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Abstract A rainfall-runoff model was employed to identify four major flood-
generating processes corresponding to flood events identified from daily
discharge data from 614 stations across Europe in the period 1961-2010: long-
rain, short-rain, snowmelt, and rain-on-dry-soil flood events. Trend analyses were
performed on the frequency of occurrence of each of the flood types continentally
and in five geographical regions of Europe. Continentally, the annual frequency
of flood events did not show a significant change over the investigation period.
However, the frequency of both winter and summer long-rain events increased
significantly, while that of summer snowmelt events decreased significantly.
Regionally, the frequency of winter short and long-rain events increased
significantly in Western Europe, while the frequency of summer snowmelt and
short-rain events decreased in Northern Europe. The frequency of summer
snowmelt events in Eastern Europe and winter short-rain events in Southern

Europe showed a declining trend.
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1 Introduction

The occurrence of devastating floods in different parts of Europe in the past decades has
raised interest in scrutinizing and understanding their underlying causes (e.g. Ulbrich et
al., 2003a, 2004b; Marsh 2008; Bloschl et al., 2013, 2016; 2017; Schréter et al., 2015).
While these studies analysed the meteorological and hydrological conditions that caused
specific events, another group of studies focused on assessing whether there has been an
increase in the frequency and magnitude of flooding in Europe over the past decades
(Hall et al., 2014; Mediero et al., 2015; Mangini et al., 2018; Bloschl et al., 2019). Many
of the studies detected significant changes in the flood regime in different parts of
Europe, although the pattern of changes was found to be regionally different (Hall et al.,
2014; Bloschl et al., 2015, 2017, 2019).

It is worthwhile to identify the process controls of flooding and attribute
detected changes in flooding to possible changes in their process controls.
Understanding the process controls of flooding and their changes is a key to flood-risk
management since the flood mitigation measures that need to be taken as part of the
flood management depend on the processes involved in the flood generation
(Kundzewicz et al., 2014; Bloschl et al., 2015; Berghuijs et al., 2019). The reliability of
flood prediction and risk assessment can also be enhanced if information on process
controls is incorporated into the analyses (Loukas et al. 2000, Merz and Bloschl, 2008;
Rogger et al. 2012).

Attribution of changes in flooding to their process controls has mainly been
done by performing a parallel trend analysis on certain statistical characteristics of the
process controls that might have undergone a change over a similar time period and

hypothesizing that the changes in the controls are responsible for the detected changes
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in flooding (Merz et al., 2012). Several studies have tried to attribute changes in
flooding using such an approach to changes in precipitation (Pinter et al., 2006;
Hattermann et al., 2013; Bloschl et al., 2019), temperature (Hattermann et al., 2013;
Bloschl et al., 2019), flood prone large scale circulation patterns (Hattermann et al.,
2013), and land use (Pinter et al., 2006; Prosdocimi et al., 2015; Van der Ploeg and
Schweigert, 2001).

While the above approach of attribution offers useful information on the
potential causes of the detected changes in flooding, the attribution exercise would be
more enlightening if it were performed by identifying the process controls of the
individual flood events and carrying out assessment of changes in the identified process
controls. There are several studies that investigated the meteorological and hydrological
process controls of flood generation at different spatial scales. Nied et al (2013) and
Rogger et al (2013), for instance, investigated the role of catchment soil moisture in the
generation of floods. Sui and Koehler (2001) assessed the importance of snowmelt and
rain-on-snow in the generation of peak flows. Similarly, McCabe et al (2007)
investigated the importance of rain-on-snow on flooding. The role of synoptic
atmospheric processes was studied by Parajka et al (2010) and Prudhomme and
Genevier (2011), among others.

The above studies were limited to assessing the importance of a single flood-
generating process. However, several flood-generating processes may occur within a
catchment and identifying the relative importance of each of the processes and their
evolution in time can help to understand the dynamics of the flood change for a given
region. There are, nevertheless, studies that investigated the importance of more than a
single process through classification of flood events using their driving hydro-

meteorological inputs and catchment states such as soil moisture and snow/glacier cover



(Merz and Bloschl, 2003; Sikorska et al., 2015; Berghuijs et al., 2016, 2019; Turkington
et al., 2016; Keller et al., 2018; Tarasova et al., 2019). Most of these studies tried to
assess the importance of the different flood-generating processes for the study areas
they focused on. One needs, however, to investigate the changes in the frequency of
occurrence of the different processes when attributing changes in flooding.

Many of the European studies on changes in flooding were performed at
catchment or national scales. A large-scale assessment, on the other hand, would offer
valuable information on a regional pattern of flood risk, which could potentially
facilitate coordination of regional flood-risk management, as is emphasized by the
European Flood Directive (EU 2007). Constructing a larger picture at a continental
scale from local studies is often difficult since the approaches followed and the database
used in the different local studies are often different (Hall et al., 2014). There is,
therefore, an increasing importance placed on a regional research effort. Although
continental scale studies on past changes in the frequency and magnitude of potentially
flood causing extremes are available for Europe (e.g. Mediero et al., 2015; Mangini et
al., 2018; Bloschl et al., 2019), studies that characterized flood events in terms of their
generating mechanisms and investigated how the different mechanisms have evolved in
time are not available at the continental scale.

The aim of this study is to investigate whether there have been changes in the
frequency of flood events across Europe over the past five decades and whether the
changes can be attributed to changes in the underlying flood-generating mechanisms.
We identify flood events from daily discharge data from selected observation stations
across Europe and describe them in terms of their main generating mechanisms by
analysing their underlying hydro-meteorological and hydrological catchment states. By

making use of consistent datasets and analysis approach, we explore the relative role of



rainfall processes, snow melting and river basin state of soil moisture to identify the
flood-generation mechanisms. We employ a regional hydrological model forced by
reanalysis data to estimate state variables, such as soil moisture deficit, snow water
equivalent and snowmelt, which we use to characterize the identified flood events. We
investigate the regional pattern of the dominant flood-generating mechanisms and
assess their temporal evolution over the past five decades. We finally try to compare our
results with previous local and regional studies carried out on the assessment and

attribution of changes in flooding.

