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region
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Climate change has become a major concern in the twenty-first century, leading to the amplification
of extreme events and, consequently, to severe impacts on society, economy and ecosystems.
Heatwave conditions in particular, often coupled with extended periods of dryness, have an important
contribution in exacerbating rural fires. Here, we propose to analyse the co-occurring interplay
between atmospheric heatwaves and droughts in southern Europe, and marine heatwaves in the

East Atlantic and the Mediterranean Sea, between 2001 and 2022, highlighting their linkage to
wildfires, on both an individual and compound approach. Positive correlations between air and sea
temperatures and negative correlations between air temperature and precipitation values were found.
Our analysis reveals that severe wildfires are mostly associated with reduced precipitation and/or
elevated air temperatures during the summer season, alongside heightened sea surface temperatures.
Marine hot (drier) conditions are prevalent for months in which burned areas remain below (above)
the 80th percentile. Months marked by higher fire activity are predominantly associated with extreme
climatic conditions, showcasing a substantial occurrence of compound events. This study highlights
the potential of considering both land-based atmospheric and marine conditions when exploring
compound extremes, crucial for mitigating climatic disasters. Moreover, it highlights the role played
by compound extreme events in fire management strategies, particularly considering the present
context of climate change and the increasing frequency and severity of extreme events threatening
ecosystem stability.

Climate change is a prominent concern of the twenty-first century, leading to the occurrence of extreme weather
events, among which heatwaves stand out as they have increased in frequency, duration, and intensity'. Char-
acterized by prolonged and consecutive periods of anomalously warm temperatures®, heatwaves can occur both
in the ocean-marine heatwaves (MHWs)*?, or in the atmosphere-atmospheric heatwaves (AHWs)*. Heatwaves
in the Mediterranean region have become increasingly prevalent, with significant escalations observed in their
characteristics over the recent decades across all of its basins*°. These events have significant repercussions on
the ecosystems, human health and increased death rates”®, fire incidence occurrence’ ! and ecological disrup-
tions, triggering terrestrial and marine species'>"'.

Climate change has also been manifesting through the persistent occurrence of droughts'®, which have sub-
stantial effects on human mortality'¢, vegetation dynamics'’-?!, agricultural production®*-*, fire coverage®*?,
water supply and quality”’, and the reliability of hydroelectricity generation®. An increased frequency and
severity of droughts is expected, particularly in the Mediterranean region, under future climate change sce-
narios, emphasizing the critical requirement for advanced drought assessment methodologies and the necessity
for interdisciplinary research to develop resilient strategies against the multifaceted impacts of droughts®. The
Mediterranean basin, which has been repeatedly highlighted as a climate change hot-spot®**!, has experienced
some remarkable impacts (e.g., wildfires) that have inflicted widespread destruction upon natural ecosystems
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and human resources?*?-%°. This region is facing a growing threat of more frequent wildfires, the most extreme of
which occur during co-occurring drought and heatwave episodes. Under the most pessimistic scenario (RCP8.5),
the frequency of wildfires driven by simultaneous warm and dry conditions is expected to increase by 30% by
the end of the century (2071-2100)"°.

The combination of climate drivers and/or hazards—not necessarily extreme—leading to significant social and
environmental impact, constitutes a "compound event"*. These episodes can occur simultaneously in space and/
or time, or in close succession (time-lagged)*”*%. Given their complexity and their consequences, that often exceed
those observed when each condition acts independently, they have been receiving increasing attention from
the scientific community®****-* and the media. Research projections suggest their future intensification*-*,
posing significant challenges for adaptation strategies. As examples, compound events involving extreme winds
and precipitation will increase in frequency, especially in regions with higher emissions scenarios*’. Compound
heatwaves and droughts are also expected to become more common across all emission scenarios globally*’,
which can have a toll on other aspects as heatwaves interact with other hazards. Namely, heatwaves and ozone
pollution form one of the most impactful compound events across the world**. In the marine environment, the
co-occurrence of MHWSs and ocean acidity extremes has a vital role, often leading to larger impacts on marine
ecosystems®. The importance of compound events’ occurrence has been analysed also by*, highlighting the
impact of the intensity and duration of marine heatwaves on low chlorophyll events, characterizing their com-
pound nature and the associated role of climate variability. Moreover, understanding the response of phytoplank-
ton to extreme climatic events (e.g., MHWs, droughts) is crucial and has been a focus of study in various regions
of the world**™*, as it is a fundamental component of the marine food chain. The projected impacts of climate
change indicate an intensification of marine compound events which are expected to have increasing pressure
on marine organisms and ecosystems exposed to multiple biogeochemical changes in the coming decades*>*°.

One of the most significant impacts concerning the compound effect of hot and dry conditions relates to
the occurrence of wildfires, largely driven by the synergy of increased temperatures, decreased soil moisture,
and low humidity levels which, together with the fuel accumulation and dryness, enhance the likelihood of fire
ignition'®*25*35 Namely,” explored the conditions that led to the massive rural fires that took place in Portu-
gal in 2017, pointing to a conjugation of factors: (1) a prolonged drought leading to preconditioned cumulative
hydric stress of vegetation, (2) unusual meteorological conditions caused by the passage of hurricane Ophelia off
the Coast of Portugal, and (3) negligent human-induced ignitions from agricultural practices. The compound
nature of droughts and hot extremes has been associated with disastrous wildfires across multiple regions, such
as in Australia® California®?, North Africa®, Brazil®® and other regions of Europe!®**3,

