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Abstract. Wildfires have reached an unprecedented scale in
the Northern Hemisphere. The summers of 2022 and 2023
demonstrated the destructive power of wildfires, especially in
North America and southern Europe. Global warming leads
to changes in fire danger. Specifically, fire seasons are as-
sumed to become more extreme and will extend to more
temperate regions in northern latitudes in the future. How-
ever, the extent to which the seasonality and severity of fire
danger in regions of central Europe will change in the future
remains to be investigated. Multiple studies claim that nat-
ural variability and model uncertainty hide the trend of in-
creasing fire danger in multi-model climate simulations for
future potentially fire-prone areas. Such a trend might be
isolated with single-model initial-condition large ensembles
(SMILES), which help scientists to distinguish the forced re-
sponse from natural variability. So far, the SMILE framework
has only been applied for fire danger estimation on a global
scale. To date, only a few dynamically downscaled regional
SMILEs exist, although they enhance the spatial representa-
tion of climatic patterns on a regional or local scale.

In this study, we use a regional SMILE of the Cana-
dian Regional Climate Model version 5 Large Ensemble
(CRCMS5-LE) over a region in central Europe under the
RCPS8.5 (Representative Concentration Pathway) scenario
from 1980 to 2099 to analyze changes in fire danger in an
area that is currently not fire prone. We use the Canadian For-
est Fire Weather Index (FWI) as a fire danger indicator. The
study area covers four heterogeneous landscapes, namely the
Alps, the Alpine Foreland, the lowlands of the South Ger-
man Escarpment, and the Eastern Mountain Ranges of the

Bavarian Forest. We demonstrate that the CRCMS5-LE is a
dataset suitable for disentangling climate trends from natu-
ral variability in a multi-variate fire danger metric. Our re-
sults show the strongest increases in the median (50th) and
extreme (90th) quantiles of the FWI in the northern parts
(South German Escarpment and Eastern Mountain Ranges)
of the study area in the summer months of July and August.
There, high fire danger becomes the median condition by the
end of the century, and levels of high fire danger occur ear-
lier in the fire season. The southern parts (Alps and Alpine
Foreland) are less strongly affected by changes in fire dan-
ger than the northern parts. However, these regions reach
their time of emergence (TOE) in the early 2040s because
of very low current fire danger. In the northern parts, the cli-
mate change trend exceeds natural variability only in the late
2040s. We find that today’s 100-year FWI event will occur
every 30 years by 2050 and every 10 years by the end of the
century. Our results highlight the potential for severe future
fire events in central Europe, which is currently not very fire
prone, and demonstrate the need for fire management even in
regions with a temperate climate.

1 Introduction

The fire seasons of 2021, 2022, and 2023 affected the North-
ern Hemisphere at an unprecedented scale. In particular
southern Europe and British Columbia (Canada) experienced
multiple extreme fire events in terms of intensity, severity,
and damage (i.e., Giannaros et al., 2022; Gillett et al., 2022).
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In Greece, five wildfires at the beginning of August 2021
burned an area of 94 000 ha, which corresponds to 3 times its
average annual burned area over the period 2008-2019 (Gi-
annaros et al., 2022). A total of 90 % of the village of Lytton
in British Columbia (Canada) was destroyed by fires in the
summer of 2021 (Hoffman et al., 2022). In both cases, these
fire events occurred under fire-favoring conditions of hot,
dry, and windy weather during the summer months. Sum-
mer heat waves and drought events decrease soil moisture
and increase the flammability of the vegetation prior to the
fire event (e.g., Ruffault et al., 2020). Blocking synoptic con-
ditions trap hot air over distinct areas and lead to extreme
temperatures, which contribute to very high fire danger (e.g.,
Hoffman et al., 2022). While the Mediterranean region and
western Canada have been historically fire prone and well
studied on a larger regional scale (e.g., Abatzoglou et al.,
2021; Barbero et al., 2020; Ruffault et al., 2020; Barbero
et al., 2015), fire occurrence in the temperate climate regions
of Europe has received less attention and is studied on a na-
tional rather than on a regional level (e.g., Bakke et al., 2023;
Arnell et al., 2021; Fargeon et al., 2020).

Due to climate change, fire weather and hence the likeli-
hood of fire events are projected to increase in several regions
of the world — including historically less fire-prone areas — in
the future (IPCC, 2021). From a meteorological perspective,
the risk of igniting a fire increases with higher temperatures
and wind speed and with lower relative humidity. Alterations
in these variables are projected to more than double the fre-
quency of occurrence of extreme fire weather until the end
of the 21st century (Touma et al., 2021) and increase the du-
ration, severity, and spatial extent of fires (Bowman et al.,
2020; Fargeon et al., 2020; Ruffault et al., 2020; De Rigo
et al., 2017).

Climate projections of fire danger often rely on fire in-
dices, such as the Canadian Forest Fire Weather Index (FWI)
(van Wagner, 1987), the National Fire Danger Rating Sys-
tem (NFDRS) of the US Forest Service (Bradshaw et al.,
1984), or the Australian McArthur rating system (Mark 5;
McArthur, 1967). These indices are statistical models that
were built on the correlation between fire events and meteo-
rological conditions. They have been proven to produce re-
liable ratings of fire danger in short- and long-term weather
predictions on a global scale (Di Giuseppe et al., 2016). The
FWI is the most commonly used index for assessing long-
term fire danger with climate projections because it solely
relies on meteorological inputs and does not propagate am-
biguity from land use change (Touma et al., 2021). While
this index describes the probability of a fire occurrence, it
does not imply an actual fire ignition (e.g., Di Giuseppe et al.,
2016).

