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1. Introduction

Risk zonation maps are mostly derived from single design floods which represent a
hazard based on a specified return period. The respective delineation of inundated areas
and the estimation of flow depths and flow velocities are fundamental inputs for flood
risk estimation of exposed objects. For this purpose in most cases 2D hydrodynamic
unsteady models are applied (BMFLUW, 2006 a). In the frame of state of the art
approaches it is implicitly assumed that the morphology will not change; neither during
flood events nor by long term erosion or deposition. However, alluvial river beds are
subjected to severe morphological changes during floods which have significant
implications for the water level (Nachtnebel & Debene, 2004). It is therefore obvious that
the river bed elevation can change quickly and drastically (Neuhold et al.,, 2009).
Observed morphological developments during and after flood events (Fig.1) indicate, to
some extent, tremendous changes in river bed elevation due to sediment transport, log
jam, rock jam, land slide, etc.

Fig. 1. Sediment accumulations in the Ill river catchment (source: IWHW, BMFLUW, 2005)

The high probability of occurrence of such processes clearly implies the necessity of
incorporating calculated and estimated morphological changes to the flood risk
assessment procedure (Neuhold et al., 2007). Therefore, the influence of sediment
transport on the respective water surface elevation is investigated in this study. As this
additional process is considered it is obvious that uncertainty increases (Neuhold et al.,
2010 a, b; Neuhold & Nachtnebel, 2011). The identification of potential impacts on the
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318 Sediment Transport in Aquatic Environments

water surface elevation and accordingly the possible inundation depth as well as
delineation could, however, lead to an increase of awareness and adaptation of flood risk
management strategies.

The study focuses on implications related to hazard assessment covering aspects of
hydrology, hydraulics and sediment transport. Further, the study aims at enhancing
approaches of vulnerability assessment and therefore, damage estimation by providing a
direct link of probability distribution functions of inundation depths with the respective
damage functions of flood-prone utilisations (damage-probability relationship).

The concept is tested in the river Il catchment in the Western Austrian Alps which has
suffered major floods during the recent past (1999, 2000 and 2005). The River Ill, with a
mean annual discharge of 66 m3/s and a catchment area of approximately 1300m? is the
main river catchment in south-eastern Vorarlberg, the most-western federal state of Austria
(Fig.2). The catchment area is characterized by torrential tributaries, hydraulic structures,
hydropower plants and complex morphological characteristics.

Hydro-meteorological observations of precipitation, air temperature and runoff were
gathered. Elevations range from 400 to 3000 m. a. s. 1. and the mean annual precipitation
averages 1700 mm. A 100-year flood event is estimated at 820 m3/s. Current, as well as
historical surveying data (since 1978), were provided for 60 km of the River Il and,
altogether, 15 km of 8 tributaries comprising cross section measurements (with distances of
100 m on average) and airborne laser scan data. Sediment samples were drawn in 71
locations. Additional information on geographical features of the catchment (elevation, land
cover, cadastral information and soil type) and on hydropower influence on the runoff
regime is considered.

¥ Runoff gauges ILL
| ¥ Runoff gauges tributaries
| © Diversion N
i Reservoirs A
|1 suBBASINS
0 5 10 20 Kilometers
I

Fig. 2. Study area: Austria and the Ill river catchment in the west

2. Methodology

The applied methodological approach is elaborated to analyse and quantify the variability
and uncertainty of single steps of hazard assessment and to enhance vulnerability
assessment. Therefore, the estimation of hydrological input, possible changes in river bed
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elevation due to sediment transport and the effects on water surface elevations are
dissected. Vulnerability analyses and damage estimation tools are methodologically
improved by connecting the overtopping probability, the variability of inundation depth
and object related damage functions to obtain a damage-probability relationship (Fig.3).
Initially, the hydrology of the catchment is simulated with a semi-distributed precipitation-
runoff model. Variability of the hydrograph is obtained by generating numerous scenarios
with different initial moisture conditions and by considering different spatial and temporal
distributions, durations and amounts of rainfall. The hydrologic model provides runoff
scenarios which are subsequently used as an input for the hydraulic and sediment transport
model. Additionally, the variability of possible morphological changes due to torrential
sediment entry is analysed. For this purpose scenarios with randomly drawn sediment loads
from torrential inflows based on probability distribution functions are developed to account
for the high variability and unpredictability of torrential sediment input to the system. The
calculated morphological changes of the river bed provide a basis to estimate the variability
of water surface levels and inundation lines which need to be considered in flood hazard
maps and flood risk maps. For each scenario the water table, river bed elevation and the
respective inundation lines as well as inundation depths are calculated. Therefore, every
single exposed object is linked to a distribution function consisting of estimated damages
related to flood inundation depth and inundation probability.

