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Abstract: Flood projections are still highly uncertain, partly resulting from the limited accuracy of
simulated precipitation by climate models. To overcome this limitation, recent studies suggest to
use direct linkages between atmospheric processes leading precipitation, often better simulated than
precipitation, and the flood occurrence. Such an approach implies, however, that historical flood
events mainly result from direct contribution of precipitation only. Consequently, this paper has a
twofold objective: (i) To explore to what extent the generation of medium-magnitude flood events in a
large mountainous catchment can be explained by the precipitation only, and (ii) to identify what are
the best features of flood-inducing precipitation episodes (i.e., duration and accumulation). Taking
advantage of centennial-long discharge (gauge stations) and precipitation (ERA-20C reanalysis) data
series, this study is based on three-year return period flood events of the upper Rhone River (NW
European Alps). Our results suggest that half of the studied floods are triggered by precipitation
only, but precipitation indices are mainly good only for high-magnitude events with return period of
at least 20 years. Hence, modelling flood occurrence directly from atmospheric processes leading
precipitation seems to be possible for events with the highest magnitude (i.e., the ones with the
highest potential to impact societies).
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1. Introduction

Exploring future flood hazard variability is generally accomplished by coupling atmospheric
climate projections with land-surface schemes and hydrological models [1]. This practice leads to high
uncertainty in the evolution of the flood magnitude and frequency, mainly due to (i) the uncertainties of
extreme precipitation projections provided by global and/or regional climate models [2-5], and (ii) the
uncertainties resulting from the hydrological modelling [6,7]. To bypass many of these uncertainties,
an alternative approach is to rely on direct links between synoptic atmospheric processes and flood
occurrences [8,9]. The main driver of flood hazard evolution could be precipitation, which is generated
by different atmospheric processes at several embedding scales (e.g., regional pressure distribution,
atmospheric humidity, local wind, etc.) [10]. Consequently, the use of atmospheric processes related to
extreme precipitation, much better simulated by climate models than precipitation themselves, will
indirectly allow the exploration of future changes in extreme precipitation and, thereby, of floods [9].
However, the use of atmospheric indicators to estimate future changes in floods occurrence relies on
two main assumptions: (i) historical flood events mainly result from particular “extreme” precipitation
accumulation, and that (ii) these extreme precipitation episodes are associated to particular atmospheric
features that could be used as predictors from climate projections [9,11].
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These assumptions may be questionable in mountainous regions. Indeed, the predictive power of
atmospheric indicators related to precipitation may be limited by confounding effect of hydrological
processes like, for example, snowmelt and ice or glacier melting. Hence, the main objective of this
study is to evaluate to what extent the generation of flood events in a large mountainous catchment is
explained by the direct contribution of precipitation only. The second objective is to identify what
are the best features of flood-inducing precipitation sequences (i.e., duration and accumulation). If a
strong link is found between flood occurrence and precipitation, then the link between precipitation
and synoptic atmospheric processes could be explored in a forthcoming study to, ultimately, estimate
future trends of flood occurrence. In this study, floods are defined as all events with a daily mean
discharge higher than a particular percentile value of the discharge series.

In mountainous hydrosystems, previous studies based on in-situ data series (from weather and
gauge stations) starting from the 1960s showed that regular alpine floods (with annual/sub-annual
occurrence) are complex events resulting from several types of hydrometeorological processes [12-15].
They particularly show that precipitation is the main process that triggers recurrent events such
as flash-floods, short-rain floods, or long-rain floods. They also show that other processes like
snow/ice-melt dynamics and soil moisture evolution are associated with recurrent floods, such as
rain-on-snow floods, snowmelt floods, or glacier-melt floods. Studies focusing on single flood cases
(identified as the largest historical floods) suggest that “extreme” Alpine floods mainly result from
anomalous large-scale atmospheric processes that generate heavy precipitation accumulations [16-20].
In line with these findings, we propose to guide our study at the intersection of the two approaches
discussed above (focused on numerous regular or single extreme alpine floods), in order to explore
whether historical medium-magnitude events are triggered by the direct contribution of precipitation
only. The characteristic scales of flood-inducing precipitation (i.e., duration and its accumulation)
are explored to highlight the rainy situations for which a direct link between precipitation and
medium-magnitude floods is identified. To facilitate this approach, a clustering analysis of the flood
events (i.e., flood typology) was conducted, which allowed for studying event (dis)similarities in terms
of hydrometeorological processes. Rather than studying the contribution of precipitation for each flood
(i.e., individually), the clustering groups together with the events for which (i) the contribution of the
precipitation only and (ii) the features of flood-inducing precipitation sequences are comparable. This
is performed by studying historical medium-magnitude floods that occurred in a large mountainous
catchment (the upper Rhéne River, NW European Alps) and using long-time series of discharge and
precipitation (almost a century).

Section 2 introduces the studied area and the data used. Section 3 details the three indices used to
explore the different flood types. Section 4 compares the main characteristics of the different flood
types. Section 5 compares flood types of the Upper Rhone River with those from the literature and
discusses the role of the precipitation on each of them.

2. Studied Area and Data

2.1. The Upper Rhone River Catchment and the Gauge Station of Bognes

The catchment of the upper Rhone River (10,900 km?) is located in the northern French and
western Swiss Alps (Figure 1, Table 1). This catchment is under continental climate, with the westerlies
bringing moisture from the Atlantic Ocean. At low elevations, mean annual precipitation range from
600 mm (in some parts of Valais, The Switzerland) to 1100 mm (Chamonix, France). In this region, it
rains from 30% to 45% of the days, with an annual maximum daily precipitation intensity reaching
locally 45 mm/day to 105 mm/day on average [21]. The Bognes gauge station (hereafter referred
as Rhone@Bognes, blue star in Figure 1, Table 1) records daily mean discharges at the outlet of the
catchment. It is located at Injoux-Génissiat in France, 46 km downstream to the confluence of the
Rhoéne and the Arve Rivers, and 6 km downstream to the confluence of the Rhéne and the Valserine
Rivers (Figure 1). The hydrological regime of the upper Rhone River at Rhone@Bognes is considered
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as glacio-nival, with the lowest and highest monthly mean discharges occurring, respectively, in
December (about 270 m3 s7!) and July (about 530 m? s71), for an annual mean discharge of about 358
m? s7! (Figure A1 in the Appendix A).
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Figure 1. Location map of the studied upper Rhone River catchment located in the French and Swiss
Alps.The map shows the division of the upper Rhone River catchment into the three sub-catchments as
well as the gauge stations used in the study.

Table 1. Synthesis of the studied catchments and their associated gauge station. The colors refer to the
sub-catchment ones in Figure 1.

Name Surface Gauge Station at the Outlet of the Catchment
Area Starting
Station Name  Number Organization Name River Year
Main Upper Rhone River 2 A Federal Office for the A
catchment catchment 10,900 km®  Rhone@Bognes 2606 Environment (FOEN) Rhone 1920

The 3
sub-catchments

None, discharge estimated as:

q 2
Valserine catchment 1000 kan Rhone@Bognes - (Rhone@HDI + Arve@BDM)

To study the flood dynamics within the upper Rhéne River catchment, three sub-catchments,
hereafter called Geneva, Arve, and Valserine, were studied and introduced in the following sections.

2.2. The Three Sub-Catchments of the Upper Rhone River

The Geneva sub-catchment (8000 km?) corresponds to the Rhone River catchment feeding Lake
Geneva (Figure 1, Table 1). It is mainly located in a Swiss high-elevation mountainous area (i.e., mainly
the Valais canton but also part of the Vaud canton, mean and maximum altitude of 1660 and 4634
m a.s.l.) characterized by the presence of numerous and large glaciers (covering about 12% of the
catchment area). For different reasons (e.g., flood protection, agricultural needs), most of the Rhone
River in the Valais was dammed during the nineteenth and the twentieth centuries [22]. In the 1950s,
seven dams were built on several Rhone tributaries, mainly for hydroelectric production purposes [23].
The Geneva catchment includes Lake Geneva, the largest lake of Western Europe (covering 580 km?),
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mainly fed by the Rhéne River coming from the Valais (75% of the lake’s water supply) [24]. At the lake
outlet, the discharge has been controlled since 1884 to mitigate lake level rises that cause flooding and
impact lakefront residents. The gauge station at Halle de I'lle (hereafter referred as Rhone@HDI, grey
star in Figure 1, Table 1) is located at the outlet of the Lake Geneva in the city of Geneva and it allows
the evaluation of the contribution of the Geneva catchment to the flood generation at Rhéne@Bognes.
The annual mean discharge at Rhéne@HDI is about 250 m? s~!
Rhone@Bognes mean discharge. In the Geneva catchment, the discharge of the Rhone River is strongly
influenced by ice and snow melting, resulting in a well-marked glacio-nival regime of Rhone@HDI

with the highest mean monthly discharges observed in July (about 400 m® s~! on average; Figure Al in

, contributing on average to 70% of the

the Appendix).

