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Resumo
Os incêndios são fogos descontrolados e/ou não planeados que ocorrem normalmente em áreas
rurais e/ou nas interfaces rural-urbana (RUI), queimando florestas, matos e vegetação agrícola.
As regiões mundiais mais propícias à ocorrência de incêndios vão desde as savanas tropicais às
florestas boreais, e são caracterizadas por um conjunto de condições necessárias à atividade do
fogo (FA). Esta atividade aumenta com a produção primária, fatores ambientais e humanos.
Nos últimos 20 anos, os incêndios foram o 5º desastre mais dispendioso e o 6º mais frequente
a nível mundial. No mesmo período, a Europa registou um elevado número de incêndios (NF)
e de área ardida (BA) sobretudo concentrados na bacia Mediterrânica. Esta elevada incidência
do fogo parece ser resultante das atividades humanas como: as mudanças no uso e ocupação do
solo, e da ocorrência de condições meteorológicas extremas. Esta região tem tipo de clima e
coberto vegetal propícios à FA, tendo registado 1,832,161 incêndios que queimaram
17,377,132 ha, entre 1980 e 2017. De entre os cinco países do sul da Europa, Portugal é
constituído por uma área terrestre substancialmente menor (6% da soma da área terrestre destes
países), mas apresenta 38% do total NF (TNF) e 26% da BA total (TBA) nesse período.
A distribuição espácio-temporal da incidência do fogo em Portugal é muito heterogénea, e é
sobretudo influenciada por fatores humanos e biofísicos. O foco principal desta tese consiste
em estudar essa variabilidade espácio-temporal e os seus principais fatores. Com este objetivo
em mente, foi estudada a distribuição espacial da incidência do fogo, identificados os fatores
que mais influenciam essa variabilidade para incêndios de diferentes causas, nomeadamente
negligente, que abrange o uso do fogo e/ou fogo acidental, e intencional, que compreende fogo
estrutural e/ou incendiarismo. A análise da variabilidade temporal incidiu principalmente no
caso dos incêndios de grandes dimensões (LW) e sua relação com condições atmosféricas
extremas, como ondas de calor e seca.
Os resultados principais espaciais incluem: (i) a existência de um gradiente sul-norte na
distribuição dos incêndios com causa humana, mais significativo nos incêndios intencionais;
(ii) os fatores humanos e biofísicos têm maior influência na distribuição dos incêndios
intencionais, mais na região sul do que na região norte, e na BA normalizada (NBA=BA/área
da região) do que no NF normalizado (NNF=NF/área da região); (iii) os principais fatores do
NNF são a distância à estrada mais próxima (d), densidade populacional (pd) e a altitude (h)
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enquanto para a NBA são a h, d, o declive e a pd; (iv) 83% dos LW ocorreram na área afetada
por uma onda de calor (HW); e, (v) todos os LW ocorrem áreas afetadas pela seca.
O principal resultado geral da análise da distribuição temporal é que a variabilidade intra- e
inter-anual dos LW está claramente associada à ocorrência de HW e seca. Especificamente,
importa salientar que: (i) 97% dos LW estiveram ativos durante uma HW; (ii) 90% dos dias de
LW foram também dias de HW; (iii) 82% dos LW tiveram a sua duração completa na duração
de uma HW; (iv) 83% dos LW ocorreram durante uma HW; (v) a maioria dos LW (97% a 95%)
e a correspondente BA (98% a 97%) ocorreram durante uma seca; (vi) a relação entre seca e a
incidência do fogo é particularmente significativa para secas moderadas e severas quando estas
são avaliadas com o SPI a 3 meses e o SPEI a 3 e 6 meses.
Estes resultados podem ser complementados por estudos anteriores publicados por mim: (1) a
região Norte apresenta maior FA que a região sul, sobretudo devido à existência de diferentes
tipos de clima entre elas; (2) os padrões da FA e das datas de ignição são extremamente
dependentes de variáveis biofísicas e humanas; e, (3) a BA dentro da RUI duplicou entre 1990
e 2012.
As principais conclusões desta tese podem ser utilizadas para a gestão da floresta, da paisagem
e do fogo uma vez que permitem: (1) identificar as áreas em cada região mais propensas a
incêndios por causa intencional e por negligência, bem como onde ocorre a maior BA por esses
incêndios; (2) identificar as regiões mais afetadas e os meses de maior incidência de seca e de
HWs nos últimos anos; (3) avaliar o risco e perigo meteorológico/climático de incêndio atual,
uma vez que a monitorização da seca é baseada em dados do passado recente, as HWs são bem
estimadas pelos modelos atmosféricos atuais; e, (4) a definição de estratégias de adaptação e
mitigação para os impactos das HWs e da seca no clima futuro, nomeadamente na saúde
humana, produção de alimentos e ocorrência de incêndios, com base em projeções de cenários
de clima futuro.
Palavras-chave: Incêndio, Humano, Onda de calor, Seca, Padrões espaciais, Variabilidade
Climática, Portugal
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Abstract
Wildfires are uncontrolled and/or unwanted fires that usually occurred in rural areas or/and
rural-urban-interface (RUI), and which normally burn forests, agricultural areas, and wildlands
that included scrublands and abandoned agricultural areas. The world wildfire-prone regions
range from tropical savannahs to boreal forests characterized by factors and conditions required
for fire activity (FA). In fact, such activity increases with primary production and when human
and environmental factors are gathered at the same place and time.
In the last 20 years, wildfires were the 5th costliest and the 6th most frequent type of disaster
in the world. In the same period, Europe experienced a high number of fires (NF) and burnt
area (BA) mainly concentrated in the Mediterranean basin. This high fire incidence seems to
be the result of human activities including land use/ land cover changes, and climate changes
observed. The Mediterranean basin characterized by a fire proneness type of climate and
vegetation cover has registered 1,832,161 wildfires events that have burnt 17,377,132 ha
between 1980 and 2017. In comparison with the other Mediterranean countries, Portugal has a
substantially smaller land area but presents 38% of total NF (TNF) and 26% of total BA (TBA)
in that period.
The spatial-temporal variability of the wildfires in Portugal is very heterogeneous, and mainly
driven by human and biophysical factors. The main focus of this thesis is to study this
spatial - temporal variability and their drivers. With this objective in mind, it was performed an
identification and a thorough characterization of the spatial variability of fire incidence as well
as its main drivers, in particular for different fire causes, namely negligent (comprising use of
fire and/or accidental fire) and intentional (including structural fire and/or incendiarism)
wildfires. The temporal variability analysis was the focus in the large wildfires (LW) and their
relationship with extreme weather and climatic conditions, namely heat waves (HW) and
droughts.
The main spatial results comprises: (i) south-north gradient of spatial distribution of the human
caused wildfires, with more significant for intentional wildfires; (ii) human and biophysical
drivers’ influence is higher for intentional wildfires, for southern than for northern region and
for normalized BA (NBA=BA/region area) than for normalized number of wildfires
(NNF=NF/region area); (iii) the leading drivers of NNF are distance to the nearest road (d),
population density (pd) and altitude (h) while of NBA are h, d, slope and pd; (iv) h, d, slope
xi

and pd influence is higher for intentional wildfires than for negligent wildfires; (v) 83% of LW
occurred in the area affected by HW; and, (vi) all LW occurred in area affected by drought.
The main result of the temporal analysis indicates that the spatial-temporal distribution of LW
is clearly associated with the high/low inter-annual variability of HW/drought. More specific,
it is important to highlight: (i) 97% of the total number of LW was active during an HW; (ii)
90% of the total LW days was also HW days; (iii) 82% of the LW had duration completely
contained in the duration of an HW; (iv) 83% of LW occurred during a HW; (v) almost all LW
(97% to 95%) and corresponding BA (98% to 97%) occurred during drought; and, (vi) the
relationship between drought and fire incidence is particularly strong for moderate and severe
drought assessed by 3-month SPI, 3- and 6-month SPEI.
These results can be complemented with the author previous studies: (1) north region presents
higher FA than southern region mainly promoted by the existence of different types of climate;
(2) FA patterns and the ignition date are strongly dependent on many biophysical and human
variables; and, (3) BA within RUI doubled from 1990 to 2012.
The main findings of this thesis can be used for forest, landscape and fire management as they
allow to: (1) identify the areas in each region where wildfires are most likely to be ignited
intentionally and by negligence as well as where the largest BA by these wildfires occur; (2)
identify the regions more affected and the months of higher incidence of drought and HWs in
recent times; (3) assess the climatic fire hazard/risk since drought and HW monitoring is based
on data from the recent past; and, (4) the definition of adaptation and mitigation strategies for
the impacts of HW and drought events in the future climate, namely on human health, food
production and fire occurrence based on the future projections.
Keywords: Wildﬁre, Human Factors, Heat wave, Drought, Spatial patterns, Climate
variability, Portugal
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1. Introduction
1.1. Why is it important to study
wildfires?
Wildfires are an essential component of Mediterranean ecosystems since 24 million years ago
(San-Miguel-Ayanz et al., 2013). The main reason is the type of climate of this region,
characterized by humid and mild winters and springs, hot and dry summers, and by the occurrence of heat
waves and drought that start by promoting the vegetation existence and development and then its
thermal and hydric stress (Pereira et al., 2013). Other natural and human factors contribute to
the extent of the fire incidence in the Mediterranean basin, including the migration of rural
populations to metropolitan areas over the last 50 years (Bowman et al., 2011). On one hand,
urban areas expanded largely to the neighbouring wildlands increasing wildland-urban interface
(WUI) and the likelihood of ignition by humans (Tonini et al., 2018b). On the other hand, rural
abandonment contributed to the decrease of forest fuels consumption (e.g., for cooking and
heating) and the subsequent biomass accumulation (Bowman et al., 2011; Pausas and Vallejo,
1999; Pereira et al., 2014; San-Miguel-Ayanz et al., 2013). Decreasing precipitation and
increasing air temperature in combination with the above mentioned factors increase the fire
risk in the Mediterranean region, especially during the summer months (Pereira et al., 2013;
San-Miguel-Ayanz et al., 2013)
In the last 20 years, wildfires were the 5th costliest and the 6th most frequent type of hazard in
the world, with reported losses amounting to 61 billion euros, affected more than 6.2 million
people and were responsible for more than 2,400 fatalities (Wallemacq and House, 2018). The
largest number of affected people and fatalities occurred in western countries such as the United
States of America, Portugal, Spain, France, Italy, and Greece (Doerr and Santín, 2016;
Gonzalez et al., 2006; San-Miguel-Ayanz et al., 2013). For example, the 2017 wildfires in
Europe burned 1.2 million ha of natural lands, including 25% of the Natura 2000 (which is the
largest network of protected areas in the world), caused 127 human fatalities and losses of about
10 billion euros (San-Miguel-Ayanz et al., 2018). In Europe, the duration of the fire season has
increased over the last 30 years, and the fire regime seems to be changing almost everywhere,
for example with the occurrence of extreme and unprecedented wildfires, not only in southern
Europe but also in the highest latitudes, e.g. Sweden wildfire in 2018 (San-Miguel-Ayanz et al.,
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2018). Despite its smaller land area in comparison with the other Mediterranean countries (6%
of the sum of the total land area of these countries), Portugal is the European country with the
highest total number of fires (TNF) and the second-largest total burnt area (TBA) (San-MiguelAyanz et al., 2018). In Portugal over the last 24 years, the TNF slightly decreased, but TBA
increased in the last 39 years and the average fire size increased 10 times in the last 10 years
(San-Miguel-Ayanz et al., 2018).
The society and the scientific community regard wildfires as a natural hazard (Mccaffrey, 2004;
Moritz et al., 2014), a natural ecological factor and/or human disaster (Leuenberger et al., 2018;
Parente et al., 2018b), that acts at global scale and plays an essential dynamic role/influence in
terrestrial, aquatic and atmospheric systems (Lavorel et al., 2007; Parente et al., 2016; Whitlock
et al., 2010). In fact, independently of the fire cause (lightning, accidental, negligent or
intentional), wildfires may have substantial impacts on: (i) human lives/health/casualties,
activities and infrastructures (Carroll and Paveglio, 2019; Diakakis et al., 2016; Koksal et al.,
2019; Lamb et al., 2018); (ii) ecosystems diversity and resilience (Lavorel, 1999; Viedma et al.,
1997); (iii) air pollution and rate of carbon fluxes (Hurteau et al., 2016; Knorr et al., 2017;
Konovalov et al., 2011; Liu et al., 2016), through the fuel combustion, which releases the CO2
and other greenhouse gases, photochemically reactive compounds, and particulate matter
(Krawchuk and Moritz, 2014); (iv) soil properties, including food web structure, carbon flow,
microbiological properties, enzymatic activities (Fonseca et al., 2017; Knelman et al., 2015;
Muñoz-Rojas et al., 2016; Novara et al., 2013; Santín and Doerr, 2016; Shaw et al., 2016) and
water repellency (Imeson et al., 1992; Malvar et al., 2013; Shakesby et al., 2003; Zurita-Milla
et al., 2013); (v) soil erosion (Cerdà and Doerr, 2008; Inbar et al., 1998; Morris and Moses,
1987; Prats et al., 2014); (vi) water quantity and quality (Carignan et al., 2000; Dahm et al.,
2015; Meixner and Wohlgemuth, 2004; Pacheco et al., 2015; Pereira et al., 2016); and, (vii)
economy (Chuvieco et al., 2014; Mercer et al., 2007; Morton et al., 2003; Parente and Pereira,
2016).
The variation of fire incidence (namely, number and size of wildfires) is related with landscape
features (e.g., land cover / land use, topography, climate) that can be biological, socioeconomic,
and/or physical drivers (Marques et al., 2011; Parente et al., 2018b). Typically, wildfires are
less incident in world regions of extremely cold, wet, or dry (e.g., tundra, rain forests, and
deserts) climate, and are frequent in fire-dependent or fire-prone ecosystems, such as boreal
and temperate coniferous forests, eucalyptus forests, most vegetation types in Mediterranean
climates, some oak-dominated forests, and grasslands (Liu et al., 2010).
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In the following sub-sections, the definition of fire regime and some of its characteristics in
Portugal are briefly described.

1.2. Fire Regime
Fire regime can be defined as the description patterns of fire occurrence, frequency, size,
severity in a given area or ecosystem (NWCG, 2018; USDA, 2018). Those fire-related
characteristics can be organized, assembled and used in several ways according to the user’s
needs (Krebs et al., 2010). One way to organized and resume is with fire triangles (Figure 1.1)
that differ in the time scale and spatial dimension (Parisien and Moritz, 2009; Whitlock et al.,
2010). On hourly to annual time scales, the first fire triangle describes the links between the
essential factors to start combustion: oxygen, heat, and fuel. On seasonal to annual time scales,
the fire triangle describes the interactions between main wildfire drivers: weather (e.g.
temperature, precipitation and wind), fuels (e.g. load, connectivity and flammability) and
topography (e.g. altitude, slope and exposure), which influence the fire ignition probability and
the fire behaviour (i.e., the rate of fire spread and fire intensity). The third triangle or the fire
regime, occurs at decadal to millennial time scale, and reflects the spatial-temporal patterns and
ecological effects of wildfire in a region (Harris et al., 2016; Whitlock et al., 2010), which is
influenced/determined by the interactions between the biosphere (e.g. vegetation characteristics
and human ignition source) and atmosphere (e.g. climate conditions and natural ignition source)
(Bond and Keane, 2017; Harris et al., 2016).
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Figure 1.1. Main wildfire process, interactions and drivers at different spatial-temporal scales. Adapted from:
Bowman et al. (2011), Krawchuk and Moritz (2014), Moritz et al. (2012, 2005), Parisien and Moritz (2009), and
Whitlock et al. (2010).

1.3. Fire drivers
Fire characteristics (e.g., size, intensity and behaviour) and its consequences highly depend on
several human and biophysical drivers, including: (i) socioeconomic parameters (Guo et al.,
2016; Kritzer, 1978; Marques et al., 2011; Moreira et al., 2010; Mourão and Martinho, 2014;
Nunes et al., 2016; S. Oliveira et al., 2017; Parente et al., 2018b; Romero-Calcerrada et al.,
2010); (ii) land and forest management practices (Godinho et al., 2016; Parente et al., 2016;
Torres-Manso et al., 2014; Trigo et al., 2016), such as landscape management (Krawchuk et al.,
2009b) and prescribed fire for different proposes (Bond and Keane, 2017; Lavorel et al., 2007);
(iii) topography (i.e., altitude, slope, exposure) (Carmo et al., 2011; Fernandes et al., 2016b;
Parente et al., 2018b), especially relevant in fire spread (Fernandes et al., 2016b; Jan et al.,
2018; Viegas, 1993); (iv) organization, shape, size and condition of patches of different types
of vegetation cover (Bond and Keane, 2017; Jan et al., 2018; Nunes et al., 2016; Parente et al.,
2018b); and (v) weather and climatic conditions (Costa et al., 2011; Parente et al., 2019, 2018a;
Pereira et al., 2013; Russo et al., 2017; Trigo et al., 2016).
In fact, the type of climate defines climate variability, meteorological variables (e.g., wind
speed, air temperature and humidity), occurrence of extreme weather and climatic events (e.g.
heat wave and drought), and, therefore, plays a fundamental role in (a) the fuel moisture and,
in turn, fuel flammability, in the sense that live and dead fuels burn more easily with low
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moisture content (Bond and Keane, 2017; Knorr et al., 2014; Krawchuk and Moritz, 2014); (b)
fire spread, which depends on fuel temperature and, therefore, is influenced by air temperature
and humidity, and wind, which helps to dry and heat fuels, as well as to provide the oxygen
required for combustion (Jan et al., 2018; Krawchuk and Moritz, 2014; Pereira et al., 2005) and,
(c) fire extinction, with the decrease of air temperature and wind, the increase of the air humidity
and occurrence of rain (Harris et al., 2016).
Those drivers have a very heterogeneous spatial and temporal distribution across Portugal
mainland. In essence, the Tagus River divides the country into two regions of approximately
the same size but with different topography, climate and land cover (Figure 1.2c). The north
region has dry and warm summers, irregular topography, denser river network, and is mainly
covered by Forests (22%) and Scrub and/or herbaceous vegetation associations (30%) (Parente
et al., 2018b; Tonini et al., 2016). The lowlands at the south have dry and hot summers and are
dominated by Heterogeneous agricultural areas (27%) and Forests (24%) (Parente et al., 2018b;
Tonini et al., 2016).
The altitude is especially irregular in the north (Figure 1.2a), ranges from the sea level in the
western and southern coast to about 2 km in Serra da Estrela, located in the central region, and
determine the spatial features of the slope. The annual rainfall ranges from 400 mm to
2800 mm, with maximum values in the NW quarter of the territory and the mean annual air
temperature span from 7°C to 18°C following a NW-SE gradient (AEMET and IPMA, 2011;
Marques et al., 2011; Pereira et al., 2014). According to the Köppen-Geiger's climate
classification (Kottek et al., 2006; Peel et al., 2007; Rubel and Kottek, 2010), Portugal has a
Mediterranean type of climate (temperate with dry summer, Cs), with warm summer (Csb) in
the north and hot summer (Csa) in the south (Figure 1.2c).

Figure 1.2 Mainland Portugal (a) altitude taking into account the digital elevation model with 25 m resolution
provided by Goncalves and Morgado (2008) and including rivers APA (2017) and the location of Serra da Estrela;
(b) Spatial distribution of Slope; (c) Köppen-Geiger's climate classification (Peel et al., 2007) and CORINE Land
Cover 2006 (Caetano et al., 2009) with the location of Tagus River. Adopted from: Parente et al. (2018b).
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The climate of Portugal is influenced by different atmospheric features (Parente et al., 2019):
(1) winter weather is influenced by the position and intensity of the Iceland low and westerly
moist winds, which induces precipitation events, that are intensified by the passage of cold
fronts; and, (2) summer weather is influenced by the position and magnitude of the Azores
anticyclone, the topography of the Peninsula Iberia, the occurrence of a, usually, shallow
thermal depression near the surface and a ridge or high-pressure centre in altitude centred on
Iberia, and a sea breeze effect, especially intense in the western facade during daytime. The Cs
type of climate promotes the growth of vegetation during the wet and mild season, increasing
fuel load availability, and its hydric and thermal stress during the dry and warm season,
especially during the summer months when most of the fire occurrences are reported (Parente
et al., 2016; Pereira et al., 2005; Telesca and Pereira, 2010).
It is possible to find in the recent literature several studies that intended to identify and
characterize the influence of different human and biophysical drivers in various aspects of the
fire regime in Portugal. For example Oliveira et al. (2017), analysed socioeconomic and
demographic parameters and found that: (1) the NW coastal urban and metropolitan area of
Lisbon, have young and high population density, with high purchasing power, are also the
regions with higher fire density, here defined as the number of fires (NF) per unit area; and, (2)
the north and central inland parishes, with elderly and low population density, have the higher
burnt area (BA). Catry et al. (2009) demonstrate that population density, human accessibility,
land cover and elevation are important determinants of spatial distribution of fire ignitions in
Portugal. Torres-Manso et al. (2014) suggested that high fire likelihood is an effect of
management-ignited burns to maintain or create pastures, as well as of land-use conflicts. Nunes
et al. (2016) found that there is a geographical gradient of fire ignition and BA that is
significantly related to population density, topography and land cover. Parente et al. (2018b)
unveil that human and biophysical drivers' influence is higher for intentional than negligent
wildfires, in southern than northern regions and for normalized BA (NBA) than for normalized
NF (NNF). Barros and Pereira (2014) show that land cover fire proneness is higher for
scrublands and pine forests than for annual crops and evergreen oak woodlands, and that fire
selectivity decreases for all land cover types with the increase of fire size. Other studies
associate the extent of BA in Portugal with weather and climatic anomalies, namely long dry
periods and intense dry spells (Parente et al., 2019, 2018a; Pereira et al., 2005; Trigo et al.,
2006; Viegas and Viegas, 1994).
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1.4. Fire datasets
There are two different official fire databases available for Continental Portugal, both provided
by the Institute for Conservation of Nature and Forests (Instituto da Conservação da Natureza
e das Florestas, ICNF), namely the Portuguese Rural Fire Database (PRFD) and the National
Mapping Burnt Area Database (NMBA). For this thesis, I combined the PRFD and NMBA to
produce a third database of large wildfires (LW), here defined as events with BA≥5,000ha. The
following subsections are only a brief description and characterization of these three databases,
which includes the intra- and inter-annual variability of fire incidence for the first two. In the
first two subsections, the analysis is performed for the range of BA in which both databases are
homogeneous and can be compared (BA ≥ 5 ha) but also for fires with lower BA
(0.0001≤ BA < 5 ha) just to describe the original databases. In the latter case, the minimum BA
found for NMBA was considered (BA = 0.0001 ha, detected in 1984). However, it should be
highlighted that the core of this thesis is focused in the study of LW.

1.4.1. National Mapping Burnt Areas
The NMBA is a satellite imagery-based database that includes detailed annual information of
the size and shape of wildfires acquired after the end of fire season (Oliveira et al., 2012b). This
database benefits from the spatial and temporal homogeneity of remote sensed data as well as
from its independence from the reporting practices. However, it also has some limitations such
as (i) the decreasing accuracy of fire perimeter delimitation with the increase of terrain
complexity (Tedim et al., 2015); (ii) the existence of significant unburned islands (Amraoui et
al., 2015; Tedim et al., 2015); and, (iii) the changing/decreasing of the BA minimum threshold,
from 35.2 ha in earlier years (1975 – 1983) to 5 ha in 1984 and 0.0001 ha after 2007, due to the
technological improvements.
The NMBA used in this study contains data from 1975 to 2018, provided by different entities.
The Institute of Agronomy (Instituto Superior de Agronomia, ISA) produced the NMBA for
the 1975 – 1989 period (Oliveira et al., 2012b), while the ICNF provides the NMBA for the
1990 – 2018 period. Parente et al. (2016), analysed the NMBA for the 1990 – 2013 period,
detected and solved a minor number of inconsistencies (please see Table 1 of Parente et al.
(2016)). These authors corrected these inconsistencies by comparison with the database
provided for Portugal by the European Forest Fire Information System. Several researchers
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used this database in many different studies and for different purposes (Parente et al., 2016;
Tonini et al., 2018b).
The spatial distribution of NMBA for the period 1984 – 2017 (Figure 1.3) unveils: (i) much
higher fire incidence in northern region than in southern region; (ii) the central region of the
north of the country presents higher fire density, especially for wildfires with BA ≥ 5,000 ha;
and, (iii) higher fire incidence of wildfires within 0.0001 ha ≤ BA < 5 ha in NW corner. For the
same period, the annual distribution reveals (Figure 1.4 and Figure 1.5): (i) wildfires with
BA < 5 ha were only accounted after 2005; (ii) wildfires with BA < 5 ha represent 22% of TNF
but only 0.3% of TBA; (iii) the dispersion of TNF increase for wildfires with
5 ha ≤ BA < 100 ha and decreases for wildfires with 100 ha ≤ BA; (b) the dispersion of TBA
increase with fire size; (c) high TNF for wildfires within 5 ha ≤ BA < 100 ha, which represents
83% of total TNF and have a mean of 962 wildfires/year; (c) the TNF for wildfires within
BA ≥ 5,000 ha have increased 57% in the last 17 years; and, (d) higher TBA in 2003, 2005 and
2017, which represents 29% of total annual TBA.

Figure 1.3 Spatial distribution of fire records of the National Mapping Burnt Areas (NMBA) for wildfires with
burnt area (BA) within the following thresholds: 0.0001 ha ≤ BA < 5 ha, 5 ha ≤ BA < 15 ha, 15 ha ≤ BA < 100 ha,
100 ha ≤ BA < 5,000 ha and BA ≥ 5,000 ha (from the left to the right, respectively) for period 1984 – 2017.
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Figure 1.4 Annual distribution of the total number of fires (TNF, green line) and of the total burnt area (TBA, red
line) for wildfires in threshold 0.0001 ha ≤ BA < 5 ha, in the period 1984 – 2017, according with the National
Mapping Burnt Areas database.

Figure 1.5 Annual distribution of the total number of fires (TNF, left panel) and of the total burnt area (TBA, right
panel) for the period 1984 – 2017, according with the National Mapping Burnt Areas database.

1.4.2. Portuguese Rural Fire Database
The PRFD is a ground-based database of fire records detected at the local level, that provides
detailed temporal information (date and time of both fire ignition and extinction) but spatial
information restricted to the name of the administrative regions (i.e., parishes, counties and
districts) where the wildfire started. The PRFD also includes a comprehensive set of additional
information including the BA in three general land cover type (scrublands, forests and
agriculture lands), fire cause, fire type (e.g. single or rekindle) and land ownership (private or
public).
Pereira et al. (2011) present a detailed review of PRFD for 1980 – 2005 period, with a
comprehensive description of the characteristics, limitations, and potential of this database
which is one of the largest fire databases based on ground measurements in Europe and even in
the world. Pereira et al. (2015) updated PRFD for 1980 – 2007 period, which have included the
identification and correction of several data inconsistencies and the assignment of the
9
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geographical coordinates of the parishes' centroids to each wildfire. Parente et al. (2016)
adopted the same procedures to update PRFD for 1980 – 2013 period, except for the ignition
spatial coordinates. The newest version of the raw database provided by ICNF already contains
the ignition spatial coordinates after 2001. This is a consequence of a reformulation of Forest
Fire Management Portuguese System (Sistema de Gestão de Incêndios Florestais) performed
in 2010 that led to an exhaustive analysis of forest fire database since 2001. The several types
of data inconsistencies detected and corrected in PRFD are presented in Table 1 of Parente et
al. (2016). This dataset has been used in several wildfire studies for many different purposes
(Carvalho et al., 2008; Catry et al., 2009; Costa, 2011; Parente et al., 2018b, 2016, Pereira et
al., 2015a, 2013, 2011, 2005; Trigo et al., 2006).
The spatial analysis of PRFD updated for 1984 – 2017 period and for wildfires of
BA ≥ 0.0001 ha reveals (Figure 1.6) a much higher fire incidence in the northern region,
especially in the NW corner of the country, around the metropolitan area of Porto. For the same
period, monthly distribution indicates (Figure 1.7 and Figure 1.8) a much higher fire incidence
in the warmer months. The NF and BA between June and October, respectively, corresponds
to 82% of TNF and 94% of TBA. August was the month with more TNF (29%) and TBA (46%).
LW accounts for 18% of total TBA and only occurred between June and October. On the other
hand, inter-annual distribution unveils (Figure 1.7 and Figure 1.9): (i) the dispersion of TNF
decrease with fire size; (ii) high TNF for wildfires with BA < 5ha, which represents 93% of
total TNF and have a mean of 17,652 wildfires/year; (iii) TNF for wildfires with BA ≥ 5,000
ha increased 61% in the last 18 years; (iv) the dispersion of TBA increases with fire size; and,
(v) the highest annual BA occurred in 2003, 2005 and 2017, accounting for 29% of TBA.