Robust increases in future fire danger were simulated for
southern Europe and the Mediterranean region (IPCC, 2021).
For example, Ruffault et al. (2020) have shown that under
the RCP8.5 (Representative Concentration Pathway) emis-
sion scenario, the frequency of heat-induced wildfires will
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increase by 30 % in the Mediterranean region and Fargeon
et al. (2020) have found that under RCP8.5, today’s 10-year
FWI maxima in France are reached every second year by the
end of the century. In contrast to the Mediterranean, tem-
perate climate regions, such as central and western Europe,
show uncertain trends in fire danger because these trends
are not clearly distinguishable from internal variability when
multi-model climate ensembles are used (Arnell et al., 2021;
Fargeon et al., 2020). This uncertainty originates from the
confusion of internal variability with structural uncertainty
related to the different climate models in the ensemble (Ar-
nell et al., 2021; Fargeon et al., 2020). Separating the forced
signal in FWI changes from internal variability using only
multi-model ensembles is challenging, in particular in tem-
perate climate regions with a low signal-to-noise ratio (Ar-
nell et al., 2021; Fargeon et al., 2020; De Rigo et al., 2017).

This challenge can be addressed by evaluating climate
model simulations derived from a single-model initial-
condition large ensemble (SMILE) which enables a clear iso-
lation of the forced climate change signal from internal vari-
ability (Deser et al., 2012). SMILEs represent an ensemble
of simulations derived using one single climate model started
at different initial conditions. The ensemble spread between
the different SMILE members provides a robust estimate of
the internal variability, from which the forced response of
the climate change scenario can be estimated by averaging
over the SMILE members for a specific variable, e.g., tem-
perature (Deser et al., 2020). While single SMILEs allow for
the quantification of internal variability, they do not enable
a quantification of model uncertainty (Deser et al., 2020).
Most of the available SMILESs rely on global circulation or
earth system models with a coarse spatial resolution and are
unsuitable to assess changes in fire weather over regions with
complex terrain such as central Europe including the Alps.

In this study, we therefore use the Canadian Regional
Climate Model version 5 Large Ensemble (CRCMS5-LE), a
dynamically downscaled, regional, high-resolution SMILE
(0.11° grid cell size) nested into the Canadian Earth Sys-
tem Model version 2 Large Ensemble (CanESM2-LE) (Fyfe
et al., 2017) to disentangle climate-change-induced fire dan-
ger trends from internal variability over heterogeneous land-
scapes in central Europe. Benefits of using a regional in-
stead of a global SMILE include but are not limited to spa-
tial representations of climatic patterns in high geographical
detail, such as pressure patterns leading to extreme precipita-
tion (Mittermeier et al., 2019) or heat waves (Bohnisch et al.,
2023) and the seasonality of these extremes (Felsche et al.,
2023; Bohnisch et al., 2021; Wood and Ludwig, 2020).

We first assess the suitability of the CRCMS-LE, consist-
ing of 50 climate model members, to reproduce typical FWI
characteristics over central Europe. To do so, we compare
FWI results computed from the CRCMS5-LE to an ERAS-
based FWI benchmark (Vitolo et al., 2019) for the present
time period (1980-2009). Second, we use the unique setup
of the CRCMS5-LE to evaluate how fire danger changes in the
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future under the RCP8.5 greenhouse gas emissions scenario.
Specifically, we address three research questions (RQs):

1. How does the FWI in central Europe change between
1980 and 2099 in four hydro-climatologically diverse
subregions?

2. When does the FWI reach its time of emergence (TOE)?

3. How often does today’s 100-year FWI occur by the end
of the century?

2 Data and methods
2.1 CRCMS large ensemble

To quantify changes and internal variability in fire danger
for central Europe, we use the Canadian Regional Climate
Model version 5 Large Ensemble (CRCMS5-LE; Leduc et al.,
2019). The CRCMS-LE was obtained by nesting the re-
gional climate model CRCMS5 (Separovi¢ et al., 2013; Mar-
tynov et al., 2013) into the CanESM2-LE (Fyfe et al., 2017)
over two domains (i.e., Europe and eastern North America).
Thereby, the CanESM2 was dynamically downscaled from
an original resolution of 2.88 to 0.11° over these regions. The
dynamical downscaling of a regional single-model initial-
condition large ensemble (SMILE) was carried out within the
ClimEx project (https://www.climex-project.org, last access:
1 February 2024) to assess the hydrological impacts of cli-
mate change in Bavaria and Quebec. The dataset includes
continuous simulations of climate variables from 1950 to
2099 under the RCP8.5 emission scenario (Leduc et al.,
2019).

The driving CanESM2-LE consists of 50 simulations
(Fyfe et al., 2017), which were started by adding random per-
turbations to the initial atmospheric state of 1 January 1950.
These random perturbations were introduced by parameter-
izing a single aspect of the model’s cloud properties us-
ing a different pre-set seed for each of the 50 simulations.
This ensured that the climate change realizations were differ-
ent from each other without changing the model dynamics,
physics, or structure (Fyfe et al., 2017). After a 5-year spin-
up phase, the modeled climate of the initialized 50 mem-
bers in the CRCMS5-LE was considered independent (Leduc
et al., 2019) because the chaotic climate properties caused
diverging climate trajectories solely based on the macro-
and micro-initialization of the CanESM2-LE (Wood, 2023).
Therefore, the differences among the 50 CRCMS-LE mem-
bers can be interpreted as natural variability (Bohnisch et al.,
2021; Wood, 2023; Mittermeier et al., 2019; Leduc et al.,
2019) and are referred to as internal variability throughout
this paper (Hawkins and Sutton, 2009). For more details on
the ensemble setup, the reader is referred to Leduc et al.
(2019) (CRCMS5-LE) and Fyfe et al. (2017) (CanESM2-LE).

