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Abstract

Like in other Mediterranean regions, climate andtheraare the major drivers of fire activity in
Portugal. The aim of the present study is to astessole of meteorological factors on the inter-
annual variability of burned area over a regiorCehtral Portugal. The study covers a 32-year period
that extends from 1980 to 2011. The study regiahoiminated by forest and the high percentages of
maritime pine, eucalyptus and oak, that are extherfi@mmable in summer, explain the fact that,
although occupying only 18% of the territory of ®gal, the chosen study area is responsible for 43%
of the burned area in August during the study krio

A normal distribution model is fitted to the 32-yesmample of decimal logarithms of monthly burned
area during August over the study area. This mizdiglen improved by introducing as covariates two
different measures of prevailing meteorological dibans as derived from Daily Severity Rate
(DSR), an indicator of meteorological fire dangBSR.,m» which consists of cumulated values of
monthly means of DSR from April to June and DS$Wich consists of the square root of the mean of
the squared daily deviations of DSR in August frthra climatology, the average being performed
only over days of positive deviation. Three modetse accordingly derived; the “climate anomaly”
model that uses DSR, as a covariate; the “weather anomaly” model tls®sUDSR as a covariate;
and the “combined” model that uses both RQSRNd DSR as covariates. The three models were used
to define background fire dangergd) fire weather danger, 3, and combined fire danger cEug,
respectively. These three types of danger resgdgtguantify the increase or decrease in probgbilit
of having a large fire in August that is attributedore-fire season conditions, to fire season itmms

and to both conditions.

Results from the “climate anomaly” model put intd@dence the role of long-term pre-fire season
conditions on the inter-annual variability of budrerea. All but one of the 11 cases modeled asvof |
(high) level of background fire danger belong te tevere (mild) category. However short-term
meteorological conditions during August have a kalg on inter-annual variability as illustrated by
the relatively better performance of the “weathsoraaly” model. The two meteorological factars,

the “climate anomaly” and the “weather anomaly” énaevertheless to be taken together into account
in order to improve modeling of the moderate yedrkis is demonstrated by the increase in
performance of the “combined” model that was mauhlg to an increase in the number of moderate
years that were modeled as of medium danger.

Keywords:

Fire activity, extreme events, climate and metemgicll conditions, statistical models, fire

prevention
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Resumo

Nos ultimos anos, os incéndios florestais tém viadoativar a atencdo da comunidade cientifica,
procurando os investigadores identificar os priaisifatores que controlam estes eventos, que tém
vindo a tornar-se cada vez mais extremos. No ctmxopeu a zona Mediterranica assume especial
relevancia na medida em que representa cerca del@%étla a area ardida na Europa. S6 em Portugal
Continental, segundo estatisticas oficiais, ardezarna de 3 468 986 ha no periodo de1980 a 2011,
uma éarea que é equivalente a 3/5 de toda a flopestaguesa, sendo que no final deste periodo foi

guando se registou um maior aumento destes vatpregeme-se que continuem a aumentar.

Os incéndios em Portugal, tal como em toda a Europditerranica, sdo um fendmeno natural
relacionado com mecanismos meteorologicos, ati@dgadropogénica e condi¢bes da vegetacdo que
se traduzem na quantidade de combustivel dispori#etmo que as acdes do homem, como a
migracdo do interior para o litoral com o consege@bandono das terras, numa escala global, sejam
responsaveis por grande parte da ignicdo dos fodifsrentes estudos apontam as condicdes
meteorologicas e climaticas como grandes respoisspe® aumento das areas ardidas, na medida em
que o clima em Portugal é caracterizado por invegiuvosos e fracos seguidos de ver6es muito
guentes e secos que induzem um stress elevadogedag@&o quando chega o verdo, época de
ocorréncia da maioria dos fogos. Tem-se assim gaesp ndo estejam reunidas as condi¢cdes
necessarias para todas as diferentes etapas presenmh incéndio, rapida e facilmente este sera
apagado. Assim, por exemplo, a precipitacdo e gdeatura sdo dois fatores importantes na
primavera na medida em que condicionam a quantidag®mbustivel existente para arder, o vento e
a precipitacdo sdo de extrema importancia paraengelvimento e extincdo do fogo e a temperatura
€ crucial para a ignicdo deste. Diversos estudostam, ainda, que, para Portugal, os dois fatares q
controlam a variabilidade interanual da area ardiita os relacionados com a ocorréncia de longos
periodos de seca sem precipitacdo na pré-épocacéeadios e de dias de elevada temperatura,
associados a ondas de calor no verdo, duranteiedpemais favoravel a ocorréncia de incéndios

florestais.

Com o presente trabalho pretende-se ter uma medingoreensédo da contribuicdo dos diversos fatores
meteorologicos para a inter-variabilidade anualadea ardida em Agosto numa regido central de
Portugal. Os fatores meteoroldgicos sdo, normakmearacterizados a partir de sistemas de avaliagdo
do risco de incéndio, os quais normalmente dependenindices provenientes de parametros
meteorologicos. No presente estudo recorre-se nondeadoDaily Severety RatingDSR), uma
componente d&Canadian Forest Fire Danger Rating Systé@FFDRS). Este indice sera utilizado
para caracterizar a pré-época de incéndio, regpesinte em termos de stress térmico e stress hidrico
da vegetacdo, bem como constituird um indicadaodeicdes meteoroldgicas extremas que ocorrem

nos meses de verao.

Silvia Almeida Nunes iii



Statistical models to forecast summer burned ar@ortugal based on meteorological indices ofdaager

O presente estudo foi motivado pelo projeto dentiura da autora, subordinado titulo “Vegetation
stress and summer fire activity in Portugal’. Bstdalho teve como objetivo principal o de avadiar
importancia da informacgéao proveniente de meiosefegdio remota para a monitorizacacsttessda
vegetacdo durante a pré-época de incéndios, tendermonstrado que esta informagéo especifica
pode contribuir para a construcdo de cenérios derisade para as épocas de incéndio que
imediatamente se seguem (Nunes, 2012). Procedauwisea andlise dos ciclos de temperatura, ao
nivel da superficie do solo bem como condicbeslégimas da vegetacdo para determinados anos
separados em classes caracterizadas por valorés ebevados ou muito baixos de area ardida. O
stresstérmico da vegetacao foi analisado usando uma sémiporal de compédsitos de 10 dias de
temperatura de brilho a 10,8 um, enquanto qustress hidrico foi caracterizado por uma série
temporal de compdésitos de 10 dias de dois indiegstativos, os denominadogrmalizeddifference
vegetation indexXNDVI) e leaf area indeXLAl). Os resultados obtidos pdem em evidénciagepdo
stresstérmico nos meses de Verdo (Julho e Agosto), enguastresshidrico toma um papel mais
importante para os meses de Primavera (Abril até@)u Anos com valores elevados de area ardida
mostram-se associados a anomalias positivas denaARrimavera e temperatura no Verao, ou seja,
mais biomassa na Primavera e naigssno Verdo. Anos com valores mais baixos apreseotam
comportamento completamente oposto, mostrandoseciados a anomalias negativas de LAl na
Primavera e de temperatura no Verdo, ou seja,edéficbiomassa e condi¢cdes desfavoraveis para
ignicdo no Verdo. Com base nesta informacdo, agonste um modelo de logica vaga (modelo
verbal) para a severidade dos incéndios no VeréaidD a relacéo entrestressda vegetagdo com as
condi¢cdes meteoroldgicas de longo prazo duranteavdra, expressas em termos de temperatura e
precipitagcdo, e dada a relacéo estreitatdEsstérmico da vegetagdo com as condi¢gbes meteorakgic
extremas que favorecem a ignicdo e propagacaogio éste estudo também colocou em perspetiva a
importancia de fatores climaticos e meteorolégigaando se pretende avaliar a severidade da época

de incéndios (Nunes, et al., 2013).

