QUANTIFYING FLOOD RISK UNDER UNCERTAINTIES — OVERVIEW OF A
PROBABILISTIC ASSESSMENT APPROACH FOR THE BAVARIAN DANUBE
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ABSTRACT

Flood risk mitigation measures should be based on a thorough risk assessment that explicitly incorporates uncertainties associated with
the modelling of hazard, vulnerability, and exposure. The flood process chain from precipitation, runoff generation, flood routing, possible
dike failures, and inundation to damage is complex. This makes flood modelling computationally demanding, which is a challenge for flood
risk analyses, especially at large spatial scales. For this reason, we develop a dynamic probabilistic flood risk model that efficiently utilizes
pre-computed runs of climate, hydrological and hydraulic models to limit run-time. This model is embedded in a Monte Carlo framework,
which is hierarchically structured in two layers to separate between aleatory uncertainty resulting from natural variabilities and epistemic
model uncertainty. The flood risk model is applied to the Bavarian Danube and used to quantify the benefit of flood protection measures

and support decision-making.

INTRODUCTION

Due to climate change, more heavy rainfall events as well as a dynamic change of superposition effects of flood triggers and amplifiers can
lead to an increase in intensity and frequency of extreme flood events in the Bavarian Danube region (Ludwig et al., 2019). At the same
time, asset values and dense population are often concentrated behind flood protection structures, and they are predicted to further increase
along the Bavarian Danube in the future (Greiving, 2016). These protection structures may fail in case of extreme flood events, which can
cause high tangible and intangible damages. This necessitates adaptation and mitigation measures that can efficiently reduce the flood risk to
society. To decide between a variety of possible flood risk mitigation measures and allocate funds reasonably, the benefits of these measures

need to be assessed. For that purpose, an assessment approach is needed to estimate the flood risk for different combinations of measures.

Flood risk has traditionally been assessed using deterministic relationships between flood frequency, flood extent and flood damage (Mess-
ner et al., 2007). Thereby, aleatory uncertainty resulting from natural randomness of the process is considered only partially. Random factors,
such as the possibility of dike failures, are not considered in this assessment approach. A flood of a given return period thus always results
in the same damage prediction, which is referred to as a static approach in this work. Moreover, epistemic uncertainty, i.e., uncertainty
that is due to necessary simplifications in the model and incomplete data, is not explicitly included in the risk assessment but is addressed

implicitly in flood defence engineering, e.g., by applying safety factors or free boards.

In the last decades, many studies in the literature have highlighted the effect of uncertainties on flood risk assessment (Apel et al., 2006;
Domenghetti et al., 2013; Hall and Solomatine, 2008). Hence, new integrated and dynamic flood risk assessment approaches are needed that
can explicitly account for uncertainties and their influence. Various probabilistic flood risk models have been introduced for rivers in Ger-
many and central Europe (Apel et al., 2006; Vorogushyn 2008; Sayers et al., 2008). Even though the model approaches are not site-specific,

the available data sources, modelling tools and research focus can limit their transferability from one catchment to another.

This contribution gives an overview of a dynamic probabilistic flood risk assessment model currently under development for the Bavarian
Danube region. By utilizing pre-computed runs of climate, hydrological and hydraulic models, the flood risk model is computationally effi-
cient. It is embedded in a Monte Carlo simulation and can be employed with different combinations of flood protection measures to estimate
their benefit. A second-level Monte Carlo simulation is incorporated to quantify the influence of epistemic uncertainties on the estimates of

flood risk and benefit of flood protection measures.

STUDY AREA

The study area comprises the catchment of the Danube in Bavaria, Germany, which has a length of 380 km. In the scope of this work, the
river reach is discretized into segments of varying length, roughly between 1_seg=300-600 m. Previous studies have shown that the response
of segments of this length to hydraulic loading can be considered as independent of each other (Vorogushyn, 2008). Every segment is
either characterized as dike or non-dike, as shown in Figure 1. All dike segments are modelled as potential locations for overtopping and

breaching.
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Figure 1: Overview of the considered dikes in the study area.

FLOOD RISK MODEL

The dynamic probabilistic flood risk model consists of three modules: hydrological load module, flood simulation module, and damage
module. They are embedded and interconnected in a Monte Carlo simulation framework, as depicted in Figure 2. For all modules, simple
and computationally efficient approaches are developed. Hereinafter, the three modules and the treatment of the inherent randomness
within these modules is described. In the next chapter, the incorporation of epistemic model uncertainty in the analysis is outlined and the
probabilistic flood risk evaluation summarized.
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Figure 2: Schematic overview of the developed dynamic probabilistic model.

