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Synchronous wildfires (wildfires occurring in multiple locations within a week) pose challenges to
coordinated firefighting efforts between European countries. Despite their potentially severe impacts,
their occurrence and relationship with predictable atmospheric circulation patterns are poorly
understood. We analyze synchronous wildfires across ten European regions over the past two
decades and attribute their seasonal occurrences to seven year-round weather regimes. We find that
weather regimes modulate the occurrence and spatial extent (the number of regions involved) of
synchronous wildfires primarily by driving warm and dry meteorological anomalies, suggesting that
these events may become more frequent in a warming world. Specifically, Atlantic Ridge promotes
wildfire synchronicity between multiple pairs of European regions in summer, and European Blocking
is the most likely regime co-occurring with synchronous wildfires spanning large spatial domains (or
involving more than five regions) in spring and fall. Our findings could support early warning systems
for synchronous wildfire emergencies in Europe because these weather regimes are predictable on

subseasonal timescales.

Wildfires pose severe threats to both society and the environment. Miti-
gating their impacts requires timely emergency responses and international
cooperation'. In Europe, such cooperation is facilitated by the European
Union Civil Protection Mechanism? which is activated during wildfire
emergencies to provide cross-border firefighting support. An example is the
2018 extreme wildfire season in Scandinavia, where central and southern
European countries, including Germany, France, and Italy, deployed fire-
fighting equipment and personnel to support wildfire suppression in
Sweden’. However, sharing resources becomes increasingly difficult when
multiple wildfires occur synchronously across regions”. These synchronous
events can overwhelm firefighting capacities, potentially leading to more
severe impacts than isolated incidents. The increase in extreme wildfire
seasons in recent decades has intensified pressure on firefighting capacities’,
not only affecting traditionally fire-prone Mediterranean countries® but also
raising concerns in less fire-prone regions, such as central and northern
Europe”™”. Climate change is projected to substantially increase the fre-
quency and intensity of extreme fire weather conditions across Europe'’.
This shift can lead to more frequent synchronous fire weather across larger
spatial areas than under current climate conditions'' ™. Yet, to the best of
our knowledge, observation-based evidence of synchronous wildfire

occurrences across Europe does not exist, significantly limiting our ability to
understand, predict, and prepare for these events. In this work, we address
these critical knowledge gaps by linking seasonal synchronous wildfire
observations in Europe to so-called weather regimes, which are large-scale,
quasi-stationary, recurrent, and persistent atmospheric circulation patterns.
These weather regimes are more predictable on subseasonal timescales
(several weeks in advance) than local daily weather conditions'*"*, offering a
promising avenue for developing early warning systems and enhancing
societal preparedness for synchronous wildfire emergencies in the future.
The development of synchronous wildfires is shaped by climatic and
meteorological processes on different timescales. On annual to multi-
decadal timescales, wildfire synchronicity is modulated by climate
variability'*"". This relationship is well understood in North America, where
tree ring-based fire chronologies show that the warm phase of the Atlantic
Multidecadal Oscillation promotes subcontinental synchronicity'’, while
the El Nifio Southern Oscillation and the Pacific Decadal Oscillation jointly
modulate regional synchronicity'”**. On seasonal timescales, the overlap
in fire weather seasonality can increase the probability of spatially com-
pounding fire weather, as shown between Australia and North America,
threatening the feasibility of firefighting cooperation between these two
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regions’'. In Europe, regional wildfire activity exhibits strong and distinct
seasonality. For example, Mediterranean regions typically experience
wildfires in summer (JJA)*, while the UK sees peak wildfire activity in spring
(MAM)”. Thus, we hypothesize that European regions with overlapping
wildfire seasonality should be more prone to synchronous wildfires. On
weekly to daily timescales, regional wildfires are mainly driven by hot and
dry meteorological anomalies, and sometimes by strong winds*. Therefore,
we hypothesize that the concurrent formation of such conditions across
regions, which are typically shaped by large-scale weather patterns™, can
trigger synchronous wildfires. In Europe, atmospheric blocking events
frequently induce heatwaves and droughts under their high-pressure
conditions™, providing favorable weather conditions for wildfires in the
Mediterranean summer”’ . The variability of these large-scale patterns in
the Atlantic-European sector can be captured by seven year-round weather
regimes'*’"*”. They are European Blocking (EuBL), Scandinavian Blocking
(ScBL), Greenland Blocking (GL), Atlantic Ridge (AR), Atlantic Trough
(AT), Scandinavian Trough (ScTr), and Zonal Regime (ZO). These
regimes characteristically modulate near-surface conditions relevant for fire
weather development (temperature, relative humidity, precipitation, and
wind speed’™**), and may thus play a critical role in shaping wildfire
synchronicity across Europe. While previous studies have illuminated the
modulating effects of synoptic weather conditions on wildfires at local to
regional scales” ™, the spatial patterns of synchronous wildfires across the
European continent and their relationship with predictable weather regimes
remain to be studied.

