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Abstract. This study was carried out to establish the chargstics of observed flood events across Europiénpast in
10 terms of their spatial extent and the processatirigaup to the events. Daily discharge data frommentban 745 stations of
the Global Runoff Data Centre were used to idergiak flows at each station for the period 1961620Mhe identified
events at the different stations were further as®dyto determine whether they form the same floeehte thereby
delineating the spatial extent of the flood evehtgpan-European hydrological model was employe@édtmate a set of
catchment hydrological and hydro-meteorologicalestariables that are relevant in the flood gememgtrocess for each of
15 the identified spatially delineated flood eventssébsequent clustering of the events based orirthdated state variables
was used to identify the flood generation mecharmi$reach flood event. Four general flood generati@thanisms were
identified: long-rain flood, short-rain flood, snowelt flood, and rain-on-snow flood. A trend anadysias performed to
investigate how the frequency of each of the fldyges has changed in time over the investigatiaioge In order to
investigate whether there is a regional and sedgatiern in the dominant flood generating mechasisthis analysis was
20 performed separately for winter and summer seasodsfive different regions of Europe: Northern, \tées, Eastern,
Southern Europe, and the Alps. Continentally, titaeltnumber of flood events didn’t show a signifitahange. However,
the frequency of winter long rain events increasaghificantly while that of summer rain-on-snow ate decreased
significantly over the investigation period. Regabulifferences were detected in the dominant flgederating mechanism
and the corresponding trends. In Western Europe,frisquency of both winter and summer rainfall eseimcreased
25 significantly. In Northern and Eastern Europe, frequency of summer rain-on-snow events decreaiggifisantly. In
addition, winter short rainfall events increaseghgicantly in Eastern Europe. In the Alps, thegiiency of summer short

rain events increased significantly.
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1 Introduction

The frequent occurrence of extreme flood eventglifferent parts of Europe in the recent past hasedainterest in
scrutinizing and understanding the underlying cau&ébrich et al., 2003a, b; Marsh 2008; Bloschlaét 2013, 2016;
5 Schréter et al., 2015). The studies analyzed theonelogical or both meteorological and hydrologmanditions that led to
the events. There has also been increasing interassessing whether there has been an incre#fsénttbe frequency and
magnitude of flooding in Europe over the past desadnd whether there is a likelihood of their iaseein the future.
Mediero et al. (2015), for instance, studied pasinges in the magnitude and frequency, as welirasg of flooding across
Europe using discharge data collected from diffessurces. A number of other studies have also loeeried out for
10 different parts of Europe (See Hall et al., 2014d@eview of studies on flood changes across E)rop
Understanding the dominant process controls ofdilup and the main drivers of detected changesoadihg is a key to
proper flood risk management since the importamtrots vary depending on local conditions (Kundzenét al., 2014,
Bloschl et al.,2015). The reliability of estimati@md analyses of floods can also be enhanceddfrirdtion on process
controls is incorporated into the analyses (Louiaal. 2000, Merz and Bléschl, 2008; Rogger eR@ll2). Several studies
15 have been carried out to find out the meteoroldgind hydrological process controls of flood getieraat different scales.
Nied et al (2013) and Rogger et al (2013), foranse, investigated the role of catchment soil raoésin the generation of
floods. Sui and Koehler (2001) analyzed the impar¢aof snowmelt and rain-on-snow for the generatibpeak flows in
the upper part of the Danube basin using concumar@surements of precipitation, snow water equitad@d discharge.
Similarly, McCabe et al (2007) investigated the aripnce of rain-on-snow on flood generation in #estern US. The
20 importance of synoptic atmospheric processes watiest by Parajka et al (2010) and Prudhomme ance@en(2011),
among others.
There is evidence of changes in flood regime ified#t parts of Europe over the past decades,talbea regionally
different pattern (Hall et al., 2014; Bloschl et, £015). Different studies have attempted to laitg the changes to their
potential drivers for different parts of Europe.ttdamann et al (2013) attributed changes in flogdmGermany to changes
25 in air temperature and precipitation, as well a®dl prone large scale circulation patterns. Pisteal (2006) attributed
increases in flooding in the Rhine to increasedipiation and a change in landuse. Prosdocimi @L5) investigated the
relative importance of precipitation and urbanizatio two UK catchments. Van der Ploeg and Schwe{@601) attributed
increased flooding along the Elbe River to thernisification of agriculture.
Most of the flood change attribution studies rely @mparing observed changes in certain statisticatacteristics of the
30 potential drivers to the detected changes in flogdind hypothesizing that the change in the patedtiver is responsible
for the detected change in flooding (Merz et aD12). There are, however, some studies that emglogedels to
investigate whether changes in the hypothesizeehgiat drivers translate into a change in floodifgr instance, Hundecha
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and Merz (2012) investigated the relative imporéaat precipitation and temperature in explainingrayes in flooding for
different catchments across Germany by introdutiegyear to year variability in one of the meteogital variables used
to drive a hydrological model while keeping theentistationary. Similarly, Vorogushyn and Merz (2pir8/estigated the
role of river training works on the change in flimglalong the Rhine by comparing model simulationder consideration
5 of the river training works with homogenized flowdong the Danube, Skublics et al. (2016) invegs@dahe effect of river
training on the flood retention characteristics dygtematic two-dimensional hydrodynamic modelliigey found that
extreme floods are attenuated more strongly irptheent state of the channel-flood plain system thay were historically.
Employing model simulations to link the potentiaivérs of flood change to the detected changes avallbw framing the
attribution exercise based on a direct assessniginé @hanges in the flood generation processean@ds in flooding might
10 be attributed to multiple drivers, such as climatitvers, landuse, and river training. In a clasisatatistical framework of
attribution, it could be difficult to separate thfects of the different potential drivers on thenge in flooding (Merz et al.,
2013). However, some studies have attempted &sadke relative importance of different driven®tigh investigation of
the significance of covariates related to the défife: drivers used in statistical distributions lobfl flows (Prosdocimi et al.,
2015; Sraj et al., 2016, Viglione et al. 2016). Hoyng a simulation based assessment would endbhifying the relative
15 importance of the different drivers in explainingetdetected changes in flooding if enough inforarativere available on
the temporal evolution of the different drivers.
One way of assessing changes in flood regime antuiing the changes would be to classify floo@mg based on their
generating mechanisms and to analyse the changbke mccurrence of the different types of floodresdn time. Several
studies were conducted in the past to classifydfleeents based on their dominant generating mesimaniLoukas et al
20 (2000) employed a hydrological model to simulatfedént components of the annual peak and peaks thveshold to
investigate the flood generating mechanisms to ®@aoadian catchments. Merz and Bldschl (2003) diedsilood events
across Austria based on climate inputs (rainfalhvamelt) and basin states (soil moisture, snow KQovéikorska et al
(2015) classified flood events in mountainous SwisEhments using characteristics of precipitatiod catchment states,
such as catchment wetness, snow cover and glamier.cTurkington et al (2016) classified synthéiimd events generated
25 through application of a weather generator togetitir a hydrological model by using a cluster asaytechnique on a set
of meteorological indices derived from the genetatgnthetic weather for two Alpine catchments iarfee and Austria.
Most of the previous flood type classification sasifocused on either catchment or national sdaksidication of events.
However, a large scale regional assessment offersgmnal pattern of flood risk, which can potelfyiafacilitate
coordination of regional flood risk managementjsasmphasized by The European Flood Directive (EU0)7). There is,
30 therefore, an increasing importance placed on mmagresearch effort. A recent contribution tostkind of effort is the
work by Berghuijs et al (2016), who classified aanmaximum flows across the US by assessing theespondence of
seasonality of the events with that of the différdascriptors used to define flood event types.yTéensidered extreme

