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Climate change is considered to affect wildfire spread both by increasing fuel dryness and by altering
vegetation mass and structure. However, the direct effect of global warming on wildfires is hard to
quantify due to the multiple non-climatic factors involved in their ignition and spread. By combining
wildfire observations with the latest generation of climate models, here we show that more than half of
the large wildfires (area>500 ha) occurring in the Iberian Peninsula between 2001 and 2021 present a
significant increase in the rate of spread with respect to what it would have been in the pre-industrial
period, attributable to global warming. The average acceleration of the rate of spread due to increased
fuel dryness is between 2.0% and 8.3%, whereas the influence of enhanced vegetation growth since
the pre-industrial period could potentially be even higher than the direct impact of temperature

increase in fuel conditions.

Wildfires are an important component of the Earth system continuously
interacting with other components such as the atmosphere, vegetation or
humans'~. Global fire activity is strongly influenced by climate controls™’,
and the effects of biomass burning can significantly impact climate by
altering the carbon cycle or varying surface albedo®’. Fire regimes are
influenced by vegetation patterns or fuel characteristics™ and they can have
long-term impacts on forests, plant traits and ecosystem productivity'*"".
Humans have a direct influence on fire activity, either by igniting fires or by
suppressing them", and the economic and health impacts of wildfires on
society are significant, especially during extreme wildfire events'*".

The 6th IPCC Assessment Report (AR6)'® determines that the likely
range of human-induced change in global surface temperature in 2010-2019
relative to 1850-1900 is 0.8 °C to 1.3 °C (due to increases in greenhouse gas
concentrations and aerosols, or land-use change), while the likely range of
the change attributable to natural forcing is only —0.1 °C to +0.1 °C. In recent
years, several studies have shown that this anthropogenic global increase in
temperature has led to the intensification of different extreme weather
events, such as hurricanes'**, heavy precipitation events'*”’, heatwaves™, or
windstorms™. Global increases in fire activity have also been linked to
ongoing climate change™”, but the complex interactions between climate,
vegetation and human influences on fire activity mean that these changes are
spatially and temporally heterogeneous™, hampering the application of
event attribution methodologies.

When attributing extreme weather events to present climate change,
the atmospheric response to anthropogenic forcings can be interpreted as a
combination of a thermodynamic and a dynamic component™. Regarding

wildfires, the thermodynamic component would be associated with the
increase in atmospheric water demand (caused by the increased water-
holding capacity of a warmer atmosphere), resulting in a general fuel
moisture reduction’™”'. The dynamic component would correspond to the
change in the frequency of fire-prone weather patterns, such as those leading
to heatwaves or droughts™”. Due to the remaining uncertainties in atmo-
spheric circulation changes induced by global warming™, we do not quantify
the possible dynamic component of climate change influencing fire spread.
Since wildfires are not strictly a meteorological event, an additional
vegetation-related component must be included. Climate change and
atmospheric CO2 fertilization are enhancing vegetation growth™, which,
together with human-induced land-use changes, may increase fuel loads in
some regions ™, altering wildfire behaviour.

While burned area is increasing in regions like the Western United
States’™ or Australia® as a result of anthropogenic climate change,
observed burned area and number of fires have diminished in recent dec-
ades in Mediterranean Europe"”, in contrast to the rise in extreme fire
weather conditions for this region*’, which is expected to further intensify in
the future***. This observed decrease in burned area is less pronounced in
the Iberian Peninsula*', where some recent extreme events (such as the 2017
and the 2022 fire seasons) have been on an unprecedented scale**.

To understand whether climate change may currently be intensifying
extreme wildfires in the Iberian Peninsula, we used the rate of spread to
measure the speed at which the fire front advances. Other magnitudes
related to wildfire behaviour were also calculated, such as energy release and
fire intensity. These magnitudes can be computed from atmospheric and
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fuel structure data. We have quantified the increase on the rate of spread
attributable to the thermodynamic component of climate change for all
wildfires between 2001 and 2021 with a burned area greater than 500 ha. In
addition, we analysed how enhanced vegetation growth may have influ-
enced the spread of these wildfires. The comparison between these two
contributions is also analysed for a future scenario of intermediate
emissions.

