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ABSTRACT

Wildfires represent an escalating environmental threat across Europe and North Africa, increasingly exac-
erbated by climate-driven shifts in temperature, precipitation, and drought patterns. However, there is
still limited large-scale, methodologically consistent research that simultaneously assesses historical pat-
terns and future projections of fire danger across these regions, particularly in terms of both frequency
and duration of risk under different climate scenarios. This study addresses this gap by providing a
high-resolution, spatiotemporal assessment of fire weather conditions, with the aim of offering critical
insights to support climate-adaptive fire management strategies, extended preparedness frameworks,
and the integration of future fire weather projections into land-use and risk governance policies. To
achieve this, we investigate historical (1979-2021) and projected (2000-2098) trends in fire danger using
the Canadian Fire Weather Index (FWI), based on ERA5 reanalysis data and outputs from five Global
Climate Models (GCMs) under RCP4.5 and RCP8.5 scenarios. Over 50,000 land grid cells were analyzed
to assess the frequency and duration of six FWI danger classes. Different metrics were used to quantify
the agreement between historical reanalysis data and GCM outputs, while the Seasonal Kendall (SK) test
was applied to detect trends. Results reveal a substantial decline in the duration of the very low FWI class,
from 36 to 23 months, and significant increases in both the duration and frequency of the extreme FWI
class, reaching up to 6.38 months and 14.42% under the RCP8.5 scenario. Correlation coefficients exceed
0.8 across much of Southern Europe and North Africa, indicating strong temporal agreement. Trend anal-
yses reveal statistically significant increases in fire danger across southern latitudes, while Northern
Europe shows mixed or decreasing trends. These findings project a dramatic intensification and expan-

sion of fire-prone conditions, particularly under high-emission scenarios.
© 2025 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Africa. This area is characterized by complex topography, diverse
land use practices, and the Mediterranean climate’s inherently

Wildfires have increasingly become a symbol of the growing
environmental challenges confronting the 21st century, causing
significant ecological, economic, and societal damage worldwide
(Abatzoglou et al., 2019). This upsurge in wildfire frequency and
severity is largely attributed to shifting climatic patterns—rising
global temperatures, prolonged drought periods, and erratic pre-
cipitation regimes—which are fundamentally reshaping ecosys-
tems and elevating fire risk across regions (Pinto et al., 2020;
Calheiros et al., 2021).

Among the most vulnerable to these changes is the European-
Mediterranean region, encompassing Southern Europe and North
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dry summers. Together, these factors converge to intensify base-
line fire susceptibility. Climate change exacerbates this vulnerabil-
ity, as evidenced by the growing frequency and magnitude of
extreme fire weather events (Cane et al.,, 2008; Carvalho et al.,
2011; Bedia et al., 2018). In recent years, severe wildfire outbreaks
in countries such as Greece, Spain, Portugal, Algeria, and Turkey
have led to large-scale evacuations, significant fatalities, and wide-
spread economic and environmental losses (Rovithakis et al., 2022;
Zaidi, 2023; Avcioglu et al., 2025; Senande-Rivera et al., 2025). A
parallel can be drawn with the devastating wildfires in California
in 2023 and 2025, including those around the Los Angeles area,
which resulted in massive evacuations, loss of life, and multi-
billion-dollar damages (Horing et al., 2025).

Central to monitoring and forecasting wildfire risk is the Fire
Weather Index (FWI), a widely adopted, dimensionless numerical
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rating that estimates potential wildfire intensity based on meteo-
rological conditions (Field, 2020). Initially developed for opera-
tional, short-term fire danger rating, the FWI is now frequently
used in long-term analyses to identify trends in fire-prone condi-
tions. However, its deterministic structure and empirical thresh-
olds may not fully capture the non-linear and accelerating
dynamics of fire regimes under anthropogenic climate change
(Abatzoglou and Williams, 2016; Goss et al., 2020). Contemporary
research reveals that global warming is not only amplifying fire
weather intensity but also shifting the timing, duration, and spatial
distribution of fire seasons (Jain et al., 2022). Raising questions
about the FWTI's adequacy as a tool for scenario-based projections.

Globally, climate change is reshaping rainfall and temperature
regimes, with growing evidence of hydroclimatic instability. In
Bihar, India, Kumar and Thangavel (2025) reported increasing
pre-monsoon rainfall and declining monsoon precipitation, with
clear change points in seasonal patterns. Similar disruptions were
observed in Madhya Pradesh, where rainfall variability intensified
after 1998 (Kumar et al., 2023a), and long-term warming trends,
especially in winter, were detected (Kumar et al., 2023b). Using
integrated statistical and GIS tools, Kumar et al. (2024) further
mapped spatial shifts in climate variables across the region.

In South America, recent studies highlight a concurrent rise in
warming, drought, and fire risk, particularly in regions such as
the northern Amazon and the Gran Chaco. Feron et al. (2024)
demonstrated a threefold increase in days with extreme fire
weather, characterized by high temperatures, low humidity, and
dryness, since 1971, driven by both anthropogenic warming and
ocean-atmosphere interactions like El Nifio and La Nifia events.

Further illustrating the global scale of fire risk intensification,
Richardson et al. (2025) demonstrated that the historically asyn-
chronous fire seasons of Australia and North America are now
increasingly overlapping due to prolonged fire weather in both
regions. Their analysis, based on the Canadian Fire Weather Index
and CMIP6 ensemble projections, found the overlap has grown by
roughly one day per year since 1979 and could increase by up to
29 days annually by 2050, posing serious challenges for interna-
tional firefighting cooperation and resource allocation.

By incorporating such insights from South Asia, South America,
and the Pacific regions, this study situates European-
Mediterranean wildfire dynamics within a broader global frame-
work. Changes in rainfall and temperature across continents con-
tribute to increased fuel aridity, extended fire seasons, and
shifting fire regimes. Understanding wildfire danger under climate
change therefore demands a globally contextualized view of
hydroclimatic variability and extremes.

Given the increasing complexity of wildfire dynamics under cli-
mate change, there is a critical need to reassess fire danger trends
using climate-informed modeling approaches. Although numerous
studies have examined fire weather trends at national or sub-
regional scales, few have provided a systematic, large-scale evalu-
ation that spans both Europe and North Africa using a consistent
methodological framework. There remains a gap in understanding
how future fire weather regimes, characterized by both the fre-
quency and duration of fire danger, will evolve across diverse cli-
matic zones under different greenhouse gas emission scenarios.
Furthermore, the ability of current climate models to replicate his-
torical fire danger variability has not been sufficiently explored on
a transcontinental scale.

This study addresses existing gaps by providing a data-driven,
high-resolution spatiotemporal assessment of fire weather condi-
tions across Europe and North Africa. The primary objectives are
to: (1) characterize historical trends in fire danger using monthly
FWI data from the ERA5-Land reanalysis; (2) evaluate long-term
projections of fire danger under two future climate scenarios
(RCP4.5 and RCP8.5) based on five state-of-the-art GCMs; (3)
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assess the consistency between historical and modeled data
through various metrics during their overlapping periods.