Figure 1.6 Spatial distribution of fire records of the Portuguese Rural Fire Database (PRFD) for wildfires with
burnt area (BA) within the following thresholds: 0.0001 ha ≤ BA < 5 ha, 5 ha ≤ BA < 15 ha, 15 ha ≤ BA < 100 ha,
100 ha ≤ BA < 5,000 ha and BA ≥ 5,000 ha (from the left to the right, respectively), in the period 1984 – 2017.
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Figure 1.7 Monthly (left panel) and Annual (right panel) distribution of the total number of fires (TNF, green line)
and of the total burnt area (TBA, red line) for wildfires in threshold 0.0001 ha ≤ BA < 5 ha, in the period
1984 – 2017, according with the Portuguese Rural Fire Database.

Figure 1.8 Monthly distribution of the total number of fires (TNF, left panel) and of the total burnt area (TBA,
right panel) for the following thresholds: 5 ha ≤ BA < 15 ha (green), 15 ha ≤ BA < 100ha (yellow),
100 ha ≤ BA < 5,000 ha (blue) and BA ≥ 5,000 ha (red), in the period 1984 – 2017, according with the Portuguese
Rural Fire Database.

Figure 1.9 Annual distribution for the period 1984 – 2017 of the total number of fires (TNF, left panel) and of the
total burnt area (TBA, right panel), for the following thresholds: 5 ha ≤ BA < 15 ha (green), 15 ha ≤ BA < 100 ha
(yellow), 100 ha ≤ BA < 5,000 ha (blue) and BA ≥ 5,000 ha (red), according with the Portuguese Rural Fire
Database.
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1.4.3. Fire database with BA ≥ 5,000 ha
The participation in the FIREXTR project led to the need to create a LW database with detailed
and precise spatial and temporal information, namely the ignition and extinction dates, location,
size and the affected areas shape. That information is independently available on the PRFD and
NMBA. In this sense, the final database is a shapefile resultant from the combination of the LW
information from NMBA and PRFD, which includes 91 BA polygons with a TBA of
1,088,003 ha for 1981 – 2017period. This dataset is used and described in two of the core papers
of this thesis (Parente et al., 2019, 2018a), reason why its description will not be repeated here
in the introduction.

1.5. Fire cause
Wildfire needs an ignition source to start. Natural/lightning wildfires mainly occur in sparsely
populated regions and generally burnt small areas due to lightning occurring under conditions
conducive to rainfall (Bond and Keane, 2017; Bowman et al., 2011; Leuenberger et al., 2018),
but boreal regions are the exception (Krawchuk et al., 2009a; Veraverbeke et al., 2017). Human
ignition is the primary cause of wildfires nowadays especially in high populated areas to
overcome natural ignition and is mainly related to voluntary (arsonist) or involuntary
(accidental or negligent causes) human activities (Leuenberger et al., 2018).
In the Mediterranean basin, wildfires proportion started either by accident, negligence or
deliberate action vastly surpasses natural causes, and Portugal is not an exception (Ganteaume
et al., 2013; Pereira et al., 2005). In Portugal, the ofﬁcial codiﬁcation and deﬁnition of fire cause
of ICNF categorize it in a three-level hierarchical structure. The ﬁrst level identiﬁes six major
categories of fire cause, namely: 1) use of ﬁre; 2) accidental; 3) structural; 4) incendiarism; 5)
natural and 6) unidentiﬁed. The second level discriminates the causes of the previous one,
identifying them in groups and discriminating speciﬁc activities. Finally, the third level divides
activities into subgroups and discriminates speciﬁc behaviours and attitudes leading to a total
of 70 different ﬁre causes. For the sake of simplicity, four major categories may cluster all this
information, namely: (1) negligent wildfires that comprises use of fire and/or accidental fire;
(2) intentional wildfires that includes structural fire and/or incendiarism; (3) natural wildfires;
and, (4) unidentified wildfires.
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Between 2001 and 20141, 78.6% of TNF were unidentified wildfires, 13.6% of TNF were
negligent, 7.5% were intentional, and only 0.3% were natural wildfires. The temporal
distribution of NF with these fire causes (Figure 1.10) exhibits two different trends with time:
the number of unidentified wildfires decreases, but the number of negligent and intentional
wildfires increase. Although the increase in NF with known cause after 2006 is the cause of this
trend, these results highlight the need to better know the regime of negligent and intentional
wildfires for forest and wildfire management. In this sense, Parente et al. (2018b) studied the
spatial distribution of the negligent and intentional wildfires in mainland of Portugal in each of
the NUTS II (Nomenclature of Territorial Units for Statistics level 22) regions associated with
different human and biophysical drivers. This study allowed to detect and characterize regional
and national differences of the influence of different fire drivers. The spatial distribution of the
fire incidence of negligent and intentional wildfires are in line with the fire-prone areas
identified in Parente and Pereira (2016).

Figure 1.10 Temporal evolution of number of fire records with different cause between 2001 and 2014.

1.6. Extreme fire behaviour
Fire behaviour reflects how the fire spread is influenced by fuel, topography, and weather
conditions. Although the comprehensive study of fire behaviour of any wildfire is out of the
scope of this thesis, it is important to recognize the main factors of fire spread to understand the

1

This period was selected in Parente et al. (2018b) because: (a) it corresponds to the period when spatial coordinates of fire ignition locations
are also available; (b) the improved detection, registration and information control procedures; (c) wildfires with indeterminate cause should
present similar distribution, in terms of fire cause type, as the wildfires with confirmed cause.
2
To a more comprehensive interpretation about this nomenclature please see Parente et al. (2018b).
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spatial-temporal distribution of fire incidence, especially for LW, wildfires with extreme
behaviour or, ultimately, extreme wildfires (EW).
Usually, the combination of dry and abundant fuels, unstable atmosphere and strong surface
winds with contingent landscape features favourable to the fire expansion, may hinder the
capacity of fire suppression activities for a reasonably sustained period, provoking substantial
damages and often human fatalities (Fernandes et al., 2016b; Tedim et al., 2018, 2015). In
Tedim et al. (2018), it is discussed and proposed that these events should be classified as EW,
due to its capacity to comprise such behaviour, physical, ecological, and social dimensions.
In the Mediterranean area, the increase of EW frequency is influenced by landscape-level
flammability (Fernandes et al., 2016a; Pereira et al., 2013; Telesca and Pereira, 2010), which is
characterize as the proneness of the vegetation to ignite under heat (FAO, 2001; Fernandes and
Cruz, 2012), that depends on local circumstances, e.g. climatological and meteorological
conditions and landscape characteristics (Boer et al., 2017; Clarke et al., 2014; Gill and Zylstra,
2005).
In the last decades, in Portugal mainland, the magnitude and frequency of heavy precipitation
events have increased (Fernandes et al., 2018; Pereira et al., 2015b), the late winter and spring
precipitation have decreased (Lima et al., 2013; Mourato et al., 2010), and the number of
extremely high temperatures events have increased (Parente et al., 2018a). These conditions
may lead to an increase of HW, droughts, and EW. In this sense, Parente et al. (2018a) used the
Fischer and Schär (2010) definition to assess the HW regime in the recent present and future
climate conditions, as well as the role of HW on EW occurrence. Parente et al. (2019) used two
different drought indices, namely Standardized Precipitation Evapotranspiration Index (SPEI),
and Standardized Precipitation Index (SPI), to assess the drought regime for recent past climate
conditions, and the influence of drought on EW occurrence. Future projections suggest that HW
should increase in number, duration and amplitude near the end of 21st century (Cardoso et al.,
2018; Parente et al., 2018a) and, that drought is likely to be further exacerbated under future
climate scenarios (Costa et al., 2012; Jenkins and Warren, 2015).
The recent Portuguese socio-economic development has led to changes in life patterns moving
people from rural areas to urban areas, leading to an increase of the abandonment of agricultural
lands and forest fuels (T. M. Oliveira et al., 2017; Tonini et al., 2018b), contributing to the
increase of the number of ignitions and spreading of wildfires on that areas (Trigo et al., 2016).
In spite of that, the number of visitors to the forest for tourism and recreational activities has
increased (Ganteaume et al., 2013). On the other hand, the increase of human urban population
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led to the expansion of urban area and to land use/land cover changes (LULCC), which has
reconfigured the landscape structures around many urban areas and made the RUI more
susceptible to EW (Fernandes et al., 2016a; Ganteaume et al., 2013; Modugno et al., 2016;
Tonini et al., 2018a, 2018b). In fact, fires can spread readily among vegetation fuels and
artificial structures, with anthropogenic features, such as the distance to roads and houses, as a
negative influence on the forest fire occurrence probability, and population density as a positive
influence (Lampin-Maillet et al., 2010; Tonini et al., 2018b). In this sense, Tonini et al. (2018b)
provide a RUI map of its extension and evolution in the period 1990 – 2012, an analyse of the
LULCC’s impact within RUI, and a qualitative and quantitative analyse of BA. These authors
have shown that (1) Urban sprawl was mainly concentrated in the metropolitan areas of Lisbon
and Porto, as well as in the central north and southern coastal areas (region of Algarve); (2) RUI
have increased 70% between 1990 and 2012; and, (3) BA within the RUI increased by 100%.

1.7. Fire Risk
Wildfires may have significant impacts on ecological, social and economic systems. Therefore,
it is important to identify and quantify the fire risk on these systems and to develop
cost – effective mitigation strategies (Scott et al., 2013).
Fire risk can be defined as a quantitative or qualitative indicator of the probability of an area be
ignite by natural or artificial means in a certain period of time, giving even information of the
expected positive and negative impacts in that area (Chuvieco, 2009; Finney, 2005; Freire et
al., 2002; Hardy, 2005; Jappiot et al., 2009; Parente and Pereira, 2016). In addition, fire risk is
divided into two major components according to explanatory variables of control fire
characteristics, namely: (i) a dynamic component related with variables that significantly
change in time, such as weather and soil moisture conditions; and, (ii) a structural component
associated with static variables, which barely change in time, such as vegetation composition
or topography. The main focus of this thesis is to characterize several of these dynamic and
static variables.
Structural Fire Risk can be computed assessing two parameters (Figure 1.11): (i) fire hazard,
which is the probability of an area be affected by a fire during a certain period of time, i.e., it
comprises the susceptibility of an area and the fire occurrence probability ; (ii) wildfire potential
damage caused, which takes into account the vulnerability of an area to fire occurrence and the
economic value that entails. Parente and Pereira (2016) describe this methodology in detail. In
this study, a structural fire risk map in the vegetated area of Portugal was proposed based on:
15
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(1) Verde and Zêzere (2010) deterministic approach for fire susceptibility mapping, a high
resolution digital terrain model (25 m), the NMBA dataset and the 2006 CORINE land cover
(CLC) inventory (https://land.copernicus.eu/pan-european/corine-land-cover); and, (2) the
potential economic damage that was estimated with the vulnerability scores proposed by
Antunes et al. (2011) and monetary values of species defined in the Resolution of the
Portuguese Council of Ministers no. 6-B/2015. The good accuracy of this structural fire risk
map shows that the recent EW, as the one of June of 2017 in Pedrógão (Figure 1.12), occurred
in the areas with medium to very high fire risk.

Fire
Probability
Fire Hazard
Fire
Susceptibility

Fire Risk
Economical
Value
Fire
Vulnerability

Potential
Damage

Figure 1.11 Framework to compute and map the structural fire risk in mainland Portugal.

In sequence of this study, Leuenberger et al. (2018) compared two approaches (i.e., extreme
learning machine and random forest) for fire susceptibility mapping, using the deterministic
approach of Verde and Zêzere (2010) as the benchmark. The results of stochastics methods
were very alike with stochastic ones with the advantage of not depending on a priori knowledge
of the phenomenon.
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Figure 1.12 Spatial distribution of general Structural Fire Risk as function of medium economic value for the
quintiles of the susceptibility values in each pixel (Parente and Pereira, 2016), and the location of extreme large
wildfire of Pedrógrão in June of 2017.

1.8. Goals and structure of the thesis
This thesis aims to answer the following questions: (1) How to characterize the spatial-temporal
variability of fire incidence in Portugal? (2) Which are the main human and biophysical factors
of the fire incidence variability? (3) How can this knowledge be used to advance fire and forest
management? In this sense, the main objective is the characterization of the spatial-temporal
distribution of wildfires in Portugal. This characterization includes: (1) a description of the
spatial distribution of wildfires with human ignition source taking in account several artificial
and biophysical drivers with differences between national and regional scale; (2) a detailed
description of HW regime and drought regime taking in account HW Fischer and Schär (2010)
definition, and two different drought indices, namely SPEI and SPI; and (3) the relation between
LW and HW and between LW with drought.
According to the General Regulations of Study Cycles Conducting the Doctor's Degree of
UTAD (Regulamento Geral dos Ciclos de Estudo Conducentes ao Grau de Doutor da
Universidade de Trás-os-Montes e Alto Douro, Regulamento n.º 656/2016), the cycle of studies
leading to the doctor degree integrates: (i) the presentation of an original thesis specially
designed for this purpose; or alternatively, (ii) it can be integrated, by properly compiling, a
coherent and relevant set of research papers already published in journals with selection
committees of recognized international merit. In this sense, I decided with my supervisors to
based my thesis on a set of 3 research papers already published in journals with selection
17

1. Introduction
committees of recognized international merit, namely: (1) Negligent and intentional ﬁres in
Portugal: Spatial distribution characterization (Parente et al., 2018b); (2) Heat waves in
Portugal: Current regime, changes in future climate and impacts on extreme wildﬁres (Parente
et al., 2018a); and, (3) Drought in Portugal: Current regime, comparison of indices and impacts
on extreme wildﬁres (Parente et al., 2019). These papers are presented in chapters 2, 3 and 4,
respectively. Chapter 1 was devoted to introduce the thesis topic and to frame and emphasize
the consistency of these articles as a whole. The work described in chapters 2, 3 and 4 was
complemented with supplementary studies led by other researchers and published in
international journals with a high impact factor and peer review. Therefore, chapter 5 is devoted
to the summary of 6 complementary studies that comprises the papers: (1) Space-time clustering
analysis of wildfires: The influence of dataset characteristics, fire prevention policy decisions,
weather and climate (Parente et al., 2016); (2) Evolution of forest fires in Portugal: from
spatiotemporal point events to smoothed density maps (Tonini et al., 2016); (3) Structural fire
Risk: the case of Portugal (Parente and Pereira, 2016); (4) Wildfire susceptibility mapping:
Deterministic vs. stochastic approaches (Leuenberger et al., 2018); (5) Defining Extreme
Wildfire Events: Difficulties, Challenges, and Impacts (Tedim et al., 2018); and, (6) Global
assessment of rural–urban interface in Portugal related to land cover changes (Tonini et al.,
2018b). Finally, chapter 6 summarizes the conclusions, the main achievements of this thesis,
and also the topics of research that remain open after the work performed during the PhD.
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Summary
CONTEXT AND OBJECTIVES
This chapter is devoted to the identification and characterization of the spatial distribution
of negligent and intentional wildfires' incidence in terms of human and landscape drivers
at national and regional scale, as described in Parente et al. (2018b), which was published
in the journal of Science of the Total Environment. Those type of wildfires are the vast
majority of the total wildfires in Portugal, reason why it is particularly important to know
the regime of these wildﬁres for forest and wildﬁre management activities.
METHODS
In order to compute the ﬁre incidence statistical descriptors: (1) an update of the PRFD was
performed by adding the NUTS II regions; (2) all the variables maps were produced; and,
(3) an intersection between the PRFD map and all the variables maps was executed. Then
the spatial distribution was analysed in terms of NNF and NBA in the ﬁve NUTS II regions
of mainland Portugal, and adopting ﬁve equal size (i.e., equal NF) classes for all variables
based on their quantiles, with the exception of land cover/land use where the CLC classes
were used. Finally, a statistical analysis relied on NF and BA for the entire country, for
each region and every variable class was performed.
RESULTS
The wildﬁre incidence is characterized by a south-north gradient with much higher values
in Norte region and more evident for intentional than for negligent wildﬁres. Human and
biophysical drivers strongly inﬂuence NNF and NBA, at regional and national scales.
Drivers' inﬂuence is higher for intentional than for negligent wildﬁres, for southern than for
northern regions and for NBA than for NNF. The leading drivers of NNF are distance to
the nearest road (d), population density (pd) and altitude (h) while of NBA are h, d, slope
and pd, and this inﬂuence is higher for intentional than for negligent wildﬁres.
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2.1. Introduction
In the last decades, Europe registered a high number of ﬁres (hereafter, NF) and burnt area
(hereafter, BA) with different spatial and temporal trends as the result of human-driven fuel
transformations and climate change (Fernandes, 2013; Pereira et al., 2014, 2013; San-MiguelAyanz et al., 2016; Vilar et al., 2016). The society and the scientiﬁc community regard this
phenomenon as a natural ecological factor and, at least in some cases, a natural/human disaster
(Nunes et al., 2016; Vilar et al., 2016). Despite its smaller land area in comparison with other
Mediterranean countries, Portugal is the European country with the highest total NF (hereafter,
TNF) and the second largest total BA (hereafter, TBA) (San-Miguel-Ayanz et al., 2016).
The distribution of ﬁre incidence (NF and BA) is one of the characteristics of the ﬁre regime
and, in Portugal, presents a high spatial-temporal variability. Weather and climate variability
are the main drivers of the temporal distribution. The Mediterranean type of climate of mainland
Portugal broadly controls the ﬁre incidence's temporal and spatial variability. This type of
climate favours the emergence and growth of vegetation during the wet and humid season as
well as water and thermal stress during the dry season, which helps to understand the vast
majority of NF and BA occur during the noticeable summer ﬁre season (Pereira et al., 2015b,
2005; Trigo et al., 2016). The occurrence of extreme weather (e.g., heat waves) and climate
variability events (e.g., drought), which also tend to be more frequent and intense during the
summer ﬁre season, are main contributors to this sharp seasonal character of the ﬁre incidence
in Portugal (Parente et al., 2016; Pereira et al., 2014, 2005; Trigo et al., 2006).
The different subtype of climate in northern and southern Portugal also helps to understand why
most of NF and BA is located at north of the Tagus river (Parente et al., 2016; Tonini et al.,
2016). However, spatial distribution of ﬁre ignitions and BAs is also highly dependent of other
human and biophysical drivers such as demographic, socioeconomic, topographic and land
use/land cover factors. In fact, previous studies suggested that a few number of landscape and
anthropogenic variables could play an important role on ﬁre risk mapping and the spatial
patterns of ﬁre incidence (Botequim et al., 2017; Fernandes et al., 2016b; Oliveira et al., 2012a;
Vasconcelos et al., 2001; Verde and Zêzere, 2010). On this respect, Curt et al. (2016) modelled
the spatial patterns of ﬁre regime's features in southern France, using anthropogenic and
environmental drivers, and found that socioeconomic factors partially control the ﬁre regime,
inﬂuencing the timing, spatial distribution and potential size of ﬁres. In Portugal, Catry et al.
(2007) studied the distribution of ﬁre ignitions between 2001 and 2005 in relation to
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topographic and socio-economic variables, and concluded that most of the ﬁre ignitions were
intentionally caused and concentrated in the most populated municipalities of the north and
centre littoral areas. Nunes et al. (2016) analysed the wildﬁres' geographical incidence and
temporal trends in Portugal at a municipal level, and found that topography, population density,
land cover and livestock are signiﬁcant drivers of both ignition density and BA. Recent studies
identiﬁed and characterized the role of variables such as altitude, slope and land cover in the
ﬁre incidence and to justify the existence, location and size of space-time clusters of ﬁres in
Portugal (Parente et al., 2016; Parente and Pereira, 2016; Tonini et al., 2016). Understanding
the role of these human and biophysical drivers on the spatial patterns of ﬁre incidence will be
of fundamental importance to support forest and ﬁre management as well as the implementation
of legislation relating to human activities that may cause ﬁres (Curt et al., 2016; Martínez et al.,
2009; Moreira et al., 2010; Nunes et al., 2016).
Irrespective of whether a favourable set of conditions for the occurrence and propagation may
be present, a wildﬁre needs a source of ignition to start, which in turn, is dependent on human
activities. In fact, on a global scale, humans cause most of the wildﬁres, except in the boreal
areas of North America and Eurasia, where a signiﬁcant number of natural wildﬁres occurs and
are responsible for a large part of the TBA (Le Page et al., 2015; Rowe and Scotter, 1973;
Stocks et al., 2002; Veraverbeke et al., 2017). In Mediterranean-type ecosystems, wildﬁres are
mostly caused (intentionally or negligently) by human activities which vary spatially and
temporally in ways that could affect their size and destructiveness (Curt et al., 2016; Ganteaume
et al., 2013; Pereira et al., 2017; Syphard and Keeley, 2015). According to the Portuguese Rural
Fire Database (Pereira et al., 2011), currently available for the 1980–2014 period, although the
limited conﬁdence in the statistics for the ﬁrst few years, only 32.8% of the TNF in Portugal
have known cause, namely 0.6% caused by lightning, 23.1% by negligence and 76.4%
intentionally. Even though most of the ﬁres in Portugal are negligent or intentional, there are
still a number of unanswered research questions, namely: The spatial distributions of negligent
and intentional wildﬁres are equal or different? Do negligent and intentional wildﬁres have the
same drivers? Do these factors have the same inﬂuence on the two types of wildﬁre? Are there
regional differences in the inﬂuence of the drivers on the incidence of negligent and intentional
wildﬁre? Therefore, main objectives of this study, in order to answer the previous questions,
are to assess: (i) the spatial distribution of negligent and intentional wildﬁres; (ii) the inﬂuence
of human and landscape drivers on the incidence of negligent and intentional wildﬁres; and,
(iii) eventual regional differences in the spatial distribution and role of the drivers. We believe
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that it is of paramount importance to deepen our knowledge on the regime of negligent and
intentional wildﬁres at regional level since they represent the vast majority of wildﬁres in the
Portugal and are those that cause the greatest impacts and most catastrophic consequences. In
addition, negligent wildﬁres will be those for which campaigns of sensitization and prevention
as well as other ﬁre management activities can be more efﬁcient while risk management and
monitoring of possible arsonist activities may be more effective.

2.2. Materials and methods
2.2.1. Study area
Continental Portugal is geographically located between Spain and the Atlantic Ocean, just at a
few hundred kilometres of North Africa with a mainland area of about 90,000 km2. The altitude
is very heterogeneous within the mainland (Figure 2.1a), ranging from the sea level in the
western and southern coast to about 2 km of the highest point (Serra da Estrela) located in the
central region (Figure 2.1a). Naturally, altitude (value and location) determine the spatial
features of slope (Figure 2.1b). The Tagus River divide the country into two regions of
approximately the same area but with different topography and two sub types of temperate
(group C) climate. In accordance with Köppen-Geiger's climate classiﬁcation (Kottek et al.,
2006; Peel et al., 2007; Rubel and Kottek, 2010), the two subtypes of Mediterranean climate in
Portugal are: Csb (dry and warm summer) in the north part of the country; and, Csa (dry and
hot summer) in the south (Figure 2.1c). Consequently, and in accordance with CORINE Land
Cover 2006 (hereafter, CLC), these regions present two different predominant vegetation types,
namely: Forests (22%) and Scrub and/or herbaceous vegetation associations (30%) in the north
region; and, Heterogeneous agricultural areas (27%) and Forests (24%) in the south region.
In 1986, the Portuguese Government adopted the common standard for all member states of the
European Commission, designated by the Nomenclature of Territorial Units for Statistics
(hereafter, NUTS). The NUTS classiﬁcation is a single, coherent and hierarchical system for
dividing the territory of the European Union for the purpose of collecting, development and
standardising a set of common regional statistical rules and procedures (CM, 1986). The NUTS
regions were created by the Eurostat group in 1970, and consists of 3 levels of territorial units
aggregation whose speciﬁc settings in each Member State depends on national characteristics
and regional development policies (Eurostat, 2017; Santos, 2014). In this study, the NUTS
level II was adopted which divides Continental Portugal in 5 basic regions (Figure 2.1a),
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namely, Norte and Centro, in northern Portugal; Alentejo and Algarve in southern Portugal;
and, Área Metropolitana de Lisboa (hereafter, AML) the smallest but highly urbanized
western central region. Statistics of human and biophysical variables presented in the
following subsections were computed for the regions mentioned above.
We select the NUTS II regions as the spatial basis of analysis for the following reasons. These
regions are: (i) deﬁned according to population, administrative and geographical criteria (EPC,
2003); (ii) extensively used by national governments, Eurostat and other European Union's
bodies for statistical purposes and policy matters (EPC, 2003); namely, (iii) as instruments for
European Union's Structural Fund delivery mechanisms (EPC, 2003). The selection of NUTS II
instead of NUTS III or LAU's (Local administrative units) with much smaller size, increase the
spatial resolution of the outcomes, results from the compromise between the number of small
regions included in the analysis and the large amount of the obtained results.

Figure 2.1 Mainland Portugal (a) altitude according to the digital elevation model with 25 m resolution
provided by Goncalves and Morgado (2008) and including rivers (APA, 2017) and the location of Serra da
Estrela; (b) spatial distribution of slope; (c) Köppen-Geiger's climate classiﬁcation (Peel et al., 2007)and
CORINE Land Cover 2006 (Caetano et al., 2009) with the location of Tagus River.

2.2.2.

Human and biophysical drivers

Human and biophysical drivers used and tested in this study are the ones suggested by recent
studies performed for Portugal, namely: altitude, slope, population density, distance to roads
and land use/land cover (Catry et al., 2009; Fernandes et al., 2016b; Parente and Pereira,
2016; Vasconcelos et al., 2001; Verde and Zêzere, 2010). The following subsections are
devoted to provide a brief description of the cartography and the pre-processing steps
performed to obtain the maps of these explanatory variables using QGIS 2.8.1 desktop
(Team, 2014).
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2.2.2.1.

Altitude

Altitude (hereafter, h) map was produced using the most recent high resolution (25 m) digital
elevation model (hereafter, DEM) available for Portugal (Goncalves and Morgado, 2008). The
northeast of Portugal comprises the regions with highest altitude, especially in the eastern parts
of Centro and Norte while the lowest elevations are located in the southern part of the country
(Figure 2.1a). The DEM resolution determines the spatial grid size of the slope and distance to
road geodatabases.

2.2.2.2.

Slope

To derive the spatial pattern of slope (hereafter, s) the authors used the DEM previously
mentioned and terrain analysis tool available in QGIS 2.8.1 for raster layers. The s classes
adopted in Figure 2.1b were recently used in (Parente and Pereira, 2016; Verde and Zêzere, 2010).
The s map shows a very heterogeneous spatial pattern from north to south but with the
classes of highest values located in the inland areas of central and north region.

2.2.2.3.

Population density

The population density (hereafter, pd) map was obtained from the Portuguese National
Statistics Institute (INE) and respects the most recent available database produced from the
2011 Census (INE, 2012), which includes the number of people in each parish. This information
was updated by assigning the number of people to the last ofﬁcial parish map (DGT, 2016) and
computing pd (number of people per km2) for each of the 2882 current parishes in the country
mainland. The distribution of population presents the highest densities in the north western and
southern coastal areas as well as around major cities and in the lower h and s regions of all the
5 NUTS II regions (Figure 2.2b).

2.2.2.4.

Distance to the nearest road

The Portuguese road map was obtained from the OpenStreetMap project database (Haklay and
Weber, 2008), since it contains updated information for all types of roads (main, secondary and
tertiary). As expected, high density of roads is located around main cities and areas of higher
pd (Figure 2.2a). The distance to the nearest road (hereafter, d) map was obtained using the
Near tool from the Proximity toolset in ArcGIS™ environment, that simply ﬁnd the distance
from an input feature to another feature class.
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2.2.2.5.

Land use/land cover

Land cover types from CLC (Figure 2.1c) cartography has a minimum 25 ha map unit and
includes built up areas, agricultural and semi natural areas, wetlands and water bodies (Caetano
et al., 2009; EEA, 2017). A more detailed information and characteristics about CORINE Land
Cover map may be found in (Parente and Pereira, 2016; Pereira et al., 2014).

Figure 2.2 Mainland Portugal (a) road map (Haklay and Weber, 2008); and, (b) parish population density
in 2011 provided by INE (2012). Major cities and NUTS II regions of Portugal are also shown.

