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Abstract

This paper describes the flood sensitivity of the Bavarian part of the Alpine Foreland of Germany
and addresses different questions concerning climate variability and flood frequencies, from the 14"
century until today. The focal point of the paper is the flood frequencies of the superordinate spatial
unit of the Bavarian Foreland. Based on written historical sources, the flood history of the Alpine
Foreland of Germany can be reconstructed back to the 14™ century. One major result is the occur-
rence of 'flood-rich' and 'flood-poor' episodes in almost cyclical sequences. Flood-rich periods, be-
fore the 16" century based on limited available data, were recorded in the periods 1300 — 1335,
1370 — 1450, 1470 — 1525, 1555 — 1590, 1615 — 1665, 1730 — 1780, 1820 — 1870, 1910 — 1955 as
well as in a ninth period beginning in 1980. The flood-rich periods are characterized by longer flood
duration. Most of the flood-rich and flood—poor periods (in particular the beginning and the end of
them) can be connected to changes in natural climate variability. These include changing sunspot
numbers (as a measure of solar activity), so-called Little Ice Age Type Events (LIATEs) as well as
changes in the North Atlantic Oscillation (NAO). Climate signals from external forcing factors,
which could be used to explain the changing flood frequencies in the Bavarian Alpine Foreland, end
in 1930. Relationships within the climate system such as the correlation of flood frequencies with
the NAO have changed during the transition from the post Little Ice Age period to the Modern Cli-
mate Optimum around 1930. Natural climate variability might have been overlaid by anthropogenic
climate change.

Key words Bavarian Alpine Foreland, flood history, flood frequencies, climate signals, forcing fac-
tors

1 Introduction

Historical climatology, especially the branch addressing historical floods, has gained
increasing interest during the recent decades. Different parts of Central Europe have
been investigated withSchmoecker-Fackel & Naef (2010), Pfister (1984, 1996, 1999)
and Wetter et al. (2010) analyzing the flood history of Switzerland, Brazdil et al.
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(2005) examined the flood history of the Czech Republic, Bohm & Wetzel (2006),
Mudelsee et al. (2004), Deutsch & Portge (2001, 2002), Deutsch et al. (2004) and
Glaser (2008) have investigated different parts or catchments in Germany, while Rohr
(2008, 2013) has examined extreme natural events in Austria; Sturm et al. (2001) and
Glaser & Stangl (2003a, b) analyzed Central European flood historiesand Kiss &
Laszlovszky (2013) examined parts of the Danube for the western and central Carpa-
thian Basin.

Nevertheless, the flood history of the entire Bavarian Alpine Foreland has not been
systematically analyzed until now (cf. Bohm 2011). Additionally, the Bavarian Alpine
Foreland represents a region with a high susceptibility to climatic change (cf. Auer et
al. 2007). The Bavarian part of the Alpine Foreland of Germany (hereafter termed
Bavarian Foreland) has experienced flood events on a regular basis, but the return pe-
riods, e. g. for floods as well as for flood-rich or flood-poor periods, cannot be derived
from a standard 30 year reference period. All major summer floods have been trig-
gered by cyclones following a special pathway (cf. van Bebber 1891). This so-called
Vb cyclone track seems to be the main precondition causing catastrophic flood events
in the Bavarian Foreland, currently and also in the past (yet not every Vb cyclone af-
fects the whole investigation area). Reconstructions of historic weather patterns show
the appearance of this phenomenon in the past (cf. Bohm 2011). The recent period,
starting in 1997, has experienced numerous floods triggered by Vb-conditions during
the summer months. The so-called “(River) Oder Flood 1997 and the “Pfingsthoch-
wasser (Whitsun Flood) 1999, both of which took place at the end of May, can be
compared to the following summer floods of 2002 (Elbe/Danube Flood) and 2005
(Alps Flood). All these floods (despite their special naming) have affected the Bavari-
an Foreland.

To generate long time series, it was necessary to integrate three different periods of
flood documentation. The oldest pieces of information originate from the so-called
period of documentary evidence and have been obtained from historical recordings
such as chronicles and compilations from the late Middle Ages. These written records
can be statistically analyzed, as depicted in Glaser (2008). From the year 1826 on-
ward, data are available from the so-called early instrumental period (EIP) (cf. Jaco-
beit et al. 1998). Least one representative gauging station in the lower sections of eve-
ry alpine river recorded historic water levels which can be evaluated. From the begin-
ning of the 20th century until now, modern instrumental data (water level and dis-
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charge measurements) are available. The separately evaluated flood histories of the
rivers Iller, Lech with tributary Wertach, Isar, Inn and its tributary Salzach have been
merged to form one overall time series. The merging of the single time series should
reveal the flood-susceptibility of a superordinate spatial unit based on recent adminis-
trative borders with consideration to climatic parameters. In the methods’ section the
merging of the single time series is more elaborately described. Single flood events as
well as quantification of flood events do not stand in the limelight of the current pa-
per. The time line of the flood history of the Bavarian Foreland includes 584 individu-
al flood events (see methods’ section).



112
113
114
115
116
117
118
119
120
121

122
123

124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

2 Investigation area

In this paper the Bavarian Foreland is defined by the lower sections of the catchment
areas of the aforementioned rivers, from west to east the research area is bordered by
the river Iller in the west and the rivers Inn and Salzach in the east, as depicted in Fig.
1. The headwaters, however, are located in the Alps so that all of the rivers are north-
ern-alpine mountain rivers (apart from the river Wertach which should be regarded as
a foreland river). The main rivers Iller, Lech, Isar and Inn are Alpine tributaries of the
Danube river.
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Figure 1. Investigation area “Bavarian Foreland” is bordered by the rivers Iller, Danube,
Inn/Salzach and the Alpine border (dashed line). Red spots are locating outstanding historical
locations and gauges.

