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Abstract. Understanding how fire weather danger indicesEEA, 2012). During the last 50 years, warming has been
changed in the past and how such changes affected foreshost pronounced in the Iberian Peninsula, central and north-
fire activity is important in a changing climate. We used the eastern Europe, and in mountainous regions; for the Iberian
Canadian Fire Weather Index (FWI), calculated from two Peninsula, this warming has been most evident in summer
reanalysis data sets, ERA-40 and ERA Interim, to exam-(Haylock et al., 2008; EEA, 2012). In addition, warm ex-
ine the temporal variation of forest fire danger in Europe intremes have become more frequent and cold extremes more
1960-2012. Additionally, we used national forest fire statis-rare. As an example, Della-Marta et al. (2007) showed that,
tics from Greece, Spain and Finland to examine the relain western Europe, the average length of summer heat waves
tionship between fire danger and fires. There is no obviouss now twice as long as in 1880, and is accompanied by a
trend in fire danger for the time period covered by ERA-40 tripling in the occurrence of hot days. Precipitation changes
(1960-1999), whereas for the period 1980-2012 covered byre not uniform across Europe; while increases in this have
ERA Interim, the mean FWI shows an increasing trend forbeen observed in the north (Scandinavia and the Baltic states)
southern and eastern Europe which is significant at the 99 9%& decrease is apparent in some southern areas, like in the
confidence level. The cross correlations calculated at the naberian Peninsula and especially in north-western Spain and
tional level in Greece, Spain and Finland between total areanorthern Portugal (EEA, 2012). Warming trends in the form
burned and mean FWI of the current season is of the order obf increasing daily air temperature extremes dominated cen-
0.6, demonstrating the extent to which the current fire-seasotral and western Europe, while in the same region there are
weather can explain forest fires. To summarize, fire risk isindications of an insignificant increase in dry spells (Moberg
multifaceted, and while climate is a major determinant, otherand Jones, 2005). Additionally, Lloyd-Hughes and Saun-
factors can contribute to it, either positively or negatively.  ders (2002) have drawn attention to drying tendencies over
central Europe which are stronger for the winter period.
These observed changes in climate have the potential to
affect fire danger and, ultimately, forest fire activity. In this
1 Introduction context, it is interesting to determine whether fire-weather
danger has changed in Europe during the last decades. Fire
During the last century, global average surface temperaganger indices are commonly used to assess fire potential,
tures in the world have increased by about 0C&IPCC,  and warnings are regularly issued by fire agencies based
2013). However, this change in surface temperature has nQfp, them. Fire danger indices combine several relevant cli-
been uniform across global regions. In Europe the decadahatic/weather variables into suitable format that, for exam-

mean surface temperature has risen by about@.Bom  ple, forest fires services use to organize their response to
pre-industrial times until 2002-2011 (Haylock et al., 2008;
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forecasted risks (Andrews et al., 2003; Fujioka et al., 2008;(whose cause was known) in northern Europe, 0.5 % in cen-
Camia et al., 2010). Fire danger indices allow for compar-tral Europe and 5% in southern Europe were caused by nat-
isons between fire-season severity across years and regiongal sources. Similarly, a review by Bowman et al. (2009)
The Canadian Fire Weather Index, FWI, based on the Canashowed that the variation in the occurrence of fires cannot
dian Forest Fire Danger Rating System (Van Wagner, 1987)be predicted by climate forcing alone, but that other aspects
is one of the most widely used indices, in use in countriessuch as human behaviour and the effectiveness of fire detec-
across North and South America, Europe and Asia (De Grootion and suppression systems must also be taken into account.
etal., 2006). To summarize, weather conditions make the occurrence of

