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Increased likelihood
of heat-induced large wildfires
in the Mediterranean Basin
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Wildfire activity is expected to increase across the Mediterranean Basin because of climate change.
However, the effects of future climate change on the combinations of atmospheric conditions that
promote wildfire activity remain largely unknown. Using a fire-weather based classification of
wildfires, we show that future climate scenarios point to an increase in the frequency of two heat-
induced fire-weather types that have been related to the largest wildfires in recent years. Heat-
induced fire-weather types are characterized by compound dry and warm conditions occurring during
summer heatwaves, either under moderate (heatwave type) or intense (hot drought type) drought.
The frequency of heat-induced fire-weather is projected to increase by 14% by the end of the century
(2071-2100) under the RCP4.5 scenario, and by 30% under the RCP8.5, suggesting that the frequency
and extent of large wildfires will increase throughout the Mediterranean Basin.

Wildfire is a complex phenomenon that occurs when three conditions are met: available fuel, an ignition source
(due to lightning or human activities) and weather conditions conducive to fires (fire weather)!. Climate and
weather are important drivers of wildfire activity across a range of timescales?, and, consequently, current and
potential future climate-induced changes in wildfire activity might threaten ecosystems and human well-being®.
In most Euro-Mediterranean countries, wildfire activity has been declining owing to management and sup-
pression measures undertaken since the 1980s’. However, some recent extreme wildfire events, including those
that occurred in 2016 in France®, 2017 in Spain and Portugal® and 2018 in Greece!® have highlighted the limits
of wildfire suppression capabilities under exceptional fire-weather conditions. Furthermore, studies show that
wildfire activity is expected to increase across the Mediterranean Basin due to climate change''2. However, how
the combinations of climate and weather conditions that promote the largest wildfires will respond to climate
change remain largely unknown.

Climate and weather are both drivers of wildfire activity. Soil moisture deficit over days to months increases
fuel aridity and flammability®"* while a number of synoptic weather conditions associated to different combina-
tions of short-term and instantaneous meteorological fields (precipitation, temperature, relative humidity and
wind speed) influence wildfire behavior™!*. Most of the largest wildfires occur when these conditions are met®.
For instance, the combination of extreme drought with extreme wind or heatwaves have both been identified as
crucial factors in the occurrence of crown wildfires in Mediterranean forests and shrublands'>"".

In this study, we focus on the frequency of current and future weather and climate conditions associated
with wildfires in four countries (France, Portugal, Greece, Tunisia) of the Mediterranean basin covering most of
its diverse biogeographic and climatic conditions (Supplementary Figs. S1-S3). Building on the insights gained
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Figure 1. Fire-weather types (FWTs) in the wildfire niche shown in terms of the first two orthogonal
combinations of weather and climate variables determined by principal component analysis (PCA). Wildfire
records (wildfires > 30 ha) were extracted for the period 1985-2015 from four countries covering most of the
biogeographical conditions found in the Mediterranean Basin (France, Greece, Portugal and Tunisia). (a) Local
daily values of the weather and climate variables associated with each wildfire (colored dots) and centroids
(colored squares) for each FWT. (b) The wildfire niche is the atmospheric space that contains all the wildfires
in the dataset, the All Voxels space covers all days and grid cells (including non-fire voxels) in the summer fire
season. The Unfavourable weather conditions correspond to voxels in which wildfires are unlikely to occur as
conditions are moister and cooler than those observed in the wildfire niche.

from a series of previous studies®”-", we decompose “fire-weather” into robust and distinct combinations of

local-scale short-term weather (i.e. daily mean temperature, relative humidity and wind speed) and long-term
climate (i.e. monthly to seasonal drought) conditions called fire-weather types (FWTs). First, to identify FWTs,
we classify the local-scale weather and climate conditions associated with more than 17,000 records of wildfires
(wildfires larger than 30 ha) using an objective clustering. Next, we evaluate whether the largest wildfires (from 80
up to 2,150 ha fire size thresholds) occur preferentially under specific FWTs. Then, we extrapolate this wildfire-
based classification to the whole Mediterranean Basin to assess the potential current and future changes to FWT
frequency over the twenty-first century. Finally, we discuss the potential consequences in terms of future wildfire
activity across the Mediterranean Basin.

Results

Identification and characterization of fire weather types (FWTs). The set of weather and climate
conditions under which wildfires occur (the “wildfire niche”; Fig. 1a) was described by five variables that char-
acterize different levels of fuel aridity (from weekly to monthly scale) and the synchronous, short-term weather
conditions (i.e. daily scale) that control the occurrence and spread of wildfires. The variables include the daily
mean temperature, wind speed, relative humidity, and two cumulative indices of fuel aridity, namely, the duff
moisture code (DMC) and the drought code (DC) of the Canadian Forest Fire Danger Rating System?’. Daily
DMC and DC reflect drought conditions of the past few weeks (DMC) and months (DC), respectively. DMC
is generally associated with the moisture content of slow drying surface fuels. The DC was initially developed
to estimate the water content of relatively deep and compact duff, and is related in the Mediterranean to long-
term adjustments of the living shoots of plants?!. All meteorological data were extracted from the ECMWF
ERA-Interim reanalysis* from 1985 to 2015 at 0.75° spatial resolution across the Mediterranean Basin (details
in “Methods”).

