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Abstract
Precipitation data from four weather stations in Bavaria, Germany, situated at the northern edge of the
Alps have been evaluated for the period 1901 to 2019. Decadal changes have been computed as sliding
30-year averages and as the difference between the 30-year periods 1990–2019 and 1901–1930. The annual
precipitation at these four stations increases, fitting in magnitude roughly to the temperature increase in
the course of global warming. The number of dry days slightly increases as well as a consequence of a
northward shift of the storm tracks over Europe. Due to these two features the precipitation intensity on wet
days increases. The increase in maximum daily precipitation amounts is less than the increase in the annual
precipitation amount. The observed maximum daily precipitation in the full four datasets is 138.5 mm at the
station Hohenpeißenberg in 1999. The length of dry spells is increasing at three of the four stations as well.
The overall observed precipitation patterns fit to the findings of regional climate model simulations for future
climate scenarios for this region. Thus, they can be interpreted as signs that climate change is well underway
in Southern Bavaria as it is in most places of the world.
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1 Introduction

Climate Change is more than rising temperatures. A
very important climatic parameter is precipitation as part
of the hydrological cycle. Thermodynamics (i.e., the
Clausius-Clapeyron equation) indicate that there should
be a positive correlation between the amount of precipi-
tation and air temperature, because the saturation water
vapour pressure is a clear function of temperature (see,
e.g., Lenderink and van Meijgaard, 2008; Tomassini
and Jacob, 2009). Thus, under the assumption of oth-
erwise unchanged weather and circulation patterns, pre-
cipitation should increase by about 7 % for each one-
degree centigrade increase in tropospheric temperature.
This estimation is based on the additional assumption
that relative humidity is not changed by the temperature
increase (Bony et al. 2006). This is supposed to be true
for hourly, local precipitation events which depend on
the local water vapour content of the air (Bronstert
et al., 2017). Large-scale and longer precipitation inten-
sity should be more dependent on the latent heat flux
(Bronstert et al., 2017). According to Allen and In-
gram (2002) this leads to a global increase in precip-
itation of about 3 % per degree centigrade temperature
increase.

Nonlinear processes in the atmosphere and in sur-
face-atmosphere interactions as well as weather and cir-
culation pattern changes will modify this simple assess-
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ment on increasing precipitation in a warming climate.
Tomassini and Jacob (2009), e.g., state in their Intro-
duction that the upper quantiles in precipitation will in-
crease more pronouncedly than the mean precipitation.
In addition, Schaller et al. (2020) documented from an
overview on existing regional and global studies that the
trends of mean and extreme precipitations vary consid-
erably over Europe. Scherrer et al. (2016) show a simi-
lar variability of trends for 32 regions of Switzerland and
the dependence of precipitation amounts on large-scale
circulation patterns. This indicates that more in-depth
and local-scale analyses are required for local assess-
ments of the hydrological cycle. The general term ‘pre-
cipitation amount’ comprises features such as precipi-
tation intensity, precipitation duration, dry spells, wet
spells, and extreme events.

This paper is designed as a short contribution which
analyses changes in the precipitation amount and char-
acteristics in Upper Bavaria, Germany, in a narrow belt
just north of the Alps from Kempten in the West to Reit
im Winkl in the East (see Table 1 for location details),
an area which – as many others – is expected to see a
rise in precipitation in climate scenario simulations (see
e.g., Giorgi et al., 2004). The study will analyse slid-
ing 30-year averages and compare the 30-year period
1901 to 1930 to the available most recent 30-year pe-
riod 1990 to 2019. Background for this analysis is a
research project on adaptation to extreme precipitation
events in this pre-alpine region. This region has been
identified as a region where extreme precipitation has
become more frequent throughout the year (Trömel and

© 2021 The authors
DOI 10.1127/metz/2021/1053 Gebrüder Borntraeger Science Publishers, Stuttgart, www.borntraeger-cramer.com

http://www.borntraeger-cramer.de/journals/metz
http://www.borntraeger-cramer.de/journals/metz
https://creativecommons.org/licenses/by-nc/4.0/
http://www.borntraeger-cramer.com


286 S. Emeis: Analysis of decadal precipitation changes at the northern edge of the Alps Meteorol. Z. (Contrib. Atm. Sci.)
30, 2021

Table 1: Characteristics of the four stations used in the analysis.