All the rivers coming from the Northern Limestone Alps traverse the Flysch Zone,
enter the area of the faulted Molasse sediments and cross the belt of Pleistocene mo-
raines and gravel fields. The substratum of the lower river sections is formed of sandy
sediments of the Molasse trough. All traversed geological formations differ in their
east-to-west extension. The geological formations of the outer-alpine stream segments
are of particular interest because of their texture. Due to the texture of the subsoil and
anthropogenic encroachments from 1850 on, the riverbeds have become deeper.
About 1850 the Bavarian Administration systematically started riverbed corrections in
order to prevent floods, to protect infrastructure like railways and roads and to support
agriculture to the fertile plains and meadows supplying the growing population. In
Fig. 2a one can see the beginning of anthropogenic encroachments impacting on river
flow throughthe gauged measurements, starting around 1860. The gauges' neutral
points have not been changed, staff gauges have been prolonged into the negative
measurement range. These circumstances affect hydrological interpretations concern-
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ing the EIP. To assure homogeneity in comparison of flood events of individual time
series, a high-pass-filter has been applied (see methods). The regional distribution of
annual precipitation varies from around 600mm/a in the region of the Danube river to
2500mm/a and more within the high elevation areas. The share of alpine catchment is
important for the runoff of the headwaters into the Bavarian Foreland due to its func-
tion as a temporary water storage reservoir and orographic barrier. In Table 1 the ref-
erence data of the relevant rivers are listed.

Table 1. Reference data of the Bavarian Foreland rivers, modified after different authors. The
information “Medium Discharge Summer” refers to the lowest official downstream

gauge
Rivers Overground Medium Discharge
River Headwaters Length Catchment Area Summer
Allgiu High-alps 79,3 m3/s
Iller (Germany) ~ 160 km 2215 km? (Gauge Wiblingen)
Allgiu Alps 16,7 m3/s
Wertach (Germany) ~ 135 km 1290 km? (Gauge Tiirkheim)
Rhaetic Alps 136 m3/s
Lech (Austria) ~ 250 km 4162 km? (Gauge Augsburg)
Karwendel Moun-
tains 191 m3/s
Isar (Austria & Germany) ~ 260 km 8960 km? (Gauge Plattling)
Maloja Saddle 972 m3/s
Inn (Switzerland) ~ 520 km 26100 km? (Gauge Passau)
Kitzbiihl Alps 332 m¥/s
Salzach (Austria) ~ 220 km 6700 km? (Gauge Burghausen)

In the Bavarian Foreland we can differentiate spatial and chronological aspects of
flood genesis as a function of hypsometric distribution and thereto linked the snow
retention into the individual catchments. We can observe a west-east gradient con-
trasting the chronological annual mean discharge maximum starting in the western
part with the investigation area with a spring peak (rivers Iller and Wertach). The
catchment areas of the rivers Lech and Isar, located in the central part of the investiga-
tion area, are denoted by a distinctly marked summer peak, followed by the eastern
part with prolonged summer peaks (rivers Inn and Salzach). This spatial distribution is
reflected by the seasonal distribution of the flood events indicated in Table 2.

Table 2. Seasonal distribution of flood events (percentages refer to the individual outer-alpine
river sections) in the Bavarian Foreland for the period of 14" century — 2008

Iller Wertach | Lech Isar Inn Salzach
Summer 42% 39% 57% 58% 79% 73%

Spring 16% 20% 14% 14% 10% 6%
Winter 28% 23% 12% 12% 2% 7%
Autumn 14% 18% 17% 16% 9% 14%
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Due to the spatial distribution of the catchment areas within the Northern Limestone
Alps and the Bavarian Foreland, the highest proportion of summer floods occurs in
the eastern river sections of Inn (79%) and Salzach (73%), followed by Isar (58%) and
Lech (57%). Due to the lower extent of the alpine catchment area, the rivers Iller and
Wertach only have about 40% of floods during summer. In total, a dominance of
summer floods can be stated for the annual time series. Hereafter the use of annual
information is owed to minimized data quality and information before the 16™ centu-
ry. The flood-rich periods of the whole year (depicted in Fig. 6 by blue graph) and of
the summer months (depicted in Fig. 8 by blue graph) correspond substantially to
each other.

The investigation period of 1300 — 2008 covers the Little Ice Age (1300 — 1850) and
the transition period to the Modern Climate Optimum as it is today. According to
Wanner et al. (2000), it is advisable to differentiate the Little Ice Age into so-called
Little Ice Age Type Events (LIATEs) addressing three major periods of extended
glacier tongues. The periods, starting with LIATE3, are depicted for the years 1300 —
1380, 1570 — 1640 and 1810 — 1850.

3 Database

The body of historical source material corresponds to the wide range of settlements
along the northern alpine mountain rivers. All of the above-mentioned rivers host at
least one notable historical site (among a multitude of other sites, e.g. Kempten (Iller),
Augsburg (Lech/Wertach), Munich (Isar), Wasserburg (Inn), Burghausen (Salzach).
Within the framework of a DFG- funded (German Research Foundation) research pro-
ject a database called IBT (Inundationes Bavariae Thesaurus) (cf. Bohm 2011) was
developed in cooperation with HISKLID (Historische Klimadatenbank Deutschland -
historical climatic database of Germany - cf. Glaser 2008). The former HISKLID has
meanwhile migrated to tambora.org. Tambora is the acronym for the climate and en-
vironmental history collaborative research environment.