Although numerous studies have been conducted on the combined influence of AHWs and droughts on
fire occurrence®*=3>%, the combined analysis of MHWs and AHWs and its linkage with the occurrence of other
events remains still underexplored. It has been shown that, under the influence of human activity, not only
atmospheric but also marine heatwaves are more likely to occur®® and future projections indicate that these
events are expected to continue increasing, as global warming proceeds'***-%8, A few studies have investigated a
connection between sea surface temperatures (SST) and atmospheric temperatures during heatwaves, which may
be attributed to shared primary drivers, but may also arise from the complex atmosphere-ocean interactions®>’.
Research studies carried out by®®®!, determined that the co-occurrence of terrestrial and coastal MHWs is signifi-
cantly frequent over the eastern Mediterranean Basin and coastal regions of Australia, respectively. Reference®
also revealed the existence of a significant coupling between coastal MHW:s and increased air temperatures and
humidity over adjacent cities around the world during the summer season, particularly pronounced at higher
latitudes. During the exceptional 2003 European AHWSs, the Mediterranean Sea surface temperatures (SSTs)
were abnormally high. AHWs over Europe resulted in increased rates of air-sea heat fluxes in the Mediterranean
Sea which, together with reduced wind speeds, led to the warming of surface waters!%-%°. Certain studies also
highlight the significance of these high SSTs in the persistence of the tropospheric anticyclone over the western
Mediterranean, thereby intensifying the AHWSs!!. The role of atmospheric processes in driving the co-occurrence
of extreme events in the atmosphere and the ocean is also highlighted in®. The authors explored the mechanisms
involving local changes in the air-ocean heat fluxes associated with atmospheric blocking in inducing severe
drought conditions and triggering the development of MHW:s in the adjacent ocean during the summer of
2013/2014 in eastern South America.

Even though the nexus between extreme events namely between drought-heatwaves, drought-fires, heatwaves-
fires and heatwaves-droughts-fires has been deeply explored, the synergy between MHWs, AHWSs and droughts
and their association with fire activity still have not been critically examined over Mediterranean Europe. Con-
sidering the importance of compound events and the synergistic effects they have on exacerbating extreme
fire outbreaks, the primary objective of this study is to analyse the occurrence of heatwaves (both marine and
atmospheric) as well as drought episodes and their single and compound association with the occurrence of
rural fires in the Mediterranean region over the past decades. The highly innovative and crucial evaluation of the
synergies between these contributing factors, will significantly improve the understanding of the mechanisms
underlying fire behaviour, which is critical for developing preventive strategies aimed at reducing the devastat-
ing effects of wildfires.

Data and methodology

Study area and datasets

The study area is defined by the domain ranging from 30° N to 52° N and from 20° W to 38° E. We mainly focus
on three areas, shown in the panels of Fig. 1, as our objective is to concentrate on regions particularly susceptible
to fire risk®®” and the adjacent marine areas. The figure shows the land cover classification types within the region
of study, derived from the European Space Agency Climate Change Initiative (ESA CCI) Land Cover (LC) project,

Scientific Reports |

(2024) 14:19233 | https://doi.org/10.1038/s41598-024-69691-y nature portfolio



www.nature.com/scientificreports/

= Urban

mmmm Shrubland

18°W 12°w 6°W 0° _6°E 12°E 18°E 24°E 30°E_ 36°F
MY a6 - D i e e
A ; h,,“y_ﬁai~ o Dy e TN 50°N
Cropland 2 R, NI ey T >
mess Forest e ¥ L5 ‘

Grassland
Wetland

Others
Water

-~
-

2*

s

®

Figure 1. Domain of study. Based on ESA CCI LC data, land cover classes are shown based on information
for the year 2020. Three subregions were chosen: Region 1) centered on Iberia and considering the Northeast
Atlantic region and excluding the Mediterranean Sea, Region 2) centered on Iberia and Mediterranean France,
considering the western Mediterranean Sea, Region 3) centered on Italy and the Peloponnese, considering the
eastern Mediterranean Sea. Areas shown in gray are masked. This image was produced using the environment
Spyder IDE 5.1.5 with Python 3.9.12, available at https://www.spyder-ide.org/.

which is made accessible through the Copernicus Climate Change Service (C3S) Climate Data Store (CDS)®.

The dataset with a horizontal resolution of 300 m provides yearly data that covers the period from 1992 to 2020.
The LC classification is divided into 22 global classes (level 1) and 37 regional classes (level 2). In this work, LC
classes were extracted for the years 2001-2020 and grouped into six main categories: cropland (corresponding
to ESA CCI LC numbers from 10 to 30), grassland (110,130), urban (190), forest (50-100, 160, 170), wetland
(180), shrubland (120-122), water (210) and others (40, 140-143, 200-202, 220).

To analyse AHWs and MHWs, 2-m air temperature (T2m) and sea surface temperature (SST) were respec-
tively used. The data was extracted from the ERA5 reanalysis, provided by the European Centre for Medium-
Range Weather Forecast (ECMWF)®. Total precipitation (P) data from ERA-5, given by the sum of large-
scale and convective precipitation, is also extracted to assess drought conditions in the region. ERA-5 is the
fifth generation of atmospheric reanalysis produced by ECMWE, which offers several atmospheric, ocean and
land variables estimated through the combination of model data with observations, with a 0.25° regular spatial
resolution”. Hourly T2m, SST and total precipitation data were derived for the period spanning from 1979 to
2022 within the defined study region.

Burned area (BA) data was acquired from the MCD64A1 Version 6 Burned Area Product”! from NASA’s
Moderate Imaging Sprectroradiometer (MODIS) sensor aboard the Terra and Aqua satellite platforms. This
dataset provides monthly values with a 500-m spatial resolution, offering estimates of the ordinal day of burn
for all pixels identified as burned. Its algorithm results from the combination of daily surface reflectance imagery
with daily active fire data to map BAs. When compared to previous versions, MDC64A1v006 exhibits less sensi-
tivity to the presence of cloud contamination. Furthermore, it detects smaller fires more precisely and provides
reduced uncertainty in the estimation of the date of the burn’2. Data on BA was extracted from 2001 to 2022,
since no data retrieved by this sensor is available prior to this period and was accessed through the Application
for Extracting and Exploring Analysis Ready Samples’.

In this work, a simplified classification approach is used to categorize pixels into two distinct groups, as our
sole requirement pertains to determining whether a pixel has undergone burning or not?*. All pixels that are
identified as burned, regardless of the specific ordinal day of the burn, are assigned a value of 1. Conversely, all
other pixels, including those that are unburned, unmapped due to data limitations, and those over water, are
assigned a value of 0.