The Arve sub-catchment (1900 km?) corresponds to a high-elevation French mountainous area,
with a mean and maximum altitude of 1370 and 4810 m a.s.l. (Mont Blanc, highest Alpine summit),
respectively. The Mont Blanc massif corresponds to the headwater catchment of the Arve River. The
gauge station at Bout du Monde (hereafter referred as Arve@BDM, red star in Figure 1, Table 1) is
located in the city of Geneva just before the confluence of the Arve River with the Rhéne River and it
allows the contribution of the Arve catchment to the flood generation at Rhéne@Bognes to be evaluated.
The annual mean discharge at Arve@BDM is about 79 m® s~! and contributes on average to 22% of the
Rhoéne@Bognes mean discharge. The discharge at Arve@BDM is dominated by snow-melt contribution
(nival regime) with the highest mean discharges observed in June (about 131 m® s7!; Figure A1 in the
Appendix A).

At last, the Valserine sub-catchment (about 1000 km?) includes the Valserine River and several
smaller tributaries of the Rhone upstream the station of Rhone@Bognes and downstream Rhéne@HDI
and Arve@BDM (flowing from the French Jura massif; Figure 1, Table 1). For this sub-catchment,
there was no available gauge station. Thus, the contribution of the Valserine catchment to the flood
generation at Rhone@Bognes was estimated with Equation (1):

QValserine = QRhoéne@Bognes — (QRhone@HDI + QArve@BDM) (1)

where Q refers to the daily mean discharge at the given location.

The mean annual discharge at Valserine is in the range of 30 m3 s7!, and contributes on average to
8% of the Rhone@Bognes discharge. The hydrological regime is pluvio-nival (the highest monthly
mean discharges occurring in March with about 43 m3 s7!; Figure A1 in the Appendix A).

To reduce the influence of the seasonal signature on the hydrological regimes (glacio-nival, nival,
or pluvio-nival regimes) in the analysis of the discharge, we used the seasonally adjusted anomalies of
the daily mean discharges. These anomalies were computed for each day by comparing the discharge
at that day to the mean discharge of all of the corresponding days of the 19232010 period. For example,
to obtain the seasonally adjusted anomalies for 1 January, we subtracted the average of the 88 1 January
data to each 1 January of the period 1923-2010. In the following, we use the term of “discharge
anomaly” instead of “seasonally adjusted anomaly” to simplify the text.

The discharge time series at Rhone@Bognes, Rhéne@HDI, and Arve@BDM gauge stations were
used on the period 1923-2010 that corresponds to the largest common period between both gauge and
precipitation time series (Table 1).

2.3. The Medium-Magnitude Flood Events

The medium-magnitude flood events of the upper Rhone River catchment were selected based on
the 99.9th percentile value (1089 m® s71) of the daily mean discharge at Rhone@Bognes (1923-2010).
This corresponds to select events with return time periods of at least three years. The use of daily
discharge series is consistent with the response time of the upper Rhone River catchment (at least
one day). Twenty-eight flood events were identified, among them six events were characterized by
consecutive days with discharges exceeding 1089 m3 s~!. For these latter flood events, the date of the
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day with the peak discharge is considered. The first identified event occurred on 19 August 1927 and
the last one on 14 January 2004. Among these 28 identified extreme flood events, the flood of February
1990 is the largest event, with daily mean discharge of 1550 m3 s~!. The 1990 flood caused a lot of
damage in the upper Rhone River catchment, such as the destruction of two bridges in the department
of Haute-Savoie (France), traffic interruption on many roads, and the destruction of many houses [25].

2.4. Precipitation Data

The time length of the data series from weather stations including daily precipitation accumulation
are limited in the French part of the studied area. Indeed, weather stations were mostly installed
after the Second World War in the 1950s [26]. The oldest weather stations still active in the French
part date back to 1938 and 1944. Since these data do not cover the whole study period (1923-2010),
meteorological reanalysis was also used.

2.4.1. Weather Station Data

Insitu daily precipitation observation from 40 weather stations located in and around the Arve,
the Valserine, and the Geneva catchments were used for the period 1950-2010 (Appendix C). Since
these data represent the actual precipitation that has fallen on the area studied, with a satisfying spatial
coverage of data series, they are considered as reference observation series compared to the reanalysis
(Section 2.4.2).

The daily catchment precipitation accumulations (referred as the “catchment precipitation”
hereafter) were computed based on this data for the same period (1950-2010) by using the Thiessen
polygons method [27]. The Geneva catchment precipitation relies on 30 weather stations monitored by
MeteoSwiss and Météo-France (green and black dots in Figure A3).

Since the number of weather stations is very low in the Valserine catchment, the mean daily
precipitation accumulations from the Arve and the Valserine catchments were considered together
(hereafter referred as “A+V catchment precipitation” for a total area of about 2900 km?). The A+V
catchment precipitation relies on 16 weather stations monitored by Météo-France and MeteoSwiss
(blue and green dots in Figure A3).

The temporal distribution of the A+V catchment precipitation and the Geneva catchment
precipitation shows a strong dependence, associated with a significant correlation coefficient of 0.91.
It means that, in most cases, when strong precipitation is observed in the Geneva catchment, it is also
the case for the A+V catchment.

2.4.2. ERA-20C Reanalysis

The gridded daily precipitation series provided by the ERA-20C reanalysis (1900-2010, 1.125°
resolution) [28] were used to cover the entire 1923-2010 period, since it is one of the only daily
precipitation datasets covering the entire twentieth century. The daily catchment precipitation
accumulations dataset was computed following the same method with the ERA-20C daily precipitation
at grid-points present in and around these sub-catchments (Figure A4).

The ERA-20C reanalysis has the advantage of proposing a consequent temporal depth in the
data series, including precipitation and variables related on synoptic atmospheric processes possibly
leading to the “extremes” precipitation episodes. Nevertheless, these modelled data series present
some uncertainties, which require its evaluation from the reference observation series (Section 3,
Sections 4.1 and 4.2).

2.5. Buffer Role of Lake Geneva on Precipitation

Due to its size and its anthropic regulation, Lake Geneva buffers flood discharges coming from the
Geneva catchment [24]. This buffering role and its signature on the discharge time series is explored by
using the gauge station of Rhone@HDI (located at the outlet of the lake) and an additional gauge station
called Porte du Scex (little dark grey star in Figure 1; called “Rhéne@PDS” in Figure A2 Appendix B)
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located just upstream of the lake (about 75% of the lake’s water supply) [24]. The response time of
the catchment was roughly estimated by calculating the correlation coefficient between observation
catchment precipitation and discharge time series. Correlation coefficients have been also calculated
by shifting the series by one day, two days, etc. The response time of both the “A+V catchment” and at
Rhone@PDS (upstream the lake) is estimated to one day since the coefficient correlations are the best
when shifting their time series of one day (Figure A2). The response time at Rhone@HDI (downstream
the lake) is found to be between three and four days, pointing to the buffering role of Lake Geneva that
might influence the flood dynamics at Rhone@Bognes.