Each wildfire in the database was then related to the daily values of the 5 variables observed at the closest
ERA-Interim 0.75° grid cell. The weather and climate conditions associated with wildfires were classified into
five FWTs through a cluster analysis of the raw variables'” (details in “Methods”). Then, we computed for each
FWT, the lead lag composites of climate and weather variables on daily (from 8 days before to 2 days after the
start of a wildfire for temperature, relative humidity and wind speed) and monthly (from 5 months before to
1 month after the start for DC and DMC) time scales (Fig. 2a) in order to assess the role of instantaneous and
short-term weather (i.e. daily atmospheric variables) versus antecedent long-term climate (i.e. monthly DC and
DMC) conditions?.

Figure 1a shows how FWTs are distributed over the broad range of weather and climate conditions observed
during wildfires across the Mediterranean Basin. The five FWTs were named according to their main character-
istics and grouped into broader categories to ease their description.

The first category consists of two FWTs, Normal— and Normal+ (accounting for 19.2 and 20.3% of the wild-
fires, respectively; Fig. 2c) characterized by little or no change in temperature, humidity or wind speed during

SCIENTIFIC REPORTS |  (2020) 10:13790 | https://doi.org/10.1038/541598-020-70069-z



www.nature.com/scientificreports/

a Meteorological Composites

b Fire Size Risk Ratio (FSSR)

Temperature (°C)

Relative Humidity (%)

Wind Speed (m/s)

Day before/after Fire

T T 8
§ 150 |
© 120 ¢ 4
e
3 % E
5 ©
(o]
2 60 «
E 30 - 2
o F
800 r
o 0125t
B 600 - 500 1000 1500 2000 2500
o Fire Size (ha)
< 400 t
5 c Relative frequency
o 200
All four countries
0 | I [ 1 [ ]
France
| [ [ [ [l
_______________ . Greece
| — Hot drought } tiasnirdinesd [ L1 | l | |
: — Heatwave REHREEe : Portugal
| — Wind-driven | |T — | [ | | |
I =— Normal+ | | |unls:a i I l
: — Normal- I ; - ‘ , , }
——————————————— : 0O 20 40 60 80 100

Frequency (%)

Figure 2. Fire weather type (FWT) characteristics. (a) Lead lag composites of weather and climate variables
with respect to wildfire days on daily (for temperature, mean relative humidity and mean wind speed) and
monthly (for drought code and duff moisture code) timescales. For each FW'T, the mean values (lines) and the
95% confidence interval around the mean (colored areas) are reported. The dashed grey vertical lines indicate
the day (month) of a fire. (b) The Fire Size Risk Ratio (FSRR) for each FWT: mean values (lines) and 95%
confidence intervals (colored areas). The FSRR is the ratio of the probability of a wildfire reaching a certain size
under a given FWT divided by the corresponding probability under the other FWTs. (c) Relative frequency of
the FWTs in the four Mediterranean countries investigated here.

the day of the wildfire compared with the preceding or following days (Fig. 2a). This suggests that a number of
wildfires are associated with usual weather and climate conditions (Supplementary Figs. S5, S6). The main differ-
ence between Normal— and Normal+ is that the former is significantly moister, with DC and DMC levels below
all others FWTs (Fig. 2a). Accordingly, wildfires that occur under the Normal— FWT (“Normal— wildfires” in the
following) occur more frequently in the northern part of the Mediterranean Basin (Fig. 2¢) and tend to occur
sooner during the fire season than Normal+ wildfires do (Supplementary Fig. S4). It should be noted however
that the level of droughts observed for the Normal— FWT remains, except in Tunisia, in the average of observed
summer conditions (Supplementary Figs. S5, S6). These results suggest indirectly that seasonal wildfire activity
depends more on fuel aridity in the moister northern part of the Mediterranean Basin***?, and more on mete-
orological conditions associated with influxes of dry, hot air in the drier southern part.

The two heat-induced types of fire-weather, Heatwave (35.6% of the wildfires) and Hot Drought (13.1% of the
wildfires) FWTs, are both characterized by drought conditions (higher DC and DMC than the averaged sum-
mer conditions) with anomalously higher temperature and lower relative humidity on the day of the wildfire
compared with the preceding and following days (Fig. 2a, Supplementary Figs. S5, S6). The temperature and
relative humidity on wildfire days under these FWTs are similar, but Hot Drought conditions are the driest, with
levels of DC and DMC higher than all other FWTs (Fig. 2a). Hot Drought wildfires occur more frequently in
the southern part of the Mediterranean Basin (Fig. 2¢) and tend to occur later in the fire season than Heatwave
wildfires do (Supplementary Fig. S4).

