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Abstract: The Mediterranean region is characterized by the frequent occurrence of summer
wildfires, representing an environmental and socioeconomic burden. Some Mediterranean countries
(or provinces) are particularly prone to large fires, namely Portugal, Galicia (Spain), Greece, and
southern France. Additionally, the Mediterranean basin corresponds to a major hotspot of climate
change, and anthropogenic warming is expected to increase the total burned area due to fires in
Mediterranean Europe. Here, we propose to classify summer large fires for fifty-four provinces of the
Iberian Peninsula according to their local-scale weather conditions and fire danger weather conditions.
A composite analysis was used to investigate the impact of local and regional climate drivers at
different timescales, and to identify distinct climatologies associated with the occurrence of large fires.
Cluster analysis was also used to identify a limited set of fire weather types, each characterized by a
combination of meteorological conditions. For each of the provinces, two significant fire weather
types were identified—one dominated by high positive temperature anomalies and negative humidity
anomalies, and the other by intense zonal wind anomalies with two distinct subtypes in the Iberian
Peninsula., allowing for the identification of three distinct regions.

Keywords: large fires; Iberian Peninsula; fire weather types; cluster analysis

1. Introduction

Wildfires are a natural phenomenon [1] and occur with varying regularity and severity across
almost every biome on Earth [2]. The Mediterranean region is characterized by the frequent occurrence
of large summer wildfires, being by far the European region with the largest total burned area, with an
average of 4500 km?2 per year [3]. However, the relevance of wildfires is not homogeneous within the
Mediterranean basin, with some specific countries (or provinces) being particularly prone to large
fires, namely Portugal, Galicia (Spain), Greece and southern France [4-6]. Some of the most dramatic
episodes occurred during this century, particularly in the western region of the Iberian Peninsula [7],
often translating into significant human and socioeconomic impacts [4,8].

Numerous features make the landscape of Mediterranean Europe dissimilar from those of the
rest of the European continent, and these differences are mostly related to the climate and the long
and intense impact of humans [9], but also reflect the role of fire [10]. Since the second half of the 20th
century, some European Mediterranean countries have experienced profound social and economic
changes. In particular, the depopulation of rural areas has led to the recovery of vegetation and an
increase in accumulated fuel, causing an increase in fire frequency [9,11]. Apart from the social and
economic factors, weather and climate play a vital role as forcing factors [11,12]. Most of the fires occur
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on particularly hot days during summer months, when high temperatures and low relative humidity
and fuel moisture increase the risk of fire [13-15].

The role played by climate and weather in the occurrence of large fires has been frequently
discussed [5,11,12,16], evidencing their multi-scale behavior [15,17-19]. Ruffaultetal. (2016,2018) [5,16]
described in detail the role of meteorological and climatological variables in fire occurrence of different
sizes in southern France, showing that, at annual to seasonal timescales, the atmospheric conditions
are essential to the growth of fine fuels. Russo et al. (2017) [18] stressed that temperature and
evapotranspiration in summer play a leading role on the occurrence of large fires in most of the
coastal Portuguese provinces, while spring precipitation should also be considered in central Iberian
Peninsula. While antecedent conditions are necessary to the generation of large fires, instantaneous
meteorological conditions play a strong role in fire ignition, intensity, propagation [19,20], and post-fire
recovery [21,22].

Several works focused in the Mediterranean linked large fires to the occurrence of extreme or
abnormal weather events, namely heatwaves [23], preceding drought [3,18], intense winds [16,24] and
the compound occurrence of these events. For instance, Koutsias et al. (2012) [25] and Gouveia et al.
(2016) [17] identified the exceptional synergy between weather conditions, namely drought and
heatwaves, and fire occurrence during the 2007 southern Greece exceptional fire season. Similarly, other
authors have shown that recent extraordinary compound heat and drought events had particularly
severe impacts on fire occurrence in Iberia in 2003 [13,26], 2010 [27] and 2017 [28]. Nevertheless,
differentiating the analysis regarding fire sizes and the corresponding drivers is still a challenge [5].
However, there is no unique definition of a large fire, and different studies have used distinct
definitions. Over Portugal, Parente et al. (2016) [29] followed the official national definitions of a large
fire (burned area is higher than 100 ha), while other studies use statistical definitions [11]. The use of a
percentile-based definition for large areas [19,30] must be considered carefully, since a range of factors
influences the incidence and size of fires, in addition to the weather and climate, such as ignition
sources, fuels, terrain and suppression forces [31]. Therefore, the use of a statistical definition should be
used for pyro-regions, where fire behaves similarly and not based on the political borders of a country.