2 Data and method

2.1 Data

Pan-European open datasets of discharge, meteorological forcing, and physiographic
characteristics were employed in the study (Table 1). Daily discharge time series from
747 GRDC (Global Runoff Data Centre) stations with drainage areas ranging between 7
and 807 000 km? were used. The length of datasets at the stations is variable, with an
average length of 54 years. After screening stations that have data for at least 90% of
the investigation period (1961-2010), 614 stations were kept for further analysis (see
Fig. 1). As shown in Figure 1, the study area is divided into five regions: Alps,
Northern, Western, Eastern, and Southern Europe (see Section 2.5 for details).

A hydrological model was employed for the simulation of hydrological state
variables that are used for flood type classification (see Section 2.3). Different open
datasets were used to set up the hydrological model (Hundecha et al., 2016).
Hydrological response units (HRUs) within each sub-catchment were derived from
land-use and soil data obtained from different sources (Table 1). It is to be noted that

land-use data were derived from the CORINE land-use data and GlobCover data were



used where CORINE does not have coverage. Furthermore, the WFDEI meteorological
forcing dataset covers the period starting from 1979 and the WATCH forcing dataset
was used for the period before 1979. The concatenated dataset was evaluated for
possible inhomogeneities at each sub-catchment and no significant inhomogeneity was

detected.

2.2 Selection of flood events

Flood events were selected in two stages. In the first stage, independent peak flows
were identified at each gauging station. In the second stage, events that are potentially
associated with flooding were selected from the identified independent peaks based on
thresholds defined using flow recurrence intervals. The independence of events selected
at different stations was assessed based on a set of criteria and dependent events were
grouped into a single spatially coherent flood event. The procedure is detailed in the

following sub-sections.

2.2.1 Independent peak-flow events at stations

Independent peak flows at each gauging station were identified from the daily discharge
time series by employing a baseflow separation technique. We applied the Chapman
digital filter (Chapman, 1999), which estimates baseflow as a simple weighted average

of the direct runoff and the baseflow at the previous time interval, i.e.
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where QOx(i) and Qu(7) are the baseflow and direct runoff, respectively, at time step
i and the parameter £ is the recession constant during periods of no direct runoff.
If a given discharge Q(i) represents the sum of baseflow Qs(i) and direct runoff

Qua(i), then Op(i) can be estimated as:

0,()=0,-D+—00) @

Estimation of the recession constant k for each catchment follows the approach of
Vogel and Kroll (1996) (see also Thomas et al., 2013). The approach consists of
the following steps:

1. Identify the start of discharge recession when a 3-day moving average begins to
decrease and the end of recession when a 3-day moving average begins to
increase.

2. Select recessions with length larger than or equal to 10 days.

3. Remove the first three points of the recession to eliminate effects of averaging;

4. Fit the model In(Q) = In(Qo) + In(k)*t + error, for each recession using the
ordinary-least-squares method, i.e., estimate k& for individual events.

5. Estimate the mean recession constant k of all the analysed recessions.

Once the recession constant is estimated, timeseries of Ox(i) and Qu(i) are computed
and independent peak-flow events are separated as follows. Discharge blocks
separated by intervals in which the direct runoff is lower than the baseflow or the
mean annual direct runoff (the latter criterion being introduced to eliminate cases
where discharge or baseflow equals zero) are considered as independent events. The
start and end dates of these discharge blocks are used as the start and end dates of
the peak-flow event. The maximum discharge value within each event is then

selected as an independent peak flow.



2.2.2 Spatially grouped flood events

Peaks identified at different gauging stations may not be independent. The same hydro-
meteorological event may be behind the peaks identified at a number of stations and the
peaks may essentially be part of the same flood event. As the aim of the study was to
assess the regional frequency of occurrence of flood events and their process controls,
flood events that occurred at different stations and were caused by the same hydro-
meteorological events were grouped into a single spatially coherent flood event. This
was performed by analysing the dates of potentially flood causing peaks at the
individual stations and the distance between the centroids of the contributing
catchments of the stations. If peaks at two stations occur within a short time interval and
their contributing catchments are close to one another, it is likely that the peaks at the
two stations belong to the same event. The maximum time interval between the peaks
and the corresponding maximum distance between the basins for peaks to be of the
same event depends on a number of factors, such as the topological configuration of the
catchments, the characteristics of the storms or meteorological conditions that caused
the events, as well as the magnitude of the flood. Therefore, some subjectivity is
ultimately involved in spatially grouping events in this way. For instance, Merz and
Bloschl (2003) assumed annual maximum flows occurring within a time lag of 1 day to
be of the same event if the centroids of the contributing catchments are within 50 km.
In this work, a flood event was defined as an event where a gauge records a
potentially impact causing peak flow. This is defined as a 5-year flow or larger. All the
gauges that are grouped into the same event should record at least a 5-year flood.
Catchments whose centroids lie within 50 km of one another while their peaks lag by a
maximum of one day are assumed to be of the same event. Furthermore, if a gauging

station is located downstream of another one, a peak that occurs at the downstream



gauge within 3 days of the peak at the upstream gauging station is considered to belong
to the same event. Depending on the basin size and the distance between the gauges,
this might be longer or shorter. For instance, Uhlemann et al. (2010) found a time lag of
8—10 days in the Elbe River Basin from Dresden to Neu Darchau. In this work, there are
several intermediate gauging stations between the most upstream and downstream
gauges within large basins and the definition of a 3-day lag is considered reasonable.
The effect of the choice of both the distance between the centroids of the catchments
and the time lag between the peaks between the upstream and downstream stations on
the results of this work was investigated through a sensitivity study by varying the
chosen values. We tested all possible pairs of time lags of between 1 and 7 days and
distances between the catchment centroids of between 10 km and 100 km, with 10-km
increments.

Based on the time of year of their occurrence, the identified flood events were
grouped seasonally into winter (October—March) and summer (April-September)

events.

2.3 Hydrological and hydro-meteorological event characteristics

Hydrological and hydro-meteorological characteristics (Table 2) corresponding to each
of the identified flood events were derived. These were used as the basis of
identification of the process controls of the events. A semi-distributed continuous daily
rainfall-runoff model that was set up for the whole of Europe, E-HYPE (Donnelly et al.,
2016; Hundecha et al., 2016), and its meteorological forcings were used to estimate the
hydrological and hydro-meteorological event characteristics.