Here, we present a systematic analysis of synchronous wildfires in
Europe from 2001 to 2020 to understand the meteorological conditions and
large-scale weather regimes favoring the development of these events. We
identify synchronous wildfires involving at least two European regions
within a week based on satellite fire observations, and analyze these events
following three steps: (a) We use complex network theory to quantify sea-
sonal wildfire synchronicity between ten European regions; (b) We use
atmospheric reanalysis data to characterize meteorological conditions that
favor the occurrence of synchronous wildfires; and (c) We use the afore-
mentioned year-round weather regime classification scheme to identify
regimes that modulate the occurrence and spatial extent (i.e. the number of
regions involved) of synchronous wildfire events in different seasons. We
find that specific weather regimes can significantly increase the probability
of inter-regional synchronous wildfires and modulate the spatial extent of
these events across the continent by driving warm, dry, and/or windy
meteorological anomalies. The relationship between synchronous wildfires
and predictable weather regimes can support more effective firefighting
cooperation and enable faster responses to synchronous wildfire emer-
gencies in Europe.

Results

Wildfire synchronicity between European regions is enhanced by
overlapping fire seasons

To quantify wildfire synchronicity, we map the spatial and seasonal
occurrences of inter-regional wildfire connections by counting the total
number of synchronous events with a maximum time lag of six days
between each pair of the ten European regions (Fig. 1; Methods). We
identify significant (p < 0.05 and p < 0.01) connections based on block
permutations and quantify regional wildfire connectivity using degree
centrality (the number of significant connections a region has divided by the
maximum number of possible connections, Methods). We show that in
Europe synchronous wildfires occur year-round with seasonally varying
frequencies (Fig. 1). The strongest wildfire synchronicity across the ten
regions is found when considering all meteorological seasons (12 significant
connections, Fig. 1a). Seasonally, spring (MAM) shows the highest number
of significant connections (11), particularly involving central Europe (CE),
northeastern Europe (NEE) and southeastern Europe (SEE), with each
region showing equally high connectivity (degree centrality of 0.44 in
Fig. 1b). Summer (JJA) shows six significant connections, mainly involving
the Alps (AL), western Mediterranean (WMD), and SEE (degree centrality

0f 0.33 in Fig. 1¢). A similar set of significant connections between southern
regions is observed in fall (SON, Fig. 1d), while winter (DJF) shows the
fewest significant connections across all seasons (only three, Fig. 1e). These
inter-regional connections are generally robust to different choices of the
maximum time lag used in the synchronicity definition (Methods, Fig-
ures S1-S5). Furthermore, the overall patterns of spatial connections remain
comparable when the synchronicity analysis is performed based on coun-
tries instead of the ten regions (Figure S6).

As firefighting cooperation operates at the country level”, we calculate
the cross-border event fraction for each region. We define this metric as the
fraction of cross-border events (wildfires occurred in more than one country
within a region) across all inter-regional synchronous events involving this
region (Fig. 1, shown by the edge color of nodes). We observe relatively high
fractions of cross-border events (> 0.3) in NEE, SEE, Iberian Peninsula (IP)
and eastern Mediterranean (EMD) during spring, in IP and EMD from
summer to fall, and in CE and SEE during winter. This indicates that
countries within these regions potentially have reduced capacities to provide
inter-regional firefighting support in the respective season, because regional
cross-border events may already exhaust firefighting resources.

As shown above, wildfire synchronicity exhibits seasonally varying
spatial patterns, which may reflect overlaps in regional fire seasonality. To
further examine the relationship between fire seasonality and synchronicity,
we interpret inter-regional wildfire connections using averaged regional
wildfire seasonality during 2001-2020 (Methods). We find that regional fire
seasonality (Fig. 2a—j) governs the potential for synchronous wildfire
occurrences across Europe. Regional wildfire activity peaks can increase a
region’s wildfire connectivity during a season. For instance, SEE shows
stronger inter-regional connections in spring and summer than in other
seasons due to wildfire activity peaks in March and August (Figs. 1b—e and
2h). AL exhibits limited connectivity in spring, aligning with its low wildfire
activity in this season, but becomes more connected in summer and fall due
to enhanced wildfire activities in August and October (Figs. 1b-d and 2i). In
addition, overlapping fire seasons can increase the occurrence of synchro-
nous events among regions. Synchronicity among the British Isles (BI), CE,
and NEE is the highest in spring (Fig. 1b), when their fire seasons overlap
during March-April (Fig. 2e-g). Similarly, synchronicity is the highest
among IP, WMD, EMD, and Scandinavia (SC) in summer (Fig. 1¢), because
their fire seasons overlap during July- August (Fig. 2a—d). These observations
highlight the role of wildfire seasonality in shaping synchronous wildfire
occurrences between regions. Although wildfire synchronicity and sea-
sonality are often aligned, synchronous events are still possible during
periods when both regions or one of the two regions experiences low fire
activity. For example, France (FR) and IP are connected in winter (Fig. le)
even though fire activity in IP is only slightly enhanced in this sea-
son (Fig. 2d).

Synchronous wildfires occur under warm and dry conditions
Next, we study which meteorological conditions are associated with syn-
chronous and regional wildfires across different seasons using the global
atmospheric reanalysis dataset ERA5™. Specifically, we analyze meteor-
ological anomalies (temperature, relative humidity, precipitation, wind
speed and the Canadian fire weather index (FWI)*) on two types of days: (a)
synchronous wildfire days, that is, days when one region co-experienced
wildfires with any other region(s); (b) regional wildfire days, that is, days
when wildfire(s) occur within a single region (Methods).

