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ABSTRACT: Wildfires are a major problem in Portugal. Since 1980 an area equivalent to 3/5 of the
forested surface has burned. The aim of the study was to assess the potential impact of regional
climate change on wildfires in Portugal using an appropriate Burnt Area Model (BAM). Based on
multiple regression analysis, the model was able to estimate the decimal logarithm of the monthly
burnt areas in July and August using the Daily Severe Rating as a predictor in the pre-fire season
(May and June) and the fire season (July and August). The BAM, which was able to explain 63 %
of the total observed variance from the 1980-2011 period, was then fed with simulated data by a
Global Climate Model (GCM) for the present climate and for two 30 yr periods (2051-2080 and
2071-2100) of future IPCC emission scenario B1. Comparison analysis between the logarithm of
burnt area in July and August under present and future climate conditions shows an increase in
the mean values of 7 and 11 % for the first and second 30 yr periods, respectively, and a decrease
of 32% in the SD for the first (2051-2080) period but no distinction between the observed and the
simulated values for the last (2071-2100) period. Obtained estimates with the developed approach
consistently point towards an increasing risk of fire under future climate conditions, and thus an
increasing likelihood of much larger burnt areas.

KEY WORDS: Climate change impacts -

Global Climate Model - Model for Interdisciplinary Research on Climate -

Climate scenario - Forest fire - Multiple regression -

MIROC - Fire risk

1. INTRODUCTION

Weather, climate, fuel pattern and topography
are the 4 most important factors driving fire activity
(Flannigan et al. 2005, Cary et al. 2006, Nitschke &
Innes 2008, Kloster et al. 2012). The latter factor is
static, but the others are continuously changing due
to natural variability, human activities and climate
change (Solomon et al. 2007). Most aspects of wild-
land fire are controlled, directly and indirectly, by
weather and climate. Meteorological conditions play
an important role in all stages of a fire, from its igni-
tion (lightning) to its extinction (precipitation), as
well as during its development (wind). Spatial and
temporal variability of temperature and precipitation
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have a very strong influence on fuel availability and
flammability at multiple time and spatial scales, with
an impact that may greatly vary by ecosystem and
wildfire regime (Stephenson 1998, Westerling et al.
2003). For these reasons, on a global scale, climate
is the major driver of wildfire extent—high tem-
perature, moderate cumulative precipitation and ex-
tended drought periods are among the causal factors
of large fires (Aldersley et al. 2011).

To assess the effects of climate change on wildfire
activity, it is necessary to also understand fire-vege-
tation—-weather/climate relationships, which in turn
crucially depend on the availability of both long-term
records of wildfire events and a reliable climatologi-
cal database. Long-term, extensive fire datasets have
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been compiled for several parts of the globe and their
quality examined with respect to data inconsistencies
and completeness (Brown et al. 2002, Pereira et al.
2011). On the other hand, the scientific community
has currently at its disposal large space-time mete-
orological databases that have undergone several
levels of data treatment procedures (e.g. datasets
provided by European Centre for Medium-Range
Weather Forecasts [ECMWF]|, European Climate
Assessment & Dataset [ECAD], Climatic Research
Unit [CRU], NASA and National Centers for Environ-
mental Prediction/National Center for Atmospheric
Research [NCEP/NCAR]). In addition, General Cir-
culation Models (GCMs) are currently able to simu-
late many global- and regional-scale features of con-
temporary and future climate scenarios (Wotton et al.
2003), and, for this reason, their projections are com-
monly used to estimate future fire regimes. With this
regard, it is important to mention Lynch et al. (2007),
which provides an extensive review of climate—fire
interactions as well as the role of climate and fire
models to characterize future fire regimes, and Flan-
nigan et al. (2009a) examines several studies on cli-
mate-fire interaction and the use of different climate
models with different space-time scales.

The impact of climate change on wildfire regimes
has been performed at a global scale (Flannigan et
al. 2009a, Liu et al. 2010), but most studies focus on
wildfire activity at regional or continental scales, e.g.
over North America (Wotton et al. 2003, Gillett et al.
2004, Westerling et al. 2006, 2011, Flannigan et al.
2009b), Australia (Lynch et al. 2007), boreal forests of
North America and Eurasia (Flannigan et al. 2005,
Wotton et al. 2010), and Mediterranean Europe
(Pereira et al. 2002, Pausas 2004, Carvalho et al.
2010). In the above-mentioned studies, climate data
are used either directly or indirectly by means of fire
weather or drought indices and, in general, GCM
scenarios are used to project wildfire risk in future
climate.

Future warmer climate is expected to be associated
with more severe fire activity, including increases in
(1) fire intensity (Westerling et al. 2006), (2) area
burned or frequency of fires (Wotton & Flannigan
1993, Wotton et al. 2003, Gillett et al. 2004, Flannigan
et al. 2005, Cary at al. 2006, Westerling et al. 2011), (3)
fire season duration (Wotton & Flannigan 1993, Flanni-
gan et al. 2005, 2009a, Westerling et al. 2006, Nitschke
& Innes 2008, Liu et al. 2010) as well as a delay in the
fire peak to later in the season (Le Goff et al. 2009).

The problem of quantifying potential changes in
burnt area due to climate change is especially rele-
vant in the case of Portugal, where according to the

Portuguese National Forest Authority (Autoridade
Florestal Nacional, AFN), >5 million ha have burnt
between 1980 and 2006, 1 million ha of which was
burnt between 2003 and 2005 (Calado & DaCamara
2008). The numbers of large fires, amount of burnt
area and fire severity have lately increased in Portu-
gal (Marques et al. 2011, Pereira et al. 2011). Despite
the severity of the problem, few studies have focused
on the effects of climate change on wildfire risk in
Portugal (Pereira et al. 2002, Durao & Corte-Real
2006, Carvalho et al. 2008, 2010, 2011).