Hydrological load module:

The basis of the probabilistic flood risk assessment is a set of flood scenarios, which represents the inherent natural randomness of the
precipitation and hydrological runoff processes. These scenarios were extracted from the results of the ClimEx project (Ludwig et al., 2019),
which quasi-randomly simulated hydrometeorological events in Bavaria over the period from 1980 - 2099 applying the IPCC emission
scenario RCP8.5 (IPCC, 2013). From these simulations, we utilize the outcome of 50 transient climate simulations of the years 1980-2050,
resulting in evaluations of 3500 model years. After intermediate simulations of runoff generation and flood routing in the catchment, 72
flood scenarios that exceed a 100-year flood at any segment along the Bavarian Danube are identified and simulated in the 1D hydraulic
modelling tool SOBEK (Deltares, 2021). These 72 flood events are considered as Monte Carlo samples of flood events that can potentially
lead to damage. Since they are extracted from 3500 model years, the rate of occurrence of a flood event is A=72/3500 yr/(-1). For every flood

scenario, calculated discharges and water levels are available in a temporal resolution of one hour at every river segment.
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Flood simulation module:
This module consists of the three sub-modules dike failure module, hydrodynamic module, and inundation module. They are interconnect-

ed within a Matlab environment.

Dike failure module:

Dike breaches are simulated probabilistically based on a fragility function that was developed in two steps. In the first step, the analytical
limit state functions proposed by Vorogushyn (2008) were evaluated. They describe dike failure due to overtopping, piping, and slope insta-
bility due to seepage flow through the dike. Probability distributions (Vorogushyn, 2008) were used for all uncertain input parameters. We
derived the failure probability conditional on multiple load parameters, such as the water level and the overtopping duration. In a second
step, these conditional failure probability functions were evaluated at all dike segments in the study area with the flood scenarios of the
hydrological load module. By taking the expected value of the breach occurrence probability given the maximum water level relative to the
crest height at each dike segment, a failure probability conditional only on the relative water level p_failure (w) was obtained. This one-di-
mensional fragility function implicitly contains information about the characteristics of the considered flood scenarios. Hence, it should not

be understood as a universal fragility function.

With the developed fragility function, so-called breach resistances w_b are sampled for every dike segment within the Monte Carlo analysis.
They define the water level at which a dike fails. For every dike segment, the breach resistance is compared to the water level w(t) at each
time step to test against breaching. For that purpose, the discretized discharges q(t) need to be converted into water levels w(t) at run time.
Therefore, the relationship between water level and discharge is derived for all river segments based on the w-q data pairs generated in the
1D hydraulic SOBEK simulations. Given a dike failure, the breach width b is quasi-randomly sampled from a truncated log-normal proba-

bility density function proposed by Vorogushyn (2008).

Inundation module:

In case of dike failure or overtopping, the discharge through the breach or over the dike is calculated using the formula of Poleni for broad
crested weirs, modified by a dike breakage parameter pA* (Kamrath et al., 2006). The relationship between inundation volume and inunda-
tion height is derived for every dike segment using a pre-processing geographic information system (GIS) based, static inundation analysis.
These relationships are used to limit the inundation volume whenever the water level in the inundation area exceeds the water level in the
river at the breach location or the height of adjacent downstream located dike segments. In this way, backwater processes are accounted for
indirectly. By multiplying the discretized discharge values with the temporal resolution of At=3600 s, the corresponding inundation volumes

are obtained.

Hydrodynamic module:

The decrease in discharge in the river channel due to dike failures or dike overtopping is propagated downstream at runtime in the Monte
Carlo simulation. For that purpose, a simple vector-based approach is developed which is based on the idea of splitting the propagation
into a translation and a retention effect. For their derivation, 1D hydraulic flood simulations are generated with SOBEK. Each entry i of the
translation vector shows the amount of time steps it takes until the centroid of the discharge reduction reaches the i-th segment downstream
of the breach. The retention vector determines the temporal dilation effect of the discharge reduction due to attenuation, retention and
stretching effects in the river channel. The retention vector is composed of a segment-specific as well as a non-segment-specific vector. A
visual comparison shows that the accuracy of the vector-based approach is high. This enables a dynamic update of the discharges without

coupling the probabilistic model to a 1D hydraulic model at run time.

Damage module:

In a second pre-processing GIS-analysis, the relationship between inundation height and direct tangible damage is derived for every dike
segment by intersecting the inundation areas generated in the inundation module, a digital elevation model and the Basic European Assets
Map (Assmann et al., 2018), and multiplying the resulting damage potential with land-use specific damage functions (Assmann et al., 2018).
The Basic European Assets Map contains asset values per area unit [€mA2 | categorized into 12 different land use classes. By incorporating
the relationships between inundation volume and inundation height generated in the inundation module, the relationships between flood
volume and direct tangible damages are obtained. Indirect tangible damages are included by multiplying the direct tangible damages with

a constant factor of f iD=0.3 (Bruijn et al., 2015; Olesen et al., 2017). Intangible damages are quantified in non-monetary terms.

