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Abstract

Although the European Alps are one of the most investigated regions worldwide, maps depicting climate
change by means of climate classification are still not-existent. To contribute to this topic, a time series
of very high resolution (30 arc-seconds) maps of the well-known Koppen-Geiger climate classification
is presented. The maps cover the greater Alpine region located within the geographical domain of 4
to 19 degrees longitude and 43 to 49 degrees latitude. Gridded monthly data were selected to compile
climate maps within this region. Observations for the period 1800-2010 were taken from the historical
instrumental climatological surface time series of the greater Alpine region, HISTALP. Projected climate
data for the period 2011-2100 were taken, as an example, from the Rossby Centre regional atmospheric
model RCA4. Temperature fields were spatially disaggregated by applying the observed seasonal cycle of
the environmental lapse rate. The main results of this study are, therefore, 366 observed and predicted (two
scenarios) very high resolution Koppen-Geiger climate maps of the greater Alpine region covering the period
1800-2100. Digital data, as well as animated maps, showing the shift of the climate zones are provided on the
following website http://koeppen-geiger.vu-wien.ac.at. Furthermore, the relationship between the Koppen-
Geiger climate classification and the altitudinal belts of the Alps is demonstrated by calculating the boundaries
of the climate zones, i.e. the deciduous forest line, the mixed forest line, the forest and tree line (timber line)
and the snow line. The mean altitude of the potential timber line in the greater Alpine region, for example,
was calculated to be 1730 m by the end of the 19th century, 1880 m by the end of the 20th century and to lie
between 2120 and 2820 m by the end of the 21st century. The latter altitudes were projected for the greenhouse
gas scenarios RCP 2.6 (best case) and RCP 8.5 (worst case). The altitude of the timber line (and the other
boundaries of the altitudinal belts) is generally higher in the Western Alps, showing a clear west-east slope.
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1 Introduction

The European Alps are one of the most investigated
regions worldwide with respect to climate, climate
change and the impacts of climate change. Examples
of this includes a report of precipitation climatology
presented by FREI and SCHAR (1998) and mapped by
ScHWARB etal. (2000), temperature trends investigated
by BoHM etal. (2001) and the recent modelling study of
HASLINGER et al. (2016) which addressed future drought
probabilities. Of general interest is the alpine vegeta-
tion which is particularly sensitive to the effects of
climate change (GRABHERR etal., 1994; THEURILLAT
and GuIsAN, 2001). Spatio-temporal analysis of altitu-
dinal vegetation shifts, for example, was investigated
by Diaz-VARELA etal. (2007), while GOTTFRIED et al.
(2011) demonstrated the coincidence of the alpine-nival
ecotone with the summer snow line. The winter snow
line varies considerably under the influence of European
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temperature fluctuations (HANTEL and HIRTL-WIELKE,
2007), is located at an average altitude of 640 m and
is characterized by an upward shift of approximately
120 m per °C climate warming (HANTEL and MAURER,
2011).

Independent of these specific examinations, the sci-
entific community requires a simple method to describe
the climate or climate change of a specified region. For
this purpose, the Koppen-Geiger climate classification
in particular has proved successful. The generic climate
classification initially developed by Wladimir Koppen
(1846-1940) and Rudolf Geiger (1894-1981) was pre-
sented in its most popular version by KOPPEN (1936) and
has today been established as a multidisciplinary stan-
dard to characterize the climate of a region (RUBEL and
KoTtTEK, 2011). Applications of the Koppen-Geiger cli-
mate classification include investigations on: (1) the sub-
division of study sites according to climates such as for
micrometeorological flux measurements (MIZOGUCHI
etal., 2009) or for global river discharge (SANTINI and
DI PaoLa, 2015), (2) the extraction of climate zones
to assess vegetation coverage and biomass of temper-
ate deserts (ZHANG et al., 2016a) or the definition of the
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Mediterranean region to review post-wildfire soil ero-
sion (SHAKESBY, 2011), (3) the effect on human thermal
comfort by urban street configurations (RODRIGUEZ AL-
GECIRAS et al., 2016), (4) the effect of particulate air pol-
lution on human mortality in the USA (ZANOBETTI and
ScHwARTZ, 2009), (5) the composition of disease vec-
tors in Europe (BRUGGER and RUBEL, 2013), (6) the
habitat characterization of new species in South Amer-
ica (BELLINI and ZEPPELINI, 2008), and numerous other
studies.

