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ABSTRACT

Owing to climate change-induced global warming, the frequency and duration of extremely hot
events over the Iberian Peninsula (IP), such as heatwaves, are expected to continue to increase.
This study shows the change of individual and monthly concurrent extremely hot events and
burned area in the IP in the recent period of 1998-2015, compared with the reference period
1980-1997. Results show a dichotomic behaviour, with June and August showing an increase in
extremely hot events and July and September showing many regions with a decrease, both in
individual and concurrent events (most prominently in September). Furthermore, regions with
such increases also show a change in spatial extent, with a greater area simultaneously affected by
the two extremes (particularly in June). Also, even though the incidence of large burned areas
decreased in north-western Spain in July and August, these increased in June. Indeed, together
with more extreme heat events observed in the region, an increase in burned area was also found
in June. This work paves the way for future studies to delve into the causes and effects of extreme
heat events over the IP, to raise awareness of the need by forest authorities of developing early
warning systems.

Keywords: burned area, heatwaves, heat events, hot days, Iberian Peninsula, maximum tem-

perature, summer, wildfires.

Introduction

The Iberian Peninsula (IP) is recurrently stricken by large wildfires (Trigo et al. 2006a;
Sanchez-Benitez et al. 2018; Turco et al. 2019) that impact infrastructure and natural
ecosystems, undermining the economy and threatening human lives and health (Liu et al.
2015, 2016, 2017; Augusto et al. 2020; Oliveira et al. 2020). The extreme wildfire season
of 2017 in Portugal is a tragic example, with a record of more than 500 000 ha burned
area (BA) and more than 100 fatalities (Departamento de Gestao de Areas Publicas ede
Protecao Florestal 2017). Extreme fire events are also likely to become more frequent in
the near future, as climate change is expected to increase fire danger and the severity of
fires (Moriondo et al. 2006; Sousa et al. 2015; Dupuy et al. 2020; Ruffault et al. 2020). In
turn, the implementation of ignition control activities and fire suppression actions in the
last decades has led to decreasing fire activity in some Mediterranean countries (Turco
et al. 2016), namely in Spain (Urbieta et al. 2019; Jiménez-Ruano et al. 2020; Rodrigues
et al. 2020).

Weather and climate at different timescales, combined with the presence of available
biomass and human activities, are examples of mechanisms enabling wildfire occurrence
and associated BA (Lavorel et al. 2007; Costa et al. 2011). Indeed, large summer wildfires
in the IP may be enabled and driven by meteorological conditions ranging from synoptic
weather patterns (Pereira et al. 2005; Hernandez et al. 2015a; Trigo et al. 2016; Ruffault
et al. 2017) down to local-scale weather conditions that may produce a combination
of high temperature, low humidity and strong winds (Vieira et al. 2020). Furthermore,
long-term drought events followed by heat spells are known for providing a background
conducive to large summer wildfires (Pereira et al. 2005; Trigo et al. 2006b; Gouveia
et al. 2009, 2016; Hernandez et al. 2015b; Turco et al. 2017). The IP was recently affected
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by some of the most intense droughts (Garcia-Herrera et al.
2007; Sousa et al. 2011; Gouveia et al. 2012) and heatwaves
(Garcia-Herrera et al. 2010; Barriopedro et al. 2011, 2020;
Sanchez-Benitez et al. 2018; Sousa et al. 2019) on record.
This led national authorities to face new challenges to con-
trol and tackle extreme fires, assist the directly affected
population and mitigate the destruction (e.g. wildfires of
2003, 2005 and 2017 in Portugal; and 2005, 2016 and
2019 in Spain).

In addition, wildfires increase public health problems and
associated morbidity and mortality (Liu et al. 2015, 2016,
2017; Augusto et al. 2020; Oliveira et al. 2020), either
owing to several diseases caused or aggravated by smoke
inhalation (Richardson et al. 2012; Shaposhnikov et al.
2014) or because of psychological illnesses induced by
grieving and material losses. Heatwave events also provide
an environment conducive for a number of pathogens to
prosper, increase the risk of temperature-related health con-
ditions, and aggravate pre-existing diseases (Gasparrini et al.
2017; Rossiello and Szema 2019; Geirinhas et al. 2020).