Temporal and spatial variation of fire danger has beenfires possible and humans in most cases ignite the fire.
studied, for example, by Camia et al. (2008) in Europe using Though weather and climate are not the sole forcing mech-
the ERA Interim data set (Dee at al., 2011) and the Seasonanisms of forest fires, they determine the conditions for fires
Severity Rating index based on FWI. According to their anal-to occur and spread, once an ignition occurs, and this way re-
yses, from 1981 to 2010 and onwards, there have been stanain as the key factors for explaining the spatial and tempo-
tistically highly significant increases in fire danger in south- ral variability of fires at all scales, including the whole globe.
eastern Europe and the southern-most regions of the Iberiafherefore, in this study the main objective is to investigate
Peninsula. Mékela et al. (2012) used the fire danger indexvhether the recent changes in climate have had a discernible
operational in Finland to estimate the long-term 1908-2011impact on weather-related fire danger in Europe during the
temporal variation of fire danger in Finland. They found out past five decades. To answer this question we have examined
that the year-to-year variation in fire danger was large, but nahe temporal variation of the danger as expressed by FWI due
significant trend could be detected. Wastl et al. (2012) examio the variation in meteorological conditions over different
ined the long-term trends in meteorological forest fire dangerEuropean regions during 1960-2012 using ERA-40 (Uppala
in the Alps during the period 1951-2010 using several fireet al., 2005) and ERA Interim (Dee et al., 2011) data sets.
danger rating indices, and found significant increases in thédditionally, we also have demonstrated the significance of
western and southern Alps. The increase was quite small ifire-weather indices in forest fires in three test sites (Greece,
the northern Alps, and no clear signal could be observed irSpain and Finland) by calculating the cross correlation be-
the inner Alpine valleys. Bedia et al. (2012) tested differenttween fire statistics and mean FWI values.
model reanalysis data sets in the calculation of fire danger for
the Iberian Peninsula and found that, for most parts of Spain,
the summer season fire danger has increased. They also notgd Material and methods
that the results based on the ERA Interim data set (Dee et al.,

2011) were more robust than the results based on the NCER.1 European level
data set (Kistler et al., 2001).

The relationships between fire danger indices and foresEurope was divided into four regions (Fig. 1) and only the
fires in Europe have been explored in a number of studiesgrid boxes containing land were studied. The area denoted
Koutsias et al. (2013) examined trends in air temperature ands southern Europe includes part of northern Africa for this
their relationship to forest fires in Greece during the yearsstudy. The southern region represents Mediterranean warm
1894-2010 and found that both increased through time, parelimate, the eastern region continental Eurasian climate, the
ticularly during the last 40 years. The annual number of fireswestern area more humid Atlantic climate, and the north-
and area burnt was strongly correlated with the maximumern region cool Fennoscandian climate. In addition to re-
temperatures and summer heat waves. An evaluation of FWgional mean values, the FWI trend was analysed for each
performed recently using fire observations of a 15-year pegrid square.
riod for Greece confirmed that the index is capable of predict- We used ERA-40 (Uppala et al., 2005) for the years
ing fire occurrence (Karali et al., 2014). Additionally, Dim- 1960-1999 and ERA Interim (Dee et al., 2011) data sets
itrakapoulos et al. (2011a) found that there was a positivefor the years 1980-2012 to calculate the Canadian FWI for
correlation between the annual drought and fire occurrence ieach year. ERA-40 and ERA Interim are atmospheric re-
Greece during the years 1961-1997. Similar analysis relatingnalysed data sets that are created by the European Centre
downscaling methods and future projections of the variousfor Medium-Range Weather Forecasts’ (ECMWF) modelling
FWI in the Iberian Peninsula and Greece was performed bysystem. These data sets are based on all available and ap-
Bedia et al. (2013). Positive correlations between FWI valuegropriate observational data, such as weather stations, radio
and fires have been found in other parts of the world, such asoundings, ship measurements, satellite measurements etc.
in Canada (Gillet et al., 2004). The spatial resolution used in this study was’Z2.5> and

High fire danger caused by dry, hot and windy weather in-1.5> x 1.5° for ERA-40 and for ERA Interim respectively.
creases the occurrence of fires. However, most ignitions offhe calculation of FWI was done for the whole year but
fires are caused by human activities. For example, accordthe main parameters of interest were the March—September
ing to Ganteume et al. (2013) only about 7% of the firesmean value of FWI, and the number of days when FWI was
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Figure 1. The four European regions analysed for ERA-40 (left panel) and ERA Interim (right panel) data sets.

larger than 20 or larger than 45 in March—September. The In this study, the 12:00 UTC values were used. As the re-
March—September period constitutes the main fire seasogion used in the study is roughly fron? B to 40’ E, the

in Europe. In northern Europe the season usually starts il12:00 UTC value means four different solar times, which cre-
May at the earliest after snow has melted, whereas in Southates some inaccuracy in the calculations. However, as we are
ern Europe the season is centred in the summer months, ahow interested in long-term temporal changes in FWI the ex-
though in some areas out-of-summer fires are also commoract numerical values are not that critical from that point as
Moriondo et al. (2006) used an FWI threshold value of 45 for long as the method remains the same throughout the whole
the Mediterranean region in their study on the impact of cli- calculation period.

mate change on fire danger. Lehtonen et al. (2014) selected The calculation of FWI and trend of FWI was performed
limits based on the study of Tanskanen et al. (2005) and thevith the R package “fume” created by the Santander Me-
limits were FWI> 32 (extreme risk), 17-32 (high risk), 16— teorology Group lfttp://www.meteo.unican.gswhich was

