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Abstract

The generation of 24 extreme floods in large catchments of the central Alps is analyzed from instrumental and
documentary data, newly digitized observations of }t)recipitation (DigiHom) and 20™ Century Reanalysis
(20CR) data. Extreme floods are determined by the 95™ percentile of differences between an annual flood and
a defined contemporary flood. For a selection of six events between 1868 and 1910, we describe
preconditioning elements such as precipitation, temperature, and snow cover anomalies. Specific weather
patterns are assessed through a subjective analysis of three-dimensional atmospheric circulation. A focus is
placed on synoptic-scale features including mid-tropospheric ascent, low-level moisture transport,
propagation of cyclones, and temperature anomalies. We propose a hydro-meteorological classification of
all 24 investigated events according to flood-generating weather conditions. Key elements of the upper-level
synoptic-scale flow are summarized by five types: (i) pivoting cut-off lows, (ii) elongated cut-off lows, (iii)
elongated troughs, (iv) waves (with a kink), and (v) aptgroximately zonal flow over the Alpine region. We
found that the most extreme floods (as above, but > 98™ percentile) in Switzerland since 1868 were caused
by the interaction of severe hydro-climatologic conditions with a flood-inducing weather situation. The 20CR
data provide plausible synoptic-scale meteorological patterns leading to heavy precipitation. The proposed
catalogue of weather patterns and hydro-climatologic precursors can give direction when anticipating the
possibility of severe floods in the Alpine region.

Keywords: extreme flood events, central alps, switzerland, hydro-meteorological, climatological case
studies, weather pattern classification, atmospheric precursors, extreme hochwasserereignisse, schweiz,

alpen, fallstudien, wetter muster klassifikation.

1 Introduction

The Alpine region is sensitive to floods due to the fre-
quent occurrence of heavy precipitation, the potential
contribution of snowmelt, and mesoscale dynamics (FREI
et al., 2000; WEINGARTNER et al., 2003; FREI and
SCHMIDLI, 2006). Recent floods in the Swiss Alps, such
as the catastrophic event in August of 2005, have caused
fatalities and damaged infrastructure (BEZZOLA et al.,
2008). Since 1987, Swiss federal authorities have
explored the hydrological and meteorological characteris-
tics of floods (e.g., ASCHWANDEN, 2000; BEZZOLA and
HEGG, 2007, 2008).

Compared to recent years, few floods occurred
between 1950 and 1987 (PFISTER, 2009), the time cov-
ered by reanalysis data sets. Hydrological and meteoro-
logical conditions of floods prior to 1950 have been
studied using historical data (ROTHLISBERGER, 1991;

“Correspondence address: Peter Stucki, Climatology Research Group,
Institute of Geography, University of Bern, Hallerstrasse 12, 3012 Bern,
Switzerland. E-mail: peter.stucki@giub.unibe.ch

DOI 10.1127/0941-2948/2012/368

PFISTER, 1999; WANNER et al., 2004; SCHMOCKER-
FACKEL and NAEF, 2010; WETTER et al., 2011), and
compared to more recent events (PETRASCHECK, 1989;
FREL, 2005). In Switzerland, a rich body of
historical literature on floods is available (e.g., COAZ,
1869; BILLWILLER, 1876). Supplemented with quantita-
tive information (e.g., from the Annals of the Schweize-
rische Meteorologische Zentralanstalt; ASMA), the
classification of Alpine floods is possible. For instance,
SCHMOCKER-FACKEL and NAEF (2010) distinguished
North-East, North-West, and South types regarding the
hydrological extent of flood events (see also HILKER
et al., 2008). Other studies have investigated the weather
regimes associated with floods. Historical winter floods
in Central Europe were associated with southward dis-
placed zonal circulation belts or southwesterly inflow
on a monthly scale (STURM et al., 2001; JACOBEIT
et al., 2003). Summer floods in Central Europe since
1948 were mainly ascribed to a cut-off low from the
Icelandic trough moving to the northern Mediterranean
and following the van Bebbers cyclone track Vb
(JACOBEIT et al., 2006). BARDOSSY and FILIZ (2005)
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associated negative anomalies in sea level pressure (SLP)
patterns over the Bay of Biscay or the western Mediter-
ranean (positive anomalies from the eastern Mediterra-
nean to Russia) with summer floods in pre-Alpine
regions.

For Swiss catchments, there is substantial knowledge
about regimes producing heavy precipitation, but not spe-
cifically about flood-causing weather. WEHRY (1967)
identified five weather situations responsible for precipi-
tation rates of > 50 mm/> 2500 km“/day . GREBNER and
ROESCH (1998) proposed six circulation patterns respon-
sible for (primarily cyclonic generation of) heavy precip-
itation in Switzerland from 1977 to 1993. One example is
cyclonic cold air advection towards the Alps from the
northwest combined with advection of warm air from
the south or southeast by a secondary vortex. Other typ-
ical atmospheric conditions associated with sustained
precipitation along the southern slope of the Alps (AS)
are specified in MARTIUS et al. (2006). These include a
conditionally unstable environment, advection of moist
low-level air masses, and an orographically forced ascent
(e.g., DOSWELL et al., 1996; MASSACAND et al., 1998,
HOINKA et al., 2006; BOUDEVILLAIN et al., 2009).

In this study, we use novel meteorological data sets
which allow a detailed quantitative analysis of precipita-
tion and atmospheric circulation preceding and during
major floods between 1868 and 1910. During this period,
floods were comparatively frequent (PFISTER, 1999;
SCHMOCKER-FACKEL and NAEF, 2010). These data sets
include daily precipitation observations from weather sta-
tions in Switzerland (BEGERT et al., 2005; FULLEMANN
et al., 2011) as well as a global, three-dimensional reanal-
ysis (COMPO et al., 2011). We supplement these data sets
with hydrological and climatological information to
explore the main contributors to floods (e.g., heavy pre-
cipitation events and their synoptic/temporal characteris-
tics) and antecedent hydro-climatological elements such
as soil moisture, snow accumulation, and temperature
(DOSWELL et al., 1996; WEINGARTNER et al., 2003;
WANNER et al., 2004; MARKOWSKI and RICHARDSON,
2010). We present examples of extreme floods in four
Swiss catchments since 1868. Our assessment considers
hydrological, climatological, and meteorological perspec-
tives. First, we analyze preconditioning factors, i.e., the
hydro-climatological disposition, since the winter preced-
ing the event (“long-term”). Then, we explore the
“short-term™ (i.e., lasting from a few hours to several
days) hydrological triggers (i.e., the initiation of high dis-
charges by heavy precipitation) and the meteorological
triggering (i.e., the activation of heavy precipitation by
weather systems). Finally, we address the maintaining
factors, i.e., the meteorological factors contributing to
the maintenance of heavy precipitation over several days
(cf. JACOBEIT et al., 2006).

All studied events are then classified according to the
synoptic-scale flow configuration which accompanied the
flood-triggering heavy precipitation event. Additionally,
we discuss the relationship between synoptic and

P. Stucki et al.: Weather and hydro-climatological precursors of extreme floods in Switzerland

Meteorol. Z., 21, 2012

smaller-scale dynamics in the Supplement (available
online on the journals website at www.schweizerbart.de/
journals/metz).

