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Abstract. Risk zonation maps are mostly derived from de- of inundated areas and the estimation of flow depths and flow
sign floods which propagate through the study area. The revelocities are fundamental inputs for flood risk estimation of
spective delineation of inundated flood plains is a fundamen-exposed objects. For this purpose in most cases 2-D hydro-
tal input for the flood risk assessment of exposed objectsdynamic unsteady models are applied (BMFLUW, 2006a).
It is implicitly assumed that the river morphology will not It is implicitly assumed that the morphology will not change;
vary, even though it is obvious that the river bed elevationneither during flood events nor by long term erosion or depo-
can quickly and drastically change during flood events. Thesition. However, it is obvious that the river bed elevation can
objectives of this study were to integrate the river bed dy-change quickly and drastically. Quantitatively and qualita-
namics into the flood risk assessment procedure and to quatively observed morphological developments during and af-
tify associated uncertainties. The proposed concept was ager flood events indicate, to some extent, tremendous changes
plied to the River Ill in the Western Austrian Alps. In total, inriver bed elevation due to sediment transport, log jam, rock
138flood and associated sediment transport scenarios wefam, etc. The occurrence of such processes clearly implies
considered, simulated and illustrated for the main river stemthe necessity of incorporating calculated or estimated mor-
The calculated morphological changes of the river bed atphological changes to the flood risk assessment procedure.
the moment of peak flow provided a basis to estimate theTherefore, the influence of sediment transport on the respec-
variability of possible water surface levels and inundationtive water surface elevation which is in most cases neglected
lines which should be incorporated into flood hazard assessduring flood events and related uncertainties are investigated.
ment. In the context of vulnerability assessment an advanced
methodological approach to assess flood risk based on dal
age probability functions is described.

It is obvious that uncertainty increases as an additional
nEirocess is considered. The identification of partially known
impacts on the water surface elevation and accordingly the
possible inundation depth as well as delineation could, how-
ever, lead to an increase of awareness and an adaptation of
1 Introduction and objectives flood risk management strategies. The study focuses on un-
certainties related to hazard assessment covering aspects of
Alluvial river beds are subjected to severe morphologicalhydrmogy, hydraulics and sediment transport. Furthermore,
changes during flood events which have significant impli-ihe study aims to enhance methodologies of vulnerability as-
cations for the water level (Nachtnebel and Debene, 2004)sessment and therefore, damage estimation by providing a
This effect has to be considered in the delineation of floodgirect link of probability distribution functions of inundation
endangered riparian zones. Risk zonation maps are mostlyepths with the respective damage functions of flood-prone

derived from single design floods which represent a hazarqygjjisations (damage-probability relationship).
based on a specified return period. The respective delineation

The concept was tested on the Ill catchment which has suf-
fered three major floods during the recent past (1999, 2000

Correspondence tcC. Neuhold and 2005). The considered catchment area is characterized
m (clemens.neuhold@boku.ac.at) by torrential tributaries, hydraulic structures, hydropower
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plants and partially complex morphological characteristics.scenario even though it might have little impact on the result
Therefore, it was crucial to apply a model with no restric- due to its recurrence interval.

tions and limitations regarding internal and external bound-

ary conditions. Apart from these demands, a calculation inl.1.2 Model uncertainty

different fractions of sediment was required. ) ] )
The paper gives an overview of sources of uncertainty to! '€ overall uncertainty of many surveys is dominated by

outline complexity and lack of approaches as well as methogM0del uncertainty (Kuikka and Varis, 1997?- Merz (2006)
ologies to quantify risk (Sect. 1). Following this introduction Statéd that model uncertainty emerges from:

the study area is characterized. In Sect. 2 the applied method-
ology is described in detail. Section 3 presents the results of
the conducted study. Conclusions are given in Sect. 4. — Model sufficiency (completeness)

— Model assumptions and composition

1.1 Uncertainties — Model domain and resolution

The assessment of flood damage imports uncertainties frorprecipitation-runoff models, hydrodynamic models and sed-
the climatic, hydrologic and hydraulic domain, adds someiment transport models rest upon simplified model assump-
of its own uncertainties and exports the resulting compositetions. To some extent, there are alternative or even contra-
uncertainties to the decision domain (Messner et al., 2007)dicting assumptions or theories of model development. Mod-
Contemplating the above mentioned uncertainties, a distincels are approximations of natural processes — their composi-
tion has to be made between reducible (epistemic) and irtion demands decisions upon which processes should be de-
reducible (aleatoric) uncertainty (Merz, 2006; Apel et al., scribed and which accuracy and abstraction is necessary or
2008; Hall and Solomatine, 2008). Aleatoric uncertainty re- possible. Moreover, the spatial and temporal discretisation
sults from the variability and unpredictability of the consid- of models influences uncertainty and should be determined
ered natural processes. Epistemic uncertainty is a producis a compromise of computing time and approximation de-
of imperfect knowledge (lack of research, measurements angree. To summarise, a maxim can be stated: a model should
models) of the examined system. Murphy (1998) subsumege composed as simply as possible but as complex as neces-
three origins of uncertainties: the incompleteness of considsary (Popper, 1982).