Pereira et al. (2005) pointed out that the inter-
annual variability of burnt area in Portugal is
largely determined by 2 different atmospheric fac-
tors, namely (1) the amount of precipitation during
spring (i.e. in the pre-fire season) and (2) the occur-
rence of atmospheric circulation patterns that induce
extremely hot and dry spells over western Iberia
throughout the summer season (i.e. throughout the
fire season). This result points to the utility of Burnt
Area Models (BAMs) based on meteorological vari-
ables and/or on fire risk indices defined over the
pre-fire and fire seasons. This constitutes the first
objective of this work, and, accordingly, a multiple
linear model was developed to replicate the inter-
annual variability of the recorded burnt area in
Portugal based on meteorological data and/or fire
weather indices. The second objective of this work is
to assess the potential impact of regional climate
change on wildfires in Portugal by feeding the devel-
oped BAM with simulated data from a climate model
for present and future climate scenario conditions.
Finally, an assessment of the possible impacts of cli-
mate change on the wildfire regime in mainland Por-
tugal will be made by comparing the statistical distri-
butions of burnt area for present and future climates.

2. DATA AND PRE-PROCESSING

The present study relies on 3 different kinds of
data: (1) records of rural fires in Portugal, (2) fields
of analysed and simulated meteorological variables,
and (3) indices of fire risk.

2.1. Rural fires

Monthly cumulated values of burnt area in Por-
tugal covering the 32 yr period 1980-2011 were
derived from an official rural fire database provided
by AFN after correcting the detected data inconsis-
tencies (Pereira et al. 2011). Relying on in situ infor-
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mation collected by the National Firemen Service,
the AFN database consists of >500 000 records of fire
events in Mainland Portugal. Since the AFN data-
base does not include urban fires, we will use the
term ‘rural fires' hereafter instead of ‘wildfires'.
Pereira et al. (2011) present a comprehensive de-
scription of the characteristics, limitations and poten-
tial of this dataset.

2.2. Meteorological variables

Analysed meteorological data was obtained from
ECMWF, namely from ERA-Interim reanalysis
(Berrisford et al. 2011, Dee et al. 2011) for the period
1980-2011. Originally, ERA-Interim ran from 1989,
but the 10 yr extension for 1979 to 1988 was pro-
duced in 2011. ERA-Interim is a reanalysis project
initiated in 2006 to provide a bridge between
ECMWF's previous reanalysis, ERA-40 (1957-2002)
and the next generation extended reanalysis envis-
aged at ECMWF. The ERA-Interim is based on cycle
31r2 of the ECMWEF Integrated Forecasting System
and includes many model improvements, such as the
use of 4-dimensional variation analysis, a revised
humidity analysis and the use of variational bias cor-
rection for satellite data. Selected meteorological
variables include 2 m air temperature, 2 m dew point
temperature, 10 m zonal and meridional components
of wind speed, and 24 h cumulated precipitation. In
this study, air relative humidity was computed based
on dew point temperature and air temperature,
according to the Magnus formula, and corrected
with the altitude. The data set, which is defined on a
0.05° x 0.05° latitude/longitude grid, was restricted to
values at 12 UTC and to the grid points covering
mainland Portugal.

Simulated meteorological data were obtained from
the Model for Interdisciplinary Research on Climate
(MIROC; Hasumi & Emori 2004), a coupled GCM
developed by the Centre for Climate System
Research (CCSR) at the University of Tokyo, at the
National Institute for Environmental Studies (NIES)
and at the Frontier Research Centre for Global
Change (FRCGC). MIROC is one of the models
whose outputs were used in the 4th Assessment
Report of the Intergovernmental Panel on Climate
Change (IPCC 2007) and several model comparison
studies indicate MIROC as one of the best models
(Lucarini et al. 2006, Scherrer 2010). In particular,
Errasti et al. (2010) compared IPCC AR4 models per-
formance over the Iberian Peninsula and identified
MIROC as one of the 4 best models to simulate the

present-day Iberian climate. Similar conclusions
were found in other studies (Ahlfeld 2006, Lucarini et
al. 2006, Nieto & Rodriguez-Puebla 2006, Tebaldi et
al. 2006, Maxino et al. 2008).

Three grid points were selected from the MIROC
3.2 medium resolution (medres) grid: 2 of them
located over Portugal and one over Galicia, Spain.
Daily grid values of surface air temperature and rela-
tive humidity, 10 m wind speed and 24 h cumulated
precipitation were extracted for the period 1951-
2000, respecting the 20th century model simulations
(20C3M), and for 2051-2100, respecting the emission
scenario B1 (Nakicenovic et al. 2000). According to
the IPCC Special Report on Emissions Scenarios
(SRES), the B1 scenario corresponds to a high level of
environmental and social consciousness that is
accompanied by rapid changes in economic struc-
tures and the introduction of cleaning technologies.

Daily spatial means were then computed over the
selected grid points over Portugal, and monthly
means (of those daily spatial means) were derived for
all observed and simulated meteorological variables.
Fig. 1 presents the obtained curves that describe the
30 yr seasonal cycles of temperature and precipita-
tion for current and expected future climate. As
expected, the largest differences are found for pre-
cipitation, where the GCM tends to underestimate
the observed monthly rainfall during most of the year
(by a total of —110 mm yr!). The underestimation
(~25 mm mo™!) is more significant in spring (April
and May) and autumn (September and October) but
an overestimation (of ~15 mm mo™?) is also detected
in the winter months (December and January). Sea-
sonal cycles of simulated precipitation for B1 sce-
nario conditions in the two 30 yr periods are very
similar (mean difference is <0.7 mm mo™') with the
largest differences being registered during winter and
spring (-8 to 6 mm). Differences between simulated
precipitation seasonal cycles for future (B1) and recent
past (20C3M) climate scenarios reveal an increasing
trend in monthly precipitation between December
and March (a total of 30 mm) and a decreasing trend
in the rest of the year (a total of -50 mm).