2 Data
2.1 Lake level and runoff data

We explore lake level data from Lake Constance (Con-
stance; available since 1817) and Lake Zurich (Zurich;
available since 1811) on the northern slope of the Alps
(AN), and Lago Maggiore (Locarno; available since
1869) on the southern slope of the Alps (AS). Lake level
data for Lago Maggiore and Lake Zurich were supplied
by the Swiss Federal Office for the Environment (FOEN,
Hydrology Division; accessed in June 2009). Lake level
data for Lake Constance were provided by the German
Landesanstalt fiir Umwelt, Messungen und Naturschutz
Baden-Wiirttemberg (LUBW; accessed in June 2009).
We also consider data from the Rhine River (Rheinhalle
near Basel; available since 1869; FOEN). The Rhine
drains the largest area of Switzerland north of the Alps
(see Fig. 1). Daily mean discharges and daily gauge read-
ings (MQd), as well as annual floods and flood levels
(HQa) are used as base parameters.

2.2 Meteorological surface data

We use daily precipitation sums (5:40 AM to 5:40 AM of
the next day in mm) at Swiss weather stations (provided
by MeteoSwiss). Some series reach back to 1864. This is
supplemented with precipitation data from COAZ (1869)
and BILLWILLER (1876). For the flood in 1868, record-
ings from 32 stations are available. For the flood in
1951, data from 287 stations are available. Thirteen of
the precipitation data series have been homogenized
(BEGERT et al., 2005). Since our study is limited to sev-
eral well-documented events, we can manually assess
outliers. Furthermore, we value short-term dynamics over
climatological stability. For instance, we are interested in
day-to-day shifts of temperature or precipitation fields
during a flood event. Therefore, a good spatial coverage
by meteorological data is preferred over homogeneity in
the station series.

In addition to the Swiss data, we have daily resolved
precipitation data from neighboring countries (ECAD
data set; KLEIN TANK et al., 2002). Mean seasonal or
monthly temperature and precipitation amounts for indi-
vidual stations were calculated for the 1961-1990 period
according to BEGERT et al. (2007).

2.3 Reanalysis data

This study considers the Twentieth Century Reanalysis
version 2 (20CR; COMPO et al., 2011). This global scale,
six hour resolved, and three-dimensional atmospheric
dataset goes back to 1871. 20CR is based on an
ensemble Kalman filter assimilation of surface and SLP
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Figure 1: Topographic relief and waterways in relevant region of Switzerland (base map courtesy of swisstopo). Selected gauge stations
(denoted with cones) are located within the corresponding catchment (denoted with a red line). Frequently mentioned geographical regions
(spaced letters) and locations such as localities (circles), mountain passes (bridge symbols), and summits (triangles) are indicated. A dashed
grey hexagon demarcates areas exposed to damage and intense precipitation (see Table 1).

observations. Monthly mean sea surface temperatures
(SST) and sea ice concentrations serve as boundary con-
ditions. An experimental version of the US National Cen-
ter for Environmental Prediction/Global Forecast System
(NCEP/GFS) atmosphere/land model from 2008 is used
at a resolution of T62 in the horizontal and 28 hybrid
sigma-pressure levels in the vertical. In this paper, we
consider an ensemble mean of 56 members. For the
1868 event, an experimental back-extension using the
20CR system and surface pressure input from the
ISPDv2 data base was utilized, but with the following
changes: no tropical cyclone data were assimilated and
SST and sea ice are the monthly 1871-1900 average.
Because the convex 20CR model orography representing
the Alps reaches only ca. 1000 m a.s.l. (see the Fig. 1
Supplement) terrain-induced effects (e.g., orographic lift-
ing or flow convergence) are likely to be under-
represented.

The potential and limitations of 20CR for various
applications has been scrutinized (e.g., in terms of trend
analyses; FERGUSON and VILLARINI, 2012). However,
20CR has been shown to accurately represent synoptic-
scale features related to individual storms (BRONNIMANN
et al., 2012). The dense observational data sets in this
study provide insight into the use of 20CR for exploring
heavy precipitation events in complex topography. Anal-
yses of the ensemble standard deviations for the events in
1876 and 1993, respectively, show that over much of the
continent and for most of the variables used here, they are
sufficiently small for the purpose of this study. Neverthe-
less, they can be up to twice as large in the 1876 case

compared to 1993 (e.g., in the range of 2 hPa and 1
hPa for SLP; not shown). The limitations of global mod-
els in accurate representation of precipitation are reflected
in the comparatively low precipitation rates. In addition,
the ensemble standard deviations are larger for both
events, reaching approximately 0.8 mm/h at mean rates
of < 2.5 mm/h. The spatial patterns of precipitation rates
are less affected. For more recent events, 20CR was also
compared to NCEP/NCAR Reanalysis (KALNAY et al.,
1996; KISTLER et al., 2001), GFS Analysis, BOLAM3
(Buzzi and FOSCHINI, 2000), the EMULATE data
set (ANSELL et al., 2006), and meteorological maps
(e.g., GREBNER and RICHTER, 1991; GREBNER, 1993;
CASSARDO et al., 2001). Consistency was found in the
spatio-temporal representation of meteorological vari-
ables and only 20CR is shown in this study.

2.4 Data from historical reports and
literature

The numerical data are supplemented with information
from historical reports, bulletins, or literature (e.g.,
ASMA; COAZ, 1869; BILLWILLER, 1876; AMBROSETTI
et al., 1994; PFISTER, 1999). In addition to hand-drawn
precipitation maps, we consulted wind measurements
(e.g., the Beckley anemometer from the summit of San-
tis, at 2502 m a.s.l., for the 1890 event) or upper air
information from tethered balloon and kite soundings
at Friedrichshafen (Lake Constance) for the 1910 event
(e.g., Coaz, 1869; BILLWILLER, 1876; ASMA, 1890,
1910, 1951).
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3 Methods
3.1 Selection and analysis of meteorological
fields

The amplitude of heavy precipitation events depends on
the rate and duration of precipitation (DOSWELL et al.,
1996). The rainfall rate is proportional to the vertical
moisture flux, which is defined as the vertical wind times
the mixing ratio of the rising air. The 20CR data provide
information on quasi-geostrophically forced upward
motion (approximated by the vertical motion at the 500
hPa level) and the vertically integrated moisture content
of the atmosphere (i.e., precipitable water). The equiva-
lent potential temperature (®,) at 850 hPa serves as an
air mass marker, and the wind field at 850 hPa represents
low-level air flow.

Due to the resolution of 20CR, we can readily visual-
ize and describe the large-scale patterns (cf. RUDARI
et al., 2005). However, meso-beta-scale (and smaller)
components must be deduced from other sources (see
the Supplement available online). Local observations
(e.g., wind drift, persistence of rainfall) and assessments
by contemporary experts (e.g., Billwiller, Coaz) complete
the descriptions.

3.2 Event selection

We define extreme floods as maxima in the time series of
annual floods and lake levels (HQa). Except for Lake
Constance, the series are influenced by human activities
such as river regulations (e.g., WETTER et al., 2011).
To account for this artificial signal, we quantify the differ-
ence between observed annual floods (or lake levels) and
a mean contemporary annual flood (or mean lake level).
A contemporary annual flood is defined as the 11-year
moving average of the HQa. To define extreme floods,
we use the 95™ percentile of these differences over the
entire record. Documentary evidence (see STUCKI and
LUTERBACHER, 2010) enables us to include the Lago
Maggiore event in 1868. This reveals the 24 flood events
listed in Fig. 2 (hereafter referred to as “extreme
floods™). We analyze the meteorological situation of
these events using 20CR and ASMA.

We select particularly extreme floods to be explored
in greater detail (e.g., the hydro-climatologic history).
These floods correspond to the 98" percentile and consist
of 12 events (1868, 1876, 1881, 1890, 1907, 1953, 1987,
1993, 1999 (two events), 2000, and 2005). We substitute
the event of 1881 with the extreme event of 1910,
because the latter was among the most spatially extensive
floods in Switzerland, is better documented, and shows
similar meteorological patterns to 1881. We include the
Christmas flood of 1882 because all other events
occurred during the warm seasons (May to October).