eredscenariosand assumptions as well as simplifications in-

herent tomodelsand model parameteras described in the 1.1.3 Natural variability and parameter uncertainty

following sections.
Parameter uncertainty comprises uncertainty related to

1.1.1 Scenario uncertainty model parameters and variables. These are mainly param-

eters and variables representing measurable attributes of the
Risk analysis is typically characterized by sets of a few dam-considered system e.g. intensity of precipitation, infiltration
age scenarios. Obviously, these scenarios cannot cover aflapacity of soil, failure rate of system components or costs
the possible future events and their definition is based, to &ue to blocking roads. Uncertainty of parameters and vari-
larger extent, on subjective expert judgements. There are alhples results from:

ways scenarios that will not be considered because of:
— Variability: Processes triggering extreme flood events

— Low probability of recurrence and therefore, a negligi- are subjected to natural variability. The parameters
ble (“not significant”) influence on the overall expected representing these processes vary over time and space
losses (Haimes, 1998). Plate (1992) stated that this variabil-

ity is inherent to all natural processes. Regardless of
how high the monitoring effort might be, it will never
be possible to fully predict and describe these processes
— Deficit of experience and analytical skills of the person by means of a deterministic model. Uncertainty related
responsible to variability is traditionally covered by probabilistic

] ) methods (Apel et al., 2006; Apel et al., 2008; Merz,
Incompleteness and representation of a collection of damage 2006).

scenarios are fundamental problems in the frame of risk as-

sessment (Kaplan and Garrick, 1981). Incompleteness leads — Limited information: Frequently there are statistical

to uncertain results and accordingly, the underestimation of  dependencies between variables used for risk analy-
risk. Uncertainty can be reduced by experience and sound ses. In many cases data availability is not sufficient
methodological approaches. It is essential that the chosen to describe these dependencies, which leads to an addi-
scenarios are representative for the overall considered sys- tional source of uncertainty in the frame of risk analyses
tem. The set of scenarios should also include the worst case  (Merz, 2006).

— Lack of data and methodologies to calculate or describe
rare events
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— Parametric uncertainty

— Measurement inaccuracy leads to random variation
in measurements. To detect thesadom errors
statistic methods (standard deviation, confidence
interval etc.) are applied (Rabinovich, 1993).

— However,systematic errorsan occur due to e.g. in-
accurate calibration and experiment design. Sys-
tematic errors are rarely known since the true value
is not determinable (Rabinovich, 1993, Ferson and
Ginzenburg, 1996).

Fig. 1. Study area: Austria and the Ill river catchment in the west.

— Parameter uncertainty can result from simplified
descriptions -approximations — of data and pa-
rameters, e.g. by representing a continuous randonyvater surface elevations and subsequent potential dyke over-
variable with a discrete one. topping and inundation were dissected. Vulnerability analy-
ses and damage estimation tools were methodologically im-

As a supplement to variables there are indicators and paramé¥oved by connecting the overtopping probability, the vari-
ters representing ideals and moral concepts (e.g. value of hi@Pility of inundation depths and object related damage func-
man life expressed in salvage expenses or risk aversion fadions to obtain a damage-probability relationship (Fig. 2).
tors) which influence the risk analysis (Haimes, 1998). These Initially, the hydrology of the catchment was simulated
parameters represent a significant source of uncertainty in th@ith a semi-distributed precipitation-runoff model. Variabil-

frame of risk analysis. ity of the hydrograph was obtained by generating numerous
scenarios with different initial moisture conditions and by
1.2 Study area considering different spatial and temporal distributions, du-