The last FWT identified in this analysis accounts for 11.8% of wildfires (Fig. 2c) and is induced by the com-
bination of strong winds on the day of the wildfire with relatively dry conditions (Fig. 2a). These wind-driven
wildfires occur mainly in coastal areas, notably Southern France and Greece (Fig. 2c), where wildfires are often
driven by continental northerly synoptic winds respectively known as the Mistral® and Etesian winds?.

Wildfire size under FWTs. In order to evaluate how wildfire size varies according to FWTs, we calculated
the Fire Size Risk Ratio (FSRR) for each FWT and for different fire size thresholds (ranging from 80 up to
2,150 ha). FSRR was defined as the probability that a wildfire reaches a given size under a given FWT, normalized
by the mean probability for other FWTs (see details in “Methods”). For example, an FSRR of 2 for the 1,000-ha
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exceedance threshold means that wildfires that ignited under this FWT are twice as likely to exceed 1,000 ha
than wildfires occurring under the other FW'Ts.

Our results show that FSRR is higher when short-term meteorological extremes (warm and dry air, strong
winds) combine with long-term summer drought, i.e. under the Hot drought, Heatwave and Wind-driven FWTs
(Fig. 2b). Furthermore, among those three FW'Ts, we observe that FSRR for large to very large wildfire sizes
(i.e.>1,500 ha) is particularly high under Hot Drought, thus making compound dry and warm periods as the most
favorable conditions for wildfires. By contrast, FSRRs are significantly lower for Normal— and Normal+ FWTs
than for the other FWTs (Fig. 2b), which means that the final size of wildfires that occurred under these FWTs
is relatively smaller. We must acknowledge that FSRR vary on more local scales (Supplementary Table S2 in Sup-
plementary material), which highlights that different fuel characteristics, fire management policies or practices
are also shaping wildfire size under FWTs.

Future FWT frequencies in the Mediterranean Basin. The fire-weather classification was applied
to current and future summer conditions (June-September) throughout the Mediterranean Basin (i.e. to all
gridcell*days independently of the occurrence of wildfires). We used simulations from eight climate models
of the EURO-CORDEX initiative”, considering the RCP4.5 and RCP8.5 emission scenarios (Supplementary
Table S1). To extend the fire-weather classification to summer conditions during which wildfire are unlikely to
occur, i.e. when fuel moisture prevents significant wildfire spread', the additional type Unfavourable was added
(Fig. 1b, details in “Methods”).

This analysis reveals large shifts in the frequency of FWTs by the end of the century (Fig. 3, right columns).
The results are described here only for the 2071-2100 period (with respect to the current climate) under the two
concentration pathways, as mid-century (2031-2060) FWT frequencies under both scenarios are similar to the
end-of-century frequencies under the RCP4.5 scenario (Fig. 3; Supplementary Fig. S7). The relative frequency
of heat-induced FWTs are expected to increase on average by 14% by the end of twenty-first century under the
RCP4.5 scenario and by 30% under RCP8.5, with good agreement across models (Supplementary Fig. S8). The
projected changes in the relative frequencies of the FWTs differ markedly either side of the 40th parallel (Fig. 3).
On the northern side, Unfavourable and Normal— conditions will become less common while Normal+, Heatwave
and, to a lesser extent, Hot-Drought FWTs will increase accordingly. In the drier southern part (Supplementary
Fig. S3), our results show that Hot-Drought conditions will increase in frequency at the expense of Normal— and
Normal+ FWTs. Our study also demonstrates an increase in the intensity of Hot-drought and Heatwave FWTs
(Supplementary Fig. S9) throughout the Mediterranean Basin (Supplementary Fig. S10). Uncertainty remains,
however, as to the extrapolation of FWTs outside the current wildfire niche (Fig. 1b). Under the RCP8.5 scenario,
an average of 8.5% of grid-cell*days fall outside the current wildfire niche by the end of the century. Here, these
grid-cell*days were related to the closest FWT centroid, while being aware that this hypothesis (conservative)
might hide other fire-weather conditions that are not captured by the FWTs defined from present-day climate
conditions.

Finally, to assess the potential impact of FWTs shifts on wildfire frequency, we determine the future wildfire
frequency in the four countries for which fire datasets were available under the strong hypothesis that the ratio
between wildfire frequency and FWT frequency would remain constant in the future (stationarity of the fire-
FWT relationship). Our results show that changes in FWT frequency are expected to increase the number of
wildfires by 91% in France, 29% in Greece, 21% in Portugal and 30% in Tunisia by the end of the century under
the RCP8.5 scenario (Supplementary Figs. S11, $12).