These 13 events are hereafter referred to as “the sub-
set.” They affect different regions (e.g., only the northern
or southern side of the Alps), and are well-documented in
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the literature (e.g., ROTHLISBERGER, 1991; AMBROSETTI
et al., 1994; PFISTER, 1998; PFISTER, 1999; SCHMOCK-
ER-FACKEL and NAEF, 2010; STUCKI and LUTERBACH-
ER, 2010) and in the FEuroClimHist database
(EuroClimHist, 2008). Results for the subset are summa-
rized in Table 1 (see Section 5). The meteorological anal-
ysis of the subset enables the meteorological
classification of all 24 extreme floods (see Section 5).
In the following section, we present examples for the
subset events prior to 1950. More recent events are
excluded because they are already comprehensively dis-
cussed in the literature (see Section 1).

4 Case studies of extreme floods since
1868

4.1 Lago Maggiore and Valais, September/
October of 1868

The flood in the autumn of 1868 occurred in two episodes
within a week. The first episode started on September 27"
and affected southern, south-central and south-eastern
parts of the Swiss Alps (Ticino, Graubiinden, and St.
Gallen; ARPAGAUS, 1870). The second episode began on
October 3™ and affected the southern, central and western
Swiss Alps (Ticino, Valais, and Uri; PETRASCHECK, 1989).
The corresponding areas are presented in Table 1. Fifty
casualties were registered in Switzerland. Approximately
half of the financial losses were incurred in the Ticino
(PFISTER, 1999). The level of Lago Maggiore (199.98 m
a.s.l. on October 4™, 1868; FOEN) exceeded all (known)
high water marks since 1177 (PFISTER and SUMMERMAT-
TER, 2004). It was 0.9 m higher than the second largest
flood since 1177 (in 1807; STUCKI and LUTERBACHER,
2010; based on AMBROSETTI et al., 1994, among others),
and it was 2.6 m higher than the largest flood since 1868
(in 2000; Fig. 2).

4.1.1 Hydro-climatological disposition

Several wet spells on the AS, during the summer of 1868,
brought precipitation sums of 40-50 mm/day and
monthly precipitation sums above the 1961-1990 clima-
tological mean (see the Fig. 2a Supplement, see ASMA,
1868; see the summary in Table 1). Precipitation in Sep-
tember was excessive (i.e., up to three times the reference
monthly mean at Lugano). Consequently, the lake level at
Locarno rose 6 m between September 20™ and October
4™ 1868 (see the Fig. 2¢ Supplement).

4.1.2 Precipitation patterns

For this event, the highest amounts of precipitation were
recorded at the San Bernardino Ospizio station (located at
the San Bernardino Pass, 2065 m a.s.l.). Over the eight
days (September 27™ to October 4™), 1118.2 mm of
rainfall was measured (cf. ROTHLISBERGER, 1991;
Fig. 3f and Table 1 for 24 h and 72 h amounts).
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Figure 2: Time series of annual floods (HQa; light blue lines) for selected stations since 1868. Smaller circles indicate extreme floods (95"
percentile), larger circles show the most extreme floods (98™ percentile; with 1868 and 2005 introduced manually). Black tips indicate
floods occurring in several catchments. Colors indicate the time of year. Eight events occurred in May and June (green), three occurred in
August (yellow), ten took place in September, October, November (red), and two occurred in December (blue). Below, we provide the 24
extreme events (two events in 1926 and 1999, respectively). The framed years indicate events discussed in this study (the events in 1868,

1876, 1882, 1890, 1907, and 1910).

As shown in Fig. 3f, there was considerable spatial
heterogeneity in the amounts of precipitation (cf.
Section 5.2). During the second episode, precipitation fell
over a larger area to the southwest and the overall amount
was reduced (e.g., 196 mm was measured at the San
Bernardino Pass on October 1%).

In addition, the weather reports from COAZ (1869)
indicate fresh snow on higher elevations on September
23™ (e.g., 14 cm on the Julier Pass, 2284 m a.s.l.) and
September 28" (visual observation on Rheinwaldhorn).
Snow melt is attributed to high temperature, which were
especially dramatic on September 27" and October 3™
(e.g., Spliigen at 1460 m a.s.l., 16 °C and 18 °C; PETRAS-
CHECK, 1989; cf. temperature at Lugano is provided in
the Fig. 2b Supplement). The thaw was accompanied
by heavy rainfall, hail, and thunder. These elements
(i.e., sharp temperature rise, heavy precipitation, and
snow melt) are listed as flood triggers in Table 1.

4.1.3 Atmospheric conditions

The first episode of precipitation started on September 28,
Between a mid-tropospheric cut-off low over the Celtic
Sea and a ridge over southeastern Europe (Fig. 3a), a
southwesterly flow was established over central
Europe. Wind direction and cloud-drift observations at
San Bernardino (south/south; ASMA, 1868) and at the
Gotthard Pass (southeast/south) indicate a southerly flow
over the Alps on September 28", which is consistent with
the wind field at 850 hPa in the 20CR data set (not
shown).

The second episode of precipitation started on
October 1°" when an elongated upper-level trough over

the Bay of Biscay moved southward with lifting along
its eastern flank (Fig. 3b and c). At the surface, a second-
ary low pressure center formed over the western Mediter-
ranean (i.e., Balearic Islands). The trough over the Bay of
Biscay and the anticyclone over the Ionian Sea remained
approximately stationary until October 4™ (not shown),
enabling a continuous flow of moist air from the central
Mediterranean towards the Alps. Fig. 3d shows a clear
counterclockwise turn of low level winds towards a
southeasterly flow over northern Italy on October 2™
Accordingly, winds were predominantly southeasterly at
the Alpine passes (i.e., Gotthard, Simplon, and Grand
St. Bernard) and at the AS stations (Lugano and Bellin-
zona; ASMA, 1868). This shift of wind direction is con-
sistent with the westward drift of heavy precipitation
(e.g., peak of daily precipitation at the Grand St. Bernard
Pass was 78 mm on October 1% and at the Grimsel Pass
was 59 mm on October 3%, respectively; ASMA, 1868;
see the Fig. 2d Supplement).

The southerly flow of warm and moist air in the lower
troposphere (Fig. 3d) was maintained by the slightly east-
ward propagation of the Balearic cyclone on October 3™
and the stationary lonian anticyclone (Fig. 3e). The Octo-
ber 3™ air temperature at Spliigen (18 °C; 1475 m a.s.l.)
indicates the local 850 hPa temperature and dew point in
near-saturated air due to prevailing heavy precipitation,
thunderstorms, and hail. Dew point temperature was
probably in the range of 15 to 18 °C. Ascending air under
these moist adiabatic conditions reaches freezing level at
4000 to 4500 m a.s.l., which leads to considerable snow
melt and runoff at lower elevations.

The 20CR ensemble mean clearly indicates the two
pulses of large-scale moisture transport towards the
AS. Due to the convex Alpine model orography, the
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Figure 3: (a-c): 20CR geopotential height (in decameters; as solid black lines) and vertical motion (ascent indicated with red shades,
descent indicated with steel-blue shades) at 500 hPa: (a) on September 28", 1868 (at 12 UTC), (b) on October 1!, 1868 (at 12 UTC), and (c)
on October 3™, 1868 (at 12 UTC). (d): ®, (where blue, black, and yellow isolines show 16, 24, and 32 °C) and wind (as black arrows) at
850 hPa, and precipitable water (green shading) on October 2" 1868 (at 12 UTC) as calculated from 20CR. (e): Sea level pressure (hPa
provided with red, black, blue lines) on October 3™, 1868 (at 12 UTC) as calculated from 20CR. (f): Observed daily precipitation amounts at
Swiss (and Swiss-bordering) stations from MeteoSwiss, DigiHom (FULLEMANN et al., 2011), and ECAD (KLEIN TANK et al., 2002) on
September 28" 1868. Data from COAZ (1869) are added in (f). The station with the maximum daily record (see also Table 1) is marked
with a bold black ring. Station elevation versus precipitation rate is shown in the inset.

reanalysis possibly simulates airflow deflection at lower
levels rather than convergence during the first episode.
However, it captures the counterclockwise rotation of
the flow during the second episode.