UNCERTAINTY ANALYSIS
Epistemic model uncertainty is unavoidably present in flood risk assessments. While the first-level Monte Carlo simulation accounts for the
influence of the inherent randomness of natural processes, a second-level Monte Carlo simulation is incorporated to consider the influence

of epistemic model uncertainties. For that reason, the uncertainty of 13 model parameters is quantified using derived probability distribu-
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tions. The hierarchical two-level Monte Carlo setup allows separating the influence of model uncertainties from natural variabilities inherent
in flood processes. For every of the n_epistemic=200 sets of quasi-random realizations of the epistemic model parameters, the first-level
Monte Carlo simulation is performed. Therein, the dike breach resistance and breach length are sampled n_aleatory1=50 times for all n_ale-

atory2=72 flood scenarios. Thus, a total sample size of n_sample=n_aleatoryl-n_aleatory2-n_epistemic=720'000 is used.

RESULTS

The developed flood risk model is applied to the Bavarian Danube. The resulting loss exceedance curve is schematically shown in blue in
Figure 3. Note that no numbers are provided here because results are still preliminary. The annual flood risk is calculated as the integral
over the loss exceedance curve (i.e., it is the area under the curve). The benefit of a flood risk mitigation measure can be estimated by re-
running the flood risk model with the measure’s implementation, which results in a new loss exceedance curve indicated with the red line
for an example measure. By summing up the discounted difference in annual flood risk with and without the measure over the duration of

its lifetime, an estimate of the benefit is obtained.
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Figure 3: Loss exceedance curve for the Bavarian Danube with and without a mitigation measure.

The expected annual flood risk is estimated based on the samples. To enable the separation of uncertainties, a Gaussian process (Rasmussen
et al., 2000) is used to approximate the distribution of the annual flood risk resulting from model uncertainties. The obtained distribution is

schematically shown in Figure 4.
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Figure 4: Schematic distribution of annual flood risk at the Bavarian Danube.

DISCUSSION

The development of the presented flood risk model is based on a number of necessary modelling choices. One of them is to use flood
scenarios based on the climate of the years 1980 until 2050, as mentioned above. However, many flood risk mitigation measures have a
predicted lifetime of at least 70-100 years. During that period, extreme flood events are predicted to increase in frequency and magnitude
but also change in their characteristics due to seasonal shifts in precipitation and compound events at the Bavarian Danube (Ludwig et
al., 2019). These consequences of climate change on the flood hazard can be incorporated by using flood events resulting from the entire
ClimEx time series reaching until 2099, which, however, are accompanied by larger uncertainty than those until 2050. The individual effect
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resulting from an increase in flood frequency can be quantified by increasing the occurrence probability of a flood A(t=2020)=72/3500 yrA(-
1 over time t by a factor F(t). Based on climate models for Bavaria, this factor is estimated to increase until the end of the century in the
range of F(t=2100)=1.2-5 (Ludwig et al., 2019). The risk scales linearly with the mean value of A(t). By contrast, discounting considered in

the benefit assessment decreases the influence of an increasing A(t) for risk contributions of the farther future.

The complex nature of the flood process chain and the low occurrence frequency of observable flood events limit the possibilities to val-
idate the model as well as model results. Some modules or module parts can be validated or compared with more sophisticated models.
We validated for example the flood routing approach and the magnitude of the volume-damage function at two locations using damage
estimates of two historic flood events. Validation of other modules, for example the dike fragility model as well as the interaction between
the modules, remains a challenge. Quantifying uncertainty in the assessment and performing a sensitivity analysis helps to estimate the in-
fluence of uncertainty and attribute it to different model assumptions and uncertain parameters and communicate these to the stakeholders.

We therefore also perform a formal sensitivity analysis, as described in Ruf et al. (2023).

The model is developed in a macroscale context at catchment scale. It is designed to quantify the benefit of different combinations of flood
risk mitigation measures that have a regional or trans-regional effect, e.g., flood detention basins or reservoirs. Therein, local inaccuracies are
accepted. If the model is applied to a local decision context, e.g., dike elevations at specific locations, a locally more detailed sub-model can
be integrated into the flood risk model. Generally, models and tools like the presented flood risk model can help to motivate stakeholders

to conduct risk and uncertainty analyses. This can support the decision-making process based on comprehensible and consistent criteria.

CONCLUSIONS

We develop a dynamic probabilistic flood risk model for applications at the river scale that is computationally efficient. The model is incor-
porated in a hierarchical Monte Carlo simulation framework that enables it to account for different sources of uncertainty and analyse their
effects independently. In this work, the flood risk model is applied to the Bavarian Danube, which shows the models applicability to assess
flood risk and benefit of measures at catchment-scale. The annual flood risk is estimated, together with its uncertainty, and can be used to

assess the benefit of flood risk mitigation measures.
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