precipitation, soil moisture excess precipitatismpwmelt and rain-on-snow processes for their ifleason.
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The aim of the present study is to establish difierflood process types and evaluate their clusjein space and time
across Europe. The idea is to explore the relatle of rainfall processes, snow melting and ribasin state of soil
moisture to identify the flood type genesis acr&ssope and to assess past changes in the domioant generating
mechanisms in different regions of Europe. We masge of a consistent daily discharge data set a&osspe to select
flood events and derive the corresponding metegrcédd forcing from reanalysis data. Furthermore, emeploy a regional
hydrological model to estimate the correspondiragestvariables, such as soil moisture deficit, smeater equivalent and
snowmelt. We group the selected flood events im$eof their dominant generating mechanism basetti@orresponding
meteorological forcing and state variables. Finallye assess the regional pattern of the dominatdflgenerating

mechanisms and the presence of any temporal tretie ipattern.

2 Dataand M ethod
2.1 Data

We based the identification of flood types and sssent of their changes across Europe on pan-Eamageen datasets of
discharge, physiographic and climate/meteorologiteracteristics. We made use of a global datafsdaily discharge
time series, available at Global Runoff Data Cerf@&DC, http://www.bafg.de/lGRDC/EN/Home/homepagelebtml)
from 747 stations across Europe. The data periodh® stations is variable, with an average lerttb4 years. After
screening the stations for coverage of data overirikiestigation period (1961-2010), 614 stationseweept for further
analysis (see Fig. 1). A hydrological model was leygd for the simulation of hydrological state ‘edolies that are used for
flood type classification. Different open data setse used to set up the hydrological model (Huhdest al., 2016). River
networks and subcatchments were delineated using=\&/\Wydrosheds data (Lehner et al. 2008) for theleh@omain
south of 60 degrees latitude and from HydrolK (\ferd997) further north. Hydrological response siritiRUs) were
derived from landuse and soil data obtained froffeidint sources. Landuse was derived from the CE@RHduse data and
GlobCover data (Arino et al. 2008) where CORINE sloet have coverage. Lakes and reservoirs weracatath from
GLWD (Lehner and Déll, 2004) and GranD (Lehnerlef@11) data sets respectively. Irrigated area® udentified from
GMIA (Siebert et al. 2010) and MIRCA (Portmann kt2010) data sets. Soil types were derived froeEaropean Soil
Database, ESDB (Panagos, 2006) and Digital Soil Maphe World (DSMW) data sets. The WATCH and WFDEI
(Weedon et al. 2014) meteorological forcing dat@rothe period 1901-2010 were also used to simuigtirological
variables using the employed hydrological modehe WATCH data was used as forcing for the perio8119978 and
WEFDEI forcing was used for the period afterwards.
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Figure 1: Hydro-climatological regions of Europe and distition of GRDC stations used in the study.

2.2 Selection of extreme flow events

5 Independent flood events and the corresponding fleals were identified at each gauging station frita GRDC daily
discharge time series as a basis of flood typesifleation. Events were identified by employing asb flow separation
technique. A traditional procedure for base flowasation starts with identification of the pointswehich the direct runoff
starts and ends. The start point is readily identi&s the time when the flow starts to increadelevthe end-point is usually
taken as the time when a plot of the logarithmemsformed discharge values against time becomtaigts line. A wide

10 range of techniques is available for establishimgyend-points for separating the base flow fromdinect runoff (see e.g.
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Chapman, 1999). In this experiment we applied thap@han digital filter (Chapman, 1999), which esteszbase flow as a

simple weighted average of the direct runoff areltibse flow at the previous time interval, i.e.