While historical world maps of Koppen-Geiger cli-
mate classification were exclusively available as hand
drawn maps, e.g. in its latest version from GEIGER
(1961), early digital world maps were compiled to ver-
ify global climate models (MANABE and HOLLOWAY,
1975) and to depict the observed shift of climate zones
(FrRAEDRICH et al., 2001). The first digital dataset cover-
ing the observational period 1951-2000 was published
by KoTTEK etal. (2006). This dataset is publicly avail-
able via the website http://koeppen-geiger.vu-wien.ac.
at/ and paved the way for easy access to climate classifi-
cation in various research fields. Four years later RUBEL
and KoTTEK (2010) published a time series of Koppen-
Geiger maps depicting the shift of climate zones over
the 200-year period 1901-2100. These maps were cal-
culated from monthly temperature fields provided by the
Climatic Research Unit (CRU) of the University of East
Anglia (MiTcHELL and JONEs, 2005) and precipitation
fields provided by the Global Precipitation Climatology
Centre (BECKER etal., 2013; SCHNEIDER etal., 2014)
as well as from an ensemble of global climate model
predictions. Recently, various authors published simi-
lar Koppen-Geiger maps based on model outputs cal-
culated for the Climate Model Intercomparison Project
(CMIP) and the Paleo Model Intercomparison Project
(PMIP). CMIP maps were presented and discussed, for
example, by FENG etal. (2014), PMIP maps by Yoo and
RoHLI (2016) and ZHANG et al. (2016b), while WILLMES
etal. (2016) developed an open source software to cal-
culate Koppen-Geiger maps from the databases of both
projects.

Global climate classifications have also been ap-
plied to continental and regional scales, thereby gener-
ating valuable information in particular for life sciences.
Koppen-Geiger maps, for example, have been published
for Australia (CrROSBIE etal., 2012), Brazil (ALVARES
etal., 2013), South Africa (ENGELBRECHT and ENGEL-
BRECHT, 2014) and China (CHAN etal., 2016).

Here, the concept of climate classification is applied
to the greater Alpine region to depict the shift of cli-
mate zones during the 301-year period 1800-2100. Spe-
cial emphasis is placed on the spatial resolution of the
digital maps which were not only provided as pictures
but also as digital data. The latter were urgently re-
quired for many scientific applications. At present, re-
searchers may use either digital data available with a
spatial resolution of 0.5 degrees or less as provided by
the studies discussed above or can calculate their own
Koppen-Geiger maps from very high resolution tem-

F. Rubel etal.: The climate of the European Alps

Meteorol. Z., 26, 2017

perature and precipitation fields provided by HumAaNs
etal. (2005). The latter data are representative for the
period 1950-2000 and are provided with a spatial reso-
lution of 30" (30 arc-seconds). The goal of this paper is
to use the well-documented HISTALP database (AUER
etal., 2007), as well as model predictions from EURO-
CORDEX (JacoB etal., 2014), both spatially disag-
gregated, to compile a series of Koppen-Geiger maps.
These maps have the same spatial resolution of 30"’
than those of HumaNs et al. (2005), but have been cal-
culated as a 25-year running mean from homogenized
time series covering the period 1800-2010 and state-of-
the-art regional climate model predictions for the years
2011-2100.

2 Data and method

The greater Alpine region is defined as being located
between 4° and 19° geographic longitude and 43° to
49° geographic latitude. Three gridded climate datasets
were selected to calculate very high resolution K&ppen-
Geiger climate maps within this region. The first dataset,
the historical instrumental climatological surface time
series of the greater Alpine region, HISTALP (AUER
etal., 2007), comprised temperature fields for the pe-
riod 1780-2008 and precipitation fields for the pe-
riod 1800-2010 (http://www.zamg.ac.at/histalp/). For
this study, the temperature fields were extended un-
til 2010 with the aim of achieving the joint observa-
tional period 1800-2010. Monthly HISTALP tempera-
ture fields (BOHM etal., 2001; CHIMANI et al., 2013) and
precipitation fields (EFTHYMIADIS et al., 2006; CHIMANI
etal., 2011) were available on a grid equidistant in ge-
ographic latitude and longitude with a spatial resolu-
tion of 5" (around 6.5km - 9.3km =~ 60km?). The sec-
ond dataset, monthly precipitation analyses from ISOTTA
etal. (2014, 2015) based on 5,500 daily rain gauge ob-
servations, is used as a reference for the high spatial
variability of Alpine precipitation. These precipitation
fields cover the major part of the greater Alpine region
and were nested into the HISTALP precipitation fields
for the reference period 1986-2010. From the latter ob-
served and projected precipitation anomalies were cal-
culated and used as input data for the Koppen-Geiger
maps. This procedure considers the high spatial reliabil-
ity of the reference fields from IsoTTA etal. (2014) by
eliminating the spatial bias of the HISTALP precipita-
tion fields, which were analysed from 557 homogenised
time series.

