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Abstract. Floods that affect many sites simultaneously canframework. This framework needs to be supported by a flood
pose great challenges in the co-ordination of flood disastetypology based on the analysis of the physical processes rel-
management actions, as well as for the insurance and resvant in the genesis of trans-basin floods.

insurance industry, since this type of flooding leads to an
accumulation of losses and the risk assessment needs to be
extended to a concept representing the spatial risk of flood-
ing. The assessment of the accumulated risk, especially ovek
large domains, requires an analysis of the spatial and tempo-

ral coherence of flooding. For Germany the extent of spatiaf /00 €vents extend over a period of time, with durations

dependence of flooding is largely unknown and no system12sting from a few hours to several weeks, and affect a cer-
ain space, ranging from single catchments to several basins.

atic analysis has been performed so far. In this paper, wé ; :
present a methodology that is capable of capturing the siln this study we focus on river floods that, caused by the same

multaneous occurrence of flooding using multiple series off'ydrometeorological processes, affect multiple basins and
mean daily discharge. For the first time we present a comihat are consequently of durations exceeding several days.

plete and consistent set of trans-basin floods in Germany folVe term them trans-basin floods. Extreme river floods such

the period between 1952 and 2002. Each flood is charac2S the well known events of August 2002, May 1999, Jan-
terised by a specific value for the timing, the location and thet@ry 1995 and December 1993 have demonstrated that flood-

magnitude of discharges within the entire river network. We "9 in Germany can at the same time affect communities in
propose a measure for quantifying the overall event severmore than one federal state and often in more than one river
ity considering both the heterogeneous spatial extent as welff@Sin- This poses problems in the development of flood dis-
as the locally varying magnitudes of a trans-basin flood. |naster management strategies since the co-ordination of flood
total, we identify 80 trans-basin floods in the entire time activities in case of emergencies is subject to the federal state

period. The set is dominated by events that were recordedinistries and inter-state agencies are largely endowed with
in the hydrological winter (64%): 36% occurred during the adylsory com'petences pnly. Further, in the insurance and
summer months. 32 events affected more than one third ofé-insurance industry this type of flooding leads to an accu-

the entire river network. These most severe events are prdnulation of losses. Therefore, the risk concept needs to be

dominantly winter events. Dividing the study period into gxtended to a concept representing the spatial risk of flood-

two sub-periods, we find an increase in the percentage of"9: i-€. Scenarios have to be developed that capture a large
winter events from 58% in the first to 70.5% in the second "UMber of individual risks during a single event. _
sub-period. Accordingly, we find a significant increase in Any flood risk assessment has to answer three questions
the number of extreme trans-basin floods in the second sudMerz and Thieken, 2004): (1) What are the possible flood
period. A natural extension of this study is the quantification Scenarios? (2) How likely is their occurrence? (3) What are

of the spatial and temporal dependencies in a multivariatdh® consequences in case a scenario occurs? The risk to a par-
ticular site can be estimated by using a wide range of well-

established methods. However, the assessment of the accu-
Correspondence tdS. Uhlemann mulated risk, especially over large domains like that of entire
BY (uhlemann@gfz-potsdam.de) countries, requires not only studying the local extremes, but
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also their spatial and temporal coherence. Methods to deriveented an attempt to normalise flood losses in Europe, us-
the spatial dependence and the accumulated risk of floodingng events listed in either the Natural Hazards Assessment
are still in their infancy, and for Germany the extent of spa- Network (NATHAN, http://mrnathan.munichre.cojrsf the
tial dependence of flooding is largely unknown. This paperMunich Re or the Emergency Events Database (EM-DAT,
starts filling this gap by providing answers to the first ques- http://www.emdat.b@/ maintained at Univergt catholique
tion of risk assessment — the possible flood scenarios, ande Louvain. These archives contain selections of floods that
by laying the foundation to answering the second questiongxceeded certain thresholds of impact (monetary damage and
namely through an analysis of the past occurrences of transaumber of casualties). Damage in turn is a product of the
basin floods and their overall severity. hazard itself and the vulnerability of people and assets to-
Past floods provide a range of scenarios and through thewards flooding. In the course of the centuries, changes in the
systematic analysis inferences can be drawn on the inheremulnerability, and there especially in the exposure, are evi-
spatial and temporal dependencies. Rodda (2005) demordent. This leads to a bias in the archives, as floods of the
strated that past floods can be employed to derive synthetisame intensity may have caused little damage in the past but
trans-basin flood scenarios for the main rivers in the CzecHed to severe damages (and therefore their inclusion in the
Republic. He assembled a set consisting of the 11 most searchives) in later times.
vere historical floods from 1935 to 2002 using reports and Only recently a somewhat complete catalogue on floods
local knowledge. For each flood, series of daily mean dis-has begun to be maintained (Dartmouth Flood Observatory,
charge were acquired within a temporal envelope around thavailable athttp://www.dartmouth.edufloods dating back
days of the flood peaks for 25 gauges. The author identifiedo 1985, which mainly uses satellite data.
three different patterns of flooding, based on which 30 syn- It is the aim of this study to develop both a method that
thetic flood events were derived through a qualitative analy-allows the derivation of a consistent set of past trans-basin
sis of the historical events and knowledge of the hydrologyfloods and that provides an indicator to compare the severity
of the river basins. of these floods based on their spatial pattern of flood magni-
The question arises though, whether a chronology oftude. We deduce trans-basin floods by jointly analysing se-
floods assembled from documented data sufficiently reflectsies of mean daily discharge at many sites for the simultane-
the range of flooding needed to infer future flood scenariosous occurrence of peak discharges. Discharge measurements
that do not only replicate a limited set of possible combi- are integrals of the meteorological, catchment, and channel
nations. Further, if the frequency of simultaneous flood- processes and are therefore suitable to capture the temporal
ing is to be assessed, the frequencies of past occurrencemd spatial evolution of flood events. The method and the
need to be known. In the central European context nu-severity indicator are developed based on data of catchments
merous studies have presented collections of flood eventsh Germany; however, they are transferable to other regions.
e.g. the works of Glaser (2001), Stanescu (2002), Glaser and The first important issue to address is the identification of
Stangl (2003), Jacobeit et al. (2003), Pohl (2004), Barnolassuitable events in the multiple series of discharge. To allow
and Llasat (2007), Barredo (2007), andildr et al. (2009) flood peaks at different locations and at particular time lags
to name a few. However, uncertainties remain about theto be identified as being mutually related, the identification
completeness with which flood events are identified and esprocedure requires an appropriate definition of thresholds for
pecially the issue of geographical referencing and the overthe flood magnitude and dynamic. So far, only few studies
all magnitude of floods can be addressed qualitatively onlyhave investigated the spatial coherence of flooding, making
(e.g. Sturm et al., 2001). use of different combinations of these thresholds, dependent
From a frequentist’s point of view, a series of observed ex-on the aim of the study and the data available.
treme events provides the basis for an extreme value analysis Besides the before mentioned study of Rodda (2005),
by choosing either block maxima or peaks-over-threshold toMerz and Bbschl (2003) identified mutually dependent an-
define the sample within the observation period. Then dis-nual maxima in Austria for the purpose of developing a flood
tribution functions can be fitted to these samples allowing antypology. A maximum time lag of one day and a maximum
extrapolation beyond the range of the observed values, i.e. tdistance between adjacent catchments of 50 km are applied to
more extreme events. The problem with trans-basin floodsletermine those annual maxima that belong to the same flood
is that no straightforward measure can be used to quantifyevent. The spatial spread of a flood is then expressed as an el-
the overall magnitude of the event. The only regionally un- lipsoid that is build around the centroids of the affected catch-
biased measure would be the total area of inundation or thenents. However, not all rivers that are affected during the
total damage caused by a flood. But no consistent informaevent may have experienced their annual maximum flood and
tion of the actual inundation area or damages is available foin many cases flooding below the annual maximum occurred
historical events. The problem is that historical data on floodat more sites. The method favours floods which propagate
losses are neither comprehensive nor standardised throughiong one particular river or affect only neighbouring catch-
out Europe (Mitchell, 2003). Blong (2003) presents a list ments. Flood occurrences which affect multiple basins at a
of damage related indices and recently Barredo (2009) pretime lag of more than one day or floods of spatially dispersed
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origins cannot be captured. This is especially the case whenectly connected by a river network and/or belong to catch-
not the entire basin can be used for analysis due to data urments which are not adjacent.
availability. For example, in the case of the severe summer As outlined earlier, floods evolve over a period in time and
floods of 1954 and 2002 the flood triggering Vb cyclone first extend over a certain area. That means flood peaks which
led to severe flooding in parts of the Danube basin and thereean be attributed to the same flood event will be recorded at a
after to flooding in the Elbe basin. Both occurrences are eviime lagt at the various stations. This time lag corresponds
idently related; meanwhile for the German context the miss-to the drift velocity of the weather system, the concentration
ing data for the upper Elbe basin (Czech Republic) prevent dime in the catchments and also the spatial distances between
causal correlation through particular distance measures.  sites expressed as length and complexity of the river network
Keef et al. (2009) develop a measure to capture the spatidhcluding phenomena such as superposition of flood waves
dependence in extreme river discharges using a dense nedt confluences or retention of the flood wave due to dike
work of time series of mean daily discharge in Great Britain. breaches. In this study, flood peaks are considered as simul-
For a range of return levelg they estimate the expected pro- taneous when they occur less than a predefined time apart.
portion of sites at a range of distaneefom any gauged site  This time is based on the physical understanding of the pro-
that exceed theth quantile during an event. Even though a cesses during flood development and it implicitly considers
range of distances are tested, the overall extent of a floodhe spatial evolution of a flood event within as well as across
is limited to the proposed radil. Also, the choice of the basins. Hence, floods will be defined strictly in terms of the
quantile largely influences how many sites are identified agiming of their peak discharges.
responding simultaneously. Naturally, for very high quan- A second central aspect of this work is the development of
tiles the spatial coherence is rather low. No indications cana measure of event severity for trans-basin floods. The trans-
be given on whether the all causally related flood peaks havéation of discharges into inundation area on a large scale us-
been captured. ing hydraulic approaches still poses severe demands on data
Our study extends the previous approaches in variousnd computing power and was hence not an option for this
ways: First of all, we aim at identifying all trans-basin floods study. Alternatively, the measure of Keef et al. (2009) gives
in a period between 1952 and 2002 using as many sites ag statistical indication on the spatial dependence in extreme
possible. We take a holistic approach on each flood eventiiver discharges. Mapping this measure for all stations pro-
meaning that rather than applying a strict quantile approacltvides an overview on where flooding tends to occur spatially
we are more interested in the system response. Therefore, waherently at various levels of recurrence but it cannot be
aim at identifying all peaks at all sites which are mutually used for an event based assessment.
related. For that purpose we relax the stringent thresholds In this study we will lend on the concept of flood impact
of magnitude by defining that only one site needs to exceedy assessing the length of the river network potentially inun-
the pth quantile. All other sites are checked for the simulta- dated during the event. We thereby define the potential for in-
neous occurrence of flood peaks irrespective of the quantileindation as the exceedance of bankfull flow at any particular
reached. site. The events identified in the first step are characterised
In our approach we do not impose any distance measurby information on the flood peaks per site. To derive an indi-
to infer the mutual relation of flood peaks or set any a pri- cator that captures the spatial pattern of heterogeneous flood
ori restrictions on flood extent. Since the spatial spread ofmagnitudes, both the spatial extent and the magnitude have
a flood is confined to the river network, the flood character-to be taken into account. Further, to ensure the generic appli-
istics derived from discharge measurements are not a spaceability this measure has to be unspecific to the set of gauged
filing phenomenon (Gottschalk et al., 2006). For the Ger-sites. We therefore introduce a simple scheme to regionalise
man context the experience from recent floods shows thathe site specific discharge peaks to the entire river network
flooding can develop over long distances and in a spatiallyand normalise the discharge values by a threshold indicating,
asymmetric manner. This is largely due to the complexitywhether a river stretch has actually been “in flood”, hence,
and form of the river network, which is very diverse for the has exceeded the bankfull discharge. Conditional on this cri-
German river basins, and due to spatially varying and ofterterion, the measure is formed as a cumulative weighted func-
multiple origins of floods. Therefore, distance measures liketion of the dimensionless, normalised flood magnitude and
the Euclidean distance between catchment centroids or gaugpatial extent.
ing stations cannot be employed in a straightforward manner We have chosen not to express flood magnitude through
to infer the dependence of flood peaks on a trans-basin scaleeturn periods. During many events peak discharges of very
Rather, we will make use of the time-space correlation in thehigh magnitude can be expected. Return periods are esti-
evolution of a flood event. Therefore, in this study the spa-mates of the flood magnitude and the quality of that esti-
tial distances encountered in the study area are treated inmate at any site depends on the quality of the fit to an ex-
plicitly by considering the timing of the peaks as a function treme value distribution and on the length of the underlying
of space. This allows capturing also dependencies amongstnnual maximum series, here 51 years. For large quantiles
peak recordings at spatially remote locations that are not dithese estimates are associated with high uncertainties due to