Q, (1) = kQ, (i ~1)+ (1~ k)Q, (i) &y

whereQ,(i) andQq(i) are the base flow and direct runoff, respectivatytime interval and the parametéris the recession
5 constant during periods of no direct runoff. Ifigem discharg&)(i) represents the sum of base fl@y(i) and direct runoff

Qq(i), thenQy(i) can be estimated as:

2-k

k
2-k

Q, (i ) = Qo (i - 1) + Q(' ) 2

Estimation of the recession constarfor each catchment follows the approach of Vogel Kroll (1996) (see also Thomas
et al., 2013). The approach consists of the folhmsteps:

10 1) identification of the start of discharge recessivhen a 3 day moving average begins to decreas¢ha end when a 3

day moving average begins to increase;
2) selection of recessions with length larger tbeaqual to 10 days;
3) removal of the first three points of the recesdd eliminate effects of averaging;
4) fitting the modeln(Q) =In(Qo) + In(k)*t + error for each recession using the ordinarytlegaares method, i.e., estimate
15  kforindividual events; and
5) estimation of the mean recession constant K tfie@analysed recessions.

Once the recession constant is estimated, timessefiQ,(i) andQq(i) are computed and independent discharge events are
separated. The flood event peaks are then repeesbgitthe maximum daily discharge within each iraefent event if the
direct runoff is greater than both the base flow emean annual direct runoff. This criterion is aaluced to eliminate cases

20 where discharge or base flow equals zero.

2.3 Hydrological and hydrometeorological state variables

A semi-distributed continuous daily rainfall-runaffodel that was setup for the entire Europe, E-HYB&nnelly et al.,
2016; Hundecha et al., 2016), was employed to estira set of hydrological state variables. The mhddmain covers an
area of 8.8 million krhand is subdivided into 35,408 subcatchments withwerage size of 248 RnEach subcatchment is
25 further subdivided into hydrological response ufiitiRUs) based on a combination of different landadsesses and soil
types. The model has conceptual routines for themiand surface and subsurface processes. The anownulation and

6



Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-356 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Discussion started: 21 July 2017 Sciences
(© Author(s) 2017. CC BY 4.0 License.

Discussions

melt process is modelled using the degree-day mefRainfall and/or snowmelt are apportioned intdaze and subsurface
flow components using different soil and landuspetelent thresholds and parameters. Potential eneeyspiration (PET) is
estimated using the modified Jensen-Haise modetli(Oet al., 2005). PET is achieved only if the attsoil moisture
exceeds a certain threshold and actual evapotratispi decreases linearly from the PET value at thieshold to zero at
5 wilting point. The generated runoff is routed thgbueach subcatchment and between subcatchments aisimple river
routing routine which simulates attenuation andagletithin the river system. A simple routing proaeel for flows out of
lakes and reservoirs is also employed. The modetiven by the WATCH and WFDEI forcing data setbe3e data sets
provide daily gridded precipitation and air temgera with an approximate grid size of 50 km. Théadare interpolated to
the centroid of each subcatchment in the model duriihe WATCH data set was used for the period 18818 while the
10 WFDEI data set was used for the subsequent period.
The model parameters were estimated as functiomatchment physiographic attributes that contrel phocesses they
describe through calibration against observed dditgharge at a set of gauging stations. To acctamthe possible
variation of the relationships, the model domainswaibdivided into different classes based on aofetatchment
physiographic and climate attributes and the mpadeameters were regionalized separately within etads. Some of the
15 parameters were estimated against satellite baksena@tions. The landuse dependent PET parametses ealibrated
against the MODIS global data set. The landuse riigre snow accumulation and melt parameters, wdnietof particular
interest for the present work (see Table 1 andi@e&.5), were estimated against the GlobSnow swaier equivalent
data. The regionalized model was evaluated at rit@ne 500 independent validation discharge statammess Europe. In
addition to evaluating the model’s skill in simutat daily discharge series using the standard osesuch as the Nash-
20 Sutcliffe efficiency measure and model bias, eviédumeof the model’s ability to simulate differedddv signatures, including
high and low flows as well as flow variability, wasrformed. Overall, the model performs reasonagil. Details of the
model setup, the data used and the calibratiorvalightion procedure are presented in Hundechh (2GL6).
For each flood event identified at each dischargéos, the corresponding meteorological data waggved from the
forcing data used in the hydrological model asloant average values. Total precipitation amountesponding to the
25 event was computed as the total amount betweeavet start and end dates. Furthermore, antecedetipitation index
corresponding to different lengths of days befdre évent start date were computed using the catthawerage daily
precipitation. Hydrological state variables at theset and during each flood event were estimatad the E-HYPE model
simulation. Notwithstanding the known uncertaimyniodel simulated variables, based on the restifseorigorous model
validation discussed above and implementation dftmahal earth observation data to constrain sofrth@parameters that
30 are most relevant for the present work, we asstnaiethe model simulated variables can reasonablysbd for the present
work at the scale the work focuses on. Table 1 shitw hydrometeorological and hydrological varialdensidered for the

flood type identification.
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Table 1: Hydrological and hydro-meteorological state valés used for characterizing and classifying flevdnts.