Station Longitude [°] Latitude [°] altitude [m] annual prec.
[mm]

1901–1930
and

1990–2019

max. daily
prec. [mm]
and year of
occurrence

remarks

Kempten 10.334797 47.723259 705 1151
1231

86.1 1978

Hohenpeißenberg 11.010819 47.800869 977 1091
1183

138.5 1999

Benediktbeuren 11.413941 47.706327 630 1394
1510

124.3 1999 station relocation Jul 1, 1980,
12 m higher up

Reit im Winkl 12.469775 47,675415 686 1629
1693

135.3 1977 several smaller station
relocations, missing data from
Nov 1, 2003 to Feb 28, 2007

Schönwiese, 2007). The aim of this study is to assess
to which degree the precipitation intensity on wet days
and extreme values of daily precipitation have already
changed over the last 90 years.

Heavy precipitation can occur due to two completely
different weather situations in Upper Bavaria: (1) block-
age of northerly flows of humid air masses at the north-
ern edge of the Alps (Nissen et al., 2013), and (2) deep
convection, partly triggered by the mountainous terrain
of the Alps (Peristeri et al., 2000). The first weather
situation is often coupled to the occurrence of so-called
Vb-cyclones (also known as Genoa lows) which intake
enormous amounts of humidity when moving over the
Mediterranean and which then frequently become sta-
tionary over Poland or the Czech Republic. For two
or three days in sequence heavy continuous rain can
downpour more than 100 litres per square metre at the
northern flank of the Alps which often leads to flooding
along pre-alpine rivers heading northbound towards the
Danube river and a few days later in the river Danube
itself. The second weather situation is linked to very
warm and humid air masses which are advected from the
Southwest of Europe to Southern Germany and which
have become more or less stationary there, often under
weak anticyclonic influence. Daytime sunshine heats the
ground and delivers the energy to initiate deep convec-
tion which leads to heavy, often slow-moving thunder-
storms. These thunderstorms frequently hit small parts
of the area only, but may lead to up to 100 litres of
rain per square metre within a few hours causing local
flooding.

The first weather situation leads to large-scale rain
which is usually well documented by the existing cli-
mate stations while the second weather type is a chal-
lenge for every measurement network. Typical areas
covered by one thunderstorm in Germany are in the
order of 400 km2 (Zöbisch et al., 2020). This means
that the diameter of such thunderstorms slightly ex-
ceeds 20 km. The area of extreme downpour often cov-
ers only small parts of the thunderstorm area. Therefore,

existing measurement networks frequently fail to record
extreme convective precipitation amounts. Radar cover-
age can help to close this gap (Lengfeld et al., 2019)
but gauging radar reflectivity data in terms of precipi-
tation rates is not simple either. In the case of several
convection cells, cells closer to the radar can cast shad-
ows which obstruct the detection of cells further away.
In addition, some valleys in mountainous terrain can-
not be reached by the radar network. In order to reduce
the deficiencies connected with the incomplete cover-
age of convective precipitation, only 30-year means are
considered in the following data analysis of precipita-
tion data from four stations close to the northern fringe
of the Alps in Southern Germany. New techniques such
as microwave attenuation could help to circumvent the
deficiencies of classical radar networks (Chwala and
Kunstmann, 2019) but are outside of the scope of this
paper.