www.hydrol-earth-syst-sci.net/14/1277/2010/ Hydrol. Earth Syst. Sci., 14, 12852010



1280 S. Uhlemann et al.: A consistent set of trans-basin floods in Germany

Table 1. Basin characteristics.
Basin Number of gauges  Length of river network
(km) (%)
Danube 46 3019.6 255
Rhine 48 4440.1 374
Elbe 35 2301.4 19.4
Weser 28 1580.8 13.6
Ems 4 274.4 2.4
Odra 2 176.4 1.7
Sum 162 11918 100
Gauge Location
— River Network
""""" National Borders . i X .
Lt e Pars winin Germany located in Central Europe and cover the territories of five
7;"“?;"’5'”5 0k states, which are Germany (with exception of the coastal
LA e A— zones), Switzerland, France, Austria (where the headwater

catchments of the Danube and Rhine are located), Czech Re-
Fig. 1. Basins, locations of gauges, and river network used in thepublic and Poland which contain large parts of the Elbe and
study. most parts of the Odra, respectively (see Fig. 1).
The gauges were selected based on catchment size

whereby the catchment had to exceed a drainage area of

an extrapolation beyond the range of the data. Further, ex500 kn?. This threshold was chosen to exclude local floods

pressing the event severity as the mean over all return peri;

ods from the affected gauges (even if weighted) would toofrom the study. The choice of gauges was further constraint
easily be interpreted as the “true” return period of the en-by outweighing the best possible spatial coverage of the in-

vestigation area and the longest coherent time period. The

tire event. Th|_s is certainly not t_he case. The estimation of eriod of the water years from 1952 to 2002 (a water year
the return period of a trans-basin flood must be based on . :

. . ranging from 1 November to 31 October) was chosen, since
frequency analysis over the entire event set and even mo

_ movina awav from an empirical estimate — must be basezfor this period a maximum of gauges with continuous mea-
9 y P . Isurements could be identified. All time series were checked
on an assessment of many (a thousand or more) synthetical

enerated flood scenarios that take into account the s atip{)r data errors and missing values. Series with more than
9 . o Paliglyo complete water years missing were excluded from the
dependencies amongst the flood peaks within the events.

: : nalysis.
The paper is structured as follows: Sect. 2 gives ana aysis

overview on the data available for this study. Section 3 pro- 162 gauges were selected with a mean catchment area of
vides a detailed description of the methods developed for th 16880 kn? and the maximum area comprising 159 30Ckm

identification of trans-basin floods and the indicator forﬂood?Rhme)' A high percentage of nested catchments are in-

cluded in the dataset. The stations are not evenly distributed

severity. The resulting event set is presented in Sect. 4 toé\cross the basins, with less dense coverage in the Rhine basin

B o e e of ngand dense netvors i the Danube and Vieser basis (e
. Y- prove the y Table 1). Figure 1 illustrates the spatial distribution of all
thresholds applied for event identification, and to allow an

. . o gauges and the relevant basins.
adapta.u.o n ofthe mgthodology to d|_fferent objectwe_s or datg, The river network used in this study is the pan-European
a sensitivity analysis is presented in Sect. 5. Section 6 dis:

the results and conclud n the main findin fthiRiver and Catchment database developed under the CCM2-
cusses the results and conciudes on the ma gso gctivity (Catchment Characterisation and Modelling) of the

study. Joint Research Centre (Mogt et al., 2007). The CCM2 dataset
offers the stream network for Europe and explicitly allows
2 Study area and data the deduction of the river topology, also making reference to

hierarchical structures like the Strahler system. It is therefore
Series of mean daily discharge were obtained for the Geran ideal basis for any regionalisation of point discharge data
man parts of the river basins Rhine, Ems, Weser, Danubeto the entire river network. The resolution and quality of the
Elbe, and Odra from various water authorities in Germanydata is sufficient for the scale of this study.
and the Global Runoff Data Centre (GRDC). The basins are
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3 Method — The evaluation of the significance of the peaks
found.