The calculation of BA’ in hectares is performed using the Haversine formula, which is widely used to com-
pute distances between two points on the surface of a sphere. Here, the Haversine formula is applied to calculate
distances on Earth by considering the latitude and longitude coordinates of two points. Although the result
is approximate as the formula assumes the Earth to be a perfect sphere, this is still a valuable tool to compute
distances on the Earth’s surface’.
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Values of BA were normalized by dividing by the corresponding areas of each region to analyze the evolu-
tion of fire-affected areas. Such normalization enables a consistent comparison of burned areas across different
regions, and facilitates a more rigorous analysis, as was utilized in prior works”>7¢.

This work is primarily concerned about fires that are mostly related to adverse climatic factors, namely heat-
waves and droughts. These fires are not actively controlled by agricultural management practices. To distinguish
such fires from cropland fires, which are primarily associated with intentional use for agricultural purposes”, the
LC yearly classification from the ESA CCI LC dataset is used. This data, which originally has a spatial resolution
of 300 m, was resampled, using the nearest neighbour and majority rule interpolation techniques, to match the
500-m resolution of the BA data. The LC dataset only covers the period from 1992 until 2020. To address this
limitation, the data from 2020 is also used for the years 2021 and 2022, allowing the identification and exclusion
of cropland areas from the study.

Marine and atmospheric heatwaves

One of the problems when analysing heatwaves statistically is related to the fact that a universal definition
is non-existent. Previous studies have employed different definitions and indices to study the occurrence of
heatwaves’®-%. Therefore, the lack of a universally accepted definition has often resulted in ambiguity and incon-
sistency in the analysis. In this study, we follow the approach proposed by? since it provides a consistent termi-
nology, definition and metrics which enable meaningful comparisons between different heatwave events across
different locations and time periods. This definition was firstly applied for AHWs and then minor adjustments
were introduced so it could have a broader definition to account for the longer time scales of ocean variability
compared to the atmosphere. We apply this methodology, which has been widely used in numerous studies®'>’,
to define both AHWs and MHWs to uphold consistency and facilitate the interpretation of comparisons of
heatwave characteristics in both cases. Considering this, we define heatwaves as periods with daily temperatures
above the 90th percentile for at least 5 consecutive days®. The climatological mean and the 90th percentile are
calculated at each grid cell for each calendar day. The reference period over which the events are defined covers
all years from 1979 to 2022, following the minimum recommendation of 30 years proposed by the WMO?®!. If
any interval of two days or less between heatwaves occurs, a continuous single event is considered. As ERA5 data
offers an hourly resolution, daily aggregations were performed to determine the maximum daily temperatures,
by identifying the highest temperature recorded over the 24-h period for each day”. In this study, AHWs are
only analysed over land pixels, and the oceanic region is solely characterized by MHWs.

Once identified, heatwaves can be characterized by some properties, as described in%2. The duration of the
event is defined as the period over which daily temperatures exceed the defined threshold, and the intensity of
the event is quantified by measuring the difference between the observed temperature and the corresponding
climatological value. Within a certain event, the maximum intensity is the highest temperature deviation relative
to the climatology, while the mean intensity represents the average temperature anomaly during the heatwave.
The intensity composite index (ICI) serves as a composite measure that summarizes the heatwave properties
mentioned above and is computed through the following formula:

r=Y" S aTGd) (1)

where i=1, .., n is the number of heatwave events, d is the duration of the i-th event, and AT(i, d) measures the
intensity of the i-th event on its d-th day. This means that temperature anomalies are successively accumulated
whenever a heatwave occurs over a specific period of time (units: °C-days). In this study, ICI is calculated monthly
and yearly, to capture heatwave conditions on both a monthly and annual scale. These properties were applied
to both AHWs and MHWs .

Drought conditions
Drought events can be characterized through the computation of a panoply of indicators. The use of indicators
relies on three main principles: (1) Simplicity: Drought indices are relatively easy to calculate and interpret,
making them a valuable tool; (2) Comprehensiveness: Drought indices can take into account a variety of fac-
tors that contribute to drought, such as precipitation, temperature, and evapotranspiration. This allows them to
provide a more holistic assessment of drought conditions than any single factor alone; (3) Flexibility: Drought
indices can be adapted to specific regions and time scales, making them a versatile tool for drought assessment.
Two of the most commonly used indices are the SPI (Standardized Precipitation Index) and SPEI (Standardized
Precipitation-Evapotranspiration Index), which allow the identification of drought or wet events as well as the
characterization of their duration, intensity, and magnitude, and have been applied in multiple studies’>8>54,
The SPI was proposed by*® as a drought monitoring index that relies solely on precipitation data and is widely
used due to its simplicity. It is nowadays the index recommended by the WMO®, not without caveats®”. SPI has
the advantage of being a multiscalar index, being comparable in time and space, allowing to monitor drought
response with respect to different ecosystems. However, it is not able to account for the influence of temperature,
which has been rising throughout the world in the last decades. On the other hand, SPEI, developed by®, not
only considers precipitation but also evapotranspiration (PET) data in its computation and it is also a multi-
scalar index, allowing for more effective detection of the effects of climate change on drought conditions while
accounting for the influence of temperature variability and extremes. For this reason, the analysis in this study
relies on the SPEL

The computation of SPEI was made using the period between 1979 and 2022 as the reference period, only
considering the land pixels. Monthly accumulated precipitation was calculated, and evapotranspiration (ET0)
was also determined by applying the Hargreaves equation, which relies on maximum and minimum temperature
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records®®. The Hargreaves method, with its simplicity and low data requirements, emerges as an alternative
that allows for the estimation of PET reliably when compared to the more complex FAO Penman-Monteith
equation®”®, The difference between the precipitation and the ET0 provides a measure of water excess or
deficit®>%. A log-logistic probability distribution was fitted to model the water deficit with a rectangular adjust-
ment, resulting in a normal distribution with a mean of zero and a standard deviation of one, where positive
values indicate wetter conditions and negative values imply drier conditions.

The index was calculated monthly and has the advantage of analysing droughts at different temporal scales,
capturing the accumulated drought conditions over shorter or longer periods. The 12-month time scale is usu-
ally able to identify drought events on an annual perspective. The 3-month SPEI reflects soil water conditions
of short to medium duration and allows for seasonal drought recognition®. In this study, SPEI was computed
at timescales of 3 and 12 months (respectively, SPEI-3 and SPEI-12 hereafter), to explore drought conditions on
both a seasonal and annual scale.

