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a  b  s  t  r  a  c  t

Climate  change  is one  of the key  issues  in  current  scientific  research.  In  this  paper  we investigate  the
impacts  of  rising  temperatures  and  changing  precipitation  patterns  on meteorological  forest  fire  danger
in the  Alps.  Our  analysis  is  based  on  daily  meteorological  observations  from  25  long-term  stations  in  six
Alpine  countries.  The  selected  stations  are  distributed  more  or less  uniformly  over  the  whole  Alpine  area
and represent  the  different  climate  regions  in  this  complex  terrain.  Stations  with  similar  climatological
conditions  were  grouped  into  regions.  These  were:  Western  Alps,  Northern  Alps,  inner  Alpine  area  and
Southern Alps.  The  meteorological  forest  fire danger  in  the  time  period  1951–2010  was  assessed  on  the
basis  of different  forest  fire  danger  indices  (FWI,  Nesterov,  Baumgartner,  etc.)  calculated  on  a  daily  basis.
A statistical  percentile  analysis  revealed  different  impacts  of recent  climate  change  in the  four  regions.
A  significant  increase  in forest  fire  danger  occurred  at the  stations  in  the  Western  Alps  and  even more
strongly  in  the  Southern  Alps.  Here,  the  yearly  averaged  fire  danger  increased  during  the past  six decades.
Additionally,  in  recent  years  the  number  of  days  with  elevated  forest  fire danger  (indices  above  a pre-
defined  threshold)  has  also  increased.  A  comparatively  weak  increase  was  observed  in the  Northern  Alps
and no  clear  signal  was  evident  at the stations  in  the  inner  Alpine  valleys.  In  order  to  analyze  extreme
events  (highest  index  value  per  year  and region)  extreme  values  statistics  was  applied.  It was  shown  that
the  return  period  of extraordinarily  high  index  values  has  decreased  significantly  over  the  past  decades,
especially  in  the  Western  and  Southern  Alps.

For  three  pilot  areas  (Valais  in  the  Western  Alps,  Bavaria  in the  Northern  Alpine  region  and  Ticino  in
the  Southern  Alps)  a comparison  with  observed  historical  fire  data  is  shown.  In Valais,  a region  in the
Western  Alps  with  a generally  low  fire hazard,  a weak  trend  toward  more  forest  fires  and  more  area
burned  could  be found.  The  correlation  between  calculated  indices  and  observed  fires  was  quite low  in
this region.  In Bavaria  (Northern  Alps)  this  correlation  was  higher,  but while  the  trend  of  forest  fires  in
Bavaria  was  decreasing  in  terms  of  number  and  burned  area,  the  meteorological  fire  danger  in  contrast

increased.  Reasons  for this  contrasting  trend  may  be related  to  altered  anthropogenic  factors  such  as less
military  activities,  technical  progress,  and  higher  awareness.  The  correlation  between  indices  and  forest
fires south  of  the  Alps  (Ticino)  was  considerably  lower  because  here  most  forest  fires  occurred  in  winter
when  the  meteorological  fire danger  is usually  lower  than  in summer.  In this  region  a positive  trend  in
meteorological  fire  danger  over  recent  decades  was  also  counterbalanced  by decreasing  anthropogenic
ignitions.
. Introduction

Since the beginning of the 20th century temperatures have
ncreased globally. In 2007, the Intergovernmental Panel on Cli-
ate Change (IPCC, 2007) reported an observed increase in global
ean temperature of about 0.7 ◦C over the last 100 years. Numer-

us general circulation models (GCMs) predict an amplification of
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this trend up to 0.8–3.5 ◦C by 2100 AD, depending on the emission
scenario (IPCC, 2007). But this warming has and will not happen
uniformly; it varies considerably between different regions. A much
stronger warming due to feedback mechanisms (e.g. melting of ice
caps, glaciers, vegetation changes, etc.) will be particularly experi-
enced at higher latitudes and in mountainous regions such as the
European Alps (Ruosteenoja et al., 2007). The increase of tempera-

ture and also changes in precipitation patterns has been attributed
as a response to human activities. Impacts of global warming on
our planet are diverse and range from changes in the hydrologi-
cal cycle (melting of glaciers, altered precipitation, etc.), vegetation

dx.doi.org/10.1016/j.agrformet.2012.04.001
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hifts (toward higher latitudes and altitudes), to a change in socio-
conomic factors (demography, consumerism, etc.). Beside these
ell known issues a changing climate also has profound and pos-

ibly unexpected impacts on global wildland fire activity.
In recent years, several studies have been carried out to assess

hanges in fire risk and forest fire activity around the world. In
articular, scientists from countries strongly affected by huge forest
res causing extensive damage (US, Canada, Australia, and Russia)
ave put much effort into investigating changes in fire regimes due
o an altering climate (Westerling et al., 2011). Advances in fire
anger assessment have been facilitated by the use of historical
atasets and a better understanding of regional and global climate
ariability and fire regime responses (Veblen et al., 2003). But much
ork is still to be done because fire activity is a complex topic,

nfluenced not only by climate/weather but also by a number of
actors including human interactions (activities likely to start fires,
re suppression and management, etc.). The general global trend is
n increase in the area burned and number of fires, but with much
ariation between different areas (Flannigan et al., 2009; Liu et al.,
010).

However, most research studies assess temporal trends in
otential meteorological fire risk by calculating different forest fire
anger indices from historical meteorological observations or out-
uts of numerical climate models. The number of such fire indices

s large and nearly every country affected by forest fires has devel-
ped its own system of fire risk assessment. The Canadian Forest
ire Danger Rating System (CFFDRS, (Van Wagner, 1987)), the Rus-
ian Nesterov index (Nesterov, 1949) or the US National Fire Danger
ating System (NFDRS; Bradshaw et al., 1983) are only three famous
xamples of fire danger evaluation methods. Some of these meth-
ds rely partially on a theoretical background but, due to complex
nteractions between the factors affecting forest fires, most of them
re based on empirical approaches. A well known empirical method
o create such an index is to combine long-term meteorological data
ith historical fire records (e.g. Baumgartner et al., 1967). Results

f analyses regarding historical fire data have sometimes to be con-
idered with care because trends in the number of forest fires and
urned area depend not only on the meteorological conditions but
lso on changes in fire detection and fire management practices
Wotton et al., 2003).

Fox-Hughes (2008),  for example, established a fire danger cli-
atology for Tasmania by calculating different forest fire danger

ndices for a number of locations over an extended period. Sig-
ificant features of this climatology included an apparent trend
f increased severity in spring and differences in diurnal behavior
etween elevated and lower locations. A similar study revealed for
anada an increase in the average annual area of burned forest from
round 1 million ha in the early 1970s to more than 2.5 million ha
n the late 1990s (Skinner et al., 2002). Also in China a significant
ncrease of potential fire danger in the past 50 years was  detected by
pplying the Canadian Fire Weather index in the Yunnan Province
Zhao et al., 2009).

The regions mostly prone to forest fires in Europe are concen-
rated around the Mediterranean Sea from the Iberian Peninsula to
rance, Italy and Greece. Wildland fires in these regions have been
n the rise since the early 1980s. Moriondo et al. (2006) observed
oth an increase in the length of the fire season and an increase
f extreme events. In addition to changes in farming and land-use,
his trend can mainly be attributed to an increase in droughts and
igher temperatures.