To conclude, the key conditioning factors for the flood
were above-normal amounts of precipitation in the months
preceding the event, intense precipitation in the days
leading to the event, and considerable snow melt associ-
ated with a sharp temperature rise. The large-scale weather
patterns indicate a slow progression of an upper-level
trough over western Europe, associated mid-tropospheric
lift, and a leftward turn of southerly winds at lower levels
over northern Italy during the second episode. Modern
analogues are presented in Section 5.2 and Fig. 9.

4.2 Basel, June of 1876

The Rhine River in Basel reached a maximum discharge
of 5700 m*/s during the event from June 10™ to 13™.
This is unprecedented for the instrumental period
(WETTER et al., 2011; see the Fig. 2 and 3 Supplement).
In addition, areas of the Swiss Plateau, Uri, and Graubiin-
den were flooded (PFISTER, 1999; see Table 1 for
selected flood levels). The total loss amounted to 14 mil-
lion francs (CHF) value at that time (PETRASCHECK,
1989; in ROTHLISBERGER, 1991).

4.2.1 Hydro-climatological disposition

BILLWILLER (1876) attributed the flooding to the melting
of “tremendous amounts of yet accumulated snow
masses in the mountains”. In February and March of
1876, heavy precipitation fell on the Swiss Plateau
(e.g., up to three times the 1961-1990 monthly means
at Zurich; BEGERT et al., 2007; see the Fig. 3¢ Supple-
ment). The remainder of spring was cold and wet. In
Bern, for instance, mean daily temperature in May was
approximately 5 °C below the 1961-1990 monthly mean.
In early June, daily mean temperatures rose, eventually
exceeding one standard deviation relative to the 1961—
1990 reference period (compare with the Fig. 3a and b
Supplement). According to ROTHLISBERGER, 1991
(Table 1), the floods were triggered by “long lasting
excessive rainfall and intense thunderstorms on saturated
soils” along the AN.

4.2.2 Precipitation patterns

Considerable amounts of precipitation were measured on
both sides of the Alps at an early stage of the event (e.g.,
76 mm at Bad Ragaz on the AN on June 7™, and 101 mm
at Lugano on the AS on June 10™; see the Fig. 3d
Supplement). From June 10" to June 13™, precipitation
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Figure 4: As in Fig. 3. (a-c): June 9" (at 12 UTC) to June 11" (at 12 UTC), 1876. (d): June 11", 1876 (at 12 UTC). (e): June 11™, 1876 (at
12 UTC). In (e), green shading shows the hourly precipitation rate over 3 hours. (f): June 11™, 1876. Data from BILLWILLER (1876) are

added in (f).

on the AN was nearly continuous, peaking on June 11%-
12" Between June 11" and June 13", 3164 mm
accumulated at the St. Gallen station (Table 1). All
June 11™ precipitation measurements mentioned in
BILLWILLER (1876) are included in Fig. 4f. On this
day, thunderstorms were reported in Zurich, and thunder-
storms and hail were observed in St. Gallen.

4.2.3 Atmospheric conditions

On June 9™, the upper-level flow over Europe was char-
acterized by two prominent synoptic-scale features, a
strong ridge over Russia and a cut-off low/trough over
the British Isles (Fig. 4a). Over the next two days, the
cut-off low moved northeastwards from the Pyrenees
and crossed the Alps (Fig. 4b and c).

At low levels, a distinct cold front established over
northwestern Europe and moved southward towards the
Alps until June 11™ (cf. Fig. 4d). A persistent northeast-
erly low-level flow prevailed along the Alpine north side
(Fig. 4e).

The upper-level cut-off low and the associated warm
air advection to the east (Fig. 4d) led to conditionally
neutral to unstable atmospheric stratification (not shown).
These conditions favored stratiform precipitation and
embedded thunderstorms, as suggested by the observed
precipitation patterns (Fig. 4f). Stratiform precipitation
led to elevation-independent amounts of precipitation,
whereas spatially variable amounts of precipitation on
the Swiss Plateau are typical for convective precipitation.

The model-generated 20CR precipitation field (Fig.
4e) is associated with a zone of moisture flux conver-
gence at 850 hPa (not shown) impinging on the AN from
the northeast. A time series of daily precipitation for a
grid-point over the Alps (46.7 °N, 9.4 °E) reveals that
the event is captured. However, the grid cell precipitation
signal in the 20CR ensemble mean is low compared to
the observed local maxima (e.g., 20 mm/day compared
to 220 mm/day recorded at the St. Gallen station on June
llth; see Fig. 4f ; see Table 1; see the Fig. 2c to d Sup-
plement). In addition, several precipitation events of
comparable amplitude occurred between February and
June of 1876 in the 20CR data set. However, the obser-
vations suggest that the June event was at least twice as
intense as any other precipitation events in the spring of
1876 (see the Fig. 3d Supplement).

To conclude, the 1876 event was mainly precondi-
tioned by a wet spring and the presence of considerable
snow cover. The precipitation that triggered the event
resulted from a steady northeasterly low-level flow of
moist air towards the AN and the slow progression of
the weather system to the east, and it was favored by
large-scale lifting associated with the upper-level cut-off
low.

4.3 Rhine/Basel, December of 1882

In 1882, an early winter flood lasted from December 25™
to 27™. The return period of the discharge at Basel was
comparable to the 1817, 1994, and 2007 events (WETTER
et al., 2011). The mean daily discharge (MQd) at Basel
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Rheinhalle was 4371 m?/s, which is the 5™ highest value
in the station history (Fig. 2). Damages from the flood
were reported from western to northern parts of Switzer-
land (ROTHLISBERGER, 1991).

4.3.1 Hydro-climatological disposition

Autumn of 1882 was wet on the AN (i.e., snow sums in
November reached the 95" percentile of the 19011950
period; e.g., Elm at 960 m as.l.; cf. STUCKI and
LUTERBACHER, 2010). However, December was fairly
dry until Christmas (cf. the Fig. 4c Supplement). From
November to December, temperatures were below the
1961-1990 average, with occasional warmer spells.
However, temperature increased rapidly between Decem-
ber 25™ and 27™ (e.g., from -12 °C to 2 °C at the Grand
St. Bernard Pass; 2470 m a.s.l.; ASMA, 1882; see the
Fig. 3a to b Supplement). ROTHLISBERGER (1991)
reported “sudden snowmelt and extraordinary rainfall”
as triggering factors for the flood (Table 1).

4.3.2 Precipitation patterns

On December 23", heavy precipitation and snowfall
were observed on the AN. For instance, measurements
from Elm (960 m a.s.l.) indicate a 38 cm snow layer with
a water equivalent of 32 mm (see the Fig. 4d
Supplement).

Between December 25™ and 27", cumulative precip-
itation approached 200 mm in the eastern AN (194.1 mm
at Ebnat-Kappel; see Fig. 5f; see Table 1). Precipitation
fell on the Jura, the Swiss Plateau, and the pre-Alps.
However, the AS and inner-alpine valleys remained
dry. At stations above 700 to 800 m a.s.l., snowfall
was reported from December 21 to 25™, and a mixture
of snow and rain fell on December 26™ and 27" (ASMA,
1882). On December 24" it snowed in Geneva,
Neuchatel, Bern, and Zurich. Basel experienced snow
and rain (ASMA, 1882).