Areas affected by drought conditions can be identified based on probability classes. According to’!, moder-
ate droughts correspond to a probability of occurrence of 0.201 (approximately the 20th percentile of of the SPI
series, — 0.84), while severe and extreme droughts correspond to a probability of 0.10 (- 1.28) and 0.05 (- 1.65),
respectively. In this work, these thresholds are considered based on the SPEL

Interannual evaluation and coincidence analysis

To investigate the interannual changes in heatwave conditions during the whole period, yearly spatial averag-
ing is performed for all of the heatwave properties considering the full region of study. Yearly spatial averages
of SPEI-12 in December are also computed, as well as the percentage of pixels in moderate and severe levels
of dryness, capturing the interannual drought conditions in the domain of study. The time evolution trends of
heatwave properties and drought conditions are then tested for statistical significance using a Wald test with a
t-distribution and a significance level of 0.05.

The statistical relationship between temperature and precipitation patterns was evaluated for two different
periods: 1979-2000 and 2001-2022, through the computation of two probability density functions using a bivari-
ate Gaussian distribution, which we assume is suitable for seasonal values of precipitation and temperature®. The
bivariate distribution was computed for different pairs of variables: T2m-P, SST-P and T2m-SST. For the cases of
T2m and SST, daily maximum values were considered, whereas for P, daily accumulated values were taken into
account. These pairs of variables were averaged over the different regions of interest, considering an extended
summer season (May to October). Our focus on the summer season is motivated by the high fire activity in Medi-
terranean countries, driven by reduced precipitation and exceptionally high temperatures that create conditions
conducive to the ignition and rapid spread of fires in the Mediterranean region**>**. We expanded the analysis
to include late spring and early autumn months (May and October) to account for an identified tendency for
longer fire seasons® and ensure that important wildfire events are considered (e.g., wildfires in October of 2017,
Portugal)*. The Pearson correlation coefficient between each pair is calculated and its statistical significance is
assessed, testing using the Monte Carlo method at a significance level of 0.05. Univariate Gaussian distributions
are also used to compute probability density functions of each variable for the two periods, to analyse how T2m,
SST and P average anomaly patterns individually changed over time in the different regions.

To investigate the long-term relationship between areas affected by wildfires and the occurrence of hot and
dry conditions, the spatial means of the yearly atmospheric ICI and SPEI-12 in December were analysed over the
burned pixels annually, spanning all regions under investigation and all months of the year, between 2001 and
2022. BA’s data’s resolution differs from the ICI and SPEI data’s resolution. Therefore, we computed the values of
ICI and SPEI for each burned pixel by averaging the values from its four nearest points in ERA5’s resolution. As
marine ICI does not overlap geographically with the other variables, the ICI in the ocean was averaged yearly for
the different marine areas of study to provide a clearer understanding of the phenomenon under investigation
and how it may be associated with the occurrence of the other events.

Adopting a similar methodology to understand the synergy between short-term extreme events and fire
extent, the spatial-averaged atmospheric ICI and SPEI-3 over burned pixels and spatial-averaged marine ICI in
the surrounding areas were calculated in each region for every month between 2001 and 2022. The 80th percentile
of the monthly atmospheric and marine ICI and the 20th percentile of the monthly SPEI-3 were used to identify
the 20% warmest and driest months in the considered period, examined solely in the months where BAs were
identified, allowing us to isolate the months that experienced the most intense conditions. The months character-
ized by such warmth and dryness were explored, considering both individual and compound occurrences. The
decision to use the 80th percentile threshold was guided by a comprehensive sensitivity analysis. This threshold
provided an optimal result by capturing the most relevant extreme conditions. This choice allowed us to focus
on the most impactful months, ensuring a robust analysis of the synergy between extreme climatic events and
fire extent. Furthermore, in this evaluation, we distinguished between months when the overall burned area
equalled or surpassed the 80" percentile and those that fell below this threshold. This differentiation provides
valuable insights into the factors linked to the occurrence of notably extensive fires compared to those of lesser
dimensions.

Results

Temporal evolution of heatwave and drought conditions

Both marine and atmospheric yearly averages of ICI, number of events, mean duration and mean intensity of
heatwaves demonstrate a statistically significant increasing trend (Fig. 2). Variations in the yearly frequency of
events are consistent when considering both curves (Fig. 2a), with a significant increase of ~ 3.7 events in the
atmosphere and ~ 4.2 events in the sea over the entire period. Except for the initial years, the mean duration of
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Figure 2. Temporal evolution of heatwave properties, between 1979 and 2022: (a) number of heatwaves, (b)
mean duration of heatwaves (days), (c) mean intensity of heatwaves (°C) and (d) ICI (°C-days). Blue curves
represent MHW, being area-averaged over the ocean pixels, while green curves denote AHW, area-averaged over
the land pixels. This analysis considers the full region of study. The dashed lines indicate significant linear trends
detected by the Wald Test with a t-distribution, considering a 0.05 significance level. Slope (m) values indicate
trends over time, whose units vary as follows: (a) events/year, (b) days/year (c) °C/year, (d) °C-days/year.

events is always higher in the ocean, which also shows more emphasized yearly values and a steeper upward trend
(yearly increase of 0.33 days for MHWs and 0.08 days for AHWs) (Fig. 2b). Mean durations in the ocean also
show higher levels of variability in comparison with the atmosphere. The mean intensity of heatwaves reveals
greater values and variability over the atmosphere, showing an increase of ~ 3 °C in anomalies between 1979 and
2022 (Fig. 2¢). In the ocean, the average intensities exhibit reduced variability, showing an increase of ~ 1 °C over
the whole period. The ICI of heatwaves (Fig. 2d) exhibits an upward trend considering both AHWs and MHWs
due to its dependence on the other three heatwave properties. Higher values and a more accentuated trend are
evidenced in the atmosphere, aligning with the patterns observed in mean intensity. Notably, the majority of
years exhibit consistent behaviour when comparing the ICI values in the atmosphere and the ocean. In the latter
half of the 1980s, specific years experienced significantly high ICI values, particularly in the atmosphere, due
to heightened heatwave frequency (Fig. 2a) and mean intensity (Fig. 2c). However, in the most recent years, the
situation has intensified considerably, due to a combination of heightened intensity, frequency, and duration of
events, surpassing previous levels. The atmospheric ICI in 2015 was particularly intense in parts of central Europe
and the southeastern Iberian Peninsula, followed by an increased ICI concentrated in Eastern Europe in 2019
and in western Europe in 2022. The Mediterranean Sea contributed to the highest ICI (cumulative intensity)
values in 2003, 2018, and 2022 (Fig. S1, Supplementary Material).