The Alps are not a place commonly associated with forest fires,
ut the Southern Alpine slopes and the dry valleys in the Central

lps are particularly affected by forest fires almost every year. A

ook at the fire statistics of the whole Alpine region in the past
ecade reveals that on average about 1300 fires occurred per year,
urning around 7000 ha. More than 80% of the burned area is
teorology 162– 163 (2012) 1– 13

restricted to the Southern Alps in France and Italy. Beside a great
spatial variability, forest fires in the complex topography of the Alps
show also a distinct temporal variability. Most of the fires north of
the Alps occur between April and September, while south of the
Alps the main fire season can be defined between December and
April (Reinhard et al., 2005). Last but not least, there is a pronounced
anthropogenic intervention to the Alpine fire regime.

However, despite extensive scientific investigation of the Alpine
climate, very little is known about the impacts of climatic changes
on forest fires. The few existing studies mainly focus on the
Southern Alpine region (Switzerland, Italy). Reinhard et al. (2005)
analyzed trends in drought variables for more than 30 years in
southern Switzerland. Their results showed an increasing trend
in all climatic variables favorable to droughts and forest fires
(longer episodes without precipitation, more sunshine duration
and a decrease in relative humidity). Zumbrunnen et al. (2009)
investigated the relationship between the fire regime and local cli-
matic variability in the 20th century in a dry inner Alpine area
in Switzerland. They established that the marked temperature
increase did not profoundly change the fire regime because of fire
policy and fire management measures (e.g. prohibition of agricul-
tural burning). This was  also confirmed by Pezzatti et al. (in press),
who discussed the change points in fire regimes in the past cen-
tury occurring in the Cantons of Ticino and Valais, according to
socio-economic, land use and climatic factors. Other Swiss stud-
ies (Conedera et al., 2006; Reineking et al., 2010) suggested that an
increase in severity and frequency of prolonged summer drought
periods due to a changing climate may  also result in significantly
more lightning induced fires. Beside the above-mentioned publi-
cations there have been no other studies so far dealing with fire
danger trends at the whole Alpine scale. Thus, in this paper we study
long-term trends in meteorological fire danger caused by climate
change in the Alps based on several different fire danger indices.
The term meteorological fire danger refers to a potential fire danger,
which is based only on meteorological parameters without distinc-
tion whether a fire occurred or not. Changing anthropogenic factors
(human behavior, technical progress, . . .)  are also not considered
in this context. Since climate change affects different regions in the
Alps in different ways, the purpose of the present paper is to identify
regional differences. Conclusions are made by analysing 60-year
trends at 25 climate stations along the Alpine rim. The content of
our paper is as follows: after a description of the region of interest
and the meteorological database we briefly describe climate change
related temperature and precipitation trends in the Alps. We  then
focus on several statistical analyses of different forest fire danger
indices and stations also with respect to extreme events. A com-
parison with observed forest fire statistics (burned area, number of
fires) in three pilot regions is also included. The paper concludes
with a summary of the main findings and an outlook on forthcom-
ing research.

2. Material and methods

2.1. Climate observation data

The area under investigation (see Fig. 1) is situated in Central
Europe and comprises the whole Alpine area and its surrounding
flatlands (442,000 km2). The countries within this area are France,
Switzerland, Liechtenstein, Germany, Italy, Austria and Slovenia.

For a mountainous region, the Alps are characterized by an
extremely high weather station density (Schwarb, 2000). Currently

more than 6000 stations are operating, although most of them are
only recording precipitation. The statistical analyses of forest fire
danger are based on 25 long-term operational weather stations dis-
tributed across the Alps (Fig. 1) with long time series of all standard
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Fig. 1. Location of the 25 climate stations selected for the investigation. The sta-
tion names, abbreviations and altitudes from West to East are: Geneva (G; 420 m);
Embrun (E; 871 m);  Sion (Si; 482 m);  Zürich (Z; 556 m);  Locarno (Lo; 383 m);
Milano (Mi; 120 m);  Ravensburg (Rv; 462 m);  St. Anton (Sn; 1298 m);  Umhausen (U;
1041 m);  Obergurgl (O; 1938 m);  Garmisch-Partenkirchen (Ga; 704 m);  Innsbruck
(I;  577 m);  Munich (M;  535 m);  Trostberg (T; 486 m);  Venice (V; 25 m);  Bad Gastein
(B;  1100 m);  Mondsee (Mo; 488 m);  Ratece (R; 864 m); Aigen (A; 640 m);  Linz (L;
260  m);  Postojna (P; 533 m);  Klagenfurt (K; 447 m);  Ljubljana (Lj; 299 m); Krems (Kr;
207 m);  and Starse (St; 240 m).  The different symbols indicate the respective regions:
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estern Alps (WA; rectangles); Northern Alps (NA; upward facing triangles); inner
lpine area (IA; circles); and Southern Alps (SA; downward facing triangles).

eteorological parameters necessary for fire danger index calcula-
ion.

The data comprise the time period 1951–2010 and are provided
y the DWD  (Deutscher Wetterdienst, Germany, 4 stations), ZAMG
Zentralanstalt für Meteorologie und Geodynamik, Austria, 10 sta-
ions), MeteoFrance (France, 1 station), MeteoSwiss (Switzerland, 4
tations), Environmental Agency of the Republic of Slovenia (Slove-
ia, 4 stations), Aeronautical Service Agency Italy (Italy, 1 station)
nd the Venice Institution of Science (Italy, 1 station). Most of the
elected stations recorded continuous data series and only a few
tations had data gaps (e.g. Milano, Venice) or were installed after
951 (Aigen, Mondsee, Obergurgl, Sion, Starse, Umhausen, and St.
nton).

The dataset consists of daily values of air temperature, pre-
ipitation, wind speed, relative humidity and snow cover. Due to
he different national sources of the data, observations were not
arried out at the exact same time of day. For example, evening
eadings differ between 19 CET (=UTC + 1 h) in Austria and 21 CET
n Slovenia. However, for our climatological purposes it was  not
ecessary to adjust for these time differences since we are not
irectly comparing index values of different stations, but only tem-
oral trends. All stations are situated in plains or on valley floors,
evertheless the altitudes range from 25 m above sea level at the
driatic Sea (Venice, V) to 1938 m in the Austrian Alps (Obergurgl,
).

For a better visualization of the results, we  decided to assign
he 25 stations into groups. Since all the stations used are part
f the HISTALP project of the Austrian weather service (ZAMG,
ww.zamg.ac.at/histalp) we decided to use their regionalization
ethod. The classification was based on a principal component

nalysis applied between all station records on an annual basis.
urther details can be found in Auer et al. (2007).  Due to the lack
f long term observations in Italy, we decided to merge the two
ISTALP regions south of the Alps (Southwest, Southeast) to one

egion South. Hence, the four regions under consideration were
pecified as: Western Alps (WA, 3 stations), Northern Alps (NA, 8
tations), inner Alpine area (IA, 6 stations) and Southern Alps (SA,
 stations; see Fig. 1).
Typical climate conditions in these regions and the impacts of

ecent climate change will be discussed in Section 3.1 (Figs. 2 and 3).
egional means were calculated by a simple averaging of the
teorology 162– 163 (2012) 1– 13 3

individual station values. Temporal trends were assessed by apply-
ing a linear regression of the regional means on year over the whole
time period (1951–2010).