The E-HYPE model domain covers an area of 8.8 x 10° km? and is subdivided

into 35 408 sub-catchments with an average size of 248 km?. Each sub-catchment is



further subdivided into hydrological response units (HRUs) based on a combination of
different land-use classes and soil types. The model has conceptual routines for the
major land surface and subsurface processes. The snow accumulation and snowmelt
process are modelled using the degree-day method. Rainfall and/or snowmelt are
apportioned into surface and subsurface flow components using different soil- and land-
use-dependent thresholds and parameters. Potential evapotranspiration (PET) is
estimated using the modified Jensen-Haise model (Oudin et al., 2005). PET is achieved
only if the actual soil moisture exceeds a certain threshold and the actual
evapotranspiration decreases linearly from the PET value at this threshold to zero at the
wilting point. The generated runoff is routed through each sub-catchment and between
sub-catchments using a simple river routing routine that simulates attenuation and delay
within the river system. A simple routing procedure for flows out of lakes and reservoirs
is also employed. The model is driven by the WATCH and WFDEI forcing datasets.
These datasets provide daily gridded precipitation and air temperature with an
approximate grid size of 50 km x 50 km. The data are interpolated to the centroid of
each sub-catchment in the model domain. Details of the model set up, database, as well
as calibration and validation procedures are presented in Hundecha et al. (2016).
Despite the known uncertainty in model-simulated variables, based on the results of the
rigorous model validation discussed in Hundecha et al. (2016), we assume that the
model-simulated variables can reasonably be used for this work at the spatial scale the
work focuses on.

The hydrological and hydro-meteorological event characteristics were computed
first for each of the stations that were grouped into a spatially coherent flood event.
Total precipitation amount was computed as the total catchment average value between

the event start and peak dates from the meteorological forcing data. If the corresponding
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daily mean temperature is above 0°C, precipitation is assumed to be in the form of
rainfall and snowfall otherwise. The duration of precipitation was estimated as the area
weighted average of the duration within each of the sub-catchments making up the
contributing catchment of the station. This was done since precipitation may not be
evenly distributed within the drainage area due to the possible movement of the
atmospheric system causing the precipitation. Furthermore, antecedent precipitation
index corresponding to different lengths of days before the event start date was
computed using the catchment average daily precipitation. Hydrological state variables
at the onset and during each event were estimated as catchment average values from the
E-HYPE model simulation (see Table 2 for definitions). The event characteristics for
the spatially grouped events were then estimated as the sum of the event characteristics
at the contributing stations weighted by their respective drainage areas. The duration of
the flood event was estimated as the time between the earliest event start date and the

last event end date at the contributing stations.

2.4 Classification of flood events based on their generating mechanisms

Flood type classification was performed by employing cluster analysis to the event
hydrological and hydro-meteorological variables estimated for each of the identified
flood events as detailed in Section 2.3 (see also Table 2). Not all variables were used for
the classification. Since soil moisture deficit is an indicator of the antecedent
precipitation index, API, was not used in the classification. Also, instead of total
precipitation, the rainfall and snowfall components were used. Some of the remaining
variables could still be correlated. We employed principal component analysis (PCA) to
derive descriptors that are independent and have a lower dimensionality before we

applied the clustering algorithm. PCA was performed on the standardized variables
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since the scale of the different variables is different. Principal components that account
for 75% of the variance of all the variables were retained for further clustering. We
employed the k-means algorithm (Hartigan and Wong, 1979) by starting with a large
number of groups (20 groups as a starting point) and hierarchically merged groups using
Ward’s minimum variance method (Ward Jr., 1963). Two groups were merged in such a
way that the increase in the sum of the within group variance of the descriptors
weighted by the respective group size across all groups is the minimum. After each
merging step, the k-means algorithm was applied to the reduced number of groups. The
procedure was repeated until all events were merged into one group. The optimum
number of groups was then established by evaluating the change in the total weighted
variance of the descriptors across all groups between successive merging steps. The
point where the rate of change becomes steeper was set as the optimum number of
groups. The distributions of the hydrological and hydro-meteorological variables within
the identified group members were used as a basis of establishing the dominant flood

generation mechanism for the events within a given group.

2.5 Regional changes in flood types and their hydro-meteorological forcing

Since a 5-year flow was used as a threshold for defining a flood event, the number of
flood events a station is involved in could be too few to enable estimating a trend in the
frequency of occurrence of a flood event at a station over the investigation period
(1961-2010). Therefore, the identified spatially coherent flood events were grouped
into different regions and assessment of the regional distribution of the different flood-
generating mechanisms and the temporal change in their frequency of occurrence was

performed on the annual and seasonal regional counts of the events.
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Five regions were defined that are geographically coherent and have distinct
climate characteristics. The updated Koppen-Geiger climate classification (Peel et al.,
2007) was employed for defining the regions, with some adjustments of the boundaries
so that sub-catchments delineated in the hydrological model employed in the study are
not cut into different regions. The defined regions are Alps, Northern, Western, Eastern,
and Southern Europe (see Fig. 1). Although the regions were defined based on their
climate characteristics, we named them by their geographic position in Europe for ease
of presenting the results of the study. The climate region described mainly as cold
without dry season with cold summer in Peel et al. (2007) that covers much of the
northern part of Europe is defined as Northern Europe, while the vast region of central
and eastern Europe as well as southern Scandinavia described as cold without dry
season with warm or hot summer is defined as Eastern Europe. The climate region
described as temperate without dry season and warm summer that distinctly covers the
western part of Europe including the British Isles is defined as Western Europe. The
regions in the southern part of Europe that are classified as temperate with dry summer
and arid steppe are defined as Southern Europe. The area in the Alps classified as polar
tundra is defined as the Alps. Note that there could be small pockets of other climate
classes in each of our zoning, but they were merged in the major climate class that
defines each of the regions. Due to the way the flood events are spatially grouped, some
of the flood events may belong to more than one region. Such events contribute to the
number of events in all the regions they belong to.