Discussion

Fire-weather types (FWTs) offer new insights into the climate-induced impacts on wildfire activity as they put
into perspective the underlying multi-scale combinations of weather and climate conditions that are conducive
to wildfires. While breaking with most studies that investigate wildfire-weather-climate relationships at the eco-
regional level**, our approach provides a complementary and holistic perspective on wildfire-weather-climate
relationships where FWTs are the basic unit of analysis. The FWT framework is relevant to projections purposes
since it takes full advantage of the regional-scale variability in fire weather and acknowledges that some areas
might experience new future fire-weather conditions that have already been experienced in other places. By
doing so, we do not intend to ignore or minimize the importance of other factors such as human activities and
fuel attributes. Further studies are needed to elucidate how these factors might alter the wildfire-FWT relation-
ships. It is important to note, however, that pooling together four countries with very different socio-economic
conditions had limited impact on the characteristics of FWTs (Supplementary Fig. S14), thus demonstrating
their robustness.

While substantial disparities in fire-climate relationships have been reported across the Mediterranean
Basin!*", our fire-weather based classification highlights the fact that wildfires tend to grow larger when short-
term fire-weather conditions co-occur with long-term summer drought. Strong surface winds coupled with low
relative humidity and drought conditions are known to favor large wildfires worldwide®!®. However, the most
extreme wildfires in the Mediterranean Basin mostly occur under Hot Drought conditions, i.e., during compound
drought and heatwaves. This conclusion matches previous observations on the prevalence of extreme wild-
fires during heatwaves in the Mediterranean Basin®!7**?**_ The mechanisms underlying these wildfires remain
unclear but different studies have proposed that high temperature and vapor-pressure deficit during heatwaves
can accelerate plant desiccation and mortality over relatively short time spans®'-**, a phenomenon that is expected
to be amplified under climate change®*** due the increased frequency and persistence of compound dry-warm
periods®. Likewise, our results show that future scenarios of fire danger consistently point to an increase in the
frequency and intensity of heat-induced FWTs across the Mediterranean. Given that large wildfires generally
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Figure 3. Current and multi-model median changes in summer frequency of fire weather types (FWTs) in the
Mediterranean Basin. Changes in frequency at the end of the century (2071-2100) are shown relative to the
present period (1985-2015) for two emission scenarios (RCP4.5 and RCP8.5). The dots indicate grid cells where
the change was statistically significant (p <0.05) in a majority of the models. The maps were produced in R v3.6.3
(www.r-project.org).

develop under heat-induced FWTs, climate change might therefore increase their frequency and extent, assuming
that fuel remains abundant in spite of increasing aridity. The ecological and socio-economic implications of these
changes could be profound, especially in view of the other emerging and interconnected risks that are projected
to affect the Mediterranean Basin in the coming decades®. To mitigate the risks associated with heat-induced
wildfires, dedicated efforts should be made to address current knowledge gaps on the desiccation of live fuels
during hot droughts® and the effects of fuel moisture content on wildfire behavior®®.

However, much uncertainty remains as to what will be the impacts of increased heat-induced FWT fre-
quency on actual wildfire activity. Quantifying wildfire activity is challenging given that several biophysical
and human variables influence wildfire occurrence and spread in many and opposite ways. Thus, the expected
increase in wildfire activity can be considerably reduced through improvements in suppression capacities and
fuel management™®. Likewise, in the most arid regions of southern Europe, fuel load and fuel continuity may be
insufficient to sustain more frequent wildfires*°, which may challenge the current FWT approach. Conversely,
increases to fire ignition in wildland-urban interfaces*! or in landscape building of fuels due to systematic fire
suppression*>** could further exacerbate the impacts of climate change on wildfire activity.
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Methods

We extracted the location, date, and size of wildfires that occurred in Southern France, Greece, Portugal, and
Tunisia (Supplementary Fig. S1) between 1985 and 2015 from national fire databases. To limit uncertainties
related to the detection rate of the smallest wildfires and increase the fire-weather signal, wildfires smaller than
30-ha size were excluded. Only summer wildfires (from June to September) were analyzed because 84% of
wildfires occurred during these months and accounted for more than 82% of annual burnt area (including of all
wildfire sizes, Supplementary Fig. S2). The four countries were selected for two main reasons: (1) the availability
of a database with daily information on the characteristics, including the location and size, of all fire events; and
(2) the fact that together, they cover most of the biogeographic and socio-economic conditions found in the
Mediterranean Basin** (Supplementary Figs. S1-S3). For Southern France, fire statistics were extracted from
the “Prométhée” database, managed by French forest services, and examined extensively in previous studies*>.
For Greece, fire data from before 1998 were obtained from the Greek forest service and from 2000 onwards, the
data were obtained from the Greek fire brigade?’, such that data for the years 1998 and 1999 are missing. While
this combination of sources may have led to some minor inconsistencies, the potential consequences on the
results were assumed to be negligible, as year of occurrence was not a factor in the analysis. Fire statistics for
Portugal were extracted from the Portuguese rural fire database*. For Tunisia, fire statistics were obtained from
the Tunisian fire database* as compiled from the records of the Tunisian Directorate-General for Forests and
curated from various remote sensing sources. Wildfires from 2011 to 2015 were ignored because of the disruption
in fire activity resulting from the Arab spring in December 2010%. Fire statistics for the four studied databases
are shown in Supplementary Figure S2.