With respect to temperature, the GCM tends to
underestimate the monthly mean temperature in all
months but July (+1.2°C), the higher differences
(between 20C3M scenario and ERA-Interim datasets)
being detected in spring and autumn (-1.9°C). Dif-
ferences between the 2 periods of future climate sce-
nario B1 suggest an increasing trend in monthly tem-
perature in summer months (1.2°C in June and 0.8°C
in July and August). The seasonal cycle for future
climate (B1) presents higher values than for the



Temperature (°C)

Precipitation (mm)

190

Clim Res 57: 187-200, 2013

30

® —ERAInterim o 20C3M
-5-B151-80  -e Bi 71-00

120
— ERA Interim -<- 20C3M
-~- B1 51-80 e~ B171-00
.‘__'Q'
201 f\\ /...
\.\-.8-".-._ 4,/"9
o1 B -

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 1. Monthly mean time series of (A) temperature and (B)
precipitation for a 30 yr normal climatological period, using
ERA Interim (1981-2010) database and the Model for Inter-
disciplinary Research on Climate (MIROC) Global Climate
Model (GCM) simulations for present 20C3M (1971-2000)
and future B1 (2051-2080 and 2071-2100) scenarios

recent past scenario (20C3M), ranging between
1.3°C in late winter (February) and 3.4°C in late sum-
mer (September).

2.3. Indices of fire risk

Indices of fire risk are those that integrate the
Canadian Forest Fire Danger Rating System (CFF-
DRS). The system was specifically designed to rate
the risk of forest fires in Canada. Like other fire dan-
ger rating systems, CCFDRS produces qualitative
and/or numerical indices of fire potential, which are
used as guides in a wide variety of fire management
activities. CFFDRS has been under development
since 1968 and currently consists of 2 major subsys-
tems, namely the Canadian Forest Fire Weather
Index System (CFFWIS) (van Wagner & Picket 1985,
van Wagner 1987) and the Canadian Forest Fire
Behaviour Prediction System (CFEFBPS). CFFWIS
uses weather information to compute a set of fire
indices and has been successfully used all over the
world (Wotton 2008). The system consists of 6 compo-
nents that account for the effects of fuel moisture
(first 3 components) and wind (last 3 components) on

fire behaviour. The first 3 components, i.e. the Fine
Fuel Moisture Code (FFMC), the Duff Moisture Code
(DMC) and the Drought Code (DC), respectively rate
the average moisture content of surface litter, decom-
posing litter, and organic (humus) layers of the soil.
Wind effects are then added to FFMC leading to the
Initial Spread Index (ISI) that rates fire spread. The
remaining 2 fuel moisture codes (DMC and DC) are
in turn combined to produce the Build Up Index
(BUI) that is a rating of the total amount of fuel avail-
able for combustion. BUI is finally combined with ISI
to produce the Fire Weather Index (FWI) and the
Daily Severity Rating (DSR) that respectively rate fire
intensity and the difficulty of controlling fires. While
FWI is suitable as a general index of fire danger
throughout the forested areas, DSR reflects more
accurately the expected efforts required for fire sup-
pression (CFS 2011). Moreover, DSR was specifically
designed for averaging either in time or in space in
opposition to FWI that is suitable as a single day
value. The CFFDRS has been operationally used by
the Portuguese Weather Service to assess the forest
fire risk in Portugal since 1998. The CFFWIS has
shown to be especially useful to assess the fire be-
haviour potential in maritime pine stands in Portugal
(Palheiro et al. 2006) and to rate fire risk in Portugal
during the summer season (Viegas et al. 1999).
Based on daily values of the above-listed meteoro-
logical values (analysed and simulated), DSR values
were derived on selected grid points. Following the
procedure adopted for the meteorological variables,
spatial averages of daily DSR values were evaluated
over the selected grid points over Continental Portu-
gal before monthly means of those daily spatial arith-
metic averages were finally computed. It may be
noted that similar procedures to this one were fol-
lowed by other authors (e.g. Nitschke & Innes 2008,
Le Goff et al. 2009) who have relied on GCM outputs
and on fire weather risk indexes (FWI and DSR) to
study future fire regimes under climate change.

2.4. Observed summer fire regime

The annual cycle of monthly burnt area for main-
land Portugal during the considered 32 yr period
(1980-2011) is shown in Fig. 2. The vast majority of
fires take place during the summer months and are
responsible for a very large amount (88 %) of total
burned area. In fact, the fire events in July, August
and September account for 24, 47 and 17 % of the
total burnt area, respectively. These large values are
to be expected in Mediterranean regions taking into
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account that vegetation presents elevated levels of
water stress, induced by periods of dry conditions
and relatively high temperatures that often charac-
terise the late spring and the beginning of summer
(Viegas et al. 2001, Pereira et al. 2005, Trigo et al.
2006). The inter-annual variability (as measured by
the inter-quartile range) is also clearly larger during
the summer months, and it is worth noting that the
variability of July and August is about twice the one
of September.

