily fire-weather
extremes, as defined by the 90th and 75th percentiles on 1991–2020 (FWI90
and FWI75, respectively), will become more frequent, especially in August
(see Fig. 3). Under the RCP4.5 climate scenario, events that were considered
rare during the reference period with only an 11% chance of happening
(FWI90) are expected to become more common, with their likelihood
increasing to 23%at the endof the century. For themonthof July, thismeans
an increase from 10% to 16%. Meanwhile, FWI75 events will see their
probability increases from 0.27 to 0.44 (from 0.23 to 0.35 in July).

The emission scenario followed over the next few years will have a
strong influence on the evolution of extremefire weather (see Fig. 4). The
highest emission scenario, RCP8.5, projects a strong increase in the
frequency of extreme conditions propitious to wildfires as the survival
probability of the 90th percentile increases from 0.11 to 0.29 in August
(from 0.09 to 0.33 in July). Conversely, under the lowest emission sce-
nario, RCP2.6, the frequency of extreme fire-weather might slightly
decrease from0.12 to 0.08 inAugust (from0.13 to 0.11 in July) by the end
of the century. The decreasing trend observed under the RCP2.6 scenario
may be attributed to a combination of decreasing wind speed (Fig. S3),
increasing precipitation (Fig. S4), and rising relative humidity (Fig. S5).
The mid-century dip observed in the RCP4.5 scenario appears to result
from a slight decline in temperature (Fig. S6) and wind speed, accom-
panied by increases in both precipitation and relative humidity. In
contrast, the increasing trend projected under the RCP8.5 scenario is
likely driven by a pronounced rise in temperature and wind speed,
coupled with a substantial decrease in precipitation and relative
humidity.

Seasonal danger projection based on marginal probability
We use CMIP6 simulations to analyse SM6-T3-VPD3 projections (see
“Methods” for the evaluation and selection of the models). A reference
compound hot and dry event on 1991–2020 can be defined either by setting
the marginal probabilities of the three variables studied, or by setting the
joint probability of these three variables.

Fig. 1 | Location and land cover of the study area
(2022 land cover data from ESA Climate Change
Initiative).
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First, we define a reference compound hot and dry event on
1991–2020 as a combination of the 10th percentile of SM6, and the
90th percentile of both T3 and VPD3. To evaluate the impact of the
percentiles used on the results, another more moderate compound

dry and hot event is analysed, defined by the 25th percentile of SM6,
and the 75th percentile of both T3 and VPD3. These two reference
events are called SM610-T390-VPD390 and SM625-T375-VPD375,
respectively.

Fig. 4 | Increase in FWI90 events during the
twenty-first century under three RCPs. Evolution
of the survival probability (1-CDF) of the 90th
percentile of the FWI (defined on the reference
period 1991–2020) in July (a) and August (b) under
RCP2.6 (green), RCP4.5 (orange) and RCP8.5 (red)
scenarios. A box spans from the first quartile to the
third quartile, with a line inside the box indicating
the median (second quartile). The whiskers extend
to points that lie within 1.5 interquartile range of the
lower and upper quartile. The horizontal red dashed
line represents a probability of 0.5.

Fig. 2 | Burnt area in Southwestern France from
2006 to 2024 (BDIFF data).

Fig. 3 | Increase in FWI75 and FWI90 events during
the twenty-first century. Evolution of the survival
probability, defined as 1� Cumulative probability
ð1� CDFÞ, of the 75th (blue) and 90th (orange)
percentiles of the FWI (defined on the reference
period 1991–2020) in July (a) and August (b) under
RCP4.5 scenario. A box spans from the first quartile
to the third quartile, with a line inside the box
indicating the median (second quartile). The whis-
kers extend to points that lie within 1.5 interquartile
range of the lower and upper quartile. The hor-
izontal red dashed line represents a prob-
ability of 0.5.
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Similarly to the FWI study, the analysis of the seasonal compound
index shows thatfireweatherwill increase in the twenty-first century.Under
the SSP2-4.5 climate scenario, a compound dry and hot event characterised
by SM610-T390-VPD390 has a joint probability increasing from 0.03 for
1991–2020 to 0.26 for 2071–2100 in August (from 0.04 to 0.21 in July),
considering the median across the five models. This means that 26% of the
Augustmonths will be hotter and dryer than this reference extreme event at
the end of the century, while they were only 3% in 1991–2020. Under the
SSP2-4.5 climate scenario, a slightly less dry and hot July month char-
acterised by SM625-T375-VPD375 has a joint probability increasing from
0.12 for 1991–2020 to 0.45 for 2071–2100. In August, the increase in fre-
quency of extreme events is even more pronounced, with a probability of
SM625-T375-VPD375 rising from 0.12 for 1991–2020 to 0.51 for 2071–2100
(see Fig. 5). Thismeans that a rare event in the reference period will become
normal conditions at the end of the century.

