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ARTICLE INFO ABSTRACT

Keywords: Major river and flash flood events have accumulated in Central and Eastern Europe over the last decade re-
Danube River basin minding the public as well as the insurance sector that climate related risks are likely to become even more
Flood risk damaging and prevalent as climate patterns change. However, information about current and future hydro-

Climate services

climatic extremes is often not available. The Future Danube Model (FDM) is an end-user driven multi-hazard and
Climate change

risk model suite for the Danube region that has been developed to provide climate services related to perils such
as heavy precipitation, heat waves, floods, and droughts under recent and scenario conditions. As a result, it
provides spatially consistent information on extreme events and natural resources throughout the entire Danube
catchment. It can be used to quantify climate risks, to support the implementation of the EU framework di-
rectives, for climate informed urban and land use planning, water resources management, and for climate
proofing of large scale infrastructural planning including cost benefit analysis. The model suite consists of five
individual and exchangeable modules: a weather and climate module, a hydrological module, a risk module, an
adaptation module, and a web-based visualization module. They are linked in such a way that output from one
module can either be used standalone or fed into subsequent modules. The utility of the tool has been tested by
experts and stakeholders. The results show that more and more intense hydrological extremes are likely to occur
under climate scenario conditions, e.g. higher order floods may occur more frequently.

Practical implications the equation when modelling catastrophe risk.

Furthermore, to protect people and assets in the Danube re-
gion, e.g., management strategies, flood defenses and drainage
systems must be adapted to the changed conditions. To adapt the
drainage and flood control systems however raises practical
questions. Where and how much will the flood risk change, what
kind of water damage can be expected, what improvements need
to be made to maintain or increase the acceptable safety levels of
flood and drainage systems? Engineering practice usually rely on
fixed design values that are inferred from historical observations.

The severity of extremes such as flash floods, fluvial floods and
droughts is compounded by climate change, and this has come
into the awareness of the public sector and insurance industry
over the past decade. The insurance industry, for example, has
hitherto based its catastrophe loss assessment on historical ex-
perience data and is now looking to, and examining how to bring
the impact of climate change on natural and elemental perils into
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Given the observed accumulation of major river and flash flood
events in the Danube region over the last decades that fall in line
with the projected increases in flood risk due to climate change, it
is imperative that these design values are updated. However, the
development of adaptive measures not only raises engineering
issues, it also has an impact on the financial foundation of such
developments. If, in the foreseeable future, significant building
tasks need to be undertaken to ensure an adequate protection
against increasing occurrences of floods with high levels of water
damage, support and acceptance by policy makers and society in
general is key.

The Future Danube Model (FDM) suite provides quantitative
information and risk assessment based on state-of-the-art knowl-
edge, aimed at improving decision-support at all levels for which
the implications of a changing climate are an issue, ranging from
public administrations to business operators, including the in-
surance industry. Importantly, there is complete transparency
with respect to the methods used along all parts of the modelling
chain. It is also a practical example of how scientific research and
modelling work of European academic institutions within the
discipline can join forces with the technical experts of the in-
surance industry to provide a far greater transparency when as-
sessing flood risk along the entire length of the Danube river thus
forming a public-private partnership. There is currently no flood
model used in the industry that combines detailed vulnerability
functions with climate change scenarios. However, insurers are
required by their supervisory authority to calculate realistic dis-
aster scenarios, and make financial provisions accordingly. The
combination of know-how and forces behind the FDM may be a
benchmark for policymakers, scientists and practitioners from the
public sector and the insurance industry in this regard.

The model suite is comprised of five exchangeable modules,
which seamlessly fit together, but can be used individually or
together according to the users’ preferences. All data products are
delivered in standardized formats. They are also fully compliant
with the open source Oasis Loss Modeling Framework (see
below), i.e. to specially provide for the insurance industry.