rations and amounts of rainfall. The hydrologic model pro-
The presented survey was carried out in the il river basinvided runoff scenarios which were subsequently used as an
with a catchment area of 1300 RBmsituated in the West- input for the hydraulic and sediment transport model. Ad-
ern Austrian Alps (Fig. 1). The River lll, with a mean an- ditionally, the variability of possible morphological changes
nual discharge of 66 #fs, is the main river catchment in due to torrential sediment entry was analysed. For this pur-
south-eastern Vorarlberg, the most-western federal state g#ose scenarios with randomly drawn sediment loads from
Austria. Hydro-meteorological observations of precipita- torrential inflows based on probability distribution functions
tion, air temperature and runoff were gathered. Elevationgvere developed to account for the uncertainty caused by sed-
range from 400 to 3000 m a.s.l. and the mean annual precipiment input to the system. The calculated morphological
itation averages 1700mm. A 100-year flood event is esti-changes of the river bed provided a basis to estimate the vari-
mated at 820 ffs. Current, as well as historical surveying ability of water surface levels and inundation lines which
data (since 1978), were provided for 60 km of the River Ill should be considered in_ flood hazard maps_and flood risk
and, altogether, 15km of 8 tributaries comprising cross secmaps. For each scenario the water table, river bed eleva-
tion measurements (with distances of 100 m on average) antion and the respective inundation lines as well as inundation
airborne laser scan data. Sediment samples were drawn f#epths were obtained. Therefore, each exposed object can
71locations. Additional information on geographical fea- be linked to a distribution function consisting of estimated
tures of the catchment (elevation, land cover, cadastral indamag_e_s related to flood inundation height and inundation
formation and soil type) and on hydropower influence on probability.
the runoff regime was considered (Nachtnebel and Neuhold,
2008; Nachtnebel and Stanzel, 2008). 2.1 Hydrology

The continuous, semi-distributed rainfall-runoff model,
2 Methodology COSERO, developed by the Institute of Water Management,

Hydrology and Hydraulic Engineering, BOKU (Nachtnebel
The applied methodological approach was elaborated tet al., 1993; Kling, 2002 among others) was applied to the Il
analyse and quantify variability and uncertainty of single catchment. This model accounts for processes of snow accu-
steps in the frame of hazard assessment and to enhaneeulation and melt, interception, evapotranspiration, infiltra-
methodologies of vulnerability assessment. Therefore, thdion, soil storage, runoff generation and routing. Separation
derivation of hydrological input, possible changes in river of runoff into fast surface runoff, inter flow and base flow
bed elevation due to sediment transport and the effects ois calculated by means of a cascade of linear and non-linear
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Fig. 2. Scheme of methodological approach to derive the damage probability of vulnerable utilisations.

>

Inundation depth [m]

Probability [%]

age coefficients for base flow and interflow, which correlated
well with catchment size for the calibrated sub-basins, were
assigned according to this relation. After this, storage coeffi-
cients for fast runoff were allocated in order to achieve char-
acteristics of runoff separation into surface flow, interflow
and base flow as simulated in neighbouring calibrated sub-
basins with similar physical features. Nash-Sutcliffe model
efficiencies (Nash and Sutcliffe, 1970) between 0.80 and 0.90
for the calibration period and between 0.75 and 0.85 for the
validation period were achieved. Mean relative peak errors
of the 16 simulated flood periods ranged betwed5% and
+10%.

Gisingen W=
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After calibration, the rainfall-runoff model was applied to
simulate flood runoff scenarios. Design storms with assumed
return periods of 100 years were used as input. The underly-
ing assumption of using design storms with a 100-year re-
currence interval is that they may produce flood peaks of the
Fig. 3. Watershed of the River Ill and its sub-basins. same return period. While this premise can be regarded as

appropriate for design purposes, it is clear that a rainstorm

with a given return period may cause a flood with a higher or
reservoirs. Spatial discretisation relies on the division of thelOwer return period (Larson and Reich, 1972). This is mainly
watersheds into sub-basins and subsequently into hydrologiéue to factors affecting the runoff peak like the distribution of
response units (HRUS). rainfall in time and space or antecedent soil moisture. There-

The Ill watershed was divided into 37 sub-basins, based OI{ore, several scenarios, with variations of major influencing
the location of runoff gauges, anthropogenic diversions anJactors,. were defineq.. Prgcipitation scenarios were obtained
reservoirs, with sub-basin areas ranging from 10 to 200 km by varying total_pre(_:lp@ano_n depth, storm duration anq tem-
(Fig. 3). 828 HRUS, with a mean area of 1.6kmwvere de- poral _and spanal d|str|_but|ons._ _E_ach rainfall scenario was
rived by intersection of 200 m-elevation bands with soil type combined with three different initial catchment conditions,

data (Peticzka and Kriz, 2005) and land use datasFand which were selected from simulated state variables of histor-
Hafner, 2005). ' ical flood periods.