Let F denote a trans-basin flood event af@dr) the dis-

charge series at the siteswith i=1,..., N and N the total — The definition of an inter-event time criterion which

number of sites available, here 162, arid daily time steps ensures independence between consecutive trans-

in the period of 51 years between 1952 to 2002. As out- basin floods.

lined in the introduction, each event can be fully described

by its spatial pattern of f_lood magnitude. We t.re.at the spat_ial 3. After pooling, by applying a simple regionalisation
d|§tances .en.countered in the study area implicitly by F:OI’]SId- scheme, we translate the point values of discharge peaks
erng the.t|m|ng of the peaks. Th|§ also allpws capturing de- into a spatial extent variable that allows us to identify
pendencies amongst peak recordings at distant locations that those events that are of a trans-basin extent. The share

are no;dwectly %(_)nr?ected byda_l river networll(< ang/ (?_r k?e'o_”g of the network that is potentially affected by inundation
to catchments which are not adjacent. We take a holistic view g5 a5 indicator for the spatial extent of each event.

on each event, meaning that we are interested in the system

response at each site given an identified extreme discharge at

any other site. An extreme value is defined as at least one 4. Using the regionalisation scheme introduced in point 3,
gauge exceeding theth quantile of its annual maxima se- we can formulate a weight cumulative indicator that is
ries during the event. The system response at any other site @ function of the spatial pattern of maximum observed
is given by a peak discharge that significantly deviates from  discharges in the river network.

the ordinary variance of); () around its running mean. Let
Q capture all siteg that have exhibited a significant peak
within the time intervalA. Then each flood F can be de-

scribed by a set of time dependent discharge peaks (the peak
value denoted by the superscript according to As outlined, we are interested in the system response at any

particular site towards a given extreme event at any other site.
(1) We adopt the POT approach to identify those days in the spa-

tial series of discharge during which at least one gauge ex-
ceeded a discharge threshaldStarting from these days we
apply a pooling procedure to identify any peak discharge that

3.1 Peaks over threshold

Fez{Qf’(zP)} VieQ, tPeA. e=1..E

with E the total number of identified floodA expresses
the overall duration qf .the even_t within which the maximum can be mutually related to this event.
observed peaks at sitésare defined as mutually related or _ ) o
in other words, as having occurred simultaneously. The du- Discharge peaks for series of mean daily dischapge

ration is supposed to last from the first identified peak to the2t @ny observation sitecan be identified by evaluating the

last. increments between the preceding and following discharge
The identification procedure requires an appropriate defiPe" day.

nition of thresholds for the desired flood magnitude and for

the flood dynamic allowing flood peaks at different locations dQ(t) = Q(t) — Q(t —1) (2)

and at particular time lags as being identified as mutually re-

lated. The procedure is comprised of the following four steps_et ;(r) depict the series of increments between the daily

each being described in more detail in a subchapter: values ofQ(r) simplifying it to positive, zero or negative dif-
ferences.
1. In each series of mean daily discharge those days are
identified where a peak above or equal to fike quan- +1, if dQ()>0
tile (peaks over threshold, POT) has been observed. )
This step is introduced by an explanation of the generak(t)=1{ 0, if dQ()=0 ()
procedure for identifying peaks in series of daily mean -1, if dQ(t)<0
discharge.

2. Subsequenﬂy, all peaks that be|ong to the same everﬂ_et g denote the index to the dally time series over the 51
need to be pooled. For each day during which a POTYear period (a total of 18628 days). Then peaks can be
was recorded at any site the discharge series ovall identified according to three cases (see Eq. 4). Firstly, a
stations are interrogated in a temporal envelope aroundlearly peaking hydrograph where in the course of a day

that day to find significant peak discharges. The stepghe discharge reaches it's maximum and after that imme-
involved are: diately ceases (case 1, Eq. 4). These peaks are typical

for fast-reacting catchments. For slowly reacting catch-
— The definition of an appropriate temporal envelope. ments or downstream observation sites these peaks might be

www.hydrol-earth-syst-sci.net/14/1277/2010/ Hydrol. Earth Syst. Sci., 14, 12852010
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prolonged and the flood crest may persist over a day or twd-or example, a low pressure system passes through the study
until the water level falls again (cases 3 and 4, Eq. 4). area on a south-west to north-easterly track, leading to rain-
if [2(g) =1 A z(tg1) =—1] fall at is front and an influx of warm air. The movement may
. take a couple of days from its first appearance in the study
QO(ty). if [2(t) = L A 2(tg+2) =0 area until it finally leaves the area or the precipitation field

pop A 2ltgy2) = —1] has rained out. This rain field meets specific catchment con-
Q ()= if [2(ty) = 1 A 2(tg41) =0 4) dit?ons, like e.g. the presence of a snow cover or saturated
A 2(tes2) =0 soils. The processes of runoff concentration and the respec-

g+2) =

tive concentration time determine the time lag from the ini-
A 2(tgy3) =—1] tial precipitation and/or snowmelt to the recording of a flood

Q* (") then contains the set of discharge peaks contained jpeak at the respective gauges. The flood wave in turn prop-
the time serieg)(r). For cases 2 and 3 in Eq. (4), the first agates downstream at a particular speed, leading to lagged

. . flood peaks downstream.
day of the sequence of increments is used as the day of thé In this study the design of the temporal enveldgeis

peak occurrence. . ) e
We choose the 10-year flood (Q10) as threshotd de- intended to reflect the flood dynamic at a trans-basin scale.
Several features in the flood generation of large events are in

fine a minimum event severity above which a flood impact -
. . ,common to most types of floods and allow the definition of a
can be expected. The Q10 is commonly requested for risk . ; .
eneral time window for flood peak detection. For example,

maps as the first out of three or four zones in risk mapping (a%odda (2005) uses a 10 day envelope around the date when

for example proposed by the EU-Flood directive, or e.g. re- ) L

alised in It)he pRh?neatlas)EIKSR 2001)), delineating aregas 0 he_ p?a" dlgchargfe of a h_lstorlcal flood event was rec_:orded.

frequent flooding. In the insurance industry, objects which ZZ;'E;IW'SEZ\;Q? Eah?c?r IQ;eCry:Oigtt?:nt?o?r:ao;g;]eer\?;)](tlmzrenef

are situated within the exposure zone of Q10 are usually nof" y ge for '

considered as insurable (Kron, 2005). et al. (2009) test the bivariate temporal dependence for a se-
' gection of sites in Great Britain on a range of lags up to a

We estimate the 10-year flood using the 90th percentile o ) . o .
the series of annual maxima (AMS). The AMS are extracted A mMum of 50 days. They find thaF 9.6 % of all pairs have es-
timates of extremal dependence within a lagwf< 3 days.

from each series o () choosing the annual maximum peak Larger lags occur if any of the pairs is a slow respondin
per water year. Then, the generalised extreme value distribu- 9 9 y P P 9

tion (GEV) is fitted by the method of L-moments to each of catchment.

the AMS. From the fitted data the discharge threshotaf f rHt(:\re’ma {nolr Zdlﬁirgn::atedfapprlgacr; 'ftir?ppflr'eg]' \;Ve ('jn'
the 10-year flood is estimated. Considering the length of th er the mutual dependence of peaks starting from any day

time series used, this estimate is assumed to be reliable. eDj' Since this is likely not the point in time, when flooding

. ) o . . . has started, we check in both directions in time to find mu-
Usingu, we identified all POT in each series of mean daily ually related peaks. Therefore. the time windéwaround
discharge. To ensure independence of the selected events, the y P ' '

minimum time lag between flood peaks are set according toefaCh day; will be composed of a pre-POT and a post-POT

Svensson et al. (2005). There, dependent on the catchmeﬁ[?ligadg' rzgig;e-Svoegttr:rgreslagter?r?%(i/t;t?r?edgtfltjc\j/elgfletz an d
size, time lags are set to 5 days for catchments 000k, the timepof concegntration Witr):in the catchments ?/nostl re-
to 10 days for catchments between 45000 and 100 060 km , y

and to 20 days for catchmentsl00 000 ki, respectively. isnuclfhndge Igt:tri];i;gioor:d?tifoelx)d:gj .di-rrehcetitir? %??hsawt?imherr?: )
Evaluating the POT of alN gauging stations, those days y ggering

in the time period during which at least one POT WasWeather system determine the point in time and the spatial

recorded were compiled into a set of dates expressed as order (succession) at which runoff generation is induced in
the catchments. Runoff can thereby result from snow melt,

D= ‘#{Qf(tp) > u} >1. (5)  rainfall, or both (rain on snow). Typically, frontal systems
that are embedded in the westerlies pass over the study area
. . . ) . on a west-easterly track in less than 24 h. In case of quasi-
|d_e nt|fy|ng trans-basin events. Lgtdenote the index to D stationary conditions a frontal system may persist and lasting
with j=1,..., M. Basgd on the Q10 thresholds a pooling recipitation (with varying intensities) over a couple of days
methO(_:l he}s to be gppllgd_ such that mutually dependent peal%hn occur. Due to the wide spatial coverage of these systems,
atall sites’ can be identified and grouped together. at the beginning of an event a number of spatially far apart
catchments will react simultaneously or within a few days.
The same accounts for sequences of disturbances which cross
3.2.1 Temporal envelope W over the study area in short intervals. The time of concentra-
tion, i.e. in this study the time until the first gauge reports a
Flood events that affect numerous catchments do not leageak discharge, is mainly determined by the catchment size,
to peak discharges at the same day at all observation sitethe catchment characteristics, and the initial catchment state.