2.2.3. Fire dataset
The ﬁre data used in this study is the Portuguese Rural Fire Dataset (PRFD) provided by the
Portuguese Institute for the Conservation of Nature and Forests (hereafter, ICNF). For the
1980–2014 period, the dataset comprises a total of 680,000 ﬁre events and TBA of 3.8×106 ha.
PRFD comprises precise spatial and temporal information about the ﬁre events (e.g., BA,
ignition ﬁre location, ignition and extinction date and time) as well a comprehensive set of
additional information including ﬁre type and cause (Parente and Pereira, 2016; Pereira et al.,
2011).
The ICNF developed an ofﬁcial codiﬁcation and deﬁnition of cause categories with a
hierarchical structure of three levels. The ﬁrst level identiﬁes the six major categories of causes,
namely: 1) use of ﬁre; 2) accidental; 3) structural; 4) incendiarism; 5) natural and 6)
unidentiﬁed. The second level discriminates the causes of the previous one, identifying them in
groups and discriminating speciﬁc activities. Finally, the third level divides activities into
subgroups and discriminates speciﬁc behaviours and attitudes leading to 70 different ﬁre causes.
We focus the study in the wildﬁres with human cause, namely negligent and intentional deﬁned
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as follows: negligent wildﬁres have ﬁre cause 1 (use of ﬁre) or 2 (accidental) while intentional
wildﬁres have ﬁre cause 3 (structural) or 4 (incendiarism). The original ICNF ground ﬁre
dataset and, consequently the PRFD, also include a small number (3.3% of TNF) of rekindled
ﬁres concentrated between 1994 and 2000 (2.6%) and 2012–2014 (0.7%). These ﬁre records
were excluded from this study since the original cause is unknown.
Between 1980 and 1988, the ﬁreﬁghters determined ﬁre causes empirically but, after this period,
the wildﬁre cause of large wildﬁres (typically with BA>100 ha) began to be deeply investigated
by the Forest Guard (Pereira et al., 2011). Nevertheless, between 1980 and 2005, most (92.5%)
of wildﬁres still have unidentiﬁed cause, as a result of the lack of investigation performed by
the Forest Guard and unavailability of useful information (Pereira et al., 2011). Until 2006,
intentional and negligent wildﬁre causes were identiﬁed in all years and present approximately
similar inter-annual variability but the NF with known cause increase after this year (Pereira et
al., 2011) reached about 50% of the annual total NF in the last three years. To increase the
representativeness of the ﬁndings, the study relied only on conﬁrmed human caused wildﬁres
in the most recent 14-years period (2001–2014) which corresponds to the period when spatial
coordinates of wildﬁre ignition locations are also available. We expect higher dataset quality in
recent years due to improved detection, registration and information control procedures (Pereira
et al., 2011). In addition, despite of the high spatial-temporal variability of ﬁre in Portugal, we
believe that results obtained for the 2001–2014 sub-period should be representative for the
entire (1980–2014) available period because ﬁres with indeterminate cause should present
similar distribution, in terms of ﬁre cause type, as the ﬁres with conﬁrmed cause. Nevertheless,
this subset comprises a signiﬁcant total number (50495) of negligent (29177) and intentional
(21318) wildﬁres with BA ≥ 0.01 ha (for homogeneity reasons) which accounts for a TBA of
almost 870,000 ha.

2.2.4. Methodology
The methodological procedure includes the update of the ﬁre database by adding the NUTS II
region where the ignition occurs to each record, the production of maps of all variables, and
the intersection with the ﬁre dataset in order to compute the ﬁre incidence statistical descriptors.
The statistical analysis relied on NF and BA for the entire country, for each region and every
variable class. Statistics were also computed for each NUTS II region to detect potential
regional differences.
Both NF and BA are extensive quantities so their value depends on the extent of the system
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under study (Tolman, 1917). The correct comparison between values of these quantities
requires their conversion to intensive, which is achieved by dividing them by a measure of the
system size. In this study, the area of the region and/or class was the adopted normalizing
measure. Consequently, NF and BA were divided by the area of each NUTS II region
(hereafter, RA), given rise to the NF and BA density, respectively (Figure 2.3). Therefore, to
properly assess the relative importance of results obtained for each variable in different classes
and regions as well as ﬁre types, relative ﬁre incidence statistics (RNF = NF/TNF and RBA =
BA/TBA) were normalized, dividing their values by classes' areas (hereafter, CA), giving rise
to NNF = RNF/CA and NBA = RBA/CA (Figure 2.4, Figure 2.5, Figure 2.6, Figure 2.7 and
Figure 2.8).
In order to simplify the comparison of results obtained for each variable between regions and
classes, the normalized statistics are presented (in percentage), relative to their sum value
for each region (e.g., 𝑁𝑁𝐹(%) = ∑

𝑁𝑁𝐹
𝑟𝑒𝑔𝑖𝑜𝑛 𝑁𝑁𝐹

). Then, the differences between the

normalized NNF region statistics of ﬁre incidence (in percentage) computed for
intentional and negligent wildﬁres (ΔNNF=NNFInt−NNFNeg and ΔNBA=NBAInt−NBANeg),
were used to assess and compare eventual changes in the results obtained for the two
categories of wildﬁres.
Results are presented in maps created with QGIS 2.8.1, which display the conditional spatial
distribution of ﬁre incidence, i.e., will take into account each human/biophysical variable, and
put in evidence eventual differences between NUTS II regions. For comparison purposes and
a better understanding of the results, we adopted ﬁve equal size (i.e., equal NF) classes for all
variables based on the quantiles of human and biophysical variables, except for land cover/land
use where the CLC classes were used. This aimed deﬁning a sufﬁciently large number of classes
to assess variables' signature on ﬁre incidence but also ensuring that each class has a similar
and signiﬁcant NF records, i.e. to assure results' statistical signiﬁcance. However, the adoption
of ﬁve equal NF classes does not imply a uniform distribution of NBA. Instead, a different
distribution means that the corresponding variable have a clear signature in BA spatial pattern.
Although it is not one of the objectives of the study, it is important to know the relative
importance of the drivers. A variable will not be a driver if the distribution pattern of ﬁre
incidence's measures, in terms of that variable, is uniform. Alternatively, the importance of a
driver will be as important as greater heterogeneity causes in the distribution pattern. Thus,
dispersion statistics, such as the standard deviation, computed for each region and the whole
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country can be a measure of the relative importance of each driver.
Finally, drivers' inﬂuence may depend on ﬁre size and statistics computed for large NUTS II
regions may not be able to detect local effects, such as uneven distribution or over densities of
wildﬁres. In this sense, we map wildﬁres for different BA quintile ranges, by plotting each
event as a small coloured circle with the same colour palette used to represent variables' classes
as well as all wildﬁre events concurrently, as circles with area proportional to their BA. The
huge number of concurrent events may mask the relationship between wildﬁre events and the
drivers. Nevertheless, these maps allow to assess the potential dependence of the drivers'
inﬂuence on the wildﬁres' size and to detect local effects and regional asymmetries in the
distributions within NUTS II regions. To simplify and limit the number of ﬁgures in the
manuscript, these maps were transferred to Supplementary material (Figure 2.10 to Figure
2.14).

Figure 2.3 Density of number of ﬁres (NF/RA) and burnt area (BA/RA) taking into account the NUTS
II region area (RA) of Continental Portugal, for (a) the 2001-2014 period and for (b) negligent and (c)
intentional wildﬁres. Size of the ﬂames is proportional to the BA density.

2.2.5. Results
2.2.5.1. Regional ﬁre incidence density
statistics
For all wildﬁres (negligent + intentional), RNF and RBA is much higher (95% and 87%,
respectively) in the northern half of the country, especially in Norte region. This is
particularly interesting because of Norte's smaller area in comparison with Centro and
Alentejo but is a consequence of 62% of TNF and 44% of TBA occurred in this NUTS II
region. Results obtained when NUTS II region's area are take into account allow to properly
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assess regional differences (Figure 2.3a). NNF present a similar pattern to RNF, with 85%
of total NNF and 71% of total NBA in the North (Norte and Centro). However, NBA is also
non-despicable in Algarve, where reaches 20% of total NBA.
Negligent (Figure 2.3b) and intentional (Figure 2.3c) NNF and NBA general pattern is quite
similar to, respectively, the spatial distribution of NNF and NBA for all wildﬁres. For NNF,
this pattern presents a pronounced South-North gradient, from Algarve to Norte for intentional
wildﬁres and from Alentejo to Norte for negligent wildﬁres. However, some differences in
normalized statistics for negligent and intentional wildﬁres are worth noting. Intentional TNF is
lower (−27%) than negligent TNF but the difference in NNF is much more signiﬁcant in the
South (−50% Alentejo and −80% in the Algarve) than in the north (−22% in Centro and
−26% in Norte). However, intentional TBA is larger (+29%) than negligent TBA,
especially in the north (79% in Centro and 8% in Norte), but lower in the South. In AML,
these differences are even more expressive. Difference between TNF for intentional and
negligent is −73%, while for TBA is 166%. Otherwise, the average size of intentional
wildﬁres is much larger than of negligent wildﬁres in all regions (10× in AML, 4× in
Algarve, 2.5× in Centro, and 1.5× in Alentejo and Norte). In short, there are far fewer
intentional than negligent wildﬁres, but intentional BA is proportionally much larger than
the negligent one. The following sub sections present the spatial distribution of the ﬁre
incidence in terms of the human and biophysical drivers.

2.2.5.2.

Population density

The NNF present a clear general increasing trend with pd, not only at national level (from
5% to 35%) (Figure 2.4a) but also in all regions (Figure 2.4b). This trend is less
pronounced in Alentejo (4% to 20%), Norte (6% to 25%) and Algarve (6% to 30%) but
more marked in Centro (9% to 43%) and AML (8% to 54%). The NBA for entire Portugal
has a unimodal distribution with maximum at the medium pd class (Figure 2.4e). The
distribution pattern of NBA for Norte is identical but for all other regions is characterized
by higher NBA values in extreme pd classes (Figure 2.4f). However, as will be clear later,
both the distribution patterns at national and regional scales are the consequence of a clearly
different regional distribution of NBA according to pd for intentional and negligent
wildﬁres.
The distribution patterns of normalized NNF statistics for intentional wildﬁres at country
and regional scales are, in general, similar to those obtained for the whole country but also
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present some differences important to point out. ΔNNF tend to be positive in classes of
medium to high pd (and negative in other classes), which means that intentional (negligent)
wildﬁres are relatively more frequent than negligent (intentional) wildﬁres in those classes,
not only at country but also at regional level (Figure 2.4c and d). The only exception is
AML where intentional wildﬁres are more likely to start in the lower pd class and less
frequent in the higher pd class. This general pattern of ΔNNF is also observed for ΔNBA
but with much more impressive ﬁgures, including in the classes of highest pd, namely in
AML (+26%) and Centro (+19%). This means that the BA by intentional wildﬁres (Figure
2.4h) initiated in higher pd areas tends to be larger than the NBA caused by negligent
wildﬁres (Figure 2.4g), and that this relative difference can be of about +10% in classes for
the whole country, and in the Norte, +20% in the Centro, AML and Alentejo, and +80% in
the Algarve.
In addition to this general pattern, there are still some distinctive features in regional NBA
distributions, namely the concentration in only a few but also different classes of pd
depending on the types of wildﬁre considered. In fact, most of the NBA in Algarve is
concentrated in the lower pd class for negligent wildﬁres but in the class of medium pd for
intentional wildﬁres. Higher NBA in Alentejo, may be found in classes 1, 3 and 5 for
negligent but is also concentrated in the class of medium pd for intentional wildﬁres. In
AML, most (51%) of the NBA is concentrated in the highest pd class and the two classes
of lowest pd contain 43% for negligent wildﬁres but most of the NBA is concentrated
(76%) in the class of highest pd for intentional wildﬁres. In Centro, highest NBA displaced
from the classes of lowest to the highest pd when considering negligent and intentional
wildﬁres, respectively. These different regional patterns for negligent and intentional
wildﬁres per se clearly explain the distribution patterns obtained for all wildﬁres.

2.2.5.3.

Distance to the nearest road

The distribution pattern of NNF in terms of d for all wildﬁres and entire Portugal clearly
present a strongly decreasing trend (43% to 5%) which is also characterized by a signiﬁcant
concentration of NNF in the class of lowest d (d < 22 m) (Figure 2.5a). This pattern is
equally evident for all regions as well as for negligent and intentional wildﬁres at country
scale while the concentration in the shorter d class is even higher (NNF≈50%) in the
southern NUTS II regions (Figure 2.5b). Values of ΔNNF are particularly small (<10%)
and do not present a clear pattern with d.
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At national scale and for all wildﬁres, NBA clearly decrease with d (Figure 2.5e). This
decline is also observed and even intensiﬁed from Norte to Alentejo associated to a
concentration of NBA in the lower class of d (Figure 2.5f). On the other hand, in Algarve,
NBA present two peaks in two speciﬁc classes, namely 22≤d<49 m and d≥168 m. This
distinctive distribution pattern in Algarve is the result of NBA being concentrated,
separately, in exactly those two classes (72% of total NBA in the 2nd class of lower d) for
intentional and (also 72% of total NBA but in the class of greatest d) negligent wildﬁres,
respectively (Figure 2.5g and h). For the other regions, ΔNBA is positive for the ﬁrst class
and negative for the others, which means that intentional wildﬁres tend to start more
frequently at shorter d while negligent wildﬁres are more common at longer d. In fact, at
national scale, NBA decrease much more gently with d for negligent than for intentional
wildﬁres.

2.2.5.4.

Altitude

The NNF for all wildﬁres in Continental Portugal increase in the ﬁrst four classes of (lower)
h (Figure 2.6a). However, this pattern is only observed at regional level, in Centro, since
NNF signiﬁcantly decrease with h in Norte and present isolate peaks in speciﬁc h classes
in other regions (Figure 2.6b). For example, a higher fraction of NNF is concentrated (87%)
in the ﬁrst two classes in AML and (48%) in just one class in Algarve. Distribution patterns
of NNF for negligent wildﬁres are very similar to ones obtained for all wildﬁres but some
differences are worth noting for intentional wildﬁres, especially in Algarve, Alentejo and
Centro (Figure 2.6c and d). In these regions, lower h classes contain a much higher fraction
of total NNF. In addition, values of ΔNNF reveal that intentional wildﬁres tend to initiate
more frequent in lowlands and less frequent in the highlands than negligent ones.
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Figure 2.4 Distribution of normalized number of wildﬁres, NNF (top panels), and burnt area, NBA
(bottom panels), for all wildﬁres and entire Portugal (a and e) as well as in each of the Portuguese NUTS
II regions for all (b and f), negligent (c and g) and intentional (d and h) wildﬁres in terms of population
density classes. Values expressed as percentage of the sum of the measures' values for all classes.

At national scale, the NBA by all wildﬁres presents an even more evident increasing trend
with h (Figure 2.6e). Nonetheless, this distribution pattern is not observed at regional level
(Figure 2.6f). Actually, a slightly increasing trend is only noticed in Norte and, to some
extent, in Centro while, in southern regions, NBA is high concentrated in one (or two)
classes of h. For example, NBA is 81% in class 2 (143 m ≤ h < 308 m) in AML, 77% in
class 4 (482 m ≤ h < 672 m) in Alentejo and 65% in class 3 (308 m ≤ h < 482 m) in Algarve.
In general, NBA's distribution for negligent wildﬁres follows the same distribution patterns
of NBA for all ﬁres with a higher concentration in the classes of maximum h and a
signiﬁcant increasing trend in Centro (Figure 2.6g). On the contrary, NBA for intentional
wildﬁres tends to be higher at lower h, which is conﬁrmed by the negative values of ΔNBA
in ﬁrst classes (Figure 2.6h).
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2.2.5.5.

Slope

For all wildﬁres and at national scale, NNF increase in the ﬁrst four classes (from 10% to
26%) and slightly decrease in the class of highest s (Figure 2.7a and b). Alentejo is the only
region with similar distribution pattern while in Algarve NNF evidently decrease with s.
For all other regions, NNF present a unimodal distribution, symmetrical in Norte and AML,
left skewed in Centro and right skewed in Alentejo. Values of ΔNNF reveal a higher
propensity of negligent wildﬁres to start at lower s and a higher frequency of intentional
wildﬁres initiating at higher s (Figure 2.7c and d). In general, the distributions' patterns of
NBA at national scale and regional scale are relatively similar in northern regions (Figure
2.7e and f). In southern regions, NBA is highly concentrated in the highest s class in
Alentejo (54%), and in the second lowest s class in AML (50%) and Algarve (63%).
Differences between NBA patterns for negligent and intentional wildﬁres are almost
despicable at national scale as well as in Centro and Norte (Figure 2.7g and h). In fact,
higher NBA caused by intentional wildﬁres tend to occur in lower to medium s (+64% for
6° ≤ s < 9°) in Algarve, Alentejo and AML, while high NBA caused by negligent wildﬁres
are particularly signiﬁcant for lower s in AML (+30% for s < 4°) and Algarve (+61% for
4° ≤ s < 6°) and for the highest s in Alentejo.

2.2.5.6.

Land use/land cover

For all wildﬁres in entire Portugal, most of NNF (Figure 2.8a) and NBA (Figure 2.8e) is
concentrated in Agricultural areas (47% and 55%) and Artiﬁcial surfaces (36% and 27%)
while only a small fraction of these statistics respect to wildﬁres started in Forests (13% and
18%). CLC classes with higher NNF are Urban fabric (24%), Pastures (24%) and
Heterogeneous agricultural areas (12%). These CLC also present higher NBA but with
different fractions (18%, 30% and 12% respectively). The north part of country (Centro and
Norte) also present this general tendency for NNF (Figure 2.8b). However, in the
southernmost regions there is slightly higher concentration of NNF in Urban fabric (37% in
Algarve and 59% in Alentejo), Open spaces with little or no vegetation and Scrub and/or
herbaceous vegetation associations (10% and 7%, both in AML). However, national and
regional distribution patterns of NBA are characterized by high concentration in speciﬁc CLC
classes (Figure 2.8e and f). This concentration is higher in southern than in northern parts
of the country.
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Figure 2.5 Distribution of normalized number of wildﬁres, NNF (top panels), and burnt area, NBA
(bottom panels), for all wildﬁres and entire Portugal (a and e) as well as in each of the Portuguese NUTS
II regions for all (b and f), negligent (c and g) and intentional (d and h) wildﬁres in terms of distance to
the nearest road classes. Values expressed as percentage of the sum of the measures' values for all
classes.

Urban fabric is the only CLC class with high NBA in all regions, ranging between 12% in Norte
to 55% in Alentejo. The CLC class with higher NBA in each region are: Pastures (43%) and
Heterogeneous agricultural areas (12%) in Norte; Urban fabric (21%), Heterogeneous
agricultural areas (19%) and Industrial, commercial and transport units (15%) in Centro; Urban
fabric (34%) and Industrial, commercial and transport units (31%) in AML; Urban fabric (55%)
and Permanent crops (25%) in Alentejo; and, Heterogeneous agricultural areas (53%), Urban
fabric (23%) and Scrub and/or herbaceous vegetation associations (21%) in Algarve.
Distribution patterns of NNF (Figure 2.8c and d) and NBA (Figure 2.8g and h) for intentional
and negligent wildﬁres are quite different from the ones obtained for all wildﬁres, especially
for some regions and CLC classes. There is a relatively high number of non-despicable
values of ΔNNF but, in general, there no clear trend in ΔNNF within each of the CLC level
1 classes. Results obtained for NNF reveal that the CLC classes where intentional wildﬁres
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are more likely to start, comprises: Artiﬁcial, non-agricultural vegetated areas (6%) in Norte,
Urban fabric (6%) in Centro, Scrub and/or herbaceous vegetation associations (10%) and
Heterogeneous agricultural areas (8%) in AML, Urban fabric in Alentejo (19%) and
Algarve (12%). On the other hand, wildﬁres are more frequently initiated by negligence in
Urban fabric (8%) in Norte, Pastures (10%) in Centro, Open spaces with little or no
vegetation (11%) and Mine, dump and construction sites (10%) in AML, Industrial,
commercial and transport units (17%) in Algarve.

Figure 2.6 Distribution of normalized number of wildﬁres, NNF (top panels), and burnt area, NBA
(bottom panels), for all wildﬁres and entire Portugal (a and e) as well as in each of the Portuguese NUTS
II regions for all (b and f), negligent (c and g) and intentional (d and h) wildﬁres in terms of altitude
classes. Values expressed as percentage of the sum of the measures' values for all classes.

On the other hand, only a few number of CLC classes concentrate the non-despicable and,
consequently, signiﬁcant values of ΔNBA. Obtained results reveal that the intentional
wildﬁres which caused relatively more NBA started in Industrial, commercial and
transport units (22%) in Centro, Urban fabric (66%) and Heterogeneous agricultural areas
(14%) in AML, Permanent crops (34%) in Alentejo and Scrub and/or herbaceous
vegetation associations (63%) in Algarve. Highest NBA associated to negligent wildﬁres
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were obtained for AML (48% in Industrial, commercial and transport units and 14% in
Mine, dump and construction sites), Alentejo (16% in Forests) and in Algarve (31% in
Urban fabric and 29% in Heterogeneous agricultural areas).

Figure 2.7 Distribution of normalized number of wildﬁres, NNF (top panels), and burnt area, NBA
(bottom panels), for all wildﬁres and entire Portugal (a and e) as well as in each of the Portuguese NUTS
II regions for all (b and f), negligent (c and g) and intentional (d and h) wildﬁres in terms of slope classes.
Values expressed as percentage of the sum of the measures' values for all classes.

2.2.5.7.

Wildﬁre events' spatial distribution

The spatial distribution of wildﬁres according to their BA discloses a perceptible shift of their
location from west to east as BA increases. When tested variables are also considered, results
obtained for increasing BA, can be summarized as follows. There are much more small
wildﬁres in regions of high pd and high predominance of largest wildﬁres (BA ≥ 3 ha) in
regions of low pd (Figure 2.10). It is also observed a tendency for larger wildﬁres to occur
preferentially further from the roads (Figure 2.11), at higher h (Figure 2.12) and s (Figure
2.13). Results also suggest that more BA means less ﬁres in Urban Fabric, Arable land and
Permanent crops as well as in Heterogeneous agricultural areas (Figure 2.14).
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Figure 2.8 Distribution of normalized number of wildﬁres, NNF (top panels), and burnt area, NBA
(bottom panels), for all wildﬁres and entire Portugal (a and e) as well as in each of the Portuguese NUTS
II regions for all (b and f), negligent (c and g) and intentional (d and h) wildﬁres in terms of CORINE
Land Cover 2006 classes. Values expressed as percentage of the sum of the measures' values for all
classes.

2.2.5.8.

Drivers' importance assessment

The standard deviation of NNF and NBA in terms of each variable, for each NUTS II region and
for entire mainland allow us to assess the importance of the tested variables. In general,
results reveal that drivers' inﬂuence is higher: (i) for southern than for northern regions; (ii)
for intentional than for negligent wildﬁres; (iii) at regional than national scale; and, (iv) for
NBA than for NNF. It should be noted that this last result is true for: all variables and wildﬁres
types in Algarve; for all variables and wildﬁres types in AML except for negligent wildﬁres,
pd and d; and in all variables except pd in Alentejo and Centro. Norte is the only region
where CLC is the only driver with higher inﬂuence on NBA than in NNF. Most important
drivers of NNF at national scale seems to be d and pd while at regional scale h also play also
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an important role. The most inﬂuential drivers of NBA at regional scale are h, d, s and pd
while the inﬂuence at national scale of all drivers reduced to about half.