2.2. Forest fire danger indices

The most important determinants of forest fire danger are cli-
mate and weather (Whitlock et al., 2003). Accordingly, strong
emphasis has been put on the prediction of fire ignition and
behavior using climate and weather variables. A common tech-
nique for forest fire risk assessment is the calculation of daily
meteorologically based forest fire danger indices. In the present
study we  focus on seven well known and widely used indices
(Table 1): the two German indices Baumgartner (Baumgartner
et al., 1967) and M-68 (Käse, 1969), two indices (FWI – fire
weather index, FFMC – fine fuel moisture content) of the Cana-
dian Forest Fire Danger Rating System (CFFDRS, (Van Wagner,
1987)), the Russian Nesterov index (Nesterov, 1949), the Swedish
Angstrom index (Chandler et al., 1983) and the McArthur index
primarily used in Australia (Noble et al., 1980). All of these
indices are calculated on a daily basis, but the recording time
of the meteorological input data is not identical (see Table 1),
depending on the practice of the national weather services. For a
detailed description of the respective methods, see original publi-
cations.

The indices differ also in many other respects: their complexity
ranges from the relatively simple Angstrom index for which only
noon temperature and relative humidity is needed, to the very com-
plicated M-68 index, where information about precipitation, wind
speed, snow cover and phenology is also taken into account. Some
of the indices (e.g. FWI, McArthur) do not only include relationships
between weather conditions and fire activity but also between
weather and soil moisture. Moreover, the Canadian system with
its sub-indices also predicts distinct elements of fire activity, such
as fire ignition, spread, and intensity.

Very simple indices designed to assess fire ignition probability
considering only day-to-day weather conditions (Angstrom) can
also be distinguished from cumulative indices that consider mete-
orological conditions or fuels over longer periods (Baumgartner,
M-68, Nesterov).

Most fire indices are based on empirical models and are there-
fore adequate only for the specific type of climate or vegetation
where they were developed. Transferring fire indices from one
region to another one can be critical in some situations and has to be
undertaken with caution. This has been shown in some compara-
tive studies (e.g. Viegas et al., 1999; Weibel, 2009) where different
indices were applied in different regions in Europe. However, in
our analysis we  do not intend to identify the best suited index for
the different Alpine regions. Rather, all seven indices were calcu-
lated for all regions and used only to derive relative temporal trends
(slopes of regression lines) of meteorological forest fire danger. By
using this large number of potential indices and their temporal
trends, we do not face the problem of comparing several different
locally adapted indices.

2.3. Statistical analysis

After the index calculation the dataset comprised daily indices
for all 25 stations and for the whole 60-year period. To handle this
high amount of information we decided to perform a percentile
analysis on an annual basis. Hence, various percentiles (50th, 75th,
90th, 95th, and 99th) of the statistical index distributions were

computed for each station and year. As an example: the 95th per-
centile of the FWI  in Ljubljana (SA region) had values of 15.7 in
1951 and 20.4 in 2010. Since the fire seasons are quite variable
within the Alps (April–October in regions NA, IA; December–May

http://www.zamg.ac.at/histalp
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Fig. 2. Annual mean temperatures (thin lines) and annual average daily maximum temperatures (bold lines) in the four study areas Western Alps (WA), Northern Alps (NA),
inner  Alpine area (IA) and Southern Alps (SA). Numbers indicate the temperature change from 1951 to 2010 based on a linear regression for Tmax (upper number) and Tmean

(lower number), respectively. The p-values as a measure of significance are also given.
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Fig. 3. Annual precipitation sums (gray bars) and number of days with precipitation (bold lines) in the four study areas: Western Alps (WA), Northern Alps (NA), inner Alpine
area  (IA) and Southern Alps (SA). Numbers indicate the changes of precipitation sums (upper numbers) and precipitation days (lower numbers), respectively, in 1951–2010
based on linear regressions. Additionally also the p-values as a measure of significance are given.

Table 1
Description of the fire danger indices used, including name, region or vegetation that the index was originally developed for, meteorological input parameters and observation
time.  The abbreviations for the meteorological parameters are: T (temperature, ◦C), H (relative humidity, %), P (precipitation, mm), U (wind speed, m/s or km/h), S (snow
depth,  cm). The last column indicates whether the index is accumulated over a time period.

Index name Region/vegetation Input data Time Cumulative

Baumgartne Germany T, H, P, U Daily, at 2 pm Yes
M-68 Germany/Pine forests T, H, P, U, S, Phenology Daily, at 1 pm Yes
FWI  Canada/Pine forests T, H, P, U, S Daily, at 12 pm Yes
FFMC Canada/Pine forests T, H, P, U, S Daily, at 12 pm Yes
Nesterov Russia T, H, P, S Daily, at 1 pm Yes
Angstrom Sweden T, H Daily, at 1 pm No
McArthur Australia/Eucalyptus forests T, H, P, U Daily, at 3 pm Yes
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yearly averaged meteorological forest fire danger, the 95th per-
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he analysis is based on regional averages calculated as a simple
rithmetic mean of the index values of the respective stations in
ach region. Figs. 4 and 5, containing the individual station val-
es in addition to the regional average (first data points in each
anel), demonstrate that regionalization is justifiable. Addition-
lly, a calculation of the temporal autocorrelation of residuals was
one as a basis for the significance tests. Since there was  no signifi-
ant autocorrelation in the time series of annual forest fire indices,
e calculated temporal trends as linear regressions of the annual
ercentiles. The p-values of the regressions were used as indica-
ors of the strength of the trends, according to a threshold value
f 0.05. Furthermore, the residuals for all indices were more or
ess normally distributed which justifies the use of this classical
pproach. However, the very different dimensions of the indices
ere problematic. For instance: the Nesterov index in Ljubljana

aried between 0 and 12,000, whereas the FWI  only had values
etween 0 and 146 Hence we normalized the index values by a
ivision by the average percentile value over the whole time period
efore calculating the slopes of the regression lines. Additionally,
he sign of the slopes of some indices (Baumgartner and Angstrom)
ad to be changed to ensure that a positive slope implies an increase
f meteorological forest fire danger.

A positive shift of an index can be induced either by higher abso-
ute index values or by an increase of days with elevated index
alues. To pick out whether the number of days with meteoro-
ogically high fire danger has changed during the past six decades
he 95th percentile of the whole time period was  calculated for
ach index and was used as our threshold for such events. Hence,
e counted the number of days exceeding this threshold for each

ear and for each index. We  then averaged over the seven different
ndices and did a linear regression over the past 60 years.