inundation depth [m]

damage I€i

™

damage {ci

overtopping
probabiliy

&

probability [%]

variability in river bed - = | it gt

elevation

Fig. 3. Scheme of approach to derive the damage probability of vulnerable utilisations

2.1 Hydrologic input generation

The continuous, semi-distributed rainfall-runoff model, COSERO, developed by the
Institute of Water Management, Hydrology and Hydraulic Engineering, BOKU (Nachtnebel
et al., 1993, Kling, 2002 among others) is applied to the entire Ill catchment. The model
accounts for processes of snow accumulation and melt, interception, evapotranspiration,
infiltration, soil storage, runoff generation and routing. Separation of runoff into fast surface
runoff, inter flow and base flow is calculated by means of a cascade of linear and non-linear
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reservoirs. Spatial discretisation relies on the division of the watersheds into sub-basins and
subsequently into hydrologic response units (HRUs).

The Ill watershed is divided into 37 sub-basins, based on the location of runoff gauges,
anthropogenic diversions and reservoirs, with sub-basin areas ranging from 10 to 200 km?
(Fig.2). 828 HRUs, with a mean area of 1.6 km? are derived by intersection of 200 m-
elevation bands with soil type data (Peticzka and Kriz, 2005) and land use data (Fiirst and
Hafner, 2005).

The model is calibrated and validated based on observed discharge hydrographs of 6 years
with continuous daily records and hourly records for 16 flood periods, measured at 14
gauges (Stanzel et al., 2007). Calibrated parameters of gauged sub-basins are transferred to
neighbouring ungauged sub-basins. Storage coefficients for base flow and interflow, which
correlated well with catchment size for the calibrated sub-basins, are assigned according to
this relation. After this, storage coefficients for fast runoff are allocated in order to achieve
characteristics 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 are achieved. Mean relative peak errors of
the 16 simulated flood periods range between -15 % and +10 %.

After calibration, the rainfall-runoff model is applied to simulate flood runoff scenarios.
Design storms with assumed return periods of 100 years are used as input. The underlying
assumption of using design storms with a 100-year recurrence interval is that they may
produce flood peaks of the 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 lower return period (Larson and Reich, 1972). This is due to
factors affecting the runoff event like the distribution of rainfall in time and space or
antecedent soil moisture and river discharge. Therefore, several scenarios, with variations of
major influencing factors, are defined. Precipitation scenarios are obtained by varying total
precipitation depth, storm duration and temporal and spatial distributions. Each rainfall
scenario is combined with three different initial catchment conditions, which are selected
from simulated state variables of historical flood periods.

Storm durations of 12 and 24 hours are selected for the assessment. Recorded events leading
to floods in the years 2000, 2002 and 2005 showed rainfall duration within this range. These
assumptions are also in accordance with the common procedure of testing storm duration
up to twice the concentration time which is estimated as being 11 to 13 hours for the Ill
catchment (BMLFUW, 2006 b). Precipitation depths of 100-year storms with 12 hours
duration are provided by a meteorological convective storm event model (Lorenz & Skoda,
2000). Design storms based on these meteorological modelling results are recommended by
Austrian authorities (BMLFUW, 2006 b) and therefore, are a common basis for design flood
estimations in Austria. The values given by this model refer to point precipitation. Areal
precipitation, to be used as input for rainfall-runoff modelling, is obtained by reducing the
point precipitation values with areal reduction factors (ARF). The developers of the
convective storm event model recommend two different procedures to determine such
factors, both depending on catchment area, precipitation depth and duration of the storm
(Lorenz & 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 Ill catchment. Precipitation depths of 24-hour storms are based
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on statistical extreme value analyses provided by local Austrian authorities and values from
the Hydrological Atlas of Switzerland (Geiger et al., 2004).