A comparison between the CRCMS5-LE and a multi-model
ensemble (i.e., EURO-CORDEX) was conducted by von
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Trentini et al. (2019). Their results have shown that the
CRCMS5-LE shows a smaller member spread for tempera-
ture and equal member spread for precipitation compared
to EURO-CORDEX. Further, the CRCM5-LE was bias-
corrected using the univariate quantile mapping approach
of Mpelasoka and Chiew (2009) (Poschlod et al., 2020) for
all the FWI input variables. Bias-corrected data have been
commonly used for projections of fire weather indicators
such as the FWI (e.g., Yang et al., 2015; Cannon, 2018;
Kirchmeier-Young et al., 2017; Ruffault et al., 2017; Fargeon
et al., 2020), as they have been shown to reflect fire dan-
ger more accurately than raw climate data when compared
to observational data (Yang et al., 2015). For the bias cor-
rection, the meteorological Sub-Daily Climatological REFer-
ence dataset (SDCLIREF), which combines hourly and dis-
aggregated daily station data (Brunner et al., 2021), served as
an observation reference. Correction factors were determined
for each quantile bin of each month and subdaily time step
by pooling data across all members. The correction factors
were applied separately to each member of the CRCMS5-LE
(Brunner et al., 2021).

2.2 Study area

Our study assessed changes in fire danger over a hydro-
climatically diverse region in central Europe with temper-
ate climate (Fig. 1). The boundaries of the study area were
set by the river catchments of the Danube, Main, and Elbe,
which intersect with the German federal state of Bavaria. As
the study area exceeds the boundaries of political Bavaria in
terms of these catchments, it is referred to as “hydrological
Bavaria” (HydBav). HydBav has an overall size of approx-
imately 103 km?. We divided HydBav into four subregions
according to their geography and climatology: (1) the Alps in
the south, (2) the Alpine Foreland north of the Alps bounded
by the course of the Danube, (3) the South German Escarp-
ment north of the course of the Danube, and (4) the Eastern
Mountain Ranges of the Bavarian Forest in the east of the
study area (see Fig. 1). This subdivision into complex land-
scapes was adopted from the study of Willkofer et al. (2020)
and derived from the Bavarian State Office for the Environ-
ment (Landesamt fiir Umwelt, 2023). Since fire is closely
related to the availability, or rather the absence, of water (in
terms of precipitation or soil moisture deficit), we assumed
that the water availability, climatology, and landscape char-
acteristics of the four different complex landscapes resulted
in subregion-specific fire regimes.

Mean precipitation over the study area increases from
north to south, with annual precipitation sums ranging from
500 to 1100 mm in the South German Escarpment, around
1000 mm in the Eastern Mountain Ranges, between 1500
and 2500 mm in the Alpine Foreland, and between 1000 and
2000 mm in the Alps according to the SDCLIREF obser-
vation dataset for the present climate period between 1980
and 2009. The annual mean temperatures are higher in the
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Figure 1. Complex landscapes (subregions) of hydrological Bavaria (Landesamt fiir Umwelt, 2023) by elevation (European Environment

Agency, 2016).

north than in the south. The annual mean temperature in the
Main catchment, covering the majority of the South Ger-
man Escarpment subregion, is around 10 °C, whereas in the
Alps, the annual mean temperature is around 5 °C. For the re-
gions of the Alpine Foreland and Eastern Mountain Ranges,
temperatures vary between 6 and 9°C, depending on the
elevation (Willkofer et al., 2020). The climatology in the
study area is influenced by orography (Poschlod et al., 2020),
which could be relevant for wildfire propagation. For ex-
ample, steep slopes favor fire spread due to local thermal
winds and southern facing slopes show hotter and drier con-
ditions, which increases the risk of fire ignition and propaga-
tion (San-Miguel-Ayanz et al., 2018).

2.3 The Canadian Forest Fire Weather Index

In this study, we used the Canadian Forest Fire Weather In-
dex (FWI) of van Wagner (1987) to assess fire danger be-
cause fire occurrences are strongly related to the FWI (e.g.,
Barbero et al., 2015) and its global applicability has been
demonstrated by several studies (Di Giuseppe et al., 2016;
Touma et al., 2021). The Canadian Forest Fire Weather Index
System (CFFWIS) is composed of five subindices, which to-
gether build the sixth index, i.e., the final FWI (see Fig. 2).
The CFFWIS uses meteorological conditions of the atmo-
sphere on the day of interest (temperature, relative humidity,
wind speed — all at noon — and 24 h accumulated precipita-
tion) and antecedent weather conditions represented by fuel
moisture codes to estimate fire behavior and fuel moisture
(van Wagner, 1987).
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Figure 2. The Canadian Forest Fire Weather Index System, its input
variables, and its intermediate indices. Fuel moisture codes (FFMC,
DMC, and DC) capture the antecedent moisture conditions of the
organic matter. Fire behavior codes (ISI, BUI, and FWI) describe
the potential spread and intensity of the fire (modified from van
Wagner, 1987).