Results

Climate change influence on wildfire rate of spread

For each wildfire with a burned area greater than 500 ha between 2001 and
2021 in the Iberian Peninsula, and for each General Circulation Model
(GCM), we compare the factual rate of spread (ROS) with the four coun-
terfactual ROS, arising from the two counterfactual periods (pre-industrial
and 2070-2099 Shared Socio-economic Pathway 2-4.5, SSP2-4.5) and the
two different components of climate change impact (thermodynamic and
vegetation growth) considered. From these comparisons we obtain the ROS
relative difference for each wildfire (hereafter ROS increase), expressed as a
percentage with the factual ROS as the reference. Positive values indicate an
increase in ROS over time (i.e. an increase from the pre-industrial period to
the present, or from the present to the 2070-2099 SSP2-4.5 period).
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Fig. 1 | ROS increase distributions. Probability density functions of ROS relative
differences (ROS increase %) for all wildfires with a burned area greater than 500 ha
between 2001 and 2021 in the Iberian Peninsula: a considering the thermodynamic
component between pre-industrial and present conditions, b considering the
thermodynamic component between present and 2070-2099 conditions (under
SSP2-4.5 scenario), ¢ considering vegetation growth component between pre-

Figure 1 shows the probability density function of the obtained relative
differences in ROS. Considering the thermodynamic component of climate
change, the average ROS increases from preindustrial conditions ranges
from 2.0% to 8.3%, depending on the GCM considered, with 4.9% being the
mean value of the different models (Fig. la). Although the functions
depicted in Fig. la have their maximum near 0% (representing small
changes), they are positively skewed, indicating that some events experi-
enced large ROS increases. A similar pattern, but with larger average ROS
increases (between 10.8% and 15.6%, with 12.7% as the mean value), is
found for the 2070-2099 SSP2-4.5 future scenario (Fig. 1b). This is in line
with the fact that the projected temperature rise for the end of the century is
also expected to exceed the current observed warming since pre-industrial
conditions (Supplementary Fig. 1). Differences in live fuel moisture show a
more important influence on the rate of spread than those in dead fuel
moisture, both for the present-past and future-present comparisons (Sup-
plementary Fig. 2).

Fuel load increases due to the greening effect and land use changes
(vegetation component of climate change) may have had an even stronger
influence (20.7% average ROS increase) from pre-industrial conditions
(Fig. 1c). The trends obtained for the vegetation component should be
considered as a maximum potential change, as we assume in the
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industrial and present conditions and d considering the vegetation growth com-
ponent between present and 2070-2099 conditions (under SSP2-4.5 scenario). Each
colour represents results from a different GCM, and the black line represents all
models together. The boxplot also represents the ROS increase distribution for all
models, indicating the mean with a red dot and numeric value, and the median with a
red line.
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Fig. 2 | Wildfires experiencing significant ROS changes. Bi-dimensional histogram
of ROS relative differences (ROS increase %) and p-values according to the test for
the null-hypothesis that the factual ROS value is equal to the counterfactual ROS

model mean. Percentage of wildfires showing a significant (p-value < 0.05) and non-
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significant (p-value > 0.05) ROS increase ( >0%) or decrease (< 0%) are showed in
each quadrant of the panel. Left panel a shows the Present — Pre-industrial com-
parison, and the right panel b shows the Future - Present comparison.

methodology that all gains in net primary productivity translate into a fuel
load increase. Part of this potential influence of vegetation modification on
the ROS comes from land use change, but it is not the predominant factor
(Supplementary Fig. 2). A more moderate average ROS increase (9.92%) is
projected for 2070-2099 (Fig. 1d), indicating that wildfire rate of spread
increases in the future will be mainly driven by the direct projected tem-
perature rise, rather than by the enhanced vegetation growth.