4.3.3 Atmospheric conditions

On December 25™, an intense extra-tropical cyclone was
located in the mid-Atlantic (Fig. 5a). On December 27",
a second cyclone reached the eastern Atlantic
(Fig. Se), exhibiting the typical T-bone structure of the
Shapiro-Keyser model (SHAPIRO and KEYSER, 1990).
This was reflected in the distinct pattern of mid-tropo-
spheric ascent (Fig. 5¢) and in the precipitation rate. In
the warm sector of the cyclone, mild (up to 10 °C at
850 hPa) and moist air was advected towards the Alps
(Fig. 5d). Accordingly, the Séntis summit station reported
a wind shift from north to southwest between December
25™ and 27™ (ASMA, 1882). Over several days, recur-
ring advection of moisture towards the Alps by strong
winds led to prolonged precipitation. This was especially
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apparent in the eastern areas of Switzerland (see the Fig.
5f and the Fig. 4d Supplement).

20CR reproduces the repetitive passage of frontal sys-
tems associated with three pulses of precipitation (on
December 25", 26™, and 27™). Precipitation magnitudes
are underestimated by a factor two to seven (a maximum
of 25 mm/day) compared to local observations. This is
ascribed to the location of the precipitation field cores
to the north of the Alps in the ensemble mean (see Fig.
5f; see Table 1; see the Fig. 4d Supplement).

In summary, a northwesterly flow produced prodi-
gious snow on December 23 and 24" at lower eleva-
tions. Moist and mild mid-Atlantic air was advected
repeatedly to northern Switzerland (see Fig. 9 for a gen-
eralized schematic). A temperature increase, large
amounts of precipitation, and strong winds led to a rapid
melting of the snow pack on the Jura Mountains, the
Swiss Plateau, and the Alps.

4.4 Lake Constance, August of 1890

In August of 1890, severe floods and landslides occurred
in eastern Switzerland and the Ticino. Losses of CHF
850’000 were reported in 134 municipalities in the Can-
ton of Graubiinden. Rhine dams broke in Vorarlberg,
flooding the Alpine Rhine valley. On September 3™
and 4™, the third highest annual flood levels since 1817
were recorded in Constance (2.35 m above the
mean level of 1902-2006; LUBW,; cf. Fig. 2 and Table
1). Billwiller (in ASMA, 1890; see the Fig. 5¢ Supple-
ment) reported a 1.5 m rise of Lake Constance from
August 24™ to September 2™ and a 2 m transgression
of Lake Walensee from August 28" to 31°.

4.4.1 Hydro-climatological disposition

Measurements at Bad Ragaz (500 m a.s.l.) indicate a cold
to very cold period from the end of May to early August,
followed by a rapid rise in temperatures (see the Fig. 5a
Supplement). Precipitation at Bad Ragaz was generally
within quartiles of the 1961-1990 period until May (cf.
the Fig. 5¢ Supplement). In June and July, the monthly
sums (approximately 290 mm each) were equivalent to
2.5 times the reference period average. The monthly sums
in August reached 769 mm (ASMA, 1890).

4.4.2 Precipitation patterns

On August 24" there was heavy precipitation in the
Ticino and the Rhine valley (120 mm at Bad Ragaz;
see the Fig. 5d Supplement). Continuous rainfall
followed until August 25" (BILLWILLER and BUHLER,
1891; ROTHLISBERGER, 1991; EuroClimHist, 2008).
During a second, more intense episode of precipitation
(from August 27™), considerable amounts of precipitation
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December 27", 1882.
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Figure 6: As in Fig. 4. (a-c): August 27th (at 12 UTC) to August 29th (at 12 UTC), 1890. (d): August 29th, 1890 (at 06 UTC).

(e): August 29th, 1890 (at 12 UTC). (f): August 29th, 1890.

fell in the Ticino (98 mm at Locarno; see the Fig. 5d Sup-
plement) and in northeastern Switzerland (Fig. 6f). On
August 29" the precipitation at Bad Ragaz (175 mm)
was a maximum for the station history. Between August

27™ and 29™, the 72 h precipitation observed at Lugano
was 323 mm (see Table 1). The magnitude of heavy pre-
cipitation appeared to be independent of station elevation
(Fig. of).
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4.4.3 Atmospheric conditions

Between August 24™ and 26, an upper-level trough and
an associated low pressure system moved over Central
Europe (not shown). By August 27™, a second low was
established over the British Isles. As this low slowly
moved eastward (Fig. 6a), it was accompanied by a
large-scale diurnal cycle of convection, which is reflected
in ascending air at the 500 hPa level (Fig. 6a to c), and
strong low-level convergence. Temperature differences
of >18 °C across the 700 hPa—500 hPa layer (not shown)
indicate static instability over the Mediterranean region.

On August 28", the eastern part of the upper-level
trough reached the Alps and the system became
quasi-stationary (Fig. 6b and c). The following day, the
associated cold front reached the Alps (Fig. 6d). Accord-
ingly, mid-day temperatures at Altstitten decreased from
243 °C (on August 27™) to 10.9 °C (on August 31
see the Fig. 5b Supplement for Bad Ragaz). On August
28", high ©, air of the cyclone’s warm sector was driven
towards the Alps by southwesterly winds. The formation
of a weak low pressure system over the Gulf of Genoa
caused low-level winds to turn from southwest to south.
The surface low migrated eastward. When it reached
northern Italy (i.e., the Adriatic Sea), precipitation set in
at the eastern AN (Fig. 6e). Fig. 6f shows a heterogenous
spatial distribution of precipitation. This indicates deep
convection drifting into the northern foreland of the Alps,
which is consistent with reports of heavy rain, thunder,
and hail (ASMA, 1890).

The 20CR ensemble mean suggests approximately
20 mm/day of precipitation over the Alps. This is sub-
stantially less than the observed precipitation (see the
Fig. 6f and Fig. 5b Supplement). However, the progres-
sion and timing of the precipitation field agrees with
the maximum observed precipitation (see the Fig. 5c to
d Supplement; see Table 1).

In summary, the summer of 1890 was very wet and
cold. The synoptic-scale setting during the intense precip-
itation at the end of August was characterized by repeti-
tive mid-tropospheric ascent and stationarity of the
second frontal system. Moist and warm air was advected
towards the AS along a southwest-northeast oriented sur-
face cold front. A generalization of the large-scale pat-
terns is given in Fig. 9.

4.5 Lago Maggiore, October of 1907

On October 18", 1907, several lakeside towns on Lago
Maggiore were flooded (Autorita di bacino del fiume
Po; www.adbpo.it; accessed online in March of 2011)
and the market place in Locarno was submerged (ASMA,
1907). The water level of Lago Maggiore was 4 m above
average (197.1 m a.s.l.). This is approximately 3 m
below the 1868 level, but equivalent to the 1993 flood
(Fig. 2).
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4.5.1 Hydro-climatological disposition

On the AS, spring and summer temperatures were below
the 1961-1990 mean. In August and September, temper-
ature exceeded the monthly average (see the Fig. 5a and
b Supplement for temperature at Lugano; cf. also Table
1). From January until the end of August, precipitation
in Lugano was below the 1961-1990 monthly means
(BEGERT et al., 2007). However, rainfall in September
was approximately double and in October was almost tri-
ple the monthly average (e.g., 1128 mm at Borgnone/
Centovalli in October; Billwiller in ASMA, 1907). These
wet conditions lasted 37 days (i.e., September 25" to
October 31%, 1907; see hydro-climatological elements
in Table 1; see the Fig. 6¢c Supplement).