To analyze the respective contributions of the different sub-catchments to the flood dynamics
at Rhone@Bognes, we compared the percentile values of the discharges at the outlet of the
Geneva catchment (Rhéne@HDI) and at the outlet of the “A+V catchment” when the discharges at
Rhéne@Bognes exceed the 99.9th percentile. The results (not shown) point out that the discharge at
Rhoéne@HDI exceeds the 99.9th percentile for only 12% of cases of Rhone@Bognes (18% when using
the 99.5th percentile), while the discharge from the “A+V catchment” exceeds the 99.9th percentile
for more than 62% of the cases (more than 93% using the 99.5th percentile). This suggests that the
discharges flowing from the “A+V catchments” play a dominant role for the generation of floods at
Rhéne@Bognes, while the contribution of Rhéne@HDI is buffered by the lake. Consequently to this
strong buffering role of Lake Geneva, we focused on precipitation falling in the A+V catchments to
characterize the hydrometeorological processes that triggered the three-year return period flood events
at Rhone@Bognes.

3. Methods

Identifying features of flood-inducing precipitation events is first required to explore to what
extent the generation of three-year return period flood events can be explained by precipitation only.
The use of spatial and temporal characteristics of daily pre-floods precipitation (e.g., time of peak
concentration, antecedent rainfall, maximum precipitation intensity) as classification criteria can add
information about the events’ (dis)similarity, resulting in a more robust detection of flood types possibly
induced by precipitation only [29].

3.1. Descriptors of Precipitation

Different precipitation sequences (based on the catchment precipitation) occurring prior to the
flood events were tested to identify the most relevant features of the precipitation events associated to
the generation of Rhone River flooding. Two variables were considered to characterize the precipitation
sequences: (i) the temporality of the sequence with respect to the flood day (which correspond to the
time lag between the end of the precipitation sequences and peak discharge; i.e., sequence ending
the flood day, one day before, two days before, etc.), and (ii) the sequence duration (precipitation
accumulation during a number of consecutive days). The tested sequence temporality ranged from
10 to 0 days prior to the flood day (i.e., 11 different temporalities of the precipitation sequence with
respect to the flood day). The tested sequence duration ranged from 1 to 10 consecutive days (i.e., 10
different durations of precipitation sequence). For example, a precipitation sequence with a duration of
7 days and a temporality of 3 days corresponds to a 7-day sequence ending at D-3 (i.e., a precipitation
accumulation lasting 7 consecutive days between the ninth (D-9) and the third (D-3) days prior to the
flood day (D)).

Then, the precipitation accumulation of all sequences and their respective mean percentiles were
calculated. Accumulation numbers from the reanalysis may be highly uncertain. This is why percentile
values were used instead of accumulation values, allowing the events associated with the strongest
values in their own distribution of the studied dataset to be considered.

Figure 2 displays the mean percentile values of catchment precipitation accumulation for different
sequence durations (color lines) and for different sequence temporality (Up to ... ). The mean percentiles
values were firstly calculated for the 16 floods covered by the observation dataset (1950-2010; Figure 2a)
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and secondly for the 28 events covered by the reanalysis dataset (1923-2010; Figure 2b). The 16 floods
covered by the observation correspond to the floods 13 to 28 covered by the ERA-20C, the first 12
events covered by the ERA-20C having occurred before 1950.
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Figure 2. Mean percentile values for catchment precipitation accumulation from different sequences
being characterized by ten durations (from 1 to 10 consecutive days) and eleven temporalities (ending
between 10 and 0 day prior to the flood day) from the A + V catchment precipitation. (a) Calculated for
the 16 flood events (period 1950-2010) from the observation data series; (b) calculated for the 28 flood
events (period 1923-2010) from the ERA-20C reanalysis data series. Each colored line corresponds to
a sequence with a given duration. The average percentile value of all sequences together is shown
in black.

In terms of the temporality of the sequences with respect to the flood day, Figure 2a,b shows very
similar trends in percentile values despite slightly larger values for the observation data. It clearly
highlights that the percentiles values are the highest for precipitation sequences ending one day prior
to the flood, whatever the sequence duration. This sequence temporality is in agreement with the
response time of the “A+V catchment” of around one day and also corresponds to Froidevaux et
al. (2015) [30] findings for similarly large Swiss catchments (1500-12,000 km?). The precipitation
sequences that goes up to one day before the three-year return period flood events seem; therefore, to
be the most relevant to explain the link between high precipitation accumulations and flooding.

After having detected the most relevant temporality of the precipitation sequences (ending one
day prior to the flood), we focused on the sequence durations. To highlight the sequence durations that
have the greatest influence on the flood occurrence, Figure 3 shows the distributions of the percentile
values for each of the 10 precipitation sequence durations (i.e., duration from 1 to 10 consecutive days,
all ending the day prior to the flood date) calculated from observation (Figure 3a) and reanalysis
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(Figure 3b) datasets. Sequences with the lowest medians and dispersions of precipitation accumulation
percentiles were clearly characterized by both short (1 and 2 days) and long (6 to 10 days) durations
(Figure 3). This result is detected based on both datasets (observation and ERA-20C reanalysis) with
slight differences (e.g., the number of days between 7 (Figure 3a) and 8 (Figure 3b) for the long duration).
This suggests that both precipitation of short and long duration may result in Rhéne River flood
occurrence. Two durations were kept to respectively characterize short and long sequence durations.
These two durations will then be used as independent indicators.
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Figure 3. Plots (first and third quartiles) of the percentile values for each of the 10 precipitation sequence
durations, all ending the day prior to the flood. The black bold bar inside the box corresponds to the
median and the black star to the mean. Red crosses indicate extreme values, the light horizontal bars
represent the lowest data within the 1.5 inter-quartile range of the lower quartile, and the highest data
still within the 1.5 inter-quartile range of the upper quartile. (a) For the 16 flood events covered by
the observations; (b) for the 28 flood events covered by the ERA-20C reanalysis. The red rectangles
correspond to the precipitation descriptors selected to perform the flood typology.

For the short sequences, distributions of sequences lasting 1 and 2 days were very similar.
Duration of 2 days was then preferred, since it may make it easier to find direct links between synoptic
atmospheric processes and flood occurrences. Indeed, links between multi-day precipitation and
synoptic meteorological systems are expected to be stronger. In addition, this characteristic duration
was in line with the results of Froidevaux et al. (2015) [30], highlighting that precipitation accumulation
between 3 to 0 days before the flood is the most relevant factor for flood generation in large catchments
of the Alpine area. Regarding the distributions of the long sequence (6-10 days), the 7-day precipitation
sequences show the highest mean or/and median percentile values and display the lowest dispersion
in Figure 3a, but also the highest median values for the long sequences in Figure 3b. Thus, the duration
of 7 days was considered to characterize the long sequences.
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Hence, the two precipitation descriptors used to perform the flood typology were: (i) Two-day
precipitation accumulation prior to the flood event (i.e., accumulation from D-3 to D-1) and (ii) 7-day
precipitation accumulation prior to the flood event (i.e., accumulation from D-7 to D-1).

3.2. Descriptor of Discharge Variability

High water levels were sometimes observed many days prior to the flood events and this often
happens over longer periods than the 7 days covered by the precipitation descriptors. Therefore, a
complementary descriptor to the precipitation ones based on the daily mean discharge variability at
Rhone@Bognes before the flood events is introduced. This descriptor is a variation coefficient (VC,
Equation (2)) that allows taking into account such long-term high water stages preceding the rise of
the water level to the flood peak:

o
Vc(from D-6 to the flood day) — %/ (2)

where VC is the daily mean discharge variation coefficient at Rhéne@Bognes from D-6 to the flood day,
o the standard deviation of the daily mean discharge between D-6 and the flood day and x the average
discharge between D-6 and the flood day. VC was computed from D-6 to the flood day to consider the
1-day response time of the “A+V catchment” to the 7-day precipitation sequences. VC was used as the
third descriptor to perform the flood typology.

4. Clustering and Resulting Flood Typology

The clustering analyses of the studied flood events allows information about the events’
(dis)similarity in terms of precipitation contribution to be added. This section details the flood
type clustering based on the three descriptors defined previously. The clustering was also performed
with the two data sets: the observation and the ERAC-20C data series.

4.1. Hierarchical Clustering

The hierarchical ascendant classification algorithm [31] uses the three above-mentioned descriptors
to identify if different flood types exist and if so how many. This algorithm tends to group individuals
according to a similarity criterion expressed in the form of a matrix of distances (Euclidean distance
metric here), using three-dimensional space defined by the three selected descriptors. It expresses the
distance existing between each individual taken two by two [32]. The objective of this method is to
divide a population into different classes by minimizing intra-class distance and maximizing inter-class
distance. Given the different number of events to be classified (i.e., 16 for the 1950-2010 period; 28 for
the 1923-2010 period), respectively, three and four classes are retained from the hierarchical clustering
algorithm because these partitions is the best compromise displaying the greatest relative loss of
intra-class distance and gain of inter-class distance.