Nevertheless, the results for the vegetation growth component of cli-
mate change present much uncertainty, both for the assumptions we have
made in the methodology (we assume that the fuel load increase is pro-
portional to the net primary production gains and that the fuel bulk density
is not modified) and for the GCM discrepancies. In addition, our metho-
dology presents an important drawback when analysing this vegetation
component in fuel limited regions. Apart from increasing the fuel load,
enhanced vegetation growth could also improve fuel continuity’>’ or
modify fuel structures”, and this could imply that the vegetation growth
influence in the ROS could be underestimated in semi-arid regions where
fire activity is more constrained by fuel continuity*® than by fuel mass.

Statistical significance

For each GCM, and considering the thermodynamic component, the T-test
is applied for the null hypothesis that 2 related or paired samples (the factual
and counterfactual ROS datasets) have identical average values. All models
indicate that the means of the two samples are significantly unequal, with
p-value < 0.01 (Supplementary Table 1). Even if we consider the two sam-
ples to be non-related (this would be the case if the two samples contained
different fire events, for example when comparing fires from two different
time periods), only one model shows a non-significant (p-value = 0.172,
higher than 0.05) shift of the mean (Supplementary Table 1). This indicates
that the difference of the mean of the factual and counterfactual ROS
datasets is statistically significant.

The direct influence of the temperature increase in the wildfires’ rate of
spread (thermodynamic component) is very uneven among different events.
We can determine the number of events in which climate change has sig-
nificantly influenced the rate of spread by using a T-test for the null
hypothesis that the factual ROS value of each wildfire is equal to the mean of

the counterfactual ROS values (one value per GCM). Among the analysed
wildfires, 58% of them have experienced a significant (p < 0.05) increase in the
rate of spread due to the warming since the pre-industrial period (Fig. 2a).
Some of these events, despite showing statistically significant factual-
counterfactual differences, their average ROS increments are low (Fig. 2a).

Up to 3% of the wildfires have experienced a significant ROS decrease
(Fig. 2a). For the remaining events (39%), the thermodynamic influence of
climate change on the rate of spread is non-significant when comparing
present against pre-industrial conditions.

When using the 2070-2099 SSP2-4.5 conditions as counterfactual data
instead of those of the pre-industrial period, the number of events that
undergo a significant ROS increase is much higher (92%). Only 6% of the
events show a non-significant result (Fig. 2b).

Climate change influence on other wildfire behaviour parameters
Following the same methodology as for the rate of spread, we calculated the
influence of climate change on three United States National Fire Danger
Rating System (NFDRS) fire behaviour indices: Spread Component (SC),
Energy Release Component (ERC) and Burning Index (BI).

The SC results (Supplementary Fig. 3) are very similar to those of the
rate of spread (Fig. 1), as this index also represents how fast fires spread, and
the differences in the calculation of SC and ROS are very subtle®.

The ERC represents the heat per unit area that a wildfire releases to the
atmosphere, and it is also influenced by fuel dryness and fuel load changes.
The magnitude of the ERC increase is similar to that of the rate of spread when
considering the vegetation growth component, both for the present-past
(20.7%) and for the future-present (9.9%) comparison (Supplementary Fig. 4).
Considering the thermodynamic component of climate change, a slightly
lower influence of climate change is found, with an average increase of 3.2%
from pre-industrial conditions and 11.7% for the future-present comparison
(Supplementary Fig. 4). Similar increments were found for the BI, which is
related to flame length and fire intensity* (Supplementary Fig. 5).

Spatial and temporal patterns
When analysing the wildfire events separately, a clear spatial pattern
emerges for the thermodynamic component of climate change, with large
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Fig. 3 | Spatial and temporal patterns of ROS changes. ROS increase of each
wildfire with a burned area greater than 500 ha between 2001 and 2021 for the
Iberian Peninsula considering the thermodynamic component, a between pre-
industrial and present conditions and d between present and 2070-2099 conditions
(under SSP2-4.5 scenario). Panels b and ¢ represent the (b) monthly and (c) annual
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distribution of the 25th, 75th and 50th percentiles of the ROS increase of each
wildfire between pre-industrial and present conditions, and panels e and f represent
the monthly and annual distributions of the same percentiles between present and
2070-2099 conditions (under SSP2-4.5 scenario).

deviations in its accelerating impact on the ROS among events (Fig. 3).
Wildfires in the north of Portugal and the south of Galicia, which is also the
region with the highest fire activity at present (hereafter NW region), show
the most significant variation in ROS for both the past-present and present-
future comparisons, with individual increases of up to 50% (Fig. 3a, d).