The model was calibrated and validated based on observed Storm duration of 12 and 24 h were selected for the as-
discharge hydrographs of 6years with continuous dailysessment. Recorded events leading to floods in the years
records and hourly records for 16 flood periods, measured®000, 2002 and 2005 showed rainfall duration within this
at 14 gauges. Calibrated parameters of gauged sub-basimange. These assumptions are also in accordance with the
were transferred to neighbouring ungauged sub-basins. Stocommon procedure of testing storm duration up to twice the
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concentration time which is estimated as being 11 to 13 h for
the Ill catchment (BMLFUW, 2006b). Precipitation depths
of 100-year storms with 12 h duration were provided by a
meteorological convective storm event model (Lorenz and
Skoda, 2000). Design storms based on these meteorologi-
cal modelling results are recommended by Austrian author-
ities (BMLFUW, 2006b) and therefore, are a common basis
for design flood estimations in Austria. The values given
by this model refer to point precipitation. Areal precipita-

ARF
[0.29-0.92]

Storm duration
[12h; 24h]

13

Rainfall depth

73mm-174 mm

)

]
Ny

793

thn, to be used _as Input fo_r ralnfa_ll-_run_off mOde"mg_' is ob- Spatial rainfall Temporal rainfall Initial catchment
tained by reducing the point precipitation values with areal distribution distribution conditions
reduction factors (ARF). The developgrs of the convective northern centre peak at beginning dry
storm event model recommend two different procedures to|  southern centre peak in the middle moist
determine such factors, both depending on catchment areal tnifermly distributed peak at end wet

precipitation depth and duration of the storm (Lorenz and
Skoda, 2000; Skoda et al., 2005). ARF resulting from these
two calculations varied considerably and defined the range of
ARF values used to reduce mean 12-hour point precipitation
depths for the Il catchment. As the analysis of longer events
was also intended, precipitation depths of 24-h storms were
based on statistical extreme value analyses provided by local
Austrian authorities and values from the Hydrological Atlas Fig. 4. Derivation of scenarios for hydrologic input variation.
of Switzerland (Geiger et al., 2004).
Total precipitation depth was disaggregated to 15-min time

steps applying three different temporal distributions, with of that waterway. Resulting from the one-dimension solu-

peakts ?I_ththe gifglnnl?g, |r:_ t?g_n;'%dlf or at the end_é)f th(;tions for flow simulation the limitations are the neglection
event. Three difierent spatial diStriutions were consiaered;,¢ .o flow, transverse movement, transverse variation and
a uniform distribution, a distribution with higher precipita-

L . . NS lateral diffusion. Therefore, the model cannot simulate such
tion in the south and another with higher precipitation in the

. henomena as river meandering, point-bar formation and
north of the watershed. The spatial patterns of the two non-p g P

uniform distributions correspond with typical distributions of pool-riffle formation. Additionally, local deposition and ero-
S P yP sion caused by water diversions, bridges and other in-stream
precipitation in the catchment.

structures cannot be simulated (Huang and Greimann, 2007).

The described variations in the parameters: storm dura- i ) )
tion, areal reduction factors as well as associated precipita ' 1e model was calibrated and validated with runoff data

tion depths and temporal plus spatial distributions of rainfall,from seven gauging stations by varying calculated rough-

generated 42 precipitation scenarios. The combination witf'€SS coefficients based on sediment samples. The sediment
three different initial catchment conditions led to 126 runoff fransportwas calibrated and validated on historical cross sec-
scenarios (Fig. 4). tion measurements (1978-2006) and the respective runoff

time series as well as by balancing the calculated volumes
of transported sediments. Hydrological input to the model
was delivered by the precipitation-runoff model (Sect. 2.1).
The software package GSTAR-1-D Version 1.1.4, developeoBOU_ndary conditions as well as initial con(_jitions concerning
by the US Department of the Interior (Huang and Greimann,sed!ment transport were defined and derived from 71 drawn
2007), which includes 16 different sediment transport algo-Sediment samples.