Total precipitation depth is disaggregated to 15-minute time steps applying three different
temporal distributions, with peaks at the beginning, in the middle or at the end of the event.
Three different spatial distributions are considered: a uniform distribution, a distribution
with higher precipitation in the south and another with higher precipitation in the north of
the watershed. The spatial patterns of the two non-uniform distributions correspond with
typical distributions of precipitation in the catchment.

The described variations in the parameters - storm duration, areal reduction factors and
resulting precipitation depths, temporal distribution and spatial distribution of rainfall -
generated 42 precipitation scenarios. The combination with three different initial catchment
conditions led to 126 runoff scenarios (Fig.4).

ARF
[0.29-0.92]

Storm duration
[12h; 24h]

Rainfall depth

[73mm-174 mm]

sl ohg

Spatial rainfall Temporal rainfall Initial catchment
distribution distribution conditions
northem centre peak at beginning dry
southem centre peak in themiddle moist

uniformly distributed peak at end wet

NI/
R e el

Fig. 4. Derivation of scenarios for hydrologic input variation

2.2 Hydrodynamics and sediment transport

The considered catchment area is characterized by torrential tributaries, hydraulic
structures, hydropower plants and complex morphological characteristics. Therefore, it is
crucial to apply a model with no restrictions and limitations regarding internal and external
boundary conditions. Apart from these demands, a calculation in different fractions of
sediment is required.

Satisfying these requests, the software package GSTAR-1D Version 1.1.4, developed by the
U.S. Department of the Interior (Huang & Greimann, 2007) is used. GSTAR-1D (Generalized
Sediment Transport for Alluvial Rivers - One Dimension) is a one-dimensional hydraulic
and sediment transport model for use in natural rivers and man-made canals which applies
16 different sediment transport algorithms. It is a mobile boundary model with the ability to
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simulate steady or unsteady flows, internal boundary conditions, looped river networks,
cohesive and non-cohesive sediment transport, and lateral inflows.

The model uses cross section data and simulates changes of the river bed due to sediment
transport. It estimates sediment concentrations throughout a waterway given the sediment
inflows, bed material, hydrology and hydraulics of that waterway. Resulting from the one-
dimension solutions for flow simulation the limitations are the neglect of cross flow,
transverse movement, transverse variation and lateral diffusion. Therefore, the model
cannot simulate such phenomena as river meandering, point-bar formation and pool-riffle
formation. Additionally, local deposition and erosion caused by water diversions, bridges
and other in-stream structures cannot be simulated (Huang & Greimann, 2007).

The hydrodynamic model is calibrated and validated based on runoff data from seven
gauging stations by varying calculated roughness coefficients which refer to 71 sediment
samples (Nachtnebel & Neuhold, 2008). Sediment transport is calibrated and validated
based on historical cross section measurements (1978-2006) and the respective runoff time
series as well as by balancing calculated volumes of transported sediments.

Hydrological input to the model is delivered by the precipitation-runoff model. Boundary
conditions as well as initial conditions concerning sediment transport are defined and
derived from sediment samples. Model calibration and validation is conducted on a stretch
of 4.5 km where reliable historical measurement data is available. Calibration is done for the
time period of 1985 to 1991; the validation period is defined with 1991 to 1993. Further
efforts to obtain reliable sediment transport volumes are done by comparing calculated
sediment volumes with estimated accumulations upstream of a power plant. At this power
plant, including a movable weir and a reservoir, days of flushing (to empty the reservoir
from sediment accumulations and enabling the highest possible head) are recorded by the
operating company. This analysis aims at having evidence of the model’s sensitivity for
periods of increasing sediment transport. Comparing the calculated accumulations with this
information enables a qualitative statement for parameters like conveyance, bed load rate,
bed load motion, beginning of bed load motion, etc. This analysis is done for the year 2006,
the only year with reliable data sets.

Calibration as well as validation show satisfying results (Fig.5). The coefficients of
determination are very high although there are some cross sections which show substantial
differences of measured and calculated cross section thalweg points.