4.2. Hydro-Meteorological Characteristics of the Flood Types

Figure 4 shows the flood types obtained with the two datasets. The flood type 1 (1950-2010
period; Figure 4a) groups six events characterized by (i) a zero discharge anomaly until D-2, (ii) high
precipitation accumulations from D-2 to D-1, and (iii) a fast and large increase of discharge from D-1 to
the flood peaks (+930 m® s™! on average, the highest of all the types). Aflood type with comparable
characteristics is detected for the 1923-2010 period with five events (Figure 4b). The flood type 1
identified from both datasets have three events in common. In both cases, the inter-event discharge
variability is very low when comparing with the others flood types.



Water 2019, 11, 2507 10 of 21

a) Flood type 1 (6 events) Flood type 2 (5events) Flood type3 (5 events)
1 = . S o 18

LT L 0 1 | | e .

1400

1000 Fa 100 A

(m3.s™)

Mean percentile value
of daily precipitation

Anomalies of discharge

© ¥ o Flood ¢ © o Flood ¢
a [=) a day o o o a day

D-6
D-
D.

b) Flood type1 (S5events) Floodtype2 (8events) Floodtype3 (7 events) Floodtype4 (8events)

Q (]
1800 60 c
2 I [N | I! 1] L] | B II | Jjr-1a !" %g
S 1400 | (NN !!I i 1 80 g
2 8
o« n 0 59
Lo 2 S /. WD . Y / o =
o £ 52
== o=
©
: 2
- . dis

N Flood

o~ < o Flood ¢
a day

o ©o
T 9
a o (=) a day o

D-4

2
o

Figure 4. Mean hyetograms and seasonally-adjusted hydrographs (the thin line represents each flood
event and the bold line represents the mean) associated to each flood type: (a) Based on observations that
cover 16 flood events (1950-2010); (b) based on the reanalysis that covers 28 flood events (1923-2010).

The flood type 2 (1950-2010 period; Figure 4a) groups five events characterized by (i) a regular
and large increase of discharge, (ii) a similar increase in daily precipitation accumulations, and (iii) a
high precipitation accumulations at D-1 leading to a mean flood peak discharge anomaly near to +900
m? s71. A flood type with comparable characteristics is detected for the 1923-2010 period with eight
events (Figure 4b). The flood type 2 identified from both datasets have three events in common.

The flood type 3 (1950-2010 period; Figure 4a) groups five events characterized by (i) a positive
but regular discharge anomaly around until D-2, (ii) significantly high precipitation accumulation
at D-1, and (iii) a mean peak discharge anomaly about +900 m3 s~!. A flood type with comparable
characteristics is detected for the 1923-2010 period with seven events. One event is common between
the two classifications for type 3.

For the 1923-2010 period, a flood type 4 gathering eight events is detected and characterized
by (i) very high and stable discharge anomalies from D-6 to D-2, (ii) low-to-moderate precipitation
accumulations, and (iii) a mean peak discharge anomaly about +820 m? s~! (the lowest of the four
types; Figure 4b). Among the eight events associated with this type, six of them occurred before 1950
(Figure 5a) and are, thus, not considered in the 19502010 clustering.
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Figure 5. (a) Chronology (with daily mean discharge values) and (b) seasonality of the 28 flood events
by flood type.
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The weak differences between the flood types identified from the two datasets are mainly due to
the different size of the sample considered, respectively, since type 4 seems to highlight a type of flood
poorly represented in the period covered by the observation. Except type 4, this comparison overall
highlights that the flood typology seems independent from the precipitation data used, supporting the
added value of the reanalysis to document periods not covered by observations. This finding supports
the use of ERA-20C data to further explore to what extent the generation of the 28 three-year return
period flood events identified during the period 1923-2010 can be explained by precipitation only.

4.3. Temporal Characteristics of the Four Flood Types

Flood types 1, 2, and 3 occurred mainly in autumn and winter (Figure 5b). They are distributed
over the whole period (1923-2010) without any clear cluster that would reflect flood-rich/flood-poor
periods (Figure 5a). Regarding the flood magnitude, type 1 and type 3 include the largest flooding;
in February 1990 (1550 m? s7!) for type 1 and September 1927 (1380 m> s!) as well as November
1944 (1480 m3 s71) for type 3. Beyond these largest events, no clear change in flood magnitude can be
noted since floods with the highest magnitude are identified at both the beginning and the end of the
studied period.

By contrast, flood type 4 occurred in summer and beginning of fall (Figure 5b). In addition,
only one of the eight events occurred after the 1960s (moreover the weakest flood of the 28 events).
To understand the absence of this flood type from the 1960s, a homogeneity test of Pettitt [33] was
applied to the daily discharge series in summer and beginning of fall at gauge stations of Rhéne@Bognes,
Arve@BDM, Rhone@HDI (downstream of lake Geneva), and Rhone@PDS (upstream of the lake).
A break is detected in August 1961 at Rhone@Bognes (at the 0.95 confidence level) with a decrease
of 17% of the mean daily discharge afterwards. No break is found in Arve@BDM, while a break is
also detected in August 1961 at Rhéne@HDI and in July 1957 in Rhone@PDS, with a similar decrease
of 16% to 20%, respectively, of the mean daily discharge. Finding a break relatively synchronous
between the stations and in a similar range of discharge, the absence of type 4 from the 1960s may
result from this decrease in discharge upstream of Lake Geneva. Since the change abruptly occurred,
the trigger is more likely related to changes in river management than climate [8]. Thereby, the break
at Rhone@Bognes seems to be strongly related to discharge changes in the Valais catchment, where
seven dams were built on tributaries of the Rhone River at that time [23]. These dams aim to store
glacially-fed waters in summer and to release them mainly in winter for hydroelectricity production,
when natural discharges are low and energetic needs are high (e.g., heating).

5. Discussion: Precipitation Only vs. Hydrological Processes for Flood Triggering

In this discussion section, we firstly summarize the main characteristics of the different flood types
previously discussed from literature. Secondly, a comparison between the four flood types detected in
this study and those from the literature is done. Finally, the role of the precipitation is discussed for the
different flood types, but also for the different magnitudes of floods, regardless of the type.

5.1. Alpine Flood Types from the Literature

Previous studies show that recurrent floods in the Alps are complex events resulting from mixed
meteorological and hydrological processes [12-15]. The key characteristics of the different flood types
identified by these studies are summarized in Table 2.
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Table 2. Main characteristics of the Alpine flood types from the literature. “RR” means “precipitation”. Based on Table 2 from Tarasova et al. (2019).
Studied Area, Period, Flood Types
Reference and Re:lrn It’erlod of Descriptors Rainfall-Induced Snowmelt-Induced Glacier-Melt
vents acier-Me
Flash Flood Short-Rain Long-Rain Snow-Melt Rain-On-Snow
Date; one- and three-day wfrer;weeerri\ofiosl‘da??edas ¢
Total of 490 catchments; rainfall volume; snow Summer: RR <90 min No seasonality; RR of ~ No seasonality; RR > Spring and summer; no mo. dirate rz;infall
L 3-30,000 km?; Austria; water equivalent and . X one day duration; fast one day duration; rain needed; medium or
Merz and Bloschl (2003) [12] duration; very intense . - events; from fast to
1971-1997; sub-annual snowmelt; runoff response: area <30 km? response; local or slow response; spatial ~ slow response; medium slow response:
events coefficient; time of P . regional extent extent >10% km? spatial extent of floods .. P i
ncentration limited to catchments
conce ° with snow cover
Date; rainfall intensity; Possibly during the
Nine catchments; 2-939 volume and duration; No seasonality; RR of No seasonality; RR > Possibly during the whole year; rainfall Mostly during
Sikorska et al. (2015) [13] km?; The Switzerland; snow water equivalent Summer-autumn; RR < maximum one day e da dura,ti : whole vear: no rain events with at least summer; no rain
orska etal. - 1981-2012; sub-annual and snowmelt; glacier half day; local area duration; local or Ore ; r}\]al t r?t . ° e[zle d’ do moderate intensity; needed; limited to
events melt; antecedent soil regional extent eglonal exte cede limited to catchments  glaciated catchments
moisture with snow cover
Total of 39 catchments; At least moderate Mostly during
. 20-1700 km?; The same as Sikorska et RR of maximum one RR > one day . rainfall events; e
Brunneretal. QOI7) [141 g 2o 1and; 1961-2013; al. (2015) [13] RR < half day day duration duration No rain needed limited o catchments ~ S"mer; limited to
sub-annual events with snow cover glaciated catchments
One catchment of 1702 lizfgrarllle%g:ﬁhﬁrf;igfgfll Rain and snow (if snow cover area >40% of
Keller et al. (2018) [15] km?; Switzerland; b High intensity and sums; high intensity High sums ’
spatial rainfall
1961-2014 annual floods