Furthermore, we also looked at changes in the occurrence of
xtreme index values (highest index value per year in each region)
ver the past 60 years. Since traditional statistical approaches are
ot always adequate for analyzing extreme events, we applied the
xtreme values statistics to our fire danger database (e.g. Moritz,
997; Beverly and Martell, 2005). Here the occurrence rate of
xtreme values is described by the tail of a probability distribu-
ion, which can be approximated by using the generalized extreme
alue distribution GEV (Embrechts et al., 1997; Coles, 2001). A
tandard approach in extreme value statistics describes the prob-
bility distribution of the most extreme values within a block of
onsecutive data points (block maxima method). Hence, we cre-
ted for each index a time series of the highest annual index value
block length of one year) in all four regions. To convey infor-

ation about the likelihood of rare events we used the concept
f return levels and return periods. The return level is defined
s the minimum standardized anomaly that is expected to be
xceeded in a pre-specified number of years. Alternatively, the
eturn period is the number of years one should expect to wait
or exceedance of a particular return level. The two inverse indices
aumgartner and Angstrom have been transformed to ensure that

 high return level implies a high fire danger. To assess tempo-
al trends in extreme values we split the 60-year periods into
wo sub-periods of equal length (1951–1980, 1981–2010). The
eneralized extreme value models were fitted with the R pack-
ge ismev (Stephenson, 2010), the plots were created with the
xtRemes toolkit (Gilleland et al., 2010; Stephenson and Gilleland,
006).

In the statistical comparison between calculated meteorologi-
al fire danger and observed forest fires in Section 3.3 we applied
 multiple linear regression. Hence, the trend in number of fires
s calculated as a function of time (year) and the meteorological
re danger. Thus, we can better distinguish between anthro-
ogenic and meteorological effects in the observed forest fire
rends.
teorology 162– 163 (2012) 1– 13

3. Results and discussion

3.1. Climate data

Before discussing trends in forest fire danger we start by assess-
ing how long-term temperature and precipitation trends in the
respective regions have developed under recent climate change.

3.1.1. Temperature
Trends of annual mean temperatures (thin lines) and annual

average daily maximum temperatures in the time period
1951–2010 are displayed in Fig. 2 for each of the four regions
described in Section 2.1.  The four regions were characterized by
different temperature regimes, with annual mean temperature
ranging from 6.6 ◦C (for the climate normal period 1971–2000) in
the inner Alpine region (IA) to 10.5 ◦C in the Southern Alps (SA). The
strong differences can partly be attributed to the high altitudes of
the stations in the inner Alpine area. Comparing the individual sta-
tions, the spread in annual mean temperature was between 3.0 ◦C
in Obergurgl at 1938 m (IA region) and 16.1 ◦C in Venice on the
Adriatic Sea (SA region).

Annual mean daily maximum temperatures (bold lines) were
highest in the Western Alps (WA, 15.5 ◦C) and lowest in the inner
Alpine region (IA, 11.6 ◦C). However, from Fig. 2 it is clear that
the signal of climate change was  quite similar in the different
regions: The strongest temperature increase occurred from the
end of the 1970s/beginning of the 1980s onwards and can be
mainly attributed to forcing by greenhouse gases (IPCC, 2007).
Mean annual temperature increase in the 60 years under considera-
tion was  between 1.1 ◦C in the IA region and 1.7 ◦C in the WA region.
These trends were all statistically significant (p < 0.02). Surprisingly,
the inner Alpine area exhibited a comparatively low temperature
increase, because higher mountain areas are usually expected to be
more strongly influenced by climate change than the surrounding
flatlands (IPCC, 2007). At this point it has to be mentioned that the
stations were not tested regarding homogenization. Hence, some
stations in or near cities (Geneva, Zürich, Munich; Reinhard et al.,
2005) were possibly more affected by urbanization and consequent
temperature increases than meteorological stations in small Alpine
valleys (e.g. Obergurgl in the IA region).

Because maximum temperatures are essential in assessing
forest fire danger we  also included average daily maximum tem-
peratures in Fig. 2. These were also subject to a very pronounced
increase (all p < 0.02) over the past six decades, but the differences
between regions were not as large (between 1.3 ◦C and 1.6 ◦C) as
for the mean temperatures. This confirms the theory of inhomo-
geneous station series, because urbanization primarily influences
night temperatures and has a relatively low effect on maximum
temperatures. Nonetheless, the strongest warming for this param-
eter also occurred from the late 1970s onwards.

3.1.2. Precipitation
Fig. 3 shows the precipitation climatology for the four regions

in the Alps. As with the temperature analysis in Fig. 2, precipita-
tion characteristics varied markedly between the regions. The mean
regional annual precipitation sum differed between 768 mm  (aver-
aged over 1971–2010) in the driest region (WA) and 1324 mm in
the Southern Alps. The station with the highest annual accumulated
precipitation was Locarno (1800 mm)  on the southern slopes of the
Swiss Alps, and the lowest was  Sion (580 mm)  located in a deep val-
ley in the Western Alps. Generally, stations in deep valleys of the
main Alpine crest (Umhausen, Obergurgl, etc.) were characterized

by low precipitation sums due to strong rain-shadowing effects
of the high surrounding mountains. In contrast, stations south of
the Alps exhibited extraordinarily high precipitation sums due to
effective orographic precipitation enhancement in connection with
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outherly flows (e.g. trough (low pressure system) over Western
urope). The seasonal precipitation distribution differed between
he Alpine regions. While the greatest precipitation north of the
lps usually occurred in summer (convection), autumn and win-

er were the seasons with highest precipitation amounts south of
he Alps. The long-term trends of precipitation sums in Fig. 3 were
ot as clear as for the temperature analysis. The upper numbers in
his figure show the relative change of annual precipitation sums
ased on a linear regression over the past 60 years. No clear precip-

tation trend was evident for the regions, except for the Southern
lps (SA). Here a slight decrease of about 8% in annual precipita-

ion (p = 0.02) was observed which corresponded to a reduction of
bout 100 mm in absolute quantity. These findings are consistent
ith other studies (Rebetez, 1999; Schmidli and Frei, 2005) where

he overall Alpine precipitation did not exhibit a significant trend,
xcept in the Southern Alps.

In addition to the amount of precipitation, the temporal distri-
ution of rainfall events is also considered to be crucial for assessing
eteorological forest fire danger. Hence, the trends of days per

ear with gaugeable precipitation (>0.1 mm)  are indicated by the
old lines in Fig. 3. Precipitation was most frequent in the NA and
A regions (average 170 days/year). In contrast, an average of 130
ays/year was recorded in the Western Alps and Southern Alps.
evertheless most precipitation fell in the SA region. Thus, this

egion was characterized by extremely heavy precipitation events
predominantly in autumn and early winter) and prolonged dry
pells in summer. As for precipitation sums, only the SA region
evealed a statistically significant trend (p = 0.04) with a decrease
ver the past 60 years by about 9% or 12 days/year in absolute num-
ers. The linear regression for the WA region (upper left panel in
ig. 3) indicates an increase of precipitation days of about 8%, but
his trend was not significant (p = 0.09).

.2. Forest fire danger trends

.2.1. Mean forest fire danger
The statistical analysis of the 50th percentile for the three sta-

ions in the WA region (upper left panel in Fig. 4) revealed an
ncrease in the mean annual forest fire danger during the last 60
ears from 0 to 0.02 in normalized numbers. Only at Geneva (G)
id one index (Baumgartner) increase considerably more (0.042).
or a better understanding of these normalized slopes the follow-
ng example is given: a slope of 0.01 for the median of the Nesterov
ndex in Geneva means an increase of the index during the past six
ecades from 112 to 184, thus by about 1% per year.