Variable Description Source
Precipitation [mm] Basin average precipitation amount between evesetoand| WFDEI,
p flood peak date WATCH
Rainfall fraction [-] rParion[faacl)lIrt|on of basin average precipitation amouwiling as E-HYPE
Snowfall fraction [-] Proportion of basin averggecipitation falling as snow E-HYPH

Average basin accumulated water equivalent of sabwhe

Snow WEQ [mm] onset of event E-HYPE
Smelt [mm] g:;li(ndz\israge snowmelt amount between event ondefleod E-HYPE
SW deficit [mm] Q\Y:;?%isl;atlsin deficit of soil moisture to reachdfieapacity af E-HYPE
API (n) [mm] Antecedent precipitation index corresponding toagsdprior to] WFDEI,

event onset WATCH

2.4 Spatial clustering of flood events

The events identified at individual gauging stasiavere clustered in space to evaluate the spatiahts of individual flood
5 events. This enables the identification of the igpaixtents of coherent flood events. Spatial sy of events was
performed by analysing the dates of the peak flatvthe individual gauges and the distance betweercéntroids of the
catchments draining to the stations. If peaks atdtations occur within a short time interval ahd tatchments draining to
the stations are also close to one another, iikédyl that the peaks at the two stations belongh® same event. The
maximum time interval between the peaks and theesponding maximum distance between the basinpdaks to be of
10 the same event depends on a number of factors asuitte topological configuration of the catchmetits characteristics of
the storms or meteorological conditions that leadhe events, as well as the magnitude of the flddwerefore, some
subjectivity is ultimately involved in spatiallywudtering events in this way. For instance, Merz Bligchl (2003) assumed
annual maximum flows occurring within a time lag bday to be of the same event if the centroidghefcontributing
catchments are within 50 km. In order to allow ¢atchment reaction time and flood propagation tdoemnstream along
15 bigger rivers, Uhlemann et al. (2010) employedreetivindow of 3 days ahead and 10 days followingakpischarge of at
least a 10 years return period to group flood evahimultiple locations as the same event.
In the present work, a spatially coherent floodntve defined as an event where at least one gaegeds a peak flow of 5-
years flood or larger and all the others that acuged into one event record at least a 2-yeamfli€atchments whose
centroids lie within 50 km from one another whiteit peak dates lag by a maximum of one day arensed to be of the
20 same event. Furthermore, if the gauging statioasannected, a peak that occurs at the downstreagegwithin 3 days is
considered to belong to the same event. Dependinth® basin size and the distance between the gathge might be
longer. For instance, Uhlemann et al. (2010) foartdne lag of 8 to 10 days in the Elbe river b&siim Dresden to Neu
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Darchau. In the present work, there are severatrmgdiate gauging stations between the most upsteesl downstream
gauges within large basins and the definition d&$s lag is considered reasonable.

Since the season in which a flood event occursatsm offer additional information on the likelihoad a given flood
triggering mechanism, the identified spatially ¢éwed flood events were separately analyzed fomglrological winter

5 (October — March) and summer (April — Septembegiseas.

2.5 Classification of flood events based on their generating mechanisms

Four types of flood events were defined based erhldro-meteorological conditions and the catchmséates that resulted
in them: short-rain floods, long-rain floods, snoeffloods, and rain-on snow floods.
Short-rain floods: are events that result from intense rainfall wihduration of a few hours. In this work, daily

10 meteorological data are used because of the |pajeakcoverage of the study area. Therefore, giaimtflood is defined as
a flood event caused by rainfall of duration légmtor equal to a day.

Long-rain floods: are events triggered by rainfall with duratiorsef/eral days. The intensity could be low but maggally
saturate the catchment and may ultimately resufloimding. In this work, long-rain flood is defineak an event resulting
from rainfall of duration more than a day.

15 Snowmelt floods: occur when there is an accumulated snow in thehozent and the temperature rises above a freezing
point. In this work, an event is considered as@snelt flood event if the model simulation yieldgsvmelt while there is
little precipitation between the flood onset arabfl peak.

Rain-on-snow floods. The snowmelt process may be enhanced durindahagiue to the additional latent heat the rain
provides to the snowpack. Together with the inc@miinfall, the snowmelt can result in considerableoff. An event is

20 defined as rain-on snow flood in this work if the@adel simulates snowmelt and there is precipitatadiing as rain during
the event.

The classification was performed by employing astu analysis technique to the hydrological andréwdeteorological
variables derived from E-HYPE simulation and obasons for each of the identified flood events (Sedle 1). Since,
some of the employed variables could be correlatedemployed principal component analysis to devaeables that are

25 independent and have less dimensionality beforappdied the clustering algorithm. We employed thmédans algorithm
(Hartigan and Wong, 1979) with a large number @fugis (20 groups as a starting point) and hieraadlficnerged groups
using Ward’s minimum variance method (Ward Jr.,398wo groups are merged in such a way that thee@se in the
total variance across all groups is the minimume @istributions of the hydrological and hydro-metdogical variables
within the identified clusters are used as a baséstablish the dominant flood generation mecmarfids the events within a

30 given cluster member. After the automatic clustalgsis, the events in each group were carefupécted and a manual
adjustment was applied to move around events froengsoup to another if they happen to end up imagwhich doesn’t

reasonably represent them.



Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-356 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Discussion started: 21 July 2017 Sciences
(© Author(s) 2017. CC BY 4.0 License.

Discussions

2.6 Regional changesin flood types

Whether there have been changes in the occurrénteod events and/or the dominant flood generatimgchanisms in
different regions of Europe was assessed througjgraficance test on the changes in the annualsaagonal numbers of
different types of floods regionally. Since the rben of events selected at a station level couldooefew to enable

5 estimating a trend, we performed the test on ttad tegional counts of flood events. Five regioresevdefined based on the
updated Koppen-Geiger climate classification (Peelal., 2007), with some adjustments of the bouedaso that
subcatchments delineated in the hydrological medaployed in the study are not cut into differergioes. The defined
regions are: Alps, Northern, Western, Eastern, @mathern Europe (see Fig. 1). We employed the Mé&mdal trend test
(Kendall, 1975) on both the total number and theiners of different types of flood events in eadhior. A change was

10 deemed significant at 5% significance level. Théirerwork procedure, together with the input usédeach step, is
schematized in Fig. 2.