The temporal evolution of drought conditions is shown in Fig. 3. The observed fluctuation in the temporal
evolution of drought conditions (Fig. 3) depicted in both panels illustrates a pronounced variability in drought
levels throughout the study period. In the current century, there is a higher prevalence of years characterized by
dry conditions, with only 36% of years exhibiting positive SPEI levels. Among these years, 2010 stands out as
the most humid one, while 2011, 2015 and 2022 reveal to be the driest ones. In contrast, the twentieth century
witnessed 73% of years with positive SPEI levels. The most significant exceptions are the years 1989 and 1990,
which were notably hot as revealed by heatwave characteristics (Fig. 2), and also strongly affected by drought
conditions (Fig. 3). Moderate droughts exhibit greater frequency and have experienced a more significant increase
over the years compared to severe droughts. Positive and statistically significant trends are evident in the below
panel for both moderate (rate of 0.54% of area per year) and severe droughts (rate of 0.35% of area per year),
indicating a consistent rise from 1979 to 2022. The years affected by the highest percentage of drought conditions
(2003, 2015, 2022), whether moderate or severe, were affected across much of the European continent (Fig. S2,
Supplementary Material).

Long-term changes in the correlation between temperature and precipitation

The relationship between mean T2m, SST and P during the extended summer season for 1979-2000 and
2001-2022 for all regions of interest is analysed through the computation of bivariate Gaussian probability dis-
tribution functions (Fig. 4). Additionally, univariate probability distribution functions are depicted to visually
demonstrate the temporal evolution of temperature and precipitation anomalies individually.
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Figure 3. Temporal evolution of drought conditions. In the upper panel are displayed the spatial-averaged
values of the 12-month SPEI for December over land between 1979 and 2022, and the below panel shows the
percentage of area under the occurrence of severe droughts (green curve) and moderate droughts (yellow
curve), using the definition by*'. This analysis considers the full region of study. The dashed lines indicate
significant linear trends detected by the Wald Test with a t-distribution, considering a 0.05 significance level.

In all cases, both T2m and SST have drastically changed when comparing both periods, exhibiting an abrupt
shift towards higher values in the second period. When examining the mean values of accumulated precipita-
tion, this transition exhibits a minor shift showing a contrast between eastern and western regions. In regions 1
and 2, over Western Europe, univariate PDF’s reveal drier conditions in 2001-2022, while in region 3, there is a
slight increase in the mean accumulated precipitation values in this period, uncovering the presence of wetter
conditions.

In all regions, correlations between T2m-P show to be negative and significant in both periods, highlight-
ing the inverse relationship between these variables. This correlation is higher in 2001-2022 than in the former
period, in the full region (from —0.5 to —0.56) and region 2 (from —0.66 to —0.70). The correlation between
SST-P shows to be negative and minimal in the first period. In the second period, the correlation rises consider-
ing the full region, region 1 and region 2. However, in neither of the periods these correlations are statistically
significant. Regarding the analysis of T2m-SST, there is a strong and significant positive correlation between
both variables in both periods, emphasizing the clear increase and connection between both variables over the
analyzed periods. The correlation coefficients reveal to be higher in the second period for all analysed regions.
Specifically, for the full region and region 1, the coefficients increase to 0.74, while for regions 2 and 3, they rise
to 0.86 (Table S1, Supplementary Material).

Fire activity and its relationship with temperature and precipitation patterns

Fire occurrence has varied considerably throughout the years and along the different regions of Europe, as
revealed by Fig. 5. Given the lack of BA data before 2001, only the period 2001-2022 will be analysed in the fol-
lowing sections. When analysing the entire Mediterranean area, 2017 was the most severe year, with a record of
more than 900.000 hectares burned from May to October, followed by 2003 and 2007, which burned ~ 690.000
hectares in the same period. In Eastern Europe (region 3), the year 2007 was the most exceptional of all, having
burned a total of ~ 500.000 hectares in the extended summer months. In Western Europe, regions 1 and 2 dem-
onstrate similar patterns concerning the extent of BA’s, owing to their significant geographical overlap, although
region 1 typically exhibits a higher incidence of burning, as demonstrated by its higher normalized values. The
years of 2017, 2003, 2005 and 2022 stand out as the most impactful in terms of normalized BA’ in the extended
summer for these regions.

Regarding Fig. 6, when considering the whole region, notable instances of severe burned area extent, including
the years 2017, 2003, 2012, and 2022, were linked to reduced precipitation and elevated air and sea temperatures,
when compared to the average values, during the summer season. The year 2003 experienced the driest condi-
tions, while 2022 observed the highest sea and air temperatures since the beginning of the century. Despite its
exceptional BA value, the summer of 2007 exhibited relatively less dryness and warmth compared to the average
conditions.

In regions 1 and 2, as already stated, 2017, 2003, 2005 and 2022 stood out as notable when considering the
extent of BAs. As expected, both regions exhibit analogous patterns. Some of the most severe years in terms of
BAss are situated within the sector of the plots characterized by higher T2m and SST and lower precipitation
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Figure 4. Correlation between temperature and precipitation patterns. The centre panel of each plot show
the bivariate Gaussian probability distribution functions of extended summer mean temperatures (SST
and T2m, °C) and accumulated precipitation (mm), and the lateral panels of each plot show the univariate
probability distribution functions of the corresponding average anomalies (in the units of the corresponding
absolute values). These functions are calculated for the period 1979-2000 in yellow, and 2001-2022 in green,
and are averaged over all the regions of interest. The dashed gray ellipses represent the 95% level of the
Gaussian probability distributions. Pearson correlation coefficients were computed using the Monte Carlo test,
considering a significance level of 0.05.
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Figure 5. Temporal evolution of fire activity. Yearly normalized burned areas throughout the extended
summers for region 1 (orange bars), region 2 (red bars), region 3 (blue bars) and for the overall study region
(black curve). Normalized burned areas are obtained by dividing the BA’s in hectares by the total land hectares
in each of the regions.

levels. The year 2017 reveals to be the driest of those that burned the most, while 2022 the hottest one. The year
2003 was marked by high air temperatures, although it was wetter than average. In region 1, all the significant
highlighted years in terms of BAs exhibit Atlantic’s SST values higher than average. In region 2, a comparable
pattern is observed, except that 2005 does not manifest very high SST values in the Mediterranean Sea. A note-
worthy distinction between the two regions is evident: SST values in the Mediterranean (region 2) tend to be
consistently higher than those in the Atlantic Ocean (region 1).