The meteorological data used to determine wildfire variables in the studied period and as a bias correction
reference for the climate simulations were taken from the ECMWF ERA-Interim reanalysis? of data from 1985 to
2015 across the Mediterranean Basin (see studied region in Supplementary Fig. S1). To project current and future
frequencies of FWTs, we ignored grid cells that contained more than 90% of non-burnable area, as determined
from the ESA CCI Land Cover maps for the year 2015 (ESA 2019) at a spatial resolution of 300 m and aggregated
at the ERA-INTERIM reference grid cell level. Daily variables were obtained from a 0.75° resolution geographic
grid. We used the mean daily 2-m air temperature, dew point temperature, total surface precipitation, surface
pressure and 10-m wind speed. Relative humidity was calculated using the mean daily dew point temperature,
surface pressure and the mean daily 2-m air temperature.

The DMC and DC subcomponents of the Fire Weather Index*® were respectively used as generic indicators
of medium and long-term drought. The DMC and DC are calculated in theory from daily 24 h accumulated
precipitation data, and the temperature, humidity, and wind speed at 12:00 local time. However, since obtaining
modeled data at 12:00 local time was not possible, we used the daily mean temperature, mean humidity and
accumulated precipitation. This may have biased the DC and DMC estimates, but time series calculated with both
variables are highly correlated™. Furthermore, as these fire variables were mostly used for classification purposes,
we do not expect this approximation to have a significant impact on the results of the study. Nonetheless, the DC
and DMC values calculated here may differ from those computed with the usual 12:00 data.

Projections of weather and climate variables for the current and future climate periods were obtained from
two regional climate simulation programs involved in the fifth phase of the Coupled Model Intercompari-
son Project (CMIP5) and produced as part of the EURO-CORDEX initiative?”*!. Both include the same eight
General Circulation model (GCM)-Regional circulation model (RCM) pairs (involving three RCMs and five
GCMs,Supplementary Table S1), but one follows the moderate RCP4.5 scenario while the other follows RCP8.5,
i.e. the highest concentration pathway®2. RCMs were selected based on the availability of daily values for mean
temperature, relative humidity, wind speed and precipitation. For each simulation, data were extracted at a spatial
resolution of 0.44° in latitude and longitude for the historical (1970-2005) and future (2006-2099) periods in the
studied regions (shown in Supplementary Fig. S1). Spatial and seasonal biases in projected climate variables can
be problematic for the calculation of fire danger indices™ so the data were corrected using univariate and mul-
tivariate bias correction based on daily summaries from ECMWEF ERA-Interim data for the overlapping period
between ECMWEF ERA-Interim and climate simulation (1980-2005). The Euro-CORDEX data were interpolated
to the regular 0.75° resolution grid of the ERA-INTERIM database using nearest neighbors prior to any other
transformation. Statistical corrections were applied on a monthly basis to account for seasonal variations in
distributional differences. We used the quantile delta mapping method®* for univariate bias correction and the
MBCn algorithm® for the multivariate correction. MBCn is a multivariate generalization of quantile mapping
that transfers all aspects of an observed continuous multivariate distribution to the corresponding multivariate
distribution of variables from a climate model. As both methods yielded similar results (Supplementary Fig. S13),
only the results for the univariate biais correction method were used. For each GCM-RCM (Supplementary
Table S1), the change in FWT frequencies between the current period (1985-2015) and two future periods
(2031-2060 and 2071-2100) were calculated under the RCP4.5 and RCP8.5 concentration pathways.

We identified FWTs objectively by dynamic k-means clustering based on the values of the weather and climate
variables associated with each wildfire record, namely, temperature, relative humidity, wind speed, DMC and
DC. This method partitions m multivariate observations into k clusters in which each observation is allocated
to the cluster with the nearest mean. In practice, the numerical algorithm minimizes the sum over all clusters
of the within-cluster sum of observation-to-centroid squared Euclidean distances. As with any other dynamic
clustering method, the value of k has to be chosen beforehand. To optimize our understanding of fire-weather
relationships at the continent level, k was chosen as a trade-off between three competing criteria namely, (1) that
k should be large enough to discriminate between the maximum possible combinations of wildfire predictors,
(2) that k should be small enough for the results to be generalizable and to facilitate interpretation, and (3) that
the final set of clusters should provide a sound physical interpretation of fire-weather relationships. We therefore
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set the clustering algorithm to identify k=5 FWTs. The stability of the clusters was verified by rerunning the
algorithm with different initial random seeds. Furthermore, since the wildfires were not evenly distributed
between the studied countries (Supplementary Fig. S2; Supplementary Table S2), we also tested the stability of
the clusters against variations in the proportion of wildfires from each country. The same k-means analysis was
performed on 1,000 bootstrap-resampled wildfire datasets, in which the number of wildfires from each country
was proportional to the corresponding number of wildfire gridcells. The FWTs in the original and resampled
datasets had similar characteristics (Supplementary Fig. S14), confirming the robustness of this approach. For
representation purposes, the weather and climate variables were compressed into orthogonal linear combinations
using PCA. Only the first two principal components were retained, as they adequately described most (69%) of
the variability of the data. All gridcell*day (voxel) combinations (i.e. not just fire*day combinations) were then
plotted in PCA space for the four studied countries.