As we only analyse fires that have actually occurred, the spatial and
temporal patterns shown in Fig. 3 may have a certain bias, since they may be
correlated. To avoid this issue and understand the causes behind these
patterns, we calculated the 100-h dead fuel moisture content (DFMC) and
the herbaceous live fuel moisture content (LFMC) for all points in the
domain and all days of the analysed period, regardless of whether a wildfire
had taken place or not, as proxies for the ROS change (Fig. 4). A similar
pattern to that of ROS increase arises in this comparison, with the north of
Portugal and the south of Galicia displaying the most significant fuel
moisture reductions (Fig. 4). Moreover, in the NW region the two con-
tributions, DFMC and LEMC, are temporally synchronised, with the
maximum fuel moisture reduction occurring at the end of the summer
(from August to September), leading to an amplification of the total ROS
increase during a time of the year with high fire activity. In contrast, in the
south of the Iberian Peninsula the two contributions do not result in the
maximum fuel moisture reduction in the same months, thus their combined
impact on the ROS is smaller.

Regarding the temporal distribution of the ROS changes, we observe
that the most pronounced increases occur at the end of the summer

(Fig. 3b, €). In general, during these months we find the most important
reductions in moisture content for both dead and live fuels (Fig. 4b, d). In the
case of dead fuels, this is due to a greater concatenation of dry days, where
fuel moisture is predominantly determined by temperature and humidity. In
the case of live fuels, it is explained by the fact that the vapour pressure deficit
commonly exceeds 900 Pa during these months (Supplementary Fig. 6), a
value at which the vegetation stomata begin to close affecting moisture
content™. Live fuel’s behaviour also explains the observed ROS reductions at
the end of the winter (Fig. 3e), when the rise of the minimum temperature
can enhance photosynthesis and anticipate the start of the vegetation
growing season, leading to higher live fuel moisture and lower ROS.

Looking at the ROS changes by year, we see that the increases from the
pre-industrial past are larger for the most recent fires (Fig. 3c), and that the
expected changes in the future are larger for the oldest fires (Fig. 3f). Thisis a
sign that the temperature has already been rising during the 2001-2021
period.

Discussion

We conclude from the results that the fires that have taken place in recent
years in the Iberian Peninsula have developed under environmental con-
ditions that are more favourable for their spread than would be the case in a
climate unaltered by anthropogenic greenhouse gas emissions. Most of the
increase found in the ROS of recent fires comes from changes in vegetation
rather than from those in atmospheric thermodynamic conditions. For the
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Fig. 4 | Spatial and temporal patterns of fuel moisture changes. For all grid points,
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future, the relevance of both contributions reverse. While accelerated global
warming enhances the thermodynamic impact on the ROS, the changes
arising from alterations in vegetation growth show a pattern in which
present-future ROS increases are less pronounced than past-present
increases (Fig. Ic, d). This is due to the fact that vegetation greening is
controlled by several factors such as atmospheric CO2 fertilization,
vegetation-related climatic drivers (changes in temperature or precipitation
that enhance vegetation growth), nitrogen deposition and land-use
changes™, the combined effect of which could result in a nonlinear rela-
tion between vegetation greening and global warming. For instance, in semi-
arid or low productivity regions (such as the south of the Iberian Peninsula),
the conjunction of the predicted warming and precipitation reduction could
aggravate the water deficit and counterbalance the effect of CO2 fertilization
in vegetation productivity’>”'.