To evaluate the influence of the definition of the climate index used to
perform this seasonal analysis, three other combinations of variables are
analysed by varying the integration time: SM6-T3-VPD1, SM3-T3-VPD3,
SM1-T1-VPD1 (see “Methods” for further details on the selection of these
indices). The strongest increase inAugust compared to July in the frequency
of occurrence of an extreme event is also noticeable with the other com-
pound indices (SM610-T390-VPD190, SM310-T390-VPD390, SM110-T190-
VPD190).Whatever the seasonal compound index used, the probabilities of

extreme dry and hot conditions are close in the first half of the century.
Probabilities slightly differ across indices at the end of the century
(see Fig. 6). In August, the probability of SM310-T390-VPD390 reaches 0.34
in 2071–2100, while the probability of SM610-T390-VPD190 reaches 0.24. In
July, when using SM110-T190-VPD190 to characterise the extreme event the
joint probability increases from 0.04 for 1991–2020 to 0.26 for 2071–2100,
using SM310-T390-VPD390 from 0.05 to 0.25, and using SM610-T390-
VPD190 from 0.02 to 0.19. The slightly strongest increase in probability for
SM110-T190-VPD190 and SM310-T390-VPD390 compared to the two other
indices might be due to the fact that the increase in temperature and the
drying trends are more pronounced in summer86. As SM6-T3-VPD1 and
SM6-T3-VPD3 integrate climate variables from spring and late winter, the
increase might be slightly less pronounced.

Similarly to the FWI study, the analysis of the three SSPs reveals a
strong influenceof the scenario followedon the evolutionof the frequencyof
compound dry and hot conditions (see Fig. 7). Considering the lowest
emission scenario, SSP1-2.6, the joint probability of a compound extreme
event characterised by SM610-T390-VPD390 increases from 0.03 to 0.15 in
August (from 0.04 to 0.09 in July). Considering the highest emission sce-
nario, SSP5-8.5, extreme events become normal conditions as their prob-
ability increases from 0.04 to 0.49 inAugust (from 0.04 to 0.38 in July). This
suggests that by the end of the century (2071–2100), there will be a 49%
probability (about 1 in 2) that anAugustmonthwill be hotter anddrier than

Fig. 5 | Increase in hot and dry conditions fre-
quency during the twenty-first century. Evolution
of the cumulative probability (CDF) of SM625-T375-
VPD375 (blue) and SM610-T390-VPD390 (orange) in
July (a) and August (b) under SSP2-4.5 scenario.
The crosses represent themedians of the fivemodels
and the dots each individual model. The horizontal
red dashed line represents a cumulative prob-
ability of 0.5.

Fig. 6 | Increase in extreme hot and dry conditions
characterised by four seasonal compound indices.
Evolution of the cumulative probability (CDF) of
SM610-T390-VPD390 (orange), SM610-T390-
VPD190 (blue), SM310-T390-VPD390 (green), and
SM110-T190-VPD190 (red) in July (a) andAugust (b)
under SSP2-4.5 scenario. The crosses represent the
medians of the five models and the dots the five
models. The horizontal red dashed line represents a
cumulative probability of 0.5.
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the extreme event defined during the reference period (1991–2020), which
previously had only a 4% probability (1 in 25) of occurrence. Again,
uncertainties increase with time. In August under SSP5-8.5 scenario, the
MPI-ESM1-2-LR model estimates that 66% of the events could be hotter
anddryer than the reference extreme event,while theACCESS-ESM1-5 and
GISS-E2-1-G models project a probability of 46%. These results highlight
the strong benefits of reducing greenhouse gases emissions to limit the
danger of wildfire. They also underscore the importance of swiftly imple-
menting adaptation measures, as even in the lowest emission scenario, the
danger from long-term dry conditions increases.

Seasonal danger projection based on joint probability
We now define another hot and dry reference event with SM6-T3-VPD3
based on its joint probability instead of themarginal probabilities of its three
components. For instance, with ERA5 data, we estimate a joint probability
of 0.05 that a drier and hotter event than August 2022 would occur in
Southwestern France. Summer 2022 represents an extreme wildfire season.
Therefore, we analyse how an event of such joint probability could evolve

with climate change. However, there are multiple triplet of values
(SM6;T3;VPD3) that yield a joint probability of 0.05. We defined four
reference triplets of values yielding a joint probability of 0.05 in 1991–2020
to assess their evolution over the twenty-first century: Point 10 (extremely
dry) (the marginal cumulative probability of SM6 is 0.10), Point 25 (dry)
(the marginal cumulative probability of SM6 is 0.25), Point 75 (hot) (the
marginal cumulative probabilities of T3 and VPD3 are 0.75) and Point 90
(extremely hot) (themarginal cumulative probabilities of T3 and VPD3 are
0.90) (see “Methods” for details).

The analysis of the evolution of these four reference extreme events
reveals that the change in frequency over time varies across the four points.
In nearly all cases, including both months, all three climate scenarios, and
thefivemodels, Point 25 (dry) andPoint 90 (extremelyhot) demonstrate the
greatest increase in joint probability (see Fig. 8). By the end of the century, in
August under SSP2-4.5 scenario, the median probabilities of Point 25 (dry)
and Point 90 (extremely hot) across the five models reach 0.46 and 0.37,
respectively, with somemodels exceeding a probability of 0.5, while the joint
probabilities of Point 10 (extremely dry) and Point 75 (hot) both reach 0.25

Fig. 7 | Increase in extreme hot and dry conditions
under three scenarios. Evolution of the cumulative
probability (CDF) of SM610-T390-VPD390 in July (a)
and August (b) under SSP1-2.6 (green), SSP2-4.5
(orange) and SSP5-8.5 (red) scenarios. The crosses
represent the medians of the five models and the
dots each individual model. The horizontal red
dashed line represents a cumulative prob-
ability of 0.5.