2 Data and evaluation methods

This short study is based on daily precipitation sums.
Publically available data of the German Meteorological
Service (Deutscher Wetterdienst, DWD) is used1. Only
four stations with sufficiently long data records have
been identified in the area of interest which is the pre-
alpine belt in the regions of Swabia and Upper Bavaria
in the federal state of Bavaria, Germany. These four sta-
tions are Kempten, Hohenpeißenberg, Benediktbeuren,
and Reit im Winkl. Station details together with the
annual precipitation for the periods 1901 to 1930 and
1990 to 2019 and the maximum daily precipitation ob-
served during the whole period can be found in Table 1.
Kempten (in a wider valley) and Hohenpeißenberg (on
top of an isolated hill) are about 20 to 30 km north of the
Alpine foothills whereas Benediktbeuren lies directly at
the foothills and Reit im Winkl even behind the first
chain of foothills in a valley. The foreland station in a

1https://cdc.dwd.de/portal/201912031600/mapview, read on March 30, 2020
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valley and the two foothill stations have similar altitudes
above sea level (Table 1). Thus, the difference in the an-
nual precipitation of about 25 % between the first two
stations (called foreland stations in the following) and
the latter two stations (called foothill stations in the fol-
lowing) reflects the station distance from the foothills.

A station relocation in Benediktbeuren in 1980 left
some impact on the mean daily precipitation intensity on
wet days. The values for the full year were roughly 5 to
10 percent lower than before that measure. This impact
is not visible from the data for the months May to Octo-
ber. Thus, it may be concluded that the station relocation
mainly influenced non-convective precipitation record-
ings which most frequently occur in the winter months.
Summer-time convective precipitation recording was –
if at all – influenced in a not easily detectable way. The
impact of the relocation is also not discernible from the
sliding 30-year averages.

The following parameters have been computed for
each year of the period 1901 to 2019 from the full data
set of daily precipitation sums. They are a subset of the
indices listed in Zhang et al. (2011). The threshold be-
tween dry and wet days (1 mm) in the subsequent evalu-
ation has been chosen in accordance with the setting and
arguments given in Frei and Schär (1998). The respec-
tive index name used in Zhang et al. (2011) is given in
brackets:

a) annual precipitation in mm for each year

b) mean daily precipitation intensity for wet days
(24-hour precipitation sum (RR) > 1 mm)
in mm/day for each year, computed from the
annual precipitation and the number of wet
days (SDII)

c) maximum daily precipitation in mm (yearly
RX1day, Zhang et al. (2011) only lists a monthly
RX1day) for each year

d1) numbers of days per year with RR more than
1 mm, 10 mm, 20 mm, 25 mm, 30 mm and more
than 40 mm (R01 to R40, only R10 and R20 are
listed in Zhang et al. (2011)) for each year. The
number of days with RR more than 1 mm is called
number of wet days in the following

d2) numbers of days with RR between 1 mm and
10 mm, 10 mm and 20 mm, 20 mm and 30 mm, and
30 mm and 40 mm for each year. This data has been
computed from the data listed in d1) and e).

e) numbers of dry days per year (RR < 1 mm) (R00,
not listed in Zhang et al., 2011)

f) longest period of consecutive dry days per year in
days (longest dry spell) (CDD)

Convective precipitation is most likely to dominate
in the months of May to October. Therefore, this part
of the year has been evaluated separately for the period
1901 to 2019:

g) mean daily precipitation intensity for wet days
(RR > 1 mm) for the period May to October in
mm/day

h) maximum daily precipitation in mm for the period
May to October in mm

i) numbers of dry days (RR < 1 mm) for the period
May to October

j) longest period of consecutive dry days for the pe-
riod May to October in days (longest dry spell).

The change in precipitation characteristics over the
last 90 years has then been estimated from the above
mentioned data in two ways: (1) by plotting sliding
30-year averages and (2) by comparison of the first and
the last time slices, namely the two 30-year averages
from 1901 to 1930 and 1990 to 2019.

Statistical significance of the observed changes has
been estimated in two ways as well. (1) for each single
30-year time slice, the mean, the standard deviation, and
the two extreme values have been computed in order
to show the internal variation within each 30-year time
slice. (2) the standard deviation for the time series of the
30-year sliding averages has been computed in order to
show the variation of the data over all evaluated 89 time
slices. This latter standard deviation, σ, is used to assess
the significance of the found difference, D, between
the first and the last time slice. Assuming a normal
distribution, a trend noise ratio D/σ = 1 indicates a
69 % significance that the difference is larger than the
scatter of the data (Hennemuth et al., 2013). A trend
noise ratio of 1.96 indicates a significance of 95 %.