Several recent studies have tackled the relationship
between hot and dry extreme events and wildfires for differ-
ent regions and using various approaches, mostly focusing
on coupled hazards. Mazdiyasni and AghaKouchak (2015)
showed that the number of concurrent summer droughts
and heatwaves in the USA have experienced a considerable
increase in the last decades, and Kong et al. (2020) reached
similar conclusions for eastern China. Russo et al. (2019)
took a step further and introduced different time lags, which
allowed them to show that summer heatwaves in the
Mediterranean are usually preceded by drought events in
spring and early summer. Although focusing on compound
dry and hot events, these works lack an analysis focused on
their relationship to fires. This caveat is partially analysed
by several other authors, who address the relationship
between hot extremes and fires (the relationship between
droughts and heatwaves being nevertheless implicit). For
instance, Parente et al. (2018) performed a comprehensive
study relating heatwaves and wildfire episodes over Portugal
and concluded that more than 90% of large wildfires that
occurred between 1981 and 2010 were concurrent with
heatwaves. Some recent works tackle these tri-variate com-
pound events by analysing the combined effect of drought,
heatwaves and wildfires (e.g. Gouveia et al. 2016; Sutanto
et al. 2020) but, to the best of our knowledge, there are no
studies specifically focusing on the evolution of individual
and concurrent heat spells and wildfires over the full IP
(encompassing Portugal and Spain) during the last decades.

The assessment of the adverse impacts associated with
multiple climatic factors is now the focus of a variety of
studies (Leonard et al. 2014; Vitolo et al. 2019; Zscheischler
et al. 2020). Vitolo et al. (2019) proposed a new methodol-
ogy to identify areas prone to concurrent hazards, an added
value in the context of a multi-hazard early warning system.
This recently adopted perspective on hazards is guided by

the fact that compound events often lead to larger impacts
compared with hazards occurring separately (Zscheischler
et al. 2018).

The present work aims to assess whether there has been
an increase in BA associated with concurrent wildfire and
heat spell events over the IP. The main objectives are as
follows:

(1) To study the relationship between monthly BA and the
number of days with maximum temperature above the
90th percentile in the same and previous months (num-
ber of hot days, NHDs), covering the period from June
to September 1980-2015,

(2) To assess changes of monthly BA and monthly NHDs
between the first half (1980-1997) and the second half
(1998-2015) of the study period,

(3) To compare simultaneously large NHDs and BAs for
these two periods over the IP with the objective of
verifying if an increase in the number of concurrent
events is observed.

Results from this work will contribute to a better under-
standing of how very high temperatures and heatwaves are
related to BA over the IP, and whether this relationship has
changed over time. They will also contribute to improving
state-of-the-art knowledge about the characteristics of both
individual and concurrent events of high temperatures and
BA. By dividing the period into two halves, we intend to
characterise the evolution of such events, and identify
whether specific regions of the IP show a particular beha-
viour of increased or decreased events. We further aim to
study whether regions affected by concurrent events of
heatwaves and BA show a spatial increase or decrease of
area affected. Such assessment is crucial for effective miti-
gation and adaptation planning in this region.

Data and methods

Burned area database for Iberia

Values of BA associated with fire events over the IP were
derived from official information provided by the Portuguese
(Instituto da Conservacdo da Natureza e das Florestas
(ICNF)) and Spanish (Estadistica General de Incendios
Forestales (EGIF) from the Ministerio de Agricultura, Pesca
y Alimentacién (MAPA)) state agencies. BA data (burn scars
larger than 1 ha) covering the period from January 1980 to
December 2015 were then organised into monthly time-
series of total BA for the 18 districts of Portugal and the 47
provinces of Spain, adding up to 65 Administrative Regions
(ARs). Using information provided by the CORINE land
cover database (https://land.copernicus.eu/pan-european/
corine-land-cover), monthly normalised values of BA in
each AR (hereafter referred to as NBA) were obtained by
dividing by the respective area covered by fire-prone
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Annual mean JJAS cumulative NBA (%o)

vegetation, which includes agro-forestry areas, broad-leaved
forest, coniferous forest, mixed forest, natural grasslands,
moors and heathlands, sclerophyllous vegetation, transi-
tional woodland shrub, sparsely vegetated areas, and burnt
areas (which in time become revegetated). Owing to the low
temporal resolution of CORINE updates and the shortage of
datasets before 2000, two versions of CORINE were used,
namely the 2000 and 2018 ones. The former was used to
estimate fire-prone vegetation for the first half of the studied
period (1980-1997) and the latter for the second half
(1998-2015). The annual mean cumulative NBA in the
period covering June, July, August, and September (JJAS)
is shown in Fig. 1 (left panel).