O objetivo do presente estudo € o de proporcioma melhor compreensao do papel desempenhado
pelas condicbes meteorologicas durante a pré-épacapoca de incéndios, bem como analisar a
importancia relativa dos seus impactos na inteiabdidade anual de area ardida. Comeca por
mostrar-se-se que os valores logaritmicos decide#gea ardida em Agosto na area em estudo para o
periodo de 1980 a 2011 seguem uma distribuicdo alor®eguidamente mostra-se que essa
distribuicdo normal pode ser melhorada incorporamalenodelo covaridveis baseadas em dois tipos
de valores acumulados de DSR: R@Rue consiste em valores mensais médios acumuladDSa

de April a Julho e DSRque consiste na raiz quadrada da média diariagqdadrados dos desvios
climatoldgicos dos valores didrios DSR em Agosteerando a média apenas sobre os dias com
desvio positivo. Derivaram-se assim trés diferenteslelos, nomeadamente o modelo de “anomalia
climética” que utiliza o DSR,como co variavel, o modelo de “anomalia meteoraiéygue utiliza o

DSR, como covaridvel e o modelo “combinado” que utiliambos os DSR, e DSR como
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covariaveis. Mostra-se, em seguida, que o desermapdohmodelo de “anomalia meteoroldgica”
apresenta melhores resultados que o modelo de &isoalimatica” e que o desempenho do modelo
“combinado” é significativamente melhor do que os doodelos anteriores. Esta informacdo é
especialmente interessante na medida em que apardao facto das condicbes de pré-época de
incéndios ndo poderem ser ignoradas quando sesarealariabilidade interanal de area ardida. Os
resultados obtidos proporcionam ainda uma perspetteressante em relagédo ao desenvolvimento de
modelos estatisticos que antecipem a severidadpatza de incéndios, uma ferramenta que podera

ser de importante uso na prevencao e gestao delinse

Os trés modelos desenvolvidos foram ainda utiligaplara definir “perigo de background”zd)
“perigo meteoroldgico”, By e “perigo combinado”, Ebuws. Os trés tipo de perigo de incéndios
gquantificam respetivamente o acréscimo ou decréscian probabilidade de ocorréncia de grandes
incéndios em Agosto que se pode atribuir a condigdeteoroldgicas na pré-época de incéndios, na
época de incéndios ou ambas. Finalmente mestque anos como 1991, 2003 e 2005, caracterizados
por atividade muito elevada de incéndios, se enaonassociados a hiveis elevados dg, Drw and
Dcome, €nquanto anos como 1988, 1997 e 2008, caraateszpor atividade muito baixa de
incéndios, se encontram associados a niveis bd&@sg, Drw and Qovs, ficando assim evdenciado

0s papéis desempenhado pelas condi¢cbes meteoed@gqré-época de incéndio, que atuam a escala
mensal a sazonal, e pelas condigBes meteorolddiraste a época de incéndios, que atuam a escala
de um a 10 dias.

Palavras-chave:

Fogos florestais, eventos extremos, condicdes mumégncas e climatéricas, modelos

estatisticos, modelo de prevenc¢éo de fogos flasesta
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Acronyms and Abbreviations

AD: Anderson-Darling

BA: Burned Area
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cdf: Cumulative Difference Function

CFFBPS: Canadian Forest Fire Behavior Predictiors@ymn
CFFDRS: Canadian Forest Fire Danger Rating
CFFWIS: Canadian Forest Fire Weather Index System
DC: Drought Code

DMC: Duff Moisture Code

DSR: Daily Severity Rating

FFMC: Fine Fuel Moisture Code

FWI: Fire Weather Index

GoF: Goodness of Fit

IPMA: Instituto Portugués do Mar e da Atmosfera tiibiaal Weather Service)
ICNF: Instituto da Conservacao da Natureza e daséstas
ISI: Initial Spread Index

ha: hectares

LAI: Leaf Area Index

NDVI: Normalized Difference Vegetation Index

pdf: Probability Density Distribution Function

PRFD: Portuguese Rural Fire Database

PROF: Planos Regionais de Ordenamento FlorestaitReg Plans for Forest Management)
SSR: Seasonal Severity Rating
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Symbols

K: mean

o. standard deviation

P: probability

n: data length

N,: normal cumulative distribution function
A: likelihood function

L: log-likelihood function

N: assumed normal distribution

a,b,c: parameters of linear relationships
Dyo: baseline danger

Xo: threshold

DSRun cumulate DSR from April up to July
DSR.: square root of the mean of squared deviationsiftbe climatological mean
D..: climate anomaly danger

Dge: background fire danger

Ay daily weather anomaly

Dwa: Weather anomaly danger

Drw: fire weather danger

D+ climate and weather anomaly

Dcome: combined fire danger
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Chapter 1

Introduction

Fire events have been gradually acquiring incrgasimportance in the last few decades not only
because of the dramatic destruction of vegetattotihea global scale and associated changes at the
landscape level, but also because of the relateslsems in greenhouse gases, namely in.d@Qe
impact of emissions resulting from fire activity ¢he radiative balance of the planet cannot be
disregarded and the assessment of the role ofldiomon climate change is a major topic of caotre
research at the international level. The expectadmer climate that is associated to future climate
scenarios is also likely to lead to more frequertt Bng-lasting extreme events of fire activity aod
larger values of total burned area with increasehbility.

At the European level, these problems are espgaielévant in Mediterranean Europe, one of the
most wildfire-affected regions, being responsilie 85 % of all European burned area and related
economic and ecologic losses and damage (Pausak, &999; San-Miguel-Ayanaz, et al., 2013).
Whenlooking to the case dPortugal, one finds the highest scores of fire oences and affected
area in all Mediterranean (Pereira, et al., 208%8gording to the official records, during the pefrio
between 1980 and 2011, 3 468 986 hectares havedinrMainland Portugal, which is equivalent to
around 3/5 of the total forested surféDirecdo de Unidade de Defesa da Floresta, 19201@). In
fact, in the last few years, the amount of burned anumber of large fires and fire severity haery
significant increase in Portugal (Pereira, et2011).

Fire activity in Portugal, as in Mediterranean Eugp is a natural phenomenon linked to
meteorological mechanisms, anthropogenic activitgd &egetation conditions or fuel availability
(San-Miguel-Ayanz, et al., 2003). Fire activity Mediterranean Europe is also closely related to the
climatological background and associated weatheditions: rainy and mild winters, followed by
warm and dry summers, may induce high levels oktagn stress leading to a likely occurrence of
major fire events in case of suitable weather da i promoting the fire ignition and spread (Pexei

et al., 2005). Even though, at the global scale ntlajority of fires are caused by human activitlye(l
depopulation of rural areas and abandonment otwagural lands), several studies have pointed out
that the major drivers of fire activity (in firesitw the largest burned area) are weather and aintfat
the right conditions to all stages of the fire(ignition, development and extinction) do not exiken

the fire will easily be extinguished. For instanpegcipitation and temperature in the pre-fire epas
will influence the fuel availability; wind and prgttation are crucial elements when in the
development and extinction stages; temperatureesod the most factors responsible for fire igmtio
(Aldersley, et al., 2011).

Meteorological factors are therefore a crucial peinen studying the different perspectives of fire
activity, like intensity, frequency and total budnarea. For instance, (Pereira, et al., 2005) Bhga/n
that the inter-annual variability of burned are@wrtugal during the summer season is conditioyed b
two main meteorological factors working at differé@mporal and spatial scales, namely the long dry
periods without precipitation in the pre-fire seasmd the intense dry spells during days of extreme
synoptic situations that favor fire ignition andegding.