The variation between the trends in indices in the WA region
as quite small and nearly all indices showed a positive trend. The
roportion of significant trends was very high (5 or 6 out of 7), only

n Sion some trends in indices were not significant.
The situation in the Northern Alps (NA) was different. Even

hough the differences between the indices were quite small
egarding the regional mean, the variation within the eight stations
as quite high. Additionally, the signs of the slopes were also differ-

nt. At Garmisch (Ga) and Zürich (Z) the 50th percentile of 6 out of 7
ndices decreased during the study period, but most of these trends

ere not pronounced (p > 0.05). For all other stations the majority
f the indices exhibited a slight increase of the mean annual fire
anger, but the slopes were lower than in the WA region. In addi-
ion, the proportion of significant trends was less than in the WA
egion, except for Munich where all indices had clearly increased.
o summarize, the mean fire danger trend in the NA region was not
onsistent between stations, but overall a slight increase (<0.01)

as observed during the past 60 years.

The situation in the IA region was similar, but even more stations
ad a negative trend. In particular, at Aigen (A) and Bad Gastein
B) in Austria, most indices decreased. Trends at the high elevated
teorology 162– 163 (2012) 1– 13 7

station of Obergurgl (O, 1938 m)  were not clear, with pronounced
differences between indices. The stations in the vicinity of Ober-
gurgl (St. Anton (Sn), Umhausen (U)) confirm this ambiguous signal.
For the IA regional mean it is obvious that the mean annual fire dan-
ger in the central Alps has not substantially changed during the 60
years under consideration.

The clearest pattern is given for the region south of the Alps (SA)
where the mean fire danger at nearly all stations strongly increased.
At Milano (Mi) and Starse (St) increases were very high with nor-
malized values up to 0.03. Moreover, the proportion of significant
trends was  the highest of all four regions. Only Locarno (Lo) did not
show many pronounced index trends.

An examination of meteorological data in the Southern Alps
reveals that the fire-relevant parameters precipitation and espe-
cially humidity have decreased in a non ambiguous way  at all
stations. Hence, the regional mean in the Southern Alps indicates
positive slopes for all seven indices, with a maximum value of 0.03
for the German Baumgartner index. This is equivalent to a relative
enhancement of this index of more than 80% over 60 years.

Comparing the slopes of the different indices, the two German
indices Baumgartner and M-68 generally revealed the highest pos-
itive values in all four regions. This can primarily be explained by
a pronounced temperature dependency of these two indices. Since
temperature is the parameter that has changed most distinctively
in recent decades, the slopes of these two indices are especially
high. The indices with the smallest slopes were generally the Aus-
tralian McArthur and Swedish Angstrom index, which both strongly
depend on humidity and precipitation, respectively.

3.2.2. Days with high forest fire danger
The number of days with exceptionally high meteorological fire

danger was  assessed by the 95th percentile, hence the top five % of
daily index values during a year. The trends for the three stations
in the Western Alps and the WA regional mean are displayed in the
upper left panel in Fig. 5. Note that the scale of the y-axis is different
from Fig. 4. All stations in this region showed positive trends with
slopes up to 0.02, which is comparable to the mean trends in Fig. 4.

The spread within WA stations was quite small and the Baum-
gartner index again had the strongest increase. The regional mean
(WA) confirms the slight increase in high fire danger events during
the past 60 years in the Western Alps. A rise in the 95th percentile
of an index can be caused in two  different ways. Either it is possible
that the number of days with high forest fire danger has increased
or higher absolute index values could have led to an increase of
the percentile values. Possible changes in the number of days with
elevated fire danger will be the topic of the analysis in Section 3.2.3.

The pattern in the NA region was quite similar. The 95th per-
centiles at most of the NA stations had increased significantly with
slopes between 0 and 0.02. For example, in Munich (M,  slope of
0.01) the 95th percentile of the FWI  increased from 6.0 in the 1950s
to 8.9 in the 2000s which corresponds to an increase of almost 50%.
However, the regional mean for the Northern Alps shows a posi-
tive slope with values that are definitely higher than in Fig. 4. This
implies that high fire danger events in this region have increased
more during recent decades than the mean annual fire danger did.

The IA regional mean of the 95th percentile in the inner Alpine
area also slightly increased for most indices. The greatest rise was
observed for the M-68 index with a normalized value of 0.01. There
are distinct differences between stations in this region. As for the
mean fire danger in Fig. 4, the trends at Aigen (A) and Bad Gastein
(B) were not consistent, and the proportion of significant trends

was quite low. In contrast, the high fire danger events at Innsbruck
(I) and St. Anton (Sn) have strongly increased with slopes of more
than 0.01. The situation at the high-altitude station Obergurgl (O)
is ambiguous.
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The region with the strongest increase was again the region
outh of the Alps (lower right panel in Fig. 5). The SA regional
ean of the slopes was generally high for all indices, taking val-

es between 0.005 and 0.01 which relate to 60-year increases of
etween 40% and 70% in relative numbers. Only the McArthur

ndex changed less, but trends for all seven indices were statis-
ically significant. A comparison of the SA regional mean values of
he 95th percentile with those of the median in Fig. 4 reveals that
he slopes are more or less of the same magnitude. The eight indi-
idual stations within this region show a quite consistent pattern.
n particular, at the easternmost station Starse (St) the 95th per-
entile changed very markedly, with a maximum value of 0.03 for
he M-68 index.

In summary of the 95th percentile, all four regions revealed a
ronounced increase of the meteorological fire danger with the
ighest slope rates in the Southern Alps. Comparing these indices,
he German indices Baumgartner and M-68 showed the greatest
hanges and the Australian McArthur index the smallest which
an be attributed to the different characteristics of the indices. The
ange of the slopes (<0.02) is comparable with those of the 50th
ercentile in Fig. 4, but the proportion of significant trends for the
5th percentile is slightly higher than for the median. Moreover,
here are only a few stations with a negative slope in Fig. 5, which
mplies that the trend toward more and stronger fire danger events
s quite general across the whole Alpine area.

.2.3. Frequency analysis
To assess temporal changes in the frequency of extreme fire dan-

er days we used two different approaches. Firstly, we calculated
he annual number of days above a certain threshold (the 95th per-
entile for the whole 60-year period) for the regional means (Fig. 6).
econdly, we applied extreme values statistics to calculate return
eriods of extreme index values in each region (Fig. 7).

The upper left panel in Fig. 6 shows that in the WA  region 3 years
ith an exceptionally high number of days with elevated mete-

rological fire danger have occurred (1953, 1962 and 2003). The
aximum number was reached in 1953 and 2003, when around 60

ays exceeded the overall 95th percentile in this region. All three
ears were very dry with extreme hot summers and scarce precip-
tation events. In some years (e.g. 1977, 1978) the indices barely
eached the threshold on any day.

The 1960s and 1970s were generally characterized by low forest
re danger in the Western Alps. The linear regression line for this
egion produces a positive slope of 0.08 days/year, which equates
o an increase of 5.1 days during the whole period. However, this
rend shows a low statistical significance with a p-value of 0.34.