4.5.2 Precipitation patterns

Heavy precipitation occurred in two episodes (ASMA,
1907). During the first episode (from October 8" to
and 9™), most precipitation was focused along the wes-
tern Jura and the western Ticino. This led to a 1.3 m
transgression of Lago Maggiore (see the Fig. 6¢ and d
Sugplement). The second episode began on October
14", with daily precipitation sums of 100 mm in the
Lago Maggiore area. On October 15", 100 mm of precip-
itation was measured in eastern Valais and at the Gotthard
Pass. However, a maximum occurred in the Ticino (142
mm at Mosogno; see the Fig. 6d Supplement). On the
following day, the same station received 198 mm (Fig.
7f). Over 72 h (October 14™ to 16™), the station had a
total amount of 421.4 mm (Table 1). Thunderstorms with
intense lightning activity were observed in Graubiinden
and the Ticino on October 15™ and 16™ (ASMA, 1907).

4.5.3 Atmospheric conditions

From October 14™ to 16™, a deepening trough over the
eastern Atlantic and the Bay of Biscay dominated the
synoptic-scale flow over Europe (Fig. 7a to c). Strong
ascent occurred along the eastern flank of the trough. Per-
sistent winds in a northward flow of Saharan air over the
warm Mediterranean transported unusually large amounts
of precipitable water (i.e., unusual for mid-October; 25—
30 mm; Fig. 7d). On October 16™, a secondary low pres-
sure zone was established over the north-western Medi-
terranean (i.e., the Gulf of Lions), which contributed to
the southerly warm moisture flux over northern Italy
(Fig. 7d to e). On October 16", the winds at Lugano
(AS) and Séantis (AN) turned to the east (ASMA,
1907). Accordingly, the precipitation field shifted slightly
to the west across the Alpine crest line (see the Fig. 7f
and Fig. 6d Supplement).

A 20CR grid-cell representing the AS (44.8 °N,
9.4 °E) indicates that the maximum precipitation on
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Figure 7: As in Fig. 4. (a-c): October 14™ (at 12 UTC) to October 16™ (at 12 UTC), 1907. (d): October 16, 1907 (at 18 UTC). (e): October

16", 1907 (at 12 UTC). (f): October 16", 1907.

October 17", 1907, was 30 mm (see the Fig. 6d Supple-
ment). This is five times less than the amount reported for
the previous day at Mosogno. Both reanalysis and
observed values indicate the largest precipitation amounts
in the respective time series covering four months. How-
ever, the 20CR ensemble mean mistakes the exact timing
(6 to 12 hours late) and location of the heaviest rainfall
(southern France; cf. see Fig. 7e).

In summary, the flood resulted from very wet and cold
conditions in the preceding months. The extraordinary
amount of precipitation was caused by strong synoptic
ascent and a persistent southerly flow of moist air. Differ-
ences to the 1868 event are reviewed in Section 5.3 and
Fig. 9.

4.6 Northern Switzerland, June of 1910

In June of 1910, heavy precipitation triggered one of the
most spatially extensive floods in northern Switzerland
(ROTHLISBERGER, 1991). Record discharges were
observed at the river stations Limmat (in Zurich), Linth
(in Weesen), Rhine (in Reckingen), Rhine (in Basel;
4040 m*/s on June 16™; cf. the Fig. 2 and Fig. 7c Supple-
ment), and Thur (in Andelfingen). Transgressions
occurred at lakes Thun, Brienz, Zurich (407.22 m a.s.l.
on June 17“‘; Fig. 2), Lucerne, and Constance (ASCH-
WANDEN, 2000). In terms of record discharges, the June
of 1910 flood is analogous to the 1999b flood (ASCH-
WANDEN, 2000). However, synoptic conditions are more
similar to the 2005 flood (FREI, 2005; cf. Section 5). This

event has been ascribed to heavy precipitation on satu-
rated soils and extensive snow melt (ROTHLISBERGER,
1991; included as determinative elements in Table 1).

4.6.1 Hydro-climatological disposition

In January of 1910, cold and wet conditions prevailed on
the AN. By the end of the month, 40 cm of snow accu-
mulated in Zurich (ASMA, 1910). Cold spells followed
in spring, when temperature was near the freezing point
in Zurich and was well below zero at Séntis (see the
Fig. 7a Supplement). In May and June, monthly mean
precipitation reached the 95" percentile of the 1961—
1990 reference period. Early June was generally warm
and sunny with scattered thunderstorms (ASMA, 1910;
ASCHWANDEN, 2000). BILLWILLER (1910) emphasized
that large positive temperature anomalies at higher eleva-
tions led to rapid snow melt, enhanced soil saturation,
and greater discharges (see the Fig. 7a to b Supplement).
Between June 1% and 10", 132 cm of snow melted at
Santis, adding to enhanced river flow and soil saturation
(cf. the Fig. 7c Supplement).

4.6.2 Precipitation patterns

Between June 9" and 12", daily precipitation amounts of
50 mm were observed across the Swiss Plateau (cf. the
Fig. 7d Supplement). On June 13™, the focus of precipi-
tation shifted to the northeastern Alps. The highest values
were observed on Rigi-Kulm at 1798 m a.s.l. (44 mm/
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Figure 8: As in Fig. 4. (a-c): June 12™ (at 12 UTC) to June 14™ (at 12 UTC), 1910. (d): June 13™, 1910 (at 12 UTC). (e): June 14™, 1910
(at 12 UTC). (f): June 14™, 1910. Data from GODINA et al. (2006) are added in (f).

day; see the Fig. 7d Supplement). The eastern inner
Alpine AN also experienced enhanced precipitation.

On June 14™ precipitation peaked. The heaviest
rainfall occurred along the eastern pre-Alps (cf. FREI,
2005). On Rigi-Kulm, a daily sum of 198 mm and a
72 h sum of 279.1 mm (for June 13™ to 15", Table 1)
were recorded. Extraordinary amounts of precipitation
were observed at all elevations except for the lowest
stations on the AS.

4.6.3 Atmospheric conditions

By June 12", a mid-level cut-off low had moved from
the Bay of Biscay to the western Mediterranean Sea
(Fig. 8a). It intensified over the Ligurian Sea on June
13" and its axis turned to a south-east north-west orien-
tation (Fig. 8b). Downstream, static stability was reduced
over the eastern Alps (not shown) in an area of large mid-
level ascent (Fig. 8b). A stationary ridge over Russia
impeded the eastward progression of the cut-off low
(Fig. 8c¢).

A surface low established over northern Italy on June
12™ and remained quasi-stationary until June 15™ (Fig.
8¢). On June 13™, a moist and warm air mass was present
over central and eastern Europe, while over western Eur-
ope, cold and dry air flowed towards the southeast (Fig.
8d). Winds at 850 hPa indicate a strong flow from east-
southeast over the eastern Alps. Consistently, a tethered
balloon sounding by the kite station at Friedrichshafen

registered easterly winds between 1000 and 3500 m
a.s.l. (ASMA, 1910).

This counter-flow (i.e., a clockwise turn of winds with
altitude from north to east) intensified from June 13" to
June 14™. The kite measurements at 6:30 AM on June
14™ indicate northerly winds between 1000 and 3000
m.s.l. Observational data also show the presence of cold
air in the valleys on the AN. Specifically, between June
12™ and 14™, mid-day temperature at Altdorf (456 m
a.s.l.) decreased by 5 °C (ASMA, 1910; cf. the Fig. 7b
Supplement for Zurich and Séntis). Above 3000 m
a.s.l.,, southeasterly winds persisted. This counter-flow
situation induced ascending of the warm airstream over
the lower cold air, which resulted in persistent, eleva-
tion-independent precipitation over the Alps (Fig. 8f;
cf. BILLWILLER, 1910). Accordingly, sustained precipita-
tion was reported in ASMA (1910). It intensified from
extensive in the morning to “torrential” in the evening
and during the night in central and eastern Switzerland.