31 (medium risk) and< 8 low risk. The threshold of 20 used used by Bedia et al. (2012). The trend was analysed using
in this study can be regarded as applicable for the cool clithe Mann—-Kendall test (Mann, 1945; Kendall, 1975) and the
mate regions. In southern Europe, FWI values larger than 4gradient of the trend line was calculated using Sen’s slope
are relatively common, whereas in the rest of Europe theyestimate (Sen, 1968). The classical Mann—Kendall trend test
occur only very occasionally. This is why the analyses us-evaluates the null hypothesi#, that a time series is ran-
ing the threshold of 45 were done only for the southernmostdom (independent and identically distributed) against the al-
area and for the rest of the areas analyses were done usingernative hypothesig{1, that the series exhibits a monotonic
threshold of 20. The results for the exceedance of thresholdrend. However, the temporal autocorrelation can cause the

were presented as probabilities in percent (%): classical test to reject the null hypothesis even if it is true. In
its modified version, a correction factor is applied to the orig-

Probability= inal variance formulation, accounting for the effective sam-

100x [no. of casegno. grid boxes< no. of day$]. (1) ple size in the presence of temporal autocorrelation (Bedia et

al., 2012). This test is shown to be robust in the presence of
FWI has six components describing the moisture contenkerially correlated time series data (Hamed and Rao, 1998).
of the surface layers, and the systems also predict variouSen’s slope estimate is the median of slopes calculated from
aspects of the fire behaviour. The input parameters requiredll possible data value pairs. This estimate is more robust
for deriving FWI are the midday temperature, relative hu- against outliers than, for example, least-squares regression.
midity and wind speed, together with the precipitation sum Trends were calculated separately for ERA-40 and ERA In-
of the previous 24 h. FWI is a dimensionless quantity indi- terim data sets. In addition, to allow analyses covering the
cating the fire danger. The FWI system was originally devel-period 1960-2012, we estimated the ERA-40/ERA Interim
oped empirically for Canadian boreal conditions; however,coefficient from their common period (1980-1999) and ex-
the FWI indices have been proved to be good indicators oftended the respective FWI time series on the basis of the esti-
fire conditions in many other parts of the world, and have mated coefficient for the missing years. This resulted in two
been proposed as the basis for a global early warning systemAwI| time series, one corresponding to ERA-40 and one to
for fires (De Groot et al., 2006). ERA Interim for the period 1960-2012.
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2.2 National level 6 . . . 2 . . :

North Europe South Europe

Fire statistics at the national scalewere available for Greece s
for the period 1977-2010, for Spain for the period 1969—
1999 and for Finland for the period 1960-2012. The Greek% 4
data comprise a subset from a national wildfire time series
data (Koutsias et al., 2013) originally obtained from the Na- 3
tional Statistical Service of Greece (NSSG), the Hellenic For- : ,
est Service (HFS), the Hellenic Fire Brigade (HFB) and Kai- 20— ——F.,
lidis and Karanikola (2004). The Spanish data covered the YEAR
1961-2010 period and were obtained from the national for-
est fire statistics (EGIF, General Statistics of Wildfires) of
the Spanish Ministry of Agriculture and Environment. The
Finnish fire statistics have been published by the Finnish For—E
est Research Institute (2010). &

For the national level calculations, in Spain, Greece and
Finland we selected the FWI values to be analysed for the
mid-summer months from June to September both from . K . 5 ) ) )
ERA-40 and ERA Interim data sets using only the grid cells ™0 1978 76 199 2012 1%0 1973 1966 1999 2012
located within peninsular Spain, Greece and Finland respec- 20
tively. To identify possible abrupt shifts in the mean values
of FWI in the time series, indicating distinct time periods, we
applied the F statistic and the generalized fluctuation tests as
described in Zeileis et al. (2003) and implemented in the R Z 17
package “strucchange” (Zeileis et al., 2002). We applied both 1
tests with a 0.1 bandwidth resulting in 5-year data window.
To identify the optimal number of breakpoints, we adopted
the method described in Zeileis et al. (2003). Within the de- Yo o e 1em 22
fined segments, based on the breakpoints, we analysed the YEAR
trend using the Mann—Kendall test, and the slope of the tren
line was calculated using Sen'’s slope estimate.