The situation in the Northern Alps (NA) is a little different. The
ears with the highest number of extreme fire danger days occurred
n 1976, in the early 1990s (1990, 1992) and in the extraordinar-
ly hot summer of 2003. In these years between 40 and 50 days
xceeded the 95th percentile threshold, thus the peaks are dis-
inctively lower than in the WA  region. In general, the fire danger
n this region was quite low compared to the other regions. The
alue of the 95th percentile of the FWI, for example, was 8.3 in
he NA region; distinctly lower than in the WA  region (13.9). This
s mainly due to the high precipitation sums and the very fre-
uent precipitation events north of the Alps. The variance between
ears is also very high. After the extreme year 2003 with more
han 40 days exceeding the threshold, the weather in the following
ear 2004 was not very favorable to forest fires and hence only 7
ays exceeded the threshold. The linear regression for this region
howed that the number of extreme fire danger days has increased

rom an average of 13 days per year in the 1950s to 23 days per
ear in the 2000s, which corresponds to an increase of 76%. Even
hough the variance between years is quite high, the long-term
rend is statistically significant (p = 0.03).
teorology 162– 163 (2012) 1– 13

The trends in the 95th percentile for the regions WA and NA are
similar (see Fig. 5), but the number of days with high fire danger in
region NA increased twice as much as in the WA  region (Fig. 6). This
implies that extreme index values have changed more in region
WA, while in the NA region the number of fire danger days has
considerably increased.

The results in Fig. 5 have shown that the IA region is char-
acterized by a relatively weak climate change signal in the
meteorological fire danger and by a high variance between stations.
This is confirmed by the analysis summarized in Fig. 6. The slope of
the regression line is the lowest of all four regions. At some stations
(e.g. Obergurgl, Umhausen) a negative trend was even observed.
The absolute maximum occurred in 1976 (45 days), which was
characterized by an extreme dry spring in the inner Alpine
valleys.

The clearest and strongest trend was observed at stations in the
Southern Alps (SA). In the first 30 years of our investigation the
annual number of days was mostly below 20, only in some years
(1961, 1962) reaching values around 30. After 1980 the frequency
of fire danger days has distinctly increased with numbers above 20
in most years. The increase in high fire danger events is consistent
with the pronounced temperature increase during the last 30 years
(see Fig. 2). The absolute maximum in this region occurred in the
extreme summer of 2003 when more than 60 days were classified
as high fire danger days in our analysis. The slope of the regression
line, which was statistically highly significant (p < 0.01), was 0.38
days/year which corresponds to an increase of 23 days over the
last 60 years. This rise is impressive, because the most recent three
years were quite wet  and therefore not so favorable for high fire
danger south of the Alps. In this analysis it should be noted that the
95th percentile threshold for the SA region was  the highest of the
four regions (e.g. 14.9 for the FWI).

The generalized extreme values return level plots for the dif-
ferent fire danger indices are displayed in Fig. 7. A comparison
between the white (1951–1980) and the black (1981–2010) line
reveals shifts in the extreme value distributions in the four regions
under consideration. For example, the Baumgartner index of 40 in
region WA had a return period of 70 in the time period 1951–1980
and a return period of 8 in the recent 30 years, which indicates that
such an event has become much more frequent in this region. The
return periods of the Baumgartner index have also decreased signif-
icantly in the SA region, while in the Northern Alps and in the inner
Alpine region the two lines are very close. For the other indices the
signal is quite similar, with decreasing return periods especially in
the WA region and south of the Alps. Interestingly also in the IA
region the annual extreme values of 5 out of 7 indices were higher
in the recent 30 years than in the period 1951–1980, which rep-
resents a significantly higher proportion than for the slopes in the
95th percentile in Fig. 5. In the NA region the two  lines are generally
very close which confirms the weak trends of the percentile anal-
ysis. The shading in Fig. 7 shows the 95% confidence interval, but
especially for high return periods it should not be over-interpreted
because it represents the edges of the generalized extreme value
distributions.

To summarize the results of this frequency analysis, the pro-
nounced temperature increase over 60 years due to global warming
has resulted in an enhancement of the occurrence of days with
exceptionally high fire danger in all four regions, with the strongest
trends in the Western and Southern Alps.

3.3. Comparison with fire data
The results presented so far have referred to a potential fire dan-
ger based on data from weather stations or calculated fire weather
indices and do not necessarily correspond to actual forest fires.
A specific analysis of the various indices against historical forest
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res is beyond the scope of this paper (see e.g. Viegas et al., 1999),
ut to assess our achieved results we compare the index values
ith long-term datasets of observed fires. At this point it has to

e mentioned that the acquisition of forest fire data in the Alps
s encountered with difficulties because each country (sometimes
ven region) has its own reporting system with different regula-
ions. Hence, we can make a comparison with observed fires only
or some selected pilot areas. Our study areas in this context are
he Swiss canton Valais which contains the station Sion in the

A region, Bavaria in southern Germany, a region that is located
orth of the Alps and that contains some of the stations in the NA
egion in Fig. 1 (Munich, Traunstein, Garmisch-Partenkirchen) and
he Swiss canton Ticino, which is located south of the Alps and
ontains the station Locarno in the SA region. The forest fire data
f Switzerland were collected by the cantonal forest services and
entralized into a database by the Swiss Federal Institute for Forest,
now and Landscape Research WSL  (Pezzatti et al., 2010). In Bavaria
he forest fire dataset was collected by the Bavarian State Ministry
f Food, Agriculture and Forestry (Bayerisches Staatsministerium
ür Ernährung, Landwirtschaft und Forsten) and was published in
nnual reports. Unfortunately, we lack fire data from a pilot area
n the inner Alpine region, because no long term records of forest
res are available in Austria (archived only since the 1990s, incom-
lete). But the forest fire data of the pilot area Valais can somehow
lso be considered as representative for the inner Alpine region,
ecause this canton is quite large and its eastern part shows distinc-
ive characteristics of an inner Alpine valley with low precipitation
ums and comparatively high summer temperatures (Zumbrunnen
t al., 2009).

Fig. 8 shows the annual sum of forest fires and the respective
urned area in Valais, Bavaria and Ticino. The Swiss canton Valais

s generally a region with very few forest fires. On average in the
ast 60 years 9 forest fires have occurred per year burning an area
f about 30 ha. On the other hand, looking at the bars and the black
ine in Fig. 8 also shows that in some years (1979, 1981 and 2003)
ery big (for Alpine conditions) fires have occurred burning sev-
ral hundred hectares. The absolute maximum occurred in 1981
hen only 4 fires burned nearly 500 ha. The formation of such big

res can be explained by the usually low occurence of fires (moder-
te fire-fighting capacities), the coniferous vegetation types more
rone to crown fires and the steep topography, which causes addi-
ional difficulties in fire-fighting (bad accessibility). The correlation
riod. The four panels represent the four regions Western Alps (WA), Northern Alps
al trends based on linear regression. Numbers indicate the absolute change in the

 respective statistical significance (lower numbers).

between the number of forest fires and the area burned is generally
quite low (0.21, p = 0.10).

In Bavaria, in the last 60 years on average 95 forest fires have
occurred per year burning an area of about 60 ha. But the varia-
tion between years is very high with values ranging from less than
20 fires burning only 10 ha (2008) to more than 350 fires burning
almost 220 ha (1976). The characteristics of the bars and the thick
black line in Fig. 8 reveals a positive relationship between number
of fires and burned area. The correlation coefficient between these
two variables is 0.74 and the relationship is statistically highly sig-
nificant with a p-value < 0.01. This implies that the average size of
forest fires, which normally lies between 0.5 and 1.0 ha, has not
changed very much over the 60 years under consideration. Only in
years with very big (in a regional sense) forest fires did the average
fire size exceed 2 ha (1955, 1961).