The aim of the present study is to contribute tmetter understanding of the meteorological factors
that affect inter-annual variability of burned argm August over a region in Central Portugal
characterized by large fire activity. Meteorologitactors are usually characterized by means ef fir
danger rating systems that rely on sets of indibas are based on meteorological parameters. The
present study will make use of the so-called D8éyerity Rate (DSR) that is part of the Canadian
Forest Fire Danger Rating System (CFFDRS). Thigxndill be used to characterize the pre-fire
season in terms of levels of heat and water swes®getation as well as an indicator of extreme
meteorological conditions taking place in summer.
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This present study was motivated by the authorthélor degree project entitled “Vegetation stress
and summer fire activity in Portugal’. The main go&that study was to assess the added-value of
remote sensed information to monitor vegetatiogesstduring the pre-fire season and demonstrate that
this specific information could contribute to build up scenarios of the severity of the following
summer fire season (Nunes, 2012). For this purposenalysis was performed of the cycles of land
surface temperature and phonological activity afetation for classes of years characterized by very
high or very low levels of fire activity. Thermairess of vegetation was analyzed based on long time
series of 10-day composites of brightness tempeyati 10.8 pum whereas water stress was
characterized by means of 10-day composites ohtinmalized difference vegetation index (NDVI)
and of the leaf area index (LAI). Results obtaiped into evidence the role of thermal stress in
summer (July and August) and the water stressnmggApril to June). Years of high fire activity
showed to be associated to positive anomalies dfib/Aspring and temperature in summer, which
means more biomass in spring and more stress isuhemer. An opposed behavior characterized
years of low fire activity, which were associatedhmnegative anomalies of LAl in spring and of
temperature in summer, which means lack of bioraaslsunfavorable conditions to ignitions. Based
on this information a fuzzy model (verbal model)swauilt that was able to model fire activity in
summer. Because of the relationship of vegetati@ss with the long-term meteorological conditions
in spring in terms of temperature and precipitatod given the close relationship of thermal stoéss
vegetation with extreme meteorological conditiomsofing fire ignition and spread, performed
research also brought into perspective the impoetast climate and meteorological factors when
assessing the severity of the fire season (Nunes, 2013).

The aim of the present study is to better undedsthe role played by meteorological conditions
during the pre-fire and during the fire seasonstarahalyze the relative importance of their impact
inter-annual variability of burned area. First illvbe demonstrated that the decimal logarithms of
burned area in August over the study area for #reog 1980-2011 are normally distributed. It will
then be shown that such normal model may be imprdyeincorporating covariates consisting of
DSR-based quantities of two kinds; DgRconsisting of cumulated values of monthly meanB8R
from April to July and DSRconsisting of the square root of the mean of theased daily deviations
of DSR in August from the climatology, the averduging performed only over days of positive
deviation. The following three models will then Berived: the “climate anomaly” model that uses
DSR.m as a covariate; the “weather anomaly” model the¢suDSR as a covariate; and the
“combined” model that uses both DR and DSR as covariates. It will be shown that the
performance of the “weather anomaly” model is letten the one of the “climate anomaly” model
and that the performance of the “combined” modsigsificantly better than the weather model. This
is especially interesting because it shows thaffipgeseason conditions cannot be disregarded when
analyzing burned area amounts at the monthly leRelsults obtained also open an interesting
perspective towards the development of statistieadels to anticipate the severity of the fire saaso
tool that could be of great use in fire preventoa management.

The three models are then used to define backgriitendanger, Bg, fire weather danger, 43, and
combined fire danger &we, respectively. These three types of danger reispctquantify the
increase or decrease in probability of having gddire in August that is attributed to pre-fireasen
conditions, to fire season conditions and to bathd@ions. Finally it is shown that years like 1991
2003 and 2005, characterized very high fire agtivatre associated to high levels ofcDDgw and
Dcoms, Whereas years like 1988, 1997 and 2008, charaeteby very low fire activity, are associated
to low levels of Rg, Drw and DQome. IN turn, years of moderate activity are usuahgracterized by
different levels of s, Drw and Qrows, Stressing the importance of the roles playedheypre-fire
season meteorological conditions, working at thethily to the seasonal scales, and the ones played
by fire season weather conditions working at the/da 10-day scales.

Silvia Almeida Nunes 2



Statistical models to forecast summer burned ar@ortugal based on meteorological indices ofdaager

Chapter 2

Data and methods

2.1 Fire Database

Information about burned area in Portugal was éerirom the official Portuguese Rural Fire
Database (PRFD) as supplied by the Portuguese raytiar forests (nstituto de Conservacédo da
Natureza e das FlorestakCNF) which was screened for inconsistencies @rdected by (Pereira, et
al., 2011). Data inconsistencies included recoritls mull burned area, repeated records with theesam
date, time and spatial location, time error or tiegadurations, missing informatior.g. data, time,
location), multiple records with similar locatiotiate and time and suspicious information about area
and duration.

The PRFD database includes more than half a mitkmords of fire events over forest, shrub land,
natural grassland and agricultural lands, coverihg 32-year period 1980-2011. Relying on
information provided by firefighters, the PRFD daae includes a variety of information, which
includes date and time of ignition and extinctitotal burned area, cause of fire, land cover tym: a
location of ignition as expressed in terms of thenmistrative division in Portugal,e., in 2008, 18
districts @istritos), 278 municipalitiesqoncelho¥ and 4 050 parishesréiguesias A full description

of the corrected PRFD database is provided in (Rewrt al., 2011).

2.2 Fire Danger Rating

Fire danger is characterized by means of the deecBlaily Severity Rating (DSR), which is based on
the Fire Weather Index (FWI) that is part the Caaadrorest Fire Danger Rating System (CFFDRS).
Since 1970 CFFDRS is a major component of foresteption in Canada and since 2002 FWI is
operationally used in Portugal by the National WeatService Ifstituto Portugués do Mar e da
AtmosferalPMA).

CFFDRS currently consists in two large subsystéhes Canadian Forest Fire Weather Index System
(CFFWIS) and the Canadian Forest Fire BehavioriBtied System (CFFBPS). As shown in Figure
1, CFFWIS consists of six different components Hage fuel moisture and wind, which may be
grouped in three fuel based mechanisms and in fleebehavior indices (Anderson, et al., 2007; Van
Wagner, 1987).
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Figure 1 - The structure of CFFWIS (based on Anderson, et al (2007))

The three fuel based mechanisires, the Fine Fuel Moisture Code (FFMC), the Duff Maist Code
(DMC) and the Drought Code (DC), are numeric raginfithe moisture content of litter and other fine
fuels, the average moisture content of loosely @mtenl organic layers of moderate depth, and the
average moisture content of deep, compact orgamjers. These codes are based on daily
observations of temperature, relative humidity,dvépeed, and 24-hour rainfall.

The three behavior fire indicaese. the Initial Spread Index (ISl), the Buildup Ind@Ul) and the Fire
Weather Index (FWI) represent the rate of fire agrethe fuel available for combustion, and the
frontal fire intensity. The first one, ISI, is ambination of the FFMC with wind effects whereas the
second one, BUI, is a blend of the last two fuelstuwe codes, DMC and DC. The last code, FWI,
results from the combination of ISI and BUI.

Daily values of FWI may be transformed into thecatled Daily Severity Rating (DSR), according to
the following relationship:

DSR = 0,0272 FWIY77 (1)
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DSR is a numeric rating of the difficulty of coritiog fires and is considered as an extension of
CFFWIS. DSR was specifically designed for averadorgcumulating) either in time or in space. An
example is the Seasonal Severity Rating (SSRelgfas:

= DSR;
SSR = Z (2)
i=1 n

where DSRI is the DSR value for day i, and n istttal number of considered days. SSR is routinely
used in the official annual reports of fire actvin Portugal (Dire¢do de Unidade de Defesa da
Floresta, 1980 to 2012).

2.3 Study Area

The study area consists of five contiguous regiamgefined by the so-called Regional Plans for
Forest ManagemenPlanos Regionais de Ordenamento FloresPRROFs). PROfs are sectorial tools
for land management that support establishing vatéron rules about the use and occupation of
forest areas (ICNF, 2013). The aim is to provideheRROF with an appropriate technical and
institutional background in order to make the maggropriate choice of soil and silviculture models
since, at the regional scale, several of them neaysed.

The territory of Portugal is subdivided in 21 PRQFgure 2, left panel] and the study area consists
of the following five:Dao e LaféesBeira Interior Norte Beira Interior Sul Pinhal Interior Norteand
Pinhal Interior Sul[Figure 2, right panel]. Choice of the study regiwas done usinéreaStat a
simple software that allows retrieving for each FRi@formation about the types of land use, the
dominant species and the area covered by them (IQNE3). The main characteristics of the five
chosen PROFS are given in Table 1.