Hence, there is considerable interest in identifying meteorological factors that control large fire
activity in regions that are particularly sensitive to climate change, such as the Iberian Peninsula.
Future climate scenarios project an increase in mean burned areas, with an increase that can be two
to three times higher than the verified in the present [7], raising risk levels to the environment and
citizens [32,33]. The dependency of fire activity on meteorological conditions can be quantified not only
by using meteorological variables [5,34], but also using indices that combine several meteorological
variables. Accordingly, several fire danger rating systems have been proposed to anticipate periods of
heightened fire risk, mainly for early warning purposes. Among the most used indices is the Canadian
Forest Fire Weather Index System (FWI), developed by the Canadian Forestry Service. The FWIis based
on daily values of temperature, relative humidity, wind at noon and 24 h accumulated precipitation,
and has been operational since 1970 in Canada [35], being the most extensive fire danger rating system
used operationally in the world [36]. In Europe, the FWI system is fully operational and is provided
every day by the European Forest Fire Information System (EFFIS), which is part of the Copernicus
Emergency Management Service (Copernicus EMS).

There is growing recognition that the identification of a multiplicity of fire weather types (FWTs)
has a considerable interest in studies of fire regimes, namely to (1) allow for a better understanding
of the relationship between distinct meteorological mechanisms and fire occurrence; (2) explain the
patterns of fire severity; (3) improve projections/forecasts and fire-fighting strategies at a regional
scale [5]. Recently, Rodrigues et al. (2020) [37] identified four large weather types in four pyro-regions
of the Iberian Peninsula, based on the identification of large fires with a burned area greater than
500 ha. The bulk of fires have been identified as having started in the vicinity of the Serra da Estrela
(Portugal), under average conditions of the four typologies, but leaning towards ‘seasonal drought’
conditions. Conversely, fires in the Mediterranean side, the largest within the Iberian Peninsula, were
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associated with hot and dry spells without remarkable drought events. Despite the relevance of the
results obtained by Rodrigues et al. [37], it is important to stress some caveats of the study, namely
(i) the use of a unique threshold to classify a fire as being large for all the Iberian Peninsula without
considering the regional differences, (ii) the small length of dataset used (2001-2015), and (iii) the
identification FWT is based only on the fire ignition day. Therefore, in this study, we aim to address
some of the referred caveats, and propose to (1) identify and classify large summer fires based on a
provincial threshold definition for each of the fifty-four provinces of the Iberian Peninsula and (2) to
identify regions with similar forcing conditions favorable to generating Iberia’s large fires according to
their local-scale weather conditions. Furthermore, a composite analysis is proposed to investigate the
impact of local and regional climate drivers at different timescales.

2. Materials

2.1. Burned Areas

Information on each fire event recorded between 1980 and 2015 was taken from two separate
databases. The fire data were provided by the Portuguese Institute of Nature Conservation and
Forests [38,39] and by Wildland Fire National Statistics of the Spanish Ministry of Environment and
Rural and Marine Affairs [40]. A fire season spanning between June and September was considered,
as most of the large fires in the Iberian Peninsula occur during summer [18]. The analysis was also
restricted to burned area above one ha in order to exclude fires that were not forced by meteorological
factors. Each fire event was spatially organized within the fifty-four provinces in the Iberian Peninsula
(seven in Portugal and forty-seven in Spain (Figure 1)).

1. Algarve 21.laCorufia  41.Pontevedra
2. Alentejo 22. Cuenca 42, salamanca
3. RibatejoOeste 23. Gerona 43, Cantabria
4. Beira Interior 24, Granada 44. Segovia

5. Beira Litoral 25, Guadalajara 45. Sevilla

6. TrasMontes 26. GUiptzcoa  46. Soria

7. Entre DouroMinho 27. Huelva 47. Tarragona
8. Alava 28. Huesca 48. Teruel

9. Albacete 29. Jaén 49. Toledo

10. Alicante 30. Ledn 50. Valencia
11. Almeria 31. Lérida 51. Valladolid
12. Avila 32. La Rioja 52. Viscaya
13, Badajoz 33, Lugo 53. Zamora
14, Barcelona 34, Madrid 54. Zaragoza
15. Burgos 35. Malaga