The first three subindices represent the fuel moisture
codes and contain information about antecedent conditions;
i.e., they represent increased moisture after rain and reduce
moisture for each day of drying. The Fine Fuel Moisture
Code (FFMC), Duff Moisture Code (DMC), and Drought
Code (DC) model daily changes in the moisture content of
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three different fuel layers with respect to different time lags
(De Rigo et al., 2017): the FFMC describes the moisture con-
tent of the surface litter (up to 1.2 cm); the DMC accounts for
moisture of loosely compacted organic matter in up to 7 cm
depth; and the DC estimates the moisture content of compact,
organic layers up to 15cm of ground depth. The response
to immediate atmospheric effects decreases with an increas-
ing layer depth of the specific fuel moisture codes (De Rigo
et al., 2017). The fuel moisture codes are considered to dry
exponentially over time so that their immediate drying rate
is proportional to the free moisture content. The time lag ac-
counts for the drying speed. The DMC and DC respond to
changing day length as the season progresses, since less time
is available for drying when day length decreases (van Wag-
ner, 1987).

The other two subindices, i.e., the Built-Up Index (BUI)
and Initial Spread Index (ISI), together with the resulting
FWI, describe the fire behavior in the case of an ignition.
They are stateless and only indirectly linked to past condi-
tions. The ISI combines wind speed and the FFMC to repre-
sent the rate of spread. The BUI combines the DMC and DC
to represent the available fuel of the spreading fire. Finally, a
combination of ISI and BUI leads to a representation of the
potential intensity of the spreading fire in terms of the energy
output rate per unit length of fire front, known as the FWI
(De Rigo et al., 2017).

Originally, the FWI was calibrated for pine forests. Pine
forests are widespread in Canada, where the index was de-
veloped. However, the main goal of the CFFWIS was to cre-
ate a fire danger rating system solely based on weather and
to provide uniform results throughout Canada. Therefore, the
calibration to a specific fuel type can be neglected (van Wag-
ner, 1987). Its applicability to other fuel types in different re-
gions of the world has been demonstrated by various studies
(e.g., Di Giuseppe et al., 2016; Barbero et al., 2020; De Rigo
etal., 2017; Touma et al., 2021). The full formulas of the CF-
FWIS and a detailed description of all subindices is provided
by van Wagner (1987).

2.4 Estimating fire danger using the CRCM5-LE

We calculated the FWI results on a daily basis for each full
year (1 January to 31 December) and climate model en-
semble member between 1980 and 2099 using the cffdrs R
package (Wang et al., 2017). The generated dataset was later
cropped to the dry season (1 April to 30 September) of the
Northern Hemisphere, which was used as the fire season in
our study as suggested by Vitolo et al. (2019). The results
shown refer to this fire season. To facilitate the interpretation
of the FWI, we used the seven fire danger classes proposed
by the European Forest Fire Information System (EFFIS;
EFFIS, 2021) and assigned the FWI to particular fire dan-
ger levels. These FWI danger levels and their corresponding
color scheme are shown in Table 1.
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Table 1. Fire danger levels of the FWI according to EFFIS (2021).

FWI FWI danger level Color
<52 No Danger -
52-11.2 Low

11.2-21.3 Moderate

21.3-38 High

38-50 Very High

50-70 Extreme

>70 Very Extreme

) T

1980 1985 1990 1995 2000 2005 2010

CRCM5-LE SD
—— P25/ P75 CRCM5-LE

x reference (ERA5)
—— CRCM5-LE mean

Figure 3. Median FWI (thick blue line) and standard deviation
(light-blue shading) for the CRCMS5-LE mean in comparison to the
reference dataset of Vitolo et al. (2020) marked in pink (x for val-
ues, lines for deviation from the CRCMS5-LE mean) over the study
area. The top and bottom blue lines represent the 25th and 75th
quantiles of the CRCMS5-LE, respectively.

To ensure that the CRCMS-LE sampled the FWI in a
meaningful way, we compared the CRCMS5-LE FWI median
for the current period (1980-2009) with the median of the
ERAS5-based FWI dataset from Vitolo et al. (2020), hereafter
referred to as the “reference dataset” (REF) over the study
domain. A majority of the reference data points are located
within 1 standard deviation of the CRCM5-LE (see Fig. 3).
The remaining data points are located between the 25th and
75th quantile of the ensemble (blue lines). Overall, the en-
semble slightly overestimates the reference FWI dataset with
an average deviation of +0.76.

The spatial differences between the ensemble and refer-
ence datasets are fairly small for the Alps and Alpine Fore-
land in the south (see Fig. 4). In the northern and espe-
cially northwestern parts (i.e., South German Escarpment)
of the study area, the CRCMS5-LE overestimates FWI val-
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ues in comparison to the reference dataset by an order of 2
to 4. However, the overestimation in specific regions does
not affect our analysis, which assesses changes in the FWI
by comparing the FWI derived from the CRCMS5-LE for a
future and a reference period.

2.5 Changes in fire danger

We evaluated changes in fire danger derived from the
CRCMS5-LE over the time period 1980 to 2099 in the study
area with statistical metrics: median and extreme conditions
were examined using the 50th and 90th quantiles of the FWI,
respectively. The quantiles were calculated for different ag-
gregation levels, either temporally on a monthly scale or spa-
tially for the previously defined subregions. We derived the
median and extreme for each ensemble member separately.
Changes in fire danger were either compared between two
climate periods or analyzed continuously from 1980 to 2099.
For the climate period comparison, the dataset was split into
two 30-year periods, 1980-2009 and 2070-2099, represent-
ing current and future climate conditions, respectively. For
both periods, we derived the median and extreme quantiles
for each fire season month for each of the 50 members of the
CRCMS-LE.

2.5.1 Assessing spatiotemporal changes

We used signal maps, which consider the robustness and
magnitude of changes in the FWI, to highlight areas with
particularly robust and strong changes in the FWI between
climate periods (Bohnisch et al., 2021). The change signal
of a grid cell was assumed to be robust if a grid cell’s me-
dian or extreme fire danger level in the future period was
higher in comparison to its fire danger level (see Table 1) in
the present period for more than 90 % of the climate model
ensemble members (45 out of 50).