Hot days and heatwaves

Hot days and heatwave events in the period 1980-2015 are
defined based on daily values of maximum temperature as
obtained from the European Climate Assessment & Dataset
(ECA&D) E-OBS version 20.0e (Cornes et al. 2018). First,
daily time-series of maximum temperature are spatially
averaged over each AR and then, for each calendar day,
the 90th percentile of maximum temperature is estimated
using a 5-day window centred on the day being considered
and covering the entire period (a climatology of this per-
centile for JJAS is shown in Fig. 1, right panel) (Zhang et al.
2005). A hot day is defined as a day with a maximum
temperature greater than the 90th percentile of that day,
and for each AR, the NHDs in a given month of a given year
are obtained by adding up the recorded number of hot days.
In turn, a heatwave event is defined as a period of 3 or more
consecutive hot days above the 90th percentile.

Relationship between NHD and NBA

For each AR, the relationship between NBA and NHD is
assessed using Pearson’s linear correlation coefficient
between the time series of the logarithm of NBA for a
given month m and (1) NHD for the same month m;
(2) cumulative NHD for months m and m — 1; and
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Fig. I|. Annual mean JJAS (left) cumulative
Normalised Burned Area (NBA) in permillage (%o)
and (right) 90th percentile of maximum temperature
(TX90) in degrees Celsius (°C) for the Iberian
Peninsula (IP) during the period 1980-2015. Values
are represented for the Administrative Regions
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(3) cumulative NHD for months m, m — 1 and m — 2. The
log transformation is used to decrease the skewness of NBA
distributions. The null hypothesis of correlation between the
logarithms of NBA and NHD is assessed using a two-tailed
Student’s t-test at the 5% significance level.

Recent change in NHD, NBA and concurrent events

When the correlation between synchronous NHD and NBA is
statistically significant in a given AR, temporal changes
during 1980-2015 are assessed for both variables (first as
independent and then as concurrent events). For this pur-
pose, the entire period between 1980 and 2015 is split into
two 18-year subperiods, the reference period 1980-1997
and the subsequent period 1998-2015. Then, a comparison
is performed between the number of times a given month, in
JJAS, presents 7 or more hot days in the reference and
subsequent subperiods. Afterwards, the same procedure is
used to assess the number of times NBA is larger than its
median value in each AR. Finally, the method is repeated to
test for concurrent occurrences of 7 or more hot days in a
month and NBA larger than its median. For a given statisti-
cal measure X, changes between the reference and the sub-
sequent periods are quantified by the normalised change
coefficient A defined as:

X —-X

A%) =
(%) X T %

X 100 D

where X; and X, are the values for the reference and subse-
quent periods, respectively. Negative (positive) A represents
a(n) decrease (increase) in the statistical measure in
1998-2015 when compared with the reference period
1980-1997. The statistical significance of changes in X is
assessed by using bootstrapping to generate 1000 samples
of each subperiod, computing the means X; and X; of X for the
reference and subsequent periods, and then using a
two-sample Kolmogorov-Smirnov test verifying the null
hypothesis that X; and X, are from the same continuous
distribution at the 5% significance level.
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Although this approach provides evidence about the
change between two consecutive time periods of concurrent
NBA and NHD monthly events, the use of the latter does not
provide information on continuous extremely hot days, i.e.
heatwaves. Accounting of NHD only allows the number of
hot days in a certain month to be known and the informa-
tion regarding whether the days are consecutive is disre-
garded. To account for the existence of continuous days, the
methodology is repeated to assess the evolution of concur-
rent NBA but this time with monthly heatwaves. Here, a
heatwave occurs if a group of 3 or more consecutive days
have TX above the 90th percentile. It should be noted that
the analysis of monthly NHD is different from that of heat-
waves, as in the former analysis the 7 days may be scattered
through the month, whereas in the latter analysis, a heat-
wave is defined as 3 or more consecutive days with TX
above the 90th percentile. However, NBA percentiles are
defined as previously. Finally, the A for each AR is again
estimated following Eqn 1.