Now, each of the days in D is used as a starting point for

3.2 Pooling of mutually dependent peaks
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Depending on the catchment size, various studies have used a  zs00 ‘ ‘

[
time lag of one (catchments between 500-5008)kmthree — Q)
days (catchments 20 000 kn?) to link the flood triggering 200 e P ]
circulation pattern with discharges (Duckstein et al., 1993; | P)+v i
Frei et al., 2000; Brdossy and Filiz, 2005; Petrow et al.,

2007, 2009). We choose a pre-POT interval of 3 days. 20008
The time for the propagation of a flood wave in the chan- _
nel to the most downstream location leads to a much longerz
post-POT time lag to be considered. In the process of propa—§ 16001
gation, the flood wave can be either amplified at confluences
due to simultaneous arrival of flood waves from tributaries,
be maintained or dampened. For the first two cases, the flood .|
peak can be monitored over long distances and the travel time
of the flood wave can take several days, e.g. in the Elbe a  "oof
flood wave recorded in Dresden (hence flooding originates ‘ ‘
in Czech Republic) reaches the outlet of the basin (Neu Dar- 42 D, 2 4 6 & 0w
chau) approximately 8 to 10 days later. For the flood eventin Distance to D, [days]
March 1988 the time lag between the flood crest at the lower
Elbe and the preceding Q10 corresponded to exactly 10 daysig. 2. Procedure of identifying significant peak dischargéxr)
Consequently, we set the post-POT interval of the temporabepicts the hydrograph of an arbitrary gaugethe intervalW (grey
envelope to 10 days, aritl =3,-2,...,0,...,+9,+10. shaded area) around a day.Drhe lowpass functior® (¢) is calcu-
For any day D, all of the N discharge series are checked lated _using a moving average of 13 days. The significancg of each
for the presence of distinct discharge peaks at any time |a¢)eak is evaluated by calculating the.90th.percemtm tr;)e residu-
T € W, using the increment based approach as described 'S PetweerD(:) and P(z). From the identified peakg™ (arrow)
Egs. (2) to (4). To also capture peaks at the very first or las r.”y. those are considered t.hat excé¥g+ v and that are located
L within W. In the example this holds true for the second peak (black
day of the temporal envelope (i.e. in case 3 Eq. 4), for Com'arrow).
putational accuracy it is necessary to extend the time win-
dow by three days at the beginning and end of the interval.

Nonetheless, peaks will only be considered if they fall within
o P Y d 0lLa(t")=max 0F (D;+1) (6)

of(Dj+1)—Pi(Dj+1)>v}
Vji=1,..,MVi=1,..,N.

1800

1400

3.2.2 Significance of peaks

The significance of each peak identifiedihis evaluated by L . ) Pope
analysing whether it significantly deviates from the normal If N0 significant peak is detected for sitethen Q;" (1) is
fluctuations ofQ (7). Rather than applying a global threshold treated as missing value. The Sethen comprises only those
based on quantiles of the annual maximum series per site, wali€Si, for which a significant peak discharge has been iden-

chose to evaluate each peak detectddf ilocally by compar- tif'e‘_j' ] ] o
ing it to the general behaviour of the hydrograph. Figure 2 illustrates the procedure of peak identification for

For that purpose we calculate the moving aver#ge) & typical flood hydrograph. Applying the intervéll (grey
(kernel width of 13 days) for the entire discharge series. TheShade) around any arbitrary day [wo peaks are identified.
residuals between the observed run@ff) and P (1) are then Clearly, the first peak is located on the rising limb of_t_he hy-
calculated at each time step producing a series of nearly nofdrograph and should not be considered. The conditional of
mally distributed noise. We use the 90th percentile of this se-£0- (6) allows this distinction and only the second peak is
ries as a threshold that, if exceeded, reflects those periods @ennﬁed as significant and is chosen for the further analy-
in Q(¢) during which the hydrograph significantly deviates S'S-
from the normal fluctuations. We interpreted this as a reac , o Independence of events
tion to a distinct surplus of water in the river network. Alsoit ="

allows identifying the flood peak rather then any other minor g |55t step in the identification of trans-basin floods is
peaks in the hydrograph. If more than one significant peakpe definition of an inter-event time criterighthat allows

is detected in the interval, the one of highest discharge IS yefining the independence of events. Often, when a flood
used for further analysis. The procedure can be expressed s evolving, a number of gauges will exceed the threshold

u within short succession. Then the time lag between some
consecutive POT-dates can be of a few days only and peaks
detected for day Dmay overlap with those identified for day
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date D, are treated as independeatienotes the subscript
N to K, with e=1,... E, andE gives the total number of flood
“"?“ events detected in the discharge serie¥ ghuges within the
period of 1952—-2002. In case more than one significant peak
A at a particular sité is present within one event, the larger
A"~ UNTERLANGEN peak is used for further analysis.
< ‘ Now, each event is fully described by the timing and the
™ ,"' S . . . .
*\ SCHWUERBTZ magnitude of the d|scha_rge peak at each sne,las given by
4 Eqg. (1). The overall duration of the pooled event is defined
) H to last from the day of the first pooled peak to the day of the
J; N last pooled peak.
Y River Network
P, ! Strahler-Order { . .
¢ "KEMMERN 3 6 3.3 Exclusion of spatially small events
y A 4 —7
Main § —5 8 i ) ) .
==L - - - Regionalization Since trans-basin floods are the subject of this work, all
X A crvce eventsE identified in the procedure described above need
PETTSTADT o 5w 20km to be checked for their actual impact, i.e. their spatial extent.
We regionalise the point observations of peak discharges per

_ ) o _ event to the entire river network and choose a truncation level
Fig. 3. Scheme applied to regionalise the discharge peaks at eaclf 1o, potentially inundated rivers to limit the event set to
gauge to the river network of the upper or intermittent catchment, o, g5 nahy large events. This threshold translates into at least
respectively. Those parts of the network which are used for the . . -
regionalisation are highlighted by the dashed lines. The entire river:l'z.00 rver k!Iometrgs affected during the e"e'.’“' In most casgs
network used as a result of the regionalisation is shown in Fig. 1. this results in flooding in more.than one basin. For ComPaF"

son, the overall length of the river network for each basin is
given in Table 1.
Therefore, a discharge threshotdhas to be identified

Djt+1. These peaks are mutually dependent and need to b@&nhich reflects whether the discharge peak has lead to inun-
pooled into the same event group. The inter-event time critedation, hence has exceeded the bankfull discharge. Since no
rion § has to be defined such that no peaks are pooled whiclgata on river morphology or water levels at bankfull condi-
belong to separate events. The independence of significanions were available, the threshold is estimated using a quan-
peaks identified for each consecutive entry in D is determinedile approach.
by evaluating the time lag between the last peak identified for Several ranges of recurrence intervals for bankfull dis-
day D; and the first peak identified for day;i, with charge have been proposed in literature for natural rivers.
8;=min(D;+1+7)—maxD; +1,). @) Usi.ng an annual series gpproach, Petit and Pau_quet (1997)

i€Q i€Q estimate the recurrence interval for the bankfull discharge of
Unlesss ; does not exceed one day, all entries gfdhd Dj .1 30 gravel bed rivers in the north east of France. A linear
are pooled into the same event and the duration of the everfglationship between catchment size and recurrence interval
grows with the additional dates. This step basically reflectdeads to an estimated range from about 1.8 to 2.5 years for
the topological behaviour of the river network, once a flood catchments of 500 kfnand larger. Using partial duration
is progressing downstream. In this way it is secured that alsgeries, the results even indicate recurrence intervals in the
those peaks at downstream locations are picked that do ngange of 0.8 to 1.5 years. Although recent studies (Navratil
exceed the threshold of the 10-year flood and that are farthegt al., 2006; Wilkerson, 2008) show a strong relationship to
apart from the place of the onset of an event. E.g. for a typicathe type of the river bed and also the methodology used to
summer Vb type, it is possible to capture flood peaks at theestimate bankfull discharge, an average of 2 years recurrence
basin outlet of the Elbe since they can be temporally linkedinterval Q2 seems to be a reasonable threshold.
to the last occurring POT in the study area which would be A simple regionalisation scheme is applied that encoun-
likely reported in the mountainous headwater catchments ofers for both the stream length and the stream complexity.
the Ore-Mountains. 18; > 1 day, the events are treated as The hierarchical ordering of river networks as developed by

independent. Strahler (1964) provides a good measure to describe these
Using the series of;, an index set K can be created ac- features. Depending on the Strahler-ordeat the gaugé,
cording to the following conditional we regionalise the discharges to the river stretches upstream

K =j|5- -1 (®) of a gauge. In case of nested catchments the length of the
J river network of the intermittent catchment is considered.

where K defines the points in time at which peaks identifiedFor those gauges at lower parts of streams, like e.g. the Rhine

for any date Dck and those identified for the consecutive (¢ >6), only those parts of the network are considered that
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Table 2. List of trans-basin flood events in the period 1952—2002. Classes of spatial extent are highlighted in orangel(claS6%),
yellow (class 2, 50%- L > 33%), green (class 3, 33% L >20%) and blue colours (class 4, 20%d. >10%). Winter events are displayed
in black fonts, summer events in red fonts.