Since the burnt areas in July and August account
for 71 % of the total burnt area in Portugal, and pres-
ent very large inter-annual variability, it is to be
expected that the annual fire regime will be domi-
nated by the events that take place in those 2 sum-
mer months. This is confirmed in Fig. 3 by the close
relationship between the time series of annual and of
July+August amounts of burnt area. It is also worth
noting that both time series present large fluctuations
where the outstanding values registered in the years
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Fig. 2. Annual cycle of monthly burnt area in Portugal for the
period 1980-2011. Boxes: monthly values of the lower quar-
tile (Q1), median, and upper quartile (Q3). Whiskers extend

down to minimum (min) and up to maximum (max) monthly
values

of 2003 and 2005 contrast with the new all-time
low record that was observed in 2007. The study was
therefore restricted to the months of July and August.
With the aim of assessing the association of
monthly DSR value to monthly burnt area in July and
August, 2 classes of extreme summer fire seasons,
respectively labelled severe and mild, were defined
according to the following criteria. A severe summer
season is one where the monthly burnt areas of July
and August are both greater than the upper tercile of
the respective month (i.e. >29000 ha for July and
>41000 ha for August); whereas a mild summer sea-
son is one where both the monthly burnt areas of July
and August are lower than the respective lower ter-
ciles (i.e. <10000 ha for July and <22000 ha for
August). As shown in Fig. 3, the years 1990, 1991,
1995, 2002, 2003 and 2005 were severe ones whereas
1982, 1983, 1988, 1997, 2007 and 2008 were mild.
For the 2 defined classes of extreme summer sea-
sons, a composite analysis was performed on monthly
anomaly values of DSR and of meteorological vari-
ables, from January to August. Composites consist of
arithmetic averages over years belonging to a given
class, whereas composite anomalies are departures
of composites from the grand average of all consid-
ered years. Composite analysis was performed to
clarify the role and physical interpretation of fire
index and meteorological variables in summer burnt
area, and, consequently, as a preliminary predictor
selection procedure. For each month, the statistical
significance of obtained composite anomalies was
assessed by estimating percentiles 5, 10, 90 and 95
from a sample of 1,000 composites randomly gener-
ated using the bootstrapping technique (Efron & Tib-
shirani 1993). As shown in Fig. 4, monthly com-
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Fig. 3. Inter-annual variability of burnt area amounts in mainland
Portugal for the whole year (Annual) and for July + August
(Jul + Aug), for the period 1980-2011. Severe (+) and mild (-) years
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posites of DSR, temperature and precipitation
present a contrasting behaviour between
severe and mild years that is worth analysing
in detail. In the case of DSR associated with
severe years (Fig. 4A), 3 consecutive 2 mo peri-
ods may be identified: a first period in early
spring (March and April) where DSR values are
about the grand average (DSR anomalies close
to zero), a second period in late spring (May
and June) where there is a steep increase in
DSR towards very high anomaly values (>90
and 95th percentile), and a third period in sum-
mer (July and August) where DSR anomalies
stabilize around the very high values that were
reached in the preceding period. As shown in
Fig. 4B,C, the steep increase in DSR (>95th
percentile) is associated with steep increases in
temperature (positive anomalies beyond per-
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Fig. 4. Monthly anomalies (between January and August) of
(A) daily severity rating (DSR), (B) temperature and (C) cu-
mulated precipitation for composites of severe (Extreme
years) and mild (Mild years) fire seasons within the 1980-
2011 period. Dotted lines: 95, 90, 10 and 5% statistical
significant level obtained with bootstrapping

centile 95 in May and ~90th percentile in June) and
to steep decreases in precipitation towards negative
anomalies (<5th percentile in May and 10th per-
centile in June). This particular sequence of weather
regimes has a deep impact on the vegetation grow-
ing process; the vegetation that has grown in early
spring, under favourable average conditions of tem-
perature and rainfall, is then subject to heat and
water stress in late spring, making available large
amounts of stressed biomass that will trigger large
wildfires in case of favourable meteorological condi-
tions, which are very likely to occur in hot and dry
summers. This process is in fact very well depicted by
the temporal evolution of DSR where the average

values in early spring translate into favourable condi-
tions for vegetation growth, whereas the steep
increase in late spring and the high values that are
reached in summer reflect the increase in stress dur-
ing late spring and the likelihood of extreme weather
events that promote the onset and spreading of large
wildfires. The described sequence of weather re-
gimes will therefore favour the occurrence of large
fire events in summer that characterize the severe
years.

A similar but opposite pattern may be found in the
case of the composites associated with mild years.
Following a period in early spring (March and April)
characterized by large positive anomalies of DSR
(particularly in March where the anomaly is >90th
percentile), there is a steep decline toward negative
anomalies in late spring (particularly in June where
the anomaly is lower than percentile 5) followed by a
period of very large negative anomalies (<5th per-
centile) in summer (July and August). Positive anom-
alies in early spring are associated with positive
(negative) anomalies in temperature (precipitation)
that will not favour the growth of vegetation, which
will be kept unstressed in late spring (May and June)
by the very mild and wet conditions associated with
the very large negative anomalies of temperature
(<10th and 5th percentile, respectively) and the very
large positive anomalies (~90th and 95th percentile,
respectively) of precipitation. The large negative
anomalies (lower than percentile 5) of temperature in
summer, together with the large positive anomalies
of precipitation (>95th percentile in July), reflect the
absence of extreme weather events favouring the
occurrence of large wildfires, in agreement with the
very low fire activity that characterizes the mild
years.