The FWTs were characterized using a lead-lag analysis of composite climate variables. As wildfires in the
Mediterranean Basin are short, we focused mainly on pre-ignition conditions. Lead-lag composites were exam-
ined over two timescales to capture the seasonal and synoptic variability associated with fire occurrence. We used
an 11-day window (from 8 days before to 2 days after the start of a fire) for the meteorological variables (mean
temperature, relative humidity and wind speed) and a 7-month window (from 5 months before to 1 month after
the start of a fire; usual calendar months) for the fuel aridity variables.

To assess whether wildfires grow larger in size under particular FWTs, we calculated a fire size risk ratio
(FSRR) for each FWT. The FSRR of an FWT and a fire size S is the ratio of the probability of a fire reaching size S
in FWT T divided by the probability of a fire reaching the same size in the other FWTs. According to this defini-
tion, an FSRR higher (alternatively lower) than 1 indicates that a fire of size S is more (alternatively less) likely
in FWT T than in the others. FSRRs were calculated for eight fire sizes (30, 80, 271, 550, 1,055, 1,295, 1,600 and
2,173 ha), corresponding respectively to the 1st, 50th, 80th, 90th, 95th, 96th, 97th and 98th percentiles of the
data (Supplementary Table S2).

For each GCM-RCM (Supplementary Table S1), FWT frequencies for the current period (1985-2015) and
two future periods (2031-2060 and 2071-2100) were calculated under the RCP4.5 and RCP8.5 concentration
pathways for each gridcell. Voxels located outside the wildfire niche in the bottom-left quadrant of the principal
component subspace (Fig. 1b) were considered representative of Unfavourable weather conditions. This additional
FWT consists of all the voxels from the Normal- FWT whose Euclidian distance to the centroid was greater
than the 95% confidence interval.

Received: 11 January 2020; Accepted: 20 July 2020
Published online: 14 August 2020

References
1. Moritz, M. A., Morais, M. E., Summerell, L. A., Carlson, J. M. & Doyle, J. Wildfires, complexity, and highly optimized tolerance.
Proc. Natl. Acad. Sci. USA. 102, 17912-17917 (2005).
2. Littell, J. S. et al. Climate and wildfire area burned in western US ecoprovinces, 1916-2003. Ecol. Appl. 19, 1003-1021 (2009).
3. Barbero, R. et al. Multi-scalar influence of weather and climate on very large-fires in the Eastern United States. Int. J. Climatol. 35,
2180-2186 (2015).
4. Turco, M. et al. On the key role of droughts in the dynamics of summer fires in Mediterranean Europe. Sci. Rep. 7, 81 (2017).
5. Ruffault, J., Moron, V., Trigo, R. M. & Curt, T. Daily synoptic conditions associated with large fire occurrence in Mediterranean
France: Evidence for a wind-driven fire regime. Int. J. Climatol. 37, 524-533 (2017).
6. Abatzoglou, J. T. & Williams, A. P. Impact of anthropogenic climate change on wildfire across western US forests. Proc. Natl. Acad.
Sci. 113, 11770-11775 (2016).
7. Turco, M. et al. Decreasing fires in mediterranean Europe. PLoS One 11, 20 (2016).
8. Ruffault, J., Curt, T., Martin-StPaul, N. K., Moron, V. & Trigo, R. M. Extreme wildfire events are linked to global-change-type
droughts in the northern Mediterranean. Nat. Hazards Earth Syst. Sci. 18, 847-856 (2018).
9. Turco, M. et al. Climate drivers of the 2017 devastating fires in Portugal. Sci. Rep. 9, 13886 (2019).
10. Lagouvardos, K., Kotroni, V., Giannaros, TM & Dafis, S. Meteorological conditions conducive to the rapid spread of the deadly
wildfire in eastern Attica, Greece. Bull. Am. Meteorol. Soc. https://doi.org/10.1175/bams-d-18-0231.1 (2019).
11. Turco, M. et al. Exacerbated fires in Mediterranean Europe due to anthropogenic warming projected with non-stationary climate-
fire models. Nat. Commun. 9, 1-9 (2018).
12. Dupuy, J.-L. et al. Climate change impact on future wildfire danger and activity in southern Europe: A review. Ann. For. Sci. 77,
1-49 (2020).
13. Boer, M. M. et al. Changing weather extremes call for early warning of potential for catastrophic fire. Earth’s Future 5, 1196-1202
(2017).
14. Fernandes, P. M., Barros, A. M. G., Pinto, A. & Santos, J. A. Characteristics and controls of extremely large wildfires in the western
Mediterranean Basin. J. Geophys. Res. G Biogeosci. 121, 2141-2157 (2016).
15. Hernandez, C., Drobinski, P. & Turquety, S. How much does weather control fire size and intensity in the Mediterranean region?.
Ann. Geophys. 20, 20 (2015).
16. Jin, Y. et al. Identification of two distinct fire regimes in Southern California: Implications for economic impact and future change.
Environ. Res. Lett. 10, 94005 (2015).
17. Ruffault, J., Moron, V., Trigo, R. M. & Curt, T. Objective identification of multiple large fire climatologies: An application to a
Mediterranean ecosystem. Environ. Res. Lett. 11, 075006 (2016).
18. Duane, A, Piqué, M., Castellnou, M. & Brotons, L. Predictive modelling of fire occurrences from different fire spread patterns in
Mediterranean landscapes. Int. J. Wildl. Fire 24, 407-418 (2015).
19. Rodrigues, M., Trigo, R. M., Vega-Garcia, C. & Cardil, A. Identifying large fire weather typologies in the Iberian Peninsula. Agric.
For. Meteorol. 280, 107789 (2020).
20. Van Wagner, C. E. Structure of the Canadian forest fire weather index. Can. For. Serv. For. Tech. Rep. 35, 37 (1987).
21. Ruffault, J., Martin-StPaul, N., Pimont, E. & Dupuy, J.-L.L. How well do meteorological drought indices predict live fuel moisture
content (LFMC)? An assessment for wildfire research and operations in Mediterranean ecosystems. Agric. For. Meteorol. 262,
391-401 (2018).