This analysis shows that synchronous wildfire days consistently co-
occur with warm and dry conditions, characterized by positive tem-
perature anomalies and negative anomalies in precipitation and relative
humidity, across all European regions (Fig. 3a—c; Methods). Warm and
dry anomalies are also evident on regional wildfire days. They are gen-
erally comparable to the anomalies on synchronous wildfire days.
However, positive temperature anomalies are markedly stronger in NEE,
CE, BI, AL, and FR on synchronous wildfire days compared to regional
wildfire days (Fig. 3a). For wind speed anomalies, we see a regionally
varied picture with negative wind speed anomalies on synchronous and
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Fig. 1 | Seasonal patterns of European wildfire synchronicity. a All seasons,

b spring (MAM), ¢ summer (JJA), d fall (SON), and e winter (DJF). Each region is
represented by a node (or a colored circle with the region abbreviation). The filled
color of a node represents its degree centrality, that is the number of significant
connections a region has divided by the maximum number of possible connections
(i.e. 9), ranging between 0 (no significant connections) and 1 (significant connec-
tions to all other nodes). The edge color of a node represents the fraction of cross-
border events (wildfires occurred in more than one country within a region) across
all inter-regional synchronous events involving the region. The edge (or the

connection) between two regions represents the value of event synchronicity (the ES
value, that is, the total number of synchronous wildfires between two regions over a
time period) on a natural logarithmic scale. The thicker the line, the stronger the
event synchronicity. For visual clarity, ES < 10 are not shown for all seasons (a), and
ES < 5 are not shown for individual seasons (b-e). The color of the connection
represents the statistical significance of wildfire synchronicity (red: significant, gray:
insignificant). Significant connections are identified at two levels based on one-sided
tests: the ES value is higher than the 95th percentile (p < 0.05, light red) and the 99th
percentile (p < 0.01, dark red) of the block permutation ensemble.

regional wildfire days in northern and western regions (SC, CE, BI, FR,
and IP), small anomalies in eastern regions (NEE, SEE, and EMD), and
positive anomalies in AL and WMD (Fig. 3d).

Regional and synchronous wildfire days, driven by concurrent warm
and dry conditions, consistently exhibit positive anomalies in the FWI
across all regions (Fig. 3e). The FWT reflects meteorologically driven wildfire
potential”, highlighting that synchronous wildfires across multiple Eur-
opean regions can be explained by concurrent atmospheric anomalies that
favor wildfires.

Weather regimes modulate the occurrence and spatial extent of
synchronous wildfires

The concurrent anomalous meteorological conditions (particularly the
concurrent warm and dry conditions) occurring during synchronous
wildfire days, as discussed above, are often a result of persistent atmospheric
circulation patterns, so-called weather regimes. From the perspective of
early warning, it is thus important to understand under which kind of
weather regimes synchronous wildfires and their associated meteorological

conditions occur. We analyze the relationship between weather regimes and
wildfire synchronicity (Fig. 4) using an ERA5-based daily weather regime
classification scheme (Methods). For each region pair with at least 20 sea-
sonal synchronous events, we calculate a relative conditional probability
describing the likelihood of synchronous wildfires given a specific weather
regime relative to the likelihood of wildfire synchronicity overall (Equation
(3)). We assess the significance of this probability measure based on block
permutations (p < 0.05, Methods). We find that weather regimes modulate
the occurrence and spatial extent (i.e., the number of regions involved) of
synchronous wildfires in spring, summer, and fall (Fig. 4). These mod-
ulating effects are mainly attributable to the warm and dry meteorological
anomalies they drive, and in some cases (for example, AR in summer) to
positive wind speed anomalies (Fig. 5).

We show that EuBL, ScBL, and ZO contribute the most to pairwise
wildfire synchronicity (Fig. 4a-d). In spring, EuBL significantly enhances
wildfire synchronicity between northern and western regions (such as BI-
SC, BI-NEE, and BI-IP). Synchronicity between the three northern regions
(SC, BI and NEE) is enhanced by both EuBL and ScBL, two anticyclonic
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Fig. 2 | Wildfire seasonality and activity for the ten European regions considered.
a-j Radar charts show the 20-year (from 2001 to 2020) averaged fire seasonality,
calculated based on fire event number (blue) and burned area (green). Monthly
values are rescaled to the monthly maximum over the 20 years. A season is high-
lighted in red if a region shows significant wildfire synchronicity with any other
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region in this season (according to the light and dark red connections in Fig. 1). k Bar
chart shows the total number of fire events (blue) and cumulative burned area (kn?,
green) for each region over the 20 years. An unscaled version of regional wildfire
seasonality can be found in Figure S18.

regimes associated with stable weather conditions, consistent with our
observation that wildfire days in these regions are characterized by negative
wind speed anomalies (Fig. 3d). The ZO regime enhances synchronicity
between eastern regions (SEE, NEE, and EMD) and between IP and NEE
(Fig. 4a). In summer, multiple weather regimes promote synchronicity
(Fig. 4b), among which AR and ScBL enhance north-south synchronicity,
and the AT enhances synchronicity between southeastern regions (WMD,
EMD and SEE). In fall, wildfire synchronicity is enhanced by the ScTr
between southern regions (WMD-IP, WMD-EMD) and by the ZO regime
between eastern regions (EMD-SEE, EMD-NEE) (Fig. 4c).