The analysis covers over 50,000 land-based grid cells, allowing a
comprehensive characterization of trends in both the duration and
frequency of fire danger across diverse geographic and climatic
regions. To detect trends while accounting for seasonal variation
and the non-normality inherent in climate time series, the Sea-
sonal Kendall (SK) test was applied. This methodological frame-
work supports a robust and spatially explicit understanding of
how fire danger may evolve under continued global warming and
provides a foundation for future scenario-based risk assessments
and policy planning.

2. Materials and methods
2.1. Study area

This study encompasses the European continent and the adjoin-
ing North African region, collectively representing a vast and eco-
logically diverse domain with pronounced climatic and
environmental gradients. Europe, stretching from the maritime cli-
mates of the Atlantic coast to the continental interiors and the bor-
eal zones of the north, exhibits significant variation in fire
susceptibility due to differing seasonal precipitation regimes, veg-
etation types, and land-use practices. In contrast, North Africa is
dominated by arid and semi-arid landscapes, where extreme heat,
scarce rainfall, and persistent drought conditions converge to cre-
ate a highly fire-prone environment.

The inclusion of both Europe and North Africa enables a
transcontinental analysis of FWI under a range of current and pro-
jected climate conditions. This spatially expansive framework cap-
tures the dynamic interactions between Mediterranean, Atlantic,
and desert climate influences, offering a comprehensive perspec-
tive on how fire weather patterns may evolve across latitudes.
Given the anticipated amplification of climate extremes, such as
prolonged dry spells, intense heatwaves, and altered wind pat-
terns, this cross-regional approach is critical for understanding
emerging wildfire risks and supporting adaptive fire management
strategies across contrasting biogeographical zones.

2.2. Dataset

FWI integrates measurements of four key variables—air temper-
ature, relative humidity, wind speed and precipitation—into a com-
posite metric indicating fire potential. Specifically, the FWI system
comprises six components: three fuel moisture codes, Fine Fuel
Moisture Code (FFMC), Duff Moisture Code (DMC), and Drought
Code (DC), which represent the moisture content of different forest
floor layers; and three fire behavior indices, Initial Spread Index
(ISI), Buildup Index (BUI), and the Fire Weather Index (FWI) itself.
The FFMC is calculated using temperature, precipitation, wind
speed, and relative humidity. The DMC uses temperature, precipi-
tation, and relative humidity, while the DC relies on temperature
and precipitation. The ISI combines FFMC and wind speed, and
the BUI combines DMC and DC. Finally, the FWI integrates ISI
and BUI to provide a comprehensive measure of potential fire
intensity (Bedia et al., 2013).

This study employs a combination of historical reanalysis data
and future climate projections. The historical dataset consists of
gridded monthly FWI values derived from the ERA5 reanalysis pro-
duct, developed by the European Centre for Medium-Range
Weather Forecasts (ECMWF) and disseminated through the Coper-
nicus Climate Data Store. As a core component of the Canadian For-
est Fire Weather Index System, the FWI synthesizes key
meteorological variables—air temperature, relative humidity, wind
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speed, and accumulated precipitation—into a single metric indica-
tive of fire potential. This index is extensively utilized for opera-
tional fire risk assessments across Europe and globally.

The ERA5-based dataset spans the period from January 1979 to
December 2021, representing the most complete temporal cover-
age currently available. Data are provided at a horizontal resolu-
tion of 0.25° x 0.25°, encompassing the entire European
continent and North Africa. After excluding oceanic grid cells and
land points with incomplete records, the final dataset comprises
a spatially consistent gridded time series of monthly mean FWI
values of 50,135 grid cells.

To extend the temporal horizon of the analysis, future FWI val-
ues were also considered under the scenarios RCP4.5 and RCP8.5,
over the period from January 2000 to December 2098. These pro-
jections are derived from five GCMs, all of which are part of the
Coupled Model Intercomparison Project Phase 5 (CMIP5): Centre
National de Recherches Météorologiques — Coupled Model version
5 (CNRM-CM5, developed by CNRM-CERFACS, France), European
Consortium Earth System Model (EC-EARTH, developed by the Irish
Centre for High-End Computing, ICHEC, Ireland), Institut Pierre-
Simon Laplace — Coupled Model version 5A, Medium Resolution
(IPSL-CM5A-MR, developed by IPSL, France), Hadley Centre Global
Environment Model version 2 — Earth System (HadGEM2-ES,
developed by the UK Met Office, United Kingdom), and Max Planck
Institute Earth System Model, Low Resolution (MPI-ESM-LR, devel-
oped by the Max Planck Institute for Meteorology, Germany).
These models simulate interactions between the atmosphere,
oceans, land surface, and cryosphere, and are widely used in cli-
mate impact studies. Each GCM has specific strengths and struc-
tural differences. For instance, HadGEM2-ES includes an
interactive carbon cycle and is known for its relatively high climate
sensitivity (Caesar et al., 2013), whereas MPI-ESM-LR offers stable
long-term simulations with a well-balanced energy budget, as
demonstrated in its comprehensive evaluation for CMIP5
(Giorgetta et al., 2013). EC-EARTH emphasizes European climate
processes and has been effectively employed in regional climate
studies, benefiting from its flexible coupling framework and
improved physical performance over its predecessors (Ddscher
et al., 2022). The IPSL-CM5A-MR model offers enhanced spatial res-
olution and demonstrates improved simulation of temperature and
precipitation variability, particularly across the Mediterranean
region (Dufresne et al., 2013). Similarly, CNRM-CM5 has shown
strong performance in simulating temperature and precipitation
patterns in the Mediterranean area, contributing valuable insights
into regional climate dynamics (Voldoire et al., 2013). Employing a
multi-model ensemble approach in this study helps account for
structural uncertainties and enhances the robustness of future
projections.

By combining historical reanalysis data from ERA5 with multi-
scenario climate projections from CMIP5 models, this study
enables a consistent and comprehensive investigation of FWI
trends across diverse climatic regimes and extended temporal
scales. This integrated framework is essential for assessing the
evolving nature of wildfire risk under anthropogenic climate
change, as it captures both past variability and plausible future tra-
jectories of fire weather conditions.

Finally, FWI is commonly classified into six categories of fire
danger, following the scheme adopted by the European Forest Fire
Information System (EFFIS). These classes range from very low
danger when the FWI is below 5.2, to low danger for values
between 5.2 and 11.2, and moderate danger when the index lies
between 11.2 and 21.3. The category of high danger is assigned
to values from 21.3 to 38.0, followed by very high danger between
38.0 and 50.0. Finally, FWI values exceeding 50 are considered
indicative of extreme danger.
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Fig. 1 presents the mean and standard deviation of the Fire
Weather Index (FWI) for the historical time series, computed sep-
arately for the four climatological seasons: December-February
(DJF), March-May (MAM), June-August (JJA), and September-
November (SON). During winter (DJF), mean FWI values remain
very low across most of Europe, with only localized increases in
North Africa and parts of southern Spain and Greece. In spring
(MAM), FWI begins to rise across the Mediterranean basin, with
notable gradients between southern and northern Europe. Summer
(JJA) shows the highest FWI values, concentrated over the Mediter-
ranean coasts, North Africa, and large areas of Central and Northern
Europe, indicating peak fire-weather conditions. Autumn (SON)
maintains elevated FWI in southern Europe and North Africa,
though values decrease across central and northern regions. The
standard deviation shows a comparable seasonal pattern, remain-
ing low in DJF and MAM but increasing markedly in JJA and SON,
particularly across the Mediterranean and Northern Africa. This
indicates more variable and occasionally extreme fire-weather
conditions during the warmer seasons.