For the assessment of changes in the frequency of flooding, we employed the Mann-
Kendall trend test (Kendall, 1975) on the annual and seasonal regional counts of flood
events. This was performed on both the total number of flood events and the numbers of

different types of flood events. We also performed a similar analysis at a continental
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scale by pooling all the events in all regions. A change was deemed significant at a 5%
significance level. A similar trend analysis was performed on the hydro-meteorological
controls associated with the flood events. The assessment was done for event
precipitation, and additionally initial snow water equivalent and amount of snowmelt,
for snowmelt events. Trend analysis was performed on the regional mean annual and
seasonal values of the variables associated with the annual or seasonal regional flood
events. This was also performed for each type of flood event. The entire work

procedure, together with the input used at each step, is schematized in Figure 2.

3 Results

3.1 Regional distribution of spatially grouped flood events

Based on the analysis discussed above (Section 2.2.2), 3891 spatially coherent flood
events were identified across Europe over the period 1961-2010 from the stations used
in the study. The number of flood events each of the stations are grouped into is shown
in Figure 3. Although there is no clear regional variation in the total number of flood
events at each station, a clear regional pattern is observed in the seasonality of the
occurrence of flood events. Most of the flood events in Western and Southern Europe
occurred in winter (October—March), while the majority of the flood events in Northern
Europe and the Alps occurred in summer (April-September). In Eastern Europe, many
flood events occurred in both seasons, although more events occurred in summer at
many of the stations. Continentally, there were more events in winter than in summer
(2165 versus 1726). This could, however, be because of the higher station density in

Western Europe, which predominantly has a winter flood regime.
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3.2 Flood event types and their characteristics

The employed cluster analysis on the hydrological and hydro-meteorological descriptors
of the identified flood events resulted in four groups of events (see Figure 4). The
characteristics of the flood events in each of these groups can be discerned from the
distributions of the hydrological and hydro-meteorological descriptors shown in Figure

5:

e Group 1 is characterized by a short duration rainfall with a median duration of 2
days and very little snowfall and snowmelt. The catchment is saturated at the
onset of the event with very little soil moisture deficit. The event duration is also
short. Events in this group designated as short-rain (SR) flood events.

e Group 2 is characterized by a large amount of rainfall over a longer duration.
There can be little snowfall during the event and the amount of snowmelt is
negligible. Like events in Group 1, the initial catchment state is saturated with
little soil moisture deficit. Events in this group are designated as long-rain (LR)
flood events.

e Group 3 is characterized by a large amount of accumulated snow at the onset of
the event with possible rainfall and snowfall during the event. The event is
characterized by a large amount of snowmelt that exceeds the amount of
precipitation falling during the event. The event has a long duration and the
initial catchment sate is saturated with little soil moisture deficit. However, the
antecedent precipitation is the lowest among all the four groups. Events in this
group are designated snowmelt (SM) events.

e Group 4 is characterized by rainfall with relatively shorter duration, with no

snowfall and a high soil moisture deficit at the onset of the event, which
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suggests a drier initial catchment state. No snowmelt takes place during the
event and the event duration is relatively short. Events in this group are

designated as rain-on-dry-soil (RoDS) events.

3.3 Seasonal and regional distribution of flood event types

As shown in Figure 6, short-rain flood events are predominant at the continental scale,
both annually and seasonally. Annually, these accounts for 62% of the total number of
events, while snowmelt events are the second most dominant type, with 20% of the total
number of events. Rain-on-dry-soil events are the least frequent, accounting only for
6% of the total number of annual events. In winter, following an SR event, which
accounts for 73% of the total winter events, LR events are the next dominant type of
event (18%), while RoDS events are the least frequent (3%). In summer, the most
frequent event type next to SR events (47% of the total number of summer events) is
SM (37% of events). Long-rain events are the least frequent in summer (6% of the total
number of summer events).

Generally, SR events are the dominant flood type regionally too. However, the
majority of flood events in Northern Europe, which occurred in summer, are
predominantly generated by snowmelt (Figures 6—9). Snowmelt events are rare in
Western and Southern Europe over the investigation period. The few SM events in
Western Europe occurred around the eastern border of the region (see Figures 7-9).
Stations with the highest number of SM events were concentrated in Northern Europe,
followed by the Alps and Eastern Europe. The majority of SM events occurred in
summer, especially in Northern Europe and the Alps. Winter snowmelt events were

more concentrated in Eastern Europe (Figure 8). Rain-on-dry-soil events mainly
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occurred in Eastern and Western Europe. In Eastern Europe, they mainly occurred in
summer, while they occurred in both seasons in Western Europe.

The effect of choice of the maximum distance between nearby catchments and
the time lag between peaks at stations located along a river for grouping peak events at
several stations into the same flood event can also be seen in Figure 6. The error bars at
the top of each bar show the ranges of the proportions of the different types of floods for
all the tested pairs of distances and time lags (70 pairs). The effect on the proportions of
the different types of flood-generating processes is not significant at the continental
scale and in most of the regions. The effect is significant in Southern Europe, where
only a few stations were used and the identified events were not that many. Although
SR events were always the dominant types, the absolute proportion of SR and LR
events varied by up to 20% in this region. Note that the absolute number of flood events
can vary more strongly. However, as the objective of this study is to assess the
dominant flood-generating mechanisms and their time evolution, we investigated here

only the effect on the relative proportions of the different flood-generating mechanisms.

3.4 Regional changes in the occurrence of different flood types

As shown in Table 3, no significant trend was detected in both the annual and seasonal
number of occurrence of flood events continentally. However, when the events were
grouped based on their generating mechanisms, one can see that there was a decline in
the occurrence of summer snowmelt events, which was compensated by a rise in the
occurrence of LR flood events throughout the year.

When the changes are looked at regionally, it can be seen that there was a
significant rise in the occurrence of flood events in Western Europe that is compensated

by a decline in Northern and Southern Europe (Figure 10, Table 3). The increase in the
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occurrence of flood events in Western Europe occurred in winter due to the rise in both
short- and long-rain flood events. The decline in the occurrence of flood events in
Northern Europe was caused by a significant decrease in the number of occurrence of
summer snowmelt and short-rain events. In Southern Europe, it is the occurrence of
winter short-rain events that went down. It should be noted, however, that due to a few
number of events in southern Europe as a result of very few stations, assessment of
changes in the occurrence of flood events could only be done for winter short-rain
events, to which most of the identified events belong. No significant change was
detected in the annual number of occurrence of flood events in Eastern Europe.
However, the number of occurrence of summer snowmelt events showed a significant
decreasing trend. No significant change was detected in the number of occurrence of
any type of flooding in the Alps.