This analysis shows the increase or decrease in concurrent
events of NBA and NHD/heatwaves focusing on the beha-
viour of each AR individually. However, it is also relevant to
understanding the spatial behaviour of concurrent events
over the IP. Thus, empirical cumulative distributions func-
tions (ECDFs) are estimated taking each map (referring to a
given month per year) of concurrent events for reference and
subsequent periods, indicating the probability of having less
than a given percentage of ARs area affected by concurrent
events of NBA and NHD/heatwaves. Moreover, as more than

NHD,,, + NHD,,_;

Jul

Aug

Sept /=

one heatwave may occur in the same month, ECDFs are
further divided into concurrent NBA and one, two, and
three or more heatwaves.

Results

Correlation between NHD and NBA

Maps of correlation between synchronous NBA and NHD
(Fig. 2, left panels) show that significant correlations are
mainly clustered on the north-western IP in June, July and
August, the month of July also presenting a cluster encom-
passing some ARs over the north-eastern IP. However,
September shows different ARs with significant correlations,
mainly centred over the southern quadrants of the IP. These
results show the sensitivity of the north-western IP BA to
synchronous very hot days. The month of July shows the
largest number of ARs with significant correlations, while
August shows a decrease in the number of Spanish ARs with
significant correlation, leaving most of these correlations
over Portuguese territory. Finally, there is a shift of signifi-
cant correlations to southern regions in September.

When the correlations are performed with cumulative
NHDs from previous months (Fig. 2, middle and right pan-
els), different spatial patterns are obtained. For instance, in
the months of June and September, NBA and NHD in most
of the ARs do not present statistically significant correla-
tions. In the case of June, this result indicates that NHDs in

NHD,, + NHD,,_; + NHD, ,

e ‘ T4 ‘
Ay T Ay
R ) st kv
iy S e
S ST

Fig. 2. Pearson’s correlation coefficient between
fire season monthly (June, July, August, September)
log-transformed Normalised Burned Area (NBA) and
the number of hot days (NHDs) for the same month
(left), combined with the previous month (centre),
and combined with the 2 previous months (right).
Administrative Regions (ARs) with correlations that
are not statistically significant at the 5% significance
level are coloured white.
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Number of years (by month) with NHD
>7 days

1980-1997

1998-2015

Number of years
[
01 2 3 456 7 8

spring - i.e. April and May - have virtually no impact on the
occurrence of wildfires in June. However, the months of July
and August present larger correlations in some ARs when
NHDs are combined with previous months. Furthermore,
there is a larger number of ARs that have significant correla-
tions in both July and August when combining NHDs with
the previous month.

Recent change of individual NHD and NBA

When compared with the reference period (1980-1997),
normalised changes of individual NHDs (Fig. 3) in the recent
period (1998-2015) show a substantial increase of the
occurrence of 7 or more hot days in June and a decrease
in September.

Fig. 4 shows the change between the number of times
NBA is equal to or larger than the 50th percentile for the two
considered periods, highlighting the fact that in June, there
is an increase that affects most of the IP. Results for July,
August and September indicate a decrease in NBA over most
of the territory. Some exceptions may be found, mainly over
Portugal and in some ARs located in Spain.

Recent change in concurrent NHD and NBA

Results also show a spatially monotonous increase of both
variables in June, which is reflected in a similar increase of

662

Normalised change
A (%)

Fig. 3. Number of years (by month) with 7 or
more hot days (NHDs) in the reference (left) and
subsequent (centre) periods, and respective normal-
ised change coefficient (right).

concurrent events (Fig. 5). During August, a dominance of
increasing concurrent events is evident when compared with
the reference period. However, the eastern IP shows a
decrease in such events. During July, a decrease in concurrent
events in most of the IP is present, but there is still an increase
in regions like southern Portugal and the north-western IP.
Finally, the month of September presents a decrease of con-
current events in most of the IP. It is also worth noting that
the north-western IP represents the larger cluster of increas-
ing concurrent events, independently of the month.