The IBT itself contains more than 32.000 flood events within (Central-) Europe, all of
them with a temporal relationship to the 584 independent flood events identified for
the Bavarian Foreland (see below). The first investigation period was the period of
documentary evidence from the 14™ century to the year 1880. The data set of the peri-
od of written evidence includes more than 15.000 flood events. The evaluated written
evidence originated from manuscripts and chronicles (e.g. the “Historische Kommis-
sion der Bayerischen Akademie der Wissenschaften/Historical Commission of the
Bavarian Academy of Sciences” has published 37 volumes of city chronicles between
1862 and 1968), annals, historical (daily) newspaper of the investigated area (cf.e.g.
Augsburger Postzeitung 1833-1935, Innsbrucker Nachrichten 1854-1945), compila-
tions (e.g. Sonklar 1883, Weikinn 1958 — 1963, Alexandre 1987, Fliri 1998, Stahleder
1995 — 2005, Borngen & Tetzlaff 2000 — 2002, Brazdil 2005), un-edited historical
leaflet database (Schorn § 1937, Ferdinandeum Innsbruck Administration of Inher-
itance) and already existing databases (Militzer 1998, Glaser 2008) which were re-
examined with a focus on the Bavarian Foreland. Due to the approach explained be-
low written evidence of the middle reaches and tail waters has been considered.
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To highlight some selected sources the ‘Chroniken deutscher Stadte’ (Chronicles of
German Cities 1862 —1968) focused to the city of Augsburg upon river Lech and the
publications of Stahleder (1995 — 2005) for the city of Munich upon the river Isar will
be introduced briefly. Inside the ‘Chroniken deutscher Stidte’ the history of Augsburg
is organized into ‘Die Chroniken der schwibischen Stddte’ (The chronicles of Swabi-
an Cities). In total nine volumes are existent for the second oldest city of Germany,
including substantial information about the river Lech floods. Within these nine vol-
umes the following chronicles have been edited: Volume 1 (1865) contains the
‘Augsburger Anonyme Chronik’ from 1368 — 1406 with proceedings until 1447, the
chronicle by Erhard Wahraus from 1126 — 1445 with supplements until 1462 and the
chronicle from foundation of the city of Augsburg until 1469. Volume 2 (1866) con-
tains the chronicle by Burkard Zink from 1368 — 1468. Volume 3 (1892) contains the
chronicle by Hector Miilich 1348 — 1487 and the anonymous chronicle from 991 —
1483. Volume 4 (1894) includes the chronicle from the oldest time of the city until
1536 plus proceeding of the chronicle by Hector Miilich. Volume 5 (1896) contains
'Cronica newer geschichten' by Wilhelm Rem 1512 — 1527, Johannes Franks ,Augs-
burger Annalen‘ from 1430 until 1462 and supplements concerning the chronicle by
Clemens Sender. Volume 6 (1906) contains the chronicle of Georg Preu from 1512
until 1537. Volume 7 (1917) contains two chronicles by apparitor Paul Hektor Mair.
Volume 8 contains ‘The Diary of Paul Hektor Mair’ from 1560 — 1563 and the second
chronicle by Paul Hektor Mair 1547 — 1565. Volume 9 contains the weaver chronicle
by Clemens Jager from 955 — 1545.

Helmuth Stahleder, ex-alternate director of the ‘Stadtarchiv Miinchen’ (city archive
Munich) evaluated data within the city archive of Munich to compensate the missing
of history of Munich within ‘Chroniken deutscher Stiddte’. Foundations of this compi-
lation among others are original documents, calculations of city treasurer and year-
books. The result of the longstanding investigation was the ‘Chronik der Stadt Miin-
chen’,three volumes concerning the history of Munich between the years 1157 —
1818. A multitude of flood events along the river Isar are recorded within the
‘Chronik der Stadt Miinchen’. Each record is furnished with a related city archive ref-
erence.

The early instrumental records in the Bavarian Foreland started in 1826. More than 20
historical gauge station records were examined. The data set of EIP/MIP includes
about 17.000 flood events of the Bavarian Foreland (MIP = modern instrumental pe-
riod). The data were analysed with respect to monthly maxima of the water level.
Taking physical structures and vertical erosion of gauge stations into account, the
gauge datum has been changed in some cases, sometimes even repeatedly. A high-
pass filter was applied to homogenize the data. In the present paper we choose one
representative gauge station for each river, each with the longest coherent time series
since 1826. They include the time series of Kempten (Iller), Landsberg am Lech
(Lech), Landshut (Isar), Wasserburg (Inn) and Burghausen (Salzach). The EIP time
series of the river Wertach was merged between overlapping periods, verified by a
high Pearson correlation coefficient (r=0,86) between the data from the gauge stations
Ettringen and Augsburg/Oberhausen. From 1900 onward data were available from the
Bavarian Water Authority.

Within the IBT all data sets are organized by the following parameters: identification
number, event date as accurate as possible (most records are available in daily and
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monthly resolution), duration of flood, rainfall etc., location with geographic coordi-
nates, river relationship, reference and coding concerning hydrological and climato-
logical parameters and source text. All data of the Bavarian Foreland have been rec-
orded and coded for tambora.org. The activation of the elaborated data base should
soon be realized.

To merge the different data periods, we used the following approach: To compare
flood events from written historical sources with flood events measured by water level
or discharge during the instrumental period, we used an existing intensity classifica-
tion of historical floods which was adapted to the instrumental period. According to
the scheme of Sturm et al. (2001), the flood events were classified into three intensity
levels. The classification is based on damage reports and descriptions of weather con-
ditions if available. If flood events were mentioned in rudimentary descriptions only
or there was little or minor damage, the event was classified as a regional flood (in-
tensity Level 1). If damage of water-related structures (e.g. bridges, weirs and mills)
or buildings near the rivers have been reported or if there were indicators for long-
lasting flooding of farmland, Level 2 was assigned to the flood. The criteria for cata-
strophic floods, reported from different river systems, are severe damage or destruc-
tion of water-related structures, loss of lives, long-lasting flooding of wide areas and
geomorphological changes in the fluvial system; those were classified as Level 3. The
selected instrumental data are based on the monthly maxima water level or discharge.
The mean values of these measurements plus one, two or three standard deviations
define the thresholds for the classification of the instrumental data (in case of water
level data high-pass filtered data were used, see methods). According to the experi-
ence in working with historical flood information, all floods of intensity Levels 1,2
and 3 from the period of documentary evidence were considered, whereas Level 1
events from the instrumental period were disregarded. An overlapping period (1826 —
1880) between the descriptive and the instrumental periods supports this procedure.
Samples of rudimentary descriptive flood information have shown that the historical
flood information through time traditionally is based on strong events for the most
part (cf. Bohm 2011). In Table 3 all flood events used for the merged time series
“flood frequencies of the Bavarian Foreland” (cf. figs. 3 and 4) are listed. The data for
the time series Bavarian Foreland is derived from 1825 different flood records in total
which can be assigned to 584 independent flood events.
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Table 3. Synoptic table of data basis 'flood frequencies Bavarian Foreland'. Columns a to ¢
contain all outer-alpine flood events of documentary evidences until 1880, segmented after
intensity levels. Columns d to e contain all floods derived from instrumental periods until
2008 for one representative gauge per river. EIP = Early Instrumental Period, MIP = Modern
Instrumental Period.