Total burned area and number of fires were In-transforme
and the cross correlations with FWI were estimated apply-
ing the modified Pearson’s correlation coefficient accounting
for the autocorrelation of the time series using the approach
followed by Meyn et al. (2010) by calculating the effective the values of FWI from both. In southern Europe, the values
sample size that arises when a first-order correlation coeffihased on ERA Interim are about the same as from ERA-40,
cient is considered. Additionally, cross correlations betweenyhereas elsewhere FWI calculated from ERA-40 is system-
FWI and the untransformed fire statistics were estimated byatically higher (Fig. 2).
means of the non-parametric Spearman’s coefficient also ac- According to the trend analyses for ERA Interim-based
counting for the autocorrelation in the time series. The crossFw| (Table 1), there was a significant upward trend at
correlation analysis was performed usig@ lags (years) the 99 % level for southern and eastern Europe. The ERA
within the defined time segments in order to explore any bi-|nterim-based FWI trend for all of Europe also showed the
variate lagged relationships between area burned and FWI. same very high 99 % confidence level. However, ERA-40-
based FWI did not exhibit any trend. The results show that
during recent years, from approximately 1995 onwards, a
tendency toward a higher FWI can be detected in the time
series of Era Interim in all sub regions tested but the north.
When we look at the trend for the whole period of 1960—
3.1.1 Response of mean FWI 2012 in the time series created by completing the ERA In-

terim backwards using ERA-40 data and the relationship de-

The temporal variation of mean FWI values since 1960 dis-fined using the common period of 1980-1999, the statisti-
plays a relatively large year-to-year variation (Fig. 2). For the cally significant rising trend at the 99 % level was found for
years 1980-1999 there is an overlap between ERA-40 anthe southern Europe. For eastern and western Europe the ris-
ERA Interim data sets, with an overall good agreement ining trend was statistically significant at 90 % level, and for

L
FWI

960 1973 1986 1999 2012
YEAR

12 T T T 18 T T T
L West Europe u East Europe

FWiI

w A O N ©

19

{ — ERA40
i ERA Interim

q:igure 2. The year-to-year variation of March—September mean
WI from ERA-40 and ERA Interim data sets for four selected areas
see Fig. 1) and for the whole of Europe.

3 Results

3.1 European level
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Table 1. Trend and gradient of the mean March—September FWI values as calculated for the regions of Europe in Fig. 1 using the modified
Mann—Kendall test and Sen’s method on ERA-40 and ERA Interim data sets. The following symbols indicate significancexat level
0.01 (***), « = 0.05 (**) anda = 0.1 (*).

Time series Firstyear Lastyear No.ofyears TestZ Signific. Gradient
ERA-40 Europe 1960 1999 40 0.22 0.005
ERA-40 north 1960 1999 40 —0.69 —0.006
ERA-40 south 1960 1999 40 0.30 0.011
ERA-40 east 1960 1999 40 —1.13 —0.024
ERA-40 west 1960 1999 40 1.34 0.040
ERA Inter. Europe 1980 2012 33 454 rrk 0.087
ERA Inter. north 1980 2012 33 0.60 0.009
ERA Inter. south 1980 2012 33 5.58 ok 0.116
ERA Inter. east 1980 2012 33 3.64 *hk 0.155
ERA Inter. west 1980 2012 33 1.65 * 0.041

northern Europe there was no trend. The spatial analysis ofising the Mann—Kendall test and Sen’s method did not reveal
the trends (Fig. 3) showed that there was a very clear staany significant positive or negative trend.
tistically significant rising trend in ERA Interim-based FWI  The cross-correlation analysis between the ERA-40 and
in eastern Europe and also in the eastern Iberian PeninsulBRA Interim-based FWI and the untransformed and trans-
and much of France. A similar analysis for ERA-40-basedformed (In) total area burned at the national scale in Greece
FWI showed that there were statistically significant trendswithin the period of 1977-2010 resulted in significant lag 0
in a few cells only, with exception of the central Europe, in coefficients (Fig. 7). Their values, as shown in Fig. 7, are
which there was a slight rising trend. 0.70 and 0.67 for ERA Interim and 0.69 and 064 for ERA-40
for the untransformed and the In-transformed values respec-
3.1.2 Response of FWI exceeding selected thresholds  tively. The correlation coefficients for the number of fires are

) _ considerably smaller than those of total burned area (see the
The time series for the number of days when FWI exceed%upplement).