Years with missing data in the records of the station
“Reit im Winkl” in the period January 2004 to February
2007 have been discarded. I.e., the “30-year average” for
Reit im Winkl for the period 1990 to 2019 only contains
about 27 years.

3 Results

Annual precipitation amounts (Table 1) increase by
about 7 to 8 % at three of the four stations. The increase
at Reit im Winkl, which is the station with the highest
annual precipitation amount, is only about 4 %.

Figs. 1 and 2 show sliding 30-year averages for the
maximum daily precipitation, the mean daily precipita-
tion intensity on wet days, the number of days per year
with RR > 25 mm, the number of dry days, and the dura-
tion of the longest draught (parameters c), b), d1), e),
and f) defined in Section 2) for the two stations Ho-
henpeißenberg and Benediktbeuren plotted versus the
end year of the averaging period. For parameter d1) the
number of days with a total precipitation sum of larger
than 25 mm is plotted. Maximum daily precipitation,
mean daily precipitation intensity, the number of days
with RR > 25 mm and the duration of the longest draught
for Hohenpeißenberg are increasing over the evaluated
period while the number of dry days stays fairly con-
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Figure 1: Precipitation data at Hohenpeißenberg, Germany. Sliding 30-year averages of annual values plotted versus the end year of the
averaging period. Upper row: Left: maximum daily precipitation per year in mm, middle: mean daily precipitation intensity on wet days
(RR > 1.0 mm) in mm/d, right: number of days per year with more than 25 mm of precipitation. Lower row: Left: number of dry days
(RR < 1.0 mm) per year, right: length of longest draught in days per year. Bold symbols: 30-year mean value, little bars: +/- one standard
deviation within the 30-year period, small bullets: extreme values of the 30-year average.

Figure 2: As Fig. 1, but for Benediktbeuren, Germany.

stant. For Benediktbeuren the mean daily precipitation
intensity, the number of days with RR > 25 mm, and the
duration of the longest draught are increasing while the
maximum daily precipitation sum and the number of dry
days is more or less at the same level at the beginning
and the end of the evaluation period. For some of the
plotted parameters the main increase happens between
1960 and 1990 with a maximum increase around 1980.
While the curves for mean daily precipitation intensity
on wet days and the number of days with RR > 25 mm at
Benediktbeuren also increase for the last ten years, such
a feature is not visible at Hohenpeißenberg.

Figs. 1 and 2 are also plotted in order to show the in-
ternal variability of the data within each single 30-year
average. Therefore, 30-year mean values (bold sym-
bols), plus and minus one standard deviation bounds (lit-
tle bars) and extreme annual means (small bullets) are
plotted in Figs. 1 and 2. The width of the plus/minus
one-standard-deviation belt and – to a lesser extend –
the mean values are still quite sensitive to changes of
the extreme value within the respective 30-year averag-
ing period. This can be seen from jumps in the curves
for plus and minus one standard deviation and the mean
value which are parallel to jumps in the extreme values.
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Figure 3: Comparison of two 30-year averages of number of days (logarithmic scale on the left y-axis) with precipitation amounts (RR)
in six classes on the x-axis: 1) dry days (RR < 1 mm), 2) 1 mm < RR < 10 mm, 3) 10 mm < RR < 20 mm, 4) 20 mm < RR < 30 mm,
5) 30 mm < RR < 40 mm, 6) RR > 40 mm. Blue columns are for the period 1901–1930, brown columns are for 1990–2019. Green columns
show the differences between the blue and brown columns (linear scale on the right).

The difference between the first 30-year slice and the
last 30-year slice plotted in Figs. 1 and 2 is shown in
some more detail for all four investigated stations in Ta-
ble 2. This Table is split in wet day data (greenish shad-
ing) and dry day data (reddish shading). For the first pa-
rameter in this Table, the daily mean precipitation inten-
sity, and for the last two parameters, the number of dry
days and the length of the longest dry period, the eval-
uations are shown separately for the whole year and for
the convective weather period from May to October. For
the maximum daily precipitation this separation is not
shown, since this maximum always occurred in the pe-
riod May to October. For those parameters also plotted
in Figs. 1 and 2, the numbers correspond to the leftmost
and rightmost mean values depicted in Figs. 1 and 2.