River |a)Levell |b)Level 2 |c) Level 3 |d) EIP/MIP level 2 |e) EIP/MIP level 3
Iller 32 53 15 45 13
Wertach 37 79 20 66 16
Lech 101 159 80 78 38
Isar 88 101 29 55 18
Salzach 154 113 78 56 22
Inn 79 82 63 48 7

To expand the data basis as wide as possible we have applied a methodical practice
we have named the “Non Critical Approach” (NCA) (cf. Bohm 2011). The NCA is a
procedure especially designed for extraordinary hydrological events. Within the range
of historical climatic data, flood information has an exceptional position. Common
threads connecting available flood information are damages. The main argument for
the NCA is based on the reasonable assumption that historical flood reports - due to
the particular burden - contain more objective information than other descriptions of
climatic events. In the center of this approach stands the transfer of the gist ‘flood’
trough time. Starting point of this approach was the fundamental question if anony-
mous sources in general may be regarded as verified sources (cf. e.g. Augsburger
Anonyme Chronik von 1368 bis 1406. In: Die Chroniken der schwibischen Stédte.
Augsburg, Band 1. Leipzig 1865). According to a rigorous interpretation of source
criticism all of the (environmental-related) information from this source would have
to be discarded. Based on the NCA we use all available sources and information about
flood events of the outer-alpine river sections concerning the period of documentary
evidence. Avoiding classical source criticism the NCA contributes to increase acquisi-
tion of information and reduces the thinning of relevant information during times of
limited flood documentation. This approach minimizes the loss of original written
records concerning historical flood information due to anthropogenic or natural ca-
lamities.

To verify the NCA various stress tests have been trialed. Glaser et al. (2002) state that
a spatial criterion for the distribution pattern of weather-climatic causes can be im-
plied by sufficient data density. Within the scope of the NCA a spatiotem-
poral/synoptical criterion has been consulted to verify historical data. All superior
flood events of the Bavarian Foreland have been visualized by spatiotemporal flood
distribution pattern with the assistance of geographic information systems. Therefore
plausible (spatiotemporal/synoptical) evidence for the validity of flood information
can be adduced. Further confirmation was given by cross-comparison with verified
records, e.g. HISKLID (cf. Bohm 2011).

Environmental psychological aspects provide further backing for the NCA. In brief
damaging flood events have an exceptional position in cultural history and the transfer
of information through time based on primal fear remains. A more detailed descrip-
tion of the NCA is to be found in Bohm (2011).
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4 Methods

In Fig. 2 the monthly maxima of water levels, exemplified by the gauge at Ettring-
en/Wertach (35km south of Augsburg) before (a) and after (b) high-pass filtering are
depicted. Fig. 2a shows the deepening of the riverbed due to anthropogenic en-
croachment into the river system. The process of riverbed deepening started around
1860. Since the administration did not change the datum of the measuring device for a
time, but extended the measuring sticks of the gauges into the negative range instead,
a total riverbed incision of more than 6 m within 30 years is documented. Further-
more, first counter-measures (like lateral water-buildings) obviously occurred around
1870. Around 1885 the incision seems to have stopped. After a short data gap around
1895, two datum changes can be identified. The high-pass filtering seems to be the

most suitable method to address these different changes.

600

400

200

Waterlevel (cm)
o

-200

-400

-600
1820

1840

1860 1880
Years (AD)

1900

1920

1940

300

200

100

LM

hr 1& . l

0

-100

';u[ ’! > lf " "

¥ ii' il

. ﬂv..h

I
?" =!5lli|,‘l‘lr'n !‘Il mr m )4
S’ml. ;'”" ro e in ﬁEI!‘f

i GIIJE

’lt

""Fl l“n iy 4t‘|
*-t‘ "i( 'a.lt" lm; i

f

-200

J

Waterlevel (cm), high-pass filtered

-300

1820

1840

1860 1880
Years (AD)

1900

1920

1940




365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411

Figure 2a,b. Monthly maxima of water level (in cm) 1826 — 1937 at the gauge Ettring-
en/Wertach (35km south of Augsburg). a) Original data from official records, b)
high-pass filtered data

In order to be able to properly understand the long-term development of flood events
in the Bavarian Foreland, z-transformed 31-year running flood frequencies have been
calculated in several studies (e. g. Glaser 2008, Glaser & Stangel 2003b, Bohm &
Wetzel 2006, Sturm et al. 2001, Schmoecker-Fackel & Naef 2010). The 31-year time
step is derived from the standard reference period of the World Meteorological Or-
ganization. This time segment is an established tool to identify the linkage of climatic
coherence of time series and exhibits significant changes in flood frequencies. Alt-
hough this measure results in a comparatively poor filtration effect it still meets the
needs of various geoscientific approaches to define climatological phases
(Schonwiese 1992).

Due to their geomorphological shapes the catchment areas of the investigated rivers
have been divided in an inner- and outer-alpine region. Only the outer-alpine regions
(see Fig. 1 dashed line) have been considered for the present paper. To reveal the
flood sensitivity of the entire Bavarian Foreland, all flood events of the outer alpine
region have been merged into one overall time series. The highest classification ac-
cording to damage reports has been counted whereas local events caused by i.e. flash-
floods have not been counted. Hence only mesoscale hydrological events have been
incorporated into the present analysis.

In order to integrate different historical sources and locations referring to one meteor-
ological event, a time-window including a maximum number of seven days before
and after a designated event has been introduced. Therewith the varying duration of
hydro-meteorological sequences (from the genesis of synoptic disturbances to the
termination of flood waves) as well as the blur of historical information can be con-
sidered. For example, the summer flood of the year 1501, being one of the biggest
floods since the beginning of written records (quantitative evidence in terms of a flood
mark is located at the “Fischmarkt” in Passau, Bavaria), has been recorded more than
150 times in the IBT, yet it is counted only once in the 31-year running flood frequen-
cy of the Bavarian Foreland.