Fig. 8 | Increase in frequency of the four hot and dry reference events during the
twenty-first century. Evolution of the joint probability of Point 10 (extremely dry)
(a), Point 25 (dry) (b), Point 75 (hot) (c) and Point 90 (extremely hot) (d) in August

under SSP2-4.5 scenario. The black crosses represent the medians of the five models
and the coloured dots each individual model. The horizontal red dashed line
represents a cumulative probability of 0.5.

https://doi.org/10.1038/s44304-025-00124-0 Article

npj Natural Hazards |            (2025) 2:70 6

www.nature.com/npjnathazards


(see Fig. S7 in Supplementary Material for results in July). Several elements
can explain this difference. Point 25 (dry) and Point 90 (extremely hot)
usually have the highest T3 and VPD3 marginal cumulative probabilities
(see Table S1 in Supplementary Material). Investigating the bivariate
probability distributions of the studied variables suggests that the change in
frequency of compound extreme events is mainly driven by the change in
temperature and VPD marginal distributions, and less by soil moisture
evolution. Figure 9 shows the bivariate distributions for the IPSL-CM6A-LR
model. The four other climate models show similar patterns. On average
over the five models, between the two periods 1991–2020 and 2071–2100,
the mean SM6 decreases by 0.68 standard deviation in August under SSP2-
4.5 scenario, while mean T3 and VPD3 increase by 2.52 and 2.08 standard
deviations respectively (see Table S2 in SupplementaryMaterials for details
on each five models). Figure 10 focuses on the four reference points and
allows us to compare the evolution over time of the position of the four
reference events in the joint trivariate probability distribution. It confirms, as
could be suspected when analysing Fig. 9, that their evolution is more
influenced by the change in the T3 marginal distribution than by that of
SM6. Figure 10 shows the distribution for the IPSL-CM6A-LR model. The
four other climate models show similar patterns.

In the climate impact literature, bias-correctingmodeldata is common.
The quantile mapping technique has been widely applied when analysing a
single climate variable. It consists in finding in the model the event whose
cumulative probability would be equal to the one of the studied event in the
observations. In the case of compound events, such approach cannot be
adopted as an infinite number of triplets of values (in the case of a trivariate
distribution) result in the same joint probability. It is rarely possible to find
data in the model that have both the same joint probability and marginal
probabilities as an event in the observations, as models are not exact
representationsof the reality. Severalmultivariate bias correction techniques
have emerged recently to tackle this issue, each one providing potentially
different outcome as they are based on different mathematical approaches
and on the assumption of inter-variable relationships. Our analysis of four
reference events provides complementary results to such bias-correction
techniques, since it actually reveals the uncertainty or reliability attached to
the projection. This methodology we applied to prolonged hot and dry
conditions could be used to analyse other compound extreme events.

Inter-comparison across the projections
For the two months and the three scenarios, the increase in probability of
extreme conditions prone towildfires ismore pronouncedwith the seasonal
compound index. For instance, under RCP4.5 scenario in July, using the
75th percentile to define the reference event, the probability of the SM625-
T375-VPD375 rises from 0.12 to 0.45, while the probability of the FWI75
increases from 0.23 to 0.35. Under RCP8.5 scenario in August, using the
90th percentile to define the reference event, the probability of the SM610-
T390-VPD390 rises from 0.04 to 0.49, while the probability of the FWI90
increases from 0.11 to 0.29. The events analysed with these two indices are
different as the reference event definedwith the seasonal compound index is
rarer than the reference event defined with the FWI90. A complementary
analysis (see Fig. S8) indicates that a similar event—defined here by the 95th
percentile of the FWI (FWI95)—would experience an increase in probability
from 0.06 to 0.15 in August under RCP8.5 scenario, representing a sub-
stantially more moderate change compared to the event defined by the
SM610-T390-VPD390. In addition, the two indices capture events on dif-
ferent timescales. Although the FWI incorporates long-term components
(e.g., the DC), it predominantly reflects short-term conditions, particularly
through the ISI (see Figs. S1 andS2). In contrast, the SM6-T3-VPD3 index is
designed to represent exclusively seasonal conditions, integrating data over
periods of up to six months. As such, the results obtained from SM6-T3-
VPD3 and the FWI are complementary. They show that seasonal com-
pound hot and dry conditions might increase sharply, which must be
considered carefully as compound events often lead to severe impacts87,
while daily fire-weather anomalies are also becoming more frequent. With
both indices, under the SSP5-8.5 (RCP8.5) scenario the probability seems to
increase more sharply in the second part of the twenty-first century. Under
the SSP1-2.6 (RCP2.6) scenario however, the evolution pattern differs as the
wildfire danger, as defined with the FWI, might slightly decrease, whereas
the likelihood of compound hot and dry conditions increases. This can be
due to the fact that the events analysedwith the two indices are different, and
therefore not fully comparable. Itmight also result from the slight difference
between the scenario used as the FWI projections are based on RCPs
designed for CMIP5, while the compound event analysis is based on SSPs
fromCMIP6. In addition,models used differ between the two analyses. The
compound event analysis relies on global climate models (GCM), while the