ECDFs (Fig. 6) show the differences in area affected by
concurrent events between reference (dashed orange lines)
and subsequent (solid red lines) periods for JJAS.

For June, there is a shift of the curve representing the
recent period to the right. This shift is found for both very
low percentages of area and extreme events, meaning that
there has been an increase in area affected by these events.
Differences at the lower end of the curves — smaller areas
affected by concurrent events — are ~0.40, i.e. the probabil-
ity of having concurrent events affecting fewer ARs has
decreased in the recent period and, consequently, concur-
rent events taking place in the recent period tend to affect
larger areas of the IP. Furthermore, extreme events (defined
by the upper end of the curves) affected a maximum of
~40% of the area in the reference period, whereas these
values increased to ~70% in recent years.
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Fig. 4. As in Fig. 3, but for Normalised Burned
Area (NBA) larger or equal than the median of NBA,
i.e. pSO(NBA).

Fig. 5. Asin Figs 3, 4 but for concurrent events (in
the same month) of number of hot days (NHDs)
larger or equal to 7days and normalised burned
area (NBA) larger or equal than p50(NBA).
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Area (%) of IP affected by NHD >7
days and NBA > p50(NBA)
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Fig. 6. Area (%) of Iberian Peninsula (IP) affected
by concurrent hot days (NHDs) larger or equal than
7 days and normalised burned area (NBA) larger or
equal than p50(NBA). Empirical Cumulative
Distribution Functions (ECFDs) show the probability
of having | month with some area (%) affected by
concurrent events. Reference period (1980-1997)
and the subsequent period (1998-2015) are marked
as dashed orange lines and solid red lines,

Conversely, the month of September shows a large differ-
ence in area affected by extreme events (upper end of the
curves; from 80% of area affected in the reference period to
~30% in recent years). In turn, the likelihood of having
up to 10% of an area affected by concurrent events has
increased in recent years. Finally, July and August
show very similar results between the reference and recent
ECDFs.

ECDFs representing the months of July and August are
further divided into positive and negative changes in
NHDs greater than 7 days and NBA higher than usual, i.e.,
ARs with A > 0 (Fig. 6, left) and A < 0 (Fig. 6, right),
respectively, because there is a more pronounced dichoto-
mic behaviour between ARs in these months when com-
pared with June (mainly positive A) and September
(mainly negative A). Indeed, results in July and August for

664

respectively.

positive change show a similar behaviour to June with an
overall increase in area affected by these events. However,
for negative changes, differences between the two periods
are small, especially when compared with differences found
in September.

Recent change in concurrent heatwaves and NBA

Similar results are observed when, instead of 7 or more hot
days in 1 month, at least one heatwave is considered as
concurrent with NBA (Supplementary Fig. S1). A composite
of the concurrent events in the JJAS period is shown in
Fig. 7, where the map (left) shows the values of A for
these events (between the reference and subsequent peri-
ods). The ECDFs are divided into positive and negative
changes in both number of heatwaves and higher than
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\90 X /(00 /@ /q,Q O PP &S of at least one heatwave (individual months in
7 Supplementary Fig. S1) and NBA larger than or
equal to p50(NBA). Empirical Cumulative
E Distribution Functions (ECDFs) show the
§ area (%) of the Iberian Peninsula (IP) affected
g by concurrent heatwaves and normalised
>3 HW (1980-1997) 2 burned area (NBA) larger or equal than
>3 HW (1998-2015) & p50(NBA). These are divided into concurrent
— = 2 HW (1980-1997) 2 events with one heatwave (orange/red), two
2 HW (1998-2015) 3 0.5 heatwaves (green), and three or more heat-
1 HW (1980-1997) ' ARs with A<0 waves (blue) in the same month. The refer-
1 HW (1998-2015) 0.4 ence period (1980-1997) and the subsequent
10 20 30 40 50 60  period (1998-2015) are marked by dashed
Area (%) lines and solid lines, respectively.

usual NBA, respectively ARs with A > 0 (right, top panel)
and A < 0 (right, bottom panel). Furthermore, ECDFs also
characterise concurrent NBA larger than its 50th percentile
and one, two, and three or more heatwaves in the same
month (blue, green and red, respectively). As with NHDs,
concurrent NBA and heatwaves increased mainly in
June and August and decreased in July and September
(Supplementary Fig. S1), with an overall summer increase
of such events mainly over Portugal and regions of central
and north-western Spain.