SCIENTIFIC REPORTS |

(2020) 10:13790 | https://doi.org/10.1038/s41598-020-70069-z


https://doi.org/10.1175/bams-d-18-0231.1

www.nature.com/scientificreports/

22. Dee, D. P. et al. The ERA-Interim reanalysis: Configuration and performance of the data assimilation system. Q. J. R. Meteorol.
Soc. 137, 553-597 (2011).

23. Abatzoglou, J. T. & Kolden, C. A. Relative importance of weather and climate on wildfire growth in interior Alaska. Int. J. Wildl.
Fire 20, 479-486 (2011).

24. Gudmundsson, L., Rego, . C., Rocha, M. & Seneviratne, S. I. Predicting above normal wildfire activity in southern Europe as a
function of meteorological drought. Environ. Res. Lett. 9, 84008 (2014).

25. Urbieta, L. R. et al. Fire activity as a function of fire-weather seasonal severity and antecedent climate across spatial scales in
southern Europe and Pacific western USA. Environ. Res. Lett. 10, 114013 (2015).

26. Paschalidou, A. K. & Kassomenos, P. A. What are the most fire-dangerous atmospheric circulations in the Eastern-Mediterranean?
Analysis of the synoptic wildfire climatology. Sci. Total Environ. 539, 536-545 (2016).

27. Kotlarski, S. et al. Regional climate modeling on European scales: A joint standard evaluation of the EURO-CORDEX RCM
ensemble. Geosci. Model Dev. 7,1297-1333 (2014).

28. Pereira, M. G., Trigo, R. M., Da Camara, C. C., Pereira, ]. M. C. & Leite, S. M. Synoptic patterns associated with large summer
forest fires in Portugal. Agric. For. Meteorol. 129, 11-25 (2005).

29. Cardil, A., Merenciano, D. & Molina-Terrén, D. Wildland fire typologies and extreme temperatures in NE Spain. iForest. Biogeosci.
For. 009, el-¢6 (2016).

30. Belhadj-Khedher, C., El-Melki, T., Mouillot, E. Saharan hot and dry Sirocco winds drive extreme fire events in Mediterranean
Tunisia (North Africa). Atmosphere 11(6), 590 (2020).

31. Williams, A. P. et al. Temperature as a potent driver of regional forest drought stress and tree mortality. Nat. Clim. Change 3,
292-297 (2013).

32. Allen, C. D,, Breshears, D. D. & McDowell, N. G. On underestimation of global vulnerability to tree mortality and forest die-off
from hotter drought in the Anthropocene. Ecosphere 6, art129 (2015).

33. Adams, A. & Patrick, L. Temperature response surfaces for mortality risk of tree species with future drought Item Type Article
Citation Temperature response surfaces for mortality risk of tree species with future drought. Environ. Res. Lett. 12, 115014 (2017).

34. Cochard, H. A new mechanism for tree mortality due to drought and heatwaves. bioRxiv https://doi.org/10.1101/531632 (2019).

35. Brodribb, T. J., Powers, J., Cochard, H. & Choat, B. Hanging by a thread? Forests and drought. Science 368, 261-266 (2020).

36. Pfleiderer, P, Schleussner, C.-F, Kornhuber, K. & Coumou, D. Summer weather becomes more persistent in a 2 °C world. Nat.
Clim. Change 9, 666-671 (2019).

37. Cramer, W. et al. Climate change and interconnected risks to sustainable development in the Mediterranean. Nat. Clim. Change
8,972-980 (2018).