Previous studies have shown an overall increase in fire risk for the
Iberian Peninsula®™""*>*>*", However, here we analysed the extent to which
climate change may have affected, not fires in a broad sense, but the par-
ticular fires that have already occurred in the region, which in turn can
provide valuable information for understanding the relation between cli-
mate change and fires in general. To assess the conditions under which the
fires actually recorded spread, we chose parameters specifically related to fire
spread characteristics, such as the ROS or the energy released, rather than
fire danger indices such as the Canadian Fire Weather Index. The latter are
used to determine more generally whether weather conditions are favour-
able for fire occurrence, from ignition to spread™*’, and are not so directly
linked to the particulars of individual events.

The 6th IPCC Assessment Report (AR6)'® mentions the limited
number of attribution studies of compound events such as fires. With this
type of studies, we can better understand how climate change affects these
events, which are influenced by interactions between different elements
such as meteorology, humans or vegetation. We believe that this approach
based on event attribution allows us to better understand the complexity of
the relationship between climate change and fires, since, as we have seen, this
relationship is highly case-dependent, with significant temporal and spatial
variability. Moving from the more common approach of fire weather ana-
lysis to that of event attribution may also help to better understand the
contradicting trends between increasing fire weather and decreasing burned
area in some regions.

The ROS of a fire is related to the area burned, but the connection is not
straightforward. The fact that one fire has a higher ROS than another does
not necessarily mean that it will burn more hectares. The final area burned is
determined by a complex development, involving non-environmental fac-
tors, such as orography or means of control and suppression"’. For this
reason, it is difficult to interpret the increase in ROS in terms of burned area,
especially in a region where the authorities try to control and extinguish
most fires®®. What we can infer is that the relation is non-linear, and that in
cases of a very significant increase in the ROS, the fire could overwhelm the
capacity of the authorities to control it’”**, generally resulting in a significant
expansion of the area burned.

We thus argue that the fires where the increase in ROS is highest (the
right tails of the probability distributions in Fig. 1) are likely to be those
where climate change may have had a significant influence on burned area.
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In contrast, for fires where the increase in ROS is close to 0% (a large number
considering the thermodynamics component, Fig. 1a) the influence of cli-
mate change on burned area is likely small.

The region of the Iberian Peninsula where warming has the largest
impact on fire spread conditions is the inland northwest, which in turn is the
area with the highest fire activity in recent years (Fig. 2a, d). In addition, the
months of the year with the greatest influence are months of very high fire
activity as well, toward the end of the dry summer, especially August,
September and October (Fig. 2b, e).

This spatio-temporal distribution can also have an amplifying effect on
burned area due to the potential for simultaneous occurrence of fires, all
with enhanced ROS. When multiple fires occur at the same time and in the
same area, suppression and control resources are more easily
overwhelmed™ ™', which can lead to an increase in the area burned.

The probabilistic distributions of changes in heat release and in fire
intensity due to global warming (Supplementary Figs. 4 and 5) also have
pronounced rightward tails indicating very high increases for some events.
A large increase in released energy and fire intensity suggests that fires have a
greater ability to alter atmospheric conditions, creating convective updrafts
that can lead to the development of pyroconvective clouds (pyr-
ocumulonimbus or pyroCb)**. Fires with deep pyroconvection have a
chaotic behaviour, governed by strong updrafts and downdrafts, which can
make control and suppression tasks more difficult””"" and also result in an
important enlargement of the area burned, as is the case with highly
accelerated ROS.

Several studies suggest an increase in fire danger or burned area in the
Iberian Peninsula due to climate change in the future’****”>”. One would
expect that the area burned would have been progressively expanding in
recent years, along with the recorded warming’*”°. However, no significant
positive trend is observed in either the total burned area or the number of
fires between 1980 and 2021 (Supplementary Fig. 7). In fact, the trend in
burned area is negative, although not statistically significant. This can be
seen as a paradox: increasingly favourable conditions for fire spread but no
increase in burned area.