M Alto Minho

[ Baixo Minho

[7] Barroso e Padrela

[ Nordeste Transmontano
Il Oporto Metropolitan Area and Entre Douro e Vouga
[ Témega

M Douro

I Déo e LafGes

[]Beira Interior Norte

[ Beira Interior Sul

M Pinhal Interior Norte

[ Pinhal Interior Sul

[ Centro Litoral

[ Oeste

M Lisbon Metropolitan Area

M Ribatejo

[] Alto Alentejo W Do e Lafdes

[ Alentejo Central M Beira Interior Norte
[l Alentejo Litoral M Beira Interior Sul

[ Baixo Alentejo M Pinhal Interior Norte
I Algarve [ Pinhal Interior Sul

Figure 2 — The 21 Regional Plans for Forest Management (left panel) and the five PROFS that
constitute the study region (right panel).

The Dao e Laf6ePROF includes the 15 municipalitiesoficelho}¥ of Aguiar da Beira, Carregal do
Sal, Castro Daire, Mangualde, Mortagua, Nelas,ddivde Frades, Penalva do Castelo, Santa Comba
Dao, Sao Pedro do Sul, Satdo, Tondela, Vila NovRalea,Viseu and Vouzela. The PROF covers a
total area of 348 862 ha with 42% of the area beimgered by forest. The two predominant species
are maritime pineRinus Pinastérand oak, covering 68% and 22% of the forested, aespectively.
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The Beira Interior NortePROF includes the 15 municipalities of Meda, Figude Castelo Rodrigo,
Pinhel, Trancoso, Almeida, Fornos de Algodres, la@oda Beira, Guarda, Gouveia, Sabugal, Seia,
Manteigas, Belmonte, Covilhd and Fundéo, spreaoieg a total area of 630 582 ha, 22% of which is
forest .The predominant specieABius Pinastercovering 63% of the forested area, followed by oak
that covers 23%.

The Beira Interior SulPROF includes the four municipalities of Castel@ri2o, Idanha-a-Nova,
Penamacor and Vila Velha de R6déao, covering a ot of 373 827 ha. Forests cover 43% of the
area and the predominant species are eucalyptu®iand Pinastemwhich correspond to 32% and
31% of the forested area, respectively.

The Pinhal Interior Norte PROF includes the 14 municipalities of Oliveira Hospital, Tabua,
Arganil, Vila Nova de Poiares, Goies, Lousa, Mirando Corvo, Penela, Castanheira de Péra,
Pampilhosa da Serra, Pedrogdo Grande, Ansido, iFigdes Vinhos and Alvaidzere. The PROF
spreads over an area of 261 663 ha, 43% correspptaiforest. The predominant specie®isus
Pinasteroccupying 53% of the forested area, followed by @ecupying 35%.

The Beira Interior SUIPROF includes the five municipalities of Oleir®penca-a-Nova, Sertd, Vila
de Rei and Macdao, occupying a total area of 190n2951% of the area corresponding to forests. The
predominant species are eucalyptus Bimlis Pinastethat cover 61% and 24% of the forested area,
respectively.

The five contiguous PROFs that form the study @reaent similar amount of the total forested area,
with values ranging from about 116 up to 148 thaddaa.Pinus Pinaster eucalyptus and oak are the
predominant species in all five PROFS, the first species representing a large majority in all gase
ranging from 63% in Beira Interior do Sul up to 98¥Pinhal Interior Sul. Eucaliptus is the second
predominant species in four out of the five consgdd?ROFs, oak placing second in Beira Interior do
Norte, where it occupies 23%. The large fractiohthe forested area with high percentages of Pinus
Pinaster and eucalyptus, that are extremely flanemabsummer (Regueira, et al., 1996), explain the
fact that, although occupying only 18% of the tersi of Portugal, the chosen study area is
responsible for 43% of the burned area in Augusihduthe period 1980-2011 (Figure 3).

Table 1- General characteristics of the study area

Déo e Beira Interior | Beira Interior | Pinhal Interior Pinhal Interior
Lafdes Norte Sul Norte Sul
Total Area (ha) 348 862 630 582 373 827 261 663 190 292
Forest(%) 42 22 43 51 61
Total Forest Area (ha) | 148 247 135 957 160 534 133 030 115571
Pinus Pinaste(%) 68 63 31 52 84
Eucalyptuq%) 22 5 32 35 14
Oak (%) 7 23 2 5 0
Other Hardwoodg%) 2 2 1 4 1
Other Coniferoug%) 0 1 1 1 0
Chestnu(%) 0 0 2 0
Stone Pinza%s)Pinus Pined 0 0 0 0 0
Quercus llex%) 0 2 18 0 0
Quercus Subgo) 0 2 16 0 0
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Figure 3 - Percentage of the different species in the forested area of the five PROFs that constitute the
study area.

2.4 Study Period

The study focuses on yearly amounts of cumulateddsuarea in August over the study area, during
the 32-year period from 1980 to 2011, hereaftegrretl to as Bhuay areaOr Simply BA. As shown in
Figure 4 (upper panel), the time series of BA pnesea very large inter-annual variability, with
pronounced peeks in 1991, 2003 and 2005 and veryw#ues in 1988, 1997 and 2008. The time
series of BAwgy arcaPresents a very good agreement (correlation coefti of 0.93) with the one over
mainland Portugal, hereafter referred to asBfaand the ratio BAuqy aredd BArorugaiVaries between
about 20 and 80% (Figure 4, bottom panel), witlnearage of 43%. As already pointed out this figure
is to be compared with the area of the study draaanly represents 18% of the country.
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Figure 4 — Time series of cumulated burned area in August over the study area (BAsuay area) @and over
Continental Portugal (BAporuga) (Upper panel) and time series of the ratio BAgdy area / BAportugal (DOttom
panel).

The distribution of BAwqy arealS highly skewed (Figure 5, left panel), the figsiartile, the median and
the third quartile present 5908, 11 315 and 35 [@&9 As shown in Figure 5 (right panel), the
skewness of the distribution may be consideralilyced by using decimal logarithms of burned area,

hereafter referred to as RBAsway are} OF SIMply l0go(BA).
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Figure 5 — Box-and-whisker plots of BA (left panel) and of logio(BA) (right panel) during the study
period (1980-2011). The bottom and top of each box are the first and third quartiles, the line inside the
box is the median and the whiskers extend down to the minimum value and up to the maximum.

Each year was classified into one of three categpriamely severe, moderate and mild. As shown in
Figure 6, severe years are those with amounts oaB@ve 45 000 ha, whereas mild years are those
with amounts below 3 000 ha. The list of years esbrin descending order and the respective

classification may be found in Table 2.
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Figure 6 — Schematic representation of years sorted in descending order of log;o(BA). The two
horizontal lines represent the two thresholds corresponding to 45 000 and 3 000 ha. Severe years,
moderate years and mild years are represented by black squares, open circles and black circles,

respectively.
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Table 2- List of years by descending order of burned area.

Rank Year BA (ha) Leg(BA) Classification

1 2003 107841 5.03

2 1991 73647 4.87

3 2005 67334 4.83

4 1998 48651 4.69 Severe
5 1990 48471 4.69

6 1995 47058 4.67

7 1985 39283 4.59

8 2000 37860 4.58

9 2010 33657 4.53

10 1992 27574 4.44

11 1994 24217 4.38

12 2001 17554 4.24

13 1986 16567 4.22

14 2009 16300 4.21

15 1989 13816 4.14

16 1984 11820 4.07

17 1987 10811 4.03 Moderate
18 1993 10209 4.01

19 1999 10024 4.00
20 2006 8751 3.94
21 2002 8263 3.92
22 1981 7848 3.89
23 1996 7138 3.85
24 1982 6619 3.82
25 2011 5198 3.72
26 1980 4104 3.61
27 1983 2668 3.43
28 2004 2354 3.37
29 2007 1763 3.25 )
30 1988 1568 3.20 Mild
31 2008 1323 3.12
32 1997 780 2.89
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2.5 Models of burned area

Following Pereira, et al (2013) who have shown thatdecimal logarithm of burned areas recorded
in July and August over Continental Portugal durthg 32-year period 1980-2011 is normally
distributed, the normal distribution was also usetk as a model to assign probabilities tq.(@m).