For the continuous temporal analysis, we provided fire
rings in the style of the warming stripes of Hawkins (2018)
to show how the FWI changes over the years on a monthly
and subregional scale. The fire rings were derived for each
year and all months of the fire season, based on the ensemble
mean of the member-specific median or extreme quantile of
the FWI for the defined subregions.

2.5.2 Time of emergence

The second part of the climate change impacts analysis fo-
cused on the time of emergence (TOE), which was calcu-
lated following the approach of Fargeon et al. (2020): the
TOE is reached when a projected metric (e.g., the median
of the FWI) crosses the upper bound of its confidence inter-
val. The confidence interval was here defined as 1 standard
deviation of the distribution of the climate model ensemble
members of the present climate period for the mean and ex-
treme quantiles, respectively. The TOE was defined as the
time when the 30-year running mean trend of the ensemble
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mean exceeds the confidence interval. To account for the het-
erogeneous climate conditions in the study area, the TOE was
calculated for each subregion separately. We used the median
and extreme FWI quantiles of each fire season and ensemble
member between 1980 and 2099 for each subregion as the
basis for calculating the time of emergence.

2.5.3 Frequency changes

We assessed fire danger frequency changes in two ways: first,
we compared frequency changes in daily fire danger levels of
a fire season between the present and future climate period
for each subregion. Second, we calculated changes in return
periods of different FWI quantiles corresponding to return
periods of 10, 20, 50, and 100 years under current climate
conditions.

For the first analysis, we classified daily FWI values dur-
ing the fire season for each member of the CRCMS5-LE ac-
cording to the EFFIS classification (Table 1). We show the
relative frequency of each fire danger level across the en-
semble members for the present and future climate period
to highlight fire danger level changes in the four subregions.

For the second analysis, we calculated changes in the re-
turn periods of FWI quantiles that correspond to return pe-
riods of 10, 20, 50, and 100 years under current climate
conditions (period 1980-2009) for the four subregions. To
do so, we pooled daily FWI values over the entire 50-
member ensemble (183 d per fire season x 30-year climate
period x 50 members). Using this data pool, we determined
the non-exceedance probability p of each FWI value in the
present climate period using its rank r and the total sample
size n following p =r/n. We derived FWI quantiles in the
current climate period for non-exceedance probabilities of
p =10.9,0.95,0.98,0.99] and the corresponding FWI return
periods T of 10, 20, 50, and 100 years using T = /(1 — p),
where p is the inter-arrival time (1/183d in a fire season)
(Coles, 2001). To analyze changes in return periods over
time (from 1980 to 2099), we created centered, rolling 30-
year windows for each ensemble member (183 d per fire
season x 30-year climate period) and derived the cumulative
distribution of the time window using the rv_histogram.cdf
function of the SciPy package in Python (Virtanen et al.,
2020). We mapped the FWI quantiles representing the 10-,
20-, 50-, and 100-year return periods of the current period
(1980-2009) to future return periods by deriving their non-
exceedance probability p in the cumulative distribution of
the rolling-window climate period (future). Next, we placed
their future probability p into T = /(1 — p) (Coles, 2001)
to determine the return period 7T of the present FWI quan-
tile under future climate conditions. This approach allows us
to show how the return period of, e.g., the current 100-year
FWI will change over time with climate change. Due to the
centered-window approach, the first full 30-year window is
1995 and the last full 30-year window is 2084. Therefore, we
show results between 1995 and 2084.
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Figure 4. Median FWI of the (a) CRCMS5-LE, (b) reference dataset of Vitolo et al. (2020), and (c) difference (CRCMS5-LE — reference
dataset) for the present time period (1980-2009). The dataset difference was calculated by resampling the CRCMS5-LE (a) to the spatial
resolution of the reference dataset (b) using the nearest-neighbor approach.

3 Results
3.1 Increasing fire danger

Under the RCP8.5 emission scenario, fire danger in central
Europe will increase (see Fig. 5). The FWI median (50th
quantile) will correspond to moderate and high fire danger
levels in some regions, and FWI extremes (90th quantile) will
even reach extreme danger levels by the end of the century
(2070-2099). Significant increases of at least one fire dan-
ger level (thin dots in Fig. 5) first occur in June and remain
present throughout the study area until September for both
the median and extreme FWI. Highlighting grid cells, which
experience a rise of at least two levels (thick dots in Fig. 5),
helps us to identify regional hotspots of future increases in
fire danger. We find increases in fire danger of at least two
levels for the South German Escarpment in July and August
for the median FWI and in August for the extreme FWI. The
other subregions (Alps, Alpine Foreland, Eastern Mountain
Ranges) experience an increase of at least two fire danger
levels only in the extreme FWI in August. Additionally, the
western parts of the South German Escarpment and parts of
the Eastern Mountain Ranges are affected by a fire danger
level increase of at least two levels in September for the ex-
treme FWI (see Fig. 5).

Increases in fire danger are visible throughout May to
September and particularly pronounced from July to Septem-
ber (see Fig. 6). The median FWI points out that high fire
danger becomes the average condition in the Alpine Fore-
land by 2080, in the South German Escarpment by 2060, and
in the Eastern Mountain Ranges by 2070 (see Fig. 6, [1]).
The Alps are exposed to high fire danger only when looking
at the extreme FWI from 2070 onwards (see Fig. 6, [2]). The
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other subregions are more strongly affected by changes in the
extreme FWI than the Alps: very high and high fire danger
occur frequently in July and August in the second half of the
21st century in the Alpine Foreland and Eastern Mountain
Ranges for the extreme FWI. In the South German Escarp-
ment, this is the case in June and September. For July and
August, very high and almost extreme fire danger levels oc-
cur frequently from 2030 onwards in the extreme FWI in the
South German Escarpment (see Fig. 6). High fire danger be-
comes the median condition in the summer months towards
the end of the century for large parts of the study region (see
Figs. 5 and 6).