When comparing ECDFs representing positive values of A
(Fig. 7, top panel), results show that changes in area affected
by one heatwave and NBA larger than its 50th percentile
(dashed blue line for reference period and solid blue line for
subsequent period) are minor, with a shift of the subsequent
period curve to the right that is followed by the reference
period for the maximum values. This may be due to severe
heatwaves that took place during the reference period, such
as the one that affected Portugal in June 1981 (Garcia et al.
1999; Trigo et al. 2005) and the heatwave at the origin of
the July-August extreme fire season of 1991 (Nunes et al.
2005, 2019; Carmo et al. 2011). Without these two extreme
cases, the maximum percentage area affected by concurrent
events in the reference period decreases from 80% (as
shown in Fig. 7) to ~35%. Moreover, ECDFs representing
area affected by concurrent NBA and more than one heat-
wave (dashed and solid green lines for two heatwaves for

recent and subsequent periods, respectively; and dashed and
solid red lines for =3 heatwaves, respectively) experience a
larger shift to the right, meaning a lower probability of
a smaller area affected by concurrent events and higher
probability of a larger areas affected by these events.
Indeed, the maximum area affected by concurrent NBA
larger than its median and three or more heatwaves in the
reference period was ~3% (orange dashed line), whereas in
the subsequent period that maximum area increased tenfold
to ~30% (solid red line).

Conversely, ARs with negative values of A (Fig. 7, bottom
panel) show a shift to the left of the curves characterising
the subsequent period, independently of the number of
heatwaves, meaning these regions experience a decrease in
probability of having large areas affected by these events.

Finally, and as expected, concurrent events of wildfires
defined with an NBA larger than usual (median) for the JJAS
period and 7 or more NHDs in the same month or heatwaves
defined as 3 or more consecutive hot days in the same
month, show very similar spatial patterns. However, the
discretisation of heatwaves in number of heatwaves in a
month may be viewed as an added value regarding the use
of NHD (which may be scattered along the month). Indeed,
the number of years with monthly concurrent heatwaves
and NBA larger than its median is generally higher than
the number of years with 7 or more hot days(Fig. 5,
Supplementary Fig. S1).
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Discussion

The relationship between NBA and NHD is stronger over the
north-western IP in the months of June, July and August.
These regions are extensively forested and are those with
larger BA (Fig. 1, left panel), which mainly results from
wildfire occurrences in July and August (Oliveira et al
2012; Pereira et al. 2015; Trigo et al. 2016). The shift of
significant correlations to southern regions observed in
September may be related to the different fire regimes
over the IP. Indeed, these regions are characterised by a
drier climate, the vegetation being drier and sparser than in
the northern parts. It should also be stressed that the ARs
shown in September are generally characterised by lower
values of BA (Fig. 1, left panel). Moreover, when NHDs are
combined with those of the previous months, parts of the
north-western IP (particularly those located over Portugal)
present an increase in the correlations between NBA and
NHDs in July and August.

When combining NHDs with previous months, an inter-
esting case arises: the north-western region of Portugal
in August. This region presents larger correlations when
combined with the previous and the two previous months
(Fig. 2, centre and right panels, respectively). This is an
indication of the sensitivity of fire danger — which in turn
is directly related to the high availability of biomass and fuel
over the region (Gouveia et al. 2012) — to very hot days
occurring in June (the month that precedes July) and in
June and July (the 2 months preceding August).