The probability density distribution function (pdfj the normal distribution of lqg(BA) is given by

(Caswell, 1995):
1 (x — p)?
O'\/% exp <_ 20-2 ) ( 3 )

where x=logy(BA) is the random variable, p the mean ands the standard deviation of the
distribution.

fix|wo) =

The probability? (x < X) that the random variable x takes on a value less br equal to X is given
by the cumulative difference function (cdi), (X):

X
?<x<x>=Nx<X|u,a>=f fa|wo)dx (4)

Estimates of the two parameters p andf the normal distribution may be obtained frongiaen
sample by maximum likelihood, i.e. by maximizing tbo-called likelihood function:

Ay, o) = a-"(\/E)_”ﬂexp l—w (5)

202

the same is to say by maximizing the log-likelihdodction:

L(p,0) = In[A (4, 0)] = —nIn(o) — nIn(v2r) — T;Z(xi — u)? (6)
i=1

Estimates of u anel are therefore obtained by solving the followindr gh equations:

o [Z xi - (7)
dL(wo) n 1 ¢ 5
T——;‘F;Z(xi—#) (8)

leading to:

zn:xi (9)

i=1

=i
Il
S|
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1 n
G = ;Z(xi—mz (10)

Quality of fitting of obtained normal distributionis the respective samples may be visually checked
by means of quantile-quantile (g-g). Q-q plots,oalsalled probability plots, are obtained by
representing the sorted sample data versus thespamding theoretical normal scores. Theoretical
normal scores are obtained by inverting the nocuaiulated distribution function (with the estimated
mean and standard deviation from the sample) ulmépllowing empirical quantiles:

P(Xl-)zn:il (11)

where | is the rank of the"i sorted value of the sample and n is the sizegfsample. When the
plotted values closely follow a straight line, stplausible that the data follows a normal distidou
(Romeu, 2002).

A more formal statistical procedure of assessingtivér a given normal model adequately fits a given
sample is by means of Goodness of Fit (GoF) t@$ts.so-called Anderson-Darling (AD) test is one
of these GoF tests which are often used to teshiichypothesis whether a given sample follows a
normal distribution. The AD test belongs to thecafled “distance tests” class as it uses the
cumulative distribution function approach. For tkiad of tests some steps are taken, starting with
assuming a pre-specified distribution and estingatire distribution parameters and ending with an
assessment whether the evaluated and theoretitgdsvagree. If they do then the distribution is
accepted.

In the case of the AD test, the following statistis evaluated:

) 2 In(VIZ) + In(1 ~ NZysa- )} = (12)

where n is the sample size, N is the assumed nodigtibution and Zis the " sorted sample
normalized value. If Aexceeds a given critical value, then the hypothesinormality is rejected at
some significance level (Romeu, 2003).

Normal models for log(BA) may be improved by incorporating one or moovariates based on
monthly values of indices of fire danger. Such citas, e.gx, y, are incorporated in the normal
models by assuming linear dependence of the mexdirhe distribution on one or more covariates, i.e.
by considering relationships of the type:

U=axm+c, u=>bxy+c, u=axXm+bXy+c (13)
Estimates of coefficients a and/or b and c of thear relationships and of the standard deviatiane
again obtained by maximum likelihood. Performanéeth® new alternative models is compared

against the null model (i.e. the normal model withcovariates) by using the so-called standard
likelihood ratio test (Neyman and Pearson 1933k fHst is based on the following statistics:

A=2(nL —1InL) (14)

that compares the maximum likelihood L’ of the aitdgive model with the maximum likelihood L of
the null model (Wilks, 2006).
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Chapter 3

Results

3.1 The baseline model

A normal distribution model was fitted to the 32ayesample of log(BA) (Table 2). Obtained
maximum likelihood estimates of the mean and stahdkeviations are p = 4.07 anrd= 0.31,
respectively. The probability associated to the éxsdn-Darling statistic is 0.66, meaning that thi n
hypothesis that the sample is normally distribusegiccepted at the level of 5%. The goodness of fit
the distribution may be visually confirmed by insfieg the obtained probability plot (Figure 7).

Figure 7 - Probability plot for the fitted normal model of log;o(BA). The plot represents fitted model
guantiles (x-axis) versus sample data quantiles (y-axis).

The fitted model, hereafter referred to as the Iob@senodel, may be used to estimate baseline danger
which is defined as the probabiliB, that a certain thresholg, of logi(BA) is exceeded,e..

Dbo = Db(xo) =1- Nx(xoll.l = 4.07,0- = 0.31) ( 15 )
where N is the cumulative distribution function of the nml distribution, as given by equation ( 4 ).

The excess thresholg,;, associated to a prescribed level of baseline etdbg may be obtained by
inverting equation ( 15)

Xo = x(Dpo) = N_l(l — Dyo) (16)

As shown in Figure 8, the excess threshold assatiata baseline ridRy,= 33% isX, = logio(BA) =
4.31, corresponding to a cumulated burned area B8 600 ha.
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Figure 8 — Cumulative distribution function of the baseline model. The dashed lines graphically
illustrate the inversion process to determine the excess threshold x, associated to the prescribed value
of 33% for baseline danger Dy,.

3.2 Meteorological factors

As shown by Pereira, et al (2005) the extent ofibdrarea in Portugal is controlled by two kinds of
meteorological factors associated to different terapscales. The first kind, referred to by thehaus

as the “climate anomaly”, is linked to long dry ipels with absence of precipitation in late sprimgl a
early summer, whereas the second kind, referredstdhe “weather anomaly” is related to the
occurrence of very intense dry spells in days tfegwe synoptic situations. (Pereira, et al., 20E8)
recently shown that the “climate anomaly” and thedther anomaly” may be respectively quantified
by means of monthly values of DSR in the pre-feason (May, June) and in the fire season (July,
August).

The role played by the “climate anomaly” is depictem Figure 9 that presents composites of
cumulated monthly mean values of DSR over the stadion (starting on April). The black line is the
median of cumulated DSR for all 32 years of the@gtperiod, whereas the red and the green lines are
the medians respectively of the subsets of sevataerdld years as defined in Table 2. Whiskers @ th
curves for the two subsets delimit the respectivst fand third quartiles. Results suggest that
cumulated values of DSR for severe (mild) yeard terdeviate towards larger (lower) values than the
overall median; they also suggest that differenoesveen the statistical distributions of the two
subsets systematically increase from May to Julydiscussed in Pereira, et al (2013) the increasing
tendency for severe years to present larger vabiesumulated DSR than the overall median is
associated to systematic increases in temperatigréoasystematic decreases in precipitation thet ta
place in the pre-fire season and drive biomassdio levels of heat and water stress, making it eron
to trigger large wildfires in case of favorable p@mblogical conditions in the fire season, whicé ar
very likely to occur in hot and dry summers. Theagite situation is observed in the case of mild
years, where the tendency in mild years towardstovalues of DSR than the overall median is
associated to decreases in temperature and t@gegén precipitation that make vegetation much les
prone to trigger large wildfires, even in caseaddrable meteorological conditions.
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Results obtained suggest assessing the role playdte “climate anomaly” by looking at the impact
on the distribution of log(BA) of cumulated DSR up to July, hereafter refdrte as DSR, and
defined as:

DSReum = DSRpprn + DSRymay + DSRjyn + DSRyy (17)

where() the monthly mean operator.

DSR_

May June July

Figure 9 — Median values of cumulated monthly means of DSR for the entire study period (black
curve) and for the two sub-periods of severe years (red curve) and mild years (green curve). Red and
green whiskers delimit the first and third quartiles of the subsamples of severe and mild years
respectively.