catchment area);low intensity and low sums
distribution; snow cover
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Three flood types are mainly triggered by precipitation: (i) the flash floods, (ii) the short-rain
floods, and (iii) the long-rain floods (Table 2). The flash floods type characterizes events occurring
mainly in summer in small catchments due to short (less than a half day) but very intense precipitation
of convective origin [12,13]. The short-rain type characterizes events triggered by intense precipitation
lasting around one day. These events could have a local to regional extent and have no particular
seasonality [12-14]. In Keller et al. (2018) [15], these two types are close to the types called “high
intensities—high sums” and “high intensities”. The long-rain type characterizes events resulting from
large precipitation accumulation falling during several days (including low intensity precipitation).
These events have a regional extent and no particular seasonality [12-14]. In Keller et al. (2018) [15],
this type is close to the “high sums” type.

In addition, three other flood types are highlighted from these studies (Table 2). The rain-on-snow
type characterizes events resulting from precipitation (at least moderate accumulation) falling on an
existing snow cover (about max of 1000 km?). The snowmelt type is caused by snowmelt during warm
fair weather, possibly during the entire year, but mainly during spring and summer. The glacier-melt
type characterizes events caused by high glacial melting due to air warming in glaciated catchments.
The role of precipitation as flood trigger for the two last flood types is null to weak.

5.2. Comparison with the Flood Types of the Literature

Are the flood types detected in this study (based on at least three-year return period events
detected from 1923 and only based on daily precipitation and discharge data series) comparable to the
flood types previously detected in the literature (based on recurrent events from the second part of the
twentieth century and based on numerous hourly time step meteorological and hydrological series)?

Flood type 1 mainly results from relatively short and heavy precipitation sequences (high
precipitation accumulation from D-2 to D-1; (Figure 6a,b)). During the flood day, the contribution
of the Geneva catchment is very low, while the ones of the Arve and the Valserine catchments reach
respectively values higher than 42% (Figure 6b). For example, during the flood of February 1990, the
peak discharge of the Valserine River reached 360 m> s~! (value estimated higher than a 50-year return
period discharge) [34], while the Geneva catchment played a weak role due to the regulation and/or
a slower response to this heavy precipitation. This precipitation duration and the regional extent
are similar features to the “short-rain floods” type of the literature (Table 2). The duration of heavy
precipitation of type 1 (two days) is slightly longer than in the definition of the previous studies (one
day). This difference may result from the larger size of the studied catchment compared to those of
the literature.

Flood type 2 is associated to a combination of both long and short and heavy rain episodes,
triggering a regular increase of discharge until the flood peak (Figure 6a,b). The high discharges in
Rhoéne@Bognes from D-6 to D-1 are mainly provided by the Geneva and Arve catchments (Figure 6b).
The contribution of the Arve catchment from D-1 to the flood day explained 45% of the flood events
(Figure 6b). Thus, flood type 2 is very similar to the “long-rain floods” type defined by Merz and Bloschl
(2003) [12], Sikorska et al. (2015) [13], and Brunner et al. (2017) [14], as those events are triggered by (i)
rainfall over several days that saturates the catchment and cause high discharge conditions, and (ii)
additional heavy rainfall that generates the flood peak. Compared to Keller et al. (2018) [15], flood type
2 is closed to their “long duration floods” characterized by high precipitation depths and embedded
episodes of high precipitation intensities.

Flood type 3 is mainly triggered by two-day high precipitation accumulation falling from D-2 to
D-1 when the discharge is already high. However, cumulative precipitation from D-7 to D-3 are lower
than those of flood type 2 (Figure 6a) and cannot explain alone the high discharge at D-2 (Figure 6b).
This suggests that hydrological processes play a role from D-7 to D-2. Among them, ice melting is
unlikely in this season (autumn-winter) and soils are expected to be wet and saturated since this
season is rather wet and cold. Consequently, (early) snowmelt is then the most probable candidate
since a large part of the catchment may be covered by snow and sensitive to changes in temperature
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and rainfall. Therefore, flood type 3 seems to result mainly from mixed hydrological (e.g., snowmelt)
and meteorological (i.e., short intense precipitation sequence). The role of snowmelt cannot be further
explored due to the lack of data on snow cover covering the whole studied period. The precipitation
characteristics makes this flood type 3 similar to the “short-rain floods” (Table 2) or to the flood type
defined as “shorter duration events with higher precipitation intensity” by Keller et al. 2018 [15].
These types; however, do not include a strong hydrological component such as snowmelt. The type 3
could, thus, be an intermediate case between the “short-rain floods”, the “rain-on-snow floods”, and
“snowmelt” of Merz and Bloschl (2003) [12].
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Figure 6. Each of the four flood types of the period 1923-2010: (a) Map of the mean percentile values of
the cumulative precipitation sequences; (b) hydrographs and hyetograms associated to the flood types.
The mean percentile values of the cumulative precipitation are given for the global periods D-7 to D-3
and D-2 to D-1. The hyetograms show the mean daily percentile values of daily precipitation for the
Arve + Valserine (A + V) and Geneva catchment precipitation. The hydrographs show the daily mean
seasonal adjusted discharge anomaly of discharge for each sub-catchment. The accumulation of the
three anomalies give the daily mean seasonal adjusted discharge anomaly observed in Rhone@Bognes.

Flood type 4 occurs in summer and fall and is associated with moderate precipitation. Thereby,
this type cannot be explained by precipitation only (Figure 5). A detailed analysis of the respective
contribution of the three catchments reveals that the Geneva catchment plays a dominant role, by
triggering high discharge anomalies before the flood events that correspond to more than 50% of the
total discharge anomalies from D-6 to D-2 (Figure 6b). To better understand the reason of these high
and long-lasting discharge anomalies, the Geneva catchment precipitation was also analyzed. As said
in Section 2.4.1, the Geneva catchment precipitation is very similar to the A+V catchment precipitation
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(correlation coefficient of 0.91) and, thereby, they cannot explain these high and long-lasting discharge
anomalies provided only by the Geneva catchment. In addition, for five of the eight type 4 events, high
discharge anomalies coming from the Geneva catchment lasted 20 to 120 consecutive days. Such high
water stages in (late) summer may then result from particularly intense melting of the numerous and
large glaciers of the Valais and part of the Vaud cantons, since some monitored glaciers (e.g., Mer de
Glace and Argentiere glaciers) have been affected by important ice losses during the summers that the
flood type 4 events occurred [35,36]. These glaciers are located a few tens of kilometers from the Valais
and the Vaud cantons, but ice losses are expected to be similar at the regional scale [37]. These findings
support a glacial trigger of the high, long-lasting summer discharge anomalies that made flooding
possible without heavy precipitation. Soil saturation may also influence the generation of flood type 4.
Indeed, a precipitation sequence occurred a few days before the flood event (around D-6) triggering
only a slight increase of discharge, while a second episode (D-1) with similar precipitation accumulation
led to the flood peak (Figure 6b). This suggests that soil infiltration buffer the first precipitation
event, while soils are saturated at the time of the second precipitation event, promoting runoff and,
thereby, the occurrence of three-year return period flood events. On another hand, the increase of
discharge results from the contribution of the Arve River and in a larger part from the contribution of
the Valserine River that flows from the Jura massif, an area where soil saturation has been recognized
as a key process for flood generation [30]. Such a role of soil saturation is not as clearly identified for
the other flood types. This may be related to the seasonality of the other flood types that occurred in
late autumn and winter (i.e., during the rainiest and coldest period that makes soils often saturated
and that limits soil evaporation). By contrast, the period of flood type 4 occurrence (i.e., summer
and beginning of autumn), is rather dry and, thereby, soils are more sensitive to moisture variations.
Therefore, flood type 4 seems to result from a combination of (i) intense ice-melting that triggers a high,
long-lasting discharge baseline, (ii) a first precipitation event of moderate accumulation lasting a few
days (D-7 to D-5) and saturating soils, as well as (iii) a second precipitation event of moderate-to-high
accumulation (D-1) resulting in the flood peak. This type 4 is really similar to the “glacier-melt” type
from Sikorska et al. (2015) [13] and Brunner et al. (2017) [14]. However, precipitation events are here
required to trigger the flood peak, while the “glacier-melt” type from the literature results from glacier
melting only.