16, Caceres 36. Murcia

17. Cadiz 37. Navarra

18. Castellon 38. Ourense

19. Ciudad Real 39. Astlirias

20. Cérdoba 40. Palencia

Figure 1. Geographical boundaries of the fifty-four regions of the Iberian Peninsula.
2.2. Meteorological Variables

The meteorological variables used in this analysis were extracted from the European Centre
Medium-Range Weather Forecasts ERA-Interim reanalysis archive [41]. Five daily surface variables
at 12 UTC (Universal Time Coordinated) were extracted, namely, 2 m temperature and dewpoint
temperature, zonal and meridional wind components at 10 m and 24 h accumulation precipitation.
In addition to these variables, the relative humidity was computed from the Magnus formula as
described by Lawrence (2005) [42]. The wind intensity was calculated from the module of the zonal
and meridional wind components for each grid point. The meteorological data were re-projected into
the normalized geostationary projection of Meteosat Second Generation (MSG) following Pinto et al.
(2018) [6], since the FWI database (including Duff Moisture Code (DMC) and Drought Code (DC))
is calculated for the MSG disk. Afterwards, each grid point is aggregated onto one of the fifty-four
regions (Figure 1). As a result, fifty-four aggregated datasets are calculated based on the computation
of the average values for all the grid point within each province’s limits.
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The meteorological data for each province were then put through a preliminary pre-processing
sequence according to the following procedure:

1.  Calculation of daily, weekly and monthly climatologies for the above mentioned meteorological
variables using a reference period of 1980-2015.

2. Calculation of daily, weekly and monthly anomalies for all variables in the study.

3.  Standardization of anomalies to allow comparison between variables at different timescales.

2.3. Fuel Moisture Codes

The FWI system is organized into six different components, reflecting distinct aspects of the
impact of meteorological variables on fuel flammability and fire spreading characteristics. FWI system
computation requires measurements of instantaneous temperature and humidity at 2 m, and sustained
wind speed at 10 m (all at noon), as well as 24 h total precipitation. Firstly, the FWI system computes
the fuel moisture codes that follow daily changes in the moisture contents of three different layers of
forest fuel with varying rates of drying. Secondly, the two intermediate components of the system,
which represent the rate of spread and amount of available fuel, are determined. Finally, the FWI is
calculated. Both the DMC and DC are numerical values that represent the average moisture content
of fuels. In the case of the DMC, it represents the loosely compacted organic layers of moderate
depth, and the primary goal of this code is indicating fuel consumption in moderate duff layers and
medium-sized woody material. The DC, on the other hand, represents the average moisture content
of deep, compacted organic layers and heavy surface fuels. Both indices are calculated through the
methodology described by Van Wagner (1987) [35].

3. Methods

3.1. Large Fires Classification

Following the definition proposed by Ruffault et al. (2016) [5], each fire event was classified into
four classes according to the final burned area. Each class is defined by the calculation of percentiles
1, 85,95 and 98. Thus, within the scope of this work, a fire was considered a large fire if the burned
area presented a value higher than that of the 95th percentile of the respective distribution and it was
classified as a very large fire if it surpassed the 98th percentile. In order to facilitate the analysis, the
large fire percentile values are shown in Figure 2. In addition, provinces with a number of large fires
below the 25th percentile (at the Iberian Peninsula level) were excluded (Figure 2, white provinces)
and are not considered in the analysis.

Figure 2. Representation of 95th percentile of burned area (ha) for each of the provinces of the Iberian
Peninsula. Provinces with very few large fires are represented in white and were disregarded.
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3.2. Cluster Analysis: K-Means and Composite Analysis

A cluster analysis algorithm based on the K-means method was applied to identify the FWT based
on standardized local-scale anomalies associated with the large fires previously identified for each
of the Iberian Peninsula provinces. The K-means algorithm aggregates data by separating samples
in K groups of equal variance, such that the squared error between the empirical mean of a cluster
and the points in the cluster is minimized (minimizing the inertia or within-of-squares). The ‘gap’
method was used before applying the cluster analysis to estimate the optimum number of clusters [43].
Afterwards, a composite analysis was performed following the approach introduced by Ruffault et al.
(2016,2018) [5,16] for different temporal scales, namely twenty days (ten days before and in the ten
days after the day of the beginning of the fire) and nine months (seven months before the fire month
and two months after), to capture the synoptic and interannual variability, respectively.