Analysing the unsatisfactory cross sections revealed that they are located in river bendings
where transverse flow occurs and therefore, transverse sediment transport is highly likely.
These effects cannot be simulated by one-dimensional models.

As this study focuses on more conceptual goals the restrictions of model accuracy and
reliability are accepted and the model setup is characterised as accurate.

Another focal point of the study is to analyse and quantify potential sediment inputs from
torrential tributaries for various flood scenarios (HQ:1, HQs, HQ3p and HQig0). Considerable
uncertainty exhibits from the estimation of the sediment input from torrential inflows.
Therefore, an observed flood event from 2005, with an estimated recurrence interval of 100
years, was investigated in more detail.

Local authorities provided estimates of sediment accumulations as well as data of removed
sediment volumes in the frame of reconstruction and maintenance works after the flood
event. Further, sediment volumes in torrential catchment areas are assessed to classify the
validity of model results.
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Fig. 5. Comparison of measured and calculated river bed elevations

Sediment transport models are compiled for the main river system and 8 tributaries. Two
river bed conditions were defined for each tributary. The first of these assumed a fully-
armoured upper layer with a mean layer thickness of 15 cm and the second model scenario
calculated a river bed without any armouring. This assumption addresses the range of
possible sediment input from its minimum, an armoured upper layer, to its maximum, by
calculating the full potential transport rate.

Fig. 6 presents the example of the tributary river Alfenz, where simulated sediment transport
loads referring to various water discharges are illustrated. The transport rates [t/h] are
calculated for water discharges up to 160 m3/s (the estimate for a 100-years flood event).
Calculated sediment loads for an assumed armoured upper layer are only simulated up to a
30-years flood event (110 m3/s) as values of shear stress indicated that the armoured layer will
be forced open and therefore the transport of the potential transport rate is assumed.

Sediment routing is solved with the Meyer-Peter and Miiller formula (1948, Eq. (1)), which is
appropriate for alpine gravel-bed rivers like the river Il and its torrential tributaries:

g

/3 2/3
NG 0.25 Z(KS/K,) RS 0 047
b ( (1)

) A

Where y and ys = specific weights of water and sediment, respectively, R = hydraulic radius,
S = energy slope, d = mean particle diameter, p = specific mass of water, q, = bed load rate
in under water weight per unit time and width, K = conveyance, K, = roughness coefficient
and (Ks/K;)S = the adjusted energy slope that is responsible for bed-load motion.

Based on 8 simulated tributaries (with available measurement data, sediment samples and
estimates of potential available sediment volumes in the catchment area) sediment input
functions are estimated for 47 unobserved torrents (Neuhold et al., 2007; Nachtnebel &
Neuhold, 2008).

Accounting for the high variability and unpredictability of torrential sediment input during
flood events, scenarios are developed representing spatio-temporal variability of rainfall,
discharge and sediment transport. According to hydrological rainfall patterns (northern
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centred, southern centred and uniformly distributed - see Fig. 4) areas of high probability of
sediment input are defined related to the river sections [km] 60-40, 40-20 and 20-0.

For these three sections sediment input was randomly defined relying upon sediment input
functions (e.g. Fig. 6) and calculated discharge rates. A minimum (armoured upper layer for
all tributaries) and a maximum (no armouring for all tributaries) scenario, related to the
restricting transport functions (Fig. 7), are simulated. Within these extremes, 10 scenarios
were compiled by randomly drawing input capacities of each torrential inflow dependent
on the magnitude of the associated flood peak in the torrential sub-catchment.

Sediment Input Approximations for the River Alfenz

1200

B Potential Transport Rate Qs = 15.457+Q0 802
1000 7
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__ 800 .
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2 L]
=
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= 400
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0 20 40 60 80 100 120 140 160 180

Water discharge Q) [m'/s]
Fig. 6. Upper and lower sediment input boundary condition for the River Alfenz

To obtain realistic input distributions only one of the three sections (60-40, 40-20, 20-0) is
allowed to be a dominant source of sediment input. Furthermore, to account for rainfall
clusters a boundary condition for the acceptance of a randomly chosen scenario is defined: a
minimum percentage of 50 % related to the section’s torrential catchment areas had to
deliver maximum sediment input (i.e. potential transport rate). The 12 resulting scenarios
were simulated with observed runoff data taken from the 2005 flood event with an
estimated recurrence interval of 100 years.