Fig. 9 | Evolution of the marginal and bivariate
distributions during the twenty-first century.
Marginal distribution of SM6 (a), T3 (e), and VPD3
(i) in the four time periods inAugust under SSP2-4.5
scenario in the IPSL-CM6A-LR model. Bivariate
distributions (d, g, h) and associated data
points (b, c, f).
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FWI analysis relies on a regional climate model (RCM) nested into a GCM.
The studied domain is located in a transition area between the Mediterra-
nean region that is expected to become warmer and drier with climate
change, andNorth-western Europe expected to becomewetter88. This could
induce variability across models.

A complementary analysis was conducted to compare SM6-T3-VPD3
with the accumulated version of the FWI through the Daily Severity Rating
(DSR) (see Methods). Specifically, DSR1, DSR3, and DSR6 were calculated
using ERA5 data from 2003 to 2022 by accumulating daily DSR values over
1, 3, and 6 months, respectively. The correlation between SM6-T3-VPD3
and these accumulatedDSR indices wasmoderate, withKendall correlation
coefficients of 0.30, 0.46, and 0.49 for DSR1, DSR3, and DSR6, respectively
(seeFig. S2).DSR3andDSR6are strongly correlatedwithone another, likely
because DSR emphasises high FWI values, which predominantly occur
during summer. As a result, although DSR6 includes spring values, these
may be dominated by the more extreme summer conditions. This suggests
that DSR6 may not effectively capture the potential influence of spring
drought on wildfire danger.

In a second step, we analysed projections of the 95th percentile of
DSR1, DSR3, and DSR6—referred to as DSR195, DSR395, and DSR695—
under the three climate scenarios (see Figs. S9–S11), in order to compare
them with FWI95 and SM610-T390-VPD390. As expected, DSR3 and
DSR6 show similar projected trends, consistent with their strong correla-
tion. The projected increases in DSR395 and DSR695 are more pronounced
than those of FWI95 (Fig. S8), but remain more moderate compared to the
stronger increases projected for SM610-T390-VPD390 (Fig. 7).

Discussion
In its last report, the IPCC Working Group II underlined a lack of robust
wildfires incidences and magnitudes assessment in Europe10. In this article,
we try to remediate the issue with two complementary indices based
respectively on the seasonal compounddry and hot conditions and the daily
variations of the fire-weather. The aim of this study was to evaluate the
evolution of the two primary factors that control the extent of burnt area
defined by Pereira et al.69, the long-term “climate anomalies” and the short-
term “weather anomalies”. Both indices estimate a strong increase in the
wildfire danger. Results demonstrate the benefit of limiting greenhouse gas
emissions as the probability of compound hot and dry conditions is of 0.15
under SSP1-2.6 scenario, but reaches 0.49 under SSP5-8.5 scenario in
August at the end of the century. Meanwhile, the probability of occurrence
of extremefire-weather, as characterisedbyFWI90, is rising from0.11 to0.29
in August under RCP8.5 scenario, whereas it might slightly decrease under
RCP2.6 scenario. It also advocates for adaptation measures, as all models
and all indices reveal an increase in the likelihood of climate conditions
prone to wildfires (except the FWI under RCP2.6 scenario). In particular,
according to the seasonal compound index, the sharpest increase might
occur during the first half of the century, meaning that adaptationmeasures
to face the increase in wildfire danger need to be developed as of today. In
addition, uncertainties are wider at the end of the century, meaning that in
the worst case, the frequency of extreme conditions could be even higher
than stated previously (see Fig. 5). If local authorities are willing to prepare
for the worst-case scenario, they should consider the upper bound of the
confidence interval. For instance, the 2022 wildfire season in Southwestern

Fig. 10 | Evolution of the joint probability of the four hot and dry reference events
during the twenty-first century. The intersections of the white dashed lines
represent the joint probabilities of the four reference events. Each row corresponds
to one of the four points: a–d, e–h, i–l, andm–p represent Point 10, 25, 75, and 90,
respectively. Each column represents a different time period: a, e, i,m correspond to
1991–2020;b, f, j,n to 2021−2050; c, g,k,o to 2046–2075; andd,h, l,p to 2071–2100.

All data refer to August under the SSP2-4.5 scenario using the IPSL-CM6A-LR
model. The coloured background and the isolines represent the joint probability
distribution. The joint probability distribution is in three dimensions. So each panel
represents the joint probability distribution in a plane corresponding to a given
marginal probability of VPD3, equal to the one of T3 for the reference event
considered.
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France, which resulted in over 30,000 hectares burned, was associated with
exceptionally hot and dry conditions—as indicated by the SM6-T3-VPD3
index—whose estimated likelihood was 0.05 (1 in 20). Under the RCP4.5
climate change scenario, the probability of such an event could increase to
0.57 (see Fig. 5b).