Rank Start End Rank Start End Rank Start End
1 |15 3 1988 - 11 4 1988|| 29 |28 2 1987 - 7 3 1987|| 57 |30 5 1984 - 7 6 1984
2 |22 21970 - 4 3 1970|| 30 | 5 12 1981 - 12 12 1981|| 58 |17 3 1979 - 19 4 1979
3 |23 11995 - 7 21995 31 (11 5 1999 - 27 5 1999 59 (19 5 1965 - 30 5 1965
4 |3112 1981 - 18 1 1982|| 32 |20 3 2002 - 26 3 2002|| 60 |28 5 1995 - 5 6 1995
5 |29 10 1998 - 11 11 1998|| 33 |26 1 2002 - 2 2 2002|| 61 |12 1 1993 - 20 1 1993
6 9 31981 - 26 3 1981|| 34 | 7 2 1958 - 22 2 1958|| 62 | 8 8 1970 - 15 8 1970
7 3 31956 - 17 3 1956|| 35 |18 12 1965 - 28 12 1965|| 63 |21 7 1980 - 28 7 1980
8 |20 12 1993 - 31 12 1993 36 |28 6 1958 - 18 7 1958 64 5 7 1955 - 20 7 1955
9 4 21980 - 14 2 1980|| 37 |22 2 1957 - 4 3 1957|| 65 | 8 2 1961 - 15 2 1961
10 |30 12 1986 - 10 1 1987|| 38 (11 4 1970 - 3 5 1970|| 66 | 5 3 1979 - 12 3 1979
11 |15 11968 - 25 1 1968 39 |19 7 1981 - 30 7 1981 67 [28 8 1995 - 6 9 1995
12 | 2 7 1954 - 31 7 1954|| 40 (25 5 1983 - 31 5 1983|| 68 [17 3 1957 - 8 4 1957
13 |10 4 1994 - 27 4 1994 41 |29 12 1974 - 7 1 1975 69 4 6 1981 - 12 6 1981
14 | 9 82002 - 24 8 2002|]| 42 (13 7 1956 - 31 7 1956]] 70 | 5 12 1961 - 17 12 1961
15 | 1 61965 - 20 6 1965|| 43 [25 3 1987 - 1 4 1987|| 71 [24 1 1994 - 4 2 1994
16 |25 2 2002 - 4 3 2002|| 44 (25 12 1954 - 8 1 1955|| 72 [17 6 1991 - 25 6 1991
17 |23 11982 - 8 2 1982|]| 45 (11 5 1970 - 18 5 1970]| 73 [30 7 1977 - 8 8 1977
18 | 8 12 1974 - 21 12 1974|| 46 [19 1 1986 - 23 1 1986|| 74 [22 8 1970 - 30 8 1970
19 |31 12 1993 - 9 1 1994|| 47 | 4 12 1960 - 13 12 1960|| 75 [25 6 1953 - 7 7 1953
20 |24 21958 - 3 3 1958|| 48 | 9 2 1970 - 13 2 1970|| 76 | 8 8 1978 - 13 8 1978
21 (24 12 1967 - 3 1 1968|| 49 |18 3 1970 - 2 4 1970|| 77 |30 4 1980 - 8 5 1980
22 | 6 21984 - 11 2 1984|| 50 |16 3 1994 - 27 3 1994|| 78 |21 12 1991 - 29 12 1991
23 |10 11955 - 27 1 1955|| 51 |22 7 1966 - 31 7 1966]| 79 |28 6 1966 - 7 7 1966
24 | 9 41983 - 20 4 1983|| 52 |13 2 1966 - 2 3 1966|| 80 |22 9 1968 - 28 9 1968
25 |20 2 1999 - 26 2 1999|| 53 |17 6 1979 - 28 6 1979
26 |15 2 1990 - 20 2 1990|| 54 | 1 6 1961 - 20 6 1961
27 2 31999 - 7 3 1999 55 |22 51978 - 31 5 1978
28 |22 21997 - 3 3 1997|| 56 |31 11961 - 5 2 1961

are attributed with orders @f>5. Discharges at gauges with ~ Using simple GIS queries, the cumulative lengthf the
orders 5 ¢ >4 are regionalised to upstream riverszot 4 river network can be calculated for each gaiigecording to
and those of =3 only to their respective same order. Fig- the above mentioned procedure. Then the ratio of the catch-
ure 3 shows the regionalisation for the example of the uppement length to the total length of the entire river network
Main. provides the weightg; = ﬁ The overall affected length

A few exceptions had to be considered: For the eastern . U

: : . . of the river networkL is conditional on the exceedance of
tributary of the Elbe, the river Havel, time series were only . . _
available at downstream locations. The regionalisation ofthe threshold levet and is given in percent according to
discharges at locations where large parts of the basin are lo-
cated upstream with no further gauges is highly uncertain.
Therefore, the most upstream gauge of the Havel (Ketzin); _ _ } P
was assigned to only the same ordered river netwpekg). L Zkl x100[ 07 =« ®)
The basin of the Odra is almost completely located in Poland.
Only the confluences of the two major tributaries are located
on German territory and two gauges are situated there. Heraye choose to truncate the event set at a level. @f10%.
the discharge peaks of Hohensaaten and Eisiéestadt  This level keeps only those events in the set that apply for a
were regionalised to the samg8 and 6, respectively) river  trans-basin analysis, i.e. in most cases more than one basin
stretches both up- and downstream to allow an adequate colbeing affected. For an extreme value analysis the set can
sideration of the river length. be chosen to be truncated at any higher levelhich we

This kind of regionalisation can only be a very rough es- leave to the practitioner to decide. We will present the results
timation of the true effect of each flood. Nonetheless, forof this study differentiating between several extent classes
the scale considered in this study and the dense network db analyse possible differences in the processes that lead to
gauges this is deemed reasonable. trans-basin floods.

ieQ
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Fig. 4. Characteristics of the identified trans-basin events, ranked according to the weighted cumulative dischar§ésildered line).

The share each major basin (Odra, Ems, Weser, Danube, Rhine, Elbe) takes in the formation of tlSeisriddicated by the green to

yellow shading. The percentage of the river network affected is givdn (splid black line). On the secondary x and y-axis both the number

of gauges is given at which the 10-year flood was exceeded (dashed red stems) and the number of those that did not show any significan
reaction during the event (dashed black stems). The grey dashed vertical lines indicate the approximate division of the event set into the 4
classes of spatial extent as given in Table 2.

3.4 Event severity 4 Results

In this study, the overall event severity is defined as afunctionApmying the methodology with the chosen set of parame-
of the spatial pattern of maximum observed discharges in thges "4 total of 80 trans-basin events are detected within the
river network. Making the same impact-based assumptiong.ears 1951 10 2002. Table 2 gives an overview on the events
as denoted in the previous section, we weight the normaliseqii, ranks assigned in the order of event severity according
peak discharges by the median annual flood (Q2) and derive, the indicators. For each event the first and the last day
the weighted cumulative discharge indicasoaccording to with a significant peak discharge are given. Classifying the
oF event set by the spatial extent, four event severity classes are
S= Z {Ai X —’} ‘ o >« (10) further distinguished. Class 1 contains extreme events that
ieQ Kk affected more than 50% of the entire stream network. A to-
The sum is formed only over those sites and their respectivég l;felzé; eéfgstz ge(loer:%\t,\% t(t‘;g?ns;;n'gcgggwh'&? ;?fne%:?elg
river length where the threshold for bankfull dischakgead ' hi dy d 50% of th K : | and
been exceeded. The normalisation to the inundation threshbetween one third and 50% of the netvvo_r , 18/in tota,_an
old or median flood=Q2 allows comparing the magnitude another 21 events affected between one fifth and one third of
of a flood at each gauge, and the sum then serves as an in _.e.network (qlass 3- gfee”)- The majority of events (27) ex-
cator for both event magnitude and spatial extent. ibited a spatial extent just above the threshold level of 10%
and up to a maximum of 20% (class4 - blue). The setis domi-
nated by events (64%) that were recorded in the hydrological
winter (1 November to 30 of April), 36% occurred during the
summer months (1 May to 31 October), which are marked by
red fonts in Table 2.
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of ¥ ra23e% |
15 1 Fig. 6. Characteristics ofa) the winter flood in February 1970
10 1 (22.2.-4.3.1970, Duration: 11 days, RankiZ72.9%,5=114.0)
5 I i and(b) the summer flood of July 1954 (2.7.—31.7.1954, Duration:
0 30 days, Rank 12 =36.1%, S =81.7). The river network is

- 1 2 3 4 5 6 7 coloured according to the regionalisation of the normalised peak

Q°/Q2 discharges with colours from yellow to red indicating significant

peaks above the threshatd-Q2. Grey shaded river stretches still
exhibited significant peaks but did not exceedQ2. At river
stretches coloured white no flow reaction could be observed during
the event.