Two factors could explain this paradox. The first is the improvement in
suppression efforts that occurred in this period (1980-2021)*""""%, with the
introduction of measures such as early intervention with aerial means or fire
lighting prevention™. The second is the increase in the percentage of area
burned by large fires (over 500 ha, 1000 ha and 5000 ha) (Supplementary
Fig. 8). Firefighting may have been very effective in reducing the impact of
most fires, but not enough for those for which global warming has a more
intense enhancing effect, or for some of those occurring simultaneously in
the areas of highest activity in the northwest, as we discussed above. This is in
line with Cunningham et al.*’, who pointed out that although global burned
area may be decreasing, fire behaviour is worsening. This increase in the
relative importance of large fires supports the idea developed in this section
that the relation between conditions for fire spread and burned area is non-
linear: although conditions are increasingly favourable for spread, the
increase in burned area is mostly restricted to the most intense fires that
exceed control and suppression capacity.

Extreme fires had major social, economic and ecological impacts on
the Iberian Peninsula. The socio-economic impacts include direct
fatalities”, fire smoke health effects®"** and economic losses due to
damages on human assets™. Ecological impacts include degradation of
forest ecosystems® and even marine ecosystems due to the deposition of
ash and sediments in the water®, which in turn lead to economic losses in
the forestry and shellfish industries. Based on the results of this study, the
socio-economic and ecological impacts of fires are expected to increase
in the future due to anthropogenic climate change. Adaptive and
transformative-resilience actions would be required in order to guar-
antee a sustainable coexistence with wildfire®, such as vegetation
management to reduce fire severity, transformation of the built envir-
onment to minimize severe fire’s impacts or accepting fire-caused shifts
in ecological systems™.

Methods

Fire and climate data

We created a database of wildfires with a burned area greater than 500 ha
occurring between 2001 and 2021 in the Iberian Peninsula by combining data
from Portuguese and Spanish public institutions. The Portuguese data come
from the Forest Fire Information Management System (Sistema de Gestao de
Informagio de Incéndios Florestais, SGIF), which is part of the Institute for
Nature and Forests Conservation (Instituto da Conservagio da Natureza e
das Florestas, ICNF). The data, that can be downloaded here (https://www.
icnf.pt/florestas/gfr/gfrgestaoinformacao/estatisticas), and includes infor-
mation about the location (in coordinates), date of ignition and burned area
of individual fires from 2001. The Spanish data come from the General Forest
Fire Statistics (Estadistica General de Incendios Forestales, EGIF), produced
by the Ministry of Ecological Transition and Demographic Challenge
(Ministerio de Transicién Ecoldgica y Reto Demogrifico, MITECO).
The data, which can be downloaded here (https://www.miteco.gob.es/gl/
biodiversidad/temas/incendios-forestales/estadisticas-datos.html), includes
information about the location (in coordinates), date of ignition and burned
area of individual fires from 1968. We cross-checked this data with the list of
>500 ha wildfires in the annual reports produced by the same institution,
which also includes information about the location, date of ignition and
burned area. In the Spanish fire database, some fires do not have an exact
location in coordinates, but only the municipality where they originated. For
these cases, we have approximated the location by the centroid of the polygon
of the corresponding municipality (NUTS5), using the centroid algorithm of
the QGIS software. The database contains information about the location,
date of ignition and burned area of 1365 wildfires.