2.3. Modeling procedure

To characterize the evolution of fire danger under changing cli-
mate conditions, this study evaluates both the duration and fre-
quency of FWI occurrences within each danger class (very low to
extreme). Duration refers to the maximum number of consecutive
months a given grid cell remains within a specific FWI category,
while frequency indicates the total number of months per year
classified within that category, regardless of sequence. These met-
rics are computed for both the historical baseline period (1979-
2021) and the future projections (2000-2098) under RCP4.5 and
RCP8.5, across all five GCMs. The comparative analysis enables a
systematic assessment of temporal shifts in fire weather regime
persistence and recurrence across the study area.

To assess the degree of statistical agreement between historical
reanalysis data and GCM-based projections, a cross-correlation
analysis was conducted. For each GCM and RCP scenario, the over-
lapping period with GCM data (2000-2021) was identified, and dif-
ferent metrics were calculated between the observed and
simulated FWI time series. This procedure provides an initial quan-
titative measure of temporal coherence and supports the identifi-
cation of potential biases or structural discrepancies across the
models prior to long-term evaluation. Similar overlap-period
assessments and continuity checks have been applied in recent
climate-model evaluation studies (McBride et al., 2021; Berio
Fortini et al.,, 2023). Metrics include: Correlation Coefficient (r),
Willmott’s Index of Agreement (WI), Kling-Gupta Efficiency
(KGE), Root Mean Square Error (RMSE), Mean Absolute Error
(MAE), and Relative Absolute Error (RAE). A detailed description
of the metrics is given in Supplementary Data Table S1.

Overall, the combination of statistical metrics provides a robust
and comprehensive assessment of model performance. While the
correlation coefficient captures the agreement in temporal pat-
terns, RMSE and MAE reflect differences in magnitude, with MAE
offering a more interpretable average error. The WI and KGE fur-
ther enhance diagnostic power by accounting for both linear and
nonlinear discrepancies, and RAE offers a normalized measure of
error relative to a naive baseline. Together, these complementary
metrics ensure that both structural and quantitative aspects are
thoroughly evaluated, making them well-suited for assessing con-
sistency between historical data and GCM projections.

Finally, the SK test was selected due to its ability to account for
seasonal variations in time series data, addressing the limitations
of traditional approaches such as the Mann-Kendall (MK) test,
which often fail to adequately represent the seasonality inherent
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in climate-related variables like the FWI. The SK test is particularly
well-suited for variables characterized by strong interannual vari-
ability and non-normal distributions. The SK test was applied inde-
pendently to each grid cell in both historical and future FWI
datasets, allowing for a spatially explicit assessment of monotonic
trends. Given the focus on monthly-scale FWI variations, the statis-
tic S was computed separately for each of the m months (S,,), with
the overall statistic Ss defined as:

Ss=> Sm (1)

The longer the time series, the better the distribution of Ss can be
approximated by a normal distribution, and therefore it can be stan-
dardized as:
31, Ss>0
Z=¢ 0, S5=0 (2)
%, 55 <0

where g5 is the standard deviation of Ss, computed as:

—

o5 = ijﬂ(n,,q)(znﬁs) (3)

=1

with nj, is the number of values in season m and p is the number of
seasons, equal to 12 months for the present study. The Z value is
used to detect a statistically significant trend. Two strict confidence
thresholds were adopted to ensure statistical robustness: Z = +1.96
(p < 0.05, significant at the 95% confidence level) and Z = +2.576
(p < 0.01, significant at the 99% confidence level). In the context
of FWI analysis, the direction and magnitude of Z-values obtained
from the SK test provide valuable insight into long-term trends in
fire danger. Positive Z-values are interpreted as statistically signifi-
cant increases in fire weather severity over time, suggesting a grow-
ing potential for wildfire occurrence and intensity. Conversely,
negative Z-values indicate a decreasing trend in fire danger, which
may reflect changing meteorological conditions such as increased
humidity, reduced temperatures, or higher precipitation. This trend
detection framework allows for the identification of both emerging
and persistent changes in fire risk across different climate scenarios.
For methodological grounding and validation of the SK test applica-
tion, reference is made to the foundational work by Hirsch and Slack
(1984) and its recent implementation in climate-related studies
such as Di Nunno et al. (2023).

3. Results
3.1. Historical vs. Future duration/frequency results by FWI class

The data presented in Table 1 offers a detailed evaluation of the
evolution of fire danger conditions as represented by the FWI
under both historical and projected future climate scenarios.

During the historical baseline period (Figs. 2 and 3), the fire
danger landscape is characterized by a predominance of very low
fire risk. This category shows a markedly high average duration
of approximately 36 months, along with a frequency of 52.14%,
indicating that more than half of the time, particularly in central
and northern Europe, the region experienced weather conditions
associated with minimal fire danger. In contrast, the higher danger
classes, including high, very high, and extreme, exhibit signifi-
cantly shorter durations and lower frequencies. Among these, the
extreme category shows a duration of 3.10 months and a frequency
of 13.44%, suggesting that while relatively infrequent, extreme fire
weather conditions are nonetheless recurrent and not negligible, in
particular in Northern Africa.

Geoscience Frontiers 16 (2025) 102178

Under future climate scenarios, a clear shift emerges in both the
persistence and occurrence of various fire danger levels, particu-
larly as greenhouse gas concentrations increase. In the moderate-
emission RCP4.5 scenario (Supplementary Data Figs. S1-S10), all
GCM projections indicate a substantial reduction in the duration
of very low FWI conditions, with values ranging from 23.55
(IPSL-CM5A-MR) to 25.16 months (MPI-ESM-LR). This reduction
signals a significant contraction in the temporal extent of low-
risk periods. Simultaneously, the duration of extreme fire danger
increases in all models, reaching values as high as 4.88 months
(MPI-ESM-LR). The frequency of extreme FWI conditions under
RCP4.5 shows modest increases compared to the historical period,
with values fluctuating between 13.51% (EC-EARTH) and 14.31%
(MPI-ESM-LR). Although these increases may appear slightly in
percentage terms, they are critical when considered in conjunction
with the rising duration, indicating not only more frequent
extreme fire weather events but also events that persist for longer
periods.