In Ticino, the average number of fires per year was 68 and the
respective area burned 675 ha, thus more than 20 times larger
than in Valais and about 10 times larger than in Bavaria. This is
all the more remarkable considering that the forest area in Ticino
(1300 km2) is similar to that in Valais (1200 km2) and much smaller
than in Bavaria (25,000 km2). This fact underlines that forest fires
have been a considerably bigger problem south of the Alps. The
average size of forest fires in Ticino is about 10 ha (same dimension
as in Valais, 15 times that in Bavaria) but also here the varia-
tion between years is high. The absolute maximum occurred in
1973 when 180 fires burned more than 7200 ha of forest (trun-
cated in the figure). The correlation coefficient between number
of fires and area burned is 0.67 with a statistical significance
p < 0.01.

Comparing the fire statistics of Valais with the frequency analy-
sis for the WA region (Fig. 6) reveals a quite low correlation between
observed fires and calculated meteorological fire danger. Many of
the years with an extreme high number of forest fires (1956, 1957,
1962, 1990, 1996 or 2003) do not show an exceptional high num-
ber of days above our 95th percentile threshold. Only in the year
1962 and in the very hot summer 2003 a large number of high fire
danger days resulted in many forest fires burning a large area. On
the other hand, in some years with an exceptionally high meteo-

rological fire danger (e.g. 1953, 1998) only very few fires occurred
(7, 16). To assess the statistical relationship between meteorolog-
ical fire danger and observed fires we calculated the Spearman’s
rank correlation. The correlation coefficients with meteorological
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ig. 7. Generalized extreme value return level plots for the different fire danger in
he  time period 1951–1980, the black line with the white circles to the period 1981

re danger in Valais are quite low with values of 0.41 for number
f fires and 0.39 for the area burned with statistical significances of
.002 and 0.003, respectively.

In the frequency analysis for the NA region (Fig. 6) the years
976, 1990, 1992 and 2003 were characterized by an exceptionally

arge number of days (more than 40) above our 95th percentile
hreshold. These peaks can mostly also be found in the fire statistics
n Fig. 8. The two years with the highest burned area in Bavaria were
976 and 2003 with 220 and 210 ha, respectively. There were 350

res in 1976 and 185 in 2003. The agreement between calculated
re danger and observed fires is also quite good for the 1990 peak

n Fig. 7. In this year the number of fires (180) and the area burned
105 ha) were considerably higher than in the previous years. Only
n the 4 regions under consideration. The white line with the black circles refers to
. Shading indicates the respective 95% confidence intervals.

the local maximum in the calculated fire danger in 1992 cannot be
found in the historical fire statistics.

The agreement with the forest fire danger indices in Bavaria is
not so good in years with a low number of recorded fires. Most of
the local minima in Fig. 8 (e.g. 1965, 1978, 1994 and 1995) are not
apparent in Fig. 6. This can be explained by the nature of forest fire
ignition. As the large majority of forest fires (>95%) in this study area
are caused by human activities, the annual number of fires strongly
depends on factors other than meteorological ones. Hence, the fact

that in one year only a few fires have been observed does not imply
that the fire danger was generally low during the whole fire season.
It is also possible that the number of ignitions during the periods of
high fire danger was very low due to public warnings, prohibitions,
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avaria (Ba) in the Northern Alps and Ticino (Ti) in the Southern Alps.

tc. In contrast, in years with an exceptionally high area burned
y forest fires the meteorological conditions also have to be favor-
ble because without high temperatures, strong winds, etc. it is
ot usually possible to create numerous big fires. Looking at the
pearman’s rank correlation coefficients between meteorological
re danger and observed fires reveals quite low values with 0.41

or the number of fires and 0.18 for the area burned with statistical
ignificances of 0.003 and 0.168, respectively. These low correla-
ions underline the strong anthropogenic influences on forest fires
n this pilot area.

The correlation between observed fires and calculated fire
ndices in Ticino is generally low. Neither the extreme fire year
973 nor the other local maxima in 1962, 1965 and 1990 can be
ound in the frequency analysis for region SA in Fig. 6. Hence, the
ank correlation coefficients with meteorological fire danger are
lso very low with values of 0.12 for number of fires and −0.14
or the burned area. Neither of these relationships is statistically
ignificant. Besides the above mentioned anthropogenic reasons,
he seasonal distribution of forest fires also plays a decisive role in
his context. South of the Alps forest fires mainly occur during the
on vegetative season (winter season and in early spring, between
ecember and April) when precipitation amounts are low and leaf
nfolding has not yet started (Rebetez, 1999). Moreover during
hose months many regions south of the Alps are also character-
zed by several days with strong gusts of a katabatic (descending)
ry wind from the north (foehn), which causes drops in the rela-
ive humidity to values as low as 20%. However, the majority of the
ndex values in this period are generally lower than in summer due

o the low temperatures. For instance, in a year with a dry win-
er and many forest fires (e.g. 1973) our frequency analysis did not
eveal a local maximum because the 95th percentile threshold was
arely reached in winter. Hence, we repeated the statistical analysis
 ha, gray bars) for the time period 1951–2010 in Valais (Va) in the Western Alps,

separately for vegetative and non vegetative periods. The rank cor-
relation coefficients in the vegetative period were now significant
(0.61 and 0.45) and the local maxima in the calculated meteorologi-
cal fire danger (1976, 1990, 2003 and 2007) can also be found in the
fire statistics. At this point it has to be mentioned that the percent-
age of naturally occurring forest fires (by lightning) in Ticino is very
high during the summer season (up to more than 30%). In this region
lightning-induced fires are originated by the thunderstorms devel-
oping also during dry summer months, and occur comparatively
at higher elevations, on steeper slopes and mainly in coniferous
vegetation types (Conedera et al., 2006).

Looking at temporal trends in Fig. 8 shows a slight increase in
Valais for both, the number of fires and the area burned. A linear
regression (not shown) reveals an increase in the number of fires
from 8 in the 1950s to 10 (+25%) in the last decade and a respec-
tive increase from 22 ha to 39 ha (+70%) in the area burned, both
trends being not statistically significant (p > 0.05), Hence, the posi-
tive trend in the meteorological fire danger in the WA region could
also be found in the observed forest fire statistics. Pezzatti et al. (in
press) suggest that the increase in forest fires in Valais may  be due
mainly to the land use change in the 1950s, when livestock grazing
in forests and litter collection were progressively abandoned, and
to an increment in forest area and the increase in number of days
with high fire weather danger later in the 1980s.