20 or 45 (Figs. 4 and 5) showed the same features as the time
series for mean FWI based on Era Interim data (Fig. 2), with3 22 Spain
the number of days exceeding the selected threshold value™"

becoming more frequent during the last 10 years or so. No .
trend was shown by ERA-40-based FWI, which was OnlyThe analysis of whether the mean FWI based on ERA-40
available until 1999 ' and ERA Interim data for Spain changes over time resulted

According to the trend analyses for the number of daysin three breakpoints, in the years 1968, 1977 and 1999,

- ; therefore defining four distinct periods — i.e. 1960-1968,
where FWI> 20 (Table 2), ERA Interim-based FWI displays
an upward trend significant at the 99 % level for southern1969-1977, 1978-1999 and 2000-2011 — for both data sets

Europe and at the 95 % level for eastern Europe. The trenchi.g' 8). Here, it should be pointed out that Fhe 1977 break-
shown for the whole of Europe also reaches the 99 % conPoint could be an outcome of the combination between the
fidence level. For the number of days where F\WA5 the extremely low FWI values observed during 1971 and 1972
trend is significant at the 99 % level for southern Europe.(':'g' 8) and the short bandwidth that was selected for the

Again, there is no trend indicated by ERA-40-based FWI. analysis (5 years). Within the three distinct periods, none of
' the data series was found to have a significant trend using

the Mann—Kendall test and Sen’s method. However, in the
period defined when the last three sub-periods were merged
3.2.1 Greece (1969-2011), FWI of both data sets, ERA-40 and ERA In-

terim, as modified for completing the missing years, showed
The analysis of whether the mean FWI based on ERA-40 angignificant positive trends at significance level of 0.001 sim-
ERA Interim data for Greece changes over time, based on théar to the positive trends observed of FWI time series data
F statistic and the generalized fluctuation tests, did not resulof ERA-40 and ERA Interim south. In the case of the ERA-
in any statistically significant breakpoint. However, there is 40-based FWI, a positive trend is observed when the original
a distinct period of low FWI values (Fig. 6). In order to ob- values that cover the period 1969-20p1= 0.001), while in
jectively assess the time window of the period with distinctly the case of ERA Interim-based FWI, a positive trend is ob-
low values of FWI, the breakpoint analysis (forcing for two served when the original values are used covering the period
breaks) resulted in the years 1970 and 1976. Trend analysi980-2012 f = 0.01).

3.2 National level
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Figure 3. Trend of March—September mean FWI calculated using the ERA-40 data set for 196@b)L888 the ERA Interim data set for
1980-2012d). The statistical significancer{ is shown at levels 0.01, 0.05 and 0.1 for ERA{4)and ERA Interim(c).
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Figure 4. The year-to-year variation of March—September FWI values above 20 and above 45 from ERA-40 and ERA Interim data sets
calculated for southern Europe and for the whole of Europe. The value is expressed as a probability (Eq. 1).

For the cross-correlation analysis we defined the period3.2.3 Finland

from 1969 to 1999 (i.e. not considering the breakpoint of

1978). The cross-correlation graphs between FWI of ERA-No trend in FWI was found for Finland, only large year-to-
40 and ERA Interim south and the untransformed and transyear variation (Fig. 10). The correlation between the burned
formed (In) total area burned at the national scale in Spairfréea and FWI was roughly as high as in the case of the
(Fig. 9) indicate significant correlations at lag 0. The corre-two Mediterranean countries studied above, i.e. around 0.6
lation coefficients, as shown in Fig. 9, are 0.50 and 0.62 for(Fig. 11). Specifically, the correlation coefficients, as shown
ERA Interim and 0.59 and 0.67 for ERA-40 for the untrans- in Fig. 11, are 0.63 and 0.59 for ERA Interim and 0.61
formed and the In-transformed burned area values respe@nd 0.57 for ERA-40 for the untransformed and the In-
tively. The correlation coefficients for the number of fires are transformed burned area values respectively. The correlation

smaller than those of total burned area, though not as muckoefficients for the number of fires are smaller than those of
as in the case of Greece (see the Supplement). total burned area, though not as much as in the case of Greece

(see the Supplement).
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Table 2. Trend and gradient of the March—September FWI values higher than 20 or higher than 45 as calculated for the different areas of
Europe (Fig. 1) using the modified Mann—Kendall test and Sen’s method and ERA-40 and ERA Interim data sets. The following symbols
indicate significance at level=0.01 (***), « = 0.05 (**) anda = 0.1.

Probability (%)

8

N
(=]

Time series Firstyear Lastyear No.ofyears TestZ Signific. Gradient
ERA-40 Europe- 20 1960 1999 40 0.72 0.004
ERA-40 south> 20 1960 1999 40 0.60 0.025
ERA-40 north> 20 1960 1999 40 -1.11 —0.037
ERA-40 west- 20 1960 1999 40 1.16 0.094
ERA-40 east- 20 1960 1999 40 -1.22 —0.095
ERA-40 Europe- 45 1960 1999 40 -0.90 —0.011
ERA-40 south> 45 1960 1999 40 -0.16 —0.006
ERA Inter. Europe- 20 1980 2012 33 3.98 b 0.161
ERA Inter. south> 20 1980 2012 33 3.08 rkk 0.166
ERA Inter. north> 20 1980 2012 33 0.64 0.045
ERA Inter. west- 20 1980 2012 33 1.53 0.081
ERA Inter. east- 20 1980 2012 33 3.33 hd 0.391
ERA Inter. Europe- 45 1980 2012 33 4.11 Fohk 0.078
ERA Inter. south> 45 1980 2012 33 4.01 ook 0.145
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Figure 6. FWI time-series data based on ERA-40 and ERA Interim
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R Fast points.
% xr | R e temperatures and changed precipitation patterns in Europe
3 ok | (Della-Marta et al., 2007; Haylock et al., 2008; EEA, 2012).
T