rithms was applied. GSTAR-1-D (Generalized Sediment A focus point of the study was to analyse and quantify
Transport for Alluvial Rivers — One Dimension) is a one- modifications of river morphology and potential sediment in-
dimensional hydraulic and sediment transport model for useuts from torrential tributaries for extreme runoff scenarios
in natural rivers and man-made canals. It is a mobile bound{HQ1, HQs, HQzp and HQgp). Considerable uncertainty
ary model with the ability to simulate steady or unsteadyrested upon the estimation of the input from torrential in-
flows, internal boundary conditions, looped river networks, flows. Therefore, the observed flood event from 2005, with
cohesive and non-cohesive sediment transport, and lateran estimated recurrence interval of 100years, was investi-
inflows. The model uses cross section data and simulategated in more detail. This approach accounts for the uncer-
changes of the river bed due to sediment transport. It estitainty of design-flood-event-based approaches, like state-of-
mates sediment concentrations throughout a waterway givethe-art methodologies for flood hazard mapping, whenever
the sediment inflows, bed material, hydrology and hydraulicsinfluences of morphological changes are neglected.

N/

126 hydrologic scenarios

modelled with power -functions Q =a Q® for sediment transport

2.2 Hydrodynamics and sediment transport
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Sediment Input Approximations for the River Alfenz

1200 Sediment ibnput
[Q~aQ’]
B Potential Transport Rate Qs = 15.457%Q"8? 8 tributaries simulated
1000 47 unobserved tributaries estimated
® Armoured Upper Layer -
u [ ]
¢ 1 3
=
R -
E Minimum Spatial rainfall Maximum
@
E armoured distribution no
E upper layer armouring
v 0
Qs =0.092%Q"*"
o Northern Central Southern
0 20 40 60 30 100 120 140 160 180 river reach river reach river reach
Water discharge Q [m%/s] km 20-0 km 40-20 km 60-40
Fig. 5. Upper and lower sediment input boundary condition for the ﬂ @ ﬂ ﬂ ﬂ
River Alfenz.
| 1 scenario | | 5 scenarios | | 3 scenarios | | 2 scenarios | | 1 scenario |
Sediment transport models were compiled for the main 12 sediment transport scenarios

river system and eight tributaries. Two river bed conditions [ _medelled with hydrologic gauging data of the flood event 2005
were defined for each tributary. The first of these assumed
a fully-armoured upper layer with a mean layer thicknessFig. 6. Derivation of scenarios for sediment input variation.
of 15cm and the second model scenario calculated a river
bed without any armouring. Therefore, this second state es-
timated the river’s potential of sediment transport. Hence, The catchment area was divided into three sections of
two restricting transport functions were defined for each ob-varying sediment input intensity (river kilometres 60-40, 40—
served, measured and simulated tributary river (eight torren20 and 20-0) to obtain realistic input distributions. In the
tial inflows, see example for the River Alfenz in Fig. 5). frame of the 10 scenarios only one of the three sections was

Input functions for 47 unobserved torrents were estimatedallowed to be dominant by means of sediment input. Fur-
on the basis of simulation results of observed tributariesthermore, a boundary condition for the acceptance of a ran-
Sediment routing was solved with the Meyer-Peter anddomly chosen scenario was defined: a minimum percent-
Muller formula (1948, Eq. 1), which is appropriate for alpine age of 50 % related to the section’s torrential catchment ar-
gravel-bed rivers: eas had to deliver maximum sediment input to account for

13 o5 2/3 rainfall clusters. The 12 resulting scenarios were simulated
2/3()/) . _ (KS/KV) VRS
(

a (= - —0.047 (1) with observed and revised runoff data taken from the 2005
g Ys —v)d (vs —v)d flood event with an estimated recurrence interval of 100 years

Where y and y,=specific weights of water and sedi- (Fig. 6).

ment, respectively,R=hydraulic radius, S=energy slope,

d=mean particle diameter,p=specific mass of water, 2.3 Risk assessment

gr=bed load rate in under water weight per unit time

and width, K;=conveyance K,=roughness coefficient and The methodological enhancement was based on the risk as-

(K,/K,)S=the adjusted energy slope that is responsible forsessment approach by BUWAL (1999a, b) which is charac-

bed-load motion. terised by a three-stage procedure. Each stage represents a
In addition to 126 scenarios related to varying input hydro- self-contained step for risk analysis. Stages 1, 2 and 3 are

graphs (Fig. 4), 12 scenarios were generated to elaborate trgranged in increasing order of analytical detail. Risk can be

influence of randomly chosen sediment input events on bedinalysed in one or more of the stages depending on the de-

elevation behaviour during high floods. Therefore, a mini- sired accuracy. In stage 1, the hazard map is overlaid with a

mum (armoured upper layer for all tributaries) and a max-land use map to identify potential objects at risk.

imum (no armouring for all tributaries) scenario, related to In stage 2, the risks for spatial elements are quantified.