The existence of a positive (R = 0.67) and statisti-
cally significant (p < 0.0001) Pearson Product-Moment
correlation coefficient between the decimal loga-
rithm of areas burned in July and in August during
the period 1980-2011 should be underlined (Fig. 5).
However, and despite the statistically significant (p <
0.0001) high value of the correlation coefficient
between DSR and the decimal logarithm of monthly
burnt area for the months of July and August (0.70
and 0.66, respectively), there is a very low correlation
(R=0.25, p < 0.164) between DSR monthly means of
July and August (Fig. 6). This result, as well as those
from the composite analysis, suggest that (1) the
burnt areas in July and August are associated with
different meteorological fire risk conditions during
the summer; (2) the pre-summer season climatologi-
cal background could also condition the fire regimes
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Fig. 6. As in Fig. 5, but for July vs. August daily severity
rating (DSR) values

of both July and August; and (3) the development of
a BAM by means of multiple linear regression analy-
sis of monthly burnt areas in summer uses, as predic-
tors, fire risk indices respecting the pre-fire and/or
fire seasons. Because of the highly asymmetrical
character of the monthly means of burnt area in July
and August (Fig. 2), the decimal logarithm of monthly
burnt area was used as the predictand. As shown in
the following section, the transformed variable is nor-
mally distributed, which means that the original dis-
tribution of the monthly burnt area is lognormal.
Then different automatic selection methods (e.g.
stepwise, forward, backward) and criteria (e.g. ex-
plained variance, R?) were used to select the best
predictive variables and test the robustness of the

automatic procedures. The best and parsimonious
BAM was obtained when using the following equa-
tion:

LOg10BAJ/A =A+Bx DSRJ/A + C x DSRPF (1)

where Log;oBAja is the decimal logarithm of
monthly burnt areas in July or in August (J/A);
DSRpris the monthly mean of DSR during the pre-fire
period (PF), defined as May and June when the pre-
dictand is the decimal logarithm of monthly burnt
area in July (Log;oBA;), and May, June and July
when the predictant is the decimal logarithm of
monthly burnt area in August (Log;oBA4); DSRy/4 is
the monthly mean of DSR in July or in August
depending if the predictand is the monthly burnt
area in July or August, respectively. In order to miti-
gate the effects of overfitting, the performance of the
experiments was evaluated using a cross validation
procedure that removes 14 yr pairs (i.e. July and
August for each year) instead of the more usual
and less demanding leave-one-out-cross validation
scheme (Wilks 1995).

3. RESULTS

3.1. Modelled summer fire regimes

The BAM was developed independently for BA
time series in July, August and July + August for the
32 yr period (1980-2011). A summary of the main
results of the regression analysis and of the analysis
of variance (ANOVA) are shown in Tables 1 & 2.
Obtained results for July and August (indepen-
dently) are very similar with respect to regressions
statistics (R* = 0.60, adjusted R? R,q”* = 0.57, and SE
of 0.36 and 0.32, respectively), regression coefficients
(A, B and C) (Table 1), statistical significance (Stu-
dent's t-test distribution statistic and corresponding
2-tailed probability) and ANOVA (Table 2). Results
for BAM for July and August are slightly better (R? =
0.63, Radj2 = 0.62), but regression coefficients are very
similar to those obtained independently for July and
August.

The 2 variables retained in the BAM for July and
August are statistically significant and were selected
in the order they appear in the equation, with r?
increasing from 0.44, when DSRj,, is used alone, to
0.63 when DSRy/, and DSRpr are used as predictors.
Results of the model are shown in Fig. 7, illustrating
the overall agreement between observed and mod-
elled values of the decimal logarithm of burnt area
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Table 1. Burnt Area Model regression analysis for July,

August, and July + August (1980-2011) which includes:

regression coefficients (A, B and C) and SE using just those
coefficients. R%,q;: adjusted R?

Coefficients  SE t P
July
A 2.4952 0.2650  9.4163  <0.001
B 0.0973 0.0336  2.8921  0.0072
C 0.1009 0.0233  4.3326  0.0002

R? = 0.60; R%,4; = 0.57; SE = 0.36

August

A 2.4715 0.3104 79632 <0.001
B 0.1005 0.0295  3.4003  0.0020
C 0.1072 0.0247  4.3353  0.0002
R? = 0.60; R%4; = 0.57; SE = 0.32

July + August

A 2.4685 0.1937 12.7445 <0.001
B 0.1069 0.0189 5.6429 <0.001
C 0.1014 0.0163  6.2242  <0.001

R? = 0.63; R%4; = 0.62; SE = 0.34

Table 2. Analysis of variance (ANOVA) including regression
F-statistic (Freg) and significance of F (Fg)

df SS MS Freg Fggq
July
Regression 2 57904 2.8952 21.9352 1.58 x 107°
Residual 29 3.8277 0.1320
Total 31 9.6181
August
Regression 2 4.4198 22099 21.7332 1.71x 107°
Residual 29 29488 0.1017
Total 31 7.3686
July + August
Regression 2 11.7115 5.8557 52.2081 6.11 x 1074
Residual 61 6.8419 0.1122
Total 63 18.5533

using cross-validation. In particular, given the value
of the coefficient of determination 1> = 0.63 (p <
0.001) for July and August burnt areas, the BAM
is able to explain, in cross-validation mode, 3/5
of the total variance. In addition, the Kolmogorov-
Smirnov (K-S) test confirmed the normality of the
logarithm of the values of burnt area observed,
modelled and residuals from the use of the BAM.
These features are especially important and are
exploited in Section 3.2 where the developed multi-
ple regression model was used as a generator of
monthly burnt area scenarios in present and future
climate conditions.

--Observed -o-Simulated

August

B

1980 1984 1988 1992 1996 2000 2004 200

Fig. 7. Observed values (Observed) and modelled values
with cross validation (Simulated) of (A) July and (B) August
burnt areas (BA) for the 1980-2011 period

3.2. Simulated summer fire regimes

Simulated sets of burned areas in July and August
were generated by feeding the developed BAM with
DSR values for the pre-fire period and for the fire
season estimated with GCM outputs with respect to
present (20C3M) and future B1 climate scenarios.
Based on the results obtained in Section 3.1, normal
distributions were fit to observed and simulated
monthly values of DSR and to the corresponding
burned areas obtained with the BAM. K-S tests
were then used to check the null hypothesis that
the samples come from normal distribution. The ob-
tained means and SDs of Log;(BA /5 are presented in
Table 3, together with the p-values of the K-S tests.
For all 5 cases of LogipBAj/a, the null hypothesis of
normality cannot be rejected at the 5% significance