The third dataset was taken from the EURO-COR-
DEX ensemble (JacoB etal., 2014). It includes a va-
riety of climate predictions from different global and
regional climate model combinations, which were run
for the predefined greenhouse gas emission scenarios.
As the main focus of this research lies on the ob-
served shift of climate zones, only the two most ex-
treme greenhouse gas concentrations for the represen-
tative concentration pathways, RCP 2.6 and RCP 8.5
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Table 1: Seasonal cycle (Jan—Dec) and annual mean (Ann) of the en-
vironmental lapse rate. Mean and 95 % confidence interval were cal-
culated from values of different study sites presented by ROLLAND
(2003) within the greater Alpine region. Units °C/100 m.

Period Mean +95 % CI

Jan 0.46 +0.03
Feb 0.51 +£0.03
Mar 0.58 +0.02
Apr 0.63 £ 0.02
May 0.64 + 0.01
Jun 0.65 +0.01
Jul 0.65 +0.01
Aug 0.65 +0.02
Sep 0.61 = 0.02
Oct 0.56 = 0.02
Nov 0.51 +£0.02
Dec 0.46 +0.03
Ann 0.57 £ 0.01

(MEINSHAUSEN etal., 2011), of a single regional climate
model were selected to depict the range of possible fu-
ture climates. The Rossby Centre regional atmospheric
model RCA4 (SAMUELSSON etal., 2011; STRANDBERG
etal., 2014) with boundary conditions from the EC-
Earth model was selected to represent climate projec-
tions. These projections cover the period 1971-2100,
from which monthly temperature and precipitation fields
for the period 2011-2100 were used to complement
the HISTALP observations. The RCA4 data, provided
with a spatial resolution of 0.11°, were interpolated to
the HISTALP grid and adjusted to the observations by
calculating anomalies from the 25-year reference pe-
riod 1986-2010 to eliminate model bias. Thus, the fi-
nal 301-year time series of temperature and precipita-
tion fields comprised 211 years of monthly observations
and 90 years of monthly predictions (the latter for two
greenhouse gas emission scenarios).

To avoid undesirable short term fluctuations of the
Koppen-Geiger climate classes (RUBEL and KOTTEK,
2010), the classifications were not calculated directly
from the 301-year time series (with two different scenar-
ios for the projection), but were applied to the 25-year
running mean. This procedure was also applied for the
spatial disaggregation (downscaling), in other words to
increase the spatial resolution from 5’ to 0.5 = 30"" by
a factor of ten. The grid areas obtained cover 0.6 km?,
resolve Alpine valleys and fulfil even the requirements
of challenging biological applications. The environmen-
tal lapse rate was used for the spatial disaggregation
of the mean monthly temperature fields. It was calcu-
lated from data published by RoLLAND (2003), who pre-
sented lapse rates from 4 sites in the Austrian and Ital-
ian Alps (Table 1). The seasonal cycle of these lapse
rates depicts a typical maximal temperature decrease of
0.65°C/100 m during the summer months (June, July,
August) and minimum values of 0.46 °C/100 m during
the winter months (January, December). The monthly
lapse rates were implemented using the 30’” altitude data
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Table 2: Koppen-Geiger climates of the greater Alpine region as
defined by KoTTEK etal. (2006). Only the arid steppes BSh and BSk
as well as the Mediterranean climates Csa and Csb were classified
using a precipitation criterion. All other climates were exclusively

defined by temperature.