As opposed to the “climate anomaly” that is asdedi@o the monthly or seasonal scale, the “weather
anomaly” is of a totally different temporal natwgiace it is associated to extreme synoptic sitaatio
that favor the advection of very hot and dry amotlghout central Iberia (Pereira, et al., 2005). An
illustrative example is the extreme case of Au@@i3 (Figure 10) where the majority of burned area
in the entire year occurred during a short periédl® days (between 1st and 15th of August)
associated to daily values of DSR well above thmatblogical average, when the country was
affected by a severe heat wave.

Four typical situations of variability of daily DS#Riring August are shown in Figure 11, two of them
corresponding to mild years (2004 and 2008) anather two to severe years (2003 and 2005). 2004
is characterized by the virtual absence of days wilues of DSR larger than the respective
climatological mean whereas 2008 presents two geriat the beginning and at the end of August,
with values of DSR moderately above the climataafjmeans. As already mentioned, 2003 presents
a period of two weeks, at the beginning of the mpmtith values of DSR much higher than the
climatological means whereas August 2005 is dorathdity very high values of DSR (much larger
than the climatological means), the exception being with of daily values of DSR below the
climatological means.

Results obtained suggest characterizing the “wea#fmomaly” during August by means of a
parameter that is especially sensitive to the secge of days within the month associated to large
positive departures of DSR from the respectiveydeiimatology,i.e. days characterized by large
values of anomaly fdefined as:
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whereDSR,; andDSR,; denote the daily value of DSR on day d of a giyear and the respective
daily climatological mean performed over the 32rypariod 1980-2011. The chosen parameter,
hereafter referred to as DSR the square root of the mean of squared anosnpégformed over the
days wherdSR > DSRy, i.e.

21 H[A4] (Ag)?

DSR+ — d_131[ d] ( d) ( 19)
a=1H[Ad]

where H[x] is the Heaviside step function whoseuegais zero for negative argument and one for

positive argument.

Obtained values of DSRfor the already four typical cases are also shawhigure 11. The two
considered mild years are associated to low vadd&SR. (1.0 for 2004 and 12.0 for 2008) whereas
the two severe years present much larger valued {84.2003 and 35.4 for 2005). This suggest using
DSR. to assess the role played by the “weather anon@tythe distribution of log(BA). This is
further confirmed in Figure 12 that presents contpesof DSR for all 32 years and for mild and
severe years. The black open circle is the medid@S&. for the entire period of study, whereas the
red and the green open circles are the mediansatsgly of the subsets of severe and mild years as
defined in Table 2. Whiskers extending from the aed green open circles delimit the first and third
quartiles of the severe and mild subsets. Resufigest that distributions of DSRor severe (mild)
years tend to deviate towards larger (lower) vathaa the overall median.

—2003
mean (DSR)
burnt area

log, BA

Oﬁﬁ*DDSME:DED_ Sl SO M [P o PR N [P "SS5 N I I N N N o SHS PS
7 8 9

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
day

Figure 10 — Daily values of DSR during August 2@0IBie curve), corresponding daily climatological
means (grey curve) for the period of study (198013@nd associated daily values of,{0BA)
(brown bars).
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Figure 11 - Daily values of DSR during August (black curves) for two mild years (upper panels),
namely 2004 (left) and 2008 (right) and for two severe years, namely 2003 (left) and 2005 (right). Red
area indicate sequences of days with values of DSR larger than the corresponding daily climatological

means (grey curves) for the period of study (1980-2011).
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Figure 12 - Median values of DSR. for the entire study period (open black circle) and for the two sub-
periods of severe years (open red circle) and mild years (open green circle). Red and green whiskers
delimit the first and third quartiles of the subsamples of severe and mild years respectively.
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3.3 Background fire danger

The role played by the “climate anomaly” was assgdsy analyzing the impact of DR on the
distribution of logy(BA). For this purpose, the dataset of i(BA) was subdivided into subgroups
associated with different ranges of DGR Accordingly, values of DSR., were sorted in ascending
order and 12 subgroups of years were defined geectgely associated with values of DGR
between ranks 1 and 21, between ranks 2 and 22s@od up to between ranks 12 and 32. Normal
distributions were then fitted to each subset dotspvere made of estimated values of mean p versus
the mean values of cumulated values of RS the considered range.

Results are shown in Figure 13 and it may be ntitatithe mean (i) tends to linearly increase with
DSR.um Impact of the “climate anomaly” was modeled biyraducing DSR,, as a covariate of the
mean () of the normal model of lgBA) by means of a linear relationship of the type:

{=axDSRum +b (20)

Obtained maximum likelihood estimates of model paters are a = 0.04, b = 3.27 aswd 0.55,
respectively. Performance of the new model, hezeaéiferred to as the “climate anomaly” model is
compared against the null model (i.e. the basehoéel, as derived in section 3.1) by means of the
likelihood ratio test. The p-value obtained is @B0neaning that adding DR as a covariate leads
to an improvement in the model that is statisticalgnificant at the 0.5% level. Sensitivity of the
“climate anomaly” model to DSR, is illustrated in Figure 14 that shows a systeoadiiplacement of
both pdf and cdf curves towards higher values efltigarithm of burned area with increasing values
of DSR.um

064

2061

058

Figure 13 — Dependence on DSR,, of mean () of normal distribution model of log;o(BA).

Silvia Almeida Nunes 18



Statistical models to forecast summer burned ar@oitugal based on meteorological indices ofdaager

o ©o o o o o
A o o N @

»

probability distribution

o
)

cumulative distribution
o o o
FS o ®

o
[}

o

Figure 14 - Pdf (upper panel) and cdf (lower panel) curves for three fixed values of DSRym,
respectively the first quarter, the median and the third quarter.

The “climate anomaly” model may be used to estintae'climate anomaly” danger which is defined
as the probability B} that a certain threshold, x0, of lgdBA) is exceeded given a value of DGR

Dea(xo | DSReym,a,c) =1 — N(xg,a X DSR .y + €) (21)
Following DaCamara, et al (2013), the impact of tlsémate anomaly” on burned area was

statistically characterized by defining the backm danger B, which combines information about
climate anomaly danger () and baseline danger {fpaccording to the following procedure:

1. A given threshold of baseline dangByy, is fixed over the entire study area;

2. The corresponding threshold of logarithm of buriaeeax, is computed using the baseline
model, as given by ( 16 );

3. For each year, the “climate anomaly” model is useestimate the “climate anomaly” danger,
D., based on the corresponding baseline thresholdhendbserved daily value of D§R as
given by (21);

4. Background danger, dg, is finally defined as the ratio of “climate andgiadangerDc, to

prescribed baseline danday:

(22)

Silvia Almeida Nunes 19



Statistical models to forecast summer burned ar@oitugal based on meteorological indices ofdaager

As shown in Figure 15, values ogPwere computed over the 32-year study period fiixed value
of baseline danger 9= 0.33. Two thresholds for 42 were then empirically defined with values
respectively of 0.75 and 1.00. These values weeel tis stratify modeled values ofg®into three
levels of danger: high, whernsp> 1, medium when 0.78 Dgg < 1 and low when B; < 0.75.

As shown in Table 3, performance of the “climateraaly” model was evaluated by comparing the
three observed categories of years (as definealnteT2) with the three modeled layers gisDThe
overall performance of the climate anomaly” modegjilite poor, taking into account that there is an
agreement between observed categories (mild, miedana severe) and modeled levels (low, medium
and high) in only 16 out of the 32 cases, i.e.(0f050f the cases, evenly distributed among the three
categories; 5 in the severe class, 6 in the mogletass and 5 in the mild class. The performance of
the model is particularly poor in the moderate gatg where 14 out of the 20 observed cases are
modeled as belonging to the extreme levels, 9 énhilgh class and 5 in the low class. However the
model performs surprisingly well in the case of tlve extreme categories, both severe and mild years
being correctly classified in 5 out of 6 casesmhy be however noted that the two erroneously
classified extreme categories correspond to extierads of the opposite type: 1998 is a severe year
but is modeled as of low danger whereas 2004 igcaymar but is modeled as of high danger.