2.2.6. Discussion
NUTS II provides a division of the country into 5 regions, each one speciﬁc characteristics in
terms of landscape, population and ﬁre incidence distribution (Figure 2.1, Figure 2.2 and
Figure 2.3). Spatial patterns of burnt area and number of ﬁres density on the basis of NUTS II
regions for all ﬁres (Figure 2.3a) are in very good agreement with results obtained in previous
studies, even with those using different ﬁre datasets and study periods (Parente et al., 2016;
Pereira et al., 2015b, 2011). This suggest that the study period may be sufﬁciently long to
capture main characteristics of the ﬁre incidence's spatial distribution and, therefore, be
representative of the ﬁre regime. In the previously mentioned studies, this pattern was
associated with the different characteristics of northern and southern parts of Continental
Portugal (Figure 2.1 and Figure 2.2) respecting to the type of climate, topography, river
network/water availability and, consequently, vegetation cover and land use (Parente et al.,
2016; Pereira et al., 2015a, 2011). However, spatial patterns for negligent and intentional
wildﬁres are slightly different (Figure 2.9). Intentional wildﬁre density is higher in Alentejo
than in Algarve while BA density for negligent wildﬁres is the lowest in AML and the second
highest is not in Centro but in Algarve (Figure 2.3b and c). These results may be associated to
the combined effect of very different pd, land use/land cover and main socioeconomic activities
in these regions. In fact, the fraction of region area devoted to Artiﬁcial surfaces, Agriculture,
Forest and semi natural areas is: 4%, 40% and 53% in Algarve; 1%, 61% and 36% in Alentejo;
and, 22%, 43% and 27% in AML. It is also worth noting Algarve's economy is strongly based
on tourism where temporary population increases considerably during the summer vacation
period enormously (Petrov et al., 2009).
The separation of the wildﬁre events by the quantiles of the variables aimed to assess driver's
inﬂuence by the adequate comparison of ﬁre incidence statistics at national and regional scales.
In addition, as explained in Section 2.2.4, normalized statistics (divided by the area of the region
and variable class) are the adequate basis to compare the differences between regions and
variables' classes (Pereira et al., 2011). Despite informative, relative statistics were not shown
and, therefore, will not be discussed. It should also be underlined that ignition points identify
the wildﬁres, concentrate the BA and the values of the variables attributed to the wildﬁres are
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those veriﬁed at that point, so the calculated ﬁre incidence statistics refer to ﬁre ignitions and
area burnt by ﬁres started in that point.
All human and biophysical variables present a very heterogeneous spatial distribution within
Continental Portugal (Figure 2.1 and Figure 2.2) and play a different role on the spatial patterns
of ﬁre incidence. At global scale, all variables tested in this study inﬂuence BA but previous
studies suggested that this relationship should be nonlinear (Oliveira et al., 2012a; Vilar et al.,
2010), which is precisely the observed pattern in ﬁre incidence densities (Figure 2.3a).
Wildﬁres are more frequent in highly populated and in central/coastal areas (Figure 2.10) which
is in agreement with the fact that the wildﬁres in Portugal have predominantly human origin
(please see Section 2.2.3). Apparently, this is not reﬂected by relative statistics (not shown) but
is evident in normalized statistics (Figure 2.4a–d). On the contrary, the likelihood of having
larger NBA is greater in areas of low pd (Figure 2.4e-h) and in inner country (Figure 2.10)
which is in good agreement with previous studies which found that the probability of having
high burnt area is inversely related to pd (Catry et al., 2007; Moreira et al., 2010).
Spatial patterns of NNF (Figure 2.4c and d) and NBA (Figure 2.4g and h) for intentional and
negligent wildﬁres in terms of pd are also in line with previous studies on ﬁre incidence
performed for Portugal (Catry et al., 2009; Pereira et al., 2011). In fact, there is a notorious
increasing trend in negligent NNF with pd, while negligent NBA tends to occur in periurban
lower pd classes. This decreasing trend in NBA is more evident for intentional than for
negligent wildﬁres which is in accordance with the existence of higher vegetation cover in lower
pd areas and arsonists' intentions (Ganteaume and Jappiot, 2013).
All wildﬁres occur in a short distance (4 km) from roads. In fact, 95% of total NNF occur in
d < 168m and the remaining 5% are only responsible for 7% of total NBA. AML is where most
of the wildﬁres (80%) occurs at shorter distance to roads (d<92m), eventually because road
network's density is too high in this region. These results are in accordance with the ﬁndings of
previous studies performed for Portugal (Catry et al., 2009) and Spain (Vilar et al., 2010). For
example, Vasconcelos et al. (2001) conclude that, for central Portugal, ﬁre ignition is more
likely to occur close to man-made features, such as distance to roads, that can act as ignition
sources. These ﬁndings conﬁrms the role of the relatively dense road network (Figure 2.2a)
which, in one way, provides easy access to vegetated areas of both tourists and pyromaniacs
but also ﬁre suppression resources to ﬁre locations (Catry et al., 2009; Oliveira et al., 2012a;
Yang et al., 2015). Obtained results also points to higher intentional than negligent NBA near
to roads (Figure 2.5g and h), which could be related to the need of the arsonist to runway from
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the crime scene and of the forest users and workers to move farther away from the roads to
depart from urban areas and to take advantage of the forest services.
The relationship between ﬁre incidence and altitude was studied in other European countries
but is very dependent on the study area, speciﬁcally on altitude range (Pavlek et al., 2017). For
example, in northern Sweden and NE Spain, the probability of a ﬁre to affect a forest stand is
higher at lower altitudes due to the inﬂuence of high latitude and mountain ranges, vegetation
and snow cover (Engelmark, 1987; Gonzalez et al., 2006). The decrease of the ﬁre incidence in
the highest altitude class in Portugal can be associated to the inﬂuence of altitude on combustion
characteristics. On this respect, Li et al. (2009) showed that the burning rate, radiation heat ﬂux
and ﬂame temperature at high altitude is lower than at low altitude for equal BA and,
conversely, radiation heat ﬂux at high altitude is lower than at low altitude for the same burning
rate, though higher average ﬂame temperature. In fact, high-altitude environment is
characterized by low atmospheric pressure and temperature, low air and oxygen density, which
signiﬁcantly affects ﬁre behaviour (Yan et al., 2017). In addition, cloud cover and precipitation
tend to increase with altitude due to topographic effect (Gonzalez et al., 2006). However, it is
important to take into account that most of the ﬁre activity in Portugal occur during summer
when some of these factors lose some relevancy (Telesca and Pereira, 2010). Nevertheless, it
should be noted that more than half of wildﬁres started in locations above 482 m of altitude.
At regional scale, patterns of normalized ﬁre incidence measures (NNF and NBA) with h can
be quite diverse in southern and northern regions (Figure 2.6) due to the combination of
different trends of ﬁre incidence and altitude CA. In fact, some of the highest altitude classes
are residual or do not exist in southern regions. The trend of NNF with altitude is negative for
intentional wildﬁres in all regions (Figure 2.6d) but positive for negligent wildﬁres except in
AML and Norte (Figure 2.6c). NBA by intentional wildﬁres is concentrated in lower h classes
and present an essentially increasing trend (except in AML) for negligent wildﬁres. These
patterns of NNF and NBA can be explained, in the latter case, by the use of forest areas for
leisure and, in the former, by the usual uphill ﬁre spread which suggest the arsonist to start the
ﬁres at lower altitude to raise the probability to set up a large ﬁre (Vasconcelos et al., 2001).
Spatial patterns for s at national scale (Figure 2.7) reﬂect the key role of these variables on ﬁre
spread (Dupuy, 1995; Viegas, 2004). In fact, an increasing trend is observed not only in NBA
but also in NNF, for all wildﬁres but more signiﬁcantly for intentional wildﬁres. At regional
scale, the trend can be negative in some regions but, in these cases, the existence of classes with
residual or zero CA as well as the decrease of classes' area cannot be disregarded. In fact, s
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proved to be a very useful variable to model ignition due to arson but not due to negligence,
which could be associated with the interest of the arsonist to start ﬁres in regions of fast spread
conditions (Vasconcelos et al., 2001).
Obtained results reveal that most of 83% of total NNF started in Agricultural areas (47%) and
Artiﬁcial surfaces (36%) while most (94%) of total NBA occurred on Agricultural areas (57%),
Forest and semi natural areas (36%) (Figure 2.8). These results are compatible with the fact
humans caused almost all ﬁres in Portugal, either by negligence or intentionally. In addition,
similar BA statistics have been found by Catry et al. (2010, 2007) for the 2000–2005 period.
Most affected CLC classes in terms of NBA were Heterogeneous agricultural areas, Scrubs and
Forests. Similar ﬁndings were obtained by Pereira et al. (2014) for 2000–2013 period although
using a different ﬁre dataset. Patterns of normalized ﬁre incidence statistics put in evidence the
role of Artiﬁcial surfaces in NNF distribution for both negligent and intentional causes (Figure
2.8c and d) as well as disclose the preference of arsonists for Pastures and negligent wildﬁres
for Urban fabric. It should be noted that about 47% of total, intentional and negligent wildﬁres
started in Agricultural areas but correspond to 56% of intentional NBA and 59% of negligent
NBA. This may be explained with the use of ﬁre as a management tool in Agricultural areas
(Ganteaume and Jappiot, 2013; Moreira et al., 2010). It is also important to take into account
the large size of Agricultural and Forest areas in Portugal, which may be the reason why these
CLC variables are not all necessarily selected in models of ﬁre occurrence in Mediterranean
Europe (Fernandes et al., 2016b; Oliveira et al., 2012a; Vasconcelos et al., 2001) and the lower
ﬁre proneness of agricultural areas in comparison to scrublands and forests (Pereira et al., 2014).
Drivers' inﬂuence on the spatial distribution of the wildﬁre events taking in account their size
is in good agreement with previous studies. For example, Pereira et al. (2015a) found that, when
ﬁre size increase, there is a eastward displacement of the ﬁre events, a decrease of ﬁre and
population densities as well as a predominantly rural land use. They found that ﬁre clusters
centred in the coastal areas clearly present higher pd and higher fraction of TBA in Artiﬁcial
surfaces land cover types while clusters located in the interior present lower pd, higher mean h,
slightly lower mean s and higher fraction of BA in Forest, semi natural and Agricultural areas
land cover types.
Finally, aforementioned studies identiﬁed the variables tested in this study as the main drivers
of ﬁre incidence in Portugal. The importance of the drivers at regional and national scales
assessed here are in a very good agreement with previous ﬁndings of other researchers. For
example, Marques et al. (2011) shown that population density is the most important driver of
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ﬁre ignitions followed by distance to roads. Moreira et al. (2010) concluded that population
density is more important than land cover for large wildﬁres (BA>500 ha) and the probability
of ignition of large ﬁres is higher in low population density interior areas. Vasconcelos et al.
(2001) discovered that most important drivers for intentional ﬁres are h, s, d and distance to
urban areas while, for negligent ﬁres are h, d and distance to urban. Finally, Fernandes et al.
(2016b) studied the most inﬂuent variables on the occurrence of large ﬁres (100<BA<23,219ha)
and found that climate-weather top-down (climate–weather, landform, land use) variables only
explain 15% of the ﬁre size distribution while and bottom-up (the state of the fuels and
topography) variables describe the remaining 85%.
The potential of other biophysical and human variables such as weather, climate, aspect,
unemployment, livestock, etc., were not tested in this study for the following reasons. Weather
and climate variables are among the most important driver of the ﬁre incidence in Portugal
(Pereira et al., 2005; Sousa et al., 2015; Trigo et al., 2016, 2006). They play a most signiﬁcant
role all stages of ﬁre from occurrence (lighting) through development (wind, air temperature
and humidity) and extinction (precipitation). However, the inﬂuence of meteorological
parameters is much more important in the temporal distribution. Unemployment is associated
with economic crisis, human depression and rural abandonment, and was not included in the
analysis since previous studies did not ﬁnd a strong relationship with ﬁre incidence in Portugal
(Oliveira et al., 2012a). Livestock density was not considered because it has a dual inﬂuence. It
tend to increase NF through burnings for pasture renewal (Koutsias et al., 2010; Martínez et al.,
2009) and to decrease both NF and BA by the reduction of the ﬁne fuel load/accumulation
through pasture (Oliveira et al., 2012a; Romero-Calcerrada et al., 2008; Sebastián-López et al.,
2008).
In any empirical study, obtained results are dependent on the quality of the databases. This
study is based on the concepts of intentional and negligent ﬁre, for which it should be underlined
the consequence of eventual ﬁre classiﬁcation errors in the conclusions of this study. In
addition, results may be affected by other errors and uncertainties in the ﬁre database, such as
those associated with the exact location of ignition points and burnt area. Eventual errors in
other databases such as in the road map and classiﬁcation of land use/land cover types resulting,
among other factors, from its minimum spatial resolution.
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2.2.7. Conclusion
This study aimed to characterize the spatial distribution of negligent and intentional wildﬁres'
incidence in terms of human and landscape drivers at national and regional scale. Previous
studies suggested a list of potential drivers, which comprises population density, distance to the
nearest road, altitude, slope, and land use/ land cover. Wildﬁres with human causes were
grouped into negligent (accidental and use of ﬁre) and intentional (structural or arson) ﬁres and
statistics computed for entire mainland and NUTS II regions as well.
The most important general conclusion of this study is that the spatial distribution's patterns of
the incidence of intentional and negligent wildﬁres, at national and regional scales, are generally
very different from those obtained for all wildﬁres and national level, which justiﬁes this study.
In general, previous studies analysed simultaneously the entire set of ﬁres along with the values
of associated variables, which allowed them only to assess the inﬂuence of the drivers in their
entire study areas. This type of analysis does not allow detecting and characterizing regional
differences and the usage of their ﬁndings to speciﬁc ﬁre types or regions with different
distribution patterns is clearly compromised.
Other speciﬁc conclusions can be summarized as follows. Regardless of the statistics used,
northern regions of Norte and Centro tend concentrate most of the ﬁre incidence (95% and 87%
of TNF and TBA, respectively). The preponderance of these regions is increased for intentional
(97% of TNF and 92% of TBA, respectively) and decreased for negligent wildﬁres (94% of
TNF and 84% of TBA, respectively). Fire incidence per unit area is characterized by a
signiﬁcant South-North gradient clearly deﬁned for NF/RA while, for BA/RA, Algarve present
expected values (20%) and the dominance of northern regions decrease (85% and 71% of total
NF/RA and BA/RA, respectively). Differences between ﬁre densities (NF/RA) for intentional
and negligent wildﬁres are intensiﬁed (92% and 74 for intentional wildﬁres; 81% and 67% for
negligent wildﬁres). Intentional wildﬁres cause higher burnt area density (BA/RA) than
negligent in Centro (35% vs 23%) and AML (6% vs 3%) but lower in other regions, especially
in Algarve (16% vs 25%).
Results obtained when considering all the ﬁres in the dataset allow us to conclude that: (i) NNF
increase with pd in all regions but NBA present a unimodal centred distribution, skewed to the
high values of pd; (ii) NNF sharply decrease with d and NBA show the same pattern except for
Algarve where present two peaks on speciﬁc d classes; (iii) wildﬁres tend to start at lower
altitude except in Algarve, where highest h class present the maximum NNF while NBA clearly
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increase with altitude except in the highest h class; (iv) slope is the driver with the lowest
inﬂuence on NNF but lead to increase of NBA with a secondary maximum in medium slope
class; and, (v) wildﬁres tend to start mainly in the Artiﬁcial surfaces (speciﬁcally in the Urban
fabric), Pastures and Heterogeneous agricultural areas while NBA is higher in Agricultural
areas, Forests and semi natural areas.
In general, NNF regional and national patterns for all wildﬁres are only similar for human
drivers (pd and d). Regional patterns for biophysical variables are very different form national
ones, except for h in Centro, s in Alentejo and, to some extent, CLC in Norte. NBA regional
patterns are much more diverse and this diversity is particularly evident in the southern and
Centro regions. Difference between distributions of NNF and NBA allowed us to conclude
about the different drivers' inﬂuence on the two types of wildﬁres not only at national but also
at regional scale. Intentional wildﬁres tend to start more frequently in classes of medium to
higher pd and d, lower h, medium to higher s in the south and medium to high s in the north as
well as in Agricultural areas, Forests and semi natural areas. On the other hand, negligent
wildﬁres tend to be more frequent in classes of lowest and highest pd, lowest d in the south and
highest d in Centro and Norte, higher h, low s (especially in the south) as well as in Artiﬁcial
surfaces (except in Centro).
Results also suggest that the intentional wildﬁres that cause the greatest NBA are those that
begin at medium to high pd, lower d, lower to medium h and s as well as in Artiﬁcial surfaces.
On the other hand, negligent wildﬁres causing higher NBA are those starting in Urban fabric
(+31%) and Heterogeneous agricultural areas (+29%) in Algarve, Forests (+16%) and Urban
fabric (+8%) in Alentejo, Industrial, commercial and transport units (+48%), Mine, dump and
construction sites (+14%) in AML and Open spaces with little or no vegetation (+9%) in
Centro.
We believe that the ﬁndings of this study contribute to close gaps and a better knowledge of the
ﬁre regime in Portugal, especially in what concerns to the ﬁre incidence regional patterns and
to the speciﬁcities of both the intentional and negligent ﬁres. The results of this study help to
identify the areas in each region where forest ﬁres are most likely to be ignited intentionally
and by negligence as well as where the largest areas burned by these ﬁres occur. Therefore, the
obtained results can also be used to better distribute resources for monitoring and ﬁghting ﬁres
as well as to increase the efﬁciency of forest and ﬁre management activities, including
prevention, preparation, adaptation and suppression of ﬁres in addition to the mitigation of their
consequences.
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2.2.8. Supplementary material
2.2.8.1. Supplementary 1 - Spatial distribution
of the wildfire events
Figure 2.9 represent the spatial distribution of negligent and intentional wildfires. Figure 2.10
to Figure 2.14 represent the spatial distribution of the wildfires according to burnt area and the
respectively variable.

Figure 2.9 Spatial distribution of wildfire events with the distance to the nearest road classes taking in account the
burnt area size.
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Figure 2.10 Spatial distribution of wildfire events in the population density classes taking in account the burnt
area size.

Figure 2.11 Spatial distribution of wildfire events with the distance to the nearest road classes taking in account
the burnt area size.
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Figure 2.12 Spatial distribution of wildfire events with altitude classes taking in account the burnt area size.

Figure 2.13 Spatial distribution of wildfire events with slope classes taking in account the burnt area size.
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Figure 2.14 Spatial distribution of wildfire events with CORINE Land Cover 2006 classes taking in account the
burnt area size.
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Summary
CONTEXT AND OBJECTIVES
This chapter is devoted to the identiﬁcation and characterization of heat waves (HW) in
current and future climate conditions as well as its inﬂuence on the occurrence of extreme
wildﬁres (EW), as described in Parente et al. (2018a), which was published in the journal
of Science of the Total Environment. HWs can have devastating social, economic and
environmental impacts. Together with long-term drought, they are the main factors
contributing to wildﬁres.
METHODS
HW were assessed based on Verde and Zêzere (2010) definition for recent past and future
climate using a consistent high resolution meteorological database and their occurrence
were compared with long and reliable, precise and detailed information about Portuguese
ﬁre events. Results include the characterization of HW frequency, duration, seasonality and
intensity for current and different future climate conditions and their relationship with EW
occurrence.
RESULTS
The results have detected 130 HW between 1981 and 2010, concentrated between May and
October and the highest values in July and August. The highest HW number and duration
was found over the Northeast corner and the south of the country while highest amplitudes
were typically located in central area. HW characteristics present high inter-annual
variability but were clearly associated to the temporal and spatial distribution of EW: 97%
of total number of EW were active during an HW, 90% of total EW days were also HW
days; 82% of the EW had duration completely contained in the duration of an HW; and,
83% of EW occurred during and in the area affected by HW. Our results also shows that
HW should increase in number, duration and amplitude, more signiﬁcantly for RCP 8.5,
and for the 30-year periods near the end of the 21st century.
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3.1. Introduction
The World Meteorological Organization (WMO) and World Health Organization (WHO) deﬁne
heat wave (HW) as an event of abnormally and uncomfortably hot weather over a large area, that
usually lasts from a few days to a few weeks, with local thermal conditions recorded above given
thresholds (McGregor et al., 2015; WMO, 2016). The subjectivity of this statement, in particular
the absence of quantitative criteria to identify these events, their duration, amplitude and spatial
extent, leads to more than one operational deﬁnition depending, for example, on the type of
adverse effects of these spells (Cowan et al., 2014; Fischer and Schär, 2010; Gouveia et al.,
2016; Gronlund et al., 2014; Jacob et al., 2014; Perkins et al., 2012; Russo et al., 2015; Vautard
et al., 2013).
Regardless of the deﬁnition used, the social, economic and environmental impacts of HW can
be catastrophic. For example, consequences of summer 2003 HW in Europe included the
death of thousands of vulnerable people, a huge number of heat-stroke cases, excess
emergency visits and hospital admissions which overwhelmed hospitals' capabilities (De Bono
et al., 2004; Dhainaut et al., 2004; Fouillet et al., 2006; McGregor et al., 2015).
Environmental and economic impacts of HW 2003 include, but are not restricted, to: (i) reduced
pollen production, airborne pollen loads and pollen season (Gehrig, 2006); (ii) reduced alpine
glacier's mass (Haeberli et al., 2004) and stability of rock walls leading to exceptional rock falls
(Gruber et al., 2004); (iii) decreased agricultural production and heavy losses in crops which
affected the food retailing sector (García-Herrera et al., 2010; van der Velde et al., 2010); (iv)
increased demand for water and energy, that resulted in power shortages and even blackouts
(Miller et al., 2008).
More than 25,000 ﬁres were recorded in Europe during 2003 HW, mostly in southern
(Portugal, Spain, Italy, France) but also in central and northern countries (e.g., Austria,
Finland, Denmark and Ireland) which burned a total of 650,000 ha of forest, scrublands but
also agricultural areas, mostly in Portugal, c.a. 390,000 ha (60% of total), the highest value
ever recorded in the last decades (Costa et al., 2011; De Bono et al., 2004; Trigo et al., 2006).
The estimated global ﬁnancial impact of wildﬁres in Portugal exceeded 1 billion € while the
joint impacts of drought and forest ﬁres over Europe exceed 13 billion € (COCEGA, 2003;
De Bono et al., 2004). The increased ﬁre incidence during 2003 HW had devastating effects
on both the natural (air pollution and water quality degradation) and built environment (De
Bono et al., 2004; Perkins et al., 2012). Impacts of other HWs on ﬁres in Europe and other
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regions were also noticeable. In 2002, Russia was affected by an HW which favoured the
occurrence of late season major ﬁre outbreaks which results on total BA of 12,000,000 ha
(Page et al., 2008). Gouveia et al. (2016) studied the synergy between drought, HWs and
fuels as well as its impacts on the 2007 southern Greece exceptional ﬁre season.
HW development is mainly due to the presence of a persistent high pressure system, driving
anticyclonic advection of hot air and leading to high isolation and air temperature (Bador et
al., 2017; Duchez et al., 2016; Krueger et al., 2015) as well as the inhibition of precipitation
events (Vautard et al., 2013), which increase the likelihood of EWs' occurrence (Perkins et al.,
2012) especially in the Mediterranean basin (Hernandez et al., 2015). In fact, weather and
climate are important drivers on all stages of ﬁres (Barbero et al., 2015; Parente et al., 2016;
Pereira et al., 2005; Tedim et al., 2018). At large spatial-temporal scale, climate helps to
determine the presence, type and life cycle of vegetation while hot and dry weather increase
fuels' dryness and ﬂammability (Blarquez et al., 2015; Flannigan et al., 2016; Parente et al.,
2016; Pereira, 2015). The Mediterranean type of climate, stimulates the vegetation existence
and development, during the wet and mild winters and springs, and promotes the vegetation
thermal and hydric stress, during the hot and dry summers (Pereira et al., 2013). Summer
weather conditions in mainland Portugal are strongly inﬂuenced by the position and
magnitude of the Azores anticyclone, which controls the general atmospheric circulation
and the advection of dry and warm air from either Continental Europe or the Sahara desert
(Dasari et al., 2014; Tedim et al., 2018). These conditions help to understand the ﬁre incidence intraannual variability, namely the higher number of ﬁres and BA during summer months (Telesca
and Pereira, 2010; Trigo et al., 2006). For these reasons, Portugal mainland is particularly
vulnerable to the occurrence of extremely high temperatures that may lead to the occurrence
of HWs and EWs (Andrade et al., 2014).
Observed and projected climate change as well as the diversity and magnitude of HWs
impacts motivated researchers to assess the eventual existence of trends in HWs
characteristics temporal evolution (Cowan et al., 2014), to evaluate the ability of regional
climate models to accurately simulate HWs at regional scale (Vautard et al., 2013), to estimate
HW occurrence for different climate change scenarios (Russo et al., 2015) and future changing
patterns of European HW frequency, amplitude and duration (Fischer and Schär, 2010) as well
as for impact assessment and adaptation in Europe (Jacob et al., 2014). However, to the best of
our knowledge, there is no study performed for Portugal about the characteristics of HWs in
the recent past, projections for the future climate and about the inﬂuence of HWs on the
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occurrence of EWs. Therefore, this study has three main objectives: (i) to characterize and
analyse the evolution of HWs over Portugal in present climate conditions (1981–2010); and,
(ii) for future climate scenarios and periods; as well as (iii) to assess the role of HW on EW
occurrence.

3.2. Materials
3.2.1. Study area
Continental Portugal shares the Iberian Peninsula with Spain with whom it has border to the
north and east, and faces the Atlantic Ocean in its West and South coast. Tagus River broadly
divides Continental Portugal into northern and southern regions with approximately equal area
but very different environmental characteristics (Figure 3.1). Portugal has a temperate type of
climate, where the summer is dry, i.e. precipitation value <40mm, and hot in the south and
warm in the north (Kottek et al., 2006). Weather conditions in mainland are strongly inﬂuenced
by: (i) the position and magnitude of the Azores anticyclone, (ii) the moderating effect of the
Atlantic Ocean and, (iii) the inﬂuence of the Mediterranean Sea and North Africa (Dasari et al.,
2014; Tedim et al., 2018). The northern region has a more irregular topography and higher
altitudes (2,000m near Penhas Douradas), denser river network and higher fraction of forest
vegetation cover while southern region is characterized by lower altitudes, high aridity and the
predominance of agricultural areas (Parente and Pereira, 2016).
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Figure 3.1 Portugal geographical characterization including altitude, population density and the location of some
selected cities and Tagus River.

3.2.2. Data
3.2.2.1.

Meteorological datasets

ERA-Interim is a gridded global atmospheric reanalysis of climate observations. ERA-Interim
dataset was selected to provide meteorological ﬁelds for 30-year climatological period deﬁned
between 1981 and 2010, here considered the control period. This third generation reanalysis
dataset is the latest produced by the European Centre for Medium-Range Weather Forecasts
using an improved atmospheric model and data assimilation to solve some inaccuracies of
previous products (Dee et al., 2011). A large set of meteorological variables and related
parameters are available at daily and sub-daily time steps since 1979 and continuously updated
in almost real time and at a spatial resolution from 3°×3° to 0.125°×0.125° latitude/longitude,
in spite the native resolution of ≈80km which means that the downloaded dataset is an
interpolation of the primary data source (Dee et al., 2011).
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For this study, maximum air temperature at 2m was extracted for a spatial domain (10°W–6°E,
36.5°N – 42.5°N) centred in Continental Portugal with the highest spatial resolution. Then,
daily maximum temperature (Tmax) was computed from 8×daily time series in each point of
ERA-Interim grid. Preliminary and exploratory statistical climatological analysis was
performed to characterize Tmax distribution which includes resistant and robust measures of
location (median, Q2), dispersion (interquartile range, IQR) and extremes, namely the 10th
(P10), 90th (P90), 95th (P95) and 99th (P99) percentiles. Q2 spatial pattern is essentially
characterized by a North-South gradient, with higher values in the southern inland region,
which reﬂects the combined inﬂuence of the latitude, continentally as well as the proximity to
Africa and to Mediterranean Sea (Figure 3.2, top left panel). On the other hand, IQR present
an interior-coastal contrast clearly associated with the moderating effect of the Atlantic Ocean
(Figure 3.2, top central panel). The spatial distribution of extreme lower values of Tmax (P10)
reveal the existence of a SW-NE gradient, resembling the average mean air temperature pattern
in winter (Figure 3.2, top right). However, the extreme high values of Tmax (P90, P95 and
P99) present higher values in the interior south-centre region (Figure 3.2, bottom panels).
Climate models have inherent deﬁciencies due to structural and parameterization uncertainties,
missing processes, imperfect or simpliﬁed representation of lateral boundary conditions.
Therefore, bias-adjusted past and future projections of regional climate models from the
CORDEX (Coordinated Regional Climate Downscaling Experiment) Adjust project dataset
(http://cordex.org/data-access/bias-adjusted-rcm-data/)

were

used

to

assess

potential

differences in HW occurrence and characteristics for future climate scenarios. The CORDEXAdjust project contains a subset of EURO-CORDEX (European-CORDEX) simulations
available for the new representative concentration pathways (RCP) 4.5 and 8.5 (WCRP
CORDEX, 2016). The EURO-CORDEX initiative is one of the 15 parts of global CORDEX,
that provides regional climate projections for Europe at 50km (EUR-44) and about 12km (EUR11) resolution (Jacob et al., 2014; Ouzeau et al., 2016). The regional simulations are a physical
downscaling of the CMIP5 (Coupled Model Inter-comparison Project Phase 5) global climate
projections. The global climate models were forced with RCP and are generally deﬁned as
follows (Van Vuuren et al., 2011): RCP 4.5 corresponds to a stabilization without overshoot of
radiative forcing after 21st century at 4.5 W.m−2 (~650 ppm CO2 eq); and, RCP 8.5 consist on
rising of radiative forcing pathway leading to 8.5 W.m−2 (~1,370 ppm CO2 eq) at the end of
21st century.
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In this study, we used bias-adjusted simulations provided by the Swedish Meteorological and
Hydrological Institute (SMHI) corrected with Distribution-Based Scaling (DBS45) biasadjustment method (Yang et al., 2010) and using the regional reanalysis MESAN (EU FP7
EURO4M project) dataset (Landelius et al., 2016), for the EUR-11 CORDEX domain. In
summary, we used Tmax for: (i) the control period (1981–2010) and 5 different/consecutive
30-year future climatological periods (namely, 2021–2050, 2031–2060, 2041–2070, 2051–
2080 and 2061–2090); (ii) two representative concentration pathways (RCP4.5 and RCP8.5);
(iii) and, simulated by 3 pairs of General Circulation Model (GCM)/Regional Climate Model
(RCM), namely, MOHC-HadGEM2-ES/RACMO22E, MOHC-HadGEM2-ES/CCLM4-8-17
and MPI- M-MPI-ESM-LR/REMO2009.

Figure 3.2 Resistant and robust measures of the statistical distribution of the maximum air temperature including:
the 10th percentile (P10), the median or second quartile (Q2), inter quartile range (IQR) as well as the 90th (P90),
95th (P95) and 99th (P99) percentiles in each grid point of the ERA-Interim reanalysis dataset (0.125° longitude
×0.125° latitude) spatial domain, for 30-year climatological period 1981–2010.
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3.2.2.2.

Fire datasets

The Portuguese forest national authority (Instituto da Conservação da Natureza e das
Florestas, ICNF), provide two ofﬁcial and different ﬁre datasets: (a) Portuguese Rural Fire
Database, which is based on ground measurements, comprising, for each ﬁre record, the ﬁre
location, BA and detailed information on ignition and extinction date and time of ﬁre events
(Pereira et al., 2011); and, (b) National Mapping Burnt Area, which is based on satellite imagery
information and composed by BA polygons in an annual time scale (Parente et al., 2016).
Information on both datasets were combined to enable the simultaneous availability of detailed
spatial and temporal information about BA of the wildﬁres selected for this study. For reasons
of simplicity and obvious need to limit the presentation to a reasonable amount of results
obtained, this study will focus on EW here deﬁned as ﬁres with BA ≥5000 ha (Figure 3.3). In
fact, EW can be a much more complex phenomenon (Tedim et al., 2018) but for operational
reasons we considered EW as extreme large wildﬁres. In the control period (1981–2010) a total
of 62 EW occurred in Portugal, which corresponds to 0.02% of total number of wildﬁres but to
almost 19% of total BA. This highlights the role of this small number of EW in the total BA in
Portugal.

3.2.2.3.

Methods

The Portuguese Institute of the Sea and Atmosphere (IPMA) considers an HW as a period of at
least 6 consecutive days, where maximum daily temperature is 5°C higher than the average
daily value in the reference period (DGS, 2013). However, the Portuguese Heat–Health
Warning System consider other criteria (e.g., ICARO warning index; maximum and minimum
temperature; sudden rise in surface air temperature ≥6°C; ﬁre occurrence; exceedances of ozone
levels; UV radiation levels; local events; weather warnings; Universal Thermal Climate Index)
to deﬁne three alert levels. Since this study intends to evaluate and characterize the occurrence
of HWs in Portugal as well as its relation with EWs, which are essentially a summer problem,
we adopt the HW deﬁnition of Fischer and Schär (2010). Speciﬁcally, an HW consists in at
least six consecutive days with Tmax>P90, but without removing the seasonal cycle. This
deﬁnition is especially suitable when it is desired to detect absolute extreme events of Tmax,
which naturally tend to occur during summer, and not relative events, such as those that may
occur in each month or season of the year.
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Figure 3.3 Spatial and temporal distribution of extreme wildﬁres (burnt area ≥ 5,000 ha) between 1981 and 2010.

HWs criterion of existence and a set of descriptors to characterize the occurrence and magnitude
of these air temperature extreme events were assessed in each grid point of the spatial domain.
The list of descriptors includes the number (HWN90), duration (HWD90), frequency (HWF90)
and amplitude (HWA90) of the HW. In each point, the duration of an HW is simply the total
number of consecutive days with Tmax>P90, if greater or equal 6. The frequency is simply the
HW day frequency. The amplitude or intensity of an HW is the sum of the difference
(Tmax−P90) for all days of HW.
HWA90, HWD90 and HWF90 were computed for each HW and for each year and each month
of the 30-year climatological control and future climate periods, by assigning the statistics to
the month in which the HW started. To evaluate the amplitude of an HW, HWA90 in all the
points of the region where the HW occurs, were added and attributed to the same HW. In this
way, the HWA90 for each HW takes into account not only the difference Tmax−P90 but also
the extent of the area affected by the HW. The spatial distribution and temporal evolution of
these indices were compared with the spatial-temporal distribution of EWs, which will help to
understand the impact of HW on wildﬁre events.
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Finally, the process of detection and characterization of HW was repeated for all models
projections and their characteristics for future scenarios compared to those obtained for the
reference period. To analyse the robustness of the climate projections two statistical tests were
performed (Jacob et al., 2014; Pfeifer et al., 2015). The ﬁrst test–concordance–concerns the
agreement of simulations in terms of the direction of change. The second–signiﬁcance–regards
the statistical signiﬁcance of projected changes in each simulation, assessed by the Mann–
Whitney–Wilcoxon test (Mann and Whitney, 1947; Wilcoxon, 1945). In this study, projected
changes are considered robust when and where are simultaneously concordant (of the same
sign) and statistically signiﬁcant.