Table 3. Statistics for one-sample Kolmogorov-Smirnov test
for normality for burned areas in July and August, respect-
ing the 30 yr periods of observed values (1981-2010) mod-
elled using Burnt Area Model (BAM) fed with observed me-
teorological data (1981-2010), and simulated values using
BAM fed with Global Climate Model outputs from the pres-
ent climate scenario 20C3M (1971-2000) and future climate
scenario B1 (2051-2080 and 2071-2100)

Mean SD P
Observed (1980-2011) 4.31 0.54 0.41
Modelled (1980-2011) 4.31 0.43 0.85
20C3M (1971-2000) 5.06 1.06 0.42
B1
2051-2080 5.63 0.72 0.38
2071-2100 6.03 1.07 0.68
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level. On the other hand, and as
expected, the use of the multiple lin-
ear model with observed DSR leads to

Table 4. Descriptive statistics of corrected log-normal distributions of monthly
burnt area for present (20C3M) and future (B1) climate scenarios. P: per-

centiles, IQR: inter-quartile range

a sample of simulated Log;oBAj,4 with
the same mean as the one of the

Mean SD Ps Py Pys Psg Pys Py

Pys IQR

observed sample but with smaller 20C3M
variance. However, when feeding the 1971-2000
BAM with data from climate scenarios B1
produced by a GCM, there is an in- 2051-2080
crease in both the mean and the vari- 2071-2100

431 054 360 3.65 394 421 463 520 536 0.69

460 037 399 4.23 443 4.69 4.85
480 054 396 4.20 4.44 479 5.11

5.01
5.48

5.08 0.43
575 0.66

ance, even in the case of present cli-

mate (20C3M). In the latter case, this

is an obvious result of the characteristics of the GCM,
namely the known fact that the simulated meteoro-
logical fields by MIROC, as those of other climate
models, are biased and have too much variability.
Accordingly, when feeding the BAM with data from
a future climate scenario, changes in the mean and in
the variance will be due to climate change (signal) as
well as to the limitations of BAM and GCM (noise).
With the aim of removing the noise, at least in part,
the following correction procedure of DSR (DSRpg
and DSRj,,) was applied:

1. The normal distribution, N(5.06, 1.06), that was
obtained with the BAM using data from the 20C3M
scenario was transformed into a normal distribution,
N(4.31, 0.54), with the same mean and variance of
the observed data (Table 3); this may be achieved by
applying the following transform to the data:

LogBA-15.06—-1%x4.31

LogBA,, = o5 0.54 2)

0.54

2. The same transform was applied to the normal
distributions, N(5.63, 0.72) and N(6.03, 1.07), that
resulted from feeding the BAM with 2051-2080 and
2071-2100 data from B1 scenario of future climate
(Table 3).

Descriptive statistics of the normal distributions of
the decimal logarithm of burnt area (LogBAj,,) can
be found in Table 4. When compared with the pres-
ent climate scenario (20C3M), there are increases in
the means of LogBA in both future climate scenario
(B1) periods 2051-2080 and 2071-2100 respectively
of 7% (4.31 to 4.60) and 11 % (4.31 to 4.80). The same
does not happen in the case of the standard deviation
where a contrast is found for the 2 periods of the
future climate scenario; the standard deviation re-
mains unchanged from the 20C3M to the last period
of B1 scenarios, but presents a decrease of ~32%
(0.54 to 0.37) from the 20C3M to the first 30 yr of
B1 scenario. In addition, differences in percentiles
change with increasing percentiles, e.g. from 0.39

(0.36) in P5 to 0.48 (0.58) in P35y and —0.28 (0.39) in Pys
when going from present climate to first (last) 30 yr
period of B1 scenario. This is an important aspect,
since it reveals that for the 2051-2080 period, major
increases in burnt area are only expected for values
below P75 and the larger increases should be ex-
pected for Py, (0.58) values of burnt area, while for
the 2071-2100 period, increases are therefore to be
expected for all values of burnt area, but larger in-
creases are found between Py, (0.55) and P;5 (0.47).
Differences are more impressive when analysing
changes in burnt area (and not in the logarithm) from
present to future climate scenarios, e.g. by looking at
the measures of location and dispersion of the cor-
responding log-normal distributions (Table 5). The
medians from the 20C3M scenario to the first and last
30 yr periods of the Bl scenario increase from 16 000
to 49000 and 61000 ha, respectively. On the other
hand, the mean remains unchanged from 20C3M to
the 2051-2080 period of B1, but increases to 158 000
ha with the 2071-2100 period of future scenario.
The weight of extremely large values of burnt area is
also well apparent given the growing differences
between the median values associated with the large
positive skewness of the log-normal distributions.

Table 5. Measures of location and dispersion respecting the

lognormal distributions of monthly burnt area for present

(20C3M) and future (B1l) climate scenarios. IQR: inter-
quartile range

Mean Median IQR Relative
(10°ha) (10°ha) (10°ha) dispersion®

20C3M
1971-2000 51 16 34 1.05
B1
2051-2080 52 49 45 0.45
2071-2100 158 61 100 0.82
“Defined as the semi-interquartile range divided by the
median
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Increases may also be found in dispersion, taking
into account that the inter-quartile range increase
from 34 000 ha, in the case of the 20C3M scenario, to
49000 and 100000 ha, in the case of first and last
30 yr period of Bl scenario. However, relative dis-
persion presents a rather different behaviour of
the mean and the median: that is, a decrease from
20C3M to the 2051-2080 (1.05 to 0.45) and 2071-
2100 (1.05 to 0.82) periods of B1.