In the eastern Mediterranean (region 3), the most extensive burned year, 2007, exhibited SSTs, T2Ms and
precipitation levels relatively close to the average. Conversely, the second most impactful year, 2012, was notably
characterized by a very hot and dry summer, with SSTs in the Mediterranean also exceeding the average. The
summers of 2017 and 2021 can also be emphasized by their accumulated burned hectares, associated to very dry
conditions and temperatures close to the average. The years with less extreme burned area extents (2002, 2005,
and 2014) correspond to the least extreme SSTs, T2Ms, and precipitation values.

Overall, it is seen that summers with the most extensive burned areas are commonly associated with dry and/
or hot conditions. These conditions extend beyond air temperatures to encompass elevated sea temperatures
as well.

Annual heatwave and drought conditions over burned regions

To specifically analyse heatwave and drought indices over burned pixels annually, Fig. 7 shows the yearly spatial
means of atmospheric ICI and SPEI-12 for December, examined solely over the burned pixels in all study regions,
between 2001 and 2022, considering all months of the year. The annual marine ICI is also averaged over the
adjacent marine areas in each of these regions.

When examining the full region, it is observed that all the years exhibiting an average marine ICI below the
50th percentile also tend to be associated with less dry or less warm (or both) conditions over BA’s (compared
to the established threshold that delineates extreme years), except for 2017. Conversely, some of the years fall-
ing below the 50th percentile of marine ICI, mainly 2003, did not exhibit very extreme values for atmospheric
ICI and SPEI-12. The years 2007, 2012, 2014, 2015, 2017, 2018, 2020, and 2022 all registered marine ICI values
surpassing the 50th percentile while simultaneously recording extreme atmospheric ICI and SPEI-12 values,
revealing that the conditions over the BA’s were considerably hot and arid, and concurrently, the ocean tem-
peratures were also substantially elevated during those years. Although not recording a high annual marine ICI
value, 2017 stood out as the most extreme year in terms of atmospheric ICI and SPEI-12, recording the highest
annual burned areas as well (Fig. S3, Supplementary Material). Meanwhile, 2022 emerged as the most severe
year regarding the annual marine ICI.

Considering the partial overlap of land areas between regions 1 and 2, the spatial averaged values of atmos-
pheric ICI and SPEI-12 exhibit similarity. The significant contrast between these regions relates to the higher
marine ICI values registered in the Mediterranean Sea (region 2) when compared to the Atlantic Ocean (region
1). In both regions, 2017 stands out as the warmest and driest year across the BA’s. This year was also the one
that burned the most (Fig. S3, Supplementary Material). The years 2015 and 2022 also experienced very high air
temperatures over burned pixels, although the SPEI-12 value remains below the 20% most extreme cases for 2022.
In all these three cases, temperatures over the Mediterranean Sea were above the 80th percentile threshold. The
Mediterranean Sea consistently exhibited higher temperatures compared to the Atlantic Ocean in nearly 80% of
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Figure 6. Temperature and precipitation patters and its relationship with the burned area extent. Average values
of daily accumulated precipitation and daily maximum temperatures (SST and T2m) for each year, calculated
for the extended summer, are represented by the scatter points, and the summer accumulated burned area for
each year is represented by the different colors. The bivariate Gaussian probability distributions of all pairs

of variables for the period 2001-2022 are represented by the gray ellipses. The dashed gray ellipses represent

the 95% level of the Gaussian probability distributions. Horizontal and vertical dashed lines correspond,
respectively, to precipitation and temperature values averaged over all years of study.
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Figure 7. Annual heatwave and drought conditions over burned regions. Spatial averages of the annual
accumulated atmospheric ICI (°C-days) and SPEI-12 for December over burned pixels, regarding each of the
study regions. In each region, the annual marine ICI (°C-days) is averaged over the corresponding marine areas
and represented through the size of the scatter points, which represent different percentiles. The different scatter
colours describe different years from 2001 to 2022. Horizontal and vertical dashed lines separate the 20% most
extreme cases regarding the atmospheric ICI (A+) and SPEI-12 values (D+), obtained through the computation
of the 80th and 20th percentile, respectively.

the years. All years registering marine ICI values below the 20th percentile tend to be associated with less dry
and warm conditions in comparison to the threshold, except for 2012 for both regions and 2015 for region 1.

In region 3, years for which the average marine ICI surpasses the 80th percentile closely correspond to or
exceed the 80th percentile of atmospheric ICI over burned pixels. Notable examples of such extreme years include
2003, 2012, and 2022. The years 2003 and 2022 also revealed to be drier than the threshold. Conversely, years
with average marine ICI below the 50th percentile are shown to coincide with less hot and dry conditions over
BA’s (except for 2011, which revealed to be very dry). In this case, the year 2012, which shows the second highest
burned areas (Fig S3, Supplementary Material), revealed the most extreme atmospheric heatwave conditions
and the second most extreme marine heatwave conditions in the surrounding sea.

In all the examined cases, the red line illustrates a negative and significant trend between atmospheric ICI and
December SPEI-12 values for burned pixels. This means that years characterized by stronger heatwave conditions
tend to also experience drier conditions, and vice-versa. This underscores the negative correlation previously
observed in Fig. 5 between precipitation and air temperatures.