the restricting transport functions (e.g. Fig. 5), were defined.Risks can, however, be analysed directly in stage 2 which

Within these extremes, 10 scenarios were compiled by ranis based on standardized damage values obtained by ana-

domly drawing input capacities of each torrential inflow de- lyzing various ex-ante as well as ex-post damage estima-

pendent on the magnitude of the associated flood peak in thBons and documentations (Buck, 1999; BMFLUW, 2004;

torrential sub-catchment. Thereby, maximum input repre-BUWAL, 1999a, b; BWG, 2002; Eberstaller, 2004; Faber,

sents an extreme event in the tributary itself and minimum2006; Nachtnebel and Faber, 2007; HYDROTEC, 2004;

input accounts for lower rainfalls in the sub-catchment. Kraus, 2004; Merz et al., 2004; Merz, 2006; Nachtnebel
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Calculated hydrographs for the Pegel Gisingen (basin outlet) Distribution of

Table 1. Sensitivity of flood peaks due to input variation for Gisin- based on rainfall events with a 100-year return period peaks
gen (basin outlet). i

Varied Parameter Mean variation of simulated Z
runoff peaks at Gisingen =
Spatial rainfall distribution 4% =
Temporal rainfall distribution 11%
Initial catchment conditions 27%
Area| reduction factor 88 % 07:00 19:00 07:00 19:00 07:00 19:00 Time [h] | 0%

Fig. 7. Calculated hydrographs for 100-year rainfall events and dis-

et al., 2005; Nachtnebel, 2007; Neuhold and Nachtnebel!"iPution of simulated peak values.
2008a, b; Niekamp, 2001; Rodriguez, 2001; Schanze et al.,
2008; schmidke, 2000; Statistik Austria, 2005a, b). 3.1 Hydrology

In stage 3, risks are analysed on a micro scale level by’
specific investigations of individual objects (e.g. a building or Figure 7 illustrates 126 resulting 100-year flood waves as de-
section of a transport route at risk) (BUWAL, 1999a, b) and gcriped in Sect. 2.1 and Fig. 4 for the catchment outlet at
linking them to damage functions (inundation depth relatedgisingen as well as the relative distribution of the associated
to damage estimates). . peak discharges. The effects of the applied parameter vari-

Based on the micro scale level of stage 3 and, additionions, which can be seen as a way of taking into account
ally, accounting for the variability of single processes (Ny-arious uncertainties related to the hydrological assessment
drology, hydrodynamics and sediment transport), derivationg,¢ design floods, are shown in Table. 1. Each variation of a
of probability distribution functions for object related inun- single parameter over the full range of applied values — while
dation depths can be obtained. Whereas, the variability of th?(eeping the others constant — yielded a maximum variation
water surface elevatiorVlysx) is dependent on the variabil- i, resyiting runoff peaks. For a relative measure this value
ity of the bed elevationz ), as well as on the variability of 55 related to the mean of runoff peaks. The values given
the hydrologic input ¥z ). in Table 1 are the mean of relative peak variations for all
Vi _ considered scenarios. This mean relative variation shows the

wse = f(VBe |VHI) (2) o . ; .
sensitivity of the flood simulation to changes in the respec-

Relating the resulting variability of the water surface eleva- tive parameter and establishes an evaluation approach for the

tion (Eg. 2) with the dyke top edge elevation)( the vari-  respective uncertainty.

ability of inundation depth¥; p) can be obtained on a micro Regarding the basin outlet at Gisingen, the spatial distri-

scale basis (E®). bution of rainfall had the smallest impact on flood peaks, be-
cause it is averaged over the catchment area. Obviously, this

Vip = f(Vwse h) (3) impact was much higher at the most-upstream gauges with

Corresponding to utilisation related damage functiofis)( & smaller catchment area (with either high or low precipita-
typically based on the inundation depthy{ and the associ- tion), with relative runoff peak variations of up to 117%. The

ated damagel), a damage probability function/f ) can mean v_ariation for a_lll Il gauges was 41%. Eyen Fhough only
be derived by multiplying the damage function (inundation three different spatial patterns were tested in this study, this

depth dependent) with the variability of the inundation depth Shows that the importance of considering uncertainty of spa-

(Fig. 2, Eq.4). tial rainfall distribution for design flood simulations depends
’ on the spatial focus of the subsequent assessment. Other pa-
fop =Vip* fp(D |hp) (4) rameter variations lead to similar runoff peak variations at the

basin outlet and at upstream gauges. The variation of ARF
for 12-h storms had by far the largest effect on simulated
flood hydrographs, as it directly altered the total depth of a