4. Results

4.1. Large Fires in the Iberian Peninsula

The burned area thresholds relative to large fires are quite different among the regions (Figure 2).
The eastern provinces of the Iberian Peninsula and central Portugal present the highest values of the
95th percentile of the respective distribution of burned area in those regions. It is worth noticing the
relatively wide range of values obtained for the 95th percentile thresholds. These range from low
values observed for several provinces in the north-western sector of Iberia (95th percentile < 100 ha)
and considerably larger values in the Mediterranean coastal area (95th percentile > 300 ha). These
differences are mostly due to the very different fire regimes observed in these different areas, with
the north-western region being characterized by many smaller fires than the other provinces of both
Portugal [36] and Spain [44]. On the contrary, the Mediterranean sector has less fires but quite often
with a large burned area [44].

The averaged standardized anomalies of the meteorological variables on the day of ignition of
varying burned area percentiles are represented in Figure 3. The anomalies of temperature and relative
humidity increase in modulus according to the value increase in the total burned area of the events for
the Iberian Peninsula. For the case of temperature, the median standardized anomalies of the fire day
are always positive and follow the behavior already described, i.e., fires with a higher burned area
are associated with days with higher temperature anomalies. Conversely, relative humidity shows
median anomalies for the day of the ignitions which are increasingly negative for fires with higher
burned areas. The fires above the 95th (and 98th) percentile stand out with the highest anomalies of
temperature and relative humidity for all classes of burned areas. Conversely, anomalies of zonal
and meridional wind velocity present a near-zero standardized anomaly with increasing spread as
burned area percentile increases. Moreover, the zonal wind anomalies on the fire ignition day present
higher variability compared to meridional wind anomalies. Therefore, the zonal wind speed was
chosen to identify different Fire Weather Types (FWTs) associated with the occurrence of large fires in
the Iberian Peninsula. The negative (positive) anomalies are indicative of prevailing winds from the
eastern (western) quadrant.
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Figure 3. Standardized anomalies for the ignition days of (a) temperature, (b) relative humidity,
(c) zonal (U) and (d) meridional (V) velocity of the wind, (e) Duff Moisture Code (DMC) and (f) Drought
Code (DC) in the Iberian Peninsula according to the final burned area percentiles 1 (gray), 85 (purple),
95 (orange), and 98 (red).

A similar analysis was made for the drought-related FWI indices (Figure 3 e,f), Duff Moisture
Code(DMC) and Drought Code (DC), displaying the standardized anomalies of the indices of fuel
dryness. As in the case of the majority of the meteorological variables, DMC and DC present higher
anomalies for higher burned areas, and the median anomalies are always positive. The magnitude of
DMC- and DC-standardized anomalies, at this timescale, are similar. However, the range of values
associated with DC is larger when compared to the range of values of DMC, suggesting that Iberian
Peninsula fires occur under different dryness conditions.

4.2. Fire Weather Types

Three distinct fire weather types were identified based on the application of the K-means algorithm
to the standardized anomalies of temperature, relative humidity and zonal wind velocity measured for
the days of ignition in each region. The first weather type identified, hereafter FWT1 (fire weather type
1) (Figure 4), is characterized by high positive temperature anomalies (above one standard deviation),
and strong negative relative humidity anomalies (above one standard deviation). It is important to
stress that the anomalies of each of the analyzed variables are different among all the regions.
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Temperature Relative Humidity

] 25

Figure 4. Standardized anomalies of the temperature and relative humidity values for large fires
days under FWT1 (fire weather type 1) conditions in each province The point indicates whether
the fire weather type represented is statistically significant at the province level (Kruskal-Wallis
non-parametric test with 95% significance). Provinces with very few large fires are represented in white
and were disregarded.