Using the same probability measure (Equation (3)), we resolve the
modulating effects of weather regimes on the spatial extent of synchronous
wildfires by classifying wildfire observations within a seven-day rolling
window into five levels based on the number of regions involved (Methods).
In spring and fall, there is a positive relationship between the spatial extent of
synchronous wildfires and the relative conditional probability of these
events to co-occur with EuBL (Fig. 4e, g). A similar positive relationship is
found for ZO in the fall season, while a negative relationship is found for GL
in spring and fall. The activity of GL is usually anti-correlated with ZO due to
the largely reversed patterns of their geopotential height anomalies'”,
which explains their opposing relationships with the spatial extent of syn-
chronous wildfires in the fall season (Fig. 4g).

To explain the modulating effects of weather regimes on synchronous
wildfires, we further investigate the meteorological anomalies under each
weather regime using the ERA5 reanalysis™ (Figures S7-S14, Methods). We
find that weather regimes modulate the occurrence and spatial extent of
synchronous wildfires by driving anomalous meteorological conditions that
favor wildfires (Fig. 5; Methods). EuBL, ScBL, ZO, AT, and ScTr generally
drive concurrent warm, dry, and positive FWI anomalies in regions where
they significantly promote wildfire synchronicity (Fig. 5a-e and Fig-
ure S7-S11). Consistent with these observations, regions where wildfire
synchronicity is enhanced by EuBL, ZO, AT, and ScBL (spring only) gen-
erally experience high pressure conditions under these regimes'**". Positive
wind speed anomalies appear to be a secondary meteorological driving force
of wildfire synchronicity, as such conditions are only observed in regions
where synchronicity is promoted by ScTr and AR (Fig. 5e, f and Fig-
ure S11-S12). GL drives widespread cold and humid anomalies across the
European continent (Fig. 5g and Figure S14), impeding the development of
synchronous wildfires (Fig. 4e, g).

Discussion

In this study, we resolve the spatial and seasonal patterns of synchronous
wildfires between European regions over the past two decades using satellite
fire observations. We find that synchronous wildfire events are favored by
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Fig. 3 | Meteorological conditions on regional and synchronous wildfire days.
Standardized anomaly of (a) maximum temperature, (b) mean relative humidity, (c)
total precipitation, (d) mean wind speed, and (e) Canadian fire weather index on
days with regional wildfires (red) and days with synchronous wildfires (black) for
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each region. The violin plots show the spatial variability of meteorological anomalies
(min, 25th percentile, median, 75th percentile, max, as shown by the vertical dashes)
and their distributions (shades) for each region. The sample size of regional and
synchronous wildfire days for each region can be found in Table SI.

overlapping fire seasons (Figs. 1 and 2) and by weather regimes that drive
fire-conducive weather conditions in the respective regions, i.e., concurrent
warm, dry, and/or wind anomalies (Figs. 3, 4, 5). These synchronous events
reflect the combined contributions of these two processes, with weather
regimes acting as subseasonal atmospheric modulators, increasing or
decreasing the likelihood of synchronous wildfires within overlapping fire
seasons. Our findings provide observational evidence supporting earlier
studies based on the FWI or climate model burned area simulations, which
show that synchronous fire weather over large spatial scales can be favored
by overlapping fire weather seasons™, and that fire synchronicity in the
Northern Hemisphere is enhanced by high-pressure conditions™.

We establish spatially and seasonally explicit links between wildfire
synchronicity and weather regimes, and identify European Blocking
(EuBL), Scandinavian Blocking (ScBL), and the Zonal regime (ZO) as the

three most important weather regimes favoring pairwise wildfire synchro-
nicity (Fig. 4a—d) due to their high-pressure conditions over large parts of
Europe'. Persistent atmospheric high-pressure conditions have previously
been associated with increased fire activity in various regions of
Europe””***”. Our findings extend this understanding by demonstrating
that high-pressure conditions can promote wildfire synchronicity at a
continental scale.

We identify concurrent warm and dry conditions caused by persistent
atmospheric high-pressure conditions as a dominant driver of wildfire
synchronicity in Europe (Figs. 3 and 5). This finding is consistent with
studies showing that warm and dry conditions are important drivers of
individual wildfire events*****'. Observational evidence and climate model
projections show an increasing frequency of such compound warm and dry
events in Europe>*’, which will likely lead to an increase in synchronous fire