The focuses of precipitation in the 20CR ensemble
mean are co-located with areas of strong mid-level ascent.
On June 13", precipitation maxima in the reanalysis are on
the AS and weaker precipitation occurs on the AN
(cf. Fig. 8e). At the central Alpine model grid-point
(46.7 °N, 9.4 °E), daily precipitation amounts hardly
exceed 20 mm/day. These pale in comparison to the
observed maximum of 200 mm/day at Rigi-Kulm (see
the Fig. 6d Supplement). When considering precipitation
at the same grid-point between February and July, the con-
ditions on June 14™ do not appear extraordinary.
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To summarize, the hydro-climatological conditions
were set by snow storage well into spring followed by
very wet periods and large snowmelt leading to saturated
soils (Table 1). The large-scale forcing (i.e., reduced sta-
tic stability and enhanced ascent of warm and moist air)
in a persistent counter-flow situation resulted in intense
precipitation over the Alps. Refer to Section 5.1 and to
Fig. 9 for comparisons to the 1876 flood or modem
events.

4.7 Hydro-climatological overview

Table 1 provides a summary of the hydro-climatological
situation for each subset event. This is based on the anal-
ysis of 20CR, station data, and documentary information.
Five flood events occurred in catchments of the AS.
Eight events primarily affected catchments of the AN
(Table 1). By definition (see Section 3), most of the
observed discharges rank among the top ten of the time
series recordings.

With respect to the hydro-climatological setting, snow
accumulation and snow storage (related to a cold spring
and summer) are important variables (COAZ, 1869;
BILLWILLER, 1876). Six events are strongly associated
with this combination (1876, 1907, 1910, 1987, and
1999a and b). Extended periods (i.e., over several weeks)
of heavy precipitation (and the resulting soil saturation,
lake level transgressions, and enhanced fluvial dis-
charges) are key prerequisites for all events. Note that soil
saturation is only introduced in Table 1 if documentary
information is available.

For eight events, heavy precipitation was accompa-
nied by a rapid warming and melting of long- or short-
term accumulated snow. Snowmelt may account for half
of the runoff during an extreme flood (e.g., GREBNER and
ROESCH, 1999; FORSTER and HEGG, 2000). Snowmelt
was of minor importance for three flood events on the
AS (1890, 1907, and 1993). However, high temperatures
or a sharp temperature rise are a prerequisite for each sub-
set event because the potential moisture content (and
freezing level) of air is determined by temperature (e.g.,
ROTHLISBERGER, 1994).

The daily and 72 hour precipitation of early events
(i.e., before 1987) exceeded more recent events. The
greatest 72 hour amounts were registered on the AS dur-
ing the 1868 and 1907 autumn events. Daily precipitation
in winter events is typically reduced, but in return the pre-
cipitation episode lasts longer.

5. Meteorological classification of the
flood events

Based on the subset events, we derived a subjective mete-
orological classification of the flood-inducing weather sit-
uations. This involved an iterative process of visual
pattern assessment, which started with the areas of heavy
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precipitation and flooding (Table 1). Then, we identified
similarities in terms of: location, form, orientation, and
propagation of various meteorological fields (i.e.,
upper-level geopotential height and regions of ascent,
surface fronts, location of low and high pressure systems,
and equivalent potential temperature and fields at
850 hPa).

The procedure was applied to all 24 extreme floods.
We elected five atmospheric patterns (“types”) based
on upper-level synoptic-scale flow, surface pressure fea-
tures, temperature anomalies, and moisture transport. At
the 500 hPa level, for instance, the types feature: (i) piv-
oting cut-off lows (filed isohypses), (ii) elongated cut-off
lows, (iii) elongated troughs (high amplitude, small
radius of isohypses curvature), (iv) waves (with a kink),
and (v) zonal flow (approximately zonally-oriented paral-
lel isolines). The five types are named after the most
prominent atmospheric pattern and are shown in ideal-
ized form in Fig. 9.

5.1 Pivoting cut-off (PCO)

The conditions in June of 1876, June 0f 1910, May of 1999
(the 1999b event), and August of 2005, represent the piv-
oting cut-off (PCO). The upper-level flow of this type is
characterized by a cut-off low over the Adriatic Sea with
strong ascent along its north-eastern to northern sector.
The term pivoting refers to the cyclonic path of the cut-
off low around the Alps (i.e., from the north-western Med-
iterranean Sea/Gulf of Lions across northern Italy), and the
shift of the main axis of symmetry from north-south to a
more zonal orientation. The circulation associated with this
vortex is evident in the 850 hPa level ®, and wind fields.
They exhibit a characteristic S-shape, with enhanced east-
erly moisture transport in the northern lobe of the S-shape.
Blocking surface highs, located over western and eastern
Europe, lead to a near-stationarity of the system.

The PCO has two subtypes. During the 1910 and
2005 events, the cut-off low was approximately circular
and the flow towards the Alps was from the north sector.
Alternatively, the 1876 and the 1999b events had a zon-
ally elongated cut-off low with advection from the north-
west. Accordingly, the largest 72 h precipitation sums
were measured in central (in 1910 and 2005) and north-
eastern (in 1876 and 1999) Switzerland, respectively (see
Table 1; see FREI, 2005). Further PCO type events
occurred in September of 1881, June of 1953, June of
1926, June of 1965, and May of 1994 (with partial or
no blocking in the latter three; see also GREBNER and
ROESCH, 1998). The SLP patterns of the PCO have sim-
ilarities to the Vb track (van BEBBER, 1891) which are
especially apparent in the initial phases. However, sta-
tionarity (and the further routes of the cut-off low towards
the east or southeast) is determined by the exact location
of the high over eastern Europe (cf. GREBNER and
ROESCH, 1998; METEOSWISS, 2006).
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Geopotential Height, Sea Level Pressure, Theta-E, Advection,
Ascent at 500 hPa Surface Lows, Highs Precipitable Water 850 hPa

Figure 9: Schematic showing flood-causing atmospheric patterns categorized into five types (colored box with dates of representative flood
events): PCO (Pivoting Cut-Off; subtypes separated by dashed line), ECO (Elongated Cut-Off), Canarian Trough (CAT), Stationary Front
(STF), and Zonal Flow (ZOF). Left column: Geopotential height (as black lines) at 500 hPa and the core area of large-scale mid-
tropospheric ascent (red field). Middle column: Sea level pressure (as black lines) and location of primary and secondary surface highs (H)
and lows (L). Blue fields indicate stationarity. Right column: Areas of precipitable water (as green fields) with wind direction at 850 hPa (as
black arrows) and the surrounding field of enhanced ©, (frontal structures; as black lines).
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5.2 Elongated cut-off (ECO)

The October of 2000 and September of 1993 floods were
similar to the event from September to October of 1868.
The elongated cut-off (ECO) typically occurs in autumn
and leads to extreme precipitation in southern/southwest-
ern Switzerland. It is characterized by a meridionally-
elongated trough at 500 hPa over the Balearic Sea and
Gulf of Lions. From this trough, an elongated cut-off
low develops and slowly progresses eastward. Ahead
of'it, large-scale lifting supports convection over the Alps
and northern Italy.

The SLP field is dominated by a low pressure system
over the northwestern Mediterranean Sea (see also
MASSACAND et al., 1998; FREI et al., 2000; GREBNER
et al., 2000; MASSACAND and WERNLI, 2001). The evo-
lution is analog to findings by BUZzzI and FOSCHINI
(2000), who pointed to the dominance of convection
and the counterclockwise rotation of the wind field which
enhances southerly moisture advection.