The effect of the way flood events at different stations were grouped into a
spatially coherent flood event on the changes in the occurrence of the different types of
floods can be seen in Table 3. The figures in the parentheses below the p-values show
the percentage of all the tested pairs of maximum distances between nearby catchments
and maximum lag between peaks between stations for which a significant trend was
detected. Most of the significant changes discussed above were also significant for all
the tested grouping of stations. There were some where not all grouping of stations
yielded a significant change. However, at least 79% of the tested groupings showed a
significant change where a significant change was detected for the grouping outlined in
Section 2.2.2 (Table 3). There are also instances where some of the tested groupings
showed a significant change where the grouping used in this work did not show a

significant change. For instance, the annual number of occurrence of LR and SM events
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showed a significant increasing and decreasing trend for 8% and 13%, respectively, of
the tested groupings in Eastern Europe.

As shown in Table 4, the amount of precipitation associated with winter SR and
LR events increased significantly, while the initial SWE and amount of snowmelt
associated with summer SM events showed a significant decreasing trend continentally.
This shows that, continentally, the increase in the occurrence of winter LR flood events
is accompanied by an increase in the amount of precipitation driving the events, while
the decline in the frequency of occurrence of summer SM flood events is accompanied
by a corresponding decline in the available amount of snow. Regionally, the increase in
the amount of precipitation associated with winter LR flood events occurred in Western
Europe. Additionally, the amount of precipitation associated with SR flood events
showed an increasing trend in Western Europe, which is balanced by the corresponding
decline in Southern Europe (see Table 4). In Northern Europe, where summer SR and
SM flood events declined in their occurrence, neither the amount of precipitation nor
snowmelt showed any significant change. The decreasing trend in the amount of snow

and snowmelt associated with summer SM flood events occurred in Eastern Europe.

4 Discussion

4.1 Regional differences in the frequency of flooding and dominant flood types

The regional distribution of the number of flood events and frequency of the different
types of flooding can be put in perspective based on the hydro-meteorological features
of each region. Most of the identified winter flood events in Western Europe were
mainly rainfall events. Several studies in the past had associated winter flooding in

these parts of Europe to extreme and often persistent precipitation events triggered by
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the westerly winds bringing ample moisture from the Atlantic (Bardossy and Caspary
1990; Beurton and Thieken 2009). Air temperature in the region is milder and snow
processes are not important in the generation of major winter flooding, as can be seen in
Figures 6 and 8, by the few number of snowmelt events in Western Europe. As one
moves towards the east, however, the air temperature may stay below freezing point due
to a shift into a continental climate, leading to accumulation of snow. Snowmelt events
become important event types in addition to purely rainfall events in Eastern Europe
(Figure 6).

The summer events, which were mainly concentrated in the Alps, Northern and
Eastern Europe, have a more complex genesis, which are regionally variable. Although
heavy rainfall is still an important mechanism, snow processes also become a significant
contributor to the flood generation in many parts of these regions. In the central eastern
part of Europe, the majority of summer flood events are often caused by heavy rainfall
events that last for several days and are associated with moisture transport from the
Adriatic Sea to central Europe over eastern Alps, which are often enhanced by
orographic lifting (Jacobeit et al., 2006; Mudelsee et al., 2004; Ulbrich et al., 2003b,
Jeneiova et al., 2016). The results shown in Figure 9, where summer LR events appear
to be concentrated in this region, confirm this. In addition, the colder winter leads to a
longer retention of snow, which starts to melt in early or late spring, depending on the
topographic feature (Beurton and Thieken 2009). This can be seen in Figure 9(c). In
Northern Europe, the summer flood regime is mainly controlled by melting of snow
accumulated during the cold winter in the mountainous areas and regions further to the
north (Arheimer and Lindstrom, 2015; Vormoor et al., 2015), which is in line with the
finding of this work (see Figures 6 and 9). Different generating mechanisms are

associated with the flood regime in the Alps, which vary depending on the topographic
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elevation and exposure. In the northern part of the Alps, a similar weather situation
associated with heavy rainfall, which triggers most of the summer flooding in central
Europe, defines the flood regime (Bohm and Wetzel, 2006). A similar mechanism leads
to flooding in the higher mountain ranges, but it can be accompanied by glacier and
snowmelt, which enhance the antecedent catchment wetness (Merz and Bloschl, 2003;

Parajka et al., 2010, Pefia et al. 2015). Our study confirms this, as shown in Figure 6.

4.2 Regional changes in the frequency of flooding and flood-generating

mechanisms

The increasing trend in the occurrence of winter rainfall flood events in Western Europe
is in line with studies conducted in the UK and Germany. Most studies reviewed by
Hannaford (2015) suggest increasing frequency of winter flooding in the UK after the
1960s that were mainly attributed to changes in climate-related forcing, especially to the
increasing frequency of the westerlies that are linked to heavy precipitation events in
most parts of Western Europe. Similarly, Petrow and Merz (2009) detected an
increasing trend in the frequency of winter flooding in the western, central and southern
parts of Germany in the second half of the 20th century, which they speculated to be
attributable to climate-related forcing due to the spatial coherence of the change pattern
they detected. Hattermann et al (2013) confirmed this through assessment of the
corresponding changes in temperature, occurrence of heavy precipitation, and
atmospheric circulation patterns related to heavy precipitation. The increasing trend in
the flood associated winter precipitation we found is consistent with the finding of a
European wide study of Bloschl et al. (2019), which showed an increasing trend in
flood causing winter extreme precipitation and a corresponding increase in the extreme

river flow over a similar period as in our study.
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In contrast to our finding, past studies did not show a clear and consistent pattern
of change in the occurrence of flooding in Northern Europe (Lindstrdém and Bergstrom,
2004; Wilson et al., 2010). However, Wilson et al (2010) found that there is a clear
tendency for an early occurrence of spring floods, which is likely due to an earlier
snowmelt triggered by the rise in temperature.