Key Main climate Precipitation Temperature
criterion criterion

BSh  Arid Steppe Hot

BSk  Arid Steppe Cold

Csa  Warm temperate ~ Dry summer Hot summer

Csb  Warm temperate  Dry summer Warm summer

Cfa  Warm temperate  No dry season Hot summer

Cfb  Warm temperate  No dry season Warm summer

Cfc  Warm temperate  No dry season Cool summer

Dfb  Boreal No dry season Warm summer

Dfc  Boreal No dry season Cool summer,

cold winter
ET  Alpine - Tundra
EF  Alpine - Frost

GTOPO30 of the U.S. Geological Survey (USGS) pro-
vided by the Earth Resources Observation and Science
(EROS) center (http://earthexplorer.usgs.gov). Although
not applied, the mean annual environmental lapse rate
representative for the European Alps was estimated as
0.57 °C/100 m. While the spatial variability of the ver-
tical temperature gradients may be considered as min-
imal (see the 95 % confidence intervals in Table 1), it
is not possible to specify a general precipitation-altitude
relationship for the entire region of the European Alps.
However, as precipitation plays no — or merely a sec-
ondary — role in the Koppen-Geiger climate classifica-
tion of the altitudinal belts of the Alps (see discussion
below), a 5 % precipitation increase per 100 m altitude
increase was implemented. This estimate follows the
precipitation-altitude relationship for low altitudes pre-
sented by FREI and SCHAR (1998).

The calculation of the Koppen-Geiger climate classi-
fication was described in detail by KOTTEK et al. (2006).
On the global scale, 31 climate classes identified by a
3 letter code were defined by KOpPEN (1936). A total
of 11 of these climate classes appear within the model
domain of the greater Alpine region and are explained
in Table 2. These comprise two arid climates (denoted
by the first letter B), five warm temperate climates (C),
two boreal climates (D) and the two alpine climates (E).
The boreal climate is a synonym for the historically in-
troduced term snow climate and, in a global context, the
alpine climates are called polar climates. Additional cli-
mates on the global scale comprise the equatorial cli-
mates denoted by A and further subdivisions of the arid
climate B, the warm temperate climate C and the boreal
climate D (KOTTEK et al., 2006).

The two arid climate classes BSk and BSh charac-
terize arid steppes, which are expected to appear in in-
ner Alpine valleys of a future warmer climate. More-
over, this steppisation is restricted to areas of limited ge-
ographical extent and only displayed by the very high


http://earthexplorer.usgs.gov

118 F. Rubel etal.: The climate of the European Alps

1876-1900

warm temperate

1976-2000

47°N

46°N

45°N

4E 5°E 6°E TE 8°E

Meteorol. Z., 26, 2017

boreal alpine

ET EF

Vienna

+
Ljubljana o
Zagreb

_ v
Vienna

+
Ljubljana 5
Zagreb

14°E e 16°E 17°E 18°E 19°E

Figure 1: Maps of Koppen-Geiger climate classification for the greater Alpine region calculated from observed temperature and precipitation
data. Spatial resolution 30 arc-seconds, data HISTALP, period 1876-1900 (upper panel), period 19762000 (lower panel).
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Figure 2: Maps of Koppen-Geiger climate classification for the greater Alpine region calculated from projected temperature and precipita-
tion data. Spatial resolution 30 arc-seconds, period 2076-2100, model RCA4, best case scenario RCP 2.6 (upper panel), worst case scenario
RCP 8.5 (lower panel).
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resolution of the maps. Much more important are the five
warm temperate climates, which cover the main part of
the greater Alpine region. Within these climates, a dis-
tinction is drawn between the occurrence and absence
of a dry season, as well as between cool, warm and hot
summers. The Cfb climate (no dry season, warm sum-
mers) is the prevailing climate in the north of the Alpine
divide. The Cfc climate with cool summers is located
in the montane belt of the Alps, whereas the three re-
maining warm temperate climates were observed south
of the Alps. The Cfa climate characterizes a temper-
ate climate with hot summers and no dry season, while
the summer dry climates Csa and Csb are sometimes
grouped together and are commonly called Mediter-
ranean climate (SHAKESBY, 2011). The moist boreal cli-
mates of the Alps were exclusively classified accord-
ing to their temperature regime into Dfb (warm sum-
mer) and Dfc (cool summer and cold winter). Note that
KoOpPPEN (1936) developed this classification according
to the tree species predominant in different regions un-
der natural conditions. The region of the Cfb climate
was predominantly covered with deciduous forest, of
which beech were the main tree species. Oak were the
predominant species of the Dfb climates and spruce of
the Dfc climate. However, over recent decades, beeches
and oaks have been replaced by high performance in-
dustrial spruce forest. Due to climate change, the eco-
nomic success of these industrial spruce forests is now in
question. Therefore, today’s Cfb climate should be inter-
preted rather as optimal climate for deciduous forest, the
Dfb climate as mixed forest climate and the Dfc climate
as coniferous forest climate. The timber line separates
the cool boreal climate (Dfc) from the alpine tundra cli-
mate (ET), where tree growth is no longer possible. The
10 °C isotherm of the warmest month was defined as a
criterion. Note that on the scale considered here it is not
possible to distinguish between the forest and the tree
line. Altitudes above the alpine tundra were covered by
the alpine frost (EF) climate. This is located above the
0°C isotherm, which is an approximation of the snow
line.