Finally, the Geneva catchment was first assumed to plays a negligible role on flood generation
at Bognes because of the large size of the lake and its regulation that buffer the discharge variability.
Nevertheless, the Geneva catchment may contribute to the flood generation by providing high water
level downstream over longer time scale than the typical one of flood generation as identified by
Froidevaux et al., (2015) [30]. This contributes significantly to flood type 4 and, possibly, in a very
lesser extent to flood types 2 and 3.

5.3. Role of Precipitation in Both Flood Type and Flood Magnitude

In line with the literature on flood typologies of Alpine rivers, our results suggest two main
groups of flood types occur on the upper Rhone River: (i) types 1 and 2 for which direct accumulation
of precipitation is the main trigger of three-year return period flood events, and (ii) types 3 and 4 for
which such floods result from a combination of precipitation as well as others processes (e.g., possibly
ice-melt, soil moisture, snowmelt). Our results also suggest that precipitation sequences triggering
flood types 1 and 2 are described by two distinct durations of two and seven days. To highlight the role
of those precipitation sequences on the studied flood events, all of them are plotted in a diagram of short
(two-day) versus long (seven-day) precipitation sequence percentiles (Figure 7). When precipitation
sequences are strongly involved in the generation of a flood event, this event is expected to appear in
the uppermost and/or the rightmost part of the diagram. Flood events of types 1 and 2 appear all in
the upper right corner of Figure 7 (left panel), while events of type 3 and even more for events of type
4 are scattered throughout the diagram. This strongly supports that types 1 and 2 are mainly resulting
from these short and long precipitation sequences. By contrast, this also highlights the minor role of
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precipitation in the generation of flood type 4 events. In detail, this diagram confirms that flood type 1
mostly results from short precipitation sequences, while flood type 2 results from various combinations
of both short and long precipitation sequences (also shown in Figure 6a). However, a few annual flood
events (annual maximum discharge) seem to result from precipitation sequences with similar, or even
higher, percentiles than flood types 1 and 2. This may suggest that these precipitation features would
not be fully unequivocal indicators of these three-year return period events, limiting the use of these
indicators as “perfect” predictors of medium-magnitude flood occurrences. However, this may also
result from the uncertainties of the ERA-20C precipitation dataset. Beyond this limitation, predicting
three-year return period flood events with these indicators would not be relevant since only types 1
and 2 are well characterized by these indicators (i.e., types 3 and 4 would not be predicted). Therefore,
the flood typology helps to identify and characterize the role of precipitation as a flood trigger, but this
does not help predict all the medium-magnitude floods.
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Figure 7. Percentiles of short (two-day, x axis) versus long (seven, y axis) precipitation sequences for
each flood type, as well as for annual maximum discharge. Numbers show the eight largest floods of
the last 88 years (i.e., greater than 10-year return period events). The right-hand panel is a zoom of the
diagram for percentile values higher than 90.

Instead, considering the flood types, a view from the flood magnitude can be envisioned.
The largest flood event (February 1990, 100-year return period; [38], labelled 1, Figure 7) is characterized
by the heaviest precipitation with the most extreme percentile of short precipitation sequence (99.99
with ERA-20C, Figure 7; 100 with observations, not shown). The next three largest events (i.e.,
20-year return period events (labelled 2 to 4, Figure 7)) also result from very high percentiles of short
precipitation sequences (>99.2), while percentiles of long precipitation sequences range from 80.9 to
99.3. Thereby, rain accumulations of short precipitation sequences seem to be much more relevant
to trigger those floods than those of long precipitation sequences. Regarding the next four events
in order of flood magnitude (i.e., the 10-year return period events (labelled 5-8, Figure 7)), only the
flood event with the sixth highest magnitude is associated with a very high percentile (>99) of short
precipitation sequence. Therefore, 10-year return period events cannot be systematically attributed to
such short, heavy precipitation sequences. The two precipitation indices appear to be less and less
relevant when considering all flood events, even more when considering annual maximum discharges
(grey dots in Figure 7). This suggests that considering floods of weaker magnitude progressively shows
a decreasing role of precipitation accumulations, suggesting a higher diversity of involved processes
in the generation of, for example, annual flooding. This result is relatively similar to results of Merz
and Bloschl (2003) [12], suggesting a dominant role of precipitation to trigger >10-year return period
flood events. Overall, this suggests that high-magnitude flood events (i.e., with a return period of at
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least 20 years) result all from large precipitation accumulation over two days. Hence, the use of this
precipitation indicator seems to be relevant for predicting the occurrence of the largest flood events.

6. Conclusions

The main objective of this study was to explore to what extent the generation of medium-magnitude
flood events in a large mountainous catchment can be explained by precipitation only and, if so,
what are the features of the precipitation. This objective is a prerequisite to develop a predictive
model of medium-magnitude flood occurrence based on atmospheric processes directly (that would be
associated to the precipitation sequences discussed in this study) instead of the classical model-chain
approach. A flood typology of at least three-year return period events occurring between 1923 and
2010 on the upper Rhone River was performed through three indices based on precipitation (two-day
and seven precipitation accumulations) and discharge (variation coefficient) series. This resulted in
four flood types:

e  Winter type 1 results from a heavy short precipitation sequence (Figure 7), corresponding well to
the “short-rain floods” type with a duration of heavy precipitation (two days) longer than in the
definition (e.g., Merz and Bloschl, 2003 [12]).

e  Autumn/winter type 2 results from the combination of short and long intense precipitation
sequences, similar to the “long-rain floods” type defined by Merz and Bloschl (2003) [12].

e Autumn/winter type 3 seems to result mainly from both short and intense precipitation as well as
others processes such as snowmelt.

e  Summer type 4 resulting from a combination of (i) intense ice-melting that triggers a high,
long-lasting discharge baseline, (ii) a first precipitation event of moderate accumulation lasting
a few days (D-7 to D-5) and saturating soils, as well as (iii) a second precipitation event of
moderate-to-high accumulation (D-1) resulting in the flood peak.

Thus, the typology highlighted that only half of the three-year return period floods (i.e., 13 of
the 28 flood events) seem to result from the direct contribution of intense precipitation accumulation
only. In addition, a few annual flood events seem to result from similar precipitation, suggesting
that the identified precipitation sequences would not be “perfect” predictors of medium-magnitude
flood occurrence. However, a detailed analysis focusing on flood events with the largest magnitude
showed that the 20-year return period events (high-magnitude events) (i.e., those with the largest
potential to impact societies) all result from precipitation characterized by large accumulations over
two days. Hence, our result suggests that predictive models of high-magnitude flood occurrence
based on atmospheric processes directly could be successfully developed on such a large, mountainous
catchment by looking for unequivocal atmospheric predictors of heavy, two-day-long precipitation.