For Eastern Europe, results from different previous studies showed different
patterns of change. Mudelsee et al. (2003), for instance, found a decreasing trend in the
occurrence of winter flooding in the Oder and Elbe rivers, with a concurrent declining
trend in the occurrence of extreme precipitation over the past 80 to 150 years. They
found no significant trend in the occurrence of summer flooding over the same period.
Petrow and Merz (2009), on the other hand, did not find any significant trend in the
occurrence of extreme flow in the Elbe river in both seasons over the second half of the
20th century. Kundzewicz et al. (2013) found an increasing trend in the number of
occurrences of large flood events over 1985-2009 in large parts of Europe, including
Central and Eastern Europe. Although the time periods considered in these studies are
different to enable comparison of their results, no clear picture in the tendency of the
change could be discerned. The decreasing trend in the summer snowmelt flooding and
the corresponding decline in the amount of snowmelt found in our work is, however,
consistent with the finding of a European wide study of Bloschl et al. (2019).

In the Alps, Schmocker-Fackel and Naef (2010) and Peia et al. (2015) found
that the frequency of summer flooding in Switzerland had been on the rise in the last
four decades and attributed the change to patterns of low-frequency atmospheric
variability and the corresponding changes in the frequency of heavy precipitation.
Similar results were presented by Pekarova et al., (2016), who identified increasing

frequency of large floods along the Danube river. Mediero et al. (2015), on the other
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hand, detected a decreasing trend in the frequency of flooding in the Alps over the last
four decades of the 20™ century through a European wide study.

Although it is difficult to obtain a bigger picture of the changes in the flood
regime in Southern Europe due to a lack of good coverage of stations, the result we
obtained at the few stations is in agreement with the findings of Mediero et al. (2014),
who found decreasing trends in the occurrence of flood events in Spain for three
different periods ending in 2009 and notably over the period 1959-2009. Silva et al.
(2012) also suggested a decline in the frequency of flooding in Portugal in recent
decades, which they found to have a similar trend pattern with rainfall. Bloschl et al.
(2019) also found a decreasing trend in the extreme winter precipitation associated with
flooding in Southern Europe, which is consistent with our result.

While the regional distribution of the dominant flood-generating mechanisms we
found is generally consistent with the findings of most of the previous studies, there is a
lack of agreement in the changes in the frequency of regional flood occurrence detected
in our work and some of the previous regional studies. This can be attributed to a
number of factors. Flood events were defined in many of the studies, including ours,
based on the peaks-over-threshold approach. Different studies employed different
thresholds and the choice of the threshold obviously affects the resulting trend (Mangini
et al., 2018). The time periods used for the assessment were also different in the
different studies and this may lead to different trend patterns as there could be a high
variability in the flood occurrence time series, which may be enhanced by temporal
clustering of flood occurrence (Hall et al., 2014). One advantage of the present study is
that by employing a consistent method of analysis over the same time period across the
continent, a coherent large scale picture of a change pattern can be discerned.

4.3 Uncertainties and limitations
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The approach we employed enables characterizing floods on event-by-event basis,
which makes assessment of the relative contribution of different flood-generating
mechanisms and attribution of possible changes in the frequency of flooding in time
easier. Attribution of the change in flooding through a parallel assessment of a change
in the potential driver may not reveal the actual connection between the change in
flooding and that of investigated driver, as the change in flooding could be the result of
a confounding effect of other factors (Merz et al. 2012). A change in the annual extreme
flow, for instance, may not directly be attributed to a corresponding change in the
annual extreme rainfall since the annual extreme flow may be a result of other processes
(e.g. Hundecha and Merz 2012). Despite the obvious advantage of our approach,
however, it has its own limitations and uncertainties as it is based on some
simplifications and results from a hydrological model whose uncertainties can be
propagated to the results.

Flood events were defined as spatially coherent peak-flow events by grouping
stations that are affected by the same hydro-meteorological events causing the flood
events. The procedure we employed for identifying the start and end dates of the peak-
flow events is simple, while the reality is often more complex (Blume et al. 2007), but
robust for different hydrograph shapes and repeatable. Although grouping of the
stations was guided by suggestions from the literature, subjective decisions were made
that could introduce uncertainties in the results. The effect of such decisions was
assessed through a sensitivity study (Sections 3.3 and 3.4), and the results are generally
stable. There are, however, some uncertainties in some of the results are visible in some
regions.

Employing a hydrological model for the estimation of some of the hydrological

variables used for the description of flood processes also introduces additional
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uncertainty in the results. A model is often calibrated to reproduce observed aggregated
catchment response, often river discharge, at one or more locations within a basin and
model parameters pertaining to different processes may not be estimated uniquely and
estimation of the resulting state variables may be uncertain. Furthermore, the
hydrological variables estimated by the model would be dependent on the discharge
data from which flood events are derived if the model was calibrated against the same
discharge data, potentially biasing characterization of the flood events using the model-
simulated variables.

The above problems may partly be addressed by employing additional catchment
response or earth observation data of state variables to constrain some of the model
parameters. The snow and evapotranspiration parameters of the E-HYPE model
employed in this work were constrained against earth observation data of snow cover
and potential evapotranspiration, respectively (Hundecha et al., 2016). The model was
calibrated for a few number of representative meso-scale catchments that have unique
physiographic features and the estimated parameters were regionalized for the entire
Europe based on catchment physiographic attributes. None of the stations used for
model calibration were used in this study. This can potentially reduce biasing
characterization of the flood events based on the model-simulated hydrological
variables. On the other hand, regionalization of model parameters may not lead to
optimal model performance everywhere in the model domain as the parameters are not
locally tuned at all stations, potentially introducing additional uncertainty due to poor
model performance at some stations. However, calibrating a model locally at all stations
at a continental scale can be a daunting task. Performing model uncertainty analysis

would also be prohibitively expensive at the scale our study was performed.
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5 Conclusions

Consistent datasets and method were employed to identify historical flood events across
Europe and their generating mechanisms were identified by clustering the events using
their hydrological and meteorological characteristics. Four flood-generating
mechanisms were identified: short-rain, long-rain, snowmelt, and rain-on-dry-soil. The
flood events were grouped into five different regions of Europe delineated based on the
climate features of the regions and their geographic locations. Annual and seasonal
changes in the frequency of occurrence of the different types of flooding were assessed
for each region for the period 1961-2010.