More dramatic changes are observed under the high-emission
RCP8.5 scenario, which represents a future with limited climate
mitigation (Supplementary Data Figs. S11-S20). The average dura-
tion of very low FWI conditions continues to decline across all
models, reaching a minimum of 23.05 months (HadGEM2-ES),
while the durations associated with higher danger classes continue
to rise. Particularly noteworthy is the extreme category, which
under this scenario shows substantial increases in duration, peak-
ing at 6.38 months according to MPI-ESM-LR, followed by
5.57 months projected by IPSL-CM5A-MR. This pattern indicates
a near doubling of the temporal extent of extreme fire weather
conditions relative to the historical average. Concurrently, the fre-
quency of extreme fire danger also increases, reaching a maximum
of 14.42% (MPI-ESM-LR). This trend reflects not just a growth in the
number of months experiencing extreme fire risk, but also an
increase in the persistence of these conditions throughout the year.

In parallel, moderate and high FWI categories also show
increasing durations and frequencies under future climate scenar-
ios. These rises are especially pronounced under RCP8.5, where
some models project durations exceeding three months and fre-
quencies nearing or surpassing 9% for the high category. Although
the frequency of very high FWI conditions remains lower than
other categories, it still exhibits consistent growth across models
and scenarios, indicating a broadening of the fire danger spectrum
across all classes, rather than a change confined to the extremes.

Overall, the results suggest a pronounced transformation in the
fire weather regime driven by climate change. The decreasing
duration of very low fire danger periods, coupled with the increas-
ing persistence and recurrence of high to extreme FWI conditions,
portrays a fire-prone future. This transition implies not only more
frequent and severe fire weather but also more prolonged episodes
that could strain firefighting resources and heighten the risk of
large, uncontrollable wildfires. The multi-model ensemble used
in this study strengthens the robustness of these projections, pro-
viding a comprehensive understanding of potential fire weather
evolution under differing climate futures. This assessment under-
scores the urgency of integrating fire danger projections into cli-
mate adaptation and land management strategies to mitigate the
rising risks associated with fire in a warming world.

What remains mostly unchanged from the historical period to
future projections under both RCP4.5 and RCP8.5 scenarios is the
overall spatial pattern of fire danger. Central and Northern Europe
consistently exhibit the highest durations and frequencies of very
low and low FWI values, reflecting their cooler and more humid
climates that continue to suppress fire potential (Galizia et al.,
2022). Southern Europe remains a transitional zone, dominated
by moderate and high FWI classes, due to its warmer, drier sum-
mers and greater sensitivity to climatic shifts (Hetzer et al.,
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Table 1
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Mean durations and frequencies, calculated across all grid cells, are presented by FWI class for both historical data and GCM projections under the RCP4.5 and RCP8.5 scenarios.
The color-bar, for each class, transitions from blue (representing low values) through white (intermediate values) to red (high values).

Duration (months) Moderate Very high | Extreme
Historical
CNRM-CM5
EC-EARTH
RCP4.5 HadGEM2-ES 24.03 3.72 3.23 2.88 1.61 4.16
IPSL-CM5A-MR 23.55 3.77 3.17 2.88 1.82 425
MPI-ESM-LR 25.16 3.79 3.08 2.77 1.80 4.88
CNRM-CMS5 24.06 3.25 2.73 1.65 4.00
EC-EARTH 24.57 3.89 1.95 4.70
RCP8.5 HadGEM2-ES 3.72 3.25 2.99 1.80 4.83
IPSL-CMS5A-MR 25.36 3.79 3.10 3.09 2.03 5.57
MPI-ESM-LR 25.02 3.82 3.21 3.06
Frequency (%) Very low| Low | Moderate | High | Very high| Extreme
Historical 13.13 8.15
CNRM-CM5 51.31 13.69 7.93 5.65 13.70
EC-EARTH 50.02 8.49 8.32 5.82
RCP4.5 HadGEM2-ES 50.74 8.56 8.15 577 13.87
IPSL-CM5A-MR 49.70 13.26 8.61 8.72 6.16
MPI-ESM-LR 51.03 13.46 5.74 14.31
CNRM-CM5 51.03 13.73 8.03 5.64 13.86
EC-EARTH 13.50 8.47 8.76 5.78 13.90
RCP8.5 HadGEM2-ES 13.12 8.66 5.88 14.21
IPSL-CM5A-MR 13.01 8.23 13.95
MPI-ESM-LR 50.42 13.24 7.97 8.02 5.93

2024). North Africa stands out as the region with the most persis-
tent and frequent occurrences of very high and extreme FWI con-
ditions, both historically and in future projections. Its arid
climate and high baseline temperatures make it inherently fire-
prone, with climate change further intensifying fire danger levels
(Mosha et al., 2025).

This spatial stability highlights the enduring influence of regio-
nal climatic and ecological characteristics, even as overall fire dan-
ger increases. It underscores the need for region-specific fire
management strategies: prevention and monitoring in Central
and Northern Europe, adaptation and preparedness in Southern
Europe, and more intensive mitigation efforts in North Africa.

3.2. Statistical agreement between historical and GCMs time series

Fig. 4 presents the spatial distribution of the r and RMSE values
for the overlapping historical period across all GCMs and RCP sce-
narios. These metrics were calculated to evaluate the consistency
between observed data and modeled outputs from the GCMs under
both RCP 4.5 and RCP 8.5 scenarios.

Overall, higher correlation values (r between 0.8 and 1.0) were
observed across extensive areas of Southern Europe and parts of
Northern Africa during the overlapping historical period, consider-
ing all GCMs and both RCP scenarios for the FWI. These regions
include southern Portugal, large portions of Spain and Italy in Wes-
tern Europe, and most of Greece and Turkey in the Eastern

Mediterranean. Notably, similarly high correlations were found in
the Mediterranean and inland regions of Algeria. These strong cor-
relations indicate that, across these areas, the GCMs were able to
replicate the temporal variability of the FWI reasonably well. This
suggests a good agreement between modeled and observed sea-
sonal patterns, particularly regarding the atmospheric drivers of
fire weather, such as temperature, wind speed, relative humidity,
and precipitation deficits. The Mediterranean basin, known for its
pronounced seasonality and relatively stable synoptic climate
regimes (e.g., dry, hot summers and mild, wetter winters), likely
enhances the models’ ability to capture key FWI fluctuations over
time.

However, a distinct latitudinal gradient is apparent when mov-
ing northward into Central and Northern Europe, where the corre-
lation values tend to decrease. In these regions, r values typically
range between 0.4 and 0.6, with a further decline to 0.2-0.4 in
topographically complex areas such as the Alpine region. This
weakening of correlation points to a reduced capacity of GCMs to
reproduce the interannual and seasonal dynamics of the FWI in
these zones. Several factors can explain this discrepancy. First,
the FWI is particularly sensitive to fine-scale interactions between
multiple meteorological variables. In Central and Northern Europe,
where climatic conditions are more variable and less dominated by
stable seasonal patterns, capturing the co-variability of fire
weather drivers becomes more challenging. Second, mountainous
regions like the Alps present well-known difficulties for coarse-
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Fig. 2. Historical durations by FWI class.

resolution GCMs due to their sharp elevation gradients, localized
weather systems, and microclimatic effects. These features are typ-
ically underrepresented in GCM outputs, leading to smoothed sim-
ulations that fail to capture the nuanced variability in FWI-related
conditions. This results in weaker correlations even if the broad-
scale climate trends are reasonably approximated.