To find relevant atmospheric predictors of the short and heavy two-day-long precipitation
sequences, it could be interesting to focus, for instance, on the integrated water vapor transport flux
(called IWT, integrating the specific humidity and the zonal and meridional wind components) [39].
This atmospheric component would allow important wet flows coming from the west, which could
result to such short and heavy precipitation sequences in contact with the Alps, to be detected. Another
interesting atmospheric process to be analyzed would be the potential vorticity (PV) [40]. The PV
analysis would permit the detection of PV-streamer (also called Rossby waves-breaking; [41]), which
may be robust precursors of heavy precipitation events in the Alps, such as the ones that led to the
abundant precipitation triggering the extreme flood event in Lago Maggiore catchment in 1868 [20].
This opens a promising avenue for complementary flood hazard projections if robust atmospheric
predictors are found.
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Appendix A

Monthly mean hydrographs of the Rhéne@Bognes and for the three sub-catchments, during the
1923-2010 period.
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Figure A1. Monthly mean hydrographs of the discharge series for the Upper Rhone River catchment
(Rhéne@Bognes) and the three studied sub-catchments (Rhone@HDI, Arve@BDM,and Valserine),
during the 1923-2010 period.

Appendix B
Response time of the A+V and Geneva catchments.
Arve@BDM+Valserine
«@= Rhone@HDI (outlet of the lake)

a@» Rhone@PDS (upstream of the lake)
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Figure A2. Correlation coefficient between the precipitation and discharge time series for the 1950-2010
period. The catchment precipitation is based on the observations. For the calculation of the correlation
coefficient a D+1, D+2, etc., the discharge time series are shifted by one day, two days, etc.

Appendix C

Data series used for the calculation of the daily catchment precipitation.
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Figure A3. Location of the different weather stations used to calculate the observed catchment
precipitation for the period 1950-2010. The orange area corresponds to the A+V catchment, the green
and blue dots correspond to the 16 weather stations used to calculate the catchment precipitation
(the Thiessen polygons associated are shown). The grey area corresponds to the Geneva catchment,
the black and the green dots correspond to the 30 weather stations used to calculate the catchment
precipitation (the Thiessen polygons are shown). Green dots represent weather stations both used for
the calculation of the A+V and Geneva catchment precipitation.

Figure A4. Location of the different ERA-20C grid points used to calculate the catchment precipitation
for the period 1923-2010. The orange area corresponds to the A+V catchment, the green dots correspond
to the two ERA-20C grid points used to calculate the catchment precipitation (the Thiessen polygons
associated are shown). The grey area corresponds to the Geneva catchment, the two black and the two
green dots correspond to the four ERA-20C grid points used to calculate the catchment precipitation
(the Thiessen polygons are shown). Green dots represent ERA-20C grid points both used for the
calculation of the A+V and Geneva catchment precipitation.

References

1. Alfieri, L.; Burek, P; Feyen, L.; Forzieri, G. Global warming increases the frequency of river floods in Europe.
Hydrol. Earth Syst. Sci. 2015, 19, 2247-2260. [CrossRef]

2. Sillmann, J.; Kharin, V.V.; Zhang, X.; Zwiers, EW.; Bronaugh, D. Climate extremes indices in the CMIP5
multimodel ensemble: Part 1. Model evaluation in the present climate. |. Geophys. Res. Atmos. 2013, 118,
1716-1733. [CrossRef]

3. Kundzewicz, Z.W.; Kanae, S.; Seneviratne, S.I.; Handmer, J.; Nicholls, N.; Peduzzi, P.; Mechler, R.;
Bouwer, L.M.; Arnell, N.; Mach, K,; et al. Flood risk and climate change: Global and regional perspectives.
Hydrol. Sci. ]. 2014, 59, 1-28. [CrossRef]

4. Mehran, A.; Aghakouchak, A.; Phillipes, T.J. Evaluation of CMIP5 continental precipitation simulation
relative to satellite-based gauge-adjusted observations. J. Geophy. Res. 2014, 119, 1695-1707. [CrossRef]


http://dx.doi.org/10.5194/hess-19-2247-2015
http://dx.doi.org/10.1002/jgrd.50203
http://dx.doi.org/10.1080/02626667.2013.857411
http://dx.doi.org/10.1002/2013JD021152

Water 2019, 11, 2507 20 of 21

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kundzewicz, Z.W.; Su, B.; Wang, Y.; Wang, G.; Wang, G.; Huang, ].; Jiang, T. Flood risk in a range of spatial
perspectives-from global to local scales. Nat. Hazards Earth Syst. Sci. 2019, 19, 1319-1328. [CrossRef]
Dankers, R.; Arnell, N.W.; Clark, D.B.; Falloon, P.D.; Fekete, B.M.; Gosling, S.N.; Heinke, J.; Kim, H.; Masaki, Y.;
Satoh, Y.; et al. First look at changes in flood hazard in the Inter-Sectoral impact model intercomparison
project ensemble. Proc. Natl. Acad. Sci. USA 2014, 111, 3257-3261. [CrossRef] [PubMed]

Kundzewicz, Z.W.; Krysanova, V.; Dankers, R.; Hirabayashi, Y.; Kanae, S.; Hattermann, FF,; Huang, S.;
Milly, PC.D,; Stoffel, M.; Driessen, P.P].; et al. Differences in flood hazard projections in Europe-their causes
and consequences for decision making. Hydrol. Sci. ]. 2016, 62, 1-14. [CrossRef]

Hall, J.; Arheimer, B.; Borga, M.; Brazdil, R.; Claps, P; Kiss, A.; Kjeldsen, T.R.; Kriauciuniene, J.;
Kundzewics, Z.W.; Lang, M.; et al. Understanding flood regime changes in Europe: A state-of-the-art
assessment. Hydrol. EarthSyst. Sci. 2014, 18, 2735-2772. [CrossRef]

Farnham, D.; Doss-Gollin, J.; Lall, U. Regional extreme precipitations events: Robust inference from credibly
simulated GCM variables. Water Resour. Res. 2018, 54, 3809-3824. [CrossRef]

Bloschl, G.; Gaal, L.; Hall, J.; Kiss, A.; Komma, J.; Nester, T.; Parajka, J.; Perdigao, R.A.P,; Plavcova, L.;
Rogger, M.; et al. Increasing river floods: Fiction or reality? WIREs Water 2015, 2, 329-344.

Schelf, K.E.; Moradkhani, H.; Lall, U. Atmospheric circulation patterns associated with extreme United States
floods identified via machine learning. Sci. Rep. 2019, 9, 7171. [CrossRef] [PubMed]

Merz, R.; Bloschl, G. Regional flood risk—What are the driving processes? Water Resour. Res. 2003, 39, 1340.
Sikorska, A.E.; Viviroli, D.; Seibert, J. Flood-type classification in mountainous catchments using crisp and
fuzzy decision trees. Water Resour. Res. 2015, 51, 7959-7976. [CrossRef]

Brunner, M.L; Viviroli, D.; Sikorska, A.E.; Vannier, O.; Favre, A.C.; Seibert, J. Flood type specific construction
of synthetic design hydrographs. Water Resour. Res. 2017, 53, 1390-1406. [CrossRef]

Keller, L.; Rossler, O.; Martius, O.; Weingartner, R. Delineation of flood generating processes and their
hydrological response. Hydrol. Process. 2018, 32, 228-240. [CrossRef]

Borga, M.; Boscolo, P.; Zanon, F.; Sangati, M. Hydrometeorological analysis of the 29 august 2003 flash flood
in the eastern italian alps. J. Hydrometeorol. 2007, 8, 1049-1067. [CrossRef]

Ruiz-Bellet, ].L.; Balasch, J.C.; Tuset, J.; Barriendos, M.; Mazon, ].; Pino, D. Historical, hydraulic, hydrological
and meteorological reconstruction of 1874 Santa Tecla flash floods in Catalonia (NE Iberian Peninsula). J.
Hydrol. 2015, 524, 279-295. [CrossRef]

Bloschl, G.; Nester, T.; Komma, J.; Parajka, J.; Perdigao, R.A.P. The June 2013 flood in the Upper Danube
Basin, and comparisons with the 2002, 1954 and 1899 floods. Hydrol. Earth Syst. Sci. 2013, 17, 5197-5212.
[CrossRef]

Bronnimann, S.; Rohr, C.; Stucki, P.; Summermatter, S.; Bandhauer, M.; Barton, Y.; Fischer, A.; Froidevaux, P;
Germann, U.; Grosjean, M.; et al. 1868—Les inondations qui changeérent la Suisse: Causes, conséquences et
legons pour le future. Geogr. Bernensia 2018, G94, 52.