2.3 Risk assessment

Accounting for the variability of processes (hydrology, hydrodynamics and sediment
transport) on a micro scale, probability distribution functions for object related inundation
depths can be obtained. The variability of the water surface elevation (Vwsg) is dependent on
the variability of the bed elevation (VgE), as well as on the variability of the hydrologic input
(V).

Vwse=f(Vse | Vi) (2)
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Relating the resulting variability of the water surface elevation (Eq. (2)) with the dyke top
edge elevation (h), the variability of inundation depth (Vip) can be obtained on a micro scale
basis (Eq. (3)).

Vip=f(Vwse | h) 3)

Corresponding to utilisation related damage functions (fp), typically based on the
inundation depth (h;) and the associated damage (D), a damage probability function (fpp)
can be derived by multiplying the damage function (inundation depth dependent) with the
variability of the inundation depth (Fig. 3, Eq. (4)).

Sfor=Vip*fp(D | hi) 4)

Sediment input
Q=2Q"]

8 tributaries simulated
47 unobserved tributaries estimated

« 4 9%

Minimum Spatial rainfall Maximum
armoured distribution no
upper laver Q | | : armouring
Northern Central Southern
niver reach river reach river reach
km 20-0 km 40-20 tam 60-40
I 1 scenario l l 5 scenarios | , 3 scenarios | l 2 scenarios I ' 1 scenario I

12 sediment transport scenarios
modelled with hydrologic gauging data of the flood event 2005

Fig. 7. Derivation of scenarios for sediment input variation

3. Results

Variability and uncertainty is described related to the processes hydrology, hydrodynamics
and sediment transport as well as risk assessment based on the scenario analyses. The
results of hazard assessment are expressed quantitatively, the results of vulnerability
assessment qualitatively.

3.1 Hydrology

Fig. 8 illustrates 126 flood waves resulting of 100-years rainfall events as described in Fig. 4
for the catchment outlet at Gisingen as well as the relative distribution of associated peak
discharges. The effects of applied parameter variations, which can be seen as a way of taking
into account various uncertainties related to the hydrological assessment of design floods,
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are shown in Table 1. Each variation of a single parameter over the full range of applied
values - while keeping the others constant - yields a maximum variation in resulting runoff
peaks. For a relative measure this value is related to the mean discharge of runoff peaks. The
values given in Table 1 are the mean of relative peak variations for all considered scenarios.
This mean relative variation shows the sensitivity of the flood simulation to changes in the
respective parameter and establishes an evaluation approach for the respective uncertainty.
Regarding the basin outlet at Gisingen, the spatial distribution of rainfall has the smallest
impact on flood peaks. Obviously, this impact is much higher at the most-upstream gauges
with a smaller catchment area (with either high or low precipitation), with relative runoff
peak variations of up to 117 %. The mean variation for all Ill gauges is 41 %. Even though
only three different spatial patterns are tested in this study, this shows that the importance
of considering uncertainty of spatial rainfall distribution for design flood simulations
depends on the spatial focus of the subsequent assessment. Other parameter variations lead
to similar runoff peak variations at the basin outlet and at upstream gauges. With 11%
relative runoff peak variation, changes in the temporal distribution of rainfall have a
markedly lower impact on flood peaks than variations of the initial catchment conditions
(27%) The variation of ARF for 12-hour storms has by far the largest effect on simulated
flood hydrographs, as it directly alteres the total depth of a precipitation scenario. Storm
duration, the second parameter influencing total precipitation depth cannot directly be
assessed for the River Ill, because 12-hour and 24-hour storms are determined with different
methods and other factors apart from duration influenced the resulting total depth. An
evaluation of 2 to 12-hour storms resulting only from the mentioned meteorological
convective storm model for Ill tributary sub-catchments shows mean variations in simulated
runoff peaks of 20 % (Stanzel et al., 2007). In this analysis also uncertainty related to the
estimation of fast runoff model parameters is investigated. Resulting runoff peak variations
in tributary rivers are rather small (5 %) - as better observations are available for calibration
on the River Ill, the effects of uncertainty in parameter estimation is assumed to be even
smaller when regarding the entire basin.