The determination of flood-rich and flood—poor periods are based on a polynomial
function of the 5th degree for the running flood frequencies (see black graph in Fig.
4). This method has been adapted from Glaser et al. (2004) who used polynomial
functions to visualize long-term development of climatic elements. Using this func-
tion the inhomogeneity of the number of cases could best be confronted. Different da-
tabases and data densities (e. g. 14"/15™ century - turn of the 15" to 16™ century - be-
ginning of the instrumental period) were thus considered as far as possible. This
method does not claim precision for the beginning and the end of the defined peri-
ods,but compared to a multitude of other methods and due to the changing data densi-
ty over time it is the highest-performance method. Different methodical approaches
with the aid of quantiles as medians or percentiles could not achieve satisfactory defi-
nitions for the generated time series and its comparability. The determined periods
should come over as the results of a sensitivity analysis. The fixing of the threshold
based on a polynomial function of the fifth degree coincides with the fracture points
of the t-test analyses (cf. Fig. 5), so the method is provided by statistical measure.
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In general, the intervals above/below the function graph are defined as flood-
rich/flood-poor periods. Due to the changing data basis over the entire time series, it
was necessary to interpolate in some cases (compare e.g. flood-rich period #2). With
respect to the differing data density as a function of time and not as an increasing fre-
quency in general the values in Fig.4 have been z-transformed. So the weak data den-
sity until the beginning of the 16th century is denoted by values beneath the zero line.
Therewith the under- and over-representative availability of data has been taken into
account.

For merging the single outer-alpine time series all flood events which took place
isochronally (under consideration of the above mentioned time window) have been
counted only once. Virtually all counted events can be affirmed with a plurality of
flood events which occurred isochronally within in the investigation area as well as in
a (Central-) European context.

4.1 Statistical significance

The time series for the Bavarian Foreland has been submitted to a two-sided t-test
which can identify fracture points within the time series (cf. Glaser & Stangl 2003b).
The fracture points reveal differences between the means of sliding flood frequencies.
The differences shown by estimators above the threshold are expected to detect signif-
icant coherence between superior framework conditions like variations of large-scale
atmospheric circulation and consequential variability of flood-poor and —rich periods.
The a-level of 0.05 (solid line) is depicted in Fig. 5. Most of the detected fracture
points coincide with changes in atmospheric conditions (see next section). The flood
frequency time series of the Bavarian Foreland has additionally been correlated with
reconstructed NAO index-values (cf. Luterbacher et al. 2002a) as well as with moving
mean sunspot numbers (data after Hoyt & Schatten 1997). Significant correlations
between these quantities include the consideration of inherent autocorrelations (cf.
Werner 2002).
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444

445  In Fig. 3 all single time series of the examined catchment areas are depicted. Taking
446  comparability into account all axes have the same scale of values. The itemized time
447  series of the rivers Iller (A), Wertach (B), Lech (C), Isar (D), Salzach (E) and Inn (F)
448  are the foundation of the overall time series Bavarian Foreland depicted in Fig. 4.
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456  Figure 3. 31-year running flood frequencies of the Bavarian Foreland Rivers (red graph).

457 Right ordinate: dark columns show the annual flood frequencies. A Iller, B Wertach,

458 C Lech, D Isar, E Salzach and F Inn.

459

460 In Fig. 4 the merged flood history of the Bavarian Foreland between 1300 AD and
461 2010 is depicted. The data for that time series is derived from 1825 different flood
462  records of the itemized time series (c.f. Fig. 3) which are assigned to 584 independent
463  flood events. Based on a polynomial function of the 5t degree (see red line), 9 flood-
464  rich and 8 flood-poor periods can be identified. As identified in the methods chapter,
465  due to changing data density over time it is the highest-performance method and the
466  determined periods constitute the results of a sensitivity analysis. Particularly the ris-
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ing data density after the mid-15th century must be seen in a context of the invention
of letterpress, among other social reasons and changes. From 1826 onward measured
data daily resolution are available.

Single flood-rich periods will be discussed below. In order to prove significant chang-
es within the time series of the 31-year running flood-frequencies of the Bavarian
Foreland, we have depicted the estimators of the t-test in Fig. 5 (cf. Glaser & Stangl
2003b). In this context, changing climatic parameters like the NAO index and the sun-
spot numbers will be briefly approached (a more extensive discussion will follow sub-
sequently).

31-year running flood frequency

1200 1300 1400 1500 1600 1700 1800 1900 2000

Years AD

Figure 4. 31-year running z-transformed flood frequencies of the Bavarian Foreland. Grey
bars label flood-rich periods #1 to #9, black graph: polynomial of 5" degree.

5.1 Flood-rich period #1: 1300 — 1335

The first flood-rich period, although based on low data density, can be associated with
changes in the atmospheric framework. Within the investigation area at least 16 rec-
ords could be extracted from compilations like Alexandre (1987), different chronicles
(cf. e.g. Zillner 1885, Schnurrer 1823) and the Augsburger Urkundenbuch Nr. 264 (cf.
Gross 1967). Despite small data density significant changes of climatic parameters at
the beginning and the end of this flood sensitive period can be stated and should not
be withheld.

Wanner et al. (2000) date the onset of the Little Ice Age at the beginning of the 14™
century, based on Miller et al. (2012), triggered by multiple volcanic eruptions. Period
#1 coincides with the beginning of LIATE3, the first period of advancing glacier
tongues during the Little Ice Age, additionally enhanced by the Wolf solar activity
minimum (1282 — 1342, cf. Glaser 2008). Following the sunspot numbers after
Usoskin et al. (2004), the first flood-rich period coincides with a period of sunspot
minima. According to Fig. 5, the t-test value shows significant changes with the be-
ginning and the end of Period #1. The estimator declines during the flood-active phas-
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es (this can be identified for most flood-rich phases). While LIATE3 approaches a
climax, the flood frequencies decline considering a time lag due to mass input into the
alpine glaciers (cf. Wanner et al. 2000). Most of the significant fracture points in Fig.
5 coincide with the beginning and the end of the flood-rich or flood—poor periods in
Fig. 4. A further qualitative confirmation for particular climatic circumstances during
that period is provided by Lamb (1980).

5.2 Flood-rich period # 2: 1370 - 1450

The increase of flood frequencies is accompanied by significant t-test estimators. De-
spite the absence of significant estimators, the end of period #2 coincides once more
with changing climate conditions characterized by the beginning of the Spoerer Min-
imum, another sunspot minimum between the years 1450 and 1534 (cf. Glaser 2008).
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Figure 5. Differences of sliding means by 31-year running t-test estimator of flood frequen-
cies of the Bavarian Foreland, threshold value for the two-sided t-test is 2.00 (see red
line). Grey bars label flood-rich periods #1 to #9.