Input Analysis steps

Daily discharge data at Identification of independent daily

stations (GRDC) . peak flows at stations
Daily precipitation and ¢
temperature data
(WFDEI + WATCH) # Estimation of hydrometeorological

and hydrological variables
corresponding to identified peak
Hydrological model flows
simulations (E-HYPE) N

Clustering of peak
events at different stations into
spatial flood events

v

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

v

Significance test of changes in

annual and seasonal regional

frequency of different types of
floods

Figure 2: Schematic representation of the analysis proceahuieghe input data used in the study.

10
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Based on the analysis discussed in section 2.4, 8gétial flood events were identified across Earoper the period 1961-

2010. Annually, the largest number of events o@zliin the central part of Europe (Fig. 3) followey regions in the

5 British Isles. Most parts of Northern Europe anditBern Europe, as well as parts of Europe furtbehé east displayed

lower number of flood events. When the events vegratified seasonally, the highest number of wieteents occurred in

the Western and central parts of Europe as wedt agveral locations in the British Isles. A fewnher of events occurred

elsewhere. Many of the summer events are concedtmthe Alps and parts of Northern and Eastemofi Overall, there

were more events in winter than in summer (see4jig.

(a) Winter events

Number of flood events

(a) Annual events

10

(a) Summer events

0-10
11-15
16-20
21-25
26 - 30
>30

Regions of Europe

Alpine
Northern
Western
Eastern
Southern

Figure 3: Total seasonal and annual counts of spatiallgtehed flood events each station is involved irr d861-2010.
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Figure 4: Total seasonal and annual counts of differengésypf flood events across Europe over 1961-2010.

3.2 Flood event types

As shown in Fig. 4, short rain flood types are duanit at the continental scale in all seasons wherndentified spatially
clustered flood events were classified into ther fowes of flood events using the procedure outliiie Section 2.5.
Annually, this is followed by rain-on-snow evenBurely snowmelt events account for the least ptigrorof the total
events annually. Following short rain events, losig events are the next dominant type of eventgititer, while snowmelt
events are the least frequent ones. In summemdse frequent event type next to short rain evenain-on snow, followed
by snowmelt events. Long rain events are the lgagquent in summer. Regionally, short rain evemes dominant in all
regions only in winter. In summer, snowmelt or ramsnow events become dominant in northern Euampiethe Alps.

As shown in Fig. 5, most stations in the westemh southern parts of Europe as well as the soutbernof the British Isles
and the southern tip of Scandinavia have a highepgstion of short rain flood events annually. Mpstrts of Central
Europe and northern part of the British Isles, &l ws some parts of Western Europe have dominamiig rain flood
events. In the Northern part of Europe, either snelt or rain-on-snow events are dominant. In thpeupart of the Alps,
most parts of the Rhine, as well as many partsastétn Europe, rain-on-snow events are dominamwSm rain-on-snow
events are little represented in western and soutBerope, as well as the British Isles.

Similar to the annual events, short rain eventsdarainant at most stations in western and soutBemope as well as the
southern part of the British Isles and the southigref Scandinavia in winter (see Fig. 6). In marayrts of central Europe
and most parts of the British Isles, except thalwm part, long rain events are dominant in wintEywever, rain-on-snow

events are also important events in many parteofral and Eastern Europe in winter. There areviavter flood events in
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Northern Europe and most of them are of rain-onaseeents with some purely snowmelt events, excephe south

western part, where rainfall events are dominant.

In summer, Western Europe has either short raioray rain events, with very little snowmelt or rain-snow events (Fig.

7). Events in southern Europe are few and thosatewae of short rain. In Northern Europe, eittregsvamelt or rain-on-
5 snow events are dominant in summer. Short raintevam also important summer event types in somts p& Northern

Europe. Long rain events are dominant in most gdregntral Europe and some parts of Eastern Eutogbe Alps and the

Rhine, as well as the Eastern part of Europe, saisnow events are dominant summer event types.

(c) Snowmelt events (d) Rain-on-snow events

% Flood event types  Regions of Europe

e 0-15 Alpine

e 15-30 Northern
o 30-45 Western
° 45-60 Eastern
e 60-75 Southern
e 75-100

Figure 5: Percentages of different types of annual floogints in different regions of Europe over 1961-2010.
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(c) Snowmelt events (d) Rain-on-snow events

% Flood event types Regions of Europe

= 0-15 Alpine

° 15-30 Northern
o 30-45 Western
° 45-60 Eastern
° 60-75 Southern
*+ 75-100

Figure 6: Same as Figure 5, but for winter flood events.

3.3 Hydrological and hydrometeorlogical event characteristics

Distribution of the different catchment states iaftee flood events were classified into differelobfl types (Fig. 8) shows

5 that the areal extent of short rain events, withedlian value of 1,300 Knis the smallest compared to the other types of
events. The median affected areal extents of albther event types are comparable, which is ar@®@0 kni. However,
rain-on-snow events have the largest variabilitgamng that they could cover a wider range of aeséénts when they
occur. Purely snowmelt and long rain events hase tange of variability of areal extent comparedaio-on-snow events

but could cover a much wider range of areal extéras short rain events when they occur.
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Distribution of the event duration of events diggla connection with whether snowmelt is involvedhie process of event
generation. Both snowmelt and rain-on-snow evehtsvsa higher median event duration than rainfatres (20 days
versus 7 days). The variability of event duratismliso higher for snowmelt and rain-on-snow evérda for rainfall events.

The range and variability is higher for rain-on-anevents compared to that of snowmelt events.