Wecarried outour analysis for eachmonth independently as our aim is
to investigate how monthly conditions will diverge from mean conditions
for each month. Indeed, each month features specific environmental con-
ditions (phenological stage, vegetation dryness) and socio-economic con-
text (e.g. level of touristic frequentation of the forest). From an adaptation
point of view, it might be useful for local stakeholders and decision-makers
to think in terms of a monthly frame of reference. In addition, we showed
that to analyse the evolution of risks associated with compound events, it is
relevant to analyse a set of points having different marginal probabilities as
the intervariable relationships evolvewith climate change. By analysing four
reference points (twomore related to temperature extremes, and two others
to soil moisture extremes), we showed that a single joint probability can
representmultiple compound conditions and that the frequency of eachwill
evolve differently under climate change. Thismethodology could be applied
to other compound events.

Hetzer et al.56 analysed the evolution of the value of the 95th percentile
of FWI in Europe. This means they fixed a probability and analysed how
does the corresponding value of the FWI evolve, whereas we fixed the
intensity and analysed how its probability evolves. Decision-makers are
better able to address risks associated with familiar events89. Therefore,
defining referenceevents on thepast period andassessing their likelihoodon
short-term, medium-term and long-term period in different scenarios is of
significant interest. It should help local decision-makers foresee the evolu-
tion of the wildfire risk and develop adaptation strategies. It also makes the
methodology we developed easily applicable to other regions. The 90th
percentile of the FWI (FWI90) used in this study corresponds tofire-weather
conditions similar to those observed on 6 August 2022—3 days prior to the
onset of the “Landiras 2”wildfire. Likewise, the conditions associated with a
joint probability of 0.05, as defined by the SM6-T3-VPD3 index, reflect the
exceptional meteorological extremes experienced during the summer of
2022. Hetzer et al.56 focused on 1950–2080 and used different models.
Therefore, results are not easily comparable. Nevertheless, they are coherent
as Hetzer et al.56 also found a sharp increase in fire-weather, especially in the
SSP5-8.5, as we did. Bedia et al.55 used the A1B emission scenario, corre-
sponding to an intermediate level between RCP4.5 and RCP8.590. They
analysed the frequency-over-threshold 30 (FOT30) defined as the number
of days with FWI greater than 30. In France, they found that the FOT30
approximately increases from 10% to 25% between 1971–2000 and
2071–2100. Again, although not directly comparable, the results of Bedia
et al.55 are coherent with our results, as the reference event we defined with
the 90th percentile of FWI on 1991–2020 is close to 30 (see Table S3 in
Supplementary Material). Fargeon et al.91 also analysed the evolution of
FOT30 under RCP4.5 and RCP8.5 scenarios. They focused on the wildfire
danger at national level, not Southwestern France specifically. Nevertheless,
as in our analysis, they found a much steeper increase under RCP8.5
compared to RCP4.5 after 2050.

No other study has analysed hot and dry compound events using
indicators combining temperature, soil moisture and VPD on different
timescales. However, several studies have analysed them using temperature
and precipitation. In particular, Dosio et al.92 studied the evolution of
record-breaking and unprecedented compound hot and dry summers in
Europe. As we did, they found that even under a low-emission scenario
(RCP2.6), model projections indicate a probable rise in the frequency of
compound hot and dry events by the end of the century. Felsche et al.93

analysed European hot and dry summers focussing on temperature and
precipitation.They found that in theAtlantic coast region, that encompasses
our study area, the likelihood of an extremehot anddry summer like the one
of 2003will increase from0.001 in thepresent climate (2001–2022) to 0.36 at
a Global Warming Level (GWL) of +3 °C compared to 1850–1900. Our
methodology is different so our results are not directly comparable to this

study, however Point 90 (extremely hot), closest to that analysed by Felsche
et al. (a hot but moderately dry event) shows a similar increase from 0.05 to
0.36 in SSP2-4.5 by the end of the century. Finally, a number of studies have
investigated future changes in short- to long-term droughts (1-, 3-, and 12-
month durations) across the Mediterranean Basin, reporting a robust
increase in drought frequency under climate change scenarios94–96.

Themethodologydeveloped in this study couldbe adapted andapplied
to regions with similar wildfire regimes. The use of percentiles based on a
reference period enables analyses that are tailored to local conditions. If
necessary, the variables and timescales incorporated into the seasonal
compound index canbe adjusted to better suit different regional contexts. In
all cases, however, the application of the index in a new context would
require prior validation. Particular caution is warranted in fuel-limited
environments, where fuel accumulation, rather than weather conditions, is
the primary driver of fire risk97. Other impacts of climate change could also
be analysed using this methodology, such as agricultural droughts. In
addition, the methodology we developed to analyse a compound event by
fixing either the marginal probabilities or the joint probability allows us to
better understand and characterise the evolution of the compound event
and the relations between variables.