The rise of fire danger during the last 40 years has occurred in
southern and eastern Europe. In northern and western Europe
temperature rise during summer season has not been that sig-
nificant, and while precipitation has no decreasing trend, the
net effect is that FWI did not exhibit a long-term trend either.
The temporal variations of FWI also depicts the long-
Figure 5. The year-to-year variation of March-September FWI val- term temporal variations of European climate; that is, early
ues above 20 from ERA-40 and ERA Interim data sets calculated forll960s FWI had relatively high values in southern and south-
north, west and east. Values are expressed as a probability (Eq. 1)eastern Europe, followed by lower values in the late 1960s
and early 1970s, and after that the change is characterized
by a rising trend. An interesting detail is the area covering
the northern side of the Black Sea, where FWI has a decreas-
) ) ) ing trend when calculated using ERA-40 and a notable in-
The main purpose of this study was to detect the climatecreasing trend in ERA Interim. These variations demonstrate
change signal in fire danger and to assess its importancgt although climate is warming, the long-term climate vari-
for actual fire occurrence in two contrasting European re-gtions will remain, and also in the future, periods with lower

gions, the Mediterranean and the boreal region, using variryy| can be experienced even in areas characterized by an
ous countries as examples. It is made apparent that the FWhcreasing trend of FWI.

trends observed in this study are compatible with the gen-
eral trend towards climatic features characterized by warmer

101 9

| | | | | |
1960 1970 1980 1990 2000 2010
YEAR

4 Discussion
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Figure 7. Cross-correlation graphs between total burned area (original and In-transformed) at the national scale in Greece and FWI val-
ues estimated from ERA-40 and ERA Interim Greek data for the period 1977-2010 (grey columns indicate significant values at the 95 %
confidence level).

ERA-40 Spain (Jun-Sep)

ERA Interim Spain (Jun-Sep) particularly during the last half of the century in the lower
(\/N south-eastern half of the country (Pérez and Boscolo, 2010;
J\A 1 Begueria et al. 2011). Although the annual mean tempera-
f/ V ture has risen in Finland by around@ since 1900, the sum-
I mer season mean temperature has not risen during the past
oy 1o 190 1o 2000 20h0 e e 1 e 2k e 50 years (Tietavéinen etal., 2010). Similarly, there is no trend
year year in summer precipitation. This lack of trend in either tempera-
ture or precipitation is reflected in temporal variation of FWI
Figure 8. Breakpoints of FWI time-series data based on ERA-40 ~5|culated for Finland; that is, there is no trend, only large

and ERA Interim for Spain. Vertical dotted lines correspond to . . '« Wi
. . ) i ear-to-year variation typical for northern Europe’s highl
breakpoints, while red horizontal lines correspond to the 95 % Con-yariableyclimate yp P gnly

fidence intervals of the estimated breakpoints. Blue lines represenY ) e L . .
The identification of breakpoints in the various series anal-

the mean values of FWI for each identified segment. . . . . .
ysed helped in defining homogenous periods in the FWI time
series that could be used to test trend-free cross correlations
with fire statistics, rather than making a thorough analysis of

More specifically, and focusing on the three countriesthe observed FWI variability. It is interesting to observe that,
studied, it has been shown that, generally and with significantithough the analysis did not identify any significant break-
variability among regions and seasons, rainfall amount in thepoint, the pattern between the FWI series from Greece and

Greek peninsula shows a trend of decline after the 1980s§pain is very similar and characterized by a distinct period of

which is confirmed from various sources (Maheras et al.,low FWI values during the 1970s. In Spain, this period begins

2000; Pnevmatikos and Katsoulis, 2006; Feidas et al., 2007)earlier and the differences in FWI values between this period

This further supports the argumentation of Dimitrakopou- and the time period just before are higher. This is the main

los et al. (2011c) regarding an increase in summer droughteason for the identification of significant breakpoints in the

episodes. In Spain, temperatures have increased, althougpanish data but not in the Greek data. However, respective
not homogeneously, across the country (Brunet et al., 2007breaks in the mean air temperature time series over vari-

Pérez and Boscolo, 2010; Fernandez-Montes et al., 2013sus regions in Greece in the early 1970s and middle 1990s

Acero et al., 2014), while precipitation changes, although(Nastos et al., 2011; Kolokythas and Argiriou, 2013) and in

less robust, also evidence a tendency towards a reduction,

25 30
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20
Fwi
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Figure 9. Cross-correlation graphs between total burned area (original and In-transformed) at the national scale in Spain and FWI values es-
timated from ERA-40 and ERA Interim Spain data for the period 1969—-1999 (grey columns indicate significant values at the 95 % confidence
level).