Regional and seasonal differences were apparent in the dominant flood-
generating mechanisms. Winter events were more frequent at stations in the western and
central parts of Europe, which were mainly short- and long-rain events while the
majority of summer events were concentrated at stations in the northern and eastern
parts of Europe as well as the Alps, where snowmelt and short-rain events are dominant.

At a continental scale, the frequency of both winter and summer LR events
increased significantly together with the amount of event-related precipitation while the
frequency of summer SM events deceased significantly accompanied by a decline in the
amount of accumulated snow and snowmelt. However, no significant change was
detected in the frequency of occurrence of flooding in general. Regionally, a significant
decreasing trend was detected in northern Europe resulting from a decline in the
frequency of occurrence of summer short-rain and snowmelt events. The frequency of
flooding increased significantly in Western Europe due to increasing frequency of
winter SR and LR events accompanied by an increase in event-related precipitation
amount. Summer snowmelt events and the corresponding amount of snowmelt

decreased significantly in Eastern Europe. Overall, however, no significant change was
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detected in the frequency of flood occurrence in Eastern Europe. No significant change
in the frequency of flooding was detected in the Alps. Frequency of flooding in southern
Europe decreased significantly due to a decline in the occurrence of winter SR events

and the amount of event rainfall.
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Table 1. List of open data used in the study and their sources.

Data Database Source link Referen | Resoluti
ce on
Hydrological data
and maps based.on Lehner
SHuttle Elevation . 15 arc-
. http://hydrosheds.cr.usgs.gov/index.php etal.,
Subcatchment | Derivatives at second
. . (2008).
s and river multiple Scales
networks (Hydrosheds)
Verdin,
Eildle (>60 0 https://Ita.cr.usgs.gov/HYDROI1K K.L llqizl
(1997)
Weedon | 0.5
Precipitation, | WATCH ) I , G. P. et | degrees
temperature (WFDEI) http://www.eu-watch.org/data_availability al. (2014 | (approx
) 50 km)
Global Runoff . . N
Observed Data Center http:// www.bafg.de/GRDC/EN/02 srvcs/21 tmsrs/riverdischarge node.html;jsessionid=C22E2022D049900355D ) Dail
discharge DB9C3C6502A6E.live1042 y
(GRDC)
Snow Water
Equivalent GlobSnow http://www.globsnow.info/index.php?page=Snow_Water Equivalent - 25 km
data
Potential Mu et Ix1
evapotranspira | MODIS ftp:/ftp.ntsg.umt.edu/pub/MODIS/Mirror/MOD16/ X
tion al., 2011 | km2
CORINE http://www.eea.curopa.cu/data-and-maps/data/corine-land-cover-2000-clc2000-seamless-vector-database-1 - 188::
LandUse Arino et | 35
GlobCover http://due.esrin.esa.int/page globcover.php al. X
= (2008) 300 m
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Global Lakes and Lehner
Lakes Wetlands https://www.worldwildlife.org/pages/global-lakes-and-wetlands-database and Doll -
(GLWD) Database (2004)
Global Reservoir Lehner
Reservoirs and Dam Data set | http://www.gwsp.org/products/grand-database.html et al. -
(GranD) (2011)
1.5
Global Map of Siebert | minutes
Irrigation Areas http://www.fao.org/nr/water/aquastat/irrigationmap/index.stm et al. (approx.
(GMIA) (2010) |10 km at
Irrigation ;qsu Ztr(ér_)
Global data set of ”

e Portman | minutes
month.l y Irrigated https://www.uni-frankfurt.de/45218023/MIRCA netal. | (approx.
and rainfed crop (2010) |10 km at
areas (MIRCA)

equator)
European Soil data Panagos | 1km x
Base (ESDB 1x1 | http://eusoils.jrc.ec.curopa.ew/ESDB_Archive/ESDB_data_1k raster intro/ESDB_1k raster data_intro.html (200 ég) Tk
km)
_ European Soil P 10km x
Soil Data Base (ESDB | http://eusoils.jrc.ec.curopa.ew/ESDB_Archive/raster_archive/ESDBv2 _ETRS LAEA raster archive.html anagos
10x10km) (2006) | 10kp
Digital Soil Map
of the World http://www.fao.org/geonetwork/srv/en/metadata.show?id=14116 - -
(DMSW)
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Table 2. Hydrological and hydro-meteorological state variables used for characterizing and

classifying flood events.

Variable Description Source

Event duration (d) Flood event duration Computed

Basin average precipitation amount between event onset and | WFDEI,

Precipitation (mm) flood peak date WATCH

Duration of basin average precipitation amount between event | WFDEI,

Precipitation duration (d) onset and flood peak date WATCH

Proportion of basin average precipitation amount falling as

Rainfall fraction (-) rainfall E-HYPE

Snowfall fraction (-) Proportion of basin average precipitation falling as snow E-HYPE

Snow WEQ (mm) ?fv:\r/:rglf basin accumulated snow water equivalent at the onset E-HYPE

Smelt (mm) Basin average snowmelt amount between event onset and flood E-HYPE
peak date

SW deficit (mm) eAV\;e;rtafﬁsbeatlsm deficit of soil moisture to reach field capacity at E-HYPE

API(n) (mm) Antecedent precipitation index corresponding to n days prior to | WFDEI,

event onset WATCH
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Table 3. Mann-Kendall trend test P values for the frequency of different types of flooding in different regions of Europe. Signs in the top row show the
direction of change; bold figures are significant at the 5% significance level, and the figures in parentheses show the percentage of all configurations of
grouping stations into a flood event tested in the sensitivity study that showed significant trend at the 5% level. SR: short-rain events; LR: long-rain events;

SM: snowmelt events; RoDS: rain-on-dry-soil events; All: all events.