It is worth noting that correlations between NBA and
NHD indicate: (1) the existence of spatial consistency, i.e.
larger significant correlations are clustered in specific
regions, which are mainly found in the north-western IP;
(2) the largest correlations are found in fire-prone regions;
and (3) the existence of memory in the relationship between
BAs and NHDs from previous months. Although this work
reveals a strong relationship between these two variables, it
is worth stressing that hot days are just one of the drivers of
fire occurrence among other variables such as wind speed
and direction, relative humidity and available biomass
(Russo et al. 2017; Nunes et al. 2019; Vieira et al. 2020;
Oliveira et al. 2021). Even so, these results reveal the impor-
tance of summer and early summer hot days for BA in
specific regions of the IP.

The number of years with 7 or more hot days has subs-
tantially increased in June over the entire IP in the period
1998-2015 when compared with 1980-1997. Indeed, early
hot events have been widely recorded in the last decade
over the IP (Sanchez-Benitez et al. 2018; Sousa et al. 2019),
namely in June 2017. Furthermore, according to the studies
by Pena-Ortiz et al. (2015), as a result of the ongoing
climate change, summers are becoming longer and with an
earlier onset (i.e. June), and the linear trends of temperature
over the IP agree with results presented here that show a
positive trend in June, and a negative trend in September.
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Additionally, in September, several ARs (except northwest
Portugal and some ARs over northwest Spain) experienced a
decrease in NHDs over the same period. Regarding NBA, this
seems to have decreased over time, especially over Spanish
territory. This may be connected to mitigation policies such
as the increase in fire suppression to protect urban settle-
ments and increases in firefighting resources, particularly
aerial ones (Seijo and Gray 2012; Urbieta et al. 2019;
Jiménez-Ruano et al. 2020; Rodrigues et al. 2020). The
substantial decrease in concurrent events in September
may also be a result of the shift to early summers as well
as of fire mitigation policies (Pena-Ortiz et al. 2015).

Concurrent NBA (larger than the 50th percentile) and
NHD (larger or equal to 7 days) or heatwaves (three or
more consecutive hot days) have substantially increased in
June (entire IP) and August (except eastern Spain), and
mainly decreased in September. In July, there is an increase
in concurrent events in some ARs (e.g. southeast IP) while
others show a decrease in events (e.g. southern Spain).
Furthermore, the probability of having a larger area of the
IP simultaneously affected by such events in June has subs-
tantially increased in the recent period, whereas in September
it has decreased. Finally, the area affected by concurrent
wildfires and three or more heatwaves in 1month has
increased tenfold over the IP (for ARs that show an increase
in concurrent events between the reference and subsequent
periods).

Conclusions

Wildfires are a recurrent phenomenon that entail serious
social and economic consequences. Furthermore, wildfires
are known to frequently occur in southern European countr-
ies such as Portugal and Spain. With climate change projec-
tions showing an increase in wildfire danger and indicating
this region as a hotspot of global warming, the study and
understanding of the mechanisms and responses of wildfires
to meteorological events are increasingly relevant. The ratio-
nale of this work was to understand the relationship between
wildfire-related NBA and summer heat extremes (defined
based on the observed number of monthly NHDs or heat-
waves) over the IP (at the ARs level). Correlations between
the two variables indicated the existence of spatial consist-
ency with higher values in the north-western region of the
IP, which is also characterised by fire-prone vegetation, and
the existence of a ‘memory factor’ in the relationship
between BA and NHDs from previous months. Results
showed that there were substantial changes in the behaviour
of NBA and NHD and concordance between the two in
different summer months over the IP. Furthermore, this
study draws attention to changes in extremely hot events
in June over the IP, such as the 2017 heatwave that resulted
in the deadliest wildfire episode ever recorded in Portugal.
Hence, this work may pave the way to further studies that
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tackle extreme hot and dry events early in June, which in
turn may become a key element in the development of early
warning systems and awareness of national authorities of
such events.
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Supplementary material is available online.
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Data availability. Burned area data was obtained from ICNF (https://www.icnf.pt/) and EGIF from MAPA (https://www.mapa.gob.es/es/). Land cover is
from https://land.copernicus.eu/pan-european/corine-land-cover. Daily values of maximum temperature are from the European Climate Assessment & Dataset
(ECA&D) E-OBS version 20.0e (https://www.ecad.eu/download/ensembles/download.php).
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