Communications Earth & Environment| (2026)7:744


www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03956-4

Article

Pair-wise synchronicity

(a) MAM (b) JA

(c) SON

Weather regime contribution

0.30
(d)
025
<
o
g 0.20
k=
€
O 0.15
o
kS
C
2010
k9]
o
w
0.05
0.0
EuBL ScBL ZO AR  ScTr AT no GL
Weather regime
—>»— EuBL AR ScTr —*— ZO
—>— ScBL —*%— GL —>— AT —%— no
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MAM, JJA, and SON. Significant relationships are identified when the relative
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occurring with a weather regime (including no regime) is higher than the 95th
percentile of the value calculated based on the block permutation ensemble (one-
sided tests). Such probability is calculated for region pairs with at least 20 seasonal
synchronous events (winter excluded due to insufficient sample sizes). d shows the
relative contribution of the seven regimes and the no-regime to pairwise wildfire
synchronicity, which is calculated as the number of wildfire connections sig-
nificantly promoted by a weather regime divided by the total number of wildfire
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e-g show the relative conditional probability of synchronous wildfire events of
different spatial extents within a seven-day sliding window co-occurring with the
seven weather regimes and no regime for MAM, JJA, and SON. The spatial extents of
these events are divided into five levels: No (no wildfires), Regional (wildfires within
asingle region), Low (two or three regions co-experience wildfires), Medium (four or
five regions co-experience wildfires), and High (more than five regions co-
experience wildfires). In (e-g), a weather regime is connected by lines if its relative
conditional probability measure increases or decreases in a monotonic way with the
increasing spatial extent of synchronous wildfire events.

danger under climate change''. This expected increase will likely result from
both thermodynamic effects, such as the greenhouse-gas-induced warming
of the climate system, and dynamic effects, such as the changing frequency
of weather regimes that can intensify the drying in specific regions*. Our
results suggest that an improved understanding of future changes in the
frequency and intensity of these regimes can help to robustly project the

trend and variability of synchronous fire danger in Europe under climate
change.

Though we do observe anomalous meteorological conditions
favoring wildfires in most of the regions affected by weather regimes
(Figs. 4 and 5), there are two exceptions. First, in summer, ScBL
significantly promotes synchronicity among five regions, while
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Fig. 5 | Regional meteorological anomalies driven by weather regimes. Each
region is shown by a different shape. a-h represent European Blocking (EuBL),
Scandinavian Blocking (ScBL), Zonal Regime (ZO), Atlantic Trough (AT), Scan-
dinavian Trough (ScTr), Atlantic Ridge (AR), Greenland Blocking (GL), and no
regime. The position of the dot shows the mean value (averaged across time and
space for a region, latitude-weighted), and the uncertainty cross shows one standard
deviation of the spatial variability (latitude-weighted) within the region of stan-
dardized daily maximum temperature (x) and daily mean relative humidity (y). The
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sign of daily mean wind speed anomalies is provided as binary information (mag-
nitude not shown): the solid and dashed uncertainty crosses represent positive and
negative wind speed anomalies, respectively. In (a-h), region pairs between which
wildfire synchronicity is significantly promoted by weather regimes are colored by
the season of such effects according to Fig. 4a—c, while region pairs between which
wildfire synchronicity is not promoted by any weather regime in a season are shown
in gray. The number of days classified as each weather regime in each season can be
found in Table S2.

anomalous fire-conducive conditions are only present in the northern
regions (SC and NEE), but not in the southern regions involved (SEE,
WMD, EMD) (Figs. 4b, 5b, and Figure S8). This suggests that due to the
commonly fire-conducive conditions in the three southern regions in
summer, the synchronicity between the southern and northern regions is
rather determined by fire activity in the north, which is enhanced by
ScBL. Second, synchronous wildfires between IP-EMD and IP-WMD are
significantly promoted under the no regime in summer (Figs. 4b and 5h),
likely because the high climatological mean fire danger in southern
Europe in this season can lead to wildfires under less pronounced
meteorological anomalies™.

Studying wildfire synchronicity based on satellite wildfire detection has
several limitations related to the available fire information. First, satellite fire
observations do not provide information on the cause of fires, and it is
impossible to eliminate anthropogenic impacts on these observations, such
as factors that influence ignition, firefighting efficiency, and other wildfire
management policies including prescribed burning”. While we tried to

reduce such anthropogenic influence by excluding cropland fires from our
analysis, our dataset may still include intentional biomass burnings if they
occurred on natural vegetation. Second, the number of synchronous events
may have been underestimated for 2001 and the first half of 2002, because
Terra was the only operational satellite providing the required observations
during that time*. However, our key results show limited sensitivity to this
satellite detection inhomogeneity. Most of the significant inter-regional
wildfire connections are preserved when these two years are excluded
(compare Fig. 1 to Figure S15). Similarly, the effects of EuBL, ZO and GL on
the spatial extent of synchronous wildfires in spring and fall remain
unchanged when excluding these two years, while a moderate number of
significant promoting effects of weather regimes on pairwise synchronicity
are lost (compare Fig. 4 to Figure S16). Third, the limited temporal coverage
of satellite burned area detections (25 years) does not yet allow for analyzing
the impact of climate regime shifts on wildfire synchronicity in a robust way.
However, we believe that recent temporal extensions of global fire event
datasets, such as the Global Fire Atlas”*’, might in the near future facilitate
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studies on the relationship between climate change and wildfire
synchronicity.