5.3 Flood-rich period # 3: 1470 — 1525

The transitional period between the flood-poor period #2 and the flood-rich period #3
coincides with an obviously rising estimator (significant at the a-level 0.05) as well as
with the end of a distinct period of negative temperature anomalies in the Alps (cf.
Wanner et al. 2000). The end of period #3 is once again marked by highly significant
t-test estimator values. The maximum value is accompanied by the end of the Spoerer
Minimum, again an indication for changing climate conditions which affect the flood
frequencies in the Bavarian Foreland.

From 1500 onward we can use reconstructed NAO-Index (NAOI) values (cf. Luter-
bacher et al. 2002). The end of period #3 (= first grey bar in Fig. 6) is accompanied by
an obvious declining NAOI for annual (Fig. 6) as well as summer seasonal values
(Fig. 8). Due to the impact of precipitation to the entire hydrological year on flood
progress, the full-year development of the NAO may reflect mean weather conditions.
In general, however, the correlation between weather conditions and the NAOI is
more significant during winter than during the warmer half of the year.
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Figure 6. Z-transformed time series of annual 31-year running flood frequencies in the Bavar-
ian Foreland (blue) and of annual 31-year running NAOI (red) (NAOI data after

Luterbacher et al. 2002). Grey bars label the flood-rich periods # 3 to # 9 based on
the full-year development.

5.4 Flood-rich period # 4: 1555 - 1590

Between the years 1550 and 1700 the z-transformed NAOI-values are generally char-
acterized by low index-values. Within this period, variations in flood frequencies can
be identified (see Fig. 6) with increasing and declining values accompanied by rising
and falling NAOI-values, respectively, for the whole year as well as for the seasons
winter (not shown) and summer (cf. Fig. 8). The t-test estimator indicates significant
values (> 2.00 at a a-level of 0.05) at the beginning and at the end of period #4 (cf.
Fig. 5). The flood frequency maximum coincides with a distinct period of negative
temperature anomalies that lead into LIATE2.

5.5 Flood-rich period # 5: 1615 — 1665

Period #5 is again accompanied by significant t-test estimators for the beginning as
well as for the end (see Fig. 5). The transition period between period #5 and the
Maunder Minimum (1645 — 1715, cf. Schonwiese 2008) is accompanied by a con-
spicuous behavior of the t-test estimator, a possible evidence for unsettled atmospher-
ic conditions. Period #5 took place during LIATE 2 (1570 — 1640, cf. Wanner et al.
2000); the retreat of the glacier tongues (peak around 1650) coincides with declining
flood frequencies. Period #5 also fell into a period of declining sunspot numbers
which have been directly observed for the first time since 1610 (cf. Fig 7). The abso-
lute minima of sunspots in 1660 turned into the Late Maunder Minimum and they
were accompanied by the absolute flood frequency minimum from 1500 till today.
With the beginning of immediate observation of sunspots we can refer to a distinct
correlation between the 31-year moving sunspot numbers and flood-rich and flood-
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poor periods until 1930. The end of LIATE 2 coincides with the beginning of the
Maunder Minimum, compare Fig. 7 and Wanner et al. (2000).

The flood frequencies are rising while the mean NAOI-values for the complete year
are declining; the flood frequency peak coincides with minimal NAOI-values. The
following decline of the flood frequencies is accompanied by rising NAOI-values (see
Figs. 6 and 8). The development of the winter NAOI reveals a different pattern. The
absolute maximum value of flood frequencies coincides with a short-termed increase
of the winter NAOI. This could indicate wet winter conditions resulting in vast water
retention which could favor summer floods during snow melt.

5.6 Flood-rich period # 6: 1730 — 1780

Period #6 is once again marked by significant t-test estimators during increasing flood
frequencies; the end of the period is marked by a distinct evolution of the estimator
values. The t-test estimators in general will not show significant variations for the
next 80 years (cf. Fig. 5). Period #6 is accompanied by a noticeable development of
the NAOI-values. The year-round development shows a parallel increase of flood fre-
quencies and NAOI-values, but during the flood frequencies’ peak the NAOI-values
decline in a distinct way (cf. Fig. 6). The development of the Little Ice Age in terms
of glacier tongue movements shows a slight stagnation.

The following flood-poor years until 1820 are characterized by a next sunspot mini-
mum, the Dalton Minimum (1790 — 1830, cf. Schonwiese 2008), again accompanied
by relatively low flood frequencies (see Figs. 3 and 4). The end of the Dalton Mini-
mum and the beginning of the next flood-rich period is accompanied by extreme flood
frequencies (cf. Fig. 4) as well as extraordinary t-test estimators (cf. Fig. 5). Reasons
for that will be explained below.

5.7 Flood-rich period # 7: 1820 - 1870

Period #7 is marked by a changing database (transition between documentary period
and early instrumental period). In addition, it represents the beginning of the transition
period between the end of the Little Ice Age and the beginning of the Modern Climat-
ic Optimum as well as the beginning of (systematic) anthropogenic interference into
the natural river systems. Thus, period #7 falls into a section of different overlapping
trends. The t-test estimators reveal this transition at the beginning of the period
(unique t-test estimator values, see Fig. 5). The end of the period, based on t-test esti-
mators, can be interpreted as inhomogeneous climatic conditions during the transition
to the Modern Climatic Optimum. The increasing flood-frequencies of period #7 co-
incide with increasing sunspot numbers (cf. Fig. 7).

The development between LIATE1 (1810 — 1850) and period #7 requires a particular
reflection, as LIATE1 and the flood-rich period end at about the same time, whereas
the preceding LIATEs (# 3 and #2) did not end at the same time like the correspond-
ing flood-rich periods. The maxima of the preceding LIATE:s fall into intervals of low
flood frequencies framed by the end and the beginning of flood-rich periods. A no-
ticeably aligned development between the NAOI-values and the flood frequencies can
be highlighted for the whole year as well as for the summer and winter seasons (cf.
Figs. 6 and 8). The following years are characterized by both declining flood frequen-
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cies and NAOI values. In this context we can generally identify an increasing impact
and significance of the summer NAOI for the development of flood frequencies in the
Bavarian Foreland (discussion see below).