Calculated hydrographs for the Pegel Gisingen (basin outlet) Distribution of
based on rainfall events with a 100-year return period peaks
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Fig. 8. Calculated hydrographs for 100-year rainfall events and distribution of simulated
peak values
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In relation to the normative 100-year design value of 820 m3/s at the gauge in Gisingen, the
simulated peaks range from 45 % to 160 %. Several peaks are far below as well as over the 90
% confidence interval of statistical extreme value analyses of observed runoff, underlining
that 100-year rainfall events produce flood events of different return periods. Yet, the large
range of hydrographs shows how much of the possible variability of flood waves is
disregarded by a design flood approach.

Varied Parameter Mean variation of simulated runoff peaks at Gisingen
Spatial rainfall distribution 4 %

Temporal rainfall distribution 11 %

Initial catchment conditions 27 %

Areal reduction factor 88 %

Table 1. Sensitivity of flood peaks due to input variation for Gisingen (basin outlet)

3.2 Hydrodynamics and sediment transport

Hydrodynamic and sediment transport simulation results are illustrated exemplarily for a
highly dynamic section (km 30 to 29) chosen from the considered 60 km. The selected river
section is characterised by a torrential inflow located at the upper boundary. The sediment
input function of this torrential inflow is documented in Fig. 6. The first 300 m of the
considered reach are dominated by hydraulic structures (in- and outflow for energy
generation, weir and chute) which cause spacious accumulations of sediment due to a
reduction of flow velocity and accordingly to lower shear stress. In the case of higher
discharge the accumulated sediment moves downstream where a dynamic river bed is
encountered.

In Fig.9 the modifications of river bed elevations due to hydrological and sediment input
variations are illustrated. The three lines represent the maximum (dark grey), the mean
(dashed grey) and the minimum (light grey) calculated bed elevation changes resulting from
varying the discharge by means of 126 scenarios (Fig. 4). The inflow of the tributary
immediately upstream km 30 leads to locally calculated accumulations of roughly 0.80 m.
The black vertical lines indicate the station of considered cross sections and display the
range of calculated bed elevation changes due to randomly selected sediment input of
torrential inflows. The magnitude is based on the simulation of 12 input scenarios (Fig. 7).
Fig. 10 outlines the differences (max/min) of water surface elevation and embankment
elevation. Continuous lines correspond to the orographic right-hand hinterland with
numerous utilisations such as private housing. Thick lines define the limits due to
hydrological input variation and the thin ones, the limits due to sediment input scenarios.
Corresponding to the orographic left-hand side, with no vulnerable utilisations, results are
represented by grey dashed lines (thick for hydrology and thin for sediment input). The
value 0.00 represents a water surface elevation equal to the dyke top edge. Overtopping
occurs when displayed lines show positive values.

Due to hydrologic input variation (126 scenarios - 25 % of them exceed the design water
level, see Fig. 8), a high probability of overtopping is indicated. Considering sediment input
variation (12 scenarios) based on discharge data of a 100-year flood (2005) only the lower
part of the section is subjected to inundation. From chainage 29,100 m to 29,000 m even the
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minimum values of calculated water surface elevations lead to inundation of the flood plain.
Therefore, damages have to be expected for floods lower the design value of the protection
scheme (recurrence interval of 100 years, including freeboard).

Simulated bed elevation changes due to hydrological and sediment input variation
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Fig. 9. Changes of river bed elevations due to hydrological and sediment input variation
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Fig. 10. Differences of water surface elevations and dyke top edge

3.3 Risk assessment

The associated uncertainty of results obtained by design-flood-based procedures (BMFLUW,
2006 a) is emphasized by the overtopping probability caused by 138 considered scenarios
(126 hydrologic scenarios, 12 sediment transport scenarios; Fig. 11). Alongside the River Il
settlements and utilisations are mainly protected by dykes and natural barriers with an
estimated flood safety up to a recurrence interval of 100 years. Fig. 11 outlines the
probability of overtopping along the 60 km due to variation of discharge input (126
scenarios).