Thus it becomes immediately evident that the tem-
perature is the essential parameter to classify the Alpine
climate according to KOPPEN (1936). Precipitation plays
a minor role. In the present climate, precipitation is
used exclusively to define the BSh and BSk climates
of dry mountain valleys and to determine the bound-
ary of the Mediterranean climates, i.e. the summer dry
climates Csa and Csb. The latter cover coastal regions
from sea level up to a height of some 100 meters. The
disaggregation of the precipitation fields by applying a
precipitation-altitude relationships shows therefore only
a minor effect which, however, reflects the general ex-
perience. Alternatively, it might be replaced by a simple
2-dimensional spline interpolation.

3 Results

The main results of this study are 366 observed and
predicted (two scenarios) very high resolution Képpen-
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Geiger climate maps for the greater Alpine region cov-
ering the period 1800-2100. Both the digital maps, as
well as the underlying digital data, are publicly avail-
able for further investigations on the website http:/
koeppen-geiger.vu-wien.ac.at. Fig. 1 depicts two of
these maps, one for the 25-year observational period
1876-1900 and one for the more recent observational
period 1976-2000. While the years 1876—-1900 belong
to the coldest years of the entire observational period,
the years 1976-2000 illustrate the effect of the recent
warming trend. Clearly visible is the strong decline of
the boreal climates, which are optimal for coniferous
and mixed forests. In the 19" century, the boreal cli-
mates Dfb and Dfc covered large areas north of the Alps
as well as the Balkans, while they have been pushed
back to higher altitudes during recent years. This reduc-
tion of the boreal climates becomes more evident when
looking at climate projections for the period 2076-2100
(Fig. 2). For both greenhouse gas concentration scenar-
ios, the Dfb climate, i.e. the boreal climate with warm
summers, has almost completely disappeared. In con-
trast, the warm temperate Cfc climate, which was still
rare in the 19" century, becomes the typical climate in
the montane belt of the Alps. The two greenhouse gas
concentration scenarios used result in widely different
maps. While the RCP 2.6, hereinafter referred to as,
the best case scenario, assumes that the warming trend
will not continue during the second half of the 21 cen-
tury, the RCP 8.5, hereinafter referred to as, the worst
case scenario, assumes that the recent trend of increas-
ing temperatures will continue until the year 2100. The
projections of the climate zones of both scenarios are
far removed from what was observed during the last
200 years. The alpine climates ET and EF will be, in par-
ticular, will be forced into small areas in the projection
(best case scenario) or will disappear almost entirely
(worst case scenario). Assuming the worst case scenario,
areas recently classed as the Cfb climate (warm sum-
mers) will be covered by the Cfa climate (hot summers)
in 2076-2100.