Interestingly, RMSE reveals an inverse spatial pattern compared
to the correlation coefficient. The lowest RMSE values, indicating
smaller average deviations between historical and GCM-
simulated FWI, are observed in Northern Europe, including the
Alps, Scandinavia, the Baltic states, and the UK. In contrast, North-
ern Africa has the highest RMSE values, consistent with its high
FWI means and variability due to intense fire weather conditions

(see also Fig. 1). This contrast highlights the different statistical
roles of r and RMSE. While r captures how well models reproduce
temporal variability, RMSE reflects the absolute magnitude of
errors. In regions like the Alps or Northern Europe, where FWI val-
ues are generally low and stable, GCMs may have approximate
mean conditions well, resulting in low RMSE despite weaker corre-
lations due to limited variability or unresolved local dynamics.
Conversely, in fire-prone areas such as Northern Africa and the
Mediterranean, high r values indicate that models track temporal
patterns reasonably well, but large RMSE values suggest system-
atic biases in key variables (e.g., temperature, precipitation), which
translate into significant absolute errors. The higher FWI magni-
tude and variability in these regions amplify such discrepancies.
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This divergence between r and RMSE underlines the need to eval-
uate both metrics together, especially for indices like the FWI that
are strongly influenced by Ilatitude and regional climate
characteristics.

In addition, the combined box and violin plot for all metrics
were given in Fig. 5, offering a comparative view of central tenden-
cies and variability in model performance, reflecting both the accu-
racy and consistency of simulated FWI values.

WI values were consistently high, with HadGEM2-ES under
both scenarios showing particularly strong agreement (mean WI
= 0.796 for RCP8.5). This suggests that these models not only cap-
tured the temporal variability of FWI but also reproduced its inten-
sity with high fidelity. Slightly lower WI values observed for EC-

EARTH (mean WI = 0.778 for RCP8.5) imply that while it repro-
duced trends reasonably well, there may be modest discrepancies
in the amplitude of extremes or transitions.

Models with higher WI typically also showed elevated KGE val-
ues, reinforcing the reliability of their projections. HadGEM2-ES
once again emerged as one of the top-performing models (mean
KGE = 0.636 for RCP8.5), with KGE values reflecting balanced perfor-
mance across all components. Conversely, models with lower KGE,
such as EC-EARTH (mean KGE = 0.608 for RCP4.5), tended to exhibit
deviations in either bias or variability despite acceptable correlation,
indicating a less robust replication of observed FWI patterns.

Across most models, MAE values remained within an acceptable
range, with slight increases under the RCP8.5 scenario (between
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Fig. 4. Spatial distribution of the correlation coefficient (r) and Root Mean Square Error (RMSE) computed between historical and Global Climate Models (GCMs) time series
for the overlapping historical period under Representative Concentration Pathways (RCP) 4.5 and 8.5. The five GCMs belong to the Coupled Model Intercomparison Project
Phase 5 (CMIP5): Centre National de Recherches Météorologiques — Coupled Model version 5 (CNRM-CM5, developed by CNRM-CERFACS, France), European Consortium
Earth System Model (EC-EARTH, developed by the Irish Centre for High-End Computing, ICHEC, Ireland), Institut Pierre-Simon Laplace — Coupled Model version 5A, Medium
Resolution (IPSL-CM5A-MR, developed by IPSL, France), Hadley Centre Global Environment Model version 2 — Earth System (HadGEM2-ES, developed by the UK Met Office,
United Kingdom), and Max Planck Institute Earth System Model, Low Resolution (MPI-ESM-LR, developed by the Max Planck Institute for Meteorology, Germany).

4180 for IPSL-CM5A-MR and 4.461 for EC-EARTH), potentially
reflecting heightened variability in projected fire weather condi-
tions. The normalized RAE metric revealed greater differentiation
among the models. Notably, the RAE value for IPSL-CM5A-MR
under RCP8.5, equal to 0.630, was the lowest, suggesting particu-

larly strong relative accuracy during this more extreme scenario,
while EC-EARTH showed the highest value, equal to 0.669, under
RCP4.5.

Collectively, the combined box and violin plots underscore the
generally high degree of agreement between observed and simu-
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lated FWI. These results strengthen the credibility of using multi-
model ensembles for projecting future fire weather risk, while also
informing model selection and weighting in impact assessments.

3.3. Trend analysis

The SK test was applied to analyze FWI trends across the study
areas, revealing both increasing and decreasing patterns (Fig. 6).

Historical data showed Z-values greater than 2.576, indicating
statistically significant increasing trends at the 99% confidence
level, across most of Europe and North Africa, suggesting a growing
potential for wildfire occurrence and intensity. In contrast, north-
ern Europe, including England, the Scandinavian countries, and
Italy, exhibited Z-values between —1.96 and 1.96, indicating no sta-
tistically significant trends.

Turning to the GCM projections, CNRM-CM5 under the RCP4.5
scenario showed Z-values greater than 2.576 only in limited areas,
including southern Turkey, Morocco, and the Alpine region of Italy.
Most of Europe displayed negative Z-values, with some regions,
such as the Swedish coast along the Baltic Sea and northern Ger-
many, showing statistically significant decreasing trends at the
95% confidence level (Z-values between —1.96 and —2.576). Under
the RCP8.5 scenario, however, the model projected Z-values above
2.576 across much of southern Europe and northern Africa, indicat-

Geoscience Frontiers 16 (2025) 102178

ing widespread significant increases in FWI trends. Eastern Euro-
pean countries, including Hungary and Ukraine, also exhibited Z-
values above 2.576. Conversely, Scandinavian countries showed
less pronounced trends, with some areas between Sweden and Fin-
land displaying statistically significant negative Z-values, decreas-
ing trend in fire danger, which may reflect changing meteorological
conditions such as increased humidity, reduced temperatures.
EC-EARTH under RCP4.5 showed Z-values greater than 2.576 in
Morocco (consistent with CNRM-CM5) and in the eastern Mediter-
ranean, including Greece and Turkey. Most of Europe exhibited no
statistically significant trends, although some regions in Norway
and Ireland displayed statistically significant decreasing trends.
Under RCP8.5, the patterns were more pronounced than those pro-
jected by CNRM-CMS5, with nearly the entire study area, except the
Scandinavian countries and parts of the UK, showing Z-values
greater than 2.576, indicating widespread increasing trends.
HadGEM2-ES under RCP4.5 projected Z-values greater than
2.576 across much of southern Europe, extending into central
European countries such as France, the Netherlands, and most of
Germany. In northern Africa, Algeria, Tunisia, and parts of Egypt
also exhibited strong increasing trends. Under RCP8.5, projections
were broadly consistent with the other GCMs, with nearly all of
North Africa and most European countries showing statistically
significant increases. The Scandinavian countries, along with
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Poland and the UK, generally showed no statistically significant
trends, although northern Sweden and Finland displayed signifi-
cant decreasing trends, echoing patterns observed in CNRM-CM5.