The calculated overtopping probability of 12.27 % indicates that 7.4 km are not protected
against floods caused by 100-year rainfall events which have not been previously identified
as such. In the frame of this study affected utilizations are not elaborated in detail. The
analysis of the section displayed in Fig. 9 and Fig. 10 (km 30-29) proves that there are also
settlements in the inundated areas.
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Referring to the results of the hydrological input variation, it has to be underlined, that
considered discharges resulting from 100-year rainfall events lead to as much as 160 % of the
applied design value discharge (normative 100-year flood event) for the gauge furthest
downstream.

Analysing scenarios by means of sediment input variation obtained by an observed 100-year
flood event in the year 2005, the overtopping probability equals 1.59 % for the entire reach.
Nevertheless, at 40 cross sections dykes or barriers are overtopped and therefore most likely
to break.

Overtopping probability and height for 1579 cross sections

100 -
90

87.73

5.34 3.11 1.92 1.90

Overtopped cross sections [ %]

No overtopping 0.00-0.50 0.50-1.00 1.00-1.50 >1.50
Overtopping height [m]

Fig. 11. Overtopping probability and height

4. Conclusion

Integrating river bed dynamics to flood risk assessment enables a refined, more realistic,
estimation of water tables and inundation lines. Obviously, uncertainty increases by
including additional processes such as sudden changes of the river bed. However, the
opportunity to identify related variability is provided. The presented method provides an
identification of process related variability and uncertainty, considering hydrologic input
generation, hydrodynamic and sediment transport.

To obtain reliable results it is essential to analyse scenarios from “no damage” up to the
“worst case”. State of the art approaches usually consider a small number of design flood
events (in Austria: HQ3o, HQ100, HQ300) to assess the overall flood risk which are usually
in between “no damage” and “worst case”. Thinking about protected areas a HQsq is by
no means appropriate to assess worst case scenarios - in these cases flood risk will be
under-estimated remarkably. Additionally, normatively defined scenarios usually rely
upon uniform recurrence intervals of flood peaks at any location in the catchment area
independent from the overall size, i.e. they disregard spatial and temporal rainfall
characteristics. Therefore, the presented survey adapts state of the art approaches by
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substituting the scenario approach (a few normatively defined design floods) through a
multi scenario approach by means of variation of inputs (hydrographs and sediment
load).

Further, vulnerability analyses and damage estimation tools were improved
methodologically by interrelating the overtopping probability, the variability of inundation
depth and a damage function to obtain a damage-probability relationship (Fig. 3). Hence,
uncertainty and sensitivity are implicitly comprised in the probability distribution function
of the expected damage.

Discharge input scenarios are obtained by rainfall-runoff simulations with different 100-year
rainfall events. Sediment input scenarios are simulated based on a flood event with an
estimated recurrence interval of 100 years by randomly drawing loads of torrential inflows.
A sensitivity analysis indicates that the discharge input variation leads to flood peaks as
high as 160 % of the normative 100-year design flood. A higher probability of inundations of
vulnerable utilizations like settlements, infrastructure, etc. results from discharge input
variation (12.3 %) than from sediment input variations (1.6 %). Regarding the magnitude of
bed elevation changes, however, the influence of sediment input variation is found to be
much higher than the influence of discharge input variations. Consequently, the derivation
of sediment input functions appears to be the most important task wherever the
incorporation of sediment transport calculations or estimations are applicable. In this
context scarce data availability seems to be the restricting factor (Nachtnebel & Neuhold,
2008). Therefore, an upgrade of continuous sediment gauges as well as the volumetric
survey of accumulations, especially after flood events, is desirable. By means of an extended
data base the derivation of sediment input functions as well as calibration and validation of
sediment transport models would be more feasible and should be adaptable to further river
types and scales.

Results indicate that damage has to be assumed where safety was expected. This clearly
implies that flood risk assessment approaches should be revised with respect to a multi-
scenario and multi-process approach to obtain a more realistic basis for decision
making.
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