The following Sect. 3 describes the variability and uncer- precipitation scenario. Storm duration, the second param-
' ter influencing total precipitation depth could not directly

tainty related to the processes hydrology, hydrodynamics an@e assessed for the River lll, because 12-h and 24-h storms

sediment transport as well as risk assessment based on the . . ;
i were determined with different methods and other factors
scenario analyses. The results of hazard assessment are ex- S .
o o part from duration influenced the resulting total depth. An
pressed quantitatively, the results of vulnerability assessmen : X
qualitatively, evaluation of 2 to 12-h storms resulting only from the de-

scribed meteorological convective storm model for Ill trib-
utary sub-catchments showed mean variations in simulated

3 Results
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Simulated bed elevation changes due to hydrological and sediment input variation
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Fig. 8. Changes of river bed elevations due to hydrological and sediment input variation.

runoff peaks of 20% (Stanzel et al., 2007). In this analysisrange of calculated bed elevation changes due to randomly
also uncertainty related to the estimation of fast runoff modelselected sediment input of torrential inflows. The magni-
parameters was investigated. Resulting runoff peak variatude is based on the simulation of 12 input scenarios (Fig. 6)
tions in tributary rivers were rather small (5%) — as better with a minimum input due to assumed armoured bed layers
observations were available for calibration on the River Ill, and a maximum sediment input represented by the restricting
the effects of uncertainty in parameter estimation is assumetransport functions (Fig. 5).

to be even smaller when regarding the entire basin. Figure 9 outlines the maximum and minimum differences

In relation to the normative 100-year design value of petween water surface elevation and embankment elevation.
820 n¥/s at the gauge Gisingen, the simulated peaks rangeghe continuous lines correspond to the orographic right-hand
from 45% to 160%. Several peaks were far below as well asinterland where numerous utilisations such as private hous-
over the 90% confidence interval of statistical extreme valuéing are situated. The thicker lines define the limits due to
analyses of observed runoff, underlining that 100-year rainydrological input variation and the thinner ones, the limits
fall events produce flood events of different return periods.due to sediment input scenarios. Corresponding to the oro-
Yet, the large range of hydrographs shows how much of theyraphic left-hand side, where no utilisations worthy of pro-
possible variability of flood waves is disregarded by a designtection were recorded, results are represented by grey dashed

flood approach. lines (thick for hydrology and thin for sediment input). The
_ _ value 0.00 represents a water surface elevation equal to the
3.2 Hydrodynamics and sediment transport dyke top edge. Overtopping occurs when displayed lines

. . . . show positive values.
Hydrodynamic and sediment transport simulation results are, Due to hydrologic input variation (126 scenarios — 25%
as an example, illustrated for a highly dynamic section (km f them exceed the desian water level. see Fia. 7). a high
30 to 29) chosen from the considered 60km. The selecte% 9 ’ 9. 7), 9

. tion is ch terised by a t tial inflow located at robability of overtopping is indicated. Considering sedi-
fiver section Is characterised by a forrential Intow located aty, o ¢ input variation (12 scenarios) based on discharge data
the upper boundary. The sediment input function of this tor-

o . X ) . of a 100-year flood (2005) only the lower part of the sec-
rential inflow is documented in Sect. 2.2 and Fig. 5. The f'rs,ttion is subjected to inundation. From chainage 29100 m to

fruct ) 4 outflow f i - d029 000 m even the minimum values of calculated water sur-
structures (in- and outflow for energy generation, weir an face elevations lead to inundation of the flood plain. There-

chute) Which cause spacious_accumulations_ of sediment duﬁ)re, damages have to be expected prior to the design value
to a reduction of flow velocity and accordingly to lower of the protection scheme (recurrence interval of 100 years,
shear stress (Nachtnebel and Neuhold, 2008). In the Casl?lcluding freeboard)
of higher discharge the accumulated sediment moves down- '
stream where a dynamic river bed is encountered. _
In Fig. 8 the modifications of river bed elevations due to 3-3 Risk assessment

hydrological and sediment input variations are illustrated.