3.2 Time of emergence

The climate change signal exceeds internal variability in all
subregions by the mid-21st century in all subregions for both
the median and extreme FWI (see Fig. 7). For all subregions,
except the Alpine Foreland, the TOE is reached in the same
year for both the median and the extreme FWI. The earliest
TOE is reached in the Alps in 2032 (median and extreme),
followed by the Alpine Foreland in 2039 for the median and
in 2041 for the extreme FWI. In the South German Escarp-
ment, the TOE is reached in 2044, and in the Eastern Moun-
tain Ranges it is reached in 2047 for both the median and
the extreme FWI. The FWI increases in the Alps are weaker
than in the other subregions. Still, the TOE is reached quite
early in this region because the FWI and its variability are
very low in the present climate period. Throughout the 21st
century, the median and extreme FWI will increase contin-
uously in the Alps. While the extreme FWI is projected to
shift from low to moderate fire danger in this subregion, the
median FWI shows hardly any changes and remains at the
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of at least one level (thin black dots) or at least two levels (thick black dots) compared to the present period (1980-2009).
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Figure 6. Fire rings show the FWI of the ensemble mean of the monthly median ([1], 50th quantile) and extreme ([2], 90th quantile) of
each subregion (a—d for Alps, Alpine Foreland, South German Escarpment, and Eastern Mountain Ranges) during the fire season (April—

September) between 1980 and 2099.

level of no danger even at the end of the century (see Fig. 7).
For the other subregions, the median of the fire season is cur-
rently low but increases towards a moderate danger level in
the future. For the extreme FWI, the ensemble mean fire dan-
ger is moderate (11.2 < moderate < 21.3; see Table 1) in the
present but increases until the end of the century up to a high
level (21.3 < high < 38; see Table 1) with values greater than
30 for the South German Escarpment, slightly less than 30
for the Eastern Mountain Ranges, and approximately 25 in
the Alpine Foreland (see Fig. 7). In general, increases in fire
danger in the extreme FWI are of such a magnitude that the
lower bounds of the ensemble standard deviation exceed the
upper bounds of the standard deviation of the present climate
period for all subregions by the end of the 21st century.

3.3 Increasing frequency of extreme events

In the future (2070-2099), the percentage of days with fire
danger (greater than or equal to low) shifts from 10 % to
33 % in the Alps, from 25 % to 50 % in the Alpine Fore-
land and South German Escarpment, and from 33 % to 60 %
in the Eastern Mountain Ranges (see Fig. 8). In the Alps,
days of no and low fire danger currently account for 182 out
of 183d (99 %) of the fire season. In the future, the num-
ber of such days will decrease to approximately 160 out of
183 d (87 %). In the Alpine Foreland and South German Es-
carpment, the number of days with moderate, high, and very
high fire danger increases by 15 % from the present to the
future. The classes of high and very high danger are not ob-
served in the present climate period but emerge in the future
in the Alpine Foreland and the South German Escarpment.
The difference between these two regions lies in the propor-
tions of days of very high and extreme fire danger, which are
more likely to occur in the South German Escarpment (4 %)
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than in the Alpine Foreland (1 %) in the future. In the Eastern
Mountain Ranges, the frequency of days of low (20 %) and
moderate (15 %) fire danger in the future is similar to that
of the South German Escarpment and the Alpine Foreland.
Our results show differences in the frequencies of days of
high, very high, and extreme fire danger between the Eastern
Mountain Ranges and the other subregions. In the Eastern
Mountain Ranges, the level of very high fire danger is most
common among all regions in the future and days with high
fire danger increase from 4 % in the present to 15 % in the
future. As in the other subregions, days of very high and ex-
treme fire danger do not occur in the present but are observed
during 5 % of the days in the future.

The return periods of current-climate 100-, 50-, 20-, and
10-yearly FWI extremes will at least halve by the end of the
21st century in all subregions (see Fig. 9). Generally, the re-
sults for the four subregions are quite similar and vary only
slightly in detail. In all subregions, the present 100-year event
will become the 50-year event in the early 2030s, the 20-year
event in the 2060s, and the 10-year event by 2090. The 10-
year events of the present will occur every 5 years by 2060
and every 3 years by 2090. The spread of the return peri-
ods decreases in the future, indicating a stronger increase in
the frequency of very extreme events (i.e., 100- and 50-year
events) than for mid-range extreme events (i.e., 20- and 10-
year events) (see Fig. 9).
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4 Discussion

4.1 Spatiotemporal trends and variability

Our results demonstrate that fire danger in central Europe
increases strongly until the end of the 21st century if the
RCP8.5 scenario is assumed. The future increase in the num-

ber of days with conditions favoring high or higher levels
of fire danger emerges for all metrics assessed in this study,
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i.e., different quantiles and aggregation levels of the ensem-
ble and in space and time. Within the ensemble spread, in-
creases in fire danger extremes (90th quantile) are more pro-
nounced than increases in median (50th quantile) conditions
according to all assessed metrics (see Figs. 5, 6 and 8). In
space, we find that the variability in the FWI increases more
strongly in mountain regions than in non-mountain regions,
which is demonstrated by smaller changes in the median FWI
than in the extreme FWI in the Alps and smaller differences
in the increases in median and extreme fire danger for less
complex terrain (Alpine Foreland and South German Escarp-
ment) (see Fig. 5). This corroborates findings by Wastl et al.
(2012), who explained the higher fire danger variability in
mountain regions by the higher terrain variability, i.e., rain-
shadow effects and katabatic dry winds (Foehn). In time, ex-
treme fire weather (90th quantile) is more likely to occur in
the second half than in the first half of the fire season because
the differences between the median and extreme FWI quan-
tiles are smaller in April, May, and June than in July, August,
and September (see Fig. 6).