Nearly all parameters at all four stations – with only
two exceptions, the dry day data for Kempten and the
maximum daily precipitation at the station Benedikt-
beuren – show an increase in the comparison of the first
and last 30-year time slice of the last 90 years. The re-
sults are fairly consistent among all four stations. The
largest scatter among the four stations can be observed
in the maximum number of consecutive dry days which
are listed in the last two lines of Table 2. The statisti-
cal significance of the difference between the data from
the two time slices is given by the column just right to
the column which displays the percentage change. Here
the above defined ratio D/σ is listed. A ratio which ex-

ceeds 1.96 indicates a 95 % significance. These entries
have been printed in bold face in Table 2. While many
of the differences in the wet day data are significant at
the 95 % level for three out of the four stations, only the
increase in the number of dry days in the period May to
October is significant at this high level for all four sta-
tions. Most of the other differences of the dry day data
do not reach this significance level at all.

Fig. 3 reinterprets the data given in lines 4 to 9 of
Table 2 referring to a logarithmic scale (left y-axis).
The figure gives the numbers of days with precipitation
amount in six different classes of precipitation amount at
the four stations, again by comparing the values for the
two 30-year periods 1901–1930 and 1990–2019. The six
classes (see d2) and e) in the list of evaluated parameters
in Section 2) are (1) dry days (less than 1 mm), (2) days
with precipitation between 1 and 10 mm, (3) days be-
tween 10 and 20 mm, (4) days between 20 and 30 mm,
(5) days between 30 and 40 mm, and finally (6) days
with more than 40 mm of precipitation. The data has
been computed by taking differences between respective
Rnn values listed as parameter d1) in Section 2 above.
The difference between the two 30-year periods is plot-
ted in between the two columns in green referring to the
right, linear y-axis.

It is elucidating to see not only the number of days
with a rain amount above a given threshold (as is done in
Table 2) but also to have some information of the num-
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ber of days with a precipitation amount within a cer-
tain range. For all four stations, the number of dry days
is increasing and the number of days with precipitation
amounts between 1 and 10 mm is decreasing. While the
first information could also be taken from Table 2 the
latter information was not obvious from Table 2. Addi-
tionally, we see a slight increase in the frequency of all
classes with a precipitation amount of more than 10 mm
(classes (3) to (6)) for all four stations with one small ex-
ception for the class 30 mm to 40 mm at Benediktbeuren.
Although the increases and decreases are rather small,
it is their consistency over all four stations which make
them interpretable. Furthermore, about half of the values
which entered into the computation of the data plotted in
Fig. 3 were significant at the 95 % level and a few more
data were close to this significance level (see Table 2).

4 Discussion

The overall finding from Table 2 is that all given precipi-
tation parameters (with the exception of maximum daily
precipitation at Benediktbeuren) as well as the number
of dry days are increasing in the region represented by
these four weather stations. This is only possible, if pre-
cipitation intensity on wet days is increasing. The fol-
lowing analysis tries to give more details on this overall
change in precipitation characteristics, in order to try to
find indications for the cause of the observed change.
Although the stations are relatively close together, the
evaluations show considerable scatter which hampers
the identification of causes.

The increase in the mean daily precipitation intensity
on wet days (parameter b) defined in Section 2) is in the
range of 5 % to 11 % at all four stations. This increase
seems to confirm the margin cited in the beginning of
the introduction which can be attributed to the overall
temperature increase of a little bit more than 1 °C in this
area in the last 90 years (see e.g., Wastl et al., 2012).
This increase is larger at the two foreland sites and less
at the two foothill sites.

At three of the four stations the relative increase
of the daily precipitation intensity on wet days for the
whole year is larger than for the months May to Octo-
ber. For the two foothill stations this is also true for the
absolute increase. This means that this increase is dom-
inated by wintertime precipitation events which fits to
the results given in Kunz et al. (2017).