Fig. 5. Histograms of the shares of the river network affected by

peak discharges of a certain magnitude(jra typical winter flood

(Rank 2, February 1970) arftd) a typical summer flood (Rank 12,

July 1954). The colour shading is equivalent to that of Fig. 4, high-

lighting the contribution of the basins to each column of magn'tUde'reaction during the event is relatively small and often is ex-
ceeded by the number of gauges which recorded a 10-year
flood or higher. This ratio changes for events of the extent

In the following, the main characteristics of the events areclasses 3 and 4. The less severe the events, the more often

further analysed. Figure 4 gives an overview on the characonly one or two basins dominate the event.

teristic features of each event. The events in Fig. 4 are sorted

in descending order according to the indgxand the ac- 4.1 Seasonality

cording rank number is given on the x-axis. Using this rank

number the event date can be obtained by cross checking iarked differences can be observed between winter and

Table 2. For an easier overview, summer events are markegummer floods, both with respect to their region of occur-
by red fonts and winter events by black fonts. rence as well as their magnitudes. Additionally to the infor-

mation given in Fig. 4, Fig. 5 highlights which basins were
actually affected by what level of flooding. Here the shares
are differentiated in those parts, where no significant peak
discharges could be detected (N-bar), those parts where a sig-
spatial extent of each eveht(in %) is also displayed, high- nificant peak was observed but d_id not exceed the thresh(_)ld
lighting the relative contribution of spatial extent and event gf Q2, ang thosg p_?rts Eha.t C(l)ntnbuteld o the gvenF sle:yergy
magnitude to the indicatdt. The farther both lines are apart, y exceeding % .d V"éo byplca 1%x7aomp €s are given Ifrl] '3
the higher is the share of river stretches that have been aif—grl(a)lag\gz'lme_rrhoo (Fe _ru'a;ry 6 il ) it aﬁummer loo
fected by severe flooding. For a better orientation the stem Uy 195 ). The maps in Fig. 6 i gstratet © spatial extent
and spatially heterogeneous magnitude of the two examples.

at the top of Fig. 4 indicate the share of the river network that h | ¢ Fins. 5 and 6 show. that winter flood
has been either affected by discharges exceeding Q10 (rqu| € examples of FIgs. 5 and b show, that winter floods are
aracterised by moderate magnitudes that even for events

t for that no significant peak disch have beefi
feirc:]rsé)egrdgrringathgc:e\i%rt]I(Itjzgk Zf:ms)lsc arges have eeof class 1 hardly reach those of summer floods. It can be

] further ai indicati he i fth generalised that the events are characterised rather through
Figure 4 urt er gives an in |cat|9n on the location ol € their wide spatial extent (for the example of Fig. 5a: 73%
floods, showing the relative contribution of each basin to

o ) of the river network exceeded the threshold Q2), rather than
the indicatorS (colour shaded bars). During the most se- flooding with high magnitudes

vere floods all major basins react (Rank 1=83%). Con-
sequently, the number of gauges which did not exhibit any

Focussing on the event severity first, it can be notedShat
declines nearly exponentially with an initial sharp decline of
event severity within the first two classes, that is, those event
which affected 1/3rd or more of the entire river network. The
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Fig. 8. Event duration, stratified by spatial extent and season.
indicates the number of trans-basin floods F which fall into any par-
ticular class. In the box plots, the central mark denotes the me-
dian and the edges of the box the 25th and 75th percentiles. The
whiskers extend to the most extreme data points which corresponds

During Wln_ter, most 9f the affected ”V?r segm(_ants_ are U_Su'to approximatelyt2.70, and outliers are marked by the red crosses.
ally located in the Rhine basin, often in combination with

the Weser, covering most of west to central Germany (on

aonorth-south extension). In the example of Fig. 5a, onlypeariy non in autumn. Summer events occur predominantly
5% of the enttl)re river network showed no reaction to the henyeen June and August. The differentiation into the event
eventatall. 22% reported significant peaks, though below theyeyerity classes clearly shows that spatially large extents are

threshold Q2. Consequently, even though winter events argmost exclusive to the winter months, with only 5 events in
most common in the centre to west of Germany, the hydro-q,;mmer belonging to class 2.

meteorological origins of the floods are also present in the
east and south, leading to reactions in at least parts of thg 5 Event duration
Elbe and Danube basin (mostly in the western and moun-

tainous catchments). Clearly in Fig. 5a, both basins make uUfrhe average event duration lies in the range of 10 to 15 days,
nearly all of the significant peaks below Q2. Returning to wjth maximum durations of up to one month and shortest
the event overview given in Fig. 4, we can generalise, thatgurations of 5 days. Figure 8 shows the results differenti-
no winter event is solely located in the south-eastern part ofted by the spatial extent classes and by season. Extreme
the study area. Also, the figure highlights the difference be-events (class 1, and therefore winter events) mostly take a
tween the most severe events of class 1 and events of class Bnger course in their development with a median of 13 days.
Events are Only listed in the top-ranks if addltlonally to the The Out|ying event of 28 days is the top_ranking event of the
Rhine and Weser also catchments in the Elbe and Danubget, March 1988. During this event a succession of snowfall,
are reacting. Events of class 2 are mostly only confined tosnowmelt and rainfall led to a continuous increase in the wa-
the first two basins. ter stages and the formation of several flood waves through-

Contrastingly, during summer the north and west of Ger-out the entire country. Due to the widespread nature of these
many (Rhine, Weser) are hardly being affected. Figure 6bfloods longer event durations can be expected, since the flood
illustrates for the July 1954 flood, that the most severe floodwaves propagate through all basins with varying onsets of
peaks were exclusively observed in Danube and Elbe. Thehe flood initiation. Many winter floods can be expected to
remaining basins are often not reacting at all (in this casepe partially caused by snowmelt which often leads to delays
40% without any reaction). The ranking of the eventis dom-in the concentration times due to initial storage of rainfall
inated by the few extreme discharges. From the colour shadm the existing snow cover. Summer floods in turn show a
ing in Fig. 4 this can be generalised: Most summer floodsfaster reaction with an immediate rainfall-runoff transforma-
almost exclusively affect the basins of the Danube and Elbetion. Further, due to the limited area affected, also the outlet
and during nearly all these floods one third or even more 0fof the basin and, hence, last detectable flood peak are reached
the river network does not respond. faster.

A closer look on the monthly variability in the occurrence
of trans-basin floods is taken in Fig. 7. It can be quickly 4.3 A note on stationarity
captured that trans-basin floods occur predominantly during
winter in the period between December and March. Only fewFigure 9 gives an overview of all events in the time period,
events were detected in the transition months of spring andndicating the number of events in each water year classified

Fig. 7. Number of events per month/season and severity class.
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Fig. 9. Time series of trans-basin floods in 1952-2002, stratified (@)@ classes of spatial extent afig) hydrological summer (May—
October) and winter (November—April) events. The dashed line indicates the separation into two sub periods (1952-1977; 1978-2002) and
the legends reflect the respective numbers of event per period and for either the extent classes (a) or the seasons (b).

by the respective thresholds of spatial extent. It can be notethe compared to a binomial process. We determined a proba-
that the events tend to cluster in time, with periods of fre- bility of 5.5% of having 21 or more extreme events (classes 1
quent, often even multiple floods per year and periods withand 2 together) out of 32 in the second half of the record what
few occurrences, if any (e.g. late 50s to mid 60s, early to midcan be described as a significant deviation from a stationary
70s, end of 80s to beginning of 90s). This phenomenon hagrocess. For the overall event frequencies, considering all
already been described in a number of studies (e.g. Shortelasses together and the frequency of events of classes 3 and
house and Arnell, 1997; Mudelsee et al., 2004, Llasat et al.4 no significant changes can be observed.

2005; Sturm et al., 2001) and may be explained by distinct Figure 9b further distinguishes the occurrence of flood
modes of inter-annual and inter-decadal oscillations in theevents with respect to the season in which these occurred. As
climate. Aside from the clustering in flood occurrences, it is stated earlier (see Sect. 4.1), the most severe events are pre-
further interesting to analyse, whether an actual change in thdominantly winter events. An increase in the percentage of
frequency of the flood events can be observed and whetheginter events from 58.0% in the first to 70.5% in the second
there are differences with respect to the event severity or seasbservation period can be noted. Even more, out of the 21
son. A simple approach is adopted for this purpose (see Millyextreme events (classes 1 and 2 together) in the second half
etal., 2002). The 51 year observation period is divided intoall were recorded during winter, in the first half 9 out of 11
two sub-periods, the first ranging from 1952—-1977 (26 years)events (so in total there are 30 extreme winter floods). Using
and the second from 1978-2002 (25 years). In Fig. 9 the frethe binomial theorem again, the probability of having 21 out
quencies per extent class and season, respectively, are givesi 30 winter events in the second half of the record is 2.1%
for each sub-period. and, hence, significantly different from the assumptions of a

In total, 44 out of the 80 events occurred in the second halfPinomial process.
of the 51 year period. Differentiating the event frequencies
by the classes of spatial extent reveals some interesting de-
tails. In the first half of the record, only 30.0% of all events 5 Sensitivity analysis
belong to classes 1 and 2, in the second half 47.7% belong
to those two groups. Comparing the total number of theseTo verify the robustness of the resulting event set, it is in-
extreme events, 11 were recorded during the first half and 21eresting to revisit the assumptions made in the parame-
during the second half. Assuming, that flood events were inter settings of the methodology. Also, for different ob-
dependent outcomes of a stationary process, these results cpattives in spatial risk assessment, different choices in the

www.hydrol-earth-syst-sci.net/14/1277/2010/ Hydrol. Earth Syst. Sci., 14, 12852010



1290 S. Uhlemann et al.: A consistent set of trans-basin floods in Germany

120 )

100 1

80

4

60 -

S[1 L[%]

401 °

20 A

O e L e e e B L s o L e s B e L B e e AL e e s
13 5 7 9 11131517192123 252729 3133 35 373941 434547 495153 5557 5961 636567 697173 7577 79
Rank