The slope of the regression line (not shown) in Fig. 8 would
clearly be negative for the region NA. During the past six decades
the annual area burned by forest fires in Bavaria has decreased
(p = 0.03) from around 95 ha in the 1950s to less than 25 ha in the

last decade, which corresponds to a relative decrease of more than
75%. The annual number of forest fires also has a significantly nega-
tive trend. From 130 fires on average in the early 1950s the number
has continuously decreased to less than 60 fires in the 2000s. These
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rends in the historical forest fire database in Bavaria are in sharp
ontrast to the positive slope of the meteorological fire danger.
easons for these contrasting trends can again be found in the
ature of forest fire ignition. The number of fires and especially
he area burned by forest fires in Bavaria is strongly dependent
n anthropogenic factors as well as meteorological conditions. An
xamination of ignition sources, which were also recorded in the
re database, revealed that in the first few decades after the Second
orld War  a large proportion of fires were caused by the military.

 reduction of military exercises, improved technical equipment
nd better preventive measures have led to a clear reduction in the
umber of forest fires ignited by military actions. Furthermore, the
echnical progress in public transport (a switch from steam to diesel
nd electric locomotives) is another reason for the decrease of forest
res in Bavaria. Human behavior has also clearly changed over the
ast decades. Fire clearance was a common silvicultural practice

n Germany in the 1950s, 1960s and 1970s. Currently, this method
s used rarely and only on a small scale. Public warnings and tem-
orary prohibitions of e.g. barbecue, naked flames, etc. in periods
ith high fire danger have also resulted in a moderation of human

ctivities. Last but not least, technical progress has improved the
fficiency of the fire suppression system. New technologies (e.g.
elicopters, fire trucks, etc.) and enhanced tools for extinguishing
res (more powerful fire engines, pumps, nozzles, etc.) are a few
xamples of faster and more efficient fire fighting practice. Fur-
hermore, an increased population density and a higher mobility
f people have also substantially improved forest fire detection
ver the past decades. All this has resulted in a decreasing num-
er of forest fires and area burned, even though the meteorological
re danger has increased significantly over the past decades due to
limate change

A multiple linear regression, where the number of fires is calcu-
ated as a function of time and meteorological fire danger, revealed

 negative coefficient for the variable time (the above-mentioned
nthropogenic reasons) and a positive coefficient for the meteo-
ological variable in Bavaria. The p-values of both variables are
0.01 and the multiple correlation coefficient for this model is 0.71.
his shows that there is a significant positive relationship between
eteorological fire danger and observed fires in Bavaria, but this

rend is counterbalanced by a decreasing trend of anthropogenic
aused ignitions.

The temporal trend of observed forest fires in Ticino in the
outhern Alps is not linear; with an increase in number of fires and
urned area until the 1970s and a subsequent general decrease.
he increase at the beginning of our data series has its origin in
mportant socio-economic and land-use changes starting in the

id-1950s, with the abandonment of extensive agriculture and
he related forest litter management (Pezzatti et al., in press). The
ecrease in the past three decades can be traced back mainly to
he fire brigades reorganization, fire prevention measures in case of
igh fire danger and a legal act regarding the interdiction of burning
arden debris in the open (Pezzatti et al., in press). Regarding only
orest fires in the summer season, there has been a slightly positive
rend over the past 40 years in Ticino (high percentage of natural
gnition causes). The multiple linear regression (made only for the
ime period 1971–2010) revealed a negative correlation between
umber of fires and time and a positive relationship between num-
er of fires and meteorological fire danger. Both correlations are
ignificant and the multiple correlation coefficient for this model
s 0.61. Hence, also in the region south of the Alps an increasing

eteorological fire danger is associated with more forest fires.
. Conclusions

The results of our study indicate that global warming due to forc-
ng by greenhouse gases does not have a homogeneous impact on
teorology 162– 163 (2012) 1– 13

the Alpine climate. While temperatures during the past 60 years
have increased area-wide, the signal of precipitation changes is
much more complex and variable on a small scale. In addition
to these two well investigated parameters (e.g. IPCC, 2007) global
warming may  also have an influence on many other meteorological
parameters such as humidity, wind or sunshine. Since the risk of a
forest being ignited (e.g. by human activities, lightning) is strongly
dependent on a combination of different meteorological condi-
tions (especially temperature, precipitation, wind and humidity)
it is extremely difficult to assess climatological changes in for-
est fire danger. Furthermore, forest fire danger also depends on
the composition of vegetation, litter, etc. which itself is altered by
increasing temperatures. One approach to integrate many of these
factors is to calculate statistical trends of forest fire danger indices.
The diversity of such indices is very large and therefore we picked
out only the most common ones (Baumgartner, M-68, FWI, FFMC,
Angstrom, Nesterov, McArthur). For a direct comparison of the dif-
ferent indices we  applied several conversions and adaptations.

As a first analysis we calculated an average mean annual fire
danger from the 50th percentile of each index distribution. The
slopes of the respective regression lines south and west of the Alps
were clearly positive indicating an increase in the mean fire danger
in these regions. The variation between stations in these regions
was quite low and a high proportion of the trends were statisti-
cally significant. The situation north of the Alps and especially in
the inner Alpine valleys was much more difficult to describe with
a high proportion of statistically non significant signals.

To find out whether the high index values have changed we ana-
lyzed the 95th index percentiles. At nearly every station a trend
toward higher index values was evident, with strongest slopes
again for the region south of the Alps. Only some stations in the
inner Alpine valleys and at the northern slopes of the Alps did
not change significantly during the past 60 years. To distinguish
whether the frequency of extreme forest fire danger events or the
absolute index values had changed, we also did a frequency analy-
sis. For this purpose we  analyzed the annual number of days above a
certain threshold (95th percentile of the whole period). Generally
the number of days with high index values increased across the
Alps, but the slopes in the inner Alpine area and interestingly also
in the Western Alps were very low. This implies that at the stations
in the Western Alps the frequency of dangerous days has changed
only slightly but these days have become more extreme. The sta-
tions south of the Alps again experienced the strongest changes.
This fact was underlined by the analysis of return levels of the high-
est annual index values, calculated by generalized extreme value
distributions.

We  compared our results to observed forest fires in three pilot
areas (Valais, Bavaria, Ticino). In Valais (Western Alps) the correla-
tion between meteorological forest fire danger and observed fires
was generally quite low, but the positive trend in the fire danger
indices could also be found in the forest fire statistics. In Bavaria
(Northern Alps) this correlation was generally quite good, but in
contrast to the meteorological forest fire danger, the observed fires
and also the annual area burned have significantly decreased over
the past 60 years. Since the majority of forest fires in this region
are ignited by human activities (accidental or deliberate) we  had to
search for the reasons of these contrasting trends in social changes.
Reduced military activity, replacement of steam power in public
transport, changing silviculture and a better public awareness (fos-
tered by forest fire danger warnings and prohibitions) have led to a
distinct decrease of forest fires in southern Germany even though
the meteorological conditions have become more favorable to for-

est fires.

The correlation between calculated indices and observed fires
south of the Alps was  considerably lower because here most
of forest fires occurred in winter when the meteorological fire
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anger is usually low. A multiple linear regression revealed that
n this region the positive trend in meteorological fire danger
ver the past decades was also counterbalanced by decreasing
nthropogenic ignitions.

The results presented in this paper are based on data from mete-
rological observations and indicate that recent global warming
as already influenced forest fire danger in the Alps. Most of the
hanges in forest fire danger occurred in the years after 1980 and
elated to a rapid increase of global temperatures. Outputs of var-
ous climate models predict an amplification of this trend in the
oming decades and, if no rigorous rethinking occurs, this will con-
inue into the far future. In a forthcoming study we intend to adapt
ur analysis to regional climate models to make long-term predic-
ions of forest fire danger in the Alpine area. Such predictions are of
eneral interest because adaptation strategies of the Alpine envi-
onment to changing climatic conditions have to be agreed soon in
rder to keep damage low.
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