3.3. Results
3.3.1. HW characterization in the control
period
Spatial patterns of total HWN90 and HWD90 for 1981–2010 period are relatively similar
(Figure 3.4, left and central panels). Higher values are located in the NE corner of the country
and in the south region especially near the border with Spain. Apparently, the two larger
metropolitan areas surrounding the two major cities (Lisbon and Porto) are the regions less
affected in terms of the number of HW. The region of Lisbon is also the less affected in terms
of the number of HW days. Note that the model does not resolve the urban heat island effect,
which may amplify the HWA90. The spatial distribution of total HWA90 is quite different from
the other indices, much more homogeneous and, as expected, with higher values in continental
inland regions, especially in the mountainous area near Penhas Douradas and at south of the
city of Tomar (Figure 3.4, right panel).
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Figure 3.4 Sum of the heat wave number (HWN90, left panel), duration (HWD90, central panel) and amplitude
(HWA90, right panel) in each grid point of ERA-Interim reanalysis dataset (0.125°lon ×0.125°lat) spatial domain,
for 30-year climatological period 1981–2010.

The intra- and inter-annual variability of HWs characteristics are also descriptors of HW
regime. Monthly mean HWN90, HWD90 and HWA90 for the control period (Figure 3.5)
present a unimodal distribution that only exists between May and October, with higher
frequency, duration and amplitude in July and, secondly, in August. The distribution of mean
HWD90 is quite symmetric (skewness of 0.37), while mean HWN90 and mean HWA90 present
a right skewed distribution (respectively, skewness equal to 1.2 and 1.9), which means that the
highest values were observed before August. Mean HWA90 has a leptokurtic distribution
(kurtosis>0), which means higher probability of having extreme values than the other two
descriptors with platykurtic distributions.
Annual distribution (Figure 3.6) reveal high inter-annual variability, with highest values in
1981 and 2009 for HWN90, in 1990 and 2006 for HWD90, and in 1990 and 1992 for HWA90.
It is also important to underline the existence of years with high HWN90 and low HWD90 or
HWA90 (such as 1985, 1999, 1997 and 2009) as well as years with low HWN90 and high
HWD90 or HWA90 (such as 1983, 1990, 2006 and 2010), revealing that more amplitude does
not mean more duration or more number of HWs. The temporal evolution present some trends
in HW features that can be underlined, namely a signiﬁcant increase of about 4 days per decade
in HWD90 and 2000°C per decade in HWA90 for the entire study period (1981–2010) and
quite different tendencies for two sub-periods. Between 1981 and 1992 there is a smooth
decreasing linear trend for HWN90 (−1.2 HW per decade) but a very pronounced growing
linear trend in HWD90 (17 days per decade) and HWA90 (52,000°C per decade). For the
following sub-period (1993 – 2010), the three descriptors present an increase linear trend, much
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more signiﬁcant for HWD90 (16 days per decade) and HWA90 (1850°C per decade) but, less
accentuated than for the ﬁrst sub-period.

Figure 3.5 Monthly distribution of heat wave number (HWN90), mean heat wave duration (MeanHWD90) and
mean heat wave amplitude (MeanHWA90) for control period (1981–2010).

Figure 3.6 Annual distribution of heat wave number (HWN90), mean heat wave duration (MeanHWD90) and
mean heat wave amplitude (MeanHWA90), for control period (1981–2010).

3.3.2. The role of HW on EW occurrence
HWs are clearly associated to the temporal and spatial distribution of EWs in Portugal. The
analysis of the duration dates of EWs and HWs during the 1981–2010 period reveals that: (i)
97% of total number of EWs were active during HWs; (ii) 90% of the total number of EWs
days were also HWs days; and (iii) 82% of the EWs had duration completely contained in the
duration of an HW. About 45% of the total number of EWs occurred during just three HWs,
namely 13 during the 28 July – 16 August 2003 HW, 7 in the 11–26 August 2005 HW and 6
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during the 1–26 August 1991 HW. The others HWs associated with EWs just account for one
or two wildﬁre events. It is also important to underline that 60 of the 62 EWs occurred during
29 (23%) of the 130 total number of observed HWs. Besides the good agreement between the
temporal distribution of EWs and HWs, it is also important to assess the spatial coherence between the location of EWs and spatial extent of HWs. Results reveal that 50 (83% of total) EWs
occurred in the area affected by an HW, 3 (5%) in a short distance (<30km) of this area and 9
(14%) at a distance >30km. Analysis for the years with higher EW BA and (Figure 3.7 and
Figure 3.8) disclose that the about nearly two thirds of these (40, 64.5% of total) EW occurred
inside areas affected by HW and in or near regions where HW duration and amplitude were
higher. This analysis illustrate the outstanding magnitude of 2003 and 1991 HWs in relation to
the other hot spells which, in turn, helps to understand the location of the EWs in the region of
higher HWA90 and HWD90, especially in 2003.
It should also be mentioned that, apparently, some EWs did not occur in regions affected by
HWs. As will be explained in Section 3.4, these cases are also associated with the occurrence
of hot weather events with Tmax>P90 over a large area, that lasted several but less than the 6
consecutive days, which ofﬁcially deﬁne the occurrence of an HW. It is also worth noting that
these EWs occurs in regions previously affected by HWs (Figure 3.8).

3.3.3. HWs in a future climate
Future HWs will occur in an overall warmer summer climate. In order to evaluate whether
future HWs characteristics are also more extreme in a relative sense with respect to the warmer
mean summer climate, we computed the average, the minimum and maximum value of HW
number (HWN90), duration (HWD90), amplitude (HWA90), and frequency (HWF90), for
2021–2050, 2031–2060, 2041–2070, 2051–2080 and 2061–2090 periods (Table 3.1) in relation
to the P90 computed for the correspond future period (Figure 3.9). The ensemble mean of P90
difference computed for future and control climatological periods reveals an increasing trend
in time with a SW-NE gradient in space. Results for RCP 4.5 ranges from 1 to 2 °C in 2021–
2051 to 2–3 °C in 2061–2090 while for RCP 8.5 vary from 1 to 2 °C (in SW-NE) in 2021–2051
to 3–6 °C in 2061–2090.
HWN90 relative to the corresponding future periods are expected to increase on average by
about 9 HWs every 30 years (2021–2090) for both RCP's. Furthermore, multi model average
of HWD90 for 2021– 2090, reveals that simulated HWs are 6% (for RCP 4.5) and 17% (for
RCP 8.5) longer than the ones between 1981 and 2010. In fact, multi model averages differences
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of HWD90 for the ﬁve future climate periods ranges between −2%–13% and (RCP 4.5) and
8%–25% (RCP 8.5). In addition it is also worth noting that average maximum HWD90 changes
be- tween 153 and 271 days (10–18%) for RCP 4.5 and between 212 and 622 days (14–41%)
for RCP 8.5. For RCP 4.5, simulated HWs amplitude decreases 5% in the ﬁrst 4 periods, and
increases 5% on the last period. In RCP 8.5, HWA90 increases 15% between 2061 and 2090.
HWF90 strongly increases in RCP 8.5, namely 8% in the ﬁrst period, 25% between 2061 and
2090. In short, HWs will increase about 4% of frequency in each 30-year period in relation to
the value obtained for the control period. Overall, this suggests that future HWs characteristics
may also change beyond the effects of simple mean warming. However, it is unclear to what
extent the strong trend within future period is part of the forced climate response or induced by
inter-annual and decadal climate variability.

3.4. Discussion
First of all, we should acknowledge that biases of the reanalysis may affect the identiﬁcation of
extreme events when using this data as surrogates of observations; however, ERA-Interim
seems to be the most advisable reanalysis product to the identiﬁcation of some extreme events
(Bedia et al., 2012). In this respect, it is important to underline the good agreement between
results obtained in this study with ERA-Interim dataset for 1981–2010 period and the maps
published in the Iberian climate Atlas produced with data observed in a large set of weather
stations, although for a slightly different (1971–2000) period (Couto et al., 2011). For example,
spatial patterns of Tmax statistical distribution's resistant and robust measures of Q2, P10 and
higher percentiles (P90, P95 and P99), shown in Figure 3.2, resemble quite well, respectively,
the maximum air temperature annual, winter (December, January and February) and summer
(June, July and August) average maps. Patterns of the sum of HWN90 and HWD90, presented
in Figure 3.4, are well supported by the map of the average number of days with Tmax≥25°C,
which present higher values (>110 days per year) in the northeast area and the highest values
(>150 days per year) in inland southern Portugal. Despite the adequacy of the ERA-Interim
data to identify and characterize extreme events of climatic elements had already been
demonstrated in previous studies (e.g. Russo et al. (2014)), these results conﬁrm this capacity,
in particular for Tmax.
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Figure 3.7 Heat wave duration (HWD90) and amplitude (HWA90) for each heat wave associated to the occurrence
of extreme wildﬁres (burnt area ≥ 5000 ha) in the years (1990, 1991, 1995, 2003, 2004 and 2005) with the largest
burnt area and the number of extreme wildﬁres.
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Figure 3.8 Sum of heat wave duration (HWD90) and amplitude (HWA90) associated to the occurrence of extreme
wildﬁres (burnt area ≥ 5000 ha) in the years (1990, 1991, 1995, 2003, 2004 and 2005) with the largest burnt area
and the number of extreme wildﬁres.
Table 3.1 Relative changes in HW characteristics with respect to the corresponding future mean climate.
Differences (Δ) between Heat wave number (HWN90, heat waves per year), Heat wave duration (HWD90, days),
Heat wave amplitude (HWA), Heat wave frequency (HWF90, days per year) for 5 different/consecutive 30-year
future climatological periods (namely, 2021– 2050, 2031–2060, 2041–2070, 2050–2080 and 2061–2090), two
representative concentration pathways (RCP 4.5 and RCP 8.5) and simulated by 3 pairs of GCM/RCM in relation
to P90 computed for future periods.
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Figure 3.9 Ensemble mean difference of P90 for future climatological periods in relation to control period. All
changes are robust, i.e., concordant and signiﬁcant.

The monthly distribution of HWN90, mean HWD90 and mean HWA90 (Figure 3.5) with
higher values in the dry and hot semester, specifically during the summer months, is a
consequence of the climatological normal of air temperature, not only in Portugal (Couto et al.,
2011; Pereira et al., 2013) but also in other European countries (D’Ippoliti et al., 2010). In fact,
the HW duration and amplitude tends to be higher in warmer conditions. For example, HWs
are longer and more intense in southern US than in the Midwest or Northeast (Anderson and
Bell, 2011).
The high inter-annual variability of HW aspects (Figure 3.6) is characterized by three main
features. First, the alternation between lower and higher values of HWD90 and HWA90, which
can be interpreted in terms of the existence of years with extremely hot and dry summers,
associated with persistent anticyclonic circulation, high sunshine, exceptionally few cyclonic
days and low precipitation. These conditions, in particular extreme values of near-surface air
temperature in mainland Portugal (Espírito Santo et al., 2014) and the occurrence of HWs with
higher impacts in Portugal have been documented for extreme years of 1990 (Monteiro and
Velho, 2014), 1991 (Dessai, 2002; Marto, 2005), 1998 (Stéfanon et al., 2014), 2003 (Dasari et
al., 2014; Rebetez et al., 2009, 2006), 2006 (Dasari et al., 2014; Monteiro et al., 2013) and 2010
(Barriopedro et al., 2011; Miralles et al., 2014). Second, some HWs characteristics appear to be
uncorrelated, which means, for example, that higher number of events do not necessarily imply
longer or more intense HWs. In fact, annual HWN90 is negatively correlated with both annual
mean HW duration (−0.24) and amplitude (−0.31) while the Pearson product-moment
correlation coefﬁcient between HWD90 and HWA90 (0.73) reveal that these two variables are
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positively correlated which do not prevent the existence of years of high duration and low
amplitude and vice-versa. This apparent contradiction has been reported for HW in other
locations (Anderson and Bell, 2011; Russo et al., 2014) including different trends in HWs
characteristics (Perkins and Alexander, 2013). In fact, this negative correlation can be explained
by the fact that in some years HWs can be interrupted by cold air masses like cyclones and
associated fronts, and northerly advections, which lead to shorter hot extreme events (Miralles
et al., 2014). Typically it takes several days to build up an extreme HW due to drought, soil
drying and accumulation of heat in the boundary layer and positive feedbacks between lowlevel atmospheric temperatures (Beniston, 2004; Miralles et al., 2014). Third, the increasing
trends of HWD90 and HWA90 for the entire period and for the two consecutive sub-periods
(1981–1992 and 1993 – 2010).
Trend analysis on meteorological variables and parameters computed with reanalysis data
should be performed with extreme care because they may not represent true climate tendency
due to the inability of the data assimilation system to correct instrumental and processing
changes in the global observing system. The list of changes may be caused by the introduction
of new types of data (e.g., satellite data), model differences (e.g., topographical differences and
surface land schemes) and increased spatial coverage (Bengtsson et al., 2004; Cai and Kalnay,
2005; You et al., 2010). However, it must be underlined that most signiﬁcant changes occurred
in the 1950s and in 1979 (before the study period) (Cai and Kalnay, 2005). The ERA-Interim
dataset used in this study have suffered several bias treatments in global physically consistent
framework, leading to a more consistent representation of climate signals in the reanalysis
which support the use of this dataset for temperature trend assessment and to monitor climate
change (Dee et al., 2011).
Della-Marta et al. (2007a, 2007b) found the largest, positives and statistical signiﬁcant trends
of European HWs between 1880 and 2005 over Iberian Peninsula. Espírito Santo et al. (2014)
analysed the seasonal trends in indices of maximum and minimum temperature extremes, based
on surface air temperature, observed in 23 weather stations from 1941 to 2006, in continental
Portugal. They identiﬁed a cooling (1945–1975) and a warming period (1976–2006) almost
coincident with this study period. They also found positive trends in spring (deﬁned as March,
April and May) and summer (June, July and August) of the warming period for all HWD90
time series, 13 (5) statistical signiﬁcant at 5% level, which correspond to an average of 1.42
days per decade (1.53 days per decade).
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These results are in line with our ﬁndings for HWD90, computed from March to October, for
both sub-periods (1.71 days per decade for 1981–1992 and 1.56 days per decade for 1993–
2010). The time series with statistical signiﬁcant increasing trends (in spring and summer)
corresponds to Montalegre, Bragança, Penhas Douradas, Elvas, Setúbal, Amareleja, Beja and
Sagres weather stations (Figure 3.1), precisely located in the regions where most EWs (Figure
3.3) occurred.
To understand other aspects of the variability of HW characteristics, namely the trends in interannual variability, it is important to take into account that Portugal's climate is largely
determined by the frequent passage of synoptic extratropical weather systems, within the
predominantly mid-latitude zonal atmospheric circulation from west to east, in association to
the jet stream (Santos et al., 2013; Sousa et al., 2017). The usual alternation between periods of
hot and dry days and rainy and cold days associated with extra-tropical cyclones has a length
ranging from weeks to months but can be interrupted by the occurrence of blocking systems or
subtropical ridges (Sousa et al., 2017, 2016).
It is important to note that blockings are large–scale high pressure systems with quasi-stationary
anticyclonic circulation with the ability to interrupt the prevailing westerly winds in the midto-high latitudes and life time of few days to several weeks (Barriopedro et al., 2011). The
heavy tail statistical distribution of the duration of Northern Hemisphere summer blocking
episodes for the period 1950–2012 ranges from 5 to almost 30 days (Sousa, 2017) which helps
to understand the platykurtic character of inter-annual distribution of mean HWD90 as well as
the monthly mean range between 7 and 14 days (Figure 3.5). On the other hand, ridges are a
northward extension of the sub-tropical high pressure belt, without the ability to split the
extratropical Jetstream into two branches but to reinforce and push northwards the local
westerly ﬂow, i.e., ridges do not require Rossby wave-breaking occurrence as in high latitude
blocks (Sousa, 2017).
In general, HWs in western Europe are associated with speciﬁc atmospheric circulation
patterns, characterized by the existence of these semi-stationary high-latitude blocking systems
or sub-tropical ridges (Sousa, 2017). For example, it is a matter of deﬁnition if the outstanding
HW that affected western and central Europe in 2003 was associated to a typical atmospheric
blocking (Trigo et al., 2005) or to a northward expansion of the subtropical high (GarcíaHerrera et al., 2010). As mentioned above, blocks and ridges are important components of intra
seasonal and inter-annual variabilities at mid-latitudes because of their effects on local
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precipitation and temperature, yet regional synoptic conditions, involved processes and local
impacts depend on the blocking system's location and season of occurrence (e.g., GarciaHerrera et al. (2007) and Sousa et al. (2016)).
Weather in Portugal is particularly affected by Euro-Atlantic blocking systems which have the
ability to deﬂect storm tracks towards north or south, decreasing or increasing precipitation in
those areas, as well as clear sky conditions and dry periods (Trigo et al., 2004). Seasonal impacts
of blocks and ridges on European air temperature at continental and regional scales are
described in terms of horizontal and vertical advection as well as adiabatic heating in Sousa et
al. (2017). According to this study, the atmospheric circulation during winter blocks tends to
favour the advection of cold and dry air from northern latitudes to southern Europe, including
Portugal, promoting drought and the occurrence of cold spells. On the other hand, ridges
contribute to anomalously warm conditions by advection of Atlantic air masses and reduced
long wave radiation cooling. During summer, both blocking and ridges patterns tend to
contribute to above average air temperatures, more pronounced for Tmax than for minimum air
temperature (Tmin) and, consequently, to higher frequency of extremely warm days driven by
radiative heating associated to cloudless conditions and enhanced insolation hours, especially
in central Europe, but only ridges lead to positive temperature anomalies in Mediterranean
countries. The probability density function of Tmax for summer during both blocks and ridges
present a noticeable shift towards higher values, more signiﬁcant for ridges than for blocks, and
in Tmax than in Tmin, with a pronounced rise in 90th percentile of Tmax, in frequency of
extremely hot days in almost all regions and in number of days with Tmax>35°C in Iberian
Peninsula (Sousa, 2017).
The role of blocks and ridges on HW occurrence helps to understand, at least partially, the interannual variability of HW characteristics not only for recent past but also for future climate
conditions. In fact, the increasing trends of HWD90 and HWA90 in 1981–1992 and 1993–2010
periods are also observed by Barnes et al. (2014) for blocking frequencies in North Atlantic
(60֯W–0֯W) during summer (June, July and August), using four different reanalysis datasets
(ERA-Interim, NCEP/NCAR, MERRA and NCEP2) as well as two distinct blocking indices.
The frequency of sub-tropical ridges and high-latitude blockings over the Atlantic (30֯W–0֯W)
and European (0֯E–30֯E) sectors was recently analysed by Sousa (2017) using NCEP/NCAR
reanalysis (1950–2012), an automatic blocking detection method (Barriopedro et al., 2006) and
a novel ridge detection scheme (Sousa et al., 2017), also disclosing similar increasing trends
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for the frequency of ridges during summer and blocks in winter. It is important to further
mention that many studies have shown that most of the increase in HWs simply follows the
mean summer warming over longer period (Beniston, 2004; Della-Marta et al., 2007b), climate
models mean warming accounts for almost the whole increase in HWs (Ballester et al., 2010;
Della-Marta et al., 2007a; Fischer and Schär, 2010; Lustenberger et al., 2014), as well as there
is no clear long-term trend in blocking in many places.
Several studies have focused on the role of pre-conditioning drought conditions and the
amplifying effect of land-atmosphere feedbacks in the occurrence and amplitude of HW
(Miralles et al., 2014). In fact, Stéfanon et al. (2014) concluded that the majority of recent
summer HW events in Europe were preceded by signiﬁcant precipitation deﬁcit in previous
months which lead to lower soil moisture, less evapotranspiration, reduced latent heat cooling
and higher sensible heat ﬂux which amplify extreme summer air temperatures. Additionally,
Fischer et al. (2007) performed simulations with coupled land-surface models and suggested
the increase of surface net radiation, enhanced evaporation during spring, HW duration, number
of hot summer days in 50–80% and, mainly, on daily Tmax during HW. Miralles et al. (2014)
analysed the mega HW of 2003 and 2010 in Europe with observed and simulated data and
revealed that extreme air temperatures were due to combined soil desiccation and atmospheric
heat accumulation as a result of land–atmosphere feedbacks induced by persistent atmospheric
pressure patterns. Therefore, it is also worth noting that drought has been more frequent in
southern Europe, namely in Iberian Peninsula and in the later decades of the 20th century (Sousa
et al., 2017; Spinoni et al., 2015b) because it helps to explain the increasing trends of HWs
characteristics during our study period.
Factors that favouring the occurrence and development of HW are also main drivers of
wildﬁres. As mentioned previously, the inter-annual variability of ﬁre activity result from
climatic conditions in the pre-ﬁre season, namely a period of less precipitation – drought –
somewhere between late winter and early summer, and the occurrence of intense hot spells –
heat waves – during the summer ﬁre season (Bedia et al., 2015; Ferreira-Leite et al., 2017; Jolly
et al., 2015; Pereira et al., 2014). In this sense, it is easy to envisage the coincidence between
the timing and geographic location of the occurrence of EWs (Figure 3.7 and Figure 3.8) and
the spatial and temporal extent of HW. It would already be important to verify if each of the 62
EWs occurred during one of the 130 HWs, which would mean, 62/130=0.48 EW/HW.
However, it turns out that 60 EWs occur only during 29 HWs, which means a four times higher
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ratio of 2.1 EW/HW. This is a consequence of a signiﬁcant number of EWs occurred during the
same HW, especially during very long and intense HW of 1991, 2003 and 2005. Moreover, in
relation to HW without EW, the HW with EW are 3% longer, 16% larger and 25% more intense
The 2 EWs that did not occur simultaneously with a HW, occur immediately after a set of
several HWs (Figure 3.12). The EW of 2001 start in beginning of September after 3 HWs; the
ﬁrst one in May, the second in June and the third in August. The EW of 2005 occur in the
middle of September (17–24), after 5 HWs between June and September. It should also be
mentioned that, apparently, some EWs did not occur in regions affected by HW. The EW in the
SW region of Portugal during September 2003 (Figure 3.7), occurred with Tmax>P90 for a
few days but less than the 6 consecutive days that deﬁne the occurrence of an HW. The same
argument serves as an explanation for the wildﬁres occurred in the North region during the year
of 2005. These results seem to suggest the adoption of a minimum period of <6 days to deﬁne
an HW in the future, as it is already being used in Australia where there are many short HW
(Boschat et al., 2015; Perkins et al., 2012).
The latest simulations of the maximum temperature with corrected bias produced by
GCM/RCM model pairs for RCP4.5 and RCP8.5 allowed us to assess the potential impacts of
climate change on HW. The use of physical downscaling of GCM simulations with RCM is
justiﬁed by the need to include local and regional effects, such as coastlines, topography,
vegetation water bodies on the simulation of local climate (Dasari et al., 2014). It is also
important to underline the use of bias corrected simulations for the future with DBS method
chosen for this study, which seems to be able to reproduce well some aspects of Tmax
distribution and derived indices, such as the mean of the >90th percentile spell length (Maraun
et al., 2017).
Obtained simulations with Tmax for RCP4.5 and RCP8.5, suggest that: (i) P90 will increase
signiﬁcantly for all future climatological periods and both scenarios (Figure 3.9); (ii) HW
computed in relation future P90, will increase in number, amplitude and mostly in duration and
frequency (Table 3.1); and, (iii) in relation to control period, changes in HW duration and
amplitude are, in general, signiﬁcant and robust in entire Continental Portugal territory, in all
periods for RCP8.5 but mainly after 2051–2061 for RCP4.5 (Figure 3.10 and Figure 3.11).
Although, to the best of our knowledge, there are no other studies of the projection of HWs to
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future climate scenarios speciﬁcally for Portugal, the ﬁndings of previous related studies allow
us to validate our results obtained here.
Jacob et al. (2014) computed the projected changes of HW number in Europe during May–
September for RCP 4.5 and RCP8.5, using two different HW deﬁnitions, EURO-CORDEX
ensemble simulations for two future periods (2021–2050 and 2071–2100) in relation to
1971 – 2000 control period. They obtained statistical signiﬁcant and robust increases, smaller
for RCP4.5 than for RCP8.5, more pronounced towards the end of the century as well as spatial
distribution and magnitude similar to our results. Russo et al. (2015) used a magnitude index
and ten EURO-CORDEX regional climate projections for 2020–2040 period to estimate HW's
magnitude and show that the probability to have an extreme HW in Europe in that study period
is higher for RCP8.5 than RCP4.5. Andrade et al. (2014) assess GCM/RCM multi-model chains'
projections of air temperature extremes, including seasonal mean Tmax, P90 and number of
days with temperature above P90 (NDTX90p), for 2041–2070 in Portugal, and obtain a
NDTX90p spatial pattern with higher values in the interior (NE and SE) well matched with our
ﬁndings for future climate scenarios.

3.5. Conclusions
This study aimed to identify and characterize the occurrence and main features of heat waves
in recent history, their impacts on the occurrence of extreme ﬁres (burnt area ≥ 5000 ha) and
expected variations in future climate change scenarios which, to our knowledge, had never been
done for Portugal. Main ﬁndings can be summarized as follows. A total of 130 heat waves
occurred in mainland Portugal between 1981 and 2010, exclusively during the dryer and hotter
semester (between May and October) but particularly concentrated (60% of total number of
heat waves) in July (33%) and August (27%). The leptokurtic distribution of monthly mean
heat wave amplitude is very similar but intra-annual variability of mean heat wave duration is
more homogeneous during the warm and dry semester. During the reference period, the annual
number, mean duration and mean amplitude of the heat waves show high inter-annual
variability. Increasing trends of HW characteristics are associated with a general mean warming
trend during the entire study period, and in the two sub periods (1981–1992 and 1993– 2010),
with tendencies in the frequency of high-latitude blocking systems and sub-tropical ridges
affecting mainland Portugal. Regions with higher number of heat waves were, by this order, the
NE quarter, the southernmost region and, to a lesser extent and magnitude, the central western
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coastal region between, but out of, the metropolitan areas of Porto and Lisbon. Spatial pattern
of total heat wave duration is similar but higher values are conﬁned to the NE and South regions,
while heat wave amplitudes show higher values in the SW-NE direction over central Portugal.
This is precisely the region where most of the extreme wildﬁres occurred in modern time.
Detailed analysis performed on the time and location of extreme wildﬁres in the study period
allows to conclude that all these extreme events occurred during (96.8%) or immediately after
(3.2%) several long and intense heat waves, precisely in the regions where these warm events
were lengthier and vivid. Climate models project that maximum air temperature 90th percentile
for both future climate scenarios (RCP4.5 and RCP8.5) are much higher (about 3–6°C towards
the end of the century, respectively for RCP4.5 and RCP8.5) than for current climate conditions.
Even in a relative sense with respect to the future warmer summer climate heat waves are
projected to increase in number, duration and amplitude, although this increase is more
signiﬁcant for RCP8.5 than for RCP4.5 scenario and for the 30-year periods near the late 21st
century.
These conclusions are important because they provide a perspective of the heat wave regime
with respect to future conditions, i.e., as if identiﬁed and characterized in the future, taking into
account future P90 changes. However, the comparison between the future and current regime
is facilitated if the heat waves are identiﬁed in relation to the P90 computed for the reference
period. In this case, there is a generalized and robust increase in the number, duration and
amplitude of the heat waves for the future climate. Changes in heat waves' duration and
amplitude are expected to be higher in the interior, especially the northeast region. Projected
changes in heat wave number for RCP4.5 are higher in central north during the entire future
study periods while for RCP 8.5 are higher in the interior and central north, respectively until
mid-century and at the end of the 21st century. These changes tend to be more concordant,
signiﬁcant and robust for RCP8.5 than for RCP4.5 and to the end of the century.
The overall signiﬁcance of the ﬁndings is also based on the use of an ensemble of bias corrected
data simulated by state-of-the art pairs of global and regional climate models, to the fact that
results were obtained for a high spatial resolution grid, over entire continental Portugal territory
and for climatological periods of 30-years, not only for recent past but also for future climate
conditions.
Heat waves, their characteristics, impacts and, consequently, the ﬁndings of this study are
dependent on the deﬁnition used to identify these extreme climatic events. Since one of the
objectives of the study was to relate the occurrence of heat waves and extreme wildﬁres we
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adopted the deﬁnition proposed by Fischer and Schär (2010). The use of another deﬁnition will
eventually lead to different results but we believe that the adopted deﬁnition is the most suitable
for the most important impacts of heat waves in Portugal, namely for wildﬁres.
Finally, the ﬁndings of this study can be very useful for the deﬁnition of adaptation and
mitigation strategies for the impacts of heat waves, namely on human health and wildﬁres. A
signiﬁcant step in reducing the disaster risk of extreme weather or climate event is to minimize
the vulnerability and exposure to current climate variability (IPCC, 2014). Obtained spatial and
temporal patterns of heat waves' characteristics allow to identify the regions more affected and
the periods (months, years and 30-year periods) of greater frequency of these events, not only
in recent times but also for future climate scenarios. Furthermore, maximum air temperature is
well simulated by global and regional atmospheric models which means that space-time
occurrence of heat waves can be predicted with high conﬁdence level. This high value
information can be used for implementing warning systems, to help people to reduce exposure
by predicting possible health outcomes, identifying triggers of effective and timely response
plans for vulnerable populations, communicating risks and prevention responses (IPCC, 2014),
namely to institutions responsible for forest and ﬁre management to plan activities, concentrate
and prepare ﬁreﬁghting resources and at times and in places affected by heat waves.
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Figure 3.10 Changes of heat wave mean number (HWN90), duration (HWD90) and amplitude (HWA90) for ﬁve
future climatological periods of RCP4.5 in relation to control period 90th percentile (P90). Hatching: / concordant;
\ signiﬁcant.
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Figure 3.11 Changes of heat wave mean number (HWN90), duration (HWD90) and amplitude (HWA90) for ﬁve
future climatological periods of RCP8.5 in relation to control period 90th percentile (P90). Hatching: / concordant;
\ signiﬁcant.