The second weather type identified, hereafter FWT?2 (fire weather type 2) (Figure 5), is characterized
by high wind speed anomalies (above one standard deviation). Most of the western and several central
Iberian regions are characterized by negative standardized anomalies of the zonal wind velocity. As in
the case of the analysis of the meteorological variables, the negative signal of the zonal wind speed
anomalies is indicative of easterly winds. However, for the eastern regions of Iberia, FWT2 presents
zonal wind anomalies above two standard deviations, with prevailing westerly winds. Conversely,
a third fire weather type was identified by cluster analysis, not configuring any extreme weather
conditions. However, it should be noted that this last fire weather type is not statistically significant
when applying the Kruskal-Wallis test (95% significance) [45] in most provinces. So the weather
conditions associated with this fire weather type are not so relevant in triggering and in the propagation
of large fires. While fuel dryness is an important factor, this fire weather type was not analyzed further
due to the lack of statistical significance at this timescale.

Zonal Wind

3

Figure 5. Standardized anomalies of the zonal wind velocity for the large fires days under FWT2
(fire weather type 2) conditions in each province. The point indicates whether the fire weather type
represented is statistically significant at the province level (Kruskal-Wallis non-parametric test with
95% significance). Provinces with very few large fires are represented in white and were disregarded.

To assess the importance of the fire weather types, Figure 6 illustrates the predominant mode in
each province with a higher percentage of burned area associated with large fires identified for the
considered period. Consequently, three distinct large regions in the Iberian Peninsula were identified:
(1) FWT1, in red, is responsible for the largest amount of burned area in most provinces; (2) FWT2_E
(fire weather type 2_east), in blue, provinces where the easterly winds are predominant, which are
concentrated in the northwest regions of the Iberian Peninsula; (3) FWT2_W (fire weather type 2_west),
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in green, predominates in the easternmost provinces of the Iberian Peninsula and is controlled by

westerly winds.
FWT2_E
FWT2_W
FWT1

Figure 6. Representation of the predominant fire weather types in each province. Fire weather type 1

(FWT1) is represented in red in provinces where temperature and relative humidity dominate. FWT2
(fire weather type 2) is represented in blue, FWT2_E (fire weather type 2_east), and green, FNT2_W
(fire weather type 2_west), in provinces where the east or west zonal wind controls large fires activity,
respectively. Provinces with very few large fires are represented in white and were disregarded.

4.3. Fire Weather Type Characterization

4.3.1. Shorter Timescales

The use of composites for all fires (grey) and large fires (red) is intended to evaluate the influence
of each of the meteorological variables on fires and how activity associated with large fires differs from
activity associated with all fires on a wider 20 day timescale, in this case, for the three identified regions
with the same predominant fire weather types (Figure 7). Unlike temperature and relative humidity,
the zonal wind has a restricted influence on the fire ignition day itself. In all cases, the anomalies
decrease immediately after that day. However, for provinces where FWT2_E and FWT2_W are
predominant (respectively green and blue color, Figure 7), there is a greater difference between the
anomalies for all the fires and the large fires composite. It is verified that the peak of zonal wind is
well marked for the ignition day (Figure 7g—i), while the days before the fire day present near-zero
anomalies and in the two days immediately after the day of the beginning of the fire, the anomalies
return to the average values. In contrast, provinces where FWT1 stands out (red color Figures 6
and 7a—c) show both the temperature and relative humidity with clear, strong anomalies. However,
contrary to the wind, the effect of these two variables is not restricted to the fire ignition day but starts
several days before. In these provinces, for both temperature and relative humidity, the distribution of
the anomaly values for large fires is separated from all fire anomalies up to four days before the fire
day, where the maximum value of the anomaly is reached and decreases two days immediately after
ignition day.
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Figure 7. Composites of the standardized anomalies of the (a—c) temperature, (d—f) relative humidity
and (g—i) zonal wind at 20 day timescales for all fires (gray) and large fires (red) associated with the
three large regions identified in Figure 6 with the same predominant fire weather type.

4.3.2. Monthly Timescales

For a monthly timescale, the composites of the standardized anomalies of the DMC and DC of the
three identified regions show distinct behavior between all fire (gray) activity and the distribution
of anomalies of large fires (red, Figure 8). This longer timescale is appropriate to infer the dryness,
not only of the fuels at different depths but also of the soil dryness itself, since both variables depend on
precipitation and temperature, functioning as proxies of the drought and indicative of the pre-season
fire conditions.