Our results for the TOE and the projected FWI in all sub-
regions except the Alps are similar to the findings of Far-
geon et al. (2020) for France, where the TOE is reached for
both quantiles (50th and 90th) around 2060 (Fargeon et al.,
2020), i.e., about 20 years later than in HydBav (see Fig. 7).
Reasons for this delay in the TOE in France could be be-
cause of the later and shorter reference period (1995-2015)
used by Fargeon et al. (2020), the larger uncertainty range
originating from natural variability and model uncertainty in
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the multi-model ensemble as compared to the SMILE (Deser
et al., 2012), the warmer and drier climate change signal of
the CRCMS5-LE (von Trentini et al., 2019), or differences in
the climate of the study regions. While Fargeon et al. (2020)
point out that fire danger increases are hard to distinguish
from internal variability in northern France when using a
multi-model ensemble, we demonstrate that increases in fire
danger can robustly be quantified for central Europe when
using a regional SMILE.

4.2 Dataset-specific uncertainties

Though SMILESs can account for internal variability, they are
not designed to evaluate the structural uncertainty in the cli-
mate models (Deser et al., 2020). Structural or model un-
certainty can only be assessed in multi-model studies (i.e.,
Fargeon et al., 2020). In order to quantify both internal vari-
ability and structural uncertainty it would be necessary to use
multiple SMILEs as provided by the Multi-Model Large En-
semble Archive (MMLEA; Deser et al., 2020). However, all
SMILEs in the MMLEA are based on global climate models
(GCMs) with a spatial resolution ranging between 2.8 and
0.9° (Deser et al., 2020). On a regional and local scale, a
higher spatial resolution is needed to quantify climate change
impacts on forest fires. For Europe, only two other dynam-
ically downscaled SMILEs from regional climate models
(RCMs) exist besides the CRCMS-LE: the 16-member EC-
Earth—-RACMO ensemble with a grid cell size of 0.11° (Aal-
bers et al., 2018) and the 21-member CESM—-CCLM ensem-
ble with a grid cell size of 0.44° (Bronnimann et al., 2018;
Fischer et al., 2013). The models differ in their study domain
(EC-Earth—-RACMO) and spatial resolution (CESM-CCLM)
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compared to the CRCM5-LE used here (Wood, 2023; von
Trentini et al., 2020).

The CRCMS represents the FWI at a much finer spa-
tial resolution than the CanESM2 and therefore adds ro-
bust high-resolution features (Bohnisch et al., 2020). How-
ever, we find tiling patterns on the border between the South
German Escarpment and the Alpine Foreland (see Fig. 5),
which correspond to the geophysical baseline parameteri-
zation of the CanESM2 (see Fig. A4). In comparison to
the CORDEX multi-model ensemble, the CRCMS5-LE shows
drier and warmer climate change signals for temperature and
precipitation (von Trentini et al., 2019). These characteristics
of the CRCMS5-LE are in line with the results from the val-
idation (see Fig. 3) and suggest that our results represent an
upper limit of the expected changes in future fire danger.

Correcting the bias between climate model data and obser-
vation data is often an inevitable step in climate impact stud-
ies (Piani et al., 2010). The CRCMS5-LE was bias-adjusted
using univariate quantile mapping (Poschlod et al., 2020;
Mpelasoka and Chiew, 2009). Such univariate methods can
change the co-variation between multiple variables (Zscheis-
chler et al., 2019) with potential impacts on the analysis of
complex indices like the FWI. Therefore, there have been
calls for the use of multi-variate bias correction methods
(Cannon, 2018). However, Yang et al. (2015) showed that
univariate bias correction was sufficient to study fire weather
changes in Sweden. Furthermore, multi-variate bias correc-
tion is a non-trivial task and fixing co-variation issues be-
tween variables might lead to other problems, e.g., with the
representation of temporal or spatial dependencies (Vrac,
2018). In this regard, we assume that the univariate bias cor-
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rection applied on the CRCMS5-LE is appropriate for our
analysis.

4.3 Limitations of fire danger metrics

Our validation setup demonstrates that the algorithm used to
compute the FWI generates results comparable to the refer-
ence dataset (see Fig. 3), even though our analysis used the
cffdrs R package to calculate the FWI (Wang et al., 2017),
whereas the reference dataset was generated with the Global
ECMWEF Fire Forecast (GEFF) model (Di Giuseppe et al.,
2016). These models differ slightly in their results because
the GEFF model applies the original FWI formulas from van
Wagner (1987) and the cffdrs R package uses adjusted for-
mulas for the DC and DMC (Wang et al., 2017).

The FWI used in this study cannot be analyzed in terms of
events (Wotton, 2009), similar to other indices like the Per-
cent of Normal Index for drought events (Bohnisch et al.,
2021). Fires start only in the case of an ignition, and the FWI
as a danger rating index quantifies the ease of ignition, rate of
spread, and difficulty of controlling a potential fire (De Rigo
et al., 2017). Therefore, the FWI describes fire weather de-
velopment rather than actual event occurrence and is suitable
to assess future changes in fire danger (Di Giuseppe et al.,
2016).