(a) Short rain events
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e o o
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* °
> o &
8

o $ o
o &%

PP

%% o O e
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(c) Snowmelt events (d) Rain-on-snow events

% Flood event types  Regions of Europe

e 0-15 Alpine

e 15-30 Northern

o 30-45 Western

e 45-60 Eastern

° 60-75 Southern
5 = 75-100

Figure 7: Same as Figure 5, but for summer flood events.

The median soil water moisture deficit at the omgahe flood events shows regional and seasondtien. It is generally
higher for summer events than winter events fotygles of events. Regionally, it is higher in EastEurope and lower in
10 the Alps, as shown in Table 2. The variability ighter for rainfall events compared to events withwvs. On the other hand,
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the antecedent precipitation index is generallyhéigfor rainfall events than snowmelt and rain-oovs events. It is
especially the lowest for purely snowmelt eventsldar regional deference of antecedent precipitat not discernible.
The amount of precipitation during a flood evengénerally the highest for long rain events. Fam-cn-snow events, the
amount is higher than short rain events in mosiorey especially in summer (Table 2). Regionallyere precipitation
5 amount is generally higher in Southern Europe. Thisspecially the case in summer. In winter, tim®@nt is also high in
Northern Europe and the Alps.
Snow storage at the onset of events is generadlyehifor purely snowmelt than rain-on-snow evefiiab{e 2 and Fig. 8).
This is especially the case for summer eventsgions where snow related events are important (dont Eastern, and the
Alps). For purely snowmelt events in summer, thigahsnow storage is the highest in Northern Eerapd the Alps, while
10 it is the highest in Eastern Europe for winter gseffror rain-on-snow events, the highest mediamwsstorage in both
seasons was found for Southern Europe, followeNdaghern Europe. However, as one can see in TabldZig. 4, there
are very few rain-on-snow events in Southern Eurame the median amount of snow melt during the &svisnalso low.
The median amount of snowmelt during snowmelt aiig-on-snow events is the highest in Northern Eeydpllowed by
Eastern Europe. In summer, it is the lowest in \&tesEurope, although the amount is comparableabahEastern Europe

15 for winter events.

Duration (days) Precipitation (mm) Rainfall (mm)
100
‘ 200
50
100
1 2 3 4 1 4
Snowfall (mm) SnowWEQ (mm) Srnelt mm)
100 — 500 400
50 250 El 200
3 == é 5 é 5 é é
q 2 3 4 1 2 1
X 10‘ Areal extent (kmz) SW deficit (mm Evaporatlon (mm
10 20 100
5 ‘ 10 50
5l e = m= BN 5 1% — L= o == é
1 2 3 4 4 1 2 3 4
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100 100 100
50 50 50 o
= e = " _— o o o o % % —— =
il 2 3 4 1 2 3 1 2 3 4
API(7) API(10) Flood type
128 160 Flood type
"L om o I 3 Short
o r -
o == = o [ _| 3 - Snowmelt
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Figure 8: Distributions of different meteorological and hgtbgical state variables corresponding to theedéiit types of

flood events (See also Table 1 for description).
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3.4 Regional changesin flood types

As shown in Table 3, no significant changes areatet in the total number of events in all seastrise continental scale.
However, when the numbers of events were assessed lon the event types, the number of winter tailgevents showed

5 asignificant increase while the number of sumraer-on-snow events decreased significantly. Comedimgly, the annual
numbers of long rain and rain-on-snow events shasigaaificant positive and negative trends, respebfi

European regions

Alpine
Northern
Western
Eastern
Southern

Arrow colours s
M short rain
B Long rain W s

[ Snowmelt

M Rain-on-snow >

W - Winter l_ﬂ

S - Summer
w

Figure 9: Regional distribution of significant seasonal mpes in the frequency of different types of floocrts across
Europe (upwards arrows show significant positiemtis and downward arrows show significant negatesreds)

10
Regionally, the total annual number of events desed significantly in Northern Europe, which is edi by a significant
decrease in the number of summer rain-on-snow s\(€ig. 9). No significant changes were detectethénnumbers of the
other types of flood in this region in all seasdnsWestern Europe, the total annual number of sviercreased significantly
and this was caused by a significant increaseamtimber of long rain events in both summer anderjmas well as number

15 of short rain events in winter. No significant chas were detected in the total annual number aftevia Eastern Europe.
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However, the annual number of rain-on-snow eveatsehsed significantly, which was caused by a Sogmt decrease in
the number of summer rain-on-snow events. In wjriter number of short rain events showed a sigmifiecncrease. Most
of the events in the Alps occurred in summer arel dbminant flood type is rain-on-snow. No signifit@hange was
detected in the number of this type of floodingtlie Alps. However, the number of summer short miants showed a
significant increase. The total annual number efngs, however, didn’t show any significant change.

Due to a few number of events in southern Europe rasult of very few stations, assessment of aisoguld only be done
for winter short rain events, to which most of {tlentified events belong. The number of winter slain events in this

region identified based on those limited humbestafions showed a significant decreasing trend.

4 Discussion

The regional distribution of the number of floodeats and the frequency of different types of flegdcan be put in
perspective based on the hydro-meteorological featof each region and can also be compared withiqurs studies
carried out locally for different regions. Most tife identified events, especially winter eventseveoncentrated in the
western and central parts of Europe and the ewgrgstwere mainly rainfall events. Several studieghie past have
associated winter flooding in these parts of Eurtp@xtreme and often persistent precipitation &vérniggered by the
westerly winds bringing ample moisture from theaftic (Bardossy and Caspary 1990; Beurton and €hie2009). Air
temperature is milder in the western part of ttggae and snow is not an issue when it comes to maijater flooding, as
can be seen in Fig. 6 by the absence of a signtfitamber of snowmelt events in the western pastoAe moves towards
the east, however, the climate shifts to a contalezslimate and the air temperature may stay bdteezing point, leading
to accumulation of snow. As shown in Fig. 6, raimmsmow events also become important event typesidition to purely
rainfall events towards the east. This happenshoftieen the westerly winds bring rainfall togethettma milder weather
that leads to thawing of snow (Nied et al., 201B)rely snowmelt events are also important evertspegh not as
ubiquitous as rain-on-snow events. This findinghlights the more important role intense rainfal a the winter flood
genesis of western and central parts of Europe.