5.3 Canarian Trough (CAT)

The floods in October of 1907 and (less clearly) August
of 1987 belong to the CAT type, which shares similarities
to ECO. However, the trough at 500 hPa evolves into a
narrow and south-reaching form with its core located
northwest of the Pyrenees. A strong surface low over
Brittany is present. On the southern flank of this primary
low, a secondary low forms over the Gulf of Lions and
the Balearic Islands, which contributes to the warm mois-
ture flux towards the southern Alps (cf. GREBNER and
RICHTER, 1991; GREBNER and ROESCH, 1998; PFISTER,
1999). At 850 hPa, in contrast to the south-southeast flow
of the ECO, the CAT has a south-southwest flow, but a
weak counterclockwise change in flow direction is also
present. Similar conditions occurred in October of
1889, November of 1926, October of 1928, and August
of 1951, confirming that CAT is a typical autumn atmo-
spheric pattern responsible for heavy precipitation reach-
ing from the AS across the Alpine divide.

5.4 Stationary front (STF)

For the atmospheric conditions in August of 1890, we
were unable to identify a modern equivalent. However,
we did find similarities to the September of 1897 event.
The trough at 500 hPa indicates enhanced updraft down-
stream of the curvature axis. This is the location of a
quasi-stationary front (STF) along the Alps. There is a
distinct zonally-elongated intrusion of low pressure along
the AS at surface level. Accordingly, flow converges
across the Alpine rim.

5.5 Zonal flow (ZOF)

The conditions in early June of 1878, December of 1882,
December of 1918, and May of 1999 (the 1999a event),
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show how large amounts of precipitation can be pro-
duced in non-convective environments (cf. DOSWELL
et al,, 1996). Under ideal circumstances, the flow at
upper-levels and at the surface shifts from northwesterly
to near-zonal over the Alps and western Europe during
the event. This sustains advection of moisture from the
subtropical/mid-Atlantic area along a small band of
enhanced O, and precipitable water content (cf. LAVERS
et al., 2011). 72 h precipitation sums approaching 200
mm can be observed in northeastern Switzerland (e.g.,
GREBNER and ROESCH, 1999; see Table 1). Rapid
snow-melt (also at high elevations; related to large
amounts of precipitation, increases in temperature, and
strong winds) is an important contributor to the ZOF
(e.g., METEOSWISS, 2006; for the mid-May of 1999
event).

5.6 Links to existing classifications

All 24 extreme floods listed in Fig. 2 could be assigned to
one of the five types, and each type (except for STF) has
both historic and recent examples.

We opted for a new classification system, which is
independent to prior studies. This is because of differing
study areas, missing information (e.g., WEHRY, 1967),
and newly available datasets. Nevertheless, our types
agree with (and complement) previous classification sys-
tems. For instance, STF class is similar to the quasi-sta-
tionary (“schleifende”) front described by WEHRY
(1967). The conditions assessed by HILKER et al.
(2008), regarding the spatial distribution of the flooded
areas and damages (in 1876, 1910, 1999, and 2005),
are consistent with the PCO. A number of southern
inflow weather situations associated with elongated cut-
offs or troughs (MASSACAND et al., 1998; BUzzI and
FOSCHINI, 2000; MARTIUS et al., 2006; among others)
correspond to the ECO. Finally, ZOF is consistent with
the atmospheric patterns of winter floods in Central Eur-
ope (STURM et al., 2001; JACOBEIT et al., 2003; WANNER
et al., 2004; LAVERS et al., 2011).

All of the summer events (except for 1890) featured a
blocking system over Russia. Furthermore, we identified
high pressure ridges over Greece. This supports a merid-
ional evolution and hinders the southeasterly advance of
precipitation-producing weather systems. The Azores
high, on the western flank of these active weather sys-
tems, impedes a zonal evolution with fast system propa-
gations in all types except for ZOF.

Some events show characteristics of more than one
type. The event of 1987, classified as CAT, combines a
variety of flood-propelling ingredients (e.g., in the fields
of precipitation, SLP, vertical velocities, and ©®,). This
indicates that our classification may not withstand an
objective categorization, or it may be incomplete. Fur-
thermore, dynamic weather patterns could show key ele-
ments of one type and be followed by characteristics of a
different type. This is especially likely for similar types
(e.g., ECO and CAT, or PCO subtypes).
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6 Conclusions

We provide detailed descriptions and analyses of six
most severe flood events in Switzerland over the past
150 years. We give an unprecedented three-dimensional
view of atmospheric conditions prior to and during
extreme floods between 1868 and 1950. This is
achieved by combining: (a) traditional sources (e.g.,
ground measurements), (b) contemporary expert knowl-
edge and documentary information, and (c) novel digi-
tized precipitation data and a new reanalysis data set
(20CR). The results are: (i) a detailed verification of
the 20CR data set for the six events, (ii) a subjective
classification of the flood-triggering weather situations,
and (iii) a comprehensive summary of the most impor-
tant variables.

(1) The long instrumental time series reaching back to
1868 (e.g., discharge, precipitation, and temperature),
observational data (e.g., tethered balloon soundings,
wind, and snow cover), and historical sources (e.g.,
reports and assessments by early meteorologists) are
used to validate the reanalysis data set. The 20CR
data provide plausible synoptic-scale patterns. The
wind direction in the 20CR data and the temperature
data are in good agreement with the observational
data. Precipitation is substantially underestimated in
the 20CR ensemble mean. One cause may be the
shape and height of the alpine topography in 20CR
(e.g., the southern flank of the Alps is convex instead
of concave in the model), which leads to a deflection
instead of convergence of low-level winds. The exact
location and the timing of intense precipitation are
often inaccurate. However, the progression of precip-
itation fields is well captured. Therefore, assessment
of smaller scale features (such as terrain-induced flow
modulations) requires additional information (e.g.,
local observations and studies).

(i1) We detected common specific (synoptic) meteorolog-
ical situations, which can be associated with the
floods. These five weather situations (“types”)
indicate:

o Instability and ascent of air associated with strong
temperature and moisture gradients.

o Stationarity of a weather system (e.g., when surround-
ing highs impede system propagation).

« Repeated episodes of heavy precipitation over a few
days, or multiple phases of moisture advection/con-
vection (in a number of events only).

(iii) From a hydrological point-of-view, short-term trig-
gers include rapid warming accompanied by heavy
precipitation or continuously warm and rainy spells.
Interestingly, precipitation rates during early events
exceed those during recent events. Regarding long-
term disposition, our results underline the importance
of soil saturation (by excessive water supply over
several months) ahead of a flood event. One typical
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pattern is prolonged cool (winter to spring) condi-
tions followed by warm and wet early summer.

In conclusions, our analyses support the findings of pre-
vious studies (e.g., PFISTER, 1999), which argue that
hydro-meteorological precursors on all time-scales must
coincide to produce the most extreme floods in the Alps.
This includes hydro-climatological preconditioning,
short-term hydrological settings, and the perfect flood-
inducing weather patterns (including specific mesoscale
flow modulations). Therefore, although a weather situa-
tion may resemble a schematic illustration in Fig. 9, it
is not guaranteed to trigger a major flood event.

The influence of anomalous temperature (prolonged
wintery conditions, warm and rainy spells, rapid warm-
ing; see Table 1) implies concerns about the behavior of
such flood-setting patterns in a warmer climate. Especially
relevant is the role of rapid snowmelt at high elevations
(related to sudden thaws and strong winds in the cool sea-
sons). In addition, enhanced evaporation (and atmo-
spheric moisture content) in a warmer atmosphere, and
transport over warmer oceans and land surfaces, during
the warm seasons merits further analyses.
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