38. Alexander, M. E. & Cruz, M. G. Assessing the effect of foliar moisture on the spread rate of crown fires. Int. J. Wildl. Fire 22, 415-427
(2013).

39. Brotons, L., Aquilué, N., de Caceres, M., Fortin, M. ]. & Fall, A. How fire history, fire suppression practices and climate change
affect wildfire regimes in mediterranean landscapes. PLoS One 8, €62392 (2013).

40. Batllori, E., Parisien, M. A., Krawchuk, M. A. & Moritz, M. A. Climate change-induced shifts in fire for Mediterranean ecosystems.
Glob. Ecol. Biogeogr. 22, 1118-1129 (2013).

41. Balch, J. K. et al. Human-started wildfires expand the fire niche across the United States. Proc. Natl. Acad. Sci. USA 114, 2946-2951
(2017).

42. Parisien, M. A. et al. Fire deficit increases wildfire risk for many communities in the Canadian boreal forest. Nat. Commun. 11, 20
(2020).

43. Moreira, E et al. Wildfire management in Mediterranean-type regions: Paradigm change needed. Environ. Res. Lett. 15, 20 (2020).

44. Moreira, F. et al. Landscape-wildfire interactions in southern Europe: Implications for landscape management. J. Environ. Manag.
92, 2389-2402 (2011).

45. Ruffault, J. & Mouillot, F. How a new fire-suppression policy can abruptly reshape the fire-weather relationship. Ecosphere 6, 1-19
(2015).

46. Pimont, E, Ruffault, J., Martin-Stpaul, N. K. & Dupuy, J. L. Why is the effect of live fuel moisture content on fire rate of spread
underestimated in field experiments in shrublands?. Int. J. Wildl. Fire https://doi.org/10.1071/WF18091 (2019).

47. Koutsias, N. et al. On the relationships between forest fires and weather conditions in Greece from long-term national observations
(1894-2010). Int. J. Wildl. Fire 22, 493-507 (2013).

48. Pereira, M. G., Malamud, B. D., Trigo, R. M. & Alves, P. I. The history and characteristics of the 1980-2005 Portuguese rural fire
database. Nat. Hazards Earth Syst. Sci. 11, 3343-3358 (2011).

49. Belhadj-Khedher, C. et al. A revised historical fire regime analysis in Tunisia (1985-2010) from a critical analysis of the national
fire database and remote sensing. Forests 9, 20 (2018).

50. Herrera, S., Bedia, J., Gutiérrez, J. M., Fernandez, J. & Moreno, J. M. On the projection of future fire danger conditions with various
instantaneous/mean-daily data sources. Clim. Change 118, 827-840 (2013).

51. Jacob, D. et al. EURO-CORDEX: New high-resolution climate change projections for European impact research. Reg. Environ.
Change 14, 563-578 (2014).

52. Moss, R. H. et al. The next generation of scenarios for climate change research and assessment. Nature 463, 747 (2010).

53. Cannon, A. ]. Multivariate quantile mapping bias correction: An N-dimensional probability density function transform for climate
model simulations of multiple variables. Clim. Dyn. 50, 31-49 (2018).

54. Cannon, A. J., Sobie, S. R. & Murdock, T. Q. Bias correction of GCM precipitation by quantile mapping: How well do methods
preserve changes in quantiles and extremes?. J. Clim. 28, 6938-6959 (2015).

Acknowledgements

This work is a contribution from the Labex OT-Med (ANR-11-LABEX-0061) funded by the “Investissements
d’Avenir”, a French National Research Agency (ANR) program, through the A*Midex project (ANR-11-
IDEX-0001-02). The fire data for Tunisia were provided by Direction Générale des Foréts (Tunis) and fully
checked and corrected within the FUME FP7 EU project Contract Grant no. 243888. N. Koutsias received fund-
ing from the European Union’s Horizon 2020 Research and Innovation Program under the Marie Sklodowska-
Curie Grant Agreement no. 705067. A. Russo received funding from FCT (Fundagio para a Ciéncia e a Tecno-
logia, Portugal) under project IMPECAF (PTDC/CTA-CLI/28902/2017). R.Trigo received funding from FCT
(Fundagao para a Ciéncia e a Tecnologia, Portugal) under project projeCast (PCIF/GRF/0204/2017).

Author contributions
J.R., T.C., V.M. and R.T. conceived the study. ].R. performed the analyses with the help of T.C, V.M, R.T and EP.

N.K, EM., A.R and C.B.K. provided datasets. JR wrote the manuscript and all authors provided comments and
feedback.

SCIENTIFIC REPORTS |

(2020) 10:13790 | https://doi.org/10.1038/s41598-020-70069-z


https://doi.org/10.1101/531632
https://doi.org/10.1071/WF18091

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70069-z.

Correspondence and requests for materials should be addressed to J.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |  (2020) 10:13790 | https://doi.org/10.1038/541598-020-70069-z


https://doi.org/10.1038/s41598-020-70069-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