Present climate data were obtained from the ERA5 database®, the fifth
generation ECMWF (European Centre for Medium-Range Weather
Forecasts) reanalysis for the global climate, which combines model data with
observations. To analyse the climate change thermodynamic influence on
fire behaviour, we used the Coupled Model Intercomparison Project Phase 6
CMIP6 historical, pre-industrial and future projections from 5 general
circulation models (GCMs): MPI-ESM1-2-HR, EC-Earth3, CESM2-
WACCM, MRI-ESM2-0 and NorESM2-MM. The pre-industrial control
simulation (piControl) is performed under conditions chosen to be repre-
sentative of the period prior to the onset of large-scale industrialization, with
1850 being the reference year. We used the “middle of the road” Shared
Socio-economic Pathway 2-4.5 (SSP2-4.5), reflecting an intermediate
emissions pathway leading to a nominal 4.5 W-m ~ radiative forcing level
by 2100°**. For each model, we only consider the main ensemble member
(rlilp1fl). Only these 5 models provide the needed variables under the three
experiments considered (piControl, historical and SSP2-4.5) at high reso-
lution. For the analysis of the vegetation component, we used 8 GCMs
modelling net primary production (NPP): ACCESS-ESM1-5, BCC-CSM2-
MR, CMCC-ESM2, CanESM5, EC-Earth3-Veg, IPSL-CM6A-LR, MPI-
ESM1-2-LR and NorESM2-LM. Apart from piControl, historical and SSP2-
4.5 experiments, we also used the hist-noLu experiment: a historical
simulation that is identical to the CMIP6 historical concentration-driven
simulation, except that land use is held constant with pre-industrial values™.
This experiment allows us to quantify the influence of land-use changes in
wildfire behaviour. There is no equivalent experiment for future scenarios
(i.e. future-emissions simulations but using historical land-use data), so the
land-use contribution cannot be identified when assessing the influence of
projected vegetation growth on fire rate of spread. Only these 8 models
provide the NPP variable for the three experiments considered (piControl,
historical, hist-noLu and SSP2-4.5).

Rate of spread calculation

Fire rate of spread (ROS) is computed using the Rothermel’s surface fire
spread model””". These equations were obtained by considering that energy
is conserved at the fire front™”". The final equation states that the rate of
spread is equal to the ratio of the heat flux absorbed by the fuel that is not yet
burning (I,) to the product of the effective mass of this fuel (p,,) and the
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energy that a unit mass needs to burn (Qy).

I
ROS=_—°%2
Pre = Kig

The full model needs 5 inputs: the moisture content of dead fuels, the
moisture content of live fuels, surface wind speed, terrain slope and some
structure-related fuel properties (specified in different fuel models).

Surface wind speed is directly obtained from climatological data, and
the slope factor is neglected in this study, since it is not affected by climate
change. Fuel moisture content values (for both live and dead fuels) were
calculated following the 2016 version of the United States National Fire
Danger Rating System (NFDRS2016) procedures. Dead fuel moisture
content (DFMC) values were obtained with Nelson’s fuel moisture model”,
a physics-based model that calculates heat and moisture transfer between
the fuel interior and the environment by using finite-difference numerical
methods, with 2 m temperature, total precipitation, relative humidity and
solar radiation as input variables. The model was run with hourly weather
data, using a 1-month period of spin-up for each fire. Model parameters for
different size fuels were obtained from the literature™. Live fuel moisture
contents (LFMC) were calculated through the Growing Season Index™,
which considers daylength, vapour pressure deficit and minimum tem-
peratures to predict foliar phenology. We tested the performance of this
index by comparing the resulting moisture contents with some in-situ
observations of live fuel moisture contents in Spain™ (Supplementary Fig. 9).

The fuel models used in this study were obtained from the 1-km
European fuel database produced by Aragoneses et al.”. These models,
based on the 40 Scott and Burgan fuel models™, are descriptions of different
representative fuel types, in terms of morphologic characteristics. We
assigned to each fire the most abundant fuel model in the fire area (within a
60 km radius from the fire reference location). A quantification of possible
alterations of the main results by the selection of this 60 km radius is shown
in the “Fuel selection distance test” of the Supplementary Information.

To avoid unrealistic ROS values, we have excluded fires from the
analysis where the fuel moisture is higher or close to the fuel moisture of
extinction (the moisture content of a specific fuel type above which a fire will
not propagate), (FMC — FMC,,,)<1%. This reduces the fire database to
1195 fires instead of the original 1365 fires. More information about this,
and a quantification of possible alterations of the main results by the
selection of this threshold value can be consulted in the “Fuel moisture
threshold test” section of the Supplementary Information.

In addition, we also calculated other indexes related to wildfire beha-
viour from NFDRS2016: Spread Component (SC), Energy Released Com-
ponent (ERC) and the Burning Index (BI). The Spread Component is also
an estimation of the rate of spread (with very small differences in their
calculation compared to the Rothermel’s ROS equations®), the Energy
Released Component represents the heat per unit area released by the fire,
and the Burning Index is related to flame length and fire intensity™.