5.8 Flood-rich period # 8: 1910 — 1955

Period # 8 is once more framed by significant t-test estimators with a final significant
estimator-value within the time series (see Fig. 5). Until 1930 similarities (or correla-
tions) between flood frequencies and sunspot numbers do exist. After that the time
series seem to be decoupled, as depicted in Fig. 7. The beginning of period #8 coin-
cides with rising NAOI-values, the amplitude of these values in general shows a par-
allel development (cf. Figs. 6 and 8).

5.9 Flood-rich period # 9: 1980 - ?
A last flood-rich period starts in 1980 intersecting with the end of the time series. Due
to the use of 31-year running quantities, its validity remains unclear.
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5.10 The flood frequencies of the Bavarian Foreland accompanied by different
climatic conditions in detail

5.10.1 The correlation of flood frequencies and sunspot numbers

The meaning of varying solar activity for the climatic conditions is currently a matter
of fierce discussion (cf. Shindell et al. 2001, Feulner & Rahmstorf 2011, Feulner
2011). Generally the variability of solar activity can affect large-scale atmospheric
circulation including climate parameters like temperature, precipitation and transpira-
tion (cf. Endlicher & Gerstengarbe 2009). Despite the uncertainty in which way solar
activity could have an effect on climate development within the research area, it can
be shown that solar trends (of different signs) coincide with changing climatic condi-
tions affecting the flood frequencies in the Bavarian Foreland. Within these relation-
ships, one certain conspicuousness must be emphasized, but not discussed in detail at
this point. One has to distinguish between direct observations or reconstructions based
on proxy data. Both periods differ with respect to the sign of the correlation between
flood frequencies and solar activity. In general, before direct observations started,
high flood frequencies coincided with reduced solar activity, while then flood-rich
periods coincided with increased solar activity. The best fit between the 31-year run-
ning frequencies is achieved with direct observations starting in 1610 and ending
around 1930 (cf. Fig. 7). The year 1930 occupies a special position which will be dis-
cussed later. Considering the four sun-spot minima encompassed within the investiga-
tion period, we can denote the following:

The Wolf Minimum (~ 1280 — 1340) coincides with the first calculated flood-rich pe-
riod. This temporal correspondence between high flood activity and low sunspot
numbers is unique within the total time series (cf. Fig. 4).

The duration of the Spoerer Minimum differs among a number of authors. According
to Glaser (2008), the Spoerer Minimum takes place between the years 1450 and 1534,
whereas Schonwiese (2008) identifies the years 1400 — 1510. According to the first
definition of the Spoerer Minimum, another sunspot minimum coincides with a flood-
rich period (here period #3). Keeping with the sunspot data of Usoskin et al. (2004),
the flood frequency maximum of period #3 also corresponds to the low sunspot num-
bers of the Spoerer Minimum.



666
667

668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699

4 .
| [
2 s =
! I LY VAT o
| r 4 LY | _ T 1
| ] 1 | A
! ! 1 A |
~ P Sy P Wy "W
O LN Y ol ALAVIEEY. o WM .
ol A Ve A N [ T =V APV AN
F e Y r agwvyvsrnm 1 r A\ A |
\ A g W LA T | ]
[N A L] . o~
~ 1 71 b
A1 ~r
— J
!2 b
-4
1800 1700 1800 1200
Years AD

Figure 7. Z-transformed time series of annual 31-year running flood frequencies in the Bavar-
ian Foreland (blue) and “sunspot activity” (red) since 1610 (Data for sunspot activity
modified after Hoyt & Schatten 1997). Grey bars label the flood-rich periods # 5 to #
9 based on the full-year development.

With the beginning of the Maunder Minimum period the indication of the relationship
changes. As depicted in Fig. 7 running flood frequencies and sunspot numbers are
varying in a similar way. The course of both graphs during the Dalton Minimum
(1790 —1830) again shows a similar development. These data indicate a significant
trend, between the years 1610 and 1995 the Pearson correlation coefficient amounts to
0.62, between 1700 and 1930 to 0.7. Autocorrelation could be achieved by using the
effective sample size based on a method by Werner (2002), which regards the statisti-
cal persistence of database-inherent autocorrelations (o = 0.01). After 1930, the rela-
tionship of sunspot numbers and flood frequencies seems to be decoupled. A compari-
son of global temperatures and GAR (Greater Alpine Region) temperatures shows a
temperature leap over the calculated neutral-point temperature development since the
beginning of the early instrumental period (cf. Auer et al. 2007).

Not all flood-rich and flood-poor periods can be connected to sunspot minima or max-
ima, but all sunspot extremes can be connected to changes of overall climatic condi-
tions irrespective of its trends (cf. Bohm 2011)

5.10.2 Correlations of flood frequencies and NAQOI-values in detail

Is it possible to associate (in a statistical sense) the variability of the NAO and the
flood history of the Bavarian Foreland? Due to oscillations of barometric pressure be-
tween the Iceland cyclone and Azores anticyclone weather conditions of the Atlantic
affects Western Europe climate in various ways. Based on the reconstruction of the
NAOI by Luterbacher et al. (2002), the time series of the flood frequencies (31-year
running mean values) and of the NAOI (likewise 31-year running mean values) can be
compared from 1500 AD onward (cf. Figs. 6 and 8). The NAO is one of the dominat-
ing teleconnection patterns regulating the regional characteristics of many climatic
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parameters. The NAO also reveals seasonal variations (in context of the climatic sea-
sonal cycle).
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Figure 8. Z-transformed time series of 31-year running flood frequencies in the Bavarian
Foreland (blue) and NAOI values (red) for the meteorological summer (JJA)
(NAOI data after Luterbacher et al. 2002). Grey bars label the flood-rich periods # 3
to #9.