IPSL-CM5A-MR under RCP4.5 indicated Z-values greater than
2.576 in northern Africa (Morocco, Algeria, Tunisia, and Egypt)
and in the Mediterranean region, while northern Italy, particularly
the Po Basin, exhibited marked negative trends. Under RCP8.5, a
stronger latitudinal gradient was observed compared to other
GCMs, with statistically significant positive trends in all countries
south of Germany and Poland, and no significant trends, positive
or negative, in northern Europe.

MPI-ESM-LR under RCP4.5 projected pronounced increasing
trends across all of southern Europe and northern Africa, while
northern Europe, especially the Baltic countries, showed negative
trends. Under RCP8.5, positive trends became even more pro-
nounced across the southern regions. The Baltic countries contin-
ued to exhibit negative trends, although these were no longer
statistically significant.

Fig. 7 illustrates box plots of Z-values for the FWI, categorized
by macro-regions: North Africa (< 36°N), Southern Europe (36°N
- 42°N), Central Europe (42°N - 50°N), and Northern Europe
(= 50°N). In addition, the box plots display dashed lines corre-
sponding to Z = +1.96 (indicating statistically significant trends at
p < 0.05) and solid lines corresponding to Z = +2.576 (indicating
statistically significant trends at p < 0.01).

In the historical period, all macro-regions show positive Z-
values, suggesting increasing trends in FWI. Central Europe stands
out, as both the 25th and 75th percentiles exceed the critical
threshold of Z = 1.96, indicating a statistically significant upward
trend. This suggests that fire weather conditions in central Europe
have already intensified in recent decades, likely reflecting broader
climate warming signals.

Looking ahead to projections under the RCP4.5 scenario, the
models CNRM-CM5 and EC-EARTH generally produce positive Z-
values, though most remain within the +1.96 range, implying
trends that are not statistically significant. However, EC-EARTH
shows a stronger signal in southern Europe, where the upper
bounds of the interquartile range exceed Z = 1.96, suggesting a
moderately significant increase in FWI. Moreover, IPSL-CM5A-MR
and MPI-ESM-LR projects a robust and significant rise in FWI
across southern Europe, with the entire interquartile range exceed-
ing Z=2.576 (p < 0.01), highlighting a particularly strong future
fire risk in this region. On the other hand, MPI-ESM-LR reveals a
nearly negative distribution for northern Europe, with the lower
quartile approaching Z = —-1.96, suggesting the possibility of a
slight but statistically significant decline in FWI for that region.

Under the more extreme RCP8.5 scenario, the projections
become more pronounced. Except for northern Europe, which
remains close to neutral or slightly positive depending on the
model, all other regions exhibit strongly significant upward trends.
The Z-values in central and southern Europe, and also in northern
Africa, especially under IPSL-CM5A-MR, are particularly striking,
with mean values nearing 10 and all interquartile ranges well
above Z = 2.576. This signals a high confidence in severe increases
in fire weather conditions under continued high-emissions path-
ways. Northern Europe remains an outlier, where IPSL-CM5A-MR
again projects a lower quartile close to Z = —1.96, indicating a
potential, but weak, negative trend.

Altogether, these results reflect a clear spatial and scenario-
based differentiation in FWI trends. While past increases are
already evident, future projections, especially under RCP8.5, sug-
gest that central and southern Europe could face significantly
heightened fire weather risks, underscoring the urgency of regional
adaptation strategies.
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4. Discussion
4.1. Consistency and divergence among GCMs and RCPs

The use of multiple GCMs and two distinct RCP scenarios in this
study enables a broader interpretation of potential fire weather
trajectories, while also highlighting areas of model convergence
and divergence that are critical for climate impact assessment.
While ensemble means provide a general picture of future fire dan-
ger intensification, the spread among individual models reveals
key sources of uncertainty that merit closer examination.

Agreement between historical and GCMs data, for the overlap-
ping period is generally stronger in regions with pronounced sea-
sonality and relatively stable synoptic patterns, such as southern
Europe and North Africa, where fire weather is closely tied to per-
sistent climatic drivers. In these areas, the structure of the climate
system is sufficiently captured by the coarse resolution of GCMs,
leading to consistent projections across models. Conversely, diver-
gence is more evident in regions with higher climatic variability,
complex topography, or transitional climate regimes, where local
dynamics play a disproportionate role. These include central and
northern Europe, as well as mountainous zones, where model out-
puts are less coherent and sometimes even contradictory in terms
of trend direction or magnitude.

The discrepancies across GCMs stem not only from differences
in spatial resolution and physical parameterizations, but also from
their sensitivity to feedback mechanisms such as soil moisture-
atmosphere coupling or vegetation responses, factors that are
highly relevant to fire weather dynamics yet are modeled with
varying degrees of sophistication (Colmet-Daage et al., 2018).
Additionally, each model’s historical performance in reproducing
key fire-weather-related variables (e.g., temperature extremes,
precipitation deficits, wind patterns) can influence its future pro-
jections, thereby introducing structural biases (Achugbu et al.,
2025).

RCP-related differences further illustrate the compounding
influence of emissions pathways on fire danger evolution. While
RCP4.5 and RCP8.5 often display qualitatively similar trends, their
quantitative differences are nontrivial (Rovithakis et al., 2022).
These gaps underscore the sensitivity of fire danger indices like
the FWI to incremental warming, especially when thresholds for
high and extreme fire danger are surpassed more frequently and
for longer durations. Such outcomes reinforce the importance of
scenario-based planning in fire management, where even moder-
ate mitigation efforts can meaningfully alter long-term fire risk.

Finally, the observed divergence among GCMs should not be
viewed solely as a limitation but as a reflection of the real uncer-
tainty embedded in future climate conditions. Rather than seeking
deterministic projections, fire risk assessments should leverage
this spread to define plausible bounds for adaptation strategies.
In this context, the ensemble approach adopted here serves not
only to average out extremes but also to expose the range of pos-
sibilities that stakeholders must prepare for under a changing
climate.

4.2. Implications for fire seasonality and risk management

The projected shifts in fire weather conditions across Europe
and North Africa carry significant implications for the seasonality
of wildfire risk and the corresponding adaptation strategies (El
Garroussi et al., 2024). As climate change alters the temporal struc-
ture of fire-prone periods, the traditional boundaries of fire seasons
may become increasingly blurred, necessitating a re-evaluation of
preparedness timelines and operational protocols.


move_f0035

F. Di Nunno and F. Granata Geoscience Frontiers 16 (2025) 102178

30 T T T T 30 T T T T 30 T T T T
T Historical 5 RCP4.5-MPI-ESM-LR e RCP8.5-CNRM-CM5
25 | -1.96 25| -1.96 1 25 196 i
+2.576 +2.576 +2.576
-2.576 -2.576 -2.576
20 - & 20 1 20 1
T
1
15¢ 15r

Jm -
i
o

] I i
== SSE=— A S———— Sé , . ?
+

2 10F T i 2 10F
| T ! E
o | >
N N

Z value

=]