3 ——
@ severe
O moderate

@ mid

1“}z\ /\ /\ YJ\ f\ )a\c/\\ -,
LIV LY \LA
v

- |
ANy 2

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Figure 15 — Background fire danger Dgg for the period of study as estimated using the “climate
anomaly” and the baseline models. Values of Dgg located above the red horizontal line (Dgg=1) are
modeled as of high danger whereas those located below the green horizontal line (Dgs=0.75) are
modeled as of mild danger. Observed severe and mild years are identified by red and green circles,
respectively.
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Table 3- Quality assessment of the “climate anomaly” model based on contingency tables of
observed categories of burned severity versus modeled levels of background danger.

Modeled levels of
background danger
High | Medium| Low
1990
1991
Modeled levels of Severe | 1995 _ 1998
background danger 2003
High | Medium| Low 2005
1981
1986
-0 Severe 5 0 1 o0 1992 1980 1084
30 2.0 1982
25 >5 1994 2000 1985
2> Moderate| 9 6 5 ® 2 | Moderate| 1996 2002 1987
-8§ 85 1999 2009 1989
. 2001 1993
Mild 1 0 5 2006 | 2011
2010
1983
1988
Mild 2004 - 1997
2007
2008

3.4 Fire weather danger

The same rationale that was followed in the previeection to assess the role played by the “climate
anomaly” was adapted to analyze the impact of D&Rthe distribution of log(BA). The dataset of
log;o(BA) was accordingly subdivided into 12 subgroupd b years associated with different ranges
of sorted DSR in ascending order. Normal distributions wereefittto each subset and plots were
made of estimated values of mean pu versus the welaes of cumulated values of DSR the
considered range.

As shown in Figure 16 the mean (M) tends to linemtrease with DSR suggesting to model the
impact of the “weather anomaly” by introducing DS&s a covariate of the mean (u) of the normal
model of logy(BA) by means of the following linear relationship:

u=bxDSR, +c (23)

= 06

Figure 16 — Dependence on DSR, of mean (i) of normal distribution model of log;o(BA).
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Obtained maximum likelihood estimates of model paters are b = 0.03, ¢ = 3.46 asd 0.55,
respectively. The likelihood ratio test was agasedito compare the improvement obtained when
introducing covariate DSRwith respect to the baseline model. The p-valuginbd is 0.0002
meaning that adding DSRas a covariate results in an improvement in thdehthat is statistically
significant at the 0.02% level. Figure 17 presehéssensitivity of the “weather anomaly” model to
DSR. and it is worth noting the systematic displacenmanboth pdf and cdf curves towards higher
values of the logarithm of burned area with inciegasalues of DSR
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Figure 17 - Pdf (upper panel) and cdf (lower panel) curves for three fixed values of DSR, , respectively
the first quarter, the median and the third quarter.

As in the previous case of the “climate anomaly’delo the “weather anomaly” model was used to

estimate the “weather anomaly” danger which israfias the probability f3 that a certain threshold,
X0, of logy(BA) is exceeded given a value of DSR

Dya(xo | DSR,,b,c) =1 — N(xo, b X DSR, + ¢) (24)

The “weather anomaly” danger (B may in turn be combined with baseline dange) (D define fire
weather danger (&), according to the relationship:

DWa
Dyo

Dpw = (25)

where [}, is the baseline danger associated to a fixedtblgs. As shown in Figure 18, values of
Drw Were computed over the 32-year study period féiked value of baseline danger,{= 0.33.
Two thresholds for By were then empirically defined with values respetyi of 0.80 and 1.40.
These values were used to stratify modeled valfidd-g into three levels of danger, respectively
severe, when By > 1.40, moderate when 0.8y < 1.40 and mild when g, < 0.80.

As in the case of the “climate anomaly” model, perfance of the “weather anomaly” model was
evaluated by comparing the observed three obseraedjories of years (as defined in Table 2) with
the three modeled levels ofef As shown in Table 4, the overall performance e tweather
anomaly” model is better than the one of the “ctenanomaly” model, an agreement between
observed categories and modeled levels being odxd@mA9 out of the 32 cases, (to be compared with
16 out of 32 in the case of the “climate anomalyddal), i.e. in 59% of the cases. The “weather
anomaly” model also performs very well in the exteecategories, with all 6 of the severe cases and 5
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out of 6 of the mild cases being correctly classifas of high and low levels respectively, the adss
mild case being nevertheless classified as of nabeelanger. It is again in the moderate classthieat
model shows the poorest performance, with 12 outhef 20 observed cases being classified as
belonging to the extreme categories, 4 in the kegkl and 8 in the low level. Finally it may be edt
that when comparing the 8 correctly classified nateyears by the “weather anomaly” model (1982,
1984, 1985, 1986, 1993, 1996, 2000 and 2009) \w#lttcorrectly classified cases (1980, 1982, 2000,
2002, 2009, 2011) by the “climate anomaly” modkgre are only 3 years in common (1982, 2000
and 2009) which suggests that a better performante be expected from a model that uses both
DSR.,mand DSR as covariates.

3 I
@ severe
O average

@ mild

2.5

an AL \/
< \/u v

ol | [ [ |
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Figure 18 — Fire weather danger Dry for the period of study as estimated using the “weather anomaly”

and the baseline models. Values of Dry located above the red horizontal line (Dry=1.40) are modeled

as of high danger whereas those located below the green horizontal line (Dgy=0.80) are modeled as of
mild danger. Observed severe and mild years are identified by red and green circles, respectively.

Table 4- Quality assessment of the “weather anomaly” model based on contingency tables of
observed categories of burned severity versus modeled levels of background danger.

Modeled levels of
fire weather danger

High | Medium| Low

1990
1991
Modeled levels of 1995
fire weather danger Severe | | goq i i
High | Medium| Low 2003
2005
Severe 6 0 0 1982 | 1980
T 5 5 8 1984 1981
o= Q= 1987 1985 1989
9 © | Moderate| 4 8 8 s > 1992| 1986 | 1994
32 2 & | Moderate
ok ks 2006 | 1993 | 1999
Mild 0 1 5 2010| 1996 | 2001
2000 | 2002
2009 2011
1983
1988
Mild 2007 1997
2004
2008
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3.5 Combined fire danger

A model combining the “climate anomaly” with the éather anomaly” was therefore defined where
DSR.,m and DSR are introduced as covariates of the normal motiébag(BA) by the following
linear relationship:

U=aXDSR.m+bXxXDSR, +c (26)

Obtained maximum likelihood estimates of model paters are a = 0.02, b = 0.02, ¢ = 3.08 énd
0.55, respectively and the p-value obtained for ltkelihood ratio test is 0.0001, indicating that
adding both DSR, and DSR as covariates results in an improvement in theehtbdit is statistically
significant at the 0.01% level.

The obtained model, hereafter referred to as tleentined” model allows estimating the “climate +
weather” anomaly which is defined as the probabllit.,, that a certain threshold, x0, of lgdBA) is
exceeded given two values of DgRand DSR:

Desw (o | DSRoymy DSR4, @, b,¢) = 1 — N(xo, @ X DSRoym + b X DSR, + ¢) (27)

Following the same procedure as in the “climatenaadg” and “weather anomaly” models..[) was
combined with baseline dangey © define the “combined” fire dangetBye:

DC+W
Dy

Dcoms = (28)

where [)g is the baseline danger associated to a fixedhblgse. As shown in Figure 19 values of
Dcoms Were computed over the 32-year study period fiixexd value of baseline dangek3= 0.33.
Two thresholds for Bous Were empirically defined with values respectivefy0.50 and 1.25 which
were used to stratify modeled values qfolk into three levels of danger, respectively seveteen
Dcowms > 1.25, moderate when 0.5M¢ove < 1.25 and mild when g < 0.50.