ERA-40 Finland ERA Interim Finland meteorological conditions on forest fires and, on the other
hand, the importance of other factors such as vegetation/fuel,
| VMN\W \/\\

AJ\/ /\f\/\A landscape and socioeconomics, including fire suppression,
V M A V

34

Fwi
Fwi

that are not related to climatic or meteorological conditions
(Viedma et al., 2006, 2009; Carmo et al., 2011; Koutsias et
al., 2013; Martinez-Fernandez et al., 2013; Brotons et al.,

18 20 22 24 26 28
26

22

1960 1970 1980 15;0 zo‘oo 2010 19‘60 19‘70 19‘80 1990 2000 2010 2013) In all studied COUntrieS, Spain, Greece and Finland,

e v the correlation coefficients of the number of fires are smaller
Figure 10.FWI time-series data based on ERA-40 and ERA Interim than those of total burned area (see the Supplement). This
for Finland. Blue lines represent the mean values of FWI. can reflect in part the fact that fire statistics are more suscep-

tible to being affected by small-size fires in particular. Area

burned, however, is less subject to these spurious effects ow-

ing to the fact that large fires account for a high percentage
the precipitation time series between 1970 and 1980 (in thef the total area burned, and statistics should be more robust
broader sense) (Pnevmatikos and Katsoulis, 2006; Feidas @ this regard (Moreno et al., 2011a; Pereira et al., 2011).
al., 2007; Kalimeris et al., 2012) lead to the conclusion that The profound and tight relation between weather and fire
an actual break in FWI series in the decade between 197@tatistics has been demonstrated in numerous studies cover-
and 1980 is also plausible. It should be noticed, howevering various parts and climate regions of the globe. Extreme
that further testing is required in order to identify whether fire weather is related to large fires in boreal ecosystems
the breakpoints are artificial and due to exogenous variableand sub-alpine forests (Beverly and Martell, 2005; Bessie
or whether they actually indicate altering periods in the FWI and Johnson, 1995; Drobyshev et al., 2012). Similarly, in the
values. Mediterranean region, the positive links between fire statis-

Correlations between fire statistics and FWI were apparentics and various weather components that indicate drought

in all studied countries (Spain, Greece and Finland). As wasare apparent. Variables that most often correlate with burned
shown here, the correlations between FWI and fire statisticairea include simple weather parameters such as fire sea-
were relatively high, and especially for Greece, they wereson precipitation (Vazquez and Moreno, 1993; Holden et
similar to those estimated by Dimitrakopoulos et al. (2011b).al., 2007; Koutsias et al., 2013; Xystrakis and Koutsias,
This demonstrates, on the one hand, the causal effect of
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Figure 11. Cross-correlation graphs between total burned area (original and In-transformed) at the national scale in Finland and FWI values
estimated from ERA-40 and ERA Interim Finnish data for the period 1960-2012 (grey columns indicate significant values at the 95%
confidence level).