DMC

" FWT1 w FWT2_E o FWT2_ W

2 1.00 2 1.00 b = 2 1.00 =

E 0.75 a) g 0.75 } g 0.75 C)

2 2 2

£ 050 £ 050 £ 050

T 025 /_/1 T 025 T 0.25 R

Q @ Q

5 0.00 == y 5 000 N 5 0.00 = W

8 -0.25 8 -0.25 ’(ﬂ \ 8 -0.25

%—050 %—050 %—050

n T-7-6-5-4-3-2-10 12 T -7-6-5-4-3-2-1012 &K T-7-6-5-4-3-2-10 1 2

DC Month Before/After Fire Month Before/After Fire Month Before/After Fire

g 1.00 g 1.00 g 1.00

E 0.75 d) g 0.75 E) g 0.75 f}

2 2 2

£ 050 £ 050 £ 050

g 025 Q_/\ 3 025 3 025

‘-§ 0.00 -é 0.00 -§ 0.00

8025 £ 025 / 8 _0.25

%—050 5—050 %—050

n T-7-6-5-4-3-2-10 1 2% T -7-6-5-4-3-2-1012 &H T-7-6-5-4-3-2-10 1 2
Month Before/After Fire Month Before/After Fire Month Before/After Fire

Figure 8. As in Figure 7, but for (a-c) Duff Moisture Code (DMC) and (d-f) Drought Code (DC) at
9 month timescales.
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Although with different levels of standardized anomalies, two to four months before the fire,
the DMC anomalies for the large fires generally start to rise, while the same increase becomes evident
only a month before for the all-fires curve (gray). Moreover, for provinces where FWT1 (Figure 8a,d)
and FWT2_E (Figure 8b,e) predominate, there is a clear difference in the distribution of anomalies
between all the fires and the large fires, making it possible to identify an increase in the large fires
anomalies three months before the fire season. On the contrary, for FWT2_W (Figure 8c,f), monthly
DMC anomalies are practically identical independently of the fire sizes.

The monthly distributions of the DC anomalies of all fires and the large fires are not coincidental,
except for provinces controlled by the westerly wind FWT and these continue rising approximately two
months after the fire season. For FWT1, the distribution of the monthly anomalies associated with the
large fires always stays significantly above the corresponding all fires curve, likely implying that large
fires tend to be associated with considerably drier seasons. On the other hand, for provinces where
FWT2_E is responsible for the largest amount of burned area, DC presents the same behavior as DMC
but with lower anomaly values. We are not sure why FWT_E shows such negative anomalies several
months prior to the fire event. It appears to be a climatological feature because between -5 and -7
months, there is almost no difference between the all fires and large fires curves. On the contrary, closer
to the fire event (i.e., months —2 to —1), there is a large difference between the all fires and large fires
curves for both DC and DMC, stressing the relevance of this parameter for the large fires of this cluster.

5. Discussion

This study analyzes historical meteorological data and fire records for both Iberian countries
(Portugal and Spain) aiming to classify summer large fires according to their forcing local-scale weather
conditions at the surface (i.e., temperature, relative humidity, wind speed) and two fire danger weather
indices from the Canadian FWI, Duff Moisture Code (DMC) and Drought Code (DC). Based on the
historical data, large fires were identified according to a threshold approach for fifty-four different
regions of the Iberian Peninsula. The very different threshold values identified for each province
support the hypothesis that a one-fits-all large fires threshold definition should be avoided, as each
province is characterized by a specific fire regime which causes that large fires to be triggered by
different conditions.

In order to identify the different climatic conditions associated with the occurrence of large fires
for each province, a cluster analysis was applied to all provinces based on standardized anomalies
of temperature, relative humidity and zonal wind velocity in large fires days. This analysis allowed
the identification of two significant FWTs (FWT1 and FWT?2) in the Iberian Peninsula that spatially
aggregated into three major regions.

The meteorological characteristics associated with FWT1, namely high temperature and low
relative humidity, are described as among the predominant conditions associated with the occurrence
of large fires in the Iberian Peninsula. Pereira et al. (2005) [11] have shown that large fires in Portugal
are mostly related to anomalous advection of hot and dry air from Northern Africa and through
central Iberia, associated with high temperatures and low relative humidity. In this context, Trigo et
al. (2006) [13] have shown that the exceptional fire season of 2003 in Portugal was characterized by
significant anomalies of surface meteorological variables, namely with positive anomalies in surface
maximum and minimum temperature and low relative humidity. In fact, in the Iberian Peninsula,
this FWT is predominant in many provinces, contributing significantly to the occurrence of large fires,
unlike other Mediterranean regions, such as southern France [5,16].