Monthly heatwave and drought conditions over burned regions

Heatwave and drought conditions over BA’s are examined on a monthly scale. The distribution of the months
affected by the 20% driest and warmest (both in the ocean and the atmosphere) conditions was identified (Fig. 8).
This approach provides insights into the occurrence of short-term climatic extreme events in the areas affected
by wildfires. Simultaneously, an analysis is conducted to identify months characterized by more or less exten-
sive wildfires, using the 80th percentile of the monthly total burned area. It is apparent that August consistently
records the highest frequency of years with total burned area exceeding the 80th percentile threshold across all
analysed regions, followed by June and July. The summer of 2022 showed to be particularly extreme in all regions,
mainly regarding region 2, where June, July and August revealed to be under the occurrence of all climatic haz-
ards. The presence of the driest and warmest months is evidenced during the latter period (2012-2022), when
compared to 2001-2011. This observation is coupled with the finding that the incidence of fires associated with
non-extreme climatic events decreases during this period.
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Figure 8. Monthly occurrences of single and compound hazards from 2001 to 2022. The 20% warmest

and driest months are identified, and represented by colors, which delineate the occurrence of individual or
combined climatic conditions. Specifically, "A+ and M+" denote a month with atmospheric and marine ICI
equal to exceeding the 80th percentile, "D+" marks a month when the SPEI-3 value equals or falls below the
20th percentile. Meanwhile, months marked with an "X" indicate those where the burned area equals or exceeds
the 80th percentile. Months that did not record any burned pixels are filled in blank.

Figure 9 showcases the portion of months associated with the occurrence of the 20% warmest (atmospheric:
A+, and marine: M+ and driest conditions (D+), considering both individual and compound occurrences, in
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each region of study. This analysis is conducted separately in months where the total burned area either exceeded
or fell below the 80th percentile threshold. Regarding the left column, which refers to months that did not reach
the 80th percentile threshold of accumulated burned area, consistency is shown across all regions of study. The
occurrence of these fires is predominantly associated with occurrences of M+ episodes, constituting approxi-
mately 9-14% of all months. Subsequently, D+ episodes are observed and following are A+ events, except for
region 3, where A+ episodes are more recurrent than D+ events. The remaining combinations of hazards exhibit
lower occurrence rates. Notably, approximately 60% of all months with BA’s below the 80th percentile did not
experience any of these extreme hazards. Examining months where the total burned area exceeded the 80th
percentile threshold, observed in the right column of Fig. 9, D+ events emerge as the most prevalent hazard
across all regions of study, occurring in 11-19% of cases. Subsequent rates vary based on individual regions.
Opverall, these months, marked by more extensive fires, demonstrate a stronger connection with the occurrence
of extreme hazards in comparison to months with less extensive fires. Specifically, in regions 1, 2 and 3, over
50% of the months are linked to any type of extreme climatic events. Furthermore, the occurrence of compound
hazards is generally more frequent when considering months with a broader extension of BA’s, covering more
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Figure 9. Single and compound climatic hazards and its association with wildfires. These charts show the
portion of months, shown in Fig. 8, that are associated to each of type of hazard or combined hazards. This
analysis only considers months where any burned area was registered. The categorization is distinguished by the
different regions of study and the predefined threshold for burned areas (80th percentile).
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than 25% of all months. The presence of all hazards together (A+, M+ and D+) is associated with 6% to 9% of
the months in these cases.

Discussion

The temporal evolution of four key characteristics of heatwaves is analysed: frequency, mean duration, mean
intensity and cumulative intensity (ICI), which all show a notable upward trend in both the atmosphere and
ocean over the whole period of study. AHWSs consistently record higher levels of yearly mean intensities. The
high variability in AHWs mean intensities and longer MHW s mean durations is attributed to the heat capac-
ity, persistence, and propagation timescales of oceanic processes, which are much greater than those for the
atmosphere?’. The fluctuations in ICI levels within both the atmosphere and the ocean often show synchronized
patterns of escalation and reduction. This observation underscores the indication of a possible robust associa-
tion between both variables, suggesting a noteworthy correlation in the occurrence of atmospheric and marine
extreme hot events.

When assessing drought conditions, the period 2000-2022 reveals a higher incidence of years marked by drier
conditions when compared to the preceding century, which experienced a higher occurrence of wetter years. This
indicates a notable shift in drought conditions between both periods. The percentage of area under the occur-
rence of moderate and severe drought conditions show an increasing tendency over the whole period of study.

The identified rising trends in these extreme climatic events align with previous studies that have historically
analyzed atmospheric and marine heatwaves®!2, as well as drought characteristics®°, and emphasize the need
for increasing awareness of these phenomena, particularly considering projections indicating a future escalation
in their occurrence'*»%-%7,

The negative correlations between T2m and P values have intensified in the most recent period, particularly
in the full region and region 2. This result agrees with the previous works conducted by*>*° that attribute this
correlation to the amplification of the land—atmosphere feedback in the presence of warmer conditions. Elevated
temperatures and increased radiative forcing lead to greater evaporation rates, which might result in earlier-
season soil dehydration. This, in turn, could lead to decreased evaporative cooling effects during the summer
period. The strong positive correlation between T2m over land and SST over the adjacent regions observed in
both periods highlights the close connection between air temperatures over land and sea surface temperatures
in the adjacent oceans, as already suggested by®*®! underscoring the significance of considering both air and
ocean temperatures when studying regional climate dynamics and climate extremes. Correlations between SST
and P values resulted in non-significant negative values. The understanding of the complex interactions between
SSTs and precipitation patterns still offers ample opportunities for exploration. References®?® have directed their
focus on the co-occurrence of extreme sea temperature and drought conditions, over eastern South America and
California coast, respectively. However, the relationship between marine heatwaves and land-occurring hazards
is still a challenge, particularly because of the non-existence of a spatial overlap of the studied variables. Thus,
approaching this type of problem constitutes a challenge.

The extent of burned areas in Europe has exhibited significant variability throughout the twenty-first century.
According to our results, the years 2003, 2005, 2017 and 2022 stand out as having the most extensive burned
area in the analysed areas of Western Europe. In the eastern European region, the burned area was particularly
high in 2007, 2012, 2017 and 2021.