The summer events, which are mainly concentratettiénAlps and parts of Northern and central Easkrrope, have a
more complex genesis, which are regionally variaBlghough heavy rainfall is still an important nfeemism, snow
processes also become a significant contributtingédlood genesis in many parts. In the centralegagpart of Europe, the
majority of summer flood events are often causetdnyy rainfall that last for several days andasmsociated with moisture
transport from the Adriatic Sea to central Europeraeastern Alps, which are often enhanced by apigc lifting (Jacobeit
et al., 2006; Mudelsee et al., 2004; Ulbrich et2003b, Jeneiova et al., 2016). The results shaviAlg. 7, where long rain
events appear to be the dominant summer event igpasch of central Europe, confirm this. In adalitj the colder winter
leads to a longer retention of snow, which stastamielt in early or late spring, depending on thpotraphic feature
(Beurton and Thieken 2009). Flooding can occur wiésis enhanced by heavy rainfall (See Fig. @)Nbrthern Europe,
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melting of snow accumulated in the mountainous saea regions further to the north during the amidter control the
summer flood regime (Arheimer and Lindstrom, 20¢&érmoor et al., 2015). This can be accompaniedayfall, as shown
in Fig. 7. Different flood generation mechanisms associated with the flood regime in the Alps,alihiary depending on
the elevation and exposure. In the north of thesAlpsimilar weather situation associated with figainfall that lasts for
5 several days, which triggers most of the summaerdilag in central Europe defines the flood regimél{® and Wetzel,
2006). A similar mechanism leads to flooding in thigher mountain ranges, but it can be accompabiedlacier and
showmelt, which enhance the antecedent catchmeness(Merz and Bldschl, 2003; Parajka et al., 200a et al. 2015).
A close examination of the different event chamasties corresponding to each of the flood typewy.(B) reveals the
importance of catchment wetness at the onset aé\that in addition to the meteorological forcing fiood generation. The
10 median soil moisture deficit at the onset of glldg of events is low in most cases. One can atsthaé the variability of the
deficit is higher for purely rainfall events thamosv related events. The consistently low soil mosstdeficit for snowmelt
related events can be explained by the fact thawsrelt processes usually last for a longer periodl lzave a tendency to
saturate the soil before flooding ensues (seenfstance Merz and Bléschl, 2003). On the other heaidfall events may
lead to flooding either through a saturation oiltirgtion excess process depending on the interfitthe rainfall. Flash
15 floods, for instance, often occur on relatively digil due to an infiltration excess process. Theaabdity of the soil
moisture deficit for rainfall events can be atttduito this variable mechanism of flood generatihough the soil wetness
is high for most of the events.
The higher flood event duration of snowmelt anch4@i-snow events in relation to purely rainfall etgecan also be
attributed to the tendency of snowmelt processéastdonger and the corresponding wet antecedgohment condition, as
20 discussed in the previous paragraph. Gaal et d@2(22015) and Szolgay et al. (2016) found simiksuits when they
analyzed durations of flood events across Ausflzey found that the flood event duration considyeiricreases with
increasing snow-to-rainfall ratio of the procesadieg to the event despite the diversity of the-cimate catchment
characteristics that have impact on the flood gaimr process that affect the flood event duratidmey explained that as
being a result of the wet antecedent conditiontedldo snow processes, which leads to a highermwolof flood that
25 controls the flood duration. They also noted that fain-on-snow events, even a moderate rainfalbuarh can lead to
flooding since a higher base flow can be produgedrtowmelt, thus leading to a diverse range ofdldarations resulting
from different amounts of rainfall. Their obsenreatiis in line with our result, which shows a highariability of the
duration of rain-on-snow flood events (see Fig. 8).
Some of the regionally and seasonally variable gharnn the frequency of flooding obtained in thisrkvcan be compared
30 with the findings of past studies carried out regity. For instance, the increasing trend in theuo@nce of rainfall flood
events in the western part of Europe, especiallyiitter is in line with studies conducted in the @Kd Germany. Most
studies reviewed by Hannaford (2015) suggest isingafrequency of winter flooding after the 60s.sBd on the spatial
coherence of the trends, the studies attributechla@ges to climate related forcing, especiallyitteeeasing frequency of

the westerlies that are linked to heavy precipitagvents in most of Western Europe. Similarlyréetand Merz (2009)
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found increasing frequency of winter flooding iretivestern, central and southern parts of Germatheisecond half of the
20th century, which they speculated to be attribletao climate related forcing based on the spatédlerence of the
changes. Hattermann et al (2013) confirmed thisutih analysis of corresponding changes in temperand occurrence
of heavy precipitation as well as atmospheric daton patterns related to heavy precipitation.