Table 2 also shows that the number of dry days is
increasing, especially in the period between May and
October. The increase in the period May to October is
larger at the foothill stations. Not only the sheer number
of dry days but also the duration of the longest dry
episode has been analysed from the data. Looking at
the full year we see an increase in the length of the
longest dry spell for one foreland station and the two
foothill stations. Looking at the convective period May
to October we see the same spatial distribution but larger
margins. The results for Kempten are a bit different.

Here, the duration of dry spells is longer than at the three
other stations but a decrease is found in the length of the
longest draught during the months May to October. At
all four stations the longest dry spell occurs in the non-
convective season (November to April).

Figs. 1 and 2 modify the simple explanation of in-
creases and decreases deduced from the comparison of
just two time slices given above. The plots for the mean
daily precipitation intensity can be found in the mid-
dle of the upper row in both figures. For Hohenpeißen-
berg three phases of increase can be identified: one for
1930 to 1940, one from 1950 to 1969 and one from
1970 to 1990. Another little increase is found for the
last years. This behaviour differs from the curve for the
temperature increase at this site which remarkably in-
creases for the period 1940 to 1950, from 1970 to about
2000 and from 2010 onwards2. Thus, other factors than
the overall warming of the atmosphere impact the lo-
cal precipitation characteristics. This could be circula-
tion changes (see, e.g., Scherrer et al., 2016 or Par-
adise et al., 2019) as well as changes in the availability
of condensation nuclei (see, e.g., Reisin et al., 1996).
For Benediktbeuren an increase is seen from 1930 to
about 1980, but then the curve is decreasing again until
2010. Only in the last ten years another increase is de-
tectable which seems to fit to the temperature increase.
Local temperature changes seem to be even less impor-
tant for changes in precipitation intensity at this foothill
site. The temporal development in Figs. 1 and 2 has al-
ways to be assessed in the light of the considerable scat-
ter of the yearly data within each 30-year period. This
scatter is visualised by the showing the standard devia-
tions and the extreme values within the single 30-year
periods as well. This yearly scatter is smallest relative
to the mean value for the mean daily precipitation in-
tensity on wet days and is largest for the number of dry
days and the duration of the longest draught within each
year. This behaviour is very similar for the foreland sta-
tion Hohenpeißenberg depicted in Fig. 1 and the foothill
station Benediktbeuren depicted in Fig. 2.

Fig. 3 shows an increasing frequency of days in the
classes 3 to 6 with more than 10 mm of precipitation to-
gether with a small increase in class 1 (dry days) and a
slightly larger decrease in class 2 (1 to 10 mm). The re-
sults in Fig. 3 are in line with findings of Trömel and
Schönwiese (2007) who presented a similar temporal
shift in the Gumbel distribution of extreme precipitation
for Southern Germany. The highest relative increases are
found in the classes 4 (20 to 30 mm) and 5 (30 to 40 mm)
due to the overall low number of these days. This Figure
demonstrates that the increase in the mean daily precip-
itation intensity is a consequence of a decrease of days
with small precipitation amounts (1 mm to 10 mm) and
a simultaneous increase of days with larger precipitation
amounts (10 mm and more). Thus, we see two develop-

2https://www.dwd.de/DE/forschung/atmosphaerenbeob/zusammensetzung_
atmosphaere/hohenpeissenberg/download/historie_pdf.pdf?__
blob=publicationFile&amp;v=6 (accessed: October 23, 2020)

https://www.dwd.de/DE/forschung/atmosphaerenbeob/zusammensetzung_atmosphaere/hohenpeissenberg/download/historie_pdf.pdf?__blob=publicationFile&amp;v=6
https://www.dwd.de/DE/forschung/atmosphaerenbeob/zusammensetzung_atmosphaere/hohenpeissenberg/download/historie_pdf.pdf?__blob=publicationFile&amp;v=6
https://www.dwd.de/DE/forschung/atmosphaerenbeob/zusammensetzung_atmosphaere/hohenpeissenberg/download/historie_pdf.pdf?__blob=publicationFile&amp;v=6
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ments in the precipitation characteristics: (1) an increas-
ing annual precipitation happens at fewer wet days, and
(2) within these fewer wet days, days with more intense
precipitation become more frequent.