3 . -
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Figure 19 — Combined fire danger Dcomg for the period of study as estimated using the “combined”
and the baseline models. Values of D¢oyg l0cated above the red horizontal line (Dry=1.25) are
modeled as of high danger whereas those located below the green horizontal line (Dy=0.50) are
modeled as of mild danger. Observed severe and mild years are identified by red and green circles,
respectively.
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As shown in Table 5, performance of the “combineaidel was evaluated by comparing the observed
three observed categories of years (as definedliteT2) with the three modeled levels ¢fols. The
overall performance of the “combined” model is ddesably better than the ones of the “climate
anomaly” and “weather anomaly” models, an agreerbetween observed categories and modeled
levels being observed in 24 out of the 32 casesin.75% of the cases. As observed with the “warath
anomaly” model, the “combined” model also corredcttiributes all 6 severe cases to the high level of
danger and 5 out of 6 the mild cases to the lowlle¥danger. A significant improved is observed in
the moderate category, the model attributing 13abuhe 20 cases to the medium level of danger, a
score that is worth comparing with the score oli8a¥ 20 and of 6 out of 20 that were obtained with
the “weather anomaly” model and with “climate antyhanodel, respectively. Finally it is worth
noting that the “combined model” is able to modelod medium danger all but one of the moderate
years that were also correctly classified as of immaddanger by the “climate anomaly” and the
“weather anomaly” models, the exception being tloelenate year of 1986 that is classified as of high
danger by the “combined” model and as of mediungdaby the “weather anomaly” model.

Table 5 - Quality assessment of the “combined” model based on contingency tables of
observed categories of burned severity versus modeled levels of background danger.

Modeled levels of
combined fire danger
High | Average| Mild
1990
1991
Severe 1995
1998
Modeled levels of 2003
combined fire danger 2005
High | Average| Mild iggg
Severe 6 0 0 1982
5 8 @ 1984
2 o) Lo
o @ | Moderate| 5 13 2 s Q9
2 & 2 & | Moderate| 1992| 1994 | 1009
o0 oS 2006 | 1996
Mild 0 1 5 2010| 2000
2001
2002
2009
2011
1983
1988
Mild - 2007 1997
2008
2004

3.6 Concluding remark

The different performances of the “climate anomadyid of the “weather anomaly” models and the
complementary character they present which traslaito the much better performance of the
“combined” model suggests performing a systematimmgarison of results obtained from the three
model in order to understand the role played byldhg-term pre-fire season “climate anomaly” and
by the short-term fire-season “weather anomaly”.

An overview of results obtained is provided in T@bland it is worth noting that in the case of@he
cases of severe years (1990, 1991, 1995, 2003 @) 2l but one case are modeled with a high
level of background fire danger ¢E), fire weather danger @) and combined fire danger {Blg).
The exception is 1998 whergdis low and both By and Q.oump are high.
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In the case of years classified as mild (1983, 19887, 2004, 2007 and 2008) 4 out of 6 are modeled
with a low level of R, Drw and DQrome. The exceptions are 2004 whergss high and both Ry and
Dcows are low and 2007 wheregPis low and both By and Qomg are moderate.

These results put into evidence the importancenefrole played by both “climate” and “weather”
anomalies in the two extreme cases of severe alddambmalies.

Table 6- Comparison of results from the “climate anomaly”, “weather anomaly” and combined
models. The observed category of each year is identified by the color of the “Year” column
(green, white and red identifying mild, moderate and severe years). The modeled level of fire
danger is identified by the color of the respective column (green, white and red identifying
low, medium and high levels of risk).

Year D Drw Dcowms
1980 0.83 0.67
1981 1.24 0.64
1982 0.85 0.99 0.90

1983 0.51
0.33

0.53
1.98
0.72
1988 0.18
0.70
1990 1.75
1991 2.55
1.77
0.73
1.15
1995 1.07
1.56
1997 0.51
1998 0.62
1999 1.20
2000 0.92 1.07 1.00
0.59

2002
2003 1.07
2004 1.31
2005 1.79
1.29
2007 0.44
2008  0.75
2009 0.98

2011
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Chapter 4

Conclusions

A study was performed aiming to assess the rolenefeorological factors on the inter-annual
variability of burned area over a region of CenfPaktugal. The study covers a 32-year period that
extends from 1980 to 2011. The study region is dateid by forest, maritime pine, eucalyptus and
oak being the predominant species. The large fnastof the forested area and the high percentdges o
three species that are extremely flammable in sunaxglain the fact that, although occupying only
18% of the territory of Portugal, the chosen stadya is responsible for 43% of the burned area in
August during the study period 1980-2011.

The distribution of monthly burned area during Asigaver the study region is highly skewed and
decimal logarithms of burned area were used inrotdereduce skewness. A normal distribution
model was fitted to the 32-year sample of decimghtithms of monthly burned area. This model was
then improved by introducing as covariates two edéht measures of prevailing meteorological
conditions as derived from Daily Severity Rate (DS& indicator of meteorological fire danger;
DSR.um which consists of cumulated values of monthly nseehDSR from April to June and DSR
which consists of the square root of the mean efstijuared daily deviations of DSR in August from
the climatology, the average being performed orbralays of positive deviation.

DSR.,mwas shown to be a good indicator of the so-cdltéthate anomaly” that is linked to long dry
periods with absence of precipitation in late sprand early summer leading to high levels of
vegetation stress in the pre-fire season. DSR+shiag/n to be instead an indicator of the “weather
anomaly” which is related to the occurrence of vitgnse dry spells in days of extreme synoptic
situations which may trigger the onset and spreadfarge wildfires.

Three models were derived by introducing R@Rnd DSR as covariates of the normal model of
decimal logarithms of burned area; the “climateraaly” model that uses DSR, as a covariate; the
“weather anomaly” model that uses DS&s a covariate; and the “combined” model that umek
DSR..mand DSR as covariates.

The three models were used to define backgroueddimger, B, fire weather danger, 3, and
combined fire danger, 3uws, respectively. These three types of danger reispéctquantify the
increase or decrease in probability of having gddire in August that is attributed to pre-fireasen
conditions, to fire season conditions and to botmddions.

The overall performance of the “climate anomaly’dabis quite poor, the model assigning only 50%
of the observed categories of severe, moderatergéiddyears to the modeled levels of low, medium

and high danger. However the model performs wethim case of the two extreme categories, both
severe and mild years being classified as respdgtnf high and low risk in 5 out of 6 cases.

The overall performance of the “weather anomaly’delois better than the one of the “climate
anomaly” model, but even so only 59% of severe, enamig@ and mil years are modeled as of low,
medium and high danger. The “weather anomaly” madsb performs very well in the extreme
categories, with all 6 of the severe cases and 5fda of the mild cases being modeled as of higth a

low levels respectively.

The overall performance of the “combined” modetassiderably better than the ones of the “climate
anomaly” and “weather anomaly” models, an agreerbetween observed categories and modeled
levels being observed in 75% of the cases. As wbdewith the “weather anomaly” model, the
“combined” model also correctly attributes all &ee cases to the high level of danger and 5 o6t of
the mild cases to the low level of danger.

Results from the “climate anomaly” model put intddence the role of long-term pre-fire season
conditions on the inter-annual variability of budra&rea. All but one of the 11 cases modeled agvof |
(high) level of background fire danger belong te thevere (mild) category. However short-term
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meteorological conditions during August have a kalg on inter-annual variability as illustrated by
the relatively better performance of the “weathssraaly” model.

The two meteorological factord,e. the “climate anomaly” and the “weather anomaly’véna
nevertheless to be taken together into accountderao improve modeling of the moderate years.
This is demonstrated by the increase in performafitke “combined” model that was mainly due to
an increase in the number of moderate years that medeled as of medium danger.

Results from the present study put into perspecthigekey roles played by the “climate anomaly” and
the “weather anomaly” factors on the occurrencirefseasons characterizes by very high or very low
fire activity. This information may be of use tordst managers when organizing fire preventing
measures and firefighting capacity and when allogaiesources for both. It may be also useful when
developing an on-line alarm system to predict theneof extreme fires since such a system depends
on constructing a sound model that links the fize process to the multivariate exploratory vagabl
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