.

Figure 3.12 Sum of heat wave duration (HWD90) and amplitude (HWA90) occurred before the extreme wildﬁres
of September 2001 (left panels) and September 2005 (right panels). Extreme wildﬁres are also represented (light
blue). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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Summary
CONTEXT AND OBJECTIVES
This chapter is devoted to the identiﬁcation and characterization of droughts in recent past
climate conditions (1981–2017) as well as its inﬂuence on the occurrence of large wildﬁres
(LW), as described in Parente et al. (2019), which was published in the journal of Science
of the Total Environment. In Portugal, drought characterizes the climatic variability,
contributes to the increase of ﬁre risk and its duration and intensity are expected to increase in
future climate.
METHODS
Drought regime was assessed based on four different drought indices, namely SPI, SPEI,
Reconnaissance drought index (RDI) and Vegetation condition index (VCI), and its
occurrence were compared with long and reliable, precise and detailed information about
Portuguese LW. Results include the characterization of drought number, duration, severity,
intensity, extension, intra- and inter-annual variability for different classes of severity and the
space-time distribution of LW in drought periods and affected area.
RESULTS
The results include 67% of the study period were drought months; regions with higher drought
duration and severity assessed with SPI and SPEI for general drought conditions evolves from
north to south with the increase of drought assessment period; drought characteristics present
low intra-annual and inter-annual variability but are clearly associated to the temporal and spatial
distribution of LW. In fact, all LW occurred during drought assessed with SPI or SPEI, almost
all LW (97% to 95%) and corresponding burnt area (98% to 97%) occurred during drought
assessed with SPI and SPEI. The relationship between drought and ﬁre incidence is statistical
signiﬁcant for 3-month SPI, 3- and 6-month SPEI, and is particularly strong for Moderate and
Severe drought. 85% and 87% of LW occurred in area affected by drought assessed with SPI
or SPEI, respectively. It is not clear which is the best index, but drought plays a fundamental
role in the occurrence of LW in Portugal.
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4.1. Introduction
There is no single deﬁnition of drought. The World Meteorological Organization (WMO)
deﬁnes drought as a prolonged dry period, which may occur in any climate regime around the
World (WMO, 2018; WMO and GWP, 2016). Drought can also be deﬁned as an extended
period of soil moisture deﬁciency, that can last for months or years (Ahmadalipour and
Moradkhani, 2017; Ayantobo et al., 2017; Spinoni et al., 2017b). These general and subjective
deﬁnitions often evolve to objective, operational and adapted versions, depending on the
precipitation characteristics, environmental or socio-economic consequences. Meteorological
drought deﬁnition depends on local climate type (NDMC, 2018), but can be deﬁned as a
precipitation deﬁcit in relation to historical records. Agricultural drought usually starts after a
meteorological drought (Jager, 2013a) and is deﬁned as the lack of soil moisture required for
normal plant growth (Agutu et al., 2017; Brito et al., 2017). Hydrological drought is
characterized by the deﬁciency in the volume of water supply, which includes stream ﬂow,
reservoir storage, and/or groundwater heights (Ayantobo et al., 2017; Jager, 2013a; Ji et al.,
2017; Taufik et al., 2017). Socio-economic drought is associated with the failure of water
resource systems to meet the human demands (Eklund and Seaquist, 2014; Mehran et al., 2015;
NDMC, 2018; Wilhite, 2000), while stream health drought implies the deﬁciency in streamﬂow
impacting on aquatic ecosystems (Clausen and Pearson, 1995; Feyen and Dankers, 2009).
Several drought indices (DIs) have been developed to help quantitatively identify and
characterize drought events (DE), e.g. duration, severity, and spatial extent. These indices can
be classiﬁed, according to the type of data used, into: (i) site-based DIs, such as the Standardized
Precipitation Evapotranspiration Index (SPEI) (Beguería et al., 2013; Vicente-Serrano et al.,
2010), Standardized Precipitation Index (SPI) (McKee et al., 1993), Reconnaissance Drought
Index (RDI) (Tsakiris and Vangelis, 2005), or Palmer Drought Severity Index (PDSI) (Alley,
1984); and, (ii) remote-sensing DIs, such as Vegetation Condition Index (VCI) (Kogan, 1990),
and Temperature Condition Index (TCI) (Kogan, 1995).
Site-based DIs are usually computed for speciﬁc time scales (usually 1, 3, 6, 9, 12, 24 and 48
months), which correspond to water deﬁcits accumulation periods for each drought type
(Vicente-Serrano et al., 2010). For example, 1- to 2-month SPI indicates meteorological
drought; 1- to 6-month SPI corresponds to agricultural drought; and, 6- to >24-month SPI can
be applied to hydrological drought analyses and applications (WMO, 2012). In the last years,
multivariate drought indicators, taking into account different drought characteristics, have been
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successfully used for drought detection (Sepulcre-Canto et al., 2012; Spinoni et al., 2015b),
monitoring (Jager, 2013b) and prediction (Spinoni et al., 2017b).
Drought is a climate anomaly (Shukla and Wood, 2008) and one of the costliest natural hazards
(WMO and GWP, 2016) with high economic, social, and ecological impacts at the global and
regional scale (Ahmadalipour and Moradkhani, 2017; Ayantobo et al., 2017). Drought has huge
negative impacts in agriculture (Howitt et al., 2015; Potopová et al., 2015; Zhang, 2003); on
water resources (López-Moreno et al., 2009); hydroelectric power production (Bartos and
Chester, 2015); vegetation activity (Chaves et al., 2009; McDowell et al., 2008); and, forest
grow (Allen et al., 2015; Barbeta et al., 2014; Xie et al., 2015). This extreme climatic event can
also be a disaster (Paulo et al., 2012; Paulo and Pereira, 2006). According to the United Nations
Ofﬁce for Disaster Risk Reduction (Wallemacq and House, 2018), drought was the sixth natural
disaster in terms of the number of disasters (4.8% of total number of disasters) but the second
in terms of the total number affected people (33% of total number of affected people), causing
>21,000 deaths, in the 1998–2017 period. For example, in 1992 an intense and prolonged
drought devastated a region of 670 million of hectares in Southern Africa, nearly 260 million
of hectares in Eastern Africa, and affected directly the lives of 20 million people (Kogan and
Sullivan, 1993). The magnitude of these impacts is a strong motivation for a better knowledge
of the drought regime.
Several studies characterized spatial-temporal variability of precipitation, including heavy
precipitation and drought events in Portugal (Fernandes et al., 2018; Martins et al., 2012; Pereira
et al., 2015b; Santos et al., 2011, 2010). However, several research questions remain
unanswered, such as, what is the drought regime in Continental Portugal? What is the regime
for each drought class?
In the last three decades, Portugal was the European country with the highest number of
wildﬁres and the third largest burnt area (BA) (Carvalho et al., 2009; Tonini et al., 2018b).
These events are associated with the type of climate, extreme weather and/or climatic
conditions, type of vegetation and human activities (Flannigan et al., 2009; Khabarov et al.,
2014; Turco et al., 2017). Several studies had correlated ﬁre occurrence or/and BA with the
drought periods around the world, including Portugal (Aragão et al., 2018; Dimitrakopoulos et
al., 2011; Margolis et al., 2017; Nogueira et al., 2017; Ruffault et al., 2018; Russo et al., 2017;
Scasta et al., 2016; Urbieta et al., 2015). However, to the best of our knowledge, there is no
study performed for Portugal about the inﬂuence of drought with the occurrence of large
wildﬁres (LW), here deﬁned as events with BA≥5000 ha. Therefore, the following questions
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remain answered: what is the inﬂuence of DE on the occurrence of LW? Which drought
characteristic is more determinant for LW occurrence? Which DI is more suitable/effective to
help prevention actions of LW?
Therefore, the main objectives of this study are to answer the previously mentioned research
questions, which may be summarized as follows: (i) to characterize the drought regime in
Continental Portugal; (ii) to assess the role of drought on the occurrence of LW; and (iii) to
com- pare the obtained results with the different DIs to achieve these goals.

4.2. Materials
4.2.1. Study area
Continental Portugal is located at the southwest of Europe and of the Iberian Peninsula, in the
transition zone between subtropical and medium latitude types of climate (Turco et al., 2017)
and therefore shows meaningful space-time climatic variability. The position and magnitude of
the Azores anticyclone, the shape of the Peninsula, a shallow thermal depression near the
surface and a ridge or high-pressure centre in altitude centred on Iberia, and a sea breeze effect,
especially intense in the western facade during daytime, deﬁne summer weather in Portugal (da
Silva Costa, 2004; Trigo and DaCamara, 2000). Winter weather is affected by the position and
intensity of the Iceland low and westerly moist winds, which produces precipitation events, that
are intensiﬁed by the passage of cold fronts (Trigo and DaCamara, 2000).
The spatial distribution of the average total annual precipitation and mean air temperature
present a great contrast between north and south as well as between coastal and inland regions
(Trigo and DaCamara, 2000). Accordingly, the continental territory has a temperate type of
climate, characterized by a rainy and mild winter and a summer hot and dry (Csa) in the south,
and warm and dry (Csb) in the north (Kottek et al., 2006). This type of climate is in good
agreement with the latitude gradient and topographical features of the country (Parente et al.,
2016) and helps to explain the vegetation cover differences in these regions: forests and
scrublands cover 54% of the North region area but just 40% of the South region area (Tonini et
al., 2018b).
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4.2.2. Data
4.2.2.1.

Meteorological dataset

The ERA-Interim dataset provided the ﬁelds of the climatic elements required to compute the
DIs. ERA-Interim is the latest global atmospheric reanalysis product of the European Centre
for Medium-Range Weather Forecasts, which comprises daily and sub-daily time series from
1979 and continuously updated in almost real time. For a detailed description of the
ERA - Interim Archive and reanalysis, please see Berrisford et al. (2011) and Dee et al. (2011),
respectively. This dataset was select for being used for long time in climate research studies all
over the globe, especially in Europe and in Portugal (Amraoui et al., 2015; De Wit et al., 2010;
Mooney et al., 2013; Parente et al., 2018a, 2016; Soares et al., 2012). The extracted data covers
the 37-year study period (1981–2017) and consists of daily ﬁelds at 12 UTC (Universal Time
Coordinated), with a spatial resolution of 0.125°×0.125° latitude/longitude grid, over a spatial
domain (10°W–6°E, 36.5°N–42.5°N) centred in Portugal, of the following meteorological
variables:
➢ Maximum temperature at 2 m (Tx);
➢ Minimum temperature at 2 m (Tn);
➢ Total precipitation (TP).
Preliminary exploratory analysis reveal that daily TP, Tx and Tn present high inter-annual
variability and strong seasonality, in good agreement with previous studies (Lima et al., 2013;
Mourato et al., 2010). Average annual TP (Figure 4.1) varies from 500 mm in the south to 3000
mm in the northwest, disclosing a general south-north gradient and an east–west gradient in the
northern region. This is also the general pattern of the long-term annual and monthly
exploratory statistics, including the mean/median, standard deviation/interquartile range, and
higher percentiles (not shown). The spatial patterns of the Tx and Tn annual average resemble,
respectively, the surface air temperature spatial distribution during summer and winter. Tx is
higher in the center of the south region and decreases in the north direction while Tn is lower
in the NE and increases in the NE-SW direction. The magnitude and frequency of heavy
precipitation events have increased (Fernandes et al., 2018; Pereira et al., 2015b) while, in
contrast, late winter and spring precipitation have been decreasing (Lima et al., 2013; Mourato
et al., 2010).
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4.2.2.2.

Normalized difference vegetation index

The Normalized Difference Vegetation Index (NDVI) dataset derived from the
Moderate - Resolution Imaging Spectroradiometer (MODIS) sensor on-board the Earth
Observing System Terra platform (MOD13A3) was used in this study to compute VCI. The
MOD13A3 Version 6 vegetation index (Didan, 2015) was obtained from Land Processes
Distributed Active Center (https://lpdaac.usgs.gov/), and consists of four hundred and eight tiles
(h17v04 and h17v05), encompassing Portugal, of monthly NDVI values at 1km spatial
resolution, but only for the 2001–2017 period. NDVI evidence the values of the Near-Infrared
radiation reﬂected by the internal mesophyll structure of healthy green leaves, making it suitable
for monitoring drought, estimating the healthy status of vegetation, crop growth conditions and
crop yields (Dutta et al., 2015).

Figure 4.1 Average annual total precipitation (TP), maximum (Tx) and minimum (Tn) surface air temperature
during the study period (1981–2017).

4.2.2.3.

Fire dataset

The Portuguese Institute for Conservation of Nature and Forests, provide two ofﬁcial and
different wildﬁre datasets. The Portuguese Rural Fire Database (PRFD) is based on ground
measurements, comprises, for each ﬁre record, the ﬁre location, BA and detailed information
on ignition and extinction date and time of ﬁre events (Pereira et al., 2011). The National
Mapping Burnt Area (NMBA) is based on satellite imagery information and composed by BA
polygons in an annual time scale (Parente et al., 2016).
In order to verify the location of the burnt area polygon in the area affected by the drought, it
was necessary to date it on a daily scale (i.e. to identify the day and month of the BA polygon
of NMBA) using the detailed time information of the PRFD. Therefore, we combined the
information of the two datasets to allow the simultaneous availability of spatial and temporal
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information on BA of the selected wildﬁres. This study will focus on LW because these events
are particularly destructive and the ﬁre size distribution has such a high positive skewness that
about 10% of the largest wildﬁres burned 90% of total BA (TBA) (Pereira et al., 2011). The
total number of LW (TNLW) in the study period is 91; the TBA was 1,088,003 ha and they
occurred mostly in Centro and Algarve regions (Figure 4.2). It is important to underline that
LW affected some areas more than once during the study period. The LWs occurred during the
following months: June (4% of TNLW; 5% of TBA), July (18%; 16%), August, (56%; 49%),
September (11%; 9%) and October (11%; 21%).

Figure 4.2 Fire recurrence in the NUTS II regions of Continental Portugal during the study period
(1981 – 2017).

4.3. Methodology
4.3.1. Drought indices
The DIs used in this study will be described in the following subsections.

4.3.1.1.

Standardized precipitation index

McKee et al. (1993) developed SPI based only on precipitation and allow different drought
types monitoring and the assessment of drought conditions at different time scales (Vicente87
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Serrano and López-Moreno, 2005). The WMO recommends this DI to monitor and detect
meteorological drought conditions in the World (WMO and GWP, 2016). Major advantages of
SPI (Hayes et al., 1999; Tsakiris et al., 2007) are: (i) be based on just one climate element
(precipitation); (ii) simplicity and temporal ﬂexibility; (iii) ability to monitor important
conditions for agriculture; (iv) can take into account short-time water supplies; and, (iv) can be
used to consistently monitor the characteristics of extreme wet and dry periods at any location
and time scale. This DI was recently used to assess drought characteristics (Santos et al., 2011;
Spinoni et al., 2017b), explore the relationship be- tween drought and ﬁre variability (Bifulco
et al., 2014; Dimitrakopoulos et al., 2011; Russo et al., 2017; Turco et al., 2017), and analyse
local and regional change of precipitation (Costa, 2011; de Lima et al., 2014). In this study, we
computed SPI for several time scales using MatWorks® SPI function provided by Taesam Lee
(Lee, 2009).

4.3.1.2. Standardized precipitation
evapotranspiration index
Vicente-Serrano et al. (2010) developed SPEI based on precipitation and potential
evapotranspiration (PET), which, in turn, requires air temperature data for its calculation,
making it more suitable to detect, monitor, and explore the consequences of global warming on
drought conditions (Vicente-Serrano et al., 2010; WMO and GWP, 2016). SPEI is a water
balance DI, in the sense that results from the difference between monthly precipitation and PET,
at different time scales (Vicente-Serrano et al., 2010). PET can be computed with different
physical based methods or empirical relationships (e.g., Hargreaves, Hamon, PenmanMonteith,

Thornthwaite,

Priestley-Taylor),

each

one

requiring

different

climate

element/meteorological related parameters (Vicente-Serrano et al., 2010). In the end, the
log - logistic probability distribution is used to standardized results of the water balance
(Beguería et al., 2013). SPEI has been successfully used to: (i) drought characterization (Miah
et al., 2017; Shi et al., 2016); (ii) drought prediction (Deo et al., 2018; Gao et al., 2017; Manatsa
et al., 2015); (iii) assess drought inﬂuence in crop yield (Peng and Peng, 2017); and, (iv) explore
the relationship between SPEI and BA temporal variability (Russo et al., 2017). In this study,
the authors used the R package SPEI (Beguería and Vicente-Serrano, 2017) to compute this DI
with Hargreaves equation (Hargreaves and Samani, 1985), which also requires daily maximum
and minimum surface air temperatures (Beguería et al., 2013), since it was the method selected
to estimate PET for Portugal (Páscoa et al., 2017; Russo et al., 2017).
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4.3.1.3.

Reconnaissance drought index

Tsakiris and Vangelis (2005) proposed RDI, which depends on precipitation and
evapotranspiration data and can be computed for any period, from 1 month to the entire year.
Usually, RDI is computed for the hydrological year corresponding to the vegetative cycle and/or
growing period of the main crops in the study area. RDI has been successfully associated with
losses in rainfed crop production, which, in turn, is linked to the anticipated hazards in the
agricultural sector due to drought occurrence and is computed as follow (Tsakiris et al., 2007):

where β0 is the initial value of RDI assess for each month of each nth hydrological year; Pnm
and PETnm are the precipitation and potential evapotranspiration of the mth month of the n-th
hydrological year, that usually start in October in Mediterranean region. Then a Normalized
RDI (RDInorm) is computed as follows:

where ̅̅̅
β𝑘 is the arithmetic mean of βk, and represents the normal climatic conditions of an area.
At the end, RDI is the Standardized RDI (RDIstd) need to be assessed as follows:

where γk is the ln(βk (n)); ̅̅̅
𝛾𝑘 is its arithmetic mean; and, 𝜎𝛾̂𝑘 is its standard deviation.
We computed RDI for 3-, 6-, 9-, 12-month time scales. This index is not so dependent on the
PET calculation method (Vangelis et al., 2013) and can characterize large drought events by
their frequency, duration, severity, spatial extent, peak month and area involved at the peak
month (Spinoni et al., 2015b). RDI showed to be more representative of deﬁcient water balance
conditions, than indices based only on precipitation, and provide more realistic estimates of
water deﬁcit (Tsakiris and Vangelis, 2005; Zarch et al., 2011). Research with RDI includes
predictability assessment with Markov chain procedures (Khalili et al., 2011), drought
89

4. Drought in Portugal: Current regime, comparison of indices and impacts
on extreme wildﬁres
assessment and monitoring for current (Pashiardis and Michaelides, 2008) and future warmer
climates (Zarch et al., 2015).

4.3.1.4.

Vegetation condition index

Kogan and Sullivan (1993) developed VCI, which is also a drought-monitoring index
(Thenkabail et al., 2004). VCI normalizes NDVI and separates the long-term ecological signal
from the short-term climate signal, can identify drought related vegetation stress and measure
the intensity, duration, dynamics, and impacts of drought on vegetation condition (Dutta et al.,
2015). VCI is calculated by

where NDVIn, NDVImin, NDVImax are values of monthly NDVI. Low VCI values will indicate
bad vegetation conditions and possible unfavourable weather conditions, while high VCI values
describe the opposite situation (Kogan and Sullivan, 1993; Seiler et al., 1998). If VCI is <0 or
above 100, it indicates that cloud, snow/ice or desert contaminated the NDVI data (Kogan et
al., 2016).

4.3.2. Drought assessment
We adopted the drought definition of McKee et al. (1993) to identify and characterize the
drought periods in Continental Portugal. This definition is based on a standardized DI and state
that a DE is a period with consecutive negative values of the DI and less or equal to -1, at some
instant. These general drought conditions (GDC) can be classified into four different classes,
̅̅̅ ), namely: Mild
according to the increasing value of the average DI during dry conditions (𝐷𝐼
̅̅̅ ≤0), Moderate (Mod, −1.5<𝐷𝐼
̅̅̅≤−1), Severe (Sev, −2<𝐷𝐼
̅̅̅≤−1.5), and Extreme
(Mild, −1<𝐷𝐼
̅̅̅≤−2).
(Ext, 𝐷𝐼
The assessment of drought occurrence and characteristics was performed in each grid point of
the study area using the following descriptors: start and end dates (months), duration (D) and
severity (S) of each DE. D is the number of months between start and end dates and S the sum
of the DI values during the DE.
To assess the spatial distribution of these characteristics in Portugal, we compute the sum of
drought number (SN), the sum of drought duration (SD) and the sum of drought severity (SS)
for each grid point and entire study period. To evaluate the drought intra- and inter-annual
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variability, we computed the monthly and annual number of months of drought (NMD), the
areal mean of the extension (ME) and severity (MS). All these procedures were repeated for
SPI and SPEI as well as for 3-, 6-, 9- and 12 - month time scales. In the following sections, we
combined two or more acronyms to condense information and summarily refer to each drought
characteristic and case. For example, SNSPI3 means the Sum of the drought number assessed
with SPI for the 3-month time scale and MESPEI6 means the Mean of the extension of the
drought assessed with SPEI for the 6-month time scale.

4.3.3. The role of drought on the occurrence of
LW
The assessment of drought as one of the LWs factor included the analysis of their spatial,
temporal and frequency distributions. The methodology comprises: (i) contingency tables,
accuracy metrics and statistical measures of association to test the independence and help find
interactions between these two phenomena; (ii) the production and comparison of annual series
of number of LWs, BA and drought months of each drought class and for each time scale; and,
(iii) the comparison of LW location within the area affected by drought. Contingency tables
included the number of months with LW, the number of months without LW (no LW), the
number of months with drought and the number of months without drought (no drought), for
each drought class and time scale. The list of accuracy metrics includes overall accuracy, user's
accuracy and producer's accuracy. Overall accuracy is the average between the test's sensitivity
and specificity (Alberg et al., 2004) and, in this study, is the sum of the fraction of the total
number of months without drought and without LW and with drought and LW. User's and
producer's accuracy explained how overall accuracy is distributed across each variable (Story
and Congalton, 1986). For this study, are particularly important the producer's accuracy LW
(PA_LW), which is equal to the number of months with LW and drought, and the user's
accuracy no drought (UA_ND), which is the ratio between the number of nondrought months
without LW and the total number of months without drought. The interrater agreement of the
two nominal variables was measured with Cohen's Kappa (κ) coefficient (Cohen, 1960). This
coefficient ranges from −1 to 1, and can be interpreted as (i) κ≤0 indicates no agreement; (ii)
0.01≤κ<0.20 none to slight agreement; (iii) 0.21≤κ<0.40 fair agreement; (iv) 0.41≤κ<0.60
moderate agreement; (v) 0.61≤κ<0.80 substantial agreement; (vi) 0.81≤κ<1 almost perfect or
acceptable agreement; and, (vii) κ=1 perfect agreement (McHugh, 2012).
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Finally, the association between drought and LW was assessed by testing the independence of
the two categorical variables with the Chi-squared (χ2) statistical test (Kritzer, 1978) with the
following null hypothesis, H0: the NMD and of LW are independent. The χ2 test was performed
using R chisq.test function to compare each cell's observed count to its respective expected
count. The results included the χ2 value and the p-value. To adjust the χ2 statistic to the sample
and contingency table size the Phi (ϕ) and the Contingency coefficient (C) were also computed.
ϕ is a useful measure to compare results obtained from contingency tables with similar
dimensions, since its maximum value depends on the table size, and two variables are related
if ϕ>0. C ranges from 0 to 1, and is considerably larger in the case of a strong relationship
between variables. C and ϕ have similar behaviour and value. The Cramer's V statistic was not
computed because for 2×2 tables provides the same result as ϕ (Gingrich, 2017).

4.4. Results
4.4.1. Drought regime
4.4.1.1.

Drought class distribution

The NMD and the ratio between NMD and the total number of months (TNM) for GDC,
drought class, each time scale and both DIs (Table 4.1 and Table 4.2) illustrate the occurrence
of each drought class.
It is evident the relatively high NMD (c.a., 300) in relation to the TNM (444); about 2/3 of the
TNM are drought months; however, a signiﬁcant number of NMD are of Mild drought. The
NMD for GDC and Mild drought for SPI (Table 4.1) are very similar for all time scales, but
NMD decreases with the increase of time scale for all other drought classes. The decrease of
NMD between 3- and 12-month time scale is about -10% for Moderate, -5% for Severe, and 2% for Extreme drought. The NMD for Severe drought is particularly low for the 6- (9% of the
TNM) and 12-month time scale (11% of the TNM). The NMD in each time scale highly
decrease with the increase of drought severity, i.e. drought class, e.g. from 98% to 2% in
3 - month time scale and from 99% to 0% in 12–month time scale, from Mild to Extreme
drought. In fact, Extreme drought becomes non-existent for 9- and 12-month time scale.
Corresponding results for SPEI (Table 4.2) are similar with the exception that Extreme drought
was not detected on any time scale. The NMD detected with SPEI present approximately the
same trends but the NMD for Severe drought is less than half of the corresponding result
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obtained for SPI. The NMD in each drought class also decreases signiﬁcantly with the increase
of drought severity, e.g. from 98% to 5% in 3-month time scale and from 98% to 4% in 9-month
scale.
Table 4.1 Number of months of drought (NMD) in mainland Portugal assessed with SPI for different time scales
(3-, 6-, 9-, 12-month), general drought conditions (GDC) and drought classes (Mild, Moderate, Severe and
Extreme) for the 1981–2017 period. Relative values are equal to the ratio between NMD and the total number of
months (TNM).

Table 4.2 As in Table 4.1, but with drought assessed with SPEI.

4.4.1.1.1.

Spatial distribution

The spatial distributions of SD and SS assessed with SPI computed for GDC and all time scales
(Figure 4.3) present similar patterns, characterized by the spread and displacement of the region
of higher values from north to the south with the increase of the time scale (from 3- to 9-month
time scale), and a concentration of the highest values in the central region for the longest time
scale (12-month time scale). Patterns of SN (Figure 4.3) are not signiﬁcantly concordant with
the previous ones, except for the 6-month time scale, where higher values are located in the
central-north region. Corresponding results for SPEI (Figure 4.4) also reveal similar patterns
between SD and SS but different from those obtained with SPI, except for the 12-month time
scale. In fact, regions of higher values are much larger and tend to spread from north to south.
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For SPEI, the spatial pattern of SN is much concordant with the SD and SS patterns, in the
sense that regions of higher values tend to be coincident.
SN, SD and SS assessed with SPI or SPEI for different drought class (ﬁgures not shown) present
similar spatial patterns for Mild and GDC regardless of the time scale. For moderate drought,
SD and SS spatial patterns reveal some differences: the events were longer in the inland of
Algarve and of Alentejo for 6-month time scale, in SW coast and in- land of Norte for 9-month
time scale, and in Norte for 12-month time scale.

Figure 4.3 Sum of the drought number (SN, left panel), duration (SD, central panel) and severity (SS, right panel)
assessed with SPI for each time scale in each grid point of ERA-Interim reanalysis dataset (0.125֯lon×0.125֯lat)
spatial domain, for 37-year climatological period (1981–2017).
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Figure 4.4 As in Figure 4.3, but for drought assessed with SPEI.

4.4.1.1.2.

Temporal distribution

The intra- and inter-annual variability of droughts' characteristics are also descriptors of drought
regime and were assessed for GDC as well as for each drought class.

4.4.1.1.2.1.