Tobring this analysis further, itwouldbe interesting toanalyse theFWI
with a larger set of simulations to better assess uncertainties (C3S provides
three simulations, only one of which was evaluated as satisfactory for our
analysis). It would also be of interest to analyse the evolution of pyr-
oconvective risk. Pyroconvective phenomena have been implicated in sev-
eral recent extreme wildfires, producing hazardous and unpredictable fire
behaviour30,61,98–100. Owing to their projected increase in frequency under
climate change, such events are expected to pose an additional challenge for
firefighting operations101,102. In addition, this study focused exclusively on
July and August, despite the fact that wildfires also occur during other
seasons. A comprehensive analysis of the climate–fire relationship across
the entire year is necessary to identify which indices are most relevant for
assessing the evolution of wildfire danger beyond the summer months. In
Southwestern France, the drivers and dynamics of spring and autumn
wildfires differ substantially from those in summer andare therefore beyond
the scope of this study. As such, the seasonal compound index employed
here may not be suitable for analysing spring and autumn wildfires, nor for
evaluating a potential extension of the wildfire season, as explored in other
studies conducted in France and the broader Mediterranean region57,103,104.
In this article, we focused on the climate drivers ofwildfire. To refine the risk
projection, other drivers should be investigated, such as fire-vegetation
feedbacks and human-related factors on the climate-fire relationship57. For
instance, population has been increasing in the Landes forest in the last few
years105, which increases the exposure to the wildfire risk.

Evolution in fire danger due to climate change is of strong concern,
as extreme hot and dry events on the reference period might become
normal conditions at the end of the century. This poses serious threats to
the region as wildfires have multiple environmental and socio-economic
impacts. Previous studies revealed increasing risks in neighbouring
countries50,51,53,55,56,106. While international cooperation in wildfire
response is routinely activated during extreme events, the increasing
likelihood of simultaneous wildfires across multiple European countries
may strain shared resources, highlighting the need for stronger inter-
agency coordination and deeper integration at the regional level.

Adapting to the escalating risk of wildfires necessitates a comprehen-
sive approach that addresses the three fundamental components of risk:
danger (also referred as hazard), exposure, and vulnerability10,46. Mitigating
the hazard involves decreasing the likelihood and potential severity of
wildfire events. This can be achieved through public education campaigns
that promote fire-safe behaviours among residents, tourists, and profes-
sionals. Fuel management practices, such as prescribed burning and
mechanical thinning, have proven effective in reducing wildfire severity107.
Exposure canbe curtailed by regulating the expansion of human settlements
and infrastructure into fire-prone areas, particularly the wildland–urban
interface (WUI). TheWUI, where human developmentmeets undeveloped
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wildland, has been identified as a zone of heightened wildfire risk. Efforts to
limit development in these areas can reduce the number of structures and
lives at risk108–110. However, it is important to recognise that even without
further expansion, existing exposure within the WUI remains substantial.
Moreover, many peri-urban areas—often overlapping with the WUI—
provide essential affordable housing, underscoring the need to balance
wildfire risk reduction with broader social and economic considerations111.
Finally, reducing vulnerability entails enhancing the resilience of commu-
nities and systems to withstand and recover from wildfire events. This
includes bolstering firefighting capacities, implementing early warning
systems, refining evacuation procedures, retrofitting properties in theWUI
to resist fire hazards, creating funding mechanisms to support adaptation
and developing specialised insurance schemes and healthcare plans tailored
to wildfire-related emergencies112–114. By systematically addressing hazard,
exposure, and vulnerability, these strategies collectively contribute to amore
resilient approach to managing the increasing threat of wildfires in the
context of climate change. However, for such adaptation strategy to be
effective, all the stakeholders involved need to collaborate (individual
property owners, local decision makers, government agencies, etc.)115,116.

Methods
Data to compute the seasonal compound index
Monthly mean soil moisture, surface air temperature, pressure, relative
humidity and specific humidity are analysed using five climatemodels from
the 6th Coupled Model Intercomparison Project (CMIP6): ACCESS-
ESM1.5, CanESM5, GISS-E2.1-G, IPSL-CM6A-LR and MPI-ESM1.2-LR.
Historical simulations and three Shared Socioeconomic Pathways (SSP) are
analysed: SSP1-2.6, SSP2-4.5, SSP5-8.5 (see Table S4 in Supplementary
Materials for details on the models and the simulations used). These three
scenarios are studied to reflect the range of uncertainty on the future global
warming levels. SSP1-2.6 is the lowest emission scenario, in which global
warming is kept below+2 °C, the limit set in the Paris Agreement. SSP5-8.5
is the highest emission scenario, in which global warming reaches around
+5 °C by 2100. SSP2-4.5, often referred to as “business as usual”, represents
amedium scenario in which global warming reaches more than+2.5 °C by
2100, and reflects current policies better than SSP1-2.6117–119.

VPD is defined as the difference between the saturated water vapour
pressure (es, Pa) and the actual one (e, Pa), and calculatedwith the following
formula:

VPD ¼ es � e ¼ qs
εþ ð1� εÞqs

P � q
εþ ð1� εÞq P ð1Þ

Where qs and q are the surface air saturated and actual specific humidity in
kg/kg, P the surface atmospheric pressure in Pa, and ε is the ratio of the
molecular weight of water vapour to the molecular weight of dry air
(ε = 0.622). qs is computed as qs ¼ q

RH
100ð Þ, where RH is the relative

humidity in %.