While the FWI does address fire danger in a meteorologi-
cal context, it does not account for the flammability of the
surface. Land use in our study area is complex, but con-
tiguous forests are present in all four subregions, especially
the Eastern Mountain Ranges and the Alps. Persistent snow
cover in winter prevents fire occurrences in spring in the
Alps (Conedera et al., 2018) and other regions of high eleva-
tion, even though fire weather conditions might be met. Large
parts of the South German Escarpment and Alpine Foreland
are used for agricultural purposes, where fires can spread
fast under dry conditions (see Fig. Al). However, these re-
gions are more densely populated than the other two regions
(Eastern Mountain Ranges and the Alps), enabling a faster
suppression of fire incidents. For large-scale FWI analyses,
non-burnable areas such as deserts and bare soil are masked
out (Touma et al., 2021; Vitolo et al., 2020). In the context
of the study area of HydBav and the 11 km resolution of the
CRCMS-LE, land use was highly variable on a subpixel scale
and non-burnable areas (e.g., lakes, snow- and ice-covered
areas, and urban areas) are therefore not masked out (see
Fig. Al).

4.4 Increasing fire danger and implications

We identified the South German Escarpment as a hotspot for
dangerous FWI conditions within hydrological Bavaria (see
Figs. 5 and 6). However, the other subregions are subject to
substantial changes in fire danger as well, especially in Au-
gust and July. On average, the median fire danger will be
high in the Alpine Foreland, South German Escarpment, and
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Eastern Mountain Ranges and moderate in the Alps by the
end of the century. In the Alps, the median FWI does not
reach fire danger levels as high as in the other subregions be-
cause of their elevation-dependent colder climate. Neverthe-
less, this region is very sensitive to climate-change-induced
fire weather changes as demonstrated by its early TOE (see
Fig. 7) and its significant danger level changes in the months
of July and August (see Fig. 5).

Over the course of the 21st century, the fire season will be
prolonged, as fire danger levels are still elevated in Septem-
ber from 2030 onwards (see Fig. 6). This suggests that the
fire season might extend to at least October towards the end
of the century. For the southern Alps, Wastl et al. (2012) iden-
tified the main fire season between December and April be-
cause of low precipitation and decreased fuel moisture out-
side of the vegetation period (Conedera et al., 2018). Fu-
ture studies assessing changes in fire danger and fire events
in temperate climate regions should therefore consider the
whole year instead of the vegetation season only.

Our results highlight the increasing frequency of currently
anomalously extreme fire weather that will affect the fire
regime of the study region (see Fig. 6). Prolonged droughts
and exacerbating heat events might limit fuel availability
and therefore fire activity in more arid regions, such as the
Mediterranean, in the future (Bowman et al., 2020; Pausas
and Paula, 2012). For wetter, more productive regions, like
our study area, aridity does not limit fuel availability. Bow-
man et al. (2020) suggested that a declining snow cover in
spring and drier fuels in summer will increase burned area in
mountain forests, as present in the Alps and Eastern Moun-
tain Ranges. This implies a higher sensitivity to flammable
conditions (e.g., after hot and dry seasons) and an extension
of fire events to more northern latitudes and higher eleva-
tions.

Expected changes in fire weather in the Mediterranean are
of such a magnitude that current fire suppression measures
might not be sufficient anymore (Turco et al., 2018). Stud-
ies for other regions, e.g., the UK (Arnell et al., 2021) and
France (Fargeon et al., 2020), suggested that increases in fire
danger should be considered in emergency land use and man-
agement planning to mitigate future fire danger. Our findings
indicate that forest fire mitigation measures must be adapted
for central Europe and its mountain regions as well.

5 Conclusions

This study presents the first regional single-model initial-
condition large ensemble (SMILE) assessment of fire danger
changes for central Europe, more specifically, the study area
of hydrological Bavaria (HydBav). To date, the study area
has been irregularly affected by wildfires and high fire dan-
ger occurs only under very rare conditions (90th FWI quan-
tile). However, high fire danger will become more frequent
in the future when assuming an RCP8.5 emission scenario.
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Our results demonstrate that fire danger increases substan-
tially throughout the study area during this century. We find
the strongest changes and highest fire danger levels north of
the river Danube in the summer months of July and Au-
gust for the subregions of the South German Escarpment
and Eastern Mountain Ranges. Our results also show that
the time of emergence (TOE) is reached in all subregions
before 2050. Moreover, they show that not only the mean
but also the lowest range of the running mean, indicated by
the CRCMS5-LE standard deviation, exceeds the upper lim-
its of the current climate standard deviation (1980-2009) in
all subregions before 2099 for the 90th FWI quantile. Last,
our findings demonstrate that the return periods of present-
climate 100-year FWI events shift towards 10-year events by
2090 and the return periods of present-climate 100-, 50-, and
20-year events shift to 50-, 20-, and 10-year events, respec-
tively, before 2050 for all subregions. Our findings highlight
future fire danger increases for central Europe — an exam-
ple region currently with conditions of low to moderate fire
danger — and stress the importance of developing fire sup-
pression measures to adapt to these increases in regions with
temperate climate.

Appendix A
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Figure A1l. Land cover distribution in hydrological Bavaria (modified from CLMS, 2021).
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Figure A2. FWI median (top, 50th quantile, P50) and bias (bottom) of sensitivity runs, where each input variable is increased by a factor of 2
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Figure A4. Bedrock depth in the CanESM2 and boundaries of hydrological Bavaria (black).
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