Attribution method
For each of the analysed wildfires we obtain one factual ROS obtained from
ERAS reanalysis climate data, and several counterfactual rates of spread. The
latter correspond to the two counterfactual periods (pre-industrial and
2070-2099 SSP2-4.5) and to the two different components of climate change
(the thermodynamic component and the vegetation growth component)
that we analysed. We used five GCMs for the thermodynamic component
and eight GCMs for the vegetation component (which is the number of
models that provide the variables and experiments we need); therefore, we
compute 26 different counterfactual rates of spread for each wildfire.
Counterfactual rates of spread for the thermodynamic component
experiment are obtained by perturbing the thermodynamic variables of the
factual ERA5 dataset. Ten perturbed climate datasets are needed: five
representing pre-industrial conditions (one for each GCM) and five
representing 2070-2099 conditions (according to the SSP2-4.5 scenario).
Inspired by the pseudo-global-warming approach””, counterfactual

datasets are obtained according to the following expression:
- GCM GCM
X counterfactual — Xfuctual + (Xcaunte;fuctual -X factual)

Here, X erfactuar indicates a value of the counterfactual dataset for a
given location and time, X, is the corresponding value of the factual
dataset (ERA5), ng%e,fa vl 18 the corresponding monthly value averaged
over the counterfactual period of each GCM and X is the corresponding
monthly value averaged over a 30-year centred window in the historical
period of each GCM. Since CMIP6 historical data extends up to 2014, we use

the future scenario of intermediate emissions (SSP2-4.5) to cover the
entire period we are analysing (2001-2021). The (XGCM - ngful)

counterfactual
anomaly, which was obtained from monthly data, is then interpolated in
time to daily data.

Since we focus on the thermodynamic component of climate change,
no dynamics-dependent variables such as surface wind speed or total pre-
cipitation are perturbed. We only change temperature-related variables
(2 m temperature, daily maximum temperature, daily minimum tempera-
ture and 2 m dew point temperature).

The two inputs to the ROS computation that are directly affected by the
perturbation of the thermodynamic variables are the DFMC and LEMC. We
calculate these two quantities, and from them the ROS for each wildfire
event, from factual and counterfactual data, obtaining a reference value
corresponding to factual conditions, plus five values (one for each GCM) for
pre-industrial conditions, and five values (again, one for each GCM) for
2070-2099 SSP2-4.5 conditions.

Changes in the thermodynamic environment, but also in pre-
cipitation, CO2 fertilization, nitrogen deposition or land use, would also
impact the ROS of wildfires by altering vegetation structure as well as
mass, i.e., the amount of available fuel. We refer to the impact on the
latter as the vegetation growth component of climate change, and we
quantify it by simply perturbing the total fuel load of each fuel model. For
that purpose, we first obtain a greening/browning factor by dividing the
mean annual NPP of the considered counterfactual period by the mean
annual NPP of the corresponding 30-year centred window in the his-
torical period (extended with SSP2-4.5 data). We then multiply the total
fuel amount of each fuel model by this factor. The procedure is the same
as for the thermodynamic variables, except that we now use a multi-
plicative factor (instead of adding an anomaly), since the variable we
modify in the equations (fuel load) is not the same as the one we get from
the global models (NPP). We assume that this variation of fuel load
occurs while keeping the amount of fuel per volume (bulk density)
constant, hence an idealized approach. This assumption implies that our
results (when analysing the vegetation growth component) must be
considered as a maximum potential change of the rate of spread. As
mentioned above, NPP data was available from eight different GCM:s for
analysis.

Data availability
The data that support the findings of this study is available in this Harvard
Dataverse repository (https://doi.org/10.7910/DVN/EN4QVP).

Code availability

The code used to analyse and produce the data that support the findings of
this study is available in this Harvard Dataverse repository (https://doi.org/
10.7910/DVN/EN4QVP).
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