The annual and the summer time series of flood frequencies and of NAOI-values have
been compared. The confrontations of the annual valuables are depicted in Fig. 6, the
comparison for the summer seasonal in Fig. 8. The particular importance and the gen-
eral dominance of summer floods in the Bavarian Foreland have already been dis-
cussed. The winter flood occurrences are mainly relevant in terms of the retention po-
tential of the alpine catchment areas which supports the development of floods in gen-
eral. In spite of the general decline of the NAO importance during summer, significant
correlations of the NAO (-index) and the time series of summer floods can be recog-
nized. In a first step 100-year intervals have been considered. For the centuries 1500 —
1599 (r =0.78, o= 0.01) and 1900 — 1999 (r = 0.65, a. = 0.01) significant positive cor-
relations occur (once again verified by the calculated persistence). Shifting the time-
interval by 50 years, a significant correlation can be observed for the period 1650 —
1749 (r = 0.8 Furthermore, the years from 1830 to 1999 exhibit another highly signifi-
cant correlation coefficient of r = 0.8 (a = 0.01). The changing sign in the relationship
around 1820 (cf. Fig. 8) coincides with the important transition period between the
Little Ice Age and the Modern Climate Optimum.

5.11 Flood frequencies of the Bavarian Foreland in comparison with selected
flood frequencies of Central Europe

This comparison is limited to the period between 1500 and 1900. The limitations re-
sult from weak data density in general before 1500 and in a multitude of anthropogen-
ic overprints of the river systems around the beginning of the 20" century. The com-
parison will be limited to the Lower Rhine and Middle Rhine (cf. Glaser 2008), the
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Vlatva (an Elbe tributary) and the Czech Elbe itself (cf. Brazdil 1998). The confronta-
tion is depicted in Table 4. Due to the decadal visualization of beginnings and endings
of the marked periods they underlie a certain blur. Similarities for all time series can
be particularly highlighted for the second half of the 16" century. In general an unex-
pected similarity can be seen between the time series of the Bavarian Foreland and the
Lower Rhine, except the years 1790 until 1819. Good accordance between the Bavar-
ian Foreland can be revealed for the first and seventh and eighth decade of the 16"
century. During the 17" century only the sixth decade shows good accordance. A fur-
ther good accordance can be highlighted for the end of the 18" and beginning of the
19" century. Reasons for this variable behavior are founded in the variability of gen-
eral synopsis and resulting weather conditions. In that context the above mentioned
NAO is playing a vital role. For a further understanding of the variability between the
compared time series meteorological aspects must be consulted.

Table 4. Comparison of selected flood frequencies. Lower Rhine (RHI), Middle Rhine
(RHm), Czech Elbe (ELBcz), Vlatava (VLA) and Bavarian Foreland (BF). Due to the decadal
visualization beginnings and endings of the marked periods underlie a certain blur. Data al-
tered according to Glaser (2008) and Brazdil (1998).

1500 1500
1510 1510
1520 1520
1530 1530
1540 1540
1550 1550
1560 1560
1570 1570
1580 1580
1590 1590
1600 1600
1610 1610
1620 1620
1630 1630
1640 1640
1650 1650
1660 1660
1670 1670
1680 1680
1690 1690
1700 1700
1710 1710
1720 1720
1730 N N 1730
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1740 1740
1750 1750
1760 1760
1770 1770
1780 1780
1790 1790
1800 1800
1810 1810
1820 1820
1830 1830
1840 1840
1850 1850
1860 1860
1870 1870
1880 1880
1890 1890
1900 1900

6 Conclusions

The flood history of the Bavarian Foreland can be analyzed in a statistical way from
the beginning of the 14™ century onward (based on the existing data). The flood histo-
ry of the entire Bavarian Foreland was compiled and analyzed, based on both docu-
mentary and instrumental data. We could identify statistical correlations between the
flood frequencies and conditions of the atmospheric framework up to the present day
based on different climate proxies and historical observations and transmissions.

The investigation period commences amid the latest climatic depression of the Subat-
lantic stage (2.5 ka — present). Despite the reduced availability of data at the begin-
ning of the time series, including the absence of reconstructions of pressure fields,
temperature and precipitation (until 1499), significant changes in the correlation be-
tween climate conditions and flood frequencies can be identified. Virtually each shift
in the flood frequencies’ trend (towards flood-rich or flood-poor periods) coincides
with significant fracture points within the time series (according to two-sided t-tests).
These fracture points provide indications of changing atmospheric conditions which
may affect flood.

The NAO is of particular importance for the climatic conditions in the Bavarian Fore-
land as well as in the Alps in general. However, according to Casty et al. (2005), the
NAO alone cannot explain the very sophisticated climatic events of the Greater Al-
pine Region (GAR). The present work describes multiple mechanisms with influences
to major atmospheric conditions. With a view towards the changing directions of the
flood frequencies the shifts themselves within multiple climatic factors are playing an
important role in the climatic circumstances of flood development. In this context, the
dominant role of the summer NAO from 1830 onward is conspicuous. This atmos-
pheric parameter coincides with the beginning of the transition period between Little
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Ice Age and Modern Climate Optimum. Until the end of the time series, high correla-
tion coefficients do exist. For this special period a statistical unique coherence within
the present work can be emphasized.

Another influence on flood frequency development might come from solar activity.
Despite marginal changes of global radiation, the correlation between flood frequen-
cies and sunspot numbers from 1610 until 1930 is rather high. For the Maunder Min-
imum, the solar radiation was reduced by about 0.24 % (compared with the present
mean value, cf. Lean & Rind 1998). This causes a cooling effect of 0.5° C at the most
for the northern hemisphere. Seemingly, the slight change of solar radiation could
lead to a significant alteration of atmospheric fluxes, particularly concerning the mois-
ture content of air masses. Nevertheless, the high correlation between flood frequency
and solar activity cannot explain the mechanism of action from the solar surface
through the atmospheric system towards the surface. To explain this mechanism of
action further investigations are necessary.

After 1930 the natural relationships seem to be superimposed by an increasing an-
thropogenic influence on the climatic conditions. In this context a decoupling of a ret-
rograde signal could be revealed. That assumption will be indicated by exceeding the
threshold of the average temperature deviation for the GAR in 1930 (cf. ZAMG
2011).

The current report emphasizes the importance of long time series. The complexity of
northern hemispheric (or even global) circulation dynamics as well as the range of
natural climate variability is, however, only partially understood.
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