Module Output Format

Weather/ 200000 years of synthetic Gridded data,
climate  weather data, based on four  spatial
state-of the art climate models,
covering a historical period
and two climate scenarios:
RCP4.5 (high mitigation
scenario) and RCP8.5
(unmitigated scenario).
Hydrology/ Historical and projected daily Gridded data,

Hazard water discharges, fluvial spatial (basin)
floods, pluvial floods &
droughts
Risk Estimated vulnerability for Inundation,

specific areas/sectors tailored fluvial/pluvial
to the needs of the users, water flood risk maps
and inundation levels (pluvial
and fluvial floods), regional
and/or local risk assessment
Adaptation ~ Output from the different NA
modules are fully compliant
with a cost-benefit framework,
which can be tailored to the
user’s requirements
Visualization GIS
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Easy-to-use GIS based
interface based in
OpenStreetMap technology,
all data are compliant with
OasisHub tools

The following case examples serve to illustrate the applic-
ability of the FDM:

1. The role of reservoirs in flood protection in the case of very
large rivers like the Danube is traditionally very low. Hence,
flood protection largely relies on the efficiency of physical
flood defenses. The design value of the height of the flood
protection infrastructures on the Hungarian section of the
Danube is currently based on the flood level that has a 1%
chance of being equaled or exceeded in any given year, also
known as the 100-year flood or base flood. The design value
of the 1% flood level was last modified in 2014 on the basis
of the observed flooding and the calculated flood levels of
the 1% exceeding probability discharge along the Danube in
2013 (see Kovacs et al., 2016). It is imperative to know if the
increased standards, which will underpin the decided im-
provements since 2013, will also be appropriate in the future
or whether they need to be further amended to climate
change. The FDM is an ideal tool to answer this question and
to provide the necessary information for policy makers and
practitioners to decide on suitable adaptations, if needed.

2. The awareness and importance of pluvial floods caused by
extreme rainfall is growing as a result of recent flood events,
e.g., in Budapest, and climate change projections. Pluvial
floods threaten cities particularly due to their high value of
people, property and critical infrastructure per unit area
combined with the high proportion of impervious surfaces.
Urban drainage systems provide the principal line of pro-
tection against inundations caused by flashfloods. In order to
design new infrastructure and/or upgrade existing systems
accordingly, it is essential to have reliable estimates of future
extreme rainfall but also to know the exposure of urban
areas to pluvial floods. From this perspective, pluvial flood
hazard and risk maps as delivered by the FDM suite con-
stitute an essential tool for decision-makers and engineers.

3. The EU Floods Directive demands for a trans-boundary con-
sistent estimation of current and future flood risks. This has
not been done in the current reporting cycle and remains to
be done in the next iteration. The FDM, because it is im-
plemented for the entire catchment and calculates also cli-
mate change impacts, is an ideal tool to support the im-
plementation of the Flood Directive in communication with
the national experts and representatives.

In general, interdisciplinary cooperation is urgently needed to
understand the practical implications of climate change. The
Danube multi-hazard and multi-risk model is designed to be a
model for how this unification process can work.

1. Introduction

Recently, the world has faced an unprecedented increase in the
intensity and frequency of extreme meteorological events and asso-
ciated damages to human life, property and assets (reaching an US$180
billion in annual losses, Swiss Re, 2014). To facilitate appropriate and
climate informed adaptation actions to reduce the vulnerability of our
societies and economies, it is paramount to adequately understand and
quantify these climate related risks (Cortekar et al., 2016). Analysis of
historical flood events as well as projections into the future for Central
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and Eastern Europe show that the intensity and frequency of floods is
likely to increase (EEA, 2012; Petrow and Merz, 2009; Hattermann
et al., 2014, 2016). At the same time, a trend towards more intense
heatwaves and longer periods of little or no precipitation has already
been observed (Della-Marta et al., 2007; EEA, 2012; Russo et al., 2015;
Dong et al., 2017; Hoy et al., 2017), impacting water supply, hydro-
power, and agricultural production. Countries and administrations all
over Europe are currently struggling with the implementation of water
and climate-related European frameworks such as the EU Floods Di-
rective (EU-FD), the EU Water Framework Directive and the corre-
sponding adaptation and mitigation plans. With regard to the EU-FD,
harmonization of the approaches has been promoted and coordinated
by the International Commission for the Protection of the Danube River
(ICPDR). The EU-FD demands explicitly for adjustments of flood risk
maps accounting for climate change, however, this has not been done in
the current reporting cycle.