4. DISCUSSION AND CONCLUSION

An analysis was performed of the influence of
meteorological factors on the wildfire regime in
mainland Portugal, as well as of the future impacts
to be expected from regional climate change. It was
shown that the annual wildfire regime is dominated
by the fire events taking place in July and August,
the 2 summer months accounting for almost 3/4 of the
total burnt area.

The influence of meteorological conditions on fire
occurrences was disclosed by means of composite
analysis of relevant variables, which was performed
on severe and mild years, defined as those where
both the monthly burnt areas of July and August are
higher or lower than the respective upper or lower
terciles, respectively. Results indicated that severe
years are related to averaged anomalies of precipita-
tion in March followed by positive anomalies of
temperature and negative anomalies of precipitation
and relative humidity in the pre-fire season, while for
mild years the results are precisely the opposite.
Atmospheric circulation over Portugal is consistent
with these climatic patterns. The behaviour of pre-
cipitation and temperature anomalies for the 2 classes
of extreme years, as well as of humidity and wind
(not shown for sake of simplicity) were consistent
with the results obtained for the fire risk index, with
the anomalies of DSR becoming increasingly positive
and statistically significant from May to June for
severe years. Differences were also obtained during
the fire season (July and August), where extremely
meaningful positive (negative) anomalies of temper-
ature and DSR (i.e. >90 or 95% significant level)
were found for severe (mild) year composites.

Differences obtained in meteorological parameters
may be understood in terms of the impact of meteor-
ological factors on thermal and water stress of vege-
tation. In the case of severe years, there is an above
average and relative humidity (i.e. positive anomaly)
in March that increases the likelihood of a healthy
growth of vegetation. The low values of precipitation

that follow in May and June, together with the high
values of temperature, increase stress in the more
abundant vegetation contributing to a larger amount
of burnt area, especially if, during the fire season,
Portugal is affected by atmospheric circulation pat-
terns that induce extreme hot and dry spells over the
territory, which is clearly suggested by wind anom-
alies. In the case of mild years, the pattern is identical
but symmetrically opposite.

Composite and correlation analysis results point to
the existence of 2 periods, namely during the fire
season and before the time of fire, where the weather
plays, directly or indirectly, an important role in the
amount of area burned during the months of July and
August. This has been pointed out in previous stud-
ies that indicate that the summer burnt area in Portu-
gal is related to the existence of a relatively long dry
period during late spring and early summer and the
occurrence of extreme dry and hot days associated
with extreme synoptic situations (Viegas et al. 2001,
Pereira et al. 2005, Trigo et al. 2006). A similar rela-
tion between burnt area and summer drought has
been identified in Greece (Dimitrakopoulos et al.
2011).

A BAM was developed by means of multiple linear
regression analysis of the decimal logarithm of
monthly burnt areas in the fire season using, as pre-
dictors, the DSR during the pre-fire season and the
DSR during the fire season. An overall relation was
obtained between the observed and modelled val-
ues, with the developed model being able to explain
~2/3 of the total observed variance. The results of
cross validation reveals that the model is not strongly
affected by overfitting, and allows us to be confident
in the performance of the model when used in prac-
tice with a future unknown validation dataset. This
outcome is most likely associated with the relatively
large size of the training data in comparison with the
small number of parameters in the model. The devel-
oped BAM was then fed with simulated data by the
MIROC climate model, respecting present climate
conditions (20C3M) and future climate IPCC emission
scenario Bl. It was shown that values of DSR com-
puted with observed and simulated meteorological
data followed normal distribution. The same is also
true for samples of observed logarithms of July and
August burnt areas, as well as those obtained by
feeding the BAM with data from 20C3M and B1 sce-
narios. An increase in both the mean and the vari-
ance was however found, even in the case of the
present climate, when comparing the simulated nor-
mal distributions with the observed one, indicating
that changes in the mean and variance in the future
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climate scenario were due to both climate change
and limitations of BAM and GCM. An attempt to mit-
igate the influence of such limitations was made by
correcting the normal distribution of DSR for simu-
lated present climate in such a way as to have the
same mean and variance as the one observed, and
then by applying the same correction to the normal
distributions respecting the B1 scenario.

When comparing the present climate scenario
(20C3M) with the 2 periods (2051-2080 and 2071-
2100) of future climate scenarios B1l, there were
increases in the means of the logarithm of July and
August burnt area, respectively, of 7 and 11%,
whereas the standard deviation remained almost
unchanged in the latter case of scenario B1 and pre-
sented a decrease of ~30% in the case of the former
period. Differences in percentiles (between present
and future climate scenarios) increased with in-
creasing percentiles, indicating that larger increases
in burnt area are to be expected for all fire events at
the end of the 21st century.

Taking into account that monthly burnt area in
July and August accounts for 71 % of annual burnt
area, only 5 burnt area values are greater than the
maximum observed value of 430000 ha, registered
in 2003 (Fig. 3), and all of these highest values may
be found in the decade 2090-2099. Nevertheless, it
is very likely that the simulated amounts of burned
area are overestimated, relating the following fac-
tors: (1) the use of GCMs or regional circulation
models (RCMs), (2) the use of a linear BAM, and (3)
not taking into account other important factors
regarding fire occurrence and size. In general, cli-
mate change-fire studies are based on GCM or
RCM which, in fact, are just limited representations
of reality. To try to circumvent these difficulties,
some authors prefer to use data from more than one
model or runs from the same model, aiming to
obtain a more ‘realistic’ projection of the ‘true’
future climate and/or to estimate the error commit-
ted in their analysis (e.g. Nitschke & Innes 2008) or
to use RCM with higher spatial resolution (e.g.
Pereira et al. 2002, Durao & Corte-Real 2006,
Carvalho et al. 2010). Alternatively, each model per-
formance can be evaluated and, for instance, the
inter-comparison of the model-based projections for
the new IPCC emissions scenarios points out that
the MIROC models have a small decrease (~10 %) in
spring precipitation and a rise of 4°C in mean spring
temperature during the 2070-2099 period, in South-
ern Europe and Northern Africa. MIROC models
also present the largest temperature change for that
period when compared with the other analysed

models. In particular, the mean temperature in sum-
mer is projected to increase by at least 6°C and pre-
cipitation is projected to decreases by 40%. In this
respect, it is worth stressing that the developed
BAM relies indirectly (through DSR) on spring and
summer temperature and precipitation.