FWI data
The Fire Weather Index (FWI) is an indicator of weather conditions
favourable for wildfires. There is a standard computation methodology47.
The input variables are daily noon values of air temperature, relative
humidity, wind speed and 24-h accumulated precipitation. But the FWI is
not directly available in global climate models, and the input variables
necessary to apply the standard computation methodology are rarely pro-
vided. They are however available through a certain number of CORDEX
regional climate simulations. In this article, we used FWI projections from
the Copernicus Climate Change Service (C3S). The output from three
GCM/RCM pairs, developed within the EURO-CORDEX120 are evaluated:
ICHEC-EC-EARTH/RCA4, MPI-M-MPI-ESM-LR/RCA4 and MOHC-
HadGEM2-ES/RCA4, the Swedish Rossby Center Atmospheric model
version 4 (RCA4)121 being nested into three global models, EC-Earth122,
MPI-ESM123 (Max-Planck Institute) and HadGEM124 (UK Met Office).

ThreeRepresentativeConcentrationPathways (RCP) are analysed: RCP2.6,
RCP4.5 and RCP8.5.

ERA5 and models’ data are interpolated on the domain lying between
−1.25° and 1.25° in longitude, and 43.73° N and 45° N in latitude.

Daily wildfire danger analysis
A reference extreme event is defined using the 90th percentile of the FWI
(FWI90) on 1991–2020 for July and August respectively, under
RCP4.5 scenario.Acumulativedensity function (CDF) isfitted to thedata to
estimate the probability of occurrence of such an event on four periods: the
reference (1991–2020), short-term (2021–2050), medium-term
(2046–2075), and long-term (2071–2100) period. The same analysis is
conducted using the 75th percentile of the FWI (FWI75) to assess the effect
of defining a less extreme reference event. Finally, we assessed the evolution
of the 90th percentile of the FWI under RCP2.6 and RCP8.5 scenarios to
compare the evolution of the danger in different emission scenarios. We
study the survival probability (1� CDF) to ease the comparison with the
seasonal compound index analysis.

Uncertainties on the results are assessed by bootstrapping. For each
month and each four periods studied, 1000 samples are created. The
probability of the FWI is computed, with a 95% confidence interval.

Daily Severity Rating (DSR)
The Daily Severity Rating (DSR) and its averaged form over a season,
the Seasonal Severity Rating (SSR), are both indicators derived from the
Fire Weather Index (FWI) system. The DSR applies a non-linear
transformation to daily FWI values, typically using a power-based
function: DSR ¼ 0:0272 × FWI1:77

This formulation amplifies the influence of higher FWI values, high-
lighting days with particularly severe fire weather conditions47. When
aggregated over time, the DSR provides a cumulative measure of fire
potential, offering insight into the persistence and intensity of hazardous
conditions throughout a given period. In the current study, we accumulate
DSR over 1, 3 and 6 months, producing DSR1, DSR3 and DSR6.

FWI projections’ evaluation
The three FWI projections provided by C3S are evaluated against ERA5
data.We analyse the changes in the CDF of a reference event, defined as the
90th (75th) percentile for 1991–2020, between the periods 1970–1999 and
1991–2020 under RCP4.5 scenario, considering both July andAugust. Only
one model shows trends close to the one assessed with ERA5 (see Figs.
S12 and S13 in Supplementary Materials). Therefore, only the MPI-ESM-
LR/RC4 simulation is used to perform our analysis.

Seasonal wildfire danger analysis
The empirical joint probability of a hot and dry event is assessed using the
Gringorten plotting position formula in the trivariate case125–127, following
Eq. (2):

PðSM6 ≤ xi;T3≥ yj;VDP3≥ zkÞ ¼
m� 0:44
nþ 0:12

ð2Þ

Where n is the number of data points and m is the number of data points
verifying the condition (SM6≤ xi and T3≥ yj and VDP3≥ zk) with
1≤ i; j; k≤ n. SM6 is computed by integrating soil moisture over 6 months,
so for instance, the value of SM6 inAugust is the integration of soilmoisture
fromMarch toAugust.T3 (VPD3) is computed by integrating temperature
(VPD) over 3 months, so for instance, the value of T3 (VPD3) in August is
the integration of temperature (VPD) from June to August. This empirical
joint probability is computed in July and August, the two summer months
analysed in this study. In contrast to Lanet et al.21, we do not apply the
inverse cumulative distribution function of the normal distribution to
standardise the data, as this approach is not suitable for analysing the more
than 100-year period under study, during which the climate is no more
stationary.
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Lanet et al.21 evaluatedmultiple combinations of integrationperiods. In
the present study, we selected three additional indices—SM6-T3-VPD1,
SM3-T3-VPD3, and SM1-T1-VPD1—that exhibited comparable perfor-
mance to SM6-T3-VPD3 in predicting burnt area, in order to conduct a
sensitivity analysis on the index used for projecting wildfire danger.