Another way to demonstrate climate change by
Koppen-Geiger maps is to observe the boundaries. The
most prominent boundary is the mountain timber line.
It is not simply a line, but a transition zone between the
forest line and the tree line. Note that numerous defi-
nitions of the two lines have been given in a variety of
studies. Moreover, on a local scale, there are often sig-
nificant differences between the potential and the current
forest and tree lines (SZERENCSITS, 2012). By means of
the Koppen-Geiger climate maps, it is possible to esti-
mate the potential timber line for the entire region of
the European Alps. The timber line divides the Dfc cli-
mate, naturally covered by coniferous forests, from the
alpine tundra climate ET and is exclusively defined by
temperature, more precisely by the 10 °C isotherm of the
warmest month. As discussed already by KOpPEN (1919,
1920) and confimed by recent research (JOBBAGY and
Jackson, 2000), the 10 °C July isotherm is an admis-
sible approximation for the potential timber line in ex-
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Figure 3: Altitudinal belts of the Alps showing the Koppen-Geiger climate zones together with their boundaries, the deciduous forest line,
the mixed forest line, the forest and tree line (timber line) and the snow line. Altitudinal shifts of the lines became visible by comparing
the observational periods 18761900 and 1976-2000 as well as the two scenario projections for the period 2076-2100. Mean altitudes
representative for the greater Alpine region are given. The altitudinal belts of the current climate are comparable to another frequently used,
but differently defined classification, which distinguishes between colline, montane, subalpine, alpine and nival belts (red text).

tratropical regions. Note that the 10 °C isotherm of the
warmest month, instead of the historically investigated
July isotherm, is used as a criterion for the Koppen-
Geiger climate classification. The mean timber lines
for the greater Alpine region are estimated at altitudes
of 1730 m (period 1876-1900), 1880 m (1976-2000),
2120m (2076-2100, best case scenario) and 2820 m
(2076-2100, worst case scenario).

Further boundaries between the Koppen-Geiger cli-
mate classes include the snow line (boundary between
the alpine tundra ET and the alpine frost EF cli-
mate), the mixed forest line (boundary between Dfc and
Dfb/Cfc) and the deciduous forest line (boundary be-
tween Dfb/Cfc and Cfb). They are related to the alti-
tudinal belts of the Alps. Fig. 3 shows a scheme of these
altitudinal belts together with the mean altitudes of the
boundaries and the well-known classification according
to Ellenberg (ELLENBERG and LEUSCHNER, 2010). The
latter approximately match the K&ppen-Geiger classifi-
cation of the current climate, although they are defined
quite differently. This classification is commonly used
in geography, botany, ecology and related sciences. It
classifies the altitudinal belts into colline, montane, sub-
alpine, alpine and nival belts. Note that the Ellenberg
classification is helpful to understand the relationship
between the altitudinal belts and the Koppen-Geiger
maps, but does not match the latter for the 19" century,

where the boreal Dfb climate covered large areas of the
lowlands north of the Alps. The Ellenberg classification
also does not concur very well with the Koppen-Geiger
maps projected for the 21 century.

A closer look at the observed time series (Fig. 4)
shows altitudinal fluctuations of the timber line of ap-
proximately more than 100 m within the last 210 years.
Minima of 1733 m (period 1809-1833), 1695 m (period
1907-1931) and 1752 m (period 1954—-1978) alternate
with maxima of 1842 m (period 1852-1876), 1812 m
(period 1935-1959) and 1949 m (period 1986-2010).
The RCA4 projections, however, do not depict these
cyclic fluctuations of around 100 m altitudinal shift per
50 years. They predict a relatively constant warming
trend resulting in extraordinarily high altitudes of the
timber line. The best case scenario, for example, de-
picts a maximum altitude of the timber line of 2154 m
(period 2044-2068) and, for the worst case scenario,
the maximum altitude is projected to reach 2820 m (pe-
riod 2076-2100). However, it is outside the scope of this
study to investigate or discuss whether or not these pro-
jections are realistic in view of the fact that observations
depict more cyclic trends. The projected Kdppen-Geiger
maps and the related altitudinal belts of the Alps should
be considered as possible realisations of the future pro-
vided by the climate modelling community. In contrast,
the observed altitudinal belts of the 210 previous years
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Figure 4: Timber line shift in the greater Alpine region calculated from observed (black), projected best case scenario (blue) and projected
worst case scenario (red) Koppen-Geiger maps. Mean value for the greater Alpine region (thick solid), the Western Alps (thin dotted) and
the Eastern Alps (thin solid). Moving average over 25 years for the period 1800-2100.

represent a unique database exclusively available for the
European Alps (Fig. 3).