2013; Pausas, 2004), air temperature (Vazquez and Morenayven if the vast majority of the fire events took place under
1995; Pifiol et al., 1998) or indices which, combining var- severe fire weather with FWI larger than 30 (Viedma et al.,
ious weather parameters, quantify drought and fire dange2009). The influence of landscape in fire spread is also indi-
(Carvalho et al., 2008; Camia and Amatulli, 2009). Although rectly revealed through the analysis of selectivity patterns of
correlation does not necessarily imply causation, the links ardires belonging to different size classes (Moreira et al., 2011).
strong and consistent, and the outputs of the present studiarge fires in Sardinia tend to selectively burn shrub and
also support this argumentation through the observed signifgrassland (Bajocco and Ricotta, 2008), and in central Spain
icant correlations. Such correlations between weather conlarge fires showed selectivity towards conifers and areas near
ditions and fire activity (including fire ignition and spread) settlements and roads (Moreno et al., 2011b). Socioeconomic
are based on the control of weather in processes related teariables like unemployment and touristic pressure could be
fuel moisture content and to the effect of wind in fire spreaddirectly linked to area burned (Koutsias et al., 2010; Gan-
(Camia and Amatulli, 2009; Sullivan, 2009). teaume and Jappiot, 2013) or major social processes, as,
Large fires may account for more than 70% of the to-for example, rural migration and urbanization followed by
tal annual area burned (Ganteaume and Jappiot, 2013), ardnd abandonment could indirectly favour fuel conditions
weather may be the dominant factor in determining fire that could lead to large fire events as long as the fire is initi-
spread (Moreira et al., 2011), with wind speed being iden-ated (Koutsias et al., 2012). Similarly, humid-cool weather
tified as the main weather component of large forest firesconditions could control fire initiation and spread even in
in Greece (Dimitrakopoulos et al., 2011a) and Californiathe most fire prone ecosystems, indicating the dual role of
(Moritz et al., 2010); however, a large part of variation re- weather in controlling fire size (Xystrakis et al., 2014). It
mains unexplained if other parameters are excluded. Thean be argued that fire weather triggers or inhibits the land-
lack of topographic, socioeconomic and landscape paramescape, topographic and socioeconomic variables in emerging
ters may hamper correlations, and this could partially be theas dominant factors of fire spread (Bradstock, 2010; Moreira
reason for the relatively low correlation coefficients betweenet al., 2011).
FWI values and fire statistics. Such additional factors were
found to play a major role in southern France (Ganteaume
and Jappiot, 2013), where area burned is related to high veg-
etation cover. In central Spain, landscape variability (discon-
tinuity) was an important parameter for controlling fire size,
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5 Conclusions reanalysis products in the Iberian Peninsula, Nat. Hazards Earth
Syst. Sci., 12, 699-708, d&@D.5194/nhess-12-699-2012012.

In this study we examined the temporal variation of cli- Bedia, J., Herrera, S., Martin, D. S., Koutsias, N., and Gutiérrez,

mate and fire weather danger in Europe using FWI. The re- J. M.: Robust projections of Fire Weather Index in the Mediter-

sults show an increase in fire danger in southern and east- ranean using statistical downscaling, Climatic Change, 120, 229—

ern Europe after around 1970, and no clear signal elsewhere 247, 10.1007/s10584-013-0787-3, 2013. )

in Europe. This is consistent with observed patterns of cli-Begueria, S., Angulo-Martinez, M., Vicente-Serrano, S., Lopez-

mate change across the continent. Additionally, we found Moreno, J., and E_I-Kena_1wy, A.: Assessing tren_dsm extreme pre-

that fire danger indices and area burned were cross-correlated cipitation events intensity and magnitude using non-stationary

. . . . peaks-over-threshold analysis: a case study in northeast Spain
in Greece, Spain and Finland, although the correlations were ¢, 1930 to 2006 Int. J. Climatol.. 31. 2102—2114. 2011.

not very high. Moreover, fires were only related to current- gessie, W. C. and Johnson, E. A.: The relative importance of fuels
year climate variables. Though the meteorological conditions  and weather on fire behavior in sub-Alpine forests, Ecology, 76,
influencing on fire danger have changed in some areas, for- 747-762, doit0.2307/19393411995.

est fires have not necessarily followed suit. For example, inBeverly, J. L. and Martell, D. L.: Characterizing extreme fire and
the Mediterranean region, burned area has decreased, thoughweather events in the Boreal Shield ecozone of Ontario, Agr. For-
FWI values show an increasing trend. This is consistent with ~ est Meteorol., 133, 5-16, da0.1016/j.agrformet.2005.07.015
the fact that weather and climate are major factors control- 2005

ling fires, but not the only ones. The prediction of the occur-Bowman, D., Balch, K., Artaxo, P., Bond, W, Carlson, J., Cochrane,
rence of fires during the coming decades requires, in addition M., D"Antonio, C., DeFries, R., Doyle, J., Harrison, S., Johnston

to climate research, comprehensive knowledge of socioeco- F., Keeley, J., Krawchuk, M., Kull, C., Marston, J., Moritz, M.,
’ P 9 Prentice, C., Roos, C., Scott, A., Swetnam, T., Der Werf, G., and

nomic aspects influencing fires and fire suppression. Further- Pyne, S.: Fire in the Earth System. Science, 324, 481—484, 2009.

more, the foreseen ecological changes, like the changes igragstock, R. A.: A biogeographic model of fire regimes in Aus-
forest structures and dominant tree species, must be taken tralia: current and future implications, Global Ecol. Biogeogr.,

into account when the future fire conditions are estimated. 19, 145-158, doi:0.1111/j.1466-8238.2009.005122010.
The versatility of this problem emphasizes the importance ofBrotons, L., Aquilué, N., de Céaceres, M., Fortin, M., and Fall,
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