FWT?2 is mainly characterized by substantial wind anomalies, and it includes most of the Iberian
Peninsula Mediterranean provinces. The large fires days associated with this FWT present distinct
wind characteristics, where provinces classified as FWT2_E and FWT2_W are dominated by east
and westerly winds, respectively. Thus, large fires which occur in the western sector of the Iberian
Peninsula are essentially associated with easterly winds, while westerly winds mostly control large
fires occurring in the eastern sector. This is in accordance with the work by Hoinka et al. (2009) [46],
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which evaluated the evolution of synoptic and mesoscale wind, temperature and humidity patterns
during wildland fire events above 500 ha in Portugal. This study concluded that for the fire day, most
of the fires present winds with an eastern component, with air being advected from the interior of
Spain. Likewise, a study performed by Rasilla et al. (2010) [47] showed that the eastern sector of the
Iberian Peninsula is characterized by westerly winds that contribute to the displacement of air masses
from the Atlantic, which cross over the Spanish mainland and cause a strong drying and warming that
contributes to increasing the risk of wildfire occurrence [48]. Our findings of two predominant wind
regimes associated with large fires days support the results of these two studies. Moreover, a FWT
dominated by wind components was also identified as being associated with the occurrence of large
fires days in southern France [5,16]. However, contrary to what happens in the Iberian Peninsula, where
FWT1 is responsible for the largest amount of burned area in most provinces, in the Mediterranean
region of France, wind is the meteorological variable that contributes to the largest amount of burned
area associated with the large fires events [5].

In order to distinguish the importance of the different variables that are related to the occurrence
of the large fires at different timescales in the three identified regions, a composite analysis was
applied. At the shorter timescales (20 days), meteorological variables override the influence of the
drought-related FWI indices, but with different lags for the regions under study. The wind has a
restricted influence on the fire day and is the dominant factor of both variants of FWT2. The anomalies
of temperature and relative humidity reveal a significant separation between the all fires and large fires’
curves, although with different lags for the three regions. At longer timescales (9 months), compatible
with interannual variations of the pre-fire season and drought-proxy conditions, DMC and DC, present
a considerable difference between activity associated with all fires and large fires, although at different
lags for each region.

The current assessment stands out from previous studies in several aspects, namely (1) the validity
of considering a variable threshold is proven; (2) the use of a longer fire database (35 years) allows
the identification of more reliable climatologies; (3) the identification of three FWTs at the Iberian
Peninsula level highlights the necessity to study the conditions leading to large fires at the local/regional
scale; (4) the relevance of each FWT identified varies significantly in all provinces, proving that large
fires spread depends on different meteorological conditions according to geographic location; (5) the
importance associated with the dryness of fuels is not uniform in the Iberian Peninsula and operates at
different timescales. Nevertheless, we should acknowledge that, similarly to Rodrigues et al. (2020) [37],
we have also only considered the fire ignition day when identifying large fires.

6. Conclusions and Future Work

This study proposes to classify summer large fires for fifty-four provinces of the Iberian Peninsula
according to their local-scale weather conditions based on composite and cluster analysis. Based on
the proposed methodology, it was possible to determine that the definition of a large fire varies at the
provincial level, which suggests that the use of a single threshold for large areas is somewhat misleading.
Another aspect which should be highlighted is the fact that three Fire Weather Types (FWTs) were
identified at the Iberian Peninsula level, although with contrasting characteristics, highlighting the
variability of large fires at a more regional scale. Finally, it was possible to conclude that climate
and weather do not have a similar influence throughout the Iberian Peninsula, also showing that the
dryness of fuels is not uniform in the region and operates at different timescales.

The relevance of this research is particularly significant within the context of climate change
scenarios for the western Mediterranean. Taking into account the projected rise in temperature and
drought frequency as well as a decrease in precipitation for the Mediterranean region [49], this could
lead to an increase in heatwaves, characterized by days with considerable above-normal temperatures,
in the future. Since we have detected that FWT1 is an important FWT in the Iberian Peninsula,
particularly well associated with the development of large fires, it is expected that this could drive an
increase in large fires” events in the western Mediterranean. Therefore, as future work, the identified
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climatologies may be included in future projections to estimate the variability of these variables and
frequency of FWTs in order to improve our knowledge on future conditions associated with large fires
in this part of the globe.
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