Intra-annual distribution

The monthly NMD, ME and MS assessed with SPI (Figure 4.5) do not present high intraannual variability and, in addition, this variability strongly decreases with the time scale. The
NMDSPI03 present higher values for the months of the hot and dry semester (May to October),
especially during the summer months of August and September, and is signiﬁcantly negatively
correlated with both MESPI03 (ρ=−0.88) and MSSPI03 (ρ=−0.93), which are also highly
correlated with each other (ρ=0.94). For medium time scales (6- and 9-month time scales),
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NMD presents an almost linear increasing trend from January to October (NMDSPI06) or
November (NMDSPI09), more evident for NMDSPI09, while ME and MS present a smoother
decreasing trend during the same periods. These trends tend to be negligible for the 12-month
time scale. The correlation between NMD, ME and MS increase for the 6-month time scale
(ρNMDSPI06,

MSSPI06=0.92;

ρNMDSPI06,

higher time scales ρNMDSPI09,

MESPI06=−0.94;

MSSPI09=−0.92;

ρMSSPI06,

ρNMDSPI09,

MESPI06=−0.93),

MESPI09=−0.87;

but decrease for

ρMSSPI09,

MESPI09=0.90;

ρNMDSPI12, MSSPI12=−0.66; ρNMDSPI12, MESPI12=−0.56*; ρMSSPI12, MESPI12=0.85). The general temporal
patterns for drought assessed with SPEI (Figure 4.5) are similar but the intra-annual variability
and trends are more signiﬁcant for the 6–month time scale. The similarity is higher for shorter
time scales when temporal variability is higher. The average correlation coefﬁcient between
SPI and SPEI time series of NMD, ME and MS is 0.80, 0.90, 0.73 and 0.18 *, respectively for
3-, 6-, 9- and 12-month time scales.
The intra-annual variability of Mild and Moderate drought is very similar to the GDC for the
different temporal scales, but substantially different for Severe and Extreme drought. In short,
Severe drought for 3-month time scale were incident between May and November for SPI and
between April and December for SPEI. The extension and severity were particularly high
between January and August for 6-month SPI, Extreme drought was only detected by SPI and
mainly incident in August and September.

4.4.1.1.2.2.

Inter-annual distribution

The annual NMD, ME and MS, assessed with SPI (Figure 4.6) present high variability but,
unlike intra-annual variability, the inter-annual variability increase with the time scale. Annual
time series of ME and MS tend to be highly correlated and the correlation only slightly
decreases with the increase of the time scale (0.85<ρ<0.93). On the contrary, the correlation
between NMD and ME or MS increase with the time scale (from ρ =−0.1* for 3-month time
scale to ρNMDSPI12, MEDSPI12=0.61 and ρNMDSPI12, MSSPI12=0.52).
The correlation between the time series for the different scales is very high and increase with
the time scale (0.61<ρ<0.96). The inter-annual variability allows to easily identify the driest
(e.g., 1992, 2005 and 2012) and wettest years (e.g., 1984, 1996, 1997 and 2010), especially
with the evaluation performed for the longer time scales. However, the years considered among
the driest on lower time scale are not always the driest on longer time scales and vice-versa.
This is the case of 1985 or 1997, which are among the driest years for the 3-month time scale
*

Correlation not statistically signiﬁcant; all the others values of the correlation coefﬁcient are statistically signiﬁcant.
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but are on the cluster of wettest years for 12-month time scale. Annual NMD, ME and MS,
assessed with SPEI (Figure 4.7) are extremely similar to those assessed with SPI, for all time
scales, especially for the longest one (12-months). The average correlation coefﬁcient between
SPI and SPEI time series is 0.88, 0.93, 0.96 and 0.96, respectively for 3-, 6-, 9- and 12-month
time scales.

Figure 4.5 Monthly number of months of drought (NMD), mean drought extension (ME) and mean drought
severity (MS) assessed with SPI (top 4 panels) and SPEI (bottom 4 panels) for each time scale (3-month ‘03’, top
left panel; 6-month ‘06’, top right panel; 9-month ‘09’, bottom left panel; 12-month ‘12’, bottom right panel) and
for 37-year period (1981–2017).
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Figure 4.6 Annual number of months of drought (NMD), mean drought extension (ME) and mean drought severity
(MS) assessed with SPI for each time scale (3-month ‘03’,6-month ‘06’,9-month ‘09’, 12-month ‘12’, from top to
bottom panels) and for 37-year period (1981–2017).

Figure 4.7 As in Figure 4.8, but for drought assessed with SPEI.
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4.4.1.2.

The role of drought on large wildﬁre
occurrence

Temporal and spatial distributions LWs in Portugal are clearly associated with the droughts'
characteristics.

4.4.1.2.1.

The D-LW association/dependence

The distribution of LWs and the evolution of the estimated drought conditions with SPI in the
different time scales (Figure 4.9) and the accuracy statistics (Table 4.3) show that most of the
LWs and of the BA occurred in months of drought, although with decreasing trend with the
time scale. In fact, the relative number of LW (RNLW), i.e., the fraction between the number
of LWs in drought months divided by the TNLW decreased from 97% for the 3-month to 69%
for the 12-month time scale. The relative BA (RBA), i.e., the proportion of the BA associated
with these LWs in relation to the TBA presents a similar trend (98% for the 3-month up to 67%
on the 12-month time scale).
Overall accuracy is relatively low and approximately constant for different time scales (44%
for 3-month time scale, 38% for 6-month time scale). The producer's and user's accuracy
metrics for the 3-month time scale are particularly high, namely the UA_ND and PA_LW. The
value of UA_ND means that an extremely high fraction (94%) of the months without drought
were also without LW, which means the absence of drought does not favour the occurrence of
LWs. On the other hand, the high value of PA_LW means that an equally impressive ratio of
the number of months with LW is also drought months. The producer's and user's accuracy
slightly decreases with the increasing of time scale, more signiﬁcant from the 3- to the 6-month
time scale. This decrease is due to the increase of the number of months with- out drought but
with LW at the expenses of the class of months of drought and LW. According to the χ2 test
(Table 4.3), the dependence between LW and droughts assessed with SPI is only statistically
signiﬁcant for the 3-month time scale; and, within this time scale, for all drought classes except
the Extreme. The results of the χ2 test are in agreement with the decreasing trend of the number
of LW in the drought months with the increase of the time scale, and show higher value and
statistical signiﬁcance for the 3-month time scale (χ2=8.876; p−value=0.003) and lower for the
12-month time scale (0.01; 0.92). These results are corroborated with the values of ϕ, C and κ.
However, this last coefﬁcient shows that the relation between droughts and LWs is weaker for
the 3-month time scale.
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Following the analysis of the results of Table 4.3, the analysis of the relationship between LWs
and droughts assessed with SPI for the different drought classes was restricted to the 3-month
time scale (Table 4.5). The RNLW and RBA in the drought months for Mild drought is slightly
smaller than for GDC, but signiﬁcantly decrease with drought class, reaching an almost
negligible value for the Extreme drought (RNLW=3%, RBA=2%). With increasing drought
severity, the number of months without drought and without LW increases signiﬁcantly while
the NMD and LW decrease signiﬁcantly. These results help to explain the signiﬁcant increase
in overall accuracy with drought class as well as the values of user's and producer's accuracy,
especially the PA_LW. The χ2 test shows a signiﬁcant relationship between LW and Mild,
Moderate and Severe drought and particularly strong for Moderate and Severe droughts. These
results were conﬁrmed with the obtained results for C, ϕ and κ.
In general, the results obtained with SPEI (Table 4.4) are very similar to those obtained with
SPI (Table 4.3) with the following differences: (i) lower RNLW (−5%) and RBA (−3%) for
the 3-month time scale but higher for other scales, especially for 6-month ( 7% and 6%,
respectively); (ii) lower UA_ND (−5%) and PA_LW (−8%) for the 3-month time scale; (iii)
higher UA_ND ( 8%) and PA_LW ( 10%) for the 6-month time scale; (iv) the dependence
between LW and drought is also statistically signiﬁcant for the 3- and 6-month time scales; (v)
the relationship between LW and drought for 6-month time scale is stronger than for the
3 - month time scale. In this sense, the analysis of the relationship between droughts assessed
by SPEI and LW for the different drought classes was restricted to the 6-month time scale
(Table 4.6). The RNLW and RBA in the drought months for Mild drought is slightly less than
for GDC (−2% and -1%, respectively), but decrease signiﬁcantly with the drought class,
reaching ⅖ and ½ of the value for the Severe drought, respectively. With the increase of drought
severity: (i) the number of months without drought and without LW had increased 235%; (ii)
the NMD and with LW had decreased 21%; and, (iii) the overall accuracy increased in >50%.
The χ2 test shows a strong relation between LW and Severe drought, which is conﬁrmed with
the obtained results for C, ϕ and κ.
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Figure 4.9 Temporal evolution of large wildﬁre (LW) occurrence and of the months of drought assessed
with SPI (top panel) and SPEI (bottom panel) for each time scale and for 37-year study period (1981 – 2017).
In order to represent in the same ﬁgure, the months of different types of drought and with LW, the monthly
series assumed the values 1, 2, 3, 4 or 5, according to the months were dry Mild, Moderate, Severe and
Extreme or with LW.
Table 4.3 Contingency tables and accuracy metrics to assess the role of drought assessed with SPI for different
time scales (3-, 6-, 9-, 12-month) for the months between June and October for 1981–2017 period on the occurrence
of large wildfires (LW) in mainland Portugal. The contingency tables computed established with the number of
months with LW and without LW (no LW) as well as the number of months with drought (drought) and without
drought (no drought). The list of accuracy metrics includes: Overall Accuracy (OA), User's Accuracy (UA),
Producer's Accuracy (PA), Chi-squared test (χ2) and corresponding p-value, Phi coefficient (ϕ), Contingency
coefficient (C), and the Cohen's Kappa coefficient (κ). Relative number of LW (RNLW) was computed as the ratio
between the number of LW in drought months and the total number of LW. Relative burnt area (RBA) was
computed as the ratio between the area burnt by the LW in drought months and the total burnt area.
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Table 4.4 As Table 4.3, but for drought assessed with SPEI

4.4.1.2.2.

The temporal distribution

It is important to underline that 88 LW (97% of TNLW) occurred during droughts detected with
SPI and one of the three LW out of the drought period started only 6 days after the end of the
drought. Results with SPEI for the 6-month time scale, are slightly better than the ones obtained
with SPEI at 3-month time scale but, nevertheless slightly smaller than those obtained with
3 - month SPI. In fact, 86 LW (95% of TNLW) were detected during the drought period.
The annual time series of the number of LW, BA and number of months of drought for each
class (Figure 4.10 and Figure 4.11) reveals that years with LW were affected by a higher
number of Mild and Moderate NMD. However, the years with a higher number of LW and
signiﬁcant BA (e.g. 1991, 2003, 2005 and 2017) were also characterized by high Severe and
sometimes Extreme drought (e.g. 2017 assessed with 9-month SPEI and 1991 assessed with 3month SPI). The exception is 2003 when an impressive TNLW and TBA were registered but
only during a small NMD Moderate.
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Figure 4.10 Annual number of months of drought for each drought class (Mild, Moderate, Severe and Extreme)
assessed with SPI for each time scale (3-, 6-, 9- and 12-month), total number of wildﬁres (NF) and total burnt area
(BA) for 37-year period (1981–2017).

Figure 4.11 As in Figure 4.10, but for drought assessed with SPEI.
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4.4.1.2.3.

The spatial distribution

It is equally important to assess the spatial coherence between the location of LWs and spatial
extent of droughts in the LWs months. The results obtained with SPI (SPEI) for the 3-month
time scale reveals that: (i) 85% (81%) of LW occurred in area affected by drought; (ii) 8% (8%)
occurred out of the drought area (DA), but in a short distance (<100 km) of the DA, and 4%
(4%) at a longer distance (>100 km) of the DA; (iii) 3% (7%) are associated with drought; and,
(iv) 1% (2%) occurred within 10 days immediately after a drought. Results with SPEI for the
6-month time scale reveals slightly better results: (i) 87% of LW occurred in the DA; (ii) 5%
occurred in a short distance of DA, 2% at a distance >100 km; and, (iii) only 5% of the LW are
not associated with drought.
Spatial concordance between drought (3-month SPI and 6-month SPEI) for the years with a
higher number of LWs –2003, 2005 and 2017– was assessed (Figure 4.12 to Figure 4.17). The
results show that in those years LWs mainly occurred in Centro and Algarve regions, in areas
affected with longer, severe and intense droughts assessed with 3-month SPI (Figure 4.12 to
Figure 4.14). The LWs of October of 2017 occurred in the area affected by the most intense
drought of these 3 years. Results obtained with 6-month SPEI are similar (Figure 4.15 to
Figure 4.17), but for 2003 are lightly different. The LWs in July and September of 2003 did
not occur in DA, and the most of LWs in August occurred in the DA but of low severity and
intensity.
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Figure 4.12 Duration (D, left panel), severity (S, central panel) and intensity (I, right panel) assessed with SPI for
drought event between May and September of 2003 for 3-month time scale in each grid point of ERA - Interim
reanalysis dataset (0.125°lon×0.125°lat) spatial domain, and the LW of July (top panel), August (middle panel)
and September (bottom panel) of 2003.
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Figure 4.13 Duration (D, left panel), severity (S, central panel) and intensity (I, right panel) assessed with SPI for
drought event between November of 2004 and February of 2006 for 3-month time scale in each grid point of
ERA - Interim reanalysis dataset (0.125°lon×0.125°lat) spatial domain, and the LW of July (top panel), August
(middle panel) and September (bottom panel) of 2005.
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Figure 4.14 Duration (D, left panel), severity (S, central panel) and intensity (I, right panel) assessed with SPI for
drought event between August of 2016 and November of 2017 for 3–month time scale in each grid point of
ERA - Interim reanalysis dataset (0.125°lon×0.125°lat) spatial domain, and the LW of June (top panel), August
(middle panel) and October (bottom panel) of 2017.
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Figure 4.15 As in Figure 4.12, but for drought assessed with SPEI.
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Figure 4.16 As in Figure 4.13, but for drought assessed with SPEI.
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Figure 4.17 As in Figure 4.14, but for drought assessed with SPEI.

4.4.1.2.4. The drought-vegetation-large wildﬁre
occurrence relationship
To better assess drought conditions and state of the vegetation we calculated the values of the
RDI and VCI, for 3-, 6-, 9- and 12-month time scales. For sake of simplicity, we only present
the results obtained for the three years (2003, 2005 and 2017) with the highest number of LWs
(52% of TNLW) and for the 3- and 6-month time scales which include the date of LWs
occurrence and the preceding periods (Figure 4.18 and Figure 4.19). The space-time
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distribution of 2003 LWs is perfectly explained by the spatial patterns of RDI and VCI in these
months (Figure 4.18 and Figure 4.19, top panels). In fact, the LWs of the spring quarter (4–6,
April to June) occurred precisely in the regions with minimum RDI, precisely in the central
region. During the summer (7–9, July to September) the region with minimum RDI moved
south, so that the region affected by the agricultural drought during the dry semester (4–9, April
to September) covered the locations of all LWs (Figure 4.18, top panels). The Figure 4.19 (top
panels) conﬁrms the very low values of VCI in the summer months (July to September) in the
LWs' locations, indicating strong moisture depletion and, consequently, highly stressed
vegetation in those regions. The 2005 LWs spatial patterns are in very good agreement with
RDI and VCI patterns. In fact, 2005 was the year with the lowest RDI values in the study period,
with a North-South gradient in the spring season (April to June) but a South-North gradient in
the summer season (July to September) which helps to explain widespread distribution of LWs
in the Centro and Norte regions (Figure 4.18, central panels). The 2005 VCI pattern reveals
the worst vegetation condition with darker colours in vast regions of the country, particularly
in the LWs' areas (Figure 4.19, central panels). Finally, the 2017 LWs spatial distribution is
well explained by the RDI patterns, which present lower values in the central region in June
and extremely low values in the Norte, inner and near the coastal Centro during summer, which
leads almost the entire country in extreme drought in the summer semester (Figure 4.18, lower
panels). VCI patterns for these months reﬂects the effects of drought, with small green patches
but vast areas without or with highly stressed vegetation, especially in the end of the summer
(Figure 4.19, lower panels).
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Figure 4.18 Spatial patterns of RDI in spring months (April to June, 4–6), summer months (July to September,
7 – 9) and in the dry semester (April to September, 4–9) of 2003 (top panel), 2005 (middle panel) and 2017 (bottom
panel) in each grid point of ERA-Interim reanalysis dataset (0.125°lon×0.125°lat) spatial domain.
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Figure 4.19 Spatial patterns of Continental Portugal VCI in July, August and September of 2003 (top panel) and
2005 (middle panel) and in June, August and October of 2017 (bottom panel).

4.5. Discussion
Mediterranean Europe is a region particularly susceptible to the consequences of global
warming and climate change with a strong impact on the ﬁre regime (Russo et al., 2017). In the
Iberian Peninsula and in the last 50 years, the annual air temperature increased 1.5͒C while
precipitation decreased -15.6%, respectively (Vicente-Serrano et al., 2014). Climate change
projections for Continental Portugal suggest signiﬁcant changes in the precipitation regime,
namely less but more intense/severe heavy precipitation events (Fernandes et al., 2018; Spinoni
et al., 2017a, 2015a; Vicente-Serrano et al., 2014), causing changes in surface runoff and
evapotranspiration patterns and longer drought events (Merkenschlager et al., 2017), increased
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dryness and decreased vegetation cover (Páscoa et al., 2017). In this sense, this study aimed to
characterize the drought regime in Continental Portugal, mainly based on two different DIs,
namely SPI and SPEI. Our analysis identiﬁes drought in almost 70% of the TNM (Table 4.1and
Table 4.2) independently of the time scale and DI, while some authors point for 40% of study
period. This is due to our drought class classiﬁcation, which includes the Mild drought, that is
considered as “near normal conditions” by some authors (Moreira, 2016; Moreira et al., 2006)
or not considered as drought in other studies (Bonaccorso et al., 2015; Coll et al., 2016; Moreira
et al., 2018; Santos et al., 2010; Spinoni et al., 2017a). The spatial distribution of drought
duration allows the identiﬁcation of the regions with longer droughts, which present average
duration values of about 40% of the TNM (Figure 4.3 and Figure 4.4). Our results also suggest
that NMD decreases with drought severity in all classes except Mild drought, more signiﬁcantly
for Severe drought, for both DIs and all time scales, but more meaningfully for SPEI.
Spatial analysis of GDC at the different time scales unveils that SD and SS assessed with the
two DIs present different patterns, however with the same spread and displacement tendency
of higher values from North to South, from the 3- to 9-month time scales, which is apparently
in accordance with the common type of drought in these parts of the country, as has been
observed in Iberia in recent decades (Vicente-Serrano et al., 2014). In fact, 3-month time scale
meteorological/agricultural drought in the north can be related to short-term changes on the
average precipitation spatial-temporal distribution in Portugal (Figure 4.1), while 9-month time
scale agricultural/hydrological drought (Moreira, 2016; Vicente-Serrano, 2006) can be
connected to the combination of lack of precipitation with other climatic anomalies, such as
high temperatures, that increase evapotranspiration and the ability of the atmosphere to hold
moisture (Flannigan et al., 2009).
Spatial analysis of drought characteristics assessed with both DIs discloses a general decreasing
trend of SN with drought class and with time scale, a consequence of Extreme and Severe
droughts being more difﬁcult to occur than Mild or Moderate droughts (Table 4.1 and Table
4.2) and the drought events detected at higher time scales tend to be longer (Santos et al., 2011;
Vicente-Serrano, 2006).
The low intra-annual variability of monthly NMD, ME and MS (Figure 4.5) decrease with the
time scale, as a consequence of long time scale drought characteristics. The slight increase
(decrease) in the NMD (MS and ME) from late winter to late summer/early fall on the smaller
time scales, more evident for drought detected with SPEI (Figure 4.5) cannot be due to the
adopted DI. In fact, both DIs assess the drought conditions without taking into account the
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annual precipitation cycle, but deviations from monthly averages (Moreira, 2016). Intra-annual
drought variability for GDC assessed with SPI and SPEI (Figure 4.5) also disclosed that the
number of droughts decreases with time scale, which is a consequence of drought being longer
for higher time scales, which is in a good agreement with the ﬁndings of other studies (Santos
et al., 2011). SPI lead to the identiﬁcation of more severe and extreme droughts than SPEI,
which is in line with the ﬁndings of Paulo et al. (2012). The increase of the inter-annual drought
variability for GDC, assessed with SPI and SPEI (Figure 4.6 and Figure 4.7), with the time
scale is a consequence of be less likely to maintain drought conditions for longer time scales
due to the inﬂuence of near normal or humid months. Therefore, it will be easier to identify the
driest and wettest years at longer scales, although this identiﬁcation may not be unambiguous
for all time scales.
The ﬁre incidence in Portugal is determined (Pereira et al., 2005; Trigo et al., 2006) by: (i) the
Mediterranean type of climate which, with mild and humid winters and hot and dry summers,
deﬁnes the type and life cycle of the vegetation, and explains the main summer ﬁre season peak
and the secondary ﬁre season in the late winter-spring; and, (ii) extreme weather (heat waves)
and climate (droughts) conditions, which determines the vegetation physiological state (Mateus
and Fernandes, 2014). In fact, the combined effect of precipitation scarcity over relatively long
periods along with other climatic anomalies, such as high temperature and low relative humidity
may contribute to the increase of tree mortality (Gouveia et al., 2009), which plays an important
role in fuel dynamics and availability (Stephens et al., 2018). As a disturbance agent, drought
is linked to ﬁre regime triangle, which deﬁnes the linkages between vegetation, which is a
determinant of broad-scale fuel characteristics, climate conditions, that support ﬁre weather,
and ignition sources, either human or natural (Moritz et al., 2005; Parisien and Moritz, 2009).
In the ﬁre regime triangle, vegetation is considered the fuel of wildﬁres encompassing live
vegetation individuals (e.g. grass, shrub, trees), aboveground vegetation residues (e.g. leaf litter,
fallen branches), and below ground partially decayed biomass (e.g. peats). Weather and climate,
the second element of the ﬁre regime triangle, have in turn a profound inﬂuence on ﬁre ignition,
ﬁre behaviour, and ﬁre severity. For instance, at the regional scale and at the seasonal or interannual time scales, severe droughts at the beginning of the ﬁre season (late spring and early
summer) inevitably lead to high levels of vegetation stress increasing the ﬂammability of live
and dead fuels (Pausas and Paula, 2012).
The spring ﬁre season is particularly evident in the Norte region and mainly driven by drought
and low air humidity, associated to anomalous atmospheric anticyclonic circulation associated
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to blocking activity (Amraoui et al., 2015). Summer ﬁre incidence depends on the occurrence
of very intense dry spells during days of extreme synoptic situations (Amraoui et al., 2015;
Parente et al., 2018a) and relatively long dry periods with absence of precipitation in late spring
and early summer, which was one of the objectives of this study. The atmospheric circulation
drivers described in Section 4.2.1 leads to the establishment of a surrounding circulation over
the Iberian Peninsula, characterized by easterly winds on the north facade of Portugal,
northwest winds on the western facade and southwest winds on the Algarve coast, which
generally inhibits the occurrence of forest ﬁres, because it brings on the continent an
atmospheric current with moderate temperatures and high moisture content (Durão and CorteReal, 2006). The disruption of this surrounding circulation with warm and dry easterly winds
over Iberia increase the ﬁre incidence and the LWs occurrence (Costa Alves, 1994; DaCamara
et al., 1997).
The impressive RNLW and RBA (Table 4.3) during drought months (respectively, 97% and
98% for 3-month SPI, 95% and 97% for 6-month SPEI) conﬁrm previous studies suggesting
that droughts in the previous months to the ﬁre season play a key role on vegetation activity
(Gouveia et al., 2009; Pereira et al., 2011) and ﬁre incidence (Pereira et al., 2005; Trigo et al.,
2016, 2006), which was one of the motives for this study. These results are in very good
agreement with the accuracy metrics. In fact, the high value of PA_LW (92% for both 3-month
SPI and 6-month SPEI), highlights the impressive number of drought months with LWs. In
contrast, the also high value of UA_ND (94% for 3-month SPI and 93% for 6-month SPEI) also
emphasizes the role of no drought conditions preventing the LW occurrence. On the other hand,
the decreasing trend of these statistics with the time scale is associated with the fact that
droughts for longer time scales require a prolonged continuity of drought conditions.
The relatively low values of the overall accuracy (Table 4.3) is essentially a consequence of
three aspects: (i) there are many more dry months without LWs (circa 100, which corresponds
to 59% of total number of months of LWs season in the study period) than with LWs (ranging
between 35 and 26, respectively for 3- and 12-month time scales). (ii) The constancy of the
ratio between non-dry months/dry months; and, (iii) the decrease in the ratio of the number of
months with LW and drought/number of months with LW and without drought, which means
that the number of LW in the drought months decreases with the time scale. In fact, Figure 4.9
shows several LWs that do not occur in dry months for the highest time scales.
The accuracy analysis between LW and droughts assessed with SPI indicates that most of the
LW and corresponding BA occurred in months of drought, although with a decreasing trend
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with the time scale, specifically RNLW (RBA) decreases from 97% (98%) to 69% (67%) from
the 3- to 12-month time scale. These results are also associated with the fact that droughts for
longer time scales require a prolonged continuity of drought conditions and, in general, are only
detected after droughts of smaller scales, which explains why LW tend to occur in the drought
months detected on the lower time scales (Figure 4.9). This fact also helps to understand why
the statistical signiﬁcance of the relationship between LW and GDC assessed with SPI is
restricted to the 3-month time scale, although previous studies suggested that it is related the
fast response of vegetation to meteorological conditions (Russo et al., 2017).
Despite with slightly lower values of RNLW, RBA and p-value, the accuracy analysis also
reveals a statistically signiﬁcant relationship between LW and drought assessed with SPEI for
two time scales, but stronger for the 6- than for 3-month time scale. This result is associated
with the increase of 3% (2%) in the RNLW (RBA) in the drought months from the 3- to the 6month time scale and a decrease of −22% (−29%) in the remaining time scales. These results
are in good agreement with the ﬁndings of Russo et al. (2017). These authors correlated and
regressed time series of SPI, SPEI and standardized logarithm of normalized burnt areas in the
administrative regions of Iberia during the ﬁre summer season. For Continental Portugal, these
authors found: (i) quite similar results with SPI and SPEI; (ii) a strong and synchronous
relationship between drought and burnt areas in most regions, for short time scales (from 1- to
6-month time scales with the peak in the 2-month time scale); (iii) that wet springs and dry
summers (high temperature and evapotranspiration) play a predominant role during the ﬁre
season; and (iv) that the relationship between drought and wildﬁres should be analysed at local
scale to account for small scale processes, which was performed in this study.
The relationship between LW and drought class was restricted to 3-month SPI and 6-month
SPEI and results are in good agreement. For SPI, the results show that: (i) RNLW and RBA
signiﬁcantly decrease with the drought class, reaching negligible values for the 12-month time
scale; (ii) LW months and NMD signiﬁcantly decreases with the increase of drought severity;
and, (iii) strong relation between LW and Moderate and Severe droughts. For SPEI, statistics
reveal that: (i) RNLW and RBA in the drought months strongly decrease with the DC, reaching
⅖ and ½ of the value for the Severe drought, respectively, (ii) the number of months without
drought and without LW had increased 235%, and the number of months of drought and with
LW had decreased 21%, with the increase of drought severity, which could explain the increase
of 50% of the overall accuracy; and, (iii) strong relationship between LW and Severe drought
conﬁrmed with the obtained results for C, ϕ and κ. Years of LW activity also have a higher
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number of Mild and Moderate drought months while years of higher LW number and signiﬁcant
BA were also affected by high Severe and sometimes Extreme drought months. These results
may be a consequence of 6-month SPEI capture the water-balance conditions from winter to
summer, which has been proven that is more important in contributing to the ﬁre risk, than
3 - month SPEI, that only capture the water-balance conditions from spring to summer (Urbieta
et al., 2015). The analysis of the spatial distribution of LW and drought characteristics reveals
that the vast majority (90%) of LW occurred in or near the areas affected by drought, with
longer duration and severity, especially in Centro and Norte regions. In fact, it is expected that
drought plays a more prominent role in these, generally wetter, more productive, and transition
regions than in the drier south, where vegetation is better adapted to water scarcity (Turco et
al., 2017). The results are particularly impressive for the years (2003, 2005 and 2017) with the
highest relative number of LWs (52% of TNLW) and burnt area (65% of TBA) characterized
with long and severe droughts according to both DIs (3-month SPI and 6-month SPEI).
Weather/climatic and vegetation conditions in those 3 years help to understand the high
concentration of LW in Centro and Algarve regions. For example, after 2002, with low
vegetation greenness (Gouveia et al., 2009), 2003 was characterized by extremely dry
conditions over southern and western Europe, in combination with divergent conditions of
vertically integrated moisture ﬂux and an anomalous anticyclonic circulation localised over
central Europe inhibit moisture inﬂow (Drumond et al., 2017). This phenomenon induced a
severe heat wave, decreased the groundwater and affected the overall function of the
ecosystems (Peñuelas et al., 2017). On the other hand, 2005 was characterized by the
persistence of NDVI negative anomalies over a large fraction of the Portuguese territory,
especially in South, where the highest values were observed between February and June and
65% of vegetation area was affected for >9 months of drought during that year (Gouveia et al.,
2009), demonstrating that vegetation was in hydric stress (Gouveia et al., 2012) and possible
under severe nutrient loss (Russo et al., 2017). Vegetation dynamics and ﬁre selectivity in these
years suggests that LW tend to occur in lower vegetative and water stress conditions during
spring and summer months, which seems to signiﬁcantly inﬂuence the wildﬁre damage
(Gouveia et al., 2012).
As mentioned previously in the manuscript, there are conceptual differences between the
drought indices; SPI and SPEI, on one hand, and RDI and VCI, on the other hand. While the
former indices are frequently used to assess meteorological drought, the latter indices are
usually applied to characterize the hydrologic state of the vegetation. In this work, the
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characterization of the drought regime and the relationship between drought and LWs in
Portugal was performed with SPI and SPEI while RDI and VCI were used to validate the
relationship obtained between LWs and drought. The characteristics of drought regime and
statistic between drought and LW obtained with SPI and SPEI, are very similar and the
differences are not signiﬁcant. In addition, it is not possible to compare the indices performance
simply because we do not know the true, i.e., the exact drought start and end dates (duration
and affected area), severity, and intensity. Drought indices are just criteria to try to objectively
deﬁne the subjective concept of drought. Therefore, it is not possible to clearly rank the drought
indices.
Finally, it should be noted that, following this study, we are investigating the possible changes
of drought regime in the context of climate change, including the analysis of the temporal
evolution of the drought indices (SPI, SPEI and RDI) and drought characteristics at national
and regional scales, as well as the analysis of their differences. This study is important because
it will provide good indicators on how climate change may occur in the study region (VicenteSerrano et al., 2010), while the analysis of the spatial distribution of the main drought events
and their characteristics will allow the identiﬁcation and differentiation of spatial gradients of
dry propagation (González-Hidalgo et al., 2018).