In addition, several methodological limitations need to be considered
in the interpretation of our results. First, synchronous wildfire identification
inevitably depends on how the region boundaries are set. Different ways of
regionalization can affect the identification of synchronous events. Never-
theless, we believe that the regionalization we use is suitable for the analysis
of wildfire synchronicity because it captures the main latitudinal and
longitudinal climate gradients of Europe and can well distinguish between
different types of fire seasonality. Dominant spatial features of the country-
level synchronicity analysis are generally represented in the region-level
synchronicity analysis (compare Figure S6 to Fig. 1), demonstrating that the
spatial pattern of synchronicity only shows moderate sensitivity to different
ways of regionalization. Second, the significance of wildfire synchronicity is
hard to establish via block permutations between two time series with fre-
quent wildfire events, leading to strong but insignificant connections, such
as those observed for IP-EMD during summer and fall (Fig. 1c, d). The
following three factors can contribute to this: (a) Counts of synchronous
wildfire events between time series with frequent events have less inter-
annual variability than between time series with infrequent events; (b) The
condition under which two wildfire dates are identified as synchronous can
be stricter for time series with frequent than infrequent events (Methods);
(c) Random synchronicity (or synchronicity by coincidence) may occur.
This issue could be mitigated by, for example, only focusing on days with fire
numbers or burned area above a certain regional percentile threshold.
However, we refrain from doing so because a regional percentile-based
threshold does not help to address the highly imbalanced regional wildfire
activity, but significantly reduces the number of wildfire observations,
making it difficult to stratify the analyses seasonally due to a limited sample
size. Third, we have focused on the influence of meteorological conditions
relevant to wildfire synchronicity controlled by weather regimes. We
acknowledge that wildfires also depend on land surface processes acting on
longer timescales, such as fuel load and long-term drought conditions
during the fire season*””’, which can also be influenced by anomalous
weather regime occurrence over extended periods’".

We describe the spatial and seasonal patterns of synchronous wildfires
in Europe over the past two decades and link their occurrence as well as
spatial extent to weather regimes. We identify high-pressure conditions as a
key circulation characteristic promoting synchronous wildfires, and also
resolve the underlying meteorological driving forces, that is, warm and dry
anomalies, and in specific cases also wind anomalies. The implications of
these results are two-fold: (a) The warming and (in some regions) drying of
the climate system, as well as potential changes in the frequencies and
intensities of weather regimes™ can lead to extended fire seasons in the
future. This indicates that under climate change, synchronous wildfires are
likely to occur in previously unaffected seasons and may involve more
regions than historical observations, which may challenge the current mode
of firefighting cooperation in Europe. (b) Since these analyzed weather
regimes tend to be better predictable on subseasonal timescales than local
daily weather'*", their relationships with synchronous wildfires illustrated
here can contribute to improved operational early warnings and pre-
paredness for these wildfire emergencies. Based on our findings, different
European regions and countries can coordinate firefighting resources more
effectively, taking into account the likelihood of synchronous wildfires
between them in the respective season and under the dominant weather
regime.

Methods

Study area

We adjust the PRUDENCE regionalization™ and divide the European
continent (-10.5W-32.0°E, 34.8'N-71.2'N) into ten regions (Figure S17):
Iberian Peninsula (IP), western Mediterranean (WMD), eastern Medi-
terranean (EMD), France (FR), the Alps (AL), southeastern Europe (SEE),
British Isles (BI), central Europe (CE), northeastern Europe (NEE), and
Scandinavia (SC). The regionalization represents a transition from the

Mediterranean climate in the south to the subarctic climate in the north, and
a transition from an oceanic influence in the west to a continental influence
in the east.

Wildfire observations and event synchronicity detection

We select 20103 observed wildfire events (Figure S17a) in Europe in the
period  2001-2020 from the global fire event dataset
FRY_v2.0_FireCCI51_6D> (hereafter FRY dataset). The FRY dataset
delineates fire events by applying a spatio-temporal aggregation algorithm
to two satellite fire products: FireCCI51 250 m burned area’ and MODIS
MCD14ML 1 km active fire*. For each fire event, it provides information on
location, size, shape, start date, etc. When available, we use the first detection
date of an active fire as the start date of a fire event to reduce the temporal
uncertainty related to burned area detection™. For only 5% of fire events,
active fire temporal information is missing, in which case we use the first
detection date of the burned area instead. The selection of fire events is based
on two criteria: (a) To reduce the influence of anthropogenic activities, we
only consider fires that occurred in near-natural vegetation. This requires
that at least 80% of the burned pixels are classified as natural vegetation in a
fire polygon, including tree cover, shrubland, grassland, and/or sparse
vegetation based on land cover maps™. (b) To account for the high detection
uncertainty of small fires ( < 13 hectares) in MODIS burned area products”,
we only consider fire events larger than three 250 m x 250 m pixels (or
18.75 hectares).

Based on the preprocessed FRY dataset, we calculate the total number
of fire events and cumulative burned area (km’) over the 20 years for each
region (Fig. 2k). To analyze fire seasonality, we calculate the regional
monthly climatology of burned area and fire event number over the 20 years
(Figure S18). For each region, these values are rescaled to [0, 1] by dividing
each of them by the maximum of the 12 monthly averages (Fig. 2a—j).