On the other hand, there are the limitations of the
BAM which, by being a linear regression model, it is
only able to explain a partial amount of the inter-
annual variability (even if it explains up to 2/3 of the
total variance). These limitations are expected to be
even more restrictive when the model is applied to
future climate scenarios, i.e. to meteorological condi-
tions beyond the range of the tested domain. The lin-
earity of the approach prevents the introduction of
feedback mechanisms that might reduce the amounts
of burnt area.

It is likely that climate change will have significant
relative impact on the beginning and end of the fire
season. In fact, the arithmetic averages of DSR in the
pre-fire in the first and last 30 yr periods of the Bl
scenario are higher than for those for scenario
20C3M by 35 and 60 %, respectively. These results
may suggest an increase in the length of time of fire
and, therefore, a potential limitation of the approach
by restricting the analysis of the burned area to the
period of July and August.

Other limitations come from the fact that the
methodology does not account for the role of, and
potential future changes in, many other important
factors regarding fire occurrence and size that are
not yet fully understood nor properly modelled, such
as those related to changes in fuel structure (Pausas
2004, Pausas & Bradstock 2007); climate-vegetation
dynamics and conservation planning (Krawchuk et
al. 2009); patterns of lightning strikes (Dissing & Ver-
byla 2003); and anthropogenic activities and drivers
of fire, such as control over ignition, fire manage-
ment, suppression activities, and land use/land cover
changes (Krawchuk et al. 2009, Costa et al. 2010, Le
Page et al. 2010, Aldersley et al. 2011, Kloster et al.
2012).

In addition, many of the climate change—fire inter-
action studies are based on 'fire weather' risk assess-
ments that were developed for regions, climates and
vegetation characteristics quite different from those
where they are being used. However, the validity of
using the FWI and DSR indexes in the Mediterranean
region has been demonstrated previously in several
published works and adopted by the national and
European Commission authorities. Nevertheless, they
should be adaptated to the climate and vegetation
characteristics in this region.
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Obtained estimates of July and August burnt areas
in future climate need therefore to be looked at with
due care, even if the results are of the same order
of magnitude as others recently published. For
instance, Carvalho et al. (2010) investigated the
impact of future climate change on fire activity in 12
districts across Portugal using historical relationships
and simulations of the High Resolution Hamburg
Model (HIRHAM). They have estimated an increase
of 280 % in the number of fires and of 480 % in burnt
area for all 12 districts in the case of a 2x CO, sce-
nario. Such an increase could even surpass 600 % in
some districts. Nitschke & Innes (2008) used FWI and
3 GCM scenarios to study the relation between cli-
matic change and fire potential in South-Central
British Columbia, Canada, and estimated an increase
in 95% of fire weather severity during the summer
months by 2070. Le Gofif et al. (2009) also used
regression analyses to model the recent climate—fire
activity relationship, using FWI and GCM outputs to
estimate climate change impacts on future fire risk in
eastern Canada, and concluded that the fire risk in
August would double (+110%) for 2100, while in
May it could slightly decrease (-20%). More re-
cently, Westerling et al. (2011) performed a compre-
hensive study on large wildfire occurrence and
burned area in California combining hydroclimate
and landsurface characteristics, using outputs from 3
GCM for 2 different population growth and develop-
ment SRES (B1 and A2) scenarios, and concluded
that (1) initial changes in burned area will be modest,
(2) mean burned area will increase in the 30 yr peri-
ods centred in 2050 and 2085 by 7-41 and 12-74 %,
respectively, and (3) will exceed 400 % in much of the
forested areas of Northern California in every SRES
A2 scenario by 2085.

In summary, both principal objectives of this work
were achieved. (1) A simple (linear) and parsimo-
nious BAM (with just 2 predictors that are different
temporal summaries of the same variable, DSR)
was developed to simulate the decimal logarithm of
monthly burnt areas in the fire season (July and
August). This model is based on the results of the
composite analysis to assess the influence of weather
on the fire regime, and is able to explain almost 2/3 of
the total observed variance. (2) An assessment of the
potential impacts of climate change on the wildfire
regime in mainland Portugal was performed by feed-
ing the BAM with GCM outputs from SRES B1 sce-
nario. Bias of the GCM and BAM were corrected a
posteriori by transforming 20C3M scenario burnt
area time series in order to have the same mean and
standard deviation as the observed ones, and apply-

ing the same transformation to GCM outputs for the
B1 scenario. This transformation is consistent with
the normal distribution shown by the decimal loga-
rithm of the monthly burned area values for present
and future climate conditions. The wide-ranging
character of this procedure must also be emphasized,
as it can be applied to outputs from any (global or
regional) circulation model, under distinct conditions
(e.g. different scenarios) and for varied purposes.
Finally, despite the limitations, the developed ap-
proach consistently points towards (1) an increasing
risk of fire under future climate conditions and to an
increasing possibility of having much larger fire
events; (2) increasing inter-annual variability of the
fire regime, which together with the positive bias,
will have dramatic consequences at the social, eco-
nomic and environmental levels. These conclusions
may be even more dramatic, as an increase of the fire
season length is expected in boreal and temperate
climates (Flannigan et al. 2009a, Wotton et al. 2010,
Carvalho et al. 2011, Westerling et al. 2011, Kloster
et al. 2012).
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