N
L T = + x| B3] g

-10 | -10 - 1 10 1
.15 - -15 -15 + .
¢ \\‘o‘éz @)‘o‘f %\“o‘i’z bj\(\@ @)‘o?c @\‘o?z @)‘QQC Pg\{\d" @)‘on 9\10?@ \3‘096 ,,g&\db
{\\\a(‘\ eé\\s‘b\ & S - (\\\a‘i“ c@“@\ &= ‘;0"“\ (\‘\a(“ e‘\\i’ﬁ\ Rt ‘\D&\ ’
o oo™ RO W S oo™

30 . : . . 30 . + . : 30 . . .
1.9 RCP8.5-EC-EARTH +1.96 + RCP8.5-HadGEM2-ES 11.96 RCP8.5-IPSL-CM5A-MR

25+ -1.96 25+ -1.96 B 25 -1.96 — i}
+2.576 +2.576 +2.576

20k -2.576 -2.576 -2.576

1*

Zvaluj
.
+}»~H]~
_H}_
O
Z value
il
Zvaluf
S
—H-I—————D:"————
D} _

o = —
= | — | ! : i
of o = - 1 0 E -4 =
1
== i |
st % { st S | 1
+
10t T - 1 ol é- |
-5 -15 15
X % o 5 9‘)‘& 4 o R & P’g{\cﬁ @ ey R Q,“‘BQ . @ ¥ P Pf\i\c,“ @ &o‘f' § (‘/‘\‘QQ . @ ¥ % ?5{\&
o (\‘(\e ¢ S\ o0 \)\\\z 0o o (‘\\z C"“\\ \\\\\c o o ‘\\\e o N S \)\\\z o'
30 T T T T 30 T T T T 30 T T T T
1196 RCP8.5-MPI-ESM-LR +1.96 RCP4.5-CNRM-CM5 +1.96 RCP4.5-EC-EARTH
25| 196 1 sl 196 { 25 196 i
+2.576 +2.576 +2.576
wk -2.576 20l -2.576 ] 2 -2.576 |
15t ! Rt 1 15 ]
| ! i
E 10 i 2 10 - i 12 10 i 1
= = =
S o == R N B e I S WO S S O
T —— —— ! e —
of E5 o BE5 E5TET | JEeeg 5 T = |
i % i i = | =+
-10 -10 | 1 10 1
-15 -15 -15
o° o o e «° o & e «° of° o R
e,“‘?'\)‘ ‘(B\Q}}‘ z,“‘?'\)‘ ‘:\o&\ W 5‘\?’0‘ \‘“\%‘)‘ \\aﬁ\?’\)‘ ég(\“’\ W \,,6\?’\)‘ \se\?'\)‘ ;&&\?’& 2 P
$o&\ ™ 90\,\‘&\ \AD‘\‘\ S g,o‘}\ \\&\\\ e %0\)\\\
30 T T T 30 T v T
196 RCP4.5-HadGEM2-ES +1.96 + RCP4.5-IPSL-CM5A-MR
) -1.96 1 st -1.96 ] 0 1,000 2,000 km

i
-
—

Z value

M-
L]}
| -
e
L
S

I == b 1 ==
5 | g -5 I ! |
dqof F a0t t 1
-15 -15
e\\‘er‘ Q}\)‘o?z g\\@Qe‘ Pf‘“% 6\:?‘“ \“e?z (‘/‘\@QC Pf‘i‘&
& @ & o ¢ @ & s
o o N A . o N W o o o o o
= S i o ¢ & 10°W 0 10°E  20°E 30°E

Fig. 7. Box plots of Z values. On the bottom right, an outline map with the macro-regions.
13



F. Di Nunno and F. Granata

One of the most salient findings is the projected extension of
high and extreme fire weather conditions into months that were
historically characterized by lower fire danger. This temporal
expansion of the fire season, more pronounced under high-
emission scenarios, suggests that fire management systems will
need to shift from seasonal readiness toward a more continuous
state of alert. In regions such as southern Europe and the Mediter-
ranean basin, where fire seasons have historically been concen-
trated in the summer months, earlier onsets and delayed
terminations could lead to longer periods of sustained pressure
on firefighting infrastructure and personnel.

Moreover, changes in fire danger frequency and persistence
may outpace existing institutional and logistical capacities.
Increased duration of extreme fire weather not only raises the
probability of ignition and spread but also reduces recovery win-
dows between fire events. This scenario places a premium on
adaptive risk management approaches that are both flexible and
anticipatory. For example, fire prevention efforts may need to be
implemented earlier in the year, while resource allocation, includ-
ing aerial assets, personnel, and funding, must account for the
higher likelihood of multi-peak fire seasons.

From a planning perspective, spatial disparities in projected fire
danger trends also call for differentiated regional responses. While
North Africa and southern Europe are expected to face more fre-
quent and intense fire events, some parts of northern and central
Europe, currently perceived as low-risk, may experience a relative
increase in fire susceptibility (Miller et al., 2024). This emerging
vulnerability necessitates the expansion of fire awareness cam-
paigns, training programs, and resource distribution in areas not
traditionally prioritized for fire risk.

Furthermore, the increasing uncertainty surrounding fire sea-
son dynamics underscores the need to integrate fire weather pro-
jections into long-term land use and forest management policies
(Dupuy et al., 2020). This includes revisiting prescribed burning
schedules, adjusting forest thinning practices, and reassessing zon-
ing regulations in fire-prone areas. Proactive strategies that antic-
ipate shifting fire regimes can reduce future exposure and
enhance ecosystem resilience.

Overall, the evolving fire seasonality patterns revealed by this
study challenge the adequacy of static fire management frame-
works. As climatic conditions continue to drive longer, more
intense, and less predictable fire seasons, fire governance must
become more dynamic, anchored in climate-informed decision-
making and supported by robust early warning systems tailored
to new seasonal norms.

4.3. Uncertainties related to model spread and data processing

Despite the robustness provided by a multi-model and multi-
scenario framework, this study, like all climate impact assess-
ments, carries inherent uncertainties stemming from both model
variability and methodological choices. Understanding and
acknowledging these uncertainties is essential for interpreting
the results and translating them into actionable risk management
strategies.

A key source of uncertainty lies in the spread among GCM:s.
While general trends, such as the increase in high and extreme fire
danger, are broadly consistent, the magnitude, spatial distribution,
and even sign of trends can vary notably between models. This
variation reflects structural differences in how each GCM repre-
sents atmospheric dynamics, land-atmosphere interactions, and
climate feedback mechanisms (Gallo et al., 2023). For instance, dif-
ferences in how precipitation variability, evapotranspiration, and
soil moisture are simulated can substantially affect the resulting
FWI values, particularly in transitional or topographically complex
regions. These structural disparities underscore the importance of
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interpreting ensemble outputs not as definitive forecasts, but as
probabilistic envelopes of plausible futures.

Another layer of uncertainty is introduced by the choice of
emission scenarios. While RCP4.5 and RCP8.5 represent well-
established pathways, real-world emissions may evolve along tra-
jectories that fall between or outside these bounds. Moreover,
downscaling assumptions and the absence of dynamic vegetation
modeling further limit the representation of feedbacks that may
become increasingly important in future fire regimes, such as land
cover shifts, fuel load changes, and anthropogenic modifications of
the landscape.