To detect wildfire synchronicity, we use the event synchronicity (ES)
statistical framework, which is based on complex network theory’®*. Spe-
cifically, we extract daily binary fire time series (1: fires starting within a
region, 0: no fires starting within a region) for each of the ten regions. As we
binarize the fire time series, a single count of synchronous events between
two regions may correspond to different numbers of wildfires on each side
(Figure S19). The wildfire event m in region i and event n in region j are
synchronized if the absolute time lag between their start dates |Atyl .| =
|t — t)| satisfies a dynamical threshold described by Equation (1):

. g f g
|Atlri,n‘ <min{ min{ m m—17 "m+1 rré n n—17 ‘nt1 n T
1)
where tinfl’ tin 1 are the fire start dates before and after event 2 in region 4,

and #,_,, ¥/, are the fire start dates before and after event 7 in region j
(Figure S20). 7,4, representing the maximal time lag between two events, is
set to 6 days, which means that we focus on synchronicity within a week.
This is because (a) a one-week threshold is generally in line with the
timescale of weather regimes, and (b) synchronous wildfires within a week
are likely to challenge firefighting resource distribution. This dynamical
threshold (Equation (1)) helps reduce subjectivity in the definition of
synchronicity, separate synchronous events, and avoid double counting.
The event synchronicity (ES) value is the total number of synchronized
wildfire events between two regions during a season or the entire study
period, which is mapped on a logarithmic scale as the connection between
them in the complex network (Fig. 1). To test the statistical significance of
the ES value between each region pair, we perform 2000 block permutations
of the binary fire time series by random permutation of the order of years
without replacement, while retaining the temporal sequence of wildfire
events within a year. This enables retaining the serial dependence of the ten
regional wildfire time series in the permutation ensemble, which leads to a
more robust significance test than random permutation (i.e., breaking the
serial dependence). We report two levels of significance based on one-sided
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tests in this analysis: p < 0.05 and p < 0.01 when the observed ES value is
higher than the 95th and the 99th percentile of the ES distribution of the
permutation ensemble, respectively.

To quantify the connectedness of fire activity in one region, we cal-
culate the degree centrality as follows:

N sig
D, = —— 2
= N1 (2

where 7, is the number of significant connections region 7 has, N is the
total number of nodes in the network, and N — 1 is the maximal number of
significant connections region i could have (in this case 9).

We replicate the synchronicity network analysis with different 7.,
values (9, 12,15, 18, 21 days) to test the sensitivity of the network structure to
this parameter (Figures S1-S5). We also replicate this analysis without the
years 2001 and 2002 to test the sensitivity of the network structure to satellite
detection inhomogeneities caused by the single operation of Terra during
these years* (Figure S15). Our results show limited sensitivity to both
changes. To inform cross-border firefighting collaboration in Europe, we
perform a country-level synchronicity analysis based on the same syn-
chronous event identification method described above (Figure S6). We do
not perform the block permutation statistical test for the country-level
analysis, as from an operational perspective, the actual number of syn-
chronous events is more relevant than the statistical significance.

Daily weather regime classification

To link synchronous wildfires to weather regimes, we use a weather regime
classification scheme for the Atlantic European sector’', which was updated
as well as adapted to the ERA5 reanalysis™. These seven regimes are a
refinement of the more classical but seasonally defined four regimes***'. The
underlying classification scheme applies k-means clustering to the leading
empirical orthogonal function (EOF) modes of 10-day low-pass filtered and
seasonally normalized daily geopotential height anomalies at 500 hPa
(Z500) from ERAS5 to identify seven weather regimes. These weather
regimes thus represent quasi-stationary, persistent, and recurrent large-
scale circulation patterns in the atmosphere, which characteristically
modulate regional surface weather conditions relevant for wildfire occur-
rence. They can be grouped into two types: four blocking regimes, European
Blocking (EuBL), Scandinavian Blocking (ScBL), Atlantic Ridge (AR) and
Greenland Blocking (GL), in which positive geopotential height anomalies
associated with high pressure conditions near the surface dominate; three
cyclonic regimes, Zonal Regime (ZO), Scandinavian Trough (ScTr) and
Atlantic Trough (AT), in which the negative geopotential height anomalies
associated with low pressure conditions near the surface dominate. During
the 20-year study period, each day is either assigned to one of the seven
weather regimes or classified as no regime, representing the climatological
mean state of geopotential height anomalies at 500 hPa. In principle, this
assignment is done as follows: (a) A specific regime is active on a timestep if
its so-called regime index is the highest among all seven regime indices (the
regime index is a scalar quantifying the similarity between the Z500 anomaly
of any given timestep and the mean Z500 pattern of a specific regime) and
equal to or above a minimum threshold of 1.0 for at least 5 days. If these
conditions are not fulfilled, no regime is active on that timestep. (b) We use
the ERA5 3-hourly weather regime class of the first timestep (at 00:00) for
each day, under the assumption that the weather regime at the beginning of
the day provides the meteorological preconditions for potential wildfires
during the day. In most cases (89% of the days during the study period),
weather regimes do not change during any given day and the eight 3-hourly
classes are the same.

Statistical relationships between synchronous wildfires and
weather regimes

We use a relative conditional probability measure® to quantify the mod-
ulating effect of weather regimes on (a) pairwise wildfire synchronicity and

(b) synchronicity across the continent:

. P(SynFireNWR)
P(SynFire]l WR) y;(W (3)
P(SynFire) ~ P(SynFire)

where P(SynFire] WR) represents the conditional probability of synchro-
nous wildfires occurring under a certain weather regime, and P(SynFire) is
the probability of synchronous wildfires independent of weather regimes.
P(WR), representing the weather regime frequency, is dynamically adjusted
based on the season (Figure S21). If the presence of a weather regime favors
the occurrence of synchronous wildfires, this measure will be larger than
one, and vice versa.