4 Discussion and conclusions

Very high resolution Koppen-Geiger climate maps
(Fig. 1 and 2) and their relationship with altitudinal belts
(Fig. 3) were presented for the greater Alpine region. Al-
though the most comprehensive observational datasets
were used, and were combined with the best knowledge
available concerning the environmental lapse rate, there
is some potential for improvement. Advanced studies on
the spatio-temporal variability of the observed and the
projected lapse rate, as well as investigations concern-
ing the precipitation-altitude relationships, may improve
future Koppen-Geiger climate maps. Furthermore, im-
provements in the climate projections may be expected
from the development of enhanced feedback mecha-
nisms of changing vegetation caused by shifting climate
zones.

Here, particular attention was paid to the timber
line for which a 301-year time series was presented.
When interpreting this time series, it should be noted
that the mean altitudes are not comparable with re-
gional altitudes of the timber line. As depicted in Ta-
ble 3, there are significant regional differences between
the Western Alps (5.5°-7.5° W, 44.5°-45.5° N), the Cen-
tral Alps (9°-11°W, 46°-47° N) and the Eastern Alps
(12.5°-14.5° W, 46.5°-47.5° N). The current altitude of
the potential timber line in the Western Alps is approxi-
mately 280 m above the timber line in the Eastern Alps.
Furthermore, from the 19" to the 20" century, the al-
titude of the tree line has shifted upwards by around
157 m. This upward shift in the Western Alps is 35 m

Table 3: Altitude of the timber line of the Western, Central and
the Eastern Alps for the observational periods 1876-1900 and
1976-2000 as well as for the projection period 2076-2100 (range
between best and worst case). Altitudes of the total greater Alpine
region (Fig. 3) are given for comparison. Units in m.

Period  1876-1900 1976-2000 2076-2100
West 1880 2040 2300-2950
Central 1790 1920 2110-2780
East 1630 1760 1950-2660
Total 1730 1880 2020-2820

higher than observed in the Eastern Alps. Altitudes of
the timber line in the central part of the Alps, however,
correspond relatively well with those calculated for the
entire greater Alpine region. Similar trends have been
estimated for the snow line, as well as the boundaries of
the other altitudinal belts (not shown).

While the 211-year observed time series of climate
maps represent a unique dataset, a large variety of model
projections may be calculated to represent the future cli-
mate. However, even the altitudinal difference between
the timber lines in the best and the worst case scenarios,
which is approximately 800 m, demonstrates that it is
hard to make clear conclusions about the future climate
of the Alps. These projections should thus be considered
as an example. To investigate additional greenhouse gas
scenarios or to apply ensemble predictions as demon-
strated on the global scale by RUBEL and KOTTEK (2010)
is beyond the scope of this paper. However, recent model
validation studies (KOTLARSKI et al., 2014; TorMA et al.,
2015) and ensemble prediction studies (GERSTENGARBE
etal., 2015) provide additional insights into this topic.
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Figure 5: Koppen-Geiger climate maps for the Italian-Swiss-French border region depicting the inner Alpine dry valleys Wallis (with the
cities Sitten and Visp) and Aosta. Rossby Centre regional atmospheric model RCA4 best case scenario RCP 2.6 (left) and worst case scenario

RCP 8.5 (right). Period 2076-2100.

Further applications of the Kppen-Geiger maps may
include the investigation of local effects such as the
extension of inner Alpine dry valleys. These valleys
are arid because they are located in the rain shadow
of the Alpine divide. Fig. 5, a more detailed view of
the projected climate maps for the period 2076-2100
(Fig. 2), depicts two well known dry valleys for which
the Koppen-Geiger classification identifies dry steppe
climate. The first is the Aosta valley in Northern Italy,
the second the Wallis in Switzerland. While for the best
case scenario, the cold steppe climate (BSk) was exclu-
sively identified in the Aosta valley, for the worst case
scenario both steppe climates, cold (BSk) and hot (BSh),
were identified in the Wallis, as well as in the Aosta val-
ley. Other well known inner Alpine dry valleys resolved
by the very high resolution Kdppen-Geiger maps are lo-
cated in northern Italy and include the Veltlin, the Vin-
schgau and the Eisack valleys.

The studies discussed above demonstrate possible
applications of the very high resolution climate maps.
Users are invited to draw their own conclusions by ap-
plying the digital datasets to their region of interest.
Particular advantage is expected for biological studies
which are assessing the relationship between the abun-
dance of plants, animals or pathogens to past, present
and future climates. Many of these studies may also ben-
efit from the printed maps, avoiding the more expensive
application of the digital dataset.
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