5 Conclusions

The evaluation of precipitation characteristics for
30-year time slices for a region in Southern Germany
close to the Bavarian part of the Alps shows several com-
mon features which occur at all four evaluated stations
and which fit to other studies mentioned above. The
changes have been computed as sliding 30-year averages
and as the difference between two 30-year time slices.
For some evaluations data from the year as a whole has
been compared to data from the convective season (May
to October).

The most important changes in precipitation charac-
teristics are:

1. The annual precipitation amount increases, roughly
fitting to the magnitude of the regional tempera-
ture increase of a bit more than 1 degree centigrade
in the course of global warming (Lenderink and
van Meijgaard, 2008; Bronstert et al., 2017).

2. The course of the increase of the various precipitation
parameters analysed in this study does not strictly
follow the course of regional warming which indi-
cates that other reasons for the increase in the shown
precipitation parameters than warming have to be
sought as well. These could comprise circulation pat-
tern changes (see, e.g., Scherrer et al., 2016) and/or
changes in the number of condensation nuclei (see,
e.g., Reisin et al., 1996).

3. The number of dry days slightly increases. A possible
explanation for this could be a northward shift of the
storm tracks over Europe (Ulbrich et al., 2009).

4. The maximum length of dry spells is increasing at
three of the four stations. A possible reason could
be the more frequent occurrence of prolonged block-
ing episodes (Paradise et al., 2019) as consequences
of global warming. This interpretation is supported
by the fact that dry spells are longer in the non-
convective season.

5. As a consequence of (1) and (3), the daily precipita-
tion intensity on wet days increases. This increase is
the clearest and most consistent signal in this eval-
uation. The increase in daily precipitation intensity
on wet days is larger than the increase of the an-
nual precipitation amount, because the number of
wet days have slightly decreased. The decrease is
exclusively caused by a decrease of days within the
lowest class of wet days, i.e., days with a daily pre-
cipitation amount of 1 mm to 10 mm.

6. The maximum daily precipitation increases at the
foreland stations but not so at the foothill stations.
One possible reason could be that the triggering of
convection at mountains is not so much a function
of the air temperature but rather a function of the
incoming solar radiation, which is assumed to be
unchanged during global warming (Biktash, 2019).

7. The increase in maximum daily precipitation at the
two foothill stations is less than the increase in the
annual precipitation amount while it is about equal at
the two foreland stations. The reason could be related
to the one named with the previous point.

8. The maximum observed daily precipitation amount
in the full four datasets is 138.5 mm at Hohenpeißen-
berg in 1999. Peak values at Reit im Winkl and
Benediktbeuren are not much lower. The peak value
for Kempten is considerably lower at 86.1 mm. Max-
imum 24-hour precipitation amounts could be even
larger than the values just given, because extreme
events do not keep to the regular reading hours at the
weather stations.

It has to be kept in mind that this evaluation is based
on four climate stations only and on a data record which
covers only 119 years. It is the consistency in the results
from these four stations for most parameters that seem
to give these results nevertheless some credibility. About
half of the results pass the 95 % significance level for
an assumed normal distribution. In addition, the overall
patterns in the conclusions (1) and (4) fit to the findings
of regional climate model simulations for future climate
scenarios for this region (see, e.g., Keuler et al., 2016).
The differences in the results from the four stations on
the other hand once again demonstrate that precipitation
characteristics always can be highly variable in space
and time and that local in-depth data analyses and model
efforts are necessary in order to document the impact
of climate change on the hydrological cycle in complex
terrain.

It seems possible that the above results and conclu-
sions can be interpreted as signs that climate change is
well underway in Southern Bavaria as it is in most places
of the world. Precipitation characteristics are changing
in a warming climate. One of the characteristics with
societal impact, the risk for flash floods, is increasing in
the investigated region due to the increased daily rain
intensity on wet days. Therefore, local communities and
stakeholders are well advised to consider adaptation to
these changing precipitation characteristics.
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