In the pairwise perspective (Fig. 4a—c), we analyze region pairs with at
least 20 observations of synchronous wildfires identified by the ES frame-
work for spring (MAM), summer (JJA), and fall (SON), respectively. The
winter season is excluded from this analysis because there are insufficient
synchronous wildfire observations between any region pair. We assign a
unique weather regime to each observation of synchronous wildfires
between two regions. If weather regime transitions occur within two fire
start dates, the weather regime of the earlier date is used. Our results are
unlikely to be affected by this choice because these two wildfire dates usually
lie within a time span short enough that weather regime transitions rarely
occur (only 3% of the pairwise synchronous wildfire events have different
weather regimes on the first and second wildfire dates). Combined with the
weather regime daily classification, we calculate the relative conditional
probability of synchronous wildfires between each region pair co-occurring
with each weather regime and no regime. We perform 2000 block permu-
tations of the weather regime daily sequence to estimate the distribution of
this measure between each region pair. A weather regime is said to sig-
nificantly promote wildfire synchronicity between two regions (and map-
ped as a colored link connecting the two regions in Fig. 4a—c) if the relative
conditional probability measure is higher than the 95th percentile of the
distribution (one-sided tests).

In the continental perspective (Fig. 4e-g), we first classify the spatial
extent (i.e. the number of regions involved) of all wildfire observations
within a seven-day sliding window into five levels (Figure S17): no wildfire
(No, no wildfire occurred across all regions), regional wildfire(s) (Regional,
wildfire(s) occurred within any single region), low synchronicity (Low, two
to three regions co-experienced wildfires), medium synchronicity (Medium,
four to five regions co-experienced wildfires), and high synchronicity (High,
more than five regions co-experienced wildfires). We assign the most fre-
quent weather regime to each seven-day time window. Since weather regime
transitions are likely to occur within seven days, if more than one weather
regime occurred at the maximal frequency during a seven-day window, the
event is attributed to all of them. Using the same probability measure
(Equation (3)), we calculate the relative conditional probability of these five
levels of synchronous wildfire events co-occurring with each weather regime
and the no-regime.

We replicate the analyses described in this section without the years
2001 and 2002 to test the sensitivity of the relationship between weather
regimes and wildfire synchronicity to satellite detection inhomogeneities
caused by the single operation of Terra during these years'® (Figure S16). We
show that this has a limited influence.

Standardized meteorological anomalies based on ERA5 atmo-
spheric reanalysis

We use the following four meteorological variables: 2 m maximum air
temperature (daily maximum in K, converted to ‘C for FWI calculation), 10
m wind speed (daily mean in m/s, converted to km/h for FWI calculation), 2
m relative humidity (daily mean in %), and total precipitation (daily sum in
m, converted to mm for FWI calculation) from the global atmospheric
reanalysis ERA5”. Based on these variables, we calculate the daily Canadian
fire weather index”, which is a widely used numerical descriptor of fire
danger based on weather conditions. Since these five variables have different
units, we standardize them empirically to a normal distribution over the 20
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years to represent the magnitude of anomaly in unit variance and allow for
meaningful comparison (or calculate the z-score). This is done in two steps
for each pixel and each month separately: (a) We estimate the percentile
rank P(x) of each daily value x using the empirical cumulative distribution
function (Equation (4)); (b) We use the inverse cumulative distribution
function (@ '(p)) to transform these percentile ranks to a standard normal
distribution (Equation (5)). A value above zero means a positive anomaly
relative to monthly mean climatology over the 20 years in any given pixel,
and vice versa. Since total precipitation is left-tied to zero, we add a normally
distributed random noise (4 = 0, 0= 1 x 10~%) to all 0 values of this variable
before the standardization procedure.

1, if x;<x

4)

1 n
P(x) = —— ) I(x;<x), whereI(x;<x) =
) n—I—I;(’ ) (xi <) {O, otherwise

2(x) = @71 (P(x)) ©)

To resolve meteorological conditions favoring regional and synchronous
wildfires, for each region, we distinguish between two types of days: (a) days
with regional wildfires (when wildfires occurred only in this region), and (b)
days with synchronous wildfires (when this region co-experienced wildfires
with any other region). Based on this classification, we calculate the averaged
fields of the five standardized meteorological variables on these two types of
days across all seasons (Fig. 3). Lastly, we calculate latitude-weighted regional
mean (across space and time) and standard deviation (representing spatial
variability) of meteorological anomalies under each weather regime and under
no regime in spring (MAM), summer (JJA) and fall (SON), focusing on
maximum temperature, mean relative humidity and mean wind speed (Fig. 5).

Data availability

The FRY_v2.0_FireCCI51_6D global fire event dataset is available at https://
osf.io/rjvz5/. Land cover maps developed by the climate change initiative of
European Space Agency are available at https://climate.esa.int/en/projects/
land-cover/. The ERA5 reanalysis data is available at https://doi.org/10.
24381/cds.adbb2d47. Weather regime data based on ERA5 is available at
https://zenodo.org/records/17080146. The source data used to generate
main figures in this study is available at https://doi.org/10.5281/zenodo.
20734895.

Code availability

Python scripts to reproduce this study are available at https://doi.org/10.
5281/zenodo.21700164”. We use Python version 3.11.8 to perform
analyses.
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