Fig. 10. Comparison of event sets using varioug=0.9, 0.95, 0.98) and (p =0.5, 0.8). The temporal envelope = [3,10] is the same for
all examples. The ranks indicate the number of events and their relative location in the set according to the severitySinditdietween
the sets the same rank may not refer to one and the same event.

parameterisation of the method may be of interest. We testore, the thresholds derived for the 50-year floods have to
the sensitivity of the methodology for plausible thresholds be attributed with a much higher uncertainty than those of
andk, as well as for the time lagsin the temporal envelope e.g. Q10. Decreasingto Q5 in turn doubles the total num-
Wand analyse the effects on the resulting event sets as confber of daysM during which a POT at any gauge was ob-
pared to the results obtained in Sect. 4. One other importangerved §/(Q10)=381 daysM (Q5)=707 days). This poses
issue to test is the sensitivity of the resulting set of trans-problems in the separation of events even when decreasing
basin floods to the data available, i.e. the number of gauges in the temporal envelop®. Due to elevated flow condi-

and therefore time series of daily discharge. tions i.e. in winter a number of events become inseparable
extending over 1 or 2 months.
5.1 Thresholdsu, «, To emphasise the magnitude of an event, the truncation

level « for defining bankfull discharge can be increased. As

The choice of the threshold of the minimum desired flood outlined in Sect. 3.1.4, Q2 is a rough approximation of bank-
magnitude, here Q10, is a key factor in the identification of full discharge for natural rivers. Areas of high vulnerability
flood events. An increase in the threshold to less frequentre often embanked and bankfull discharge is increased to
events will lead to a reduction in the number of trans-basinthe level of dyke construction. Since no detailed information
floods. Therefore, several discharge thresholdgre tested  was available for the whole of Germany, we testebly in-
using quantiles op=0.8, 0.95 and 0.98 of the annual max- creasing it to Q5 (keeping and W of the original set). As
imum series, corresponding ®©=5, 20 and 50 year return can be seen from Fig. 10, this change mostly influences the
period (Q5, Q20 and Q50). values of the indicatos, reducing it to almost half of the

Figure 10 shows the results for the indicatSrand L for original set (from 129.3 fokx= Q2 to 68.7 forc= Q5, for the
the original set: =Q10 and for: =Q20 and Q50. Generally, same event of March 1988). The increase promotes events
all resulting event sets are similar in the upper ranks. That iswith a generally high magnitude in discharge. Therefore,
the most severe events are detected irrespective of the choi@number of winter events are largely reduced in their spa-
of threshold. That is but for the exception of using Q50 for tial extent since rivers often did not exceed the level of Q5
deriving u what severely reduces the number of identified (Lmax=50% as compared to 82.9% fo=Q2). In turn, the
events, also those of classes 1 and 2 as compared to resutsduction inL is less present for the severe summer events
using the default settings. Certainly, only a limited numberranging between 4% and 20% (median 9%), as opposed to
of the events even in classes 1 and 2 exhibit local magnitude30-47.7% (median 20%) for winter events. Most of the origi-
above the 50-year flood and, moreover, only very few of thenally detected severe events remain in the set, but the order of
winter events generally do, as has been already analysed ithe events can change considerably, with a number of events
Sect. 4. E.g. the February flood in 1970 (see Sect. 4.1) igpreviously ranking in class 2 now ranging below the extent
no longer detected. Also, caution has to be taken, since théhreshold of 10%. The total number of events reduces from
overall length of the time series is just 51 years and, there-80 to 33, with 9 out of 33 events recorded in summer. So,
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Fig. 11. Bootstrap results for the various steps in event identification. Shown is the number of all identified peaks over threshgld (POT
the redundancy free number of peaks over threshil)] the total number of identified flood everfis and the number of trans-basin floods

F that exceeded a particular spatial extentespectively, against the number of removed gauges. The notation of the box plots is the same
as in Fig. 8.

even though summer events tend to exhibit stronger floodthe N sites, to the resulting number of everiisidentified.
ing in the affected river, the overall spatial extent is also re-F is then reduced to those events which are of a trans-basin
duced to less than 10%. When adapting the extent thresholaharacter (E>100) and that exceeded certain thresholds of
considering e.gL=5% as minimum constraint, the number spatial extentf >20%, L >33% andL >50%). The results
of events identified jumps to 63, bringing forth most of the for the original sample size a¥=162 are indicated on the
events of classes 1 to 3 of the original set. solid vertical lines (expressing 0 number of gauges removed).
The temporal envelop® for flood peak detection was As outlined in Sect. 3.1, the POT of the spatial series
chosen, using process based assumptions on the expecteghd to cluster in time with often many POT occurring on
time for flood evolution. The original parameter setting the same day. Using all available gaug@s=(62) during
represents some maximum values for the context of thehe 18621 days of the 51 year observation period, a total
German wide assessment. Tests using shorter intervals a@f 950 POT are identified. These are distributed over only
W=[-1,...,+5; -2,...,+7] days show no major changes in the \/=381 days and finally a total of 130 eveni&)(are identi-
event identification and ranking. Changes can be observeéled. From these only 80 events are considered as trans-basin
in the detection of peaks at the most downstream location$loods (;.>100). Applying the various levels of spatial ex-
which results in a tendency to omit the last flood peak anditent, 53 events belong tB;>200, 32 t0 F>339% and 14 to

hence, leads to a slight reduction of the event duration. Fr>50% ReducingN largely reduces the number of POT
that can be used in the identification procedure. This reduc-
5.2 Number of gauges tion though becomes increasingly unimportant the more the

peaks are aggregated due to their mutual dependence, high-
Finally, the influence of the number of data points on the re-lighting the strong clustering of POTs in time. The most im-
sulting event set is analysed. For that purpose, a subset gfortant result is that the most severe events are almost al-
gauges is randomly drawn from the original 162 gauges, reways being detected, even if the number of gauges used in
moving 10, 30, 50, 70 and 90 gauges respectively (resultinghe analysis is reduced by more then a half. Fpgsge, the
in a sample size o= 152, 132, 112, 92, 72, 52). The pro- median of the 100 runs performed is nearly the same for alll
cedure for event identification was run 100 times for eachn tested, between 12 and 13, as compared to 14 for the orig-
subset, leaving the other parameters unchanged. inal set. In general, reducing the sample size by up to 50

The results for the bootstrapping are summarised in Fig. 1lgauges gives similar results for all levelsiof Reducing the