The three lines represent the maximum (dark grey), theThe associated uncertainty of results obtained by design-
mean (dashed grey) and the minimum (light grey) calculatedlood-based procedures (BMFLUW, 2006a) is emphasized
bed elevation changes resulting from varying the dischargdby the overtopping probability caused by 138 considered sce-
(Fig. 7) by means of 126 scenarios (Fig. 4). The inflow of the narios (Fig. 10). Alongside the River Ill settlements and

tributary just before km 30 leads to locally calculated accu-utilisations are mainly protected by dykes and natural bar-
mulations of almost 0.80 m. The black vertical lines indicate riers with an estimated flood safety up to a recurrence inter-
the station of the considered cross sections and display theal of 100 years. Figure 10 outlines the probability of over-
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Differences between dyke top edge and simulated water surface level
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Fig. 9. Differences of water surface elevations and dyke top edge.

. .. . . Overtoppi babilit d height for 1579 3 ti
topping along the 60 km due to variation of discharge input VEroppIng Probabiiily and Aeight for T etoss sections

(126 scenarios). S I 7
The calculated overtopping probability of 12.27% indi-

cates that 7.4 km are not protected against floods caused b

100-year rainfall events which had not been previously iden-

tified as such. In the frame of this study affected utilizations

were not elaborated in detail. The analysis of the section

displayed in Fig- 9 (km 30_29) proves that there are also set- No overtopping  0.00 - 0.50 0.50 - 1.00 1.00 - 1.50 >1.50

tlements in the inundated areas. Referring to the results of Overtopping height [m]

the hydrological input variation, it has to be distinguished,

that considered discharges resulting from 100-year rainfalFig. 10. Overtopping probability and height.

events lead to as much as 160% of the applied design value

discharge (normative 100-year flood event) for the gauge fur-

thest downstream. Analysing scenarios by means of seditively applied to the presented case study. Vulnerability anal-
ment input variation obtained by an observed 100-year f|00(&/5e3 and damage estimation tools were improved method-
event in the year 2005 the overtopping probability equalsplogically by interrelating the overtopping probability, the
1.59% for the entire reach. Nevertheless, at 40 cross sectiongariability of inundation depth and a damage function to

dykes or barriers are overtopped and therefore most likely tgbtain a damage-probability relationship. Therefore, uncer-

5.34 3.11 1.92 1.90

Overtopped cross sections [

break. tainty and sensitivity are implicitly comprised in the proba-
bility distribution function of the expected damage.
4 Conclusions Discharge input scenarios were obtained by rainfall-runoff

simulations with different 100-year rainfall events. Sediment
The key issues of the survey were to integrate river morphoinput scenarios were simulated based on a flood event with
logical changes during floods into risk estimation tools and to@n estimated recurrence interval of 100years by randomly
assess the associated uncertainties. Hydrological, hydrodydrawing loads of torrential inflows. A sensitivity analysis in-
namic, sediment transport and risk assessment aspects weficated that the discharge input variation leads to flood peaks
considered and analysed. Obviously, uncertainty increase8s high as 160% of the normative 100-year design flood.
by including additional processes such as sudden changddence, a higher probability of inundations of vulnerable uti-
of the river bed. However, the opportunity to identify re- lizations like settlements, infrastructure, etc. resulted from
lated uncertainty is provided. Hence, flood risk managemenglischarge input variation (12.3%) than from sediment input
Strategies can be reviewed W|th regard to imp'ementing thé/ariations (16%) Therefore, the hazard assessment outlines
EU Flood Directive to national legislation. that damage has to be assumed where safety was expected.
In the frame of this survey risk assessment was adapted Regarding the magnitude of bed elevation changes,
by substituting the scenario approach (a few normatively de-however, the influence of sediment input variation was found
fined design floods) through a multi scenario approach byto be much higher than the influence of discharge input
means of variation of input hydrographs and sediment loadvariations. Consequently, the derivation of sediment input
Due to the incorporation of the impacts of hydrological and functions appears to be the most important task wherever the
morphological processes on water surface tables, a refinemhcorporation of sediment transport calculations or estima-
hazard assessment approach is provided which was quantitdens are applicable. In this context scarce data availability
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seems to be the restricting factor (Nachtnebel and Neuhold, National Hydrological and Geological Survey 2004, Hydrologi-
2008). Therefore, an enhancement of continuous sediment cal Atlas of Switzerland, Bern, 2004.

gauges as well as the volumetric survey of accumulationsHaimes, Y. Y.: Risk modeling, assessment and management, Wi-
especially after flood events, is desirable. By means of an €y Series in Systems Engineering, John Wiley and Sons, Inc.,
extended data base the derivation of sediment input functions 726 pp., 1998. ) i o
as well as calibration and validation of sediment transport ' J-and Solomatine, D.: A framework for uncertainty analysis in
models would be more feasible and should be adaptable to flood risk management decisions, International Journal of River
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