Stucki, P.; Bandhauer, M.; Heikkild, U.; Rossler, O.; Zappa, M.; Pfister, L.; Salvisberg, M.; Froidevaux, P;
Martius, O.; Panziera, L.; et al. Reconstruction and simulation of an extreme flood event in the Lago Maggiore
catchment in 1868. Nat. Hazards Earth Syst. Sci. 2018, 18, 2717-2739. [CrossRef]

Isotta, F.A.; Frei, C.; Weilguni, V.; Percec Tadic, M.; Lassegues, P.; Rudolf, B.; Pavan, V.; Cacciamani, C.;
Antolini, G.; Ratto, S.M.; et al. The climate of daily precipitation in the Alps: Development and analysis
of a high-resolution grid dataset from Pan-Alpine rain-gauge data. Int. J. Climatol. 2014, 34, 1657-1675.
[CrossRef]

Bender, G. Corriger le Rhéne et les Valaisans: Trois siecles de travaux et de débats. Revue de Géographie Alpine
2004, 92, 51-61. [CrossRef]

Hingray, B.; Picouet, C.; Musy, A. Hydrologie 2, une Science pour l'ingénieur; Presses Polytechniques et
Universitaires Romandes: Lausanne, Switzerland, 2014; p. 640.

Grandjean, P. La régulation du Lac Léman, hydrology in mountainous regans, I-Hydrological measurements.
Water Cycle IAHS Publ. 1990, 190, 769-776.

Evaluation PréliminaireDesRisquesD’inondation Sur Le Bassin Rhéne-Méditerranée, Partie IV: Unité De Présentation
«Haut-Rhéne»; DREAL report; DREAL Auvergne-Rhoéne-Alpes: Lyon, France, 2011; pp. 208-248.
Kieffer-Weisse, A. Etude des precipitations exceptionnelles de pas de temps court en relief accident (Alpes frangaises).
Theése De Doctorat De L'institut National Polytechnique De Grenoble; INP: Grenoble, France, 1998.

Brassel, K.E.; Reif, D. A procedure to generate thiessen polygons. Geogr. Anal. 1979, 11, 289-303. [CrossRef]


http://dx.doi.org/10.5194/nhess-19-1319-2019
http://dx.doi.org/10.1073/pnas.1302078110
http://www.ncbi.nlm.nih.gov/pubmed/24344290
http://dx.doi.org/10.1080/02626667.2016.1241398
http://dx.doi.org/10.5194/hess-18-2735-2014
http://dx.doi.org/10.1002/2017WR021318
http://dx.doi.org/10.1038/s41598-019-43496-w
http://www.ncbi.nlm.nih.gov/pubmed/31073192
http://dx.doi.org/10.1002/2015WR017326
http://dx.doi.org/10.1002/2016WR019535
http://dx.doi.org/10.1002/hyp.11407
http://dx.doi.org/10.1175/JHM593.1
http://dx.doi.org/10.1016/j.jhydrol.2015.02.023
http://dx.doi.org/10.5194/hess-17-5197-2013
http://dx.doi.org/10.5194/nhess-18-2717-2018
http://dx.doi.org/10.1002/joc.3794
http://dx.doi.org/10.3406/rga.2004.2308
http://dx.doi.org/10.1111/j.1538-4632.1979.tb00695.x

Water 2019, 11, 2507 21 of 21

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Poli, P.; Hersbach, H.; Dee, D.P,; Berrisford, P.; Simmons, A.J.; Vitart, F,; Laloyaux, P; Tan, D.G.H.; Peupley, C.;
Thépaut, ].N.; etal. ERA-20C: An atmospheric reanalysis of the twentieth century. . Clim. 2016, 29, 4083-4097.
[CrossRef]

Tarasova, L.; Merz, R.; Kiss, A.; Basso, S.; Bloschl, G.; Merz, B.; Viglione, A.; Plotner, A.; Guse, B.; Schumann, A.;
et al. Causative classification of rover flood events. WIREs Water 2019, 6, e1353. [CrossRef]

Froidevaux, P.; Schwanbeck, J.; Weingartner, R.; Chevalier, C.; Martius, O. Flood triggering in Switzerland:
The role of daily to monthly preceding precipitation. Hydrol. Earth Syst. Sci. 2015, 19, 3903-3924. [CrossRef]
Jain, A.K.; Dubes, R.C. Algorithms for Clustering Data; Prentine-Hall Advanced Reference Series; Prentine-Hall
Publish: Englewood, Upper Saddle River, NJ, USA, 1988; p. 320.

Bruynooghe, M. Classification ascendante hiérarchique des grands ensembles de données: Un algorithme
rapide fondé sur la construction des voisinages réductibles. Les Cahiers De L'analyse Des Données 1978, 3, 7-33.
Pettitt, A.N. A non-parametric approach to the change-point problem. Appl. Stat. 1979, 28, 126-135.
[CrossRef]

Meeddat Dreal Rhone-Alpes. Concomitance et impacts des affluents sur le Rhone, rapport de la Dreal Rhone-Alpes
et Egis Eau; Egis Eau: Montpellier, France, 2011; p. 139.

Vincent, C.; Soruco, A.; Six, D.; Le Meur, E. Glacier thickning and decay analysis from 50 years of glaciological
observations performed on Glacier d’Argentiere, Mont Blanc area, France. Annal. Glaciol. 2009, 50, 73-79.
[CrossRef]

Vincent, C.; Harter, M.; Gilbert, A.; Berthier, E.; Six, D. Future fluctuations of Mer de Glace, French Alps,
assessed using a parameterized model calibrated with past thickness changes. Annals Glaciol. 2014, 55, 15-24.
[CrossRef]

Huss, M. Extrapolating glacier mass balance to the mountain-range scale: The european alps 1900-2100.
Cryosphere 2012, 6, 713-727. [CrossRef]

Evin, G.; Wilhelm, B.; Jenny, J.P. Flood hazard assessment of the Rhéne River revisited with reconstructed
discharges from lake sediments. Glob. Planet. Chang. 2019, 172, 114-123. [CrossRef]

Rimbu, N.; Czymzik, M.; Ionita, M.; Lohmann, G.; Brauer, A. Atmospheric circulation patterns associated
with the variability of River Ammer floods: Evidence from observed and proxy data. Clim. Past. 2016, 12,
377-385. [CrossRef]

Hoskins, B.J.; McIntyre, M.E.; Robertson, A.W. On the use and significance of isentropic potential vorticity
maps. Q. J. R. Meteorol. Soc. 1985, 111, 877-946. [CrossRef]

McIntyre, M.E.; Palmer, T.N. A note on the general concept of wave breaking for Rossby and gravity waves.
Pure Appl. Geophys. 1985, 123, 964-975. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1175/JCLI-D-15-0556.1
http://dx.doi.org/10.1002/wat2.1353
http://dx.doi.org/10.5194/hess-19-3903-2015
http://dx.doi.org/10.2307/2346729
http://dx.doi.org/10.3189/172756409787769500
http://dx.doi.org/10.3189/2014AoG66A050
http://dx.doi.org/10.5194/tc-6-713-2012
http://dx.doi.org/10.1016/j.gloplacha.2018.09.010
http://dx.doi.org/10.5194/cp-12-377-2016
http://dx.doi.org/10.1002/qj.49711147002
http://dx.doi.org/10.1007/BF00876984
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Studied Area and Data 
	The Upper Rhne River Catchment and the Gauge Station of Bognes 
	The Three Sub-Catchments of the Upper Rhne River 
	The Medium-Magnitude Flood Events 
	Precipitation Data 
	Weather Station Data 
	ERA-20C Reanalysis 

	Buffer Role of Lake Geneva on Precipitation 

	Methods 
	Descriptors of Precipitation 
	Descriptor of Discharge Variability 

	Clustering and Resulting Flood Typology 
	Hierarchical Clustering 
	Hydro-Meteorological Characteristics of the Flood Types 
	Temporal Characteristics of the Four Flood Types 

	Discussion: Precipitation Only vs. Hydrological Processes for Flood Triggering 
	Alpine Flood Types from the Literature 
	Comparison with the Flood Types of the Literature 
	Role of Precipitation in Both Flood Type and Flood Magnitude 

	Conclusions 
	
	
	
	References