Also insurers and re-insurers have an interest in understanding the
impact of climate change on the magnitude and frequency of extreme
weather and flood events, in order to adapt their insurance policies to
possibly changing conditions and thereby to curb trends in ever in-
creasing losses and keep risks insurable (Lloyd’s, 2014, Hattermann
et al., 2014). Where the recurrence interval of a 100-year flood may be
estimated in some river sections based on observations, the recurrence
of a higher order flood, e.g. a 1000-year flood event may only be as-
sessed using probabilistic methods in the absence of long-term ob-
servations. A common approach in the insurance sector to assess flood
frequencies is therefore, for instance, stochastic flood modelling based
on the distribution of historical data that involves estimating thousands
of plausible flood events and their return periods (Mitchell-Wallace
et al., 2017).

We apply a similar approach by generating 10,000-year (10 ka) time
series of daily synthetic weather and discharge variables. Such time
series include a large set of extreme events and thus provide the basis
for the application of extreme value statistics to estimate the prob-
abilistic occurrence of events while ideally reducing the uncertainties
for events beyond the time scale of observed data. The novelty of this
approach is that these time series are not only generated based on
historical climate data but also for two future time slices using climate
simulations from four bias-corrected Global Climate Model (GCM) -
Regional Climate Model (RCM) combinations and two climate sce-
narios.

The Future Danube Model (FDM) allows for investigating the im-
pacts of climate change along the entire risk modelling chain, from
weather and climate events, floods, droughts, heatwaves, and storms to
their corresponding hazards and risks and possible adaptation strate-
gies. The FDM is developed in the framework of the OASIS+' and
H2020_Insurance® projects, jointly together with end-users from the
insurance industry and public sector. It enables, for example, the im-
plementation of the WFD and EU-FD by providing a consistent river
basin model to assess multiple hazards and risks in the entire Danube
River basin with harmonised approaches for all riparian countries.

The purpose of this paper is to present and describe the model suite,
its input data and results, with the latter focusing on flood events and
their return periods in the Danube River basin upstream and around the
city of Budapest (Hungary).

2. Methods and data
2.1. Model domain

The model domain of the FDM is the entire Danube River basin that
is shared by 19 countries, is home to more than 81 million people, and

1 http://www.oasisdanube.eu/.
2 https://h2020insurance.oasishub.co/.
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covers an area of 801,000 km? (Fig. 1). Especially for the downstream
part of the basin, information about climate-related extreme event risks
under scenario conditions is currently scarce. To demonstrate the ap-
plication of the FDM, we initially focus on changes of flood return
periods in the upper part of the basin until Nagymaros upstream of the
city of Budapest covering an area of 183,386 km?.

2.2. Input and output data

The FDM integrates several data sources and passes information
down to the subsequent modules as shown in Table 1. All model
components use the E-OBS reanalysis data (Haylock et al., 2008) as
meteorological reference. E-OBS represents a consistent observation
dataset that was used in the IMPACT2C project to bias correct regional
climate model runs of the EURO-CORDEX project (http://www.euro-
cordex.net/) using quantile mapping (c.f. 2015; Wilcke et al., 2013;
Gobiet et al., 2015), which are applied in this study for the scenario
analysis (see Table A1l in the Appendix). The data are used as input to
the climate module of the FDM and permeate through the entire model
chain. The subsequent modules are calibrated using the E-OBS data and
historical observations of flood events.

Fig. 2 displays the modules of the FDM and the main output, which
is further described in the following sections.

2.3. The Future Danube Model

2.3.1. Weather and climate module

The Imperial College Weather Generator (IMAGE) is a new weather
generator that captures both the point statistics and spatial-temporal
autocorrelation of single and multiple variables (Sparks et al., 2017).
IMAGE ingests observations, re-analysis or climate model results to
capture the spatial-temporal statistics. In this application, IMAGE is
used to produce daily weather time series of 10k years representing
historical and projected future climate based on Regional Climate
Model (RCM) simulations driven by Global Climate Model (GCM) sce-
narios. 30years of weather simulations from four different EURO-
CORDEX GCM-RCM combinations (see Table Al in the Appendix), re-
presenting the climate in the past (1970-1999) and in two future per-
iods (2020-2049 and 2070-2099), are used to generate 10k years of
weather for each of the three periods and two climate scenarios. Si-
mulations are chosen to properly represent the entire ensemble’s spread
and being as independent as possible.