showing the changes at the various steps in the methodologget by more sites strongly increases the random component
starting from the overall number of POTSs, the redundancyand those events that in the original set are detected due to
free set D of dates with at least one POT observed at any obnly one gauge reporting a POT are often no longer detected.
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On the other hand, the extreme events remain in the set, sind@ne period into two subsets we detected changes in the fre-
during severe flooding mostly a large number of sites reporiguency. An increase in the percentage of winter events from
POT discharges (compare to red stems in Fig. 4). This lead58% in the first to 70.5% in the second observation period
to a promotion of summer events in the set, the fewer sitecan be noted. Coinciding we find a significant increase in
are used. As described, summer events are characterised bllye number of extreme trans-basin floods in the second pe-
high magnitudes in most of the affected areas, even thoughiod. This finding is in line with other studies that have de-
the overall spatial extent is limited. Winter events in turn of- tected a shift towards increased winter precipitation and the
ten report lower magnitudes in the affected areas with only aesponsible circulation patterns in Central Europe (e.g. Cas-
few sites exceeding. Hence the likelihood of having a site pary, 1995, 2000; Jacobeit et al., 2003, 2006; Belz et al.,
with POT recording in the randomly chosen sample of sites is2007; Pauling and Paeth, 2007; Petrow et al., 2007, 2009).
higher for summer events than for winter events of medium An intrinsic parameter of the methodology is the spatial
severity. domain of the study area, here the national borders of Ger-
The other way around, it can be expected that an increasmany. As outlined earlier, summer events tend to be spa-
in the number of gauges eventually would not result in majortially rather limited. Nonetheless, all of the extreme summer
changes to the event set due to the large redundancy in POTloods which can be found in the event set were very promi-
nent events that caused tremendous damages (i.e. July 1954,
6 Discussion and conclusions June 1965 and August 2002). Therefore, these events are
well documented and analysed in their hydro-meteorological
This study, for the first time, presents a complete and con-origins (Glaser, 2001; Christensen and Christensen, 2002; Ja-
sistent set of trans-basin floods for Germany in the periodcobeit et al., 2003; Ulbrich et al., 2003a, b; Philipp and Ja-
between 1952 and 2002. We derive a methodology that isobeit, 2003; Mudelsee et al., 2004; Pohl, 2004ir&wald,
capable of capturing the simultaneous occurrence of flood2006). These floods affected large parts of the basins of the
ing using multiple series of mean daily discharge. Based orDanube and Elbe that are located in Austria and Czech Re-
physical reasoning, we assume thresholds for identifying thepublic and the spatial extent of the entire event by far exceeds
spatial and temporal dependencies amongst peak dischargdhat within the national borders of Germany. In contrast, the
aiming at capturing the system response rather than using extreme winter floods in the set can be expected to have been
strict quantile approach. Each flood is characterised by a spezaptured more completely in their spatial extent. The rivers
cific value for the timing, the location and the magnitude of Rhine and Weser are located to their largest share or even en-
discharges within the entire river network. tirely within the German territory and comprise over 50% of
The consistent and data-based approach allows formulathe entire river network used in this study. Both rivers can
ing a cumulative indicator that considers both the heterogebe categorised as belonging to a winter flood regime (Disse
neous spatial extent as well as the locally varying magnitudesnd Engel, 2001; Mudelsee et al., 2006; Belz et al., 2007;
of a flood and, hence, allows ranking the events with respecBeurton and Thieken, 2009; Petrow et al., 2009). Therefore,
to their overall severity. the dominance of winter events in the set is not surprising
The results indicate that in Germany trans-basin floods are@nd it would be interesting to analyse, whether an extension
a frequent phenomenon, with 80 events detected in the entiref the study area to all catchments for each basin would con-
51-year period. Thereby, the western and central parts of theiderably change this ratio. On the other hand, an effect of
country are most frequently affected. During the most severesome winter floods also in the upper Elbe basin is not un-
floods all major basins react and the number of gauges thdtkely. It has to be emphasised, that the results presented
do not exhibit any reaction is relatively small. The less severehere have to be interpreted solely within the national borders.
the events, the more often only one or two basins dominatd-or the purpose of national flood management and insurance
the event. issues this is certainly advantageous; but for an analysis of
We find a distinct seasonal variation of the trans-basinthe physics behind these events the event characteristics will
event characteristics. Summer floods often exhibit veryhave to be analysed in the entire basins. Also, when extend-
strong local magnitudes that are mostly confined to the basingg the study area, the conclusions drawn for the changes in
of the Elbe and Danube and one third or even more of theflood frequency will have to be revisited.
river network does not respond. In turn, winter floods often The method developed in this study has been parame-
can be detected in most basins of the entire study area, but therised based on the available data and in context of the spa-
local magnitudes are less strong than during summer floodgial domain from which thresholds based on physical under-
The most severe and in this sense also the spatially largestanding of the flood genesis and on standard risk assessment
events are predominantly winter events. techniques have been derived. When adapting the method to
We analysed the frequencies per extent class and seasoother regions and even more, when extending the event set to
respectively. It can be noted that the events tend to clustethe entire basins (i.e. of Elbe, Danube and Odra) which are
in time, with periods of frequent, often even multiple floods under study here, the choices for the time tam the tem-
per year, and periods with few occurrences. By dividing theporal envelopV, that define the spatial dependence amongst
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flood peaks, have to be adapted also. As in this study, thigor the regionalisation as many sites as available should be
choice has to be made on the basis of physical reasoning (extsed to reduce the uncertainties. In addition to the consistent
pected times of concentration and travel times in the channehpproach of this study, for example, time series that only par-
network). tially cover the study period could be included and compared
Depending on the desired aim of the analysis, i.e. the prefio the respective events presented in this study.
erences towards spatial extent and/or magnitude, it is easy The robustness of the method to the number of sites also
to adopt the method by choosing different percentiles for theoffers the possibility to extend the analysis further back in
thresholds: andx. The choice of the POT threshaldnflu- time. From the daily time series used in this study=(62)
ences the number of events that can be identified. Changingbout 41 stations date back to 1922 or earlier, about 97 sta-
the thresholde (bankfull discharge) alters the indicataks  tions date back to 1932 or earlier. The series are more or less
and S, since it raises the threshold for spatial extent. Any continuous with a major data gap for many stations during
event set of trans-basin floods should contain events that arerorld war second. The spatial spread is not very even in the
markedly connected with inundation and that are likely to early 20th century, with many stations along the major rivers
have caused damages of considerable magnitude. Q2 is l@eing established since long, but many (also large) tributaries
rough approximation of bankfull discharge for natural rivers. only starting to be gauged in the 30s to 50s. Also, until 1930
Areas of high vulnerability are often embanked and bank-a strong regional bias can be observed with a dense network
full discharge is increased to the level of dyke construction.in the Danube but a poor coverage in Rhine and Weser. Since
For a good approximation of the inundation caused by a parthe sensitivity analysis of the resulting event set towards the
ticular flood, the only solution is the definition of specific number of available sites is performed by randomly remov-
thresholds on bankfull discharge for each river reach and théng stations from the set of time series, the spatial spread is
routing of the flood wave through the network. Nonetheless,more or less preserved. Now, for the real world situation a
when changing the range ofS changes but the intra-event bias could be expected due to the location of the stations. If
comparison is still consistent. In this way,can easily be the event setis to be extended back in time this must carefully
adopted for applications in which more emphasise needs tbe taken into account. Using the series at hand we would be
be given to the event magnitude rather than the spatial exterdonfident to extend the set by roughly 10 years back in time
of each event. (with caution on data gaps in 1945). If the regional bias of
From the sensitivity analysis it can be concluded that thethe gauging station network and the before mentioned uncer-
most sensitive parameter for the event identification is thetainties in the regionalisation of point discharges to the river
number of daysV in the time period during which at least network can be taken into account the set may even be ex-
one gauge recorded a discharge above the threshold tended to the mid to late 1920s.
depends on the number of sites available but moreover on Besides the coherent occurrence of damages during trans-
the choice ofx. This threshold largely determines whether basin floods, for a concise analysis of accumulated risk, it
a flood event can be detected in the first place. Increasings interesting to analyse the contribution of local floods to
the POT threshold, first of all, the total number of events mean expected damage. These floods, even though restricted
decreases. This is largely due to a decrease in the number af their spatial extent and their probably uncorrelated occur-
winter events, since the maximum recorded discharge duringence over space and time may still lead to an accumulation
many winter events does not exceed high threshoeld$n of damages. To assess to which degree trans-basin floods
turn, this promotes the relative share of summer events in theand too which degree floods of smaller spatial extent con-
set. From the sensitivity analysis we conclude, that both QSribute to mean expected damage on e.g. the national scale,
and Q50 are inadequate threshaldfr the purpose of this an equally consistent approach as presented in this work for
study, because Q5 fails to separate between damaging floagans-basin floods would need to be developed to identify all
events and periods of simply elevated discharges, and Q5@elevant flood events of small spatial extent. To derive such
fails to detect some major events. Both Q10 and Q20 (or anya set, the pool of gauging stations used in this study would
threshold in between) are recommended for an analysis ofieed to be extended by adding stations of smaller catchment
trans-basin flood events. sizes resulting in a denser network of stations. So far we have
The method proved very robust to changes in the numbeused only stations in catchments that exceed at least 500 km
of sitesN with respect to the most severe events. We furtherln this way, we are able to reliably detect large scale flood-
conclude that up to a critical value 8f=110 the overall ef- ing. For small floods, e.g. events resulting from convective
fects on the resulting event set in terms of number of eventstorms, the uncertainty of the completeness of the event set
detected are insignificant. Nonetheless, when reducing thécreases, since a number of local flood events that occurred
station network, care has to be taken in the regionalisatiorin ungauged basins will be missed out on. This issue needs
of point discharge values to the entire river network that, into be carefully addressed before conclusions on accumulated
turn, determines the quality at which the pattern of spatiallyrisk are drawn.
heterogeneous flood magnitude can be captured and there-
fore determines the reliability of the indicatSr Certainly,
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A natural extension of this study is the quantification of Caspary, H. J.: Increased risk of river flooding in southwest Ger-
the spatial and temporal dependencies between the peak dis- many caused by changes of the atmospheric circulation across
charges during the trans-basin floods in a multivariate frame- Europe, in: PIK Report, European Conference on Advances in
work as e.g. it has been proposed by Keef et al. (2009). Flood Research, Potsdam, 288-299, 2000. .
This framework needs to be supported by a thorough ana|_Ch;||steg_sen_, : g a”’iil Chnstjgfeg(,ﬁoégé. ZSO%\;ere Summertime
ysis of the responsible hydro-meteorological processes (at;. | '0°ding in Europe, Nature, 421, 805-806, -

. " . . Cunderlik, J. M. and Burn, D. H.: The use of flood regime infor-
mospheric conditions, runoff generation in the catchment,

. ) O ) mation in regional flood frequency analysis, Hydrol. Sci. J., 47,
and routing) and their quantification that allows developing ;7_g» 20019_ a Y y y

a flood typology. In this way, also more understanding canpjsse M. and Engel, H.: Flood Events in the Rhine Basin: Genesis,
be gained on the responsible mechanisms for flood genesis |nfluences and Mitigation, Nat. Hazards, 23, 271-290, 2001.

at the trans-basin scale. For a frequency analysis the corBuckstein, L., Bardossy, A., and Bdadi, |.: Linkage between the
ditions of stationarity and homogeneity in the time series of occurrence of daily atmospheric circulation patterns and floods:
trans-basin floods have to be carefully evaluated, as already an Arizona case study, J. Hydrol., 143, 413-428, 1993.
changes in the occurrence rates of winter and therefore thérei, C., Davies, H. C., Gurtz, J., and &¢hC.: Climate dynamics

(spatially) most extreme floods were found in this study. and extreme precipitation and flood events in Central Europe,
Integr. Assess., 1, 281-299, 2000.
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