Dry and hot conditions can be significant contributors to severe fire years across various European regions.
Different European regions may show varying patterns, but most of the years of severe fire coverage were asso-
ciated with reduced precipitation and elevated air temperatures during the summer season. This finding aligns
with conclusions drawn in earlier research studies on the same topic!®1-2>33:34,

In this study, we also integrated sea surface temperatures into our analysis of compound extremes. This vari-
able was found to be closely associated with the occurrence of other extremes known to significantly impact the
occurrence of wildfires. Furthermore, it was concluded that, in the Iberian Peninsula, the Mediterranean Sea is
distinguished by consistently recording elevated SST (and marine ICI) values when compared to the Atlantic
Ocean, suggesting a possible closer association between extreme climate events in the Iberian Peninsula and the
Mediterranean water temperatures.

The long-term interplay between marine heatwave, atmospheric heatwave and drought conditions and their
association with burned pixels is assessed on an annual scale. In several cases, years with extreme marine heat-
wave conditions corresponded with the occurrence of stronger atmospheric heatwave and dry conditions over
burned regions. Conversely, years with lower marine heatwave intensity are mostly associated with less dry and/
or warm conditions over burned areas. A negative trend between atmospheric heatwave and drought indices
was found for all regions under investigation.

Short-term occurrences of single and compound extreme climatic conditions over burned pixels are also
explored. Over all areas of study, months with total burned area below the 80th percentile threshold show to be
considerably associated with stronger warm events over the ocean, although 60% of the months did not record
any associated extreme hazard. This significant percentage can be attributed to the utilization of a particularly
high threshold applied to heatwaves and droughts in our analysis, since we only focus on the 20% of histori-
cal most extreme cases. Additionally, fire activity can be influenced by a variety of factors beyond extreme fire
weather, including vegetation conditions and human factors affecting ignition and fire spread®. The occurrence
of wildfires can also be closely linked to pre-fire season conditions, as investigated by**. The authors explore
the interplay between antecedent drought conditions leading up to the simultaneous occurrence of extreme
heat indicators in the exceptional fire season that affected southern continental Greece in the summer of 2007.
This accentuates the importance of accounting for time-lags between climatic hazards, unravelling the complex
synergies among antecedent conditions and concurrent seasonal hazards in forthcoming research on this topic.
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Months in which the total accumulated burned area surpasses the 80" percentile are mostly associated to
extreme climatic conditions across the analysed sub-regions. The most prevalent hazard across all months shows
to be the presence of stronger dry conditions. The occurrence of compound events becomes more evident, while
non-extreme climatic factors become less pronounced compared to the previous case. This suggests that the
simultaneous occurrence of very hot and dry extremes potentially amplify the occurrence of large wildfires.

Conclusions

As climate change progresses, the escalation of extreme climatic hazards, such as heatwaves and droughts, has
become increasingly prevalent. The compounding effects of these hazards may be amplified when they occur
simultaneously or in a cascading sequence, significantly contributing to wildfire occurrence. This work aims
to improve the comprehension of the linkage between atmospheric and marine heatwaves, droughts, and the
occurrence of rural fires in the Mediterranean region throughout the past decades. The investigation of the inter-
connection between land-based atmospheric conditions and sea surface temperatures uncovers new insights in
a domain that has not been extensively investigated before.

In the long-term assessment, the interplay between marine heatwaves, atmospheric heatwaves, and drought
conditions on an annual scale reveals a noteworthy pattern. Years marked by more extreme marine heatwave
conditions often coincide with intensified atmospheric heatwave and dry conditions over burned regions.

Short-term assessments of single and compound extreme climatic conditions over burned pixels provide
additional insights. Marine hot conditions emerge as the most common hazard for months in which burned areas
remain below the 80™ percentile threshold, while strong dry events prevail for months in which burned areas
surpass this threshold. Months characterized by such extensive fires are predominantly associated to extreme
climatic conditions (atmospheric heatwaves, marine heatwaves, dry conditions) across the analysed regions.
The combined occurrence of these events also becomes more evident, while non-extreme climatic factors are
less pronounced.

The linkage between atmospheric and oceanic conditions further underscores the need to consider both fac-
tors when studying regional climate dynamics and compound extremes, suggesting potential for further in-depth
investigation. While our study has examined the co-occurrence of marine heatwaves and land-based hazards,
and their possible association with the occurrence of rural fires, there remains a critical need for future analysis
to unravel the underlying mechanisms driving these concurrent occurrences, considering both atmospheric and
oceanic factors, utilizing additional data (e.g., heat fluxes, wind, vertical velocity) and advanced approaches to
provide a more comprehensive understanding of their interplay. Disclosing the coupling mechanisms related to
these extreme warm and dry events and understanding their respective driving roles, especially in the context
of phenomena like fire incidence, would offer valuable insights for predictions and effective risk management.
While the absence of spatial overlap between marine and land variables poses a challenge, it also opens oppor-
tunities to explore the role of atmospheric teleconnections and large-scale circulation patterns in connecting
them. Consideration of timescales and potential lag effects would also be essential for clarifying the relationship
between these geographically distinct components of the climate system.

There is an urgent need to explore the potential impacts of these compound episodes on wildfires. This analy-
sis might be crucial for improving fire management and preparedness, and providing clear guidelines for the risk
management of such a meteorological disaster. The findings of this work are not only relevant to the local context
but also hold global significance, as the challenges posed by compound extreme events extend far beyond this
region. In the Pantanal, compound drought-heatwave conditions in 2020 have led to the most catastrophic fire
season over the last two decades, leading to significant environmental repercussions®. The 2019-2020 Australian
bushfire season and the 2020 California wildfires both underscore the role of prolonged hot and dry conditions
in setting the stage for unprecedented fire activity’">2. These examples of other globally recognized fire-prone
regions reflect our observations in the Mediterranean, where climate-driven compound events have similarly
increased wildfire risk, and have also been marked by significant marine heatwave episodes®?*1%. This empha-
sizes the global importance of considering compound extreme events in fire management strategies, as climate
change continues to drive an increase in the frequency and severity of extreme events globally while threatening
the stability of ecosystems.

Data availability

Data relevant to the analysis can be downloaded from the Copernicus database for the ERA5 reanalysis datasets,
available at https://cds.climate.copernicus.eu/cdsapp#!/search?type=datase and from The Land Processes Dis-
tributed Active Archive Center, accessible at https://Ipdaac.usgs.gov/products/mcd64alv006/.

Code availability

The code used in this study is available upon request to the authors.
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