4.6. Conclusion
Weather and climate, especially extreme events as droughts, play a signiﬁcant role on the ﬁre
incidence variability. On the other hand, the assessment of drought regime depends on the
methodology used in the analysis. Therefore, this study intends to use four different drought
indices and the drought deﬁnition of McKee et al. (1993), to identify and characterize the
occurrence and main features of drought events in recent history and their impacts on the
occurrence of extreme wildﬁres (burnt area ≥ 5000 ha), which, to the best of our knowledge,
had never been done for Portugal.
Main ﬁndings of drought regime can be summarized as follows. About 70% of the total number
of months between 1981 and 2017 were drought months, but the number of months of drought
decreases with the increase of time scale for all drought classes. Extreme drought becomes nonexistent for 9- and 12-month time scales when using SPI and it was not detected with SPEI.
Regions with higher drought duration and severity assessed with SPI for general drought
conditions displace and spread from north to south with the increase of the time scale, and
concentrate in the central region for the 12-month time scale. Results for SPEI present similar
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patterns but regions with higher values are larger. As a consequence of the long time scale
drought characteristics, the number of months of drought, mean extension and mean severity
decrease with the time scale. Despite mean extension and mean severity present higher values
in winter/spring months, drought events are mainly incident in the months August and
September for 3-month time scale and from August to October or November for 6- and 9-month
time scales.
In general, drought characteristics present low intra-annual variability, but some features are
worth noting; intra-annual variability for Moderate drought is higher than for general drought
conditions in all time scales; Severe drought time series present high intra-annual variability in
ﬁrst two time scales but very low for the higher time scales; Extreme drought time series present
low variability but higher values in months August and September. Inter-annual variability of
drought features assessed with both SPI and SPEI decrease with the increase of drought class
but increased with the time scale, as a consequence of the decrease of the values of the
descriptors in the more humid years. Driest (e.g., 1992, 2005 and 2012) and wettest years (e.g.,
1984, 1996, 1997, 2010) are easily identiﬁed for longer time scales.
Main ﬁndings of the impacts of droughts on the occurrence of extreme wildﬁres can be
summarized as follows: (i) The vast majority of the large wildﬁres (97%) and burnt area (98%)
occurred during drought detected with SPI; (ii) the relationship between drought and ﬁre
incidence is only statistical signiﬁcant for 3-month SPI and for 3- and 6-month SPEI, (iii) for
all drought classes, but it is particularly strong for Moderate and Severe drought; (iv) the role
of drought in the ﬁre incidence decrease with the time scale, namely the relative number of
large wildﬁres (burnt area) decreased from 97% (98%) for 3-month SPI to 69% (67%) for 12month SPI. These ﬁndings are linked with droughts for longer time scales requiring a prolonged
continuity of drought conditions and, in general, are only detected after droughts for smaller
scales. It is also important to underline that: (v) most (94%) of the months without drought were
also without large wildﬁres, suggesting that drought is a prerequisite favouring factor for the
occurrence of large wildﬁres; (vi) 85% of large wildﬁres occurred in area affected by drought
assessed with 3-month SPI, 8% occurred in a distance <100 km of area affected by drought, 4%
at a greater distance, 1% occurred within 10 days immediately after a drought and just 3% were
not associated with drought.
Results obtained with SPI and SPEI were very similar which did not allow to identify any
signiﬁcant gain in the use of one index over the other. Characteristics of the droughts obtained
with the RDI and VCI corroborated the results obtained with the SPI and SPEI, allowed to
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assess the impacts on the vegetation and better explain the role of the drought in the large ﬁres.
Finally, the ﬁndings of this study provide the answer to all research questions and can be very
useful for the deﬁnition of adaptation and mitigation strategies for the impacts of drought events
in the future climate, namely on human health, food production and wildﬁres occurrence.
Obtained spatial and temporal patterns of droughts' characteristics allowed to identify the
regions more affected and the months of higher incidence in recent times. This high-value
information can be used to improve water management in water-scarce areas (Paulo and Pereira,
2006) and to develop drought early warning and prediction systems, which may help to reduce
its impacts and harms (Zarei and Mahmoudi, 2017), especially in food production of regions
(Hao et al., 2014). The relationships we have obtained between droughts and large wildﬁres can
be used to assess the climatic ﬁre hazard/risk since drought monitoring is based on data from
the recent past, but also wildﬁre projections for future climate change scenarios.
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4.7. Appendix 1. The D-LW
association/dependence
Table 4.5 As Table 4.3 but for 3-month SPI.

Table 4.6 As Table 4.3 but for 6-month SPEI.
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5. Complementary work
This section briefly describes six co-authored studies, carried out and published during my PhD,
with relevant results associated with the thesis project.

5.1. Space-time clustering analysis of
wildfires: The influence of dataset
characteristics, fire prevention
policy decisions, weather and
climate
5.1.1. Summary
5.1.1.1.

Context and objectives

This study, produced in the framework of the project SUSTAINSYS: “Environmental
Sustainable Agro-Forestry Systems” and published in Science of the Total Environment
(Parente et al., 2016), emerged following the study of Pereira et al. (2015a). In the latter, the
authors tested the reliability of the Space-Time Permutation Scan Statistics (STPSS) as a local
clustering method to detect clusters for different fire size classes. Parente et al. (2016) aimed:
(a) to assess the influence of dataset's characteristics on the detection of clusters of wildfire
events in Portugal; (b) to identify and characterize the atmospheric conditions associated with
the wildfires belonging to each detected clusters; (c) to assess the existence of two different fire
regimes in Portugal driven by climate contrasts; and, (d) to assess changes in the fire regime,
particularly in the clustering patterns, due to climate and fire prevention policy decisions,
namely those associated with the implementation of Plano Nacional de Defesa da Floresta
Contra Incêndios (PNDFCI).

5.1.1.2.

Methods

A cluster analyses was performed in three phases. The first phase consisted in detecting the
clusters using the STPSS implemented in SaTScan™ software: (i) with the recommended
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maximum size of the spatial and temporal scanning window; (ii) for wildfire events subsamples
of the two datasets with different fires sizes; (iii) for the northern and southern of Continental
Portugal; and, (iv) for the periods pre and post the PNDFCI approval date. The second phase
consisted on the analysis of detected clusters. Finally, the third phase consisted of the composite
analysis to assess the atmospheric conditions during each detected clusters.

5.1.1.3.

Results and conclusions

The results corroborated: (a) the influence of the dataset's characteristics on the detected
clusters; (b) the existence of two different fire regimes in the country promoted by the different
types of climate, namely higher number of larger clusters in the north and far fewer and smaller
clusters in the south, for all fire size class; (c) the positive impacts of the fire prevention policy
decisions, namely a reduction on the number and duration of the clusters of large wildfires in
the order of 50% and an increase in the number and duration of medium wildfires after the
implantation of PNDFCI; (d) the ability of the STPSS to correctly identify clusters, regarding
their number, location, and space-time size in spite of eventual space and/or time splits of the
datasets; and, (e) the role of the weather on days when clustered fires were active for the classes
of small, medium and large wildfires.
This study contributed to a better understanding of the fire regime in Portugal, particularly on
some of the most important structural and circumstantial fire danger factors by which it is
possible to better assess the fire risk and practice better management of fire, ecosystems and
forest resources.
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5.2. Evolution of forest fires in
Portugal: from spatiotemporal
point events to smoothed density
maps
5.2.1. Summary
5.2.1.1. Context and objectives
This study, also produced in the framework of the project SUSTAINSYS: “Environmental
Sustainable Agro-Forestry Systems” and published in Natural Hazards (Tonini et al., 2016),
contribute in the advancement of the previously described study Parente et al. (2016).
The assessment of the integrated spatial-temporal pattern of natural hazards is essential for
disaster risk management. In the case of wildfires, forest landscape and the neighbouring
anthropogenic features compete to influence their spatial-temporal distribution. With this
hypothesis in mind, Tonini et al. (2016) intended to detect whether space and time act
independently or, conversely, neighbouring events are also occurring closer in time, interacting
to generate clusters.

5.2.1.2. Methods
The methodology consisted on the application of the following statistical methods developed
for spatial-temporal stochastic point processes: (a) geographically weighted summary statistics,
to explore how the average BA vary locally through the investigated region; (b) bivariate Kfunction, to test the space–time interaction and the spatial attraction/independency between
wildfires of different size; and (c) space–time kernel density, allowing elaborating smoothed
density surfaces and representing over-densities of large versus medium versus small fires and
on north versus south regions.

5.2.1.3. Results and conclusions
The results had allowed to (a) find and map spatial-temporal patterns within large and long data
series; (b) identify that medium wildfires tend to aggregate around small wildfires, while large
wildfires aggregate at a larger distance and longer times, which indicates that the return period
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following large wildfires is longer than for small and medium wildfires; and, (c) find that hot
spots are present almost each year and with a higher concentration in the northern areas, while
the southern half of the country counts lower surface densities of wildfires.
With this study the authors hope to contribute to a better planning of educational activities,
awareness-raising initiatives, prevention campaigns as well as better allocation of monitoring
systems and firefighting.

5.3. Structural fire risk: the case of
Portugal
5.3.1. Summary
5.3.1.1. Context and objectives
This study, published in Science of the Total Environment (Parente and Pereira, 2016), and
produced in framework of the project “FIREXTR – Prevent and prepare society for extreme
fire events: the challenge of seeing the “forest” and not just the “trees””, aimed to map the
structural wildfire risk in Portugal.
The fire risk definition accepted among the wildfire research community indicates that fire risk
is a quantitative or qualitative indicator of the probability of an area being the source of ignition
by natural or artificial means in a certain period of time, giving even information of the expected
positive and negative impacts in that area (Chuvieco, 2009; Finney, 2005; Freire et al., 2002;
Hardy, 2005; Jappiot et al., 2009). This definition includes two components (i) fire hazard, that
comprises the susceptibility of an area and the respective event probability to happen; and, (ii)
potential damage, that considers the vulnerability of an area to a fire and the economic value
that entails. As there is no Portuguese official method to combine the two main components of
the structural fire risk deterministic approach, this study based its approach on the combined
use of the methods proposed by Antunes et al. (2011) to assess the potential economic damage
of each parcel and of Verde and Zêzere (2010) to map the susceptibility.
Therefore, the main objectives of this study are: (a) update the susceptibility map developed by
Verde and Zêzere (2010); (b) discuss some of the characteristics of the adopted methodology
namely their nature, the number and type of input variables, the effect of the updated datasets
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and the development of fire susceptibility/risk map with five classes; and (c) map the structural
wildfire risk in mainland Portugal.

5.3.1.2. Methods
The methodology of this study had comprised the application of (1) the fire susceptibility map
of Verde and Zêzere (2010) updated using a higher resolution digital terrain model (from 80m
to 25m), longer BA perimeter dataset (from 1975-2004 to 1975–2013) and the entire set of
CORINE land cover inventories; and, (2) the potential economic damage of each parcel method
proposed by Antunes et al. (2011), that use vulnerability scores and monetary values of species
defined in the literature and by law.

5.3.1.3. Results and conclusions
The results include: (1) the confirmation of the good performance of the Verde and Zêzere
(2010) model not only in the favourability scores but also in the predictive values; (2)
susceptibility map with five classes in accordance with the Portuguese law; (3) fire hazard
estimation for three different scenarios of (maximum, mean, and minimum annual) BA; (4) fire
structural risk map, which identifies the areas more prone to be affected by fires in the future
and provides an estimate of the economic damage of the fire; and, (5) whatever the BA scenario
considered for the future the higher fire risk area is the central and north part of the country as
well as the extreme south (Algarve), while the lower fire risk area is the south of the country,
specifically in the interior of Alentejo. The authors hope that the obtained fire structural risk
map, which identifies the areas more fire prone in the future and provides an estimate of the
economic damage of the fire, add a value basic tool for forest and fire managers and to support
the adaptation and mitigation of the economic and environmental effects of the vegetation fires
in Portugal.
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5.4. Wildfire susceptibility mapping:
Deterministic vs. stochastic
approaches
5.4.1. Summary
5.4.1.1. Context and objectives
This study produced in the framework of the project FIREXTR and published in Environmental
Modelling & Software (Leuenberger et al., 2018), is a follow-up of the previously described
study Parente and Pereira (2016). Similar to previous studies, this one arises due to the research
collaboration and a good relationship with the Professor Kanevski’ team of the University of
Lausanne.
This study focuses on the elaboration of accurate wildfire susceptibility maps using stochastic
models, for that it compares stochastic approaches vs a well-established deterministic method
for wildfire susceptibility mapping.

5.4.1.2.

Methods

The methodology of this study comprises the comparison between two stochastic models,
namely extreme learning machine and random forest, and the deterministic approach of Verde
and Zêzere (2010) for accurate wildfire susceptibility mapping. The deterministic approach
usually requires a priori knowledge of predisposing factors, or they are evaluated by applying
linear methods. The stochastic methods assume that results obtained by the combination of
independent factors, affecting the investigated phenomenon, can be slightly different due to the
randomness of the process.

5.4.1.3.

Results and conclusions

One of the main conclusions of this study indicates that the three models lead to relatively
similar susceptibility maps. In fact, (i) the main areas with high/very high and low/very low
susceptibility classes present similar locations; (ii) the very high susceptibility class is mainly
located in the North of the region and on the South border; and, (iii) the stochastic susceptibility
maps reveal proportions of burnt area close to the deterministic model. The other main
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conclusion points out that 5 of the 6 top land cover variables for random forest model are among
the most important for the deterministic model although they present different order.

5.5. Defining Extreme Wildfire Events:
Difficulties, Challenges, and
Impacts
5.5.1. Summary
5.5.1.1. Context and objectives
This study produced in the framework of the project FIREXTR published in Fire (Tedim et al.,
2018), is one of the core tasks of the project.
The motivation of this study is that the concept of extreme wildfire event (EWE) was an elusive
definition that was often used as a synonym of other terms related to wildfires of high intensity
and/or size. In this sense, this study proposes: (i) a definition of EWE as a process and an
outcome from a holistic point of view; and, (ii) a wildfire classification with seven categories
based on measurable fire spread and behaviour parameters and suppression difficulty.

5.5.1.2.

Methods

The methodology comprises a literature review and a transdisciplinary approach, that includes
social and behavioural science perspectives (e.g., ecology, forestry, meteorology, climatology),
and non-scientific actors.

5.5.1.3.

Results and conclusions

The final results of this paper propose (1) a definition of EWE as a process and an outcome;
and, (2) a wildfire classification with seven categories based on measurable fire spread and
behaviour parameters and suppression difficulty.
This study aims to facilitate communication not only within organizations concerned with
wildfire management but also with the general public, helping both managers and members of
the public identify actions that could best reduce the fire risk for both normal and EWEs.
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5.6. Global assessment of rural–urban
interface in Portugal related to land
cover changes
5.6.1. Summary
5.6.1.1. Context and objectives
This study, published in Science of the Total Environment (Tonini et al., 2018b) and produced
in framework of the project FIREXTR, namely the tasks of module 2 and module 3 of the
project.
In the last decades, Portugal has experienced significant LULCCs, in the response to migration,
rural abandonment, ageing of population and trends associated with the high socioeconomic
development. At the same time, the human population has increased along with the consequent
expansion of the urban area making the interfaces between the wildland and the human assets
vulnerable to more abundant and EWEs. In this sense, the main objectives of this study were:
(1) to assess the LULCCs that occurred in Portugal in 1990 – 2012 period; (2) to assess the
impacts of LULCCs on the evolution of RUI; and, (3) to perform a qualitative and quantitative
characterization of the BAs within the RUI in relation to the LULCC.

5.6.1.2. Methods
The methodology consists of (a) the comparison between the Soil Use and Occupancy Chart
(Carta de Uso e Ocupação do Solo) and CLC inventory, to identify and detail the major
habitats, plant communities, or vegetation types; (b) the analyse of the LULCC at different
levels using several class aggregations of CLCs; (c) RUI mapping at different periods; and, (d)
assess how wildfires affected each land cover class in each investigated period within the RUI.

5.6.1.3.

Results and conclusions

The results disclose: (a) 35.1% of agricultural areas and 15.2% of forest and semi-natural areas
change to artificial surfaces (including urban areas); (b) 7.3% of agricultural areas change to
forest and semi-natural areas and vice versa (6.3 %); (c) artificial relative net change increased
50%; (d) a significant increase in artificial surfaces near the main metropolitan communities of
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the northwest, littoral-central and southern regions; (e) RUI increased by more than two-thirds,
while the TBA decreased by one-third; and (f) BA within RUI doubled. Finally, this study aims
to help in RUI monitoring for land and fire managers.
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6.

Conclusions and open threads
for future work

This section summarizes the main conclusions of this thesis and open research threads for future
work.

6.1. Conclusions
This thesis addressed several aspects of spatial-temporal distribution of fire incidence in
Portugal and the characterization of the influence of the main human and biophysical factors.
Main findings and conclusions will be summarized in the following two sub-sections.

6.1.1.

Main conclusions from core papers

The three core papers addressed to: (i) the characterization of the spatial distribution of the fire
incidence of negligent and intentional wildfires in terms of human and landscape drivers at
national and regional scale; (ii) the identification and characterization of heat waves in Portugal,
and its influence/impacts on the occurrence of extreme wildfires; and, (iii) the characterization
of drought regime and its influence on the occurrence of extreme wildfires.
The spatial distribution of negligent and intentional wildfires and burnt area unveil the necessity
of a better knowledge of the fire regime in Portugal, especially in what concerns to the fire
incidence regional patterns and the specificities of both the intentional and negligent wildfires.
In this context, Chapter 2 led to: (i) the verification that spatial distribution's patterns of the
intentional and negligent wildfires’ incidence, at national and regional scales, are generally
different from those obtained for all wildfires and at national level; and, (ii) the identification
of the areas in each region where wildfires are more likely to be ignited intentionally and by
negligence, as well as the location of largest areas burned by these wildfires. For example,
northern NUTS regions (Norte and Centro) tend to concentrate most of the fire incidence,
accounting for 95% and 87% of the total number of wildfires and total burnt area, respectively.
Also, Chapter 2 unveils that human and biophysical drivers strongly influence normalized
number of wildfires and normalized burnt area of negligent and intentional wildfires.
The identification and characterization of heat waves in Portugal (described in Chapter 3),
allowed to identify the regions more affected and the periods (months, years and 30-year
133

6. Conclusions and open threads for future work

periods) of higher frequency of these events, not only in recent times but also for future climate
scenarios, and their impacts on the space-time occurrence of the recent extreme wildfire events.
The 130 heat waves detected only occurred between May and October, with especial incidence
in July (33%) and August (27%). The spatial distribution of heat wave amplitudes shows higher
values in the SW-NE direction over central Portugal, which is precisely the region where most
of the extreme wildfires occurred. The extreme wildfires also tend to occur during (96.8%) or
immediately after (3.2%) heat waves, precisely in the regions where these warm events were
lengthier and vivid. Future projections of heat waves suggest that they will increase in number,
duration, and amplitude with more significant value in a future climate scenario of RCP 8.5 and
for the 30-year periods near the end of the 21st century. This worsening of the characteristics
of heat waves may suggest the consequent increasing of the frequency, size and consequences
of extreme fires.
The assessment of the drought regime (Chapter 4) identified the most affected regions and the
months with the highest incidence of lack of precipitation in recent past. According to the
analysis of the temporal variability, drought events were slightly more incident between August
and October, while mean extension and mean severity present somewhat higher values in
winter/spring months. The statistical analysis between the occurrence of drought and large
wildfires reveal a statistically significant relationship between drought and fire incidence only
for 3-month SPI, 3- and 6-month SPEI, and that this relationship is particularly strong for
Moderate and Severe drought. The vast majority of the large wildfires occurred during drought
assessed with SPI (97%) or SPEI (95%), and that most of the months without drought (94%)
were also without large wildfires, which suggests that drought may be a prerequisite favouring
factor for the occurrence of large wildfires.

6.1.2.

Conclusions of complementary studies

During the development of this thesis, other studies (summarized in Chapter 5) were carried
out that fit the thesis project and whose results and conclusions complement those of the core
articles. Some of these studies were dedicated to assess: (i) the spatial-temporal patterns of
wildfire clusters in Portugal; (ii) the influence of dataset's characteristics on the detection of fire
clusters; (iii) the atmospheric conditions associated with the detected clusters; (iv) the existence
of different fire regimes in Portugal; and, (v) the land use/land cover change and the evolution
of rural-urban interface in Portugal. Other studies were devoted (vi) to map wildfire
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susceptibility and structural fire risk in Portugal using a deterministic and stochastic approaches
as well as (vii) to develop a new concept of extreme wildfire event.
Its main results allow to conclude: (i) weather, climate, fire prevention activities and policy
decisions play a significant role in the fire incidence variability and clustering; (ii) the fire
incidence patterns and the ignition date are strongly dependent on many biophysical and human
variables, such as weather conditions and atmospheric synoptic patterns, vegetation
characteristics, population and topography; (iii) statistical methods developed for
spatial - temporal stochastic point processes allow to highlight local over fire densities and
mapping them; (iv) the fire susceptibility and structural fire risk map allow to identify the areas
more likely to be affected by wildfires and exposed to danger; (v) a clear definition of extreme
wildfire highlights the fact that not all wildfires are the same and that some events are beyond
the capacity of even well-resourced organizations to control; and, (vi) there’s a need of
extending the concept of wildland–urban interface for Portugal to rural–urban interface, defined
as forest semi-natural plus heterogeneous agricultural areas adjacent to artificial surfaces.

6.1.3.

Main contributors for fire and forest
management

The main findings within this thesis can be used for: (1) close gaps and a better knowledge of
the fire regime in Portugal; (2) better distribute resources for monitoring and fighting fires as
well as to increase the efficiency of forest and fire management activities, including prevention,
preparation, adaptation and suppression of fires in addition to the mitigation of their
consequences; (3) implementing warning systems of heat waves, to help people to reduce
exposure by predicting possible health outcomes, identifying triggers of effective and timely
response plans for vulnerable populations, communicating risks and prevention responses; (4)
improve water management and minimize the impacts of reducing precipitation, especially in
areas with water scarcity, as well as appropriate climate fire hazard/risk assessment; (5)
minimize the economic and environmental consequences of wildfires in Portugal; (6) a better
communication not only within organizations concerned with fire management but also with
the general public; and, (7) the monitoring of rural-urban interface evolution and characteristics.
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6.2. Open research threads for
future work
The spatial-temporal characterization and the human and biophysical factors of wildfires in
Portugal performed on this thesis provides an appropriate background to analyse (i) the
temporal distribution of human cause wildfires, (ii) the influence of land use/land cover changes
in wildfires, and, (iii) the future projections of drought regime and potential impacts on fire
regime. Some of these topics are already being study and preliminary results have been present
at various national and international conferences. In the next subsections, some of the results
obtained will be briefly described.

6.2.1.

The influence of the atmospheric
conditions, in particular of the
meteorological and climatic extremes, in
the patterns of the intra-annual
variability of the fire incidence in
Portugal

Weather and climate controlled, directly and indirectly, most of the aspects of wildfires
(Flannigan et al., 2009; Pereira et al., 2013). On one hand, weather plays an important role in
the dryness and flammability of the fuels by promoting the radiative and convective heat
transfer and supplying oxygen to the combustion zone (Aldersley et al., 2011; Parente et al.,
2016). On the other hand, climate aids to set the vegetation growth by defining the precipitation,
temperature, and sunlight (Aldersley et al., 2011). In fact, weather and climate help to determine
ﬁre ignition potential, ﬁre behaviour, ﬁre severity, ﬁre extinction, ﬁre activity/danger season
characteristics and ﬁre management activities (Parente et al., 2016; Telesca and Pereira, 2010;
Venäläinen et al., 2014). Therefore, it is not surprising that high ﬁre activity is associated to
anomalous atmospheric conditions and circulation patterns, including high air temperature,
strong winds and extended drought periods (Parente et al., 2019, 2018a, 2016; Pereira et al.,
2013).
In Portugal, the fire activity occurs mostly between July and September (Mateus and Fernandes,
2014), which normally corresponds to the critical period, when especial measures to prevent
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forest fires should be ensured (AR, 2017). Even though most of the human-caused wildfires in
Portugal occur during the critical period, there are still a number of wildfire events in the end
of winter and beginning of spring. Some of the unanswered research questions that need to be
answered are the following: Is this fire incidence temporal variability observed each year? Are
there differences in the meteorological signature between intentional and negligent wildfire
temporal variability? What is the cause of fire temporal incidence variability in the intra-annual
distribution? Are there regional differences in the meteorological signature in the fire incidence
temporal variability? Preliminary results unveil that: (1) years as 2001, 2004 and 2014 do not
have a fire season defined; (2) years as 2003, 2005 and 2013 have a more pronounced fire
season in summer months (June to September), while others have a more pronounced fire
season in spring months (March) or autumn months (October) as 2009 and 2011. In addition,
there is a clear weather signature in these intra-annual variability profiles. Monthly averages of
various weather variables help to explain the differences found in these annual fire incidence
variability patterns.

6.2.2.

The influence of land use/land cover
changes in fire incidence and vice-versa

In the last decades, Continental Portugal registered substantial land use/land cover changes, as
well as a homogenization of the fuel bands, the increase of the extension and complexity of fire
risk areas (Amato et al., 2018; Pereira et al., 2014; Tonini et al., 2018b, 2018a). Portugal was
particularly affected by wildfires that caused a wide range of environmental, economic and
human damages, including personal injury and death as well as a large amount of burnt area
(Parente et al., 2018a; Tedim et al., 2018). The high fire incidence in Continental Portugal has
been associated with several factors such as: (i) the Mediterranean type of climate, characterized
by conditions conducive to the development of vegetation in the cold and humid season and the
dryness of fuels during the dry and hot season (Bastos et al., 2011; Gouveia et al., 2012;
Kanevski and Pereira, 2017; Parente et al., 2018a); (ii) the occurrence of weather and climatic
extremes, such as heat waves and droughts (Parente et al., 2019, 2018a) associated with
anomalous atmospheric circulation patterns (Amraoui et al., 2015; Pereira et al., 2005) and
episodes of drought (Bastos et al., 2011; Gouveia et al., 2012); as well as (iii) forestry, land
use/land cover changes and socioeconomic characteristics and trends (Parente et al., 2016;
Pereira et al., 2015a). In this sense, the main focus of this study is to assess how much of the
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land use/land cover changes are cause by wildfires and if land use/land cover changes are
associated with the different trends observed in ﬁre incidence measures at regional level.
The preliminary results suggest that this study clearly contribute to characterize the recent land
use/land cover changes in Portugal, quantify the relationship between wildfires and the
observed land use/land cover changes, which can support a better landscape management to
reduce losses of life, property and assets as well as educational events to increase public
awareness to the causes and consequences of wildfires.

6.2.3.

Future projections of drought regime

The study of future projections of drought regime in Portugal is a follow-up of Parente et al.
(2019), which unveils that the lack of precipitation influence the fire incidence. On the other
hand, the literature suggests that in the future, precipitation will decrease in some regions and
there will be an increase in global temperature, especially in the Northern Hemisphere (VicenteSerrano et al., 2010). In this sense, the main objective of this study is to answer if in the future
the precipitation will decrease or not and if that will influence fire incidence. The methodology
will based on the same of Parente et al. (2019). The main results will help to adopt forest
management to climate change, which involves monitoring and anticipating change and
undertaking actions to avoid the negative consequences or take advantage of potential benefits
of those changes (Keenan, 2015).
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