5 In Northern Europe, on the other hand, past stuti@ist show a clear and consistent pattern of glean the occurrence of
flooding (Lindstrém and Bergstrém, 2004; Wilsonagt 2010). However, Wilson et al (2010) found ttizre is a clear
tendency for early occurrence of spring floods Wwhi likely due to an earlier snowmelt due to & iiis temperature. The
declining trend in the frequency of summer rainsmow flood events in Northern and Eastern Europedoin our study
can also be likely due to earlier snowmelt, whielluces the number of snow related events in theological summer

10 season.
For Eastern and Central Europe, results from pgadies show different patterns of change. Mudeétes. (2003) found a
decreasing trend in the occurrence of winter flagdn the Oder and Elbe rivers while they foundsigmificant trend in the
occurrence of summer flooding over the past 8050 years. They obtained similar trends in the aenge of extreme
precipitation. Petrow and Merz (2009), on the othend, did not find any significant trend in thecamence of extreme
15 flow in the Elbe river in both seasons over the Balf of the 20th century. Kundzewicz et al. (2048)nd increasing trend
in the number of occurrence of large flood evemsrd985-2009 in large parts of Europe, with thgamity of the events
concentrated in Central and Eastern Europe. The fiemiods considered in the different studies #ferdnt, but no clear
picture in the tendency of the change could beediged. Our study shows an increasing tendencyeofréguency of winter
short rain flooding and a decline in the frequenéysummer rain-on-snow events in the eastern paEuoope but no
20 significant change in the occurrence of floodingyémeral.
In the Alps, Schmocker-Fackel and Naef (2010) aafiaPet al. (2015) found that the frequency of sumfte@ding in
Switzerland has been on the rise in the last fegades and associated the changes to patterns-frielguency atmospheric
variability and corresponding changes in the freqyeof heavy precipitation. Similar results aregamted by Pekarova et
al., (2016) who identified increasing frequencyasfje floods along the Danube river. Although asults are in agreement
25 with these studies in terms of the rise in the dexgpy of rainfall related summer flooding, we didfid an increase in the
frequency of summer flooding as snow related floeaige decreased in frequency, offsetting the irseréa rainfall related
floods. Bard et al. (2012) found a trend to anieadpring snowmelt in the Alps over a comparabteetperiod. This could
have led to less occurrence of snow related flapdirsummer.
Only a few stations are selected in Southern Eumnk they do not cover the entire region. Mosthef events at the
30 available stations were winter short rainfall egesmd their frequency of occurrence showed a deglinend. Although it is
difficult to obtain a greater picture of the chasge the flood regime due to a lack of good coverafstations, the result
obtained at the few stations looks to be in agreegmih the findings of Mediero et al. (2014), witund decreasing trends
in the occurrence of flood events in Spain for ¢hdéfferent periods ending in 2009 and notably dherperiod 1959-2009.
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Silva et al. (2012) also suggest a decline in tegufency of flooding in Portugal in recent decaaésch they found to have
a similar trend pattern with rainfall.
There are also a few European wide studies caaugan changes in flood regime using a consistpptaach across the
continent, whose results can be compared with dtes.instance, Mediero et al. (2015) carried oendr analyses on the
5 magnitude, frequency, and timing of flooding at Ifl&charge stations across Europe by dividing th&icent into five
regions based on flood seasonality. Their regiesemble, for the most part, the regions definedumnstudy. They found
increasing trend in the frequency of flooding i tRorthern Atlantic region, which covers the regaefined as Western
Europe in our study and decreasing trend in thes Alpd regions defined as Southern Europe in odystuer the period
1956-1995, which is closer to the time period of study. Elsewhere, they didn't find a clear pattef trend in the
10 frequency of flooding. Their results appear to beagreement with ours for Western and Southern geuroSimilarly,
Mangini et al. (under review) studied trends in thmagnitude and frequency of peaks-over-threshoddv fkeries
corresponding to different cross-over rates oveg518005 using daily discharge data sets at 629 GRfatons for five
hydro-climatic regions of Europe. They found in@ieg trends at several stations in Western andhidomt Europe and
decreasing trends at several stations in EasteropEwand the Alps. Their results are in agreemetiit @urs for Western

15 Europe.

5 Conclusions

Spatiotemporal clustering of past flood events pagormed using daily discharge data from rivenoss Europe and the
flood generation mechanism of each of the clustereeints was identified. Four different types ofoflogeneration
mechanisms were defined: short rain, long rainpsnelt, and rain-on-snow floods. The flood eventseagrouped into five
20 different regions of Europe delineated based onctimate features of the regions. Annual and seasoanges in the
frequency of the different types of flooding wess@ssed for each region for the period 1961-2010.
Regional and seasonal differences were appardheifrequency of occurrence of flood events. Mdghe winter events
occurred in western and central parts of Européciwtvere mainly caused by rainfall events while thajority of summer
events were concentrated in the northern and eagtets of Europe as well as the Alps, where sndtwakated processes
25 are important and most of the events are causeithsr purely snowmelt or rain-on-snow processes.
At a continental scale, the frequency of winterrshain events increased significantly while fregeye of summer rain-on-
snow events deceased significantly. However, noifii@nt change was detected in the frequency ofimence of flooding
in general. Regionally, significant decreasing éreras detected in northern Europe resulting frasiecine in the frequency
of occurrence of summer rain-on-snow events. Fnecuef flooding increased significantly in WesteEurope due to
30 increasing frequency of rainfall events. Wintemfall events increased significantly in frequennyBastern Europe while
summer rain-on-snow events decreased significa®thgrall, however, no significant change was deté@ the frequency

of flood occurrence. No significant change in thegfiency of flooding was detected in the Alps altffosummer short rain
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events showed a significant increase. Frequendipodling in southern Europe decreased significadtlg to a decline in

rainfall events.

Data availability

Additional information on the experiment togetheithaa protocol, data and codes is availablénts://www.switch-on-
5 vwsl.eul

The identified past spatial flood events, the cgpmnding hydrometeorological and hydrological cbamastics, and the

identified flood generating process types can lessed athttps://doi.org/10.5281/zenodo.581454

Seasonal and annual regional changes in flood psdgpes can be accessedtdtps://doi.org/10.5281/zenodo.581452
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