VPD can exhibit a strong response to temperature79. However, climate
change may alter the intervariable relationship between temperature and
VPD, as has been observed for other variables128. Figure S14 illustrates that
during the twenty-first century, the temperature distribution shifts toward
higher values without a change in its distribution shape (panel e), whereas
the VPD distribution becomes wider, with an extended right tail corre-
sponding to higher VPD values (panel i). This divergence leads to a change
in the intervariable relationship (panel h). The empirical joint cumulative
probability computed using Eq. (2) is based on a copula method, which
allows us to capture the dependence among the three variables that con-
stitute the index.

The reference compound extreme event is defined in two different
ways. First, it is defined by combining the 10th (25th) percentile of SM6, and
the 90th (75th) percentile of T3 and VPD3 on 1991–2020. As for the FWI
analysis, the joint probability of this reference event is assessed on four
periods (1991–2020, 2021–2050, 2046–2075, and 2071–2100), pooling
together all the simulations used into one large distribution for each model
(ten ensemblemembers are used in the case of SSP2-4.5, and five in the case
of SSP1-2.6 and SSP5-8.5). This analysis is performed on July and August
and using the five climate models independently.

Afterwards, we define a reference event by setting the joint probability
instead of themarginal probabilities.We choose a joint probability of 0.05 as
it is the value we assess for August 2022 with ERA5 data. In addition, we set
the constraint that themarginal probability of T3 (PðT3≤ yi)) is equal to the
marginal probability of VDP3 (PðVPD3≤ zi)) for a given event char-
acterised by SM6 ¼ xi and T3 ¼ yi and VPD3 ¼ zi to decrease the
dimensionality of the problem. We select four reference events corre-
sponding to four points in the joint-probability chart. Twoof themaremore
related to temperature extremes, and two others to soil moisture extremes.
The first point (noted as Point 10 (extremely dry)) is defined by setting
P SM6≤ xi
� � ¼ 0:1, the second (Point 25 (dry)) P SM6 ≤ xi

� � ¼ 0:25, the
third (Point 75 (hot)) P T3≤ yi

� � ¼ 0:75 and the fourth (Point 90 (extre-
melyhot))P T3≤ yi

� � ¼ 0:90.The joint probabilities of these four reference
events defined on 1991–2020 are then assessed for three other periods,
2021–2050, 2046–2075, and 2071–2100, under three emission scenarios, in
July and August and for each five global climate models.

CMIP6 models’ evaluation
The objective of this models’ evaluation is to compare the joint relation
between the three climate variables in the models and in ERA5 data in the
case of extreme hot and dry events. In this article, we performed two dif-
ferent analyses, fixing either the marginal probabilities of the three climate
variablesor the joint probabilityof fourpoints.Therefore,weperformed two
different models’ evaluation. First, we assessed the empirical joint prob-
abilityof a compoundeventdefinedon1991–2020as the combinationof the
10th (25th) percentile of SM6, and the 90th (75th) percentile of both T3 and
VPD3 for July andAugust using ERA5 data and each ten simulations of the
five climate models (using historical simulations for 1991–2014 and SSP2-
4.5 for 2015–2020). The empirical joint probability computed from ERA5
data is in the range of empirical joint probabilities computed with the
ensemble members of each model. Therefore, the five climate models are
considered satisfactory for the first analysis conducted in this article (see
Figs. S15 and S16 in Supplementary Materials). Then, we fixed a joint
probability of 0.05, and we set the constraint P T3≤ yi

� � ¼ PðVPD3≤ ziÞ.
For Points 10 (extremely dry) and 25 (dry), we set P SM6 ≤ xi

� � ¼ 0:1 and
P SM6≤ xi
� � ¼ 0:25, respectively. Therefore, to evaluate the model, we

compared the marginal probability of T3 (P T3≤ yi
� �

Point10 and
P T3≤ yi
� �

Point25) in ERA5 to the ones in the ten ensemblemembers of each
model (see Table S4 in SupplementaryMaterials for the climatemodels and
simulations used). For Points 75 (hot) and 90 (extremely hot), we set

P T3≤ yi
� � ¼ 0:75 and P T3≤ yi

� � ¼ 0:90, respectively. Therefore, to
evaluate the model, we compared the marginal probability of SM6
(P SM6≤ xi
� �

Point75 and P SM6 ≤ xi
� �

Point90). In most cases (for the four
points and the 2 months), the marginal probability computed from ERA5
data is in the range of marginal probabilities computed with the ensemble
members of each model. Therefore, the five climate models are considered
satisfactory for the second analysis conducted in this article (see Figs.
S17–S20 in Supplementary Materials).

Data availability
CMIP6 data are publicly available through the Earth System Grid Federa-
tion (https://esgf-node.llnl.gov/search/cmip6/), and the FWI projections
through Copernicus Climate Change Service (C3S) Climate Data Store
(CDS) (https://doi.org/10.24381/cds.ca755de7). ERA5data are also publicly
available through theClimateData Store (https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview), as well as
the ESA Climate Change Initiative Land Cover (https://cds.climate.
copernicus.eu/datasets/satellite-land-cover?tab=overview) (https://doi.org/
10.24381/cds.006f2c9a). The BDIFF burnt area French database is publicly
available through https://bdiff.agriculture.gouv.fr/.
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