Data processing decisions also contribute to uncertainty. In the
present study, the FWI was obtained as a pre-calculated monthly
variable from the Copernicus Climate Data Store, derived from both
the ERAS reanalysis and GCM projections. The use of monthly aver-
aged FWI values, while facilitating consistent and scalable long-
term trend analysis across large domains, inevitably smooths out
short-term variability and may underestimate extreme fire
weather peaks that occur on daily or weekly scales (Di Giuseppe
et al., 2025). Similarly, the reliance on a single reanalysis product
(ERA5) for the historical baseline, although among the most com-
prehensive and reliable, may still embed biases related to input
observations and assimilation methods. Such biases can propagate
through the comparison with GCM outputs, affecting correlation
metrics and trend assessments.

In addition, the spatial resolution of both the historical (ERA5)
and projected (GCM-based) FWI datasets, provided at a consistent
scale through the Copernicus Climate Data Store, is appropriate for
continental-scale analysis. However, this resolution may still
obscure localized fire-weather dynamics that are critical for oper-
ational fire management. This limitation is particularly relevant in
heterogeneous landscapes, where microclimatic variability and
land use heterogeneity can drive significant deviations from regio-
nal fire weather trends (Jain et al., 2020).

Finally, the application of the SK test, while robust to non-
normal distributions and seasonality, does not account for non-
linear or abrupt changes in fire weather behavior. Complementary
techniques, such as Bayesian Estimator of Abrupt change, Season-
ality, and Trend (BEAST), could offer additional insights into poten-
tial regime shifts or threshold behaviors under climate change (Di
Nunno et al., 2024; Di Nunno and Granata, 2025).

Taken together, these uncertainties do not undermine the over-
all conclusions of the study but rather emphasize the need for care-
ful interpretation and cautious extrapolation. Future research
should aim to refine projections through higher-resolution model-
ing, improved representation of vegetation-fire-climate interac-
tions, and ensemble approaches that integrate a broader range of
climate scenarios and data sources.

4.4. Comparison with other regional studies

Projections of increasing fire danger under climate change are
consistent with a growing body of regional research across Europe
and North Africa. Numerous studies report significant increases in
FWI values and related wildfire risks under various greenhouse gas
emission scenarios. The present findings broadly align with these
projections, while offering additional spatial continuity and model
diversity across the European-North African domain.

In southeastern France, Varela et al. (2019) simulated future fire
behavior using the Minimum Travel Time algorithm and identified
trends toward larger wildfires, increased burn probability, and
higher fire-line intensities. These projections, which focus on fire
behavior metrics at a regional scale, are consistent with broader
trends observed here in terms of increased frequency and duration
of high and extreme FWI values.
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Dupuy et al. (2020) reviewed 23 studies on future fire danger in
southern Europe and reported increases in both danger levels and
burned area, with fire-prone regions projected to expand north-
ward and into higher elevations. Similar patterns of latitudinal
and altitudinal expansion are reflected in the present results, par-
ticularly under the RCP8.5 scenario, which shows significant
increases in fire danger across southern and central Europe.

Aparicio et al. (2022), examining the Transboundary Biosphere
Reserve of Meseta Ibérica, projected a threefold increase in the
annual number of extreme fire danger days by the end of the cen-
tury. Their findings are in line with results observed in southwest-
ern Europe, where a consistent increase in extreme FWI conditions
is projected across all models and scenarios evaluated in this study.

In Greece, Rovithakis et al. (2022) reported up to 40 additional
high fire danger days annually under RCP8.5, with pronounced
changes in the southern and eastern parts of the country. Similar
increases are identified across southeastern Europe in the current
analysis, particularly in Crete, Attica, and the Peloponnese, where
model consensus indicates a significant intensification of fire dan-
ger conditions over time.

Tomasevic et al. (2022) highlighted a northward and inland
expansion of fire risk in Croatia, along with an earlier onset and
later end to the fire season. These findings are consistent with
the general extension of fire danger periods observed in the current
dataset, especially across central and eastern Europe, where
increasing durations in high FWI categories suggest prolonged sea-
sonal exposure.

Studies from central Europe also indicate rising fire danger.
Leonardos et al. (2024) and Miller et al. (2024) identified increasing
severity and duration of fire seasons in temperate regions, chal-
lenging historical assumptions about low fire risk in these areas.
The present results show similar spatial patterns, with elevated
moderate and high FWI values projected across central and north-
ern Europe, particularly under RCP8.5.

Taken together, these regional studies provide strong support
for the trends identified in the current assessment. While methods
and geographic areas of focus differ, there is consistent evidence
across the literature of increasing fire danger in response to climate
change. The present analysis builds on this foundation by applying
a standardized classification of fire danger across a broader spatial
domain and using a multi-model, multi-scenario framework to
ensure robustness and comparability. This integrated approach
enables the detection of both regional consistencies and cross-
boundary variations in fire weather trends, supporting the devel-
opment of more geographically inclusive and forward-looking fire
risk management strategies.

5. Conclusion

This study assessed historical and projected trends in fire
weather conditions across Europe and North Africa using the
FWI, supported by both reanalysis data and climate projections
from five GCMs under RCP4.5 and RCP8.5 scenarios.

The analysis highlighted clear spatiotemporal patterns in fire
danger evolution, revealing a systematic decline in very low fire
danger periods and a corresponding increase in the duration and
frequency of high and extreme FWI categories. These changes are
particularly pronounced under the high-emission RCP8.5 scenario,
with southern Europe and northern Africa emerging as hot-spots of
future fire risk.

The findings underscore the growing urgency for integrating
climate-informed fire risk assessments into national and regional
fire management strategies. In particular, the projected lengthen-
ing and intensification of fire seasons suggest the need to revise
preparedness protocols, resource allocation, and land-use planning
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frameworks. Firefighting systems will increasingly need to operate
beyond traditional seasonal boundaries, while new areas, particu-
larly in temperate zones, may require the establishment or expan-
sion of fire risk monitoring and mitigation infrastructure.
Adaptation efforts should also account for the compound effects
of changing climate, vegetation, and land use on fire behavior
and exposure.

Future research should address key limitations of this study to
improve fire danger projections. The reliance on monthly FWI
may underestimate short-term extremes, and the coarse spatial
resolution of GCM outputs limits the ability to capture localized
fire dynamics, particularly in complex terrain. Additionally, using
only two emission scenarios and a limited number of models
restricts the exploration of projection uncertainties. The absence
of dynamic vegetation and socio-economic factors further narrows
the scope. Moreover, treating the future projection period as a sin-
gle continuous epoch may overlook possible intra-period trends,
especially in light of global climate targets set for mid-century
(e.g., net-zero emissions by 2050). Splitting this period into two
sub-epochs (e.g., 2025-2050 and 2051-2098) could provide deeper
insight into temporal shifts in fire danger. Incorporating higher-
resolution regional simulations, daily or sub-daily fire weather
assessments, and integrating socio-economic vulnerability and
suppression capacity would enhance the accuracy and practical
relevance of future fire risk assessments.
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