Northern Europe Western Europe Eastern Europe Southern Europe Alps All of Europe
Flood SR | LR | SM | RoDS | Al | SR | LR | SM | RoDS | Al | SR | LR | SM | RoDS | All | SR | LR |SM | RoDS | All | SR | LR | SM | RoDS | All | SR | LR | SM | RoDS | All
type
+ + + + + + - + + +
Wint 0.11 - 0.36 - 0.17 0.04 0.01 - 0.46 0.02 0.75 | 0.67 - - 0.61 0.03 - - - 0.03 0.34 - - - 0.71 || 0.63 0.04 0.14 0.79 0.44
Iinter
(23) (0) (0) | (100) | (100) (0) (200) | (0) (0) (0) | (100) (200) | (0) (0) (0) (84) (0) (0) (0)
- + + + + + +
0.02 - 0.05 - 0.02 0.24 - - - 0.17 0.27 - 0.03 0.81 0.33 - - - - - 0.31 - 0.33 - 0.46 | 0.46 0.04 0.02 0.95 0.14
Summer
(100) (81) (100) (0) (0) (0) (84) (0) (0) (0) (0) (0) (0) (79) | (100) (0) (0)
- + + + + + + - + + + +
A | 0.02 0.67 0.07 - 0.02 0.04 0.01 - 0.25 0.01 0.36 | 0.11 | 0.11 0.36 0.27 0.02 - - - 0.01 099 | 0.25 | 0.34 - 091 || 0.95 0.01 0.03 0.97 0.90
nnua
(200) | (0) | (47) (100) | (100) | (100) (0) (200) | (0) (8) | (13) (0) (0) | (100) (200) | (0) (0) (0) (0) (0) | (100) | (100) (0) (0)
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Table 4: Mann-Kendall trend test P values for the flood event-related hydro-meteorological drivers in different regions of Europe. Signs in the top row show

the direction of change; bold figures are significant at the 5% significance level, and the figures in parentheses show the percentage of all configurations of

grouping stations into a flood event tested in the sensitivity study that showed significant trend at the 5% level. SR: short-rain events; LR: long-rain events;

SM: snowmelt events; RoDS: rain-on-dry-soil events; All: all events.

Northern Europe Western Europe Eastern Europe Southern Europe Alps Entire Europe

Drivers | SR | LR | SM | RoDS | All SR LR | SM | RoDS | All SR LR | SM | RoDS | All SR | LR | SM | RoDS | All SR | LR | SM | RoDS | All SR LR | SM | RoDS | All

PRE - - - + + + + - + - - - - - + + - - +
051 | | 040 033 | 0.01 | 0.01 05 | 001 | 082 | 060 0.89 | 0.04 0.07 | 0.29 077 | 0.04 | 0.04 | 033 | 090 | 0.05

Winter SWEQ ) ) - ) - ) ) ) ) - ) ) . ) - ) ) ) ) ) . . ) - ) ) - ) -
0.49 0.18 0.41 0.13 0.63 0.54 0.24

Smelt - - . - ) - - - - * - - - - j - - - - - - - - i - - . - j
0.18 0.06 0.95 0.18 0.55 0.10 0.12

PRE - - - + + - - - - + - + + + - + -
0.08 0.18 017 | 0.16 028 | 0.43 009 | 07 | 082 0.12 0.44 028 | 087 | 008 | 006 | 090 | 0.66

Summer - - + - - - - - -
SWEQ ) " | 01s ) 0.10 ) ) ) ) 0.87 ) ) 0.04 ) 0.03 ) ) ) ) ) " | 017 ) 0.29 ) ) 0.02 ) 0.01

Smelt - - j - j - - - - ! - - ) - i - - - - - - ’ - ) - - ) - )
0.09 0.09 0.68 0.05 0.07 0.40 0.40 0.02 0.03

PRE - + - - + + + + - + - - - - - - + - + + + - + +
01 | 07 | 021 0.18 | 0.01 | 0.01 02 | o001 | 058 | 009 | 008 | 04 | 072 | 007 | 0.2 011 | 0.96 0.51 073 | 019 | 0.02 | 011 | 060 | 0.20

Annual - - - - - - - - -
SWEQ ) " | 010 ) 0.07 ) ) ) ) 0.54 ) ) 0.04 ) 0.04 ) ) ) ) ) ) " | 020 ) 0.31 ) ) 0.06 ) 0.01

Smelt - - . - ) - - - - ) - - ) - i - - - ) - - ’ - i - - ) - )
0.10 0.07 0.92 0.07 0.08 0.48 0.40 0.53 0.03 0.02
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Figure 1. Hydro-climatological regions of Europe and location of 614 GRDC stations

used in the study.
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Input Analysis steps

Identification of independent daily

Daily discharge data at ;
peak flows at stations

stations (GRDC)

|
|
]

Daily precipitation and
temperature data Y

(WFDEI + WATCH) [ = =™ Estimation of
hydrometeorological and
Fvdrakaical madet hydrological variables
YOGS corresponding to identified peak
simulations (E-HYPE) (= = (=Dm B %OWS i

v

Clustering of peak
events at different stations into
spatial flood events

Y

Classification of flood events into
flood event types based on
their generating mechanisms

Y

Significance test of changes in
annual and seasonal regional
frequency of different types of
floods and their
hydro-meteorological controls

Figure 2. Schematic representation of the analysis procedure and the input data used in

the study.
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Figure 3. Total seasonal and overall counts of spatially grouped flood events at each

station in the period 1961-2010.
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Figure 5. Distributions of different meteorological and hydrological state variables
corresponding to the different types of flood events (See also Table 2 for description

of the variables).
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Figure 6. Annual and seasonal proportions of different types of flood events across
Europe over 1961-2010. Bars on top of each bar show the ranges of proportions of
the flood types for all tested configurations of grouping peak events at different stations

into a flood event.
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Figure 7. Total numbers of different types of flood events at each station in the period

1961-2010.
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Figure 8. Numbers of different types of winter flood events at each station in the period

1961-2010.
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Figure 9. Numbers of different types of summer flood events at each station in the

period 1961-2010.
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Figure 10. Regional distribution of significant seasonal changes in the frequency of
different types of flood events across Europe (upwards arrows show significant
positive trends and downward arrows show significant negative trends). Changes are
shown only for seasons and flood types to which significant changes were

detected in each region.
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