The climate scenarios are based on the latest climate scenario gen-
eration of the IPCC (International Panel for Climate Change), the so
called Representative Concentration Pathways (RCPs, van Vuuren et al.,
2011). Two scenarios have been selected to represent possible climate
projections: RCP4.5 constitutes a moderate scenario and RCP8.5 a high-
end scenario with temperature increases around 2.5°C (RCP4.5) and
3.5°C (RCP8.5) until end of this century in the Danube area (Jacob
et al., 2014). Present-day E-OBS weather data with a resolution of 0.25
degrees were used to bias-correct the RCM simulations. While statistical
characteristics of the 10 k years are similar to those of their respective
30-year baseline periods, extreme events of higher recurrence interval
are sampled and generated spatially and temporally consistent over the
entire Danube River basin. All in all, 200 k years of weather data were
generated by the IMAGE model based on 4 GCM-RCM combinations, 2
RCPs, 1 historical and 2 future periods, where each period consists of
10k years. These weather simulations are the main input to the hy-
drological module in the FDM.

Return periods of extreme rainfall events in the mostly exposed sub-
catchments of the Danube River basin simulated with IMAGE show a
very good fit with observations (E-OBS), see Fig. 3. An additional in-
direct validation of the generated information, based on observed flood
extremes, was performed when the weather data were fed into the
hydrological module to translate them into flood events.


http://www.euro-cordex.net/
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Fig. 1. Map of the Danube River basin and four important gauge stations.

Table 1

Input and output data of each module. Output data is passed down into the next module.

Module Input

Output

Weather & climate ® E-OBS reanalysis reference climate (1979-2008)

® EURO-CORDEX regional climate change scenarios (RCP-4.5, RCP-8.5),

ensemble of 4 models

SRTM 90 m elevation

CORINE landcover

Harmonised World Soil Database
GLIMS glacier cover

GRDC discharge data for calibration

Hydrology/Hazard

Risk

EU census data (2011)

Copernicus, OSM)
DFO historical flood observations
CORINE land cover

(focus areas)

application)

Adaptation
stakeholder engagement, including:

- Specific adaptation decision criteria (e.g., protection level, risk

aversion, cost-efficiency)

various building footprint data (Infas, Uni. of Groningen, EU

Flood loss/risk maps and Local information collected, e.g., through

® 10ka daily temperature, precipitation, radiation for the reference period
and 2 future climate periods with 2 scenarios

® 10Xka daily river reach discharge and water levels

® water balance terms at subbasin and hydrotope level (runoff, soil moisture,
etc.)

® flood hazard maps (extent, inundation depth)

® loss maps of residential buildings and commercial sector

Urban land cover based on Sentinel-2 (remote sensing), 10 m resolution

DEM with 10 m resolution (focus areas) or 25 m resolution (large scale

® Cost-benefit analysis of adaptive measures

- Technical description of adaptation measures (e.g., costs, location,

risk reduction potential)

Visualization
municipalities, districts, river sections, sub-regions

rivers, urban areas etc.

Hazard and risk data of the basin or for smaller areas such as

® Hazard and risk maps, graphs, statistics, streamlined to end-user needs

other spatial information such as population density, assets, roads and

2.3.2. Hydrological module

The Soil and Water Integrated Model (SWIM) is an eco-hydrological
model that has been developed at the Potsdam Institute for Climate
Impact Research (Krysanova et al., 2005) to investigate impacts of
changes in climate, land use, and water management (reservoirs and
irrigation) on the catchment hydrology (including floods and droughts)
and vegetation processes (e.g. crop yields) at the regional scale. SWIM
has been applied in various flood related studies (Huang et al., 2013)
also in collaboration with the German Insurance Association
(Hattermann et al., 2014, 2016), and has taken part in model inter-
comparison exercises (Huang et al., 2016).

17

SWIM is a spatially semi-distributed model that generally operates at
a daily time step, but which can simulate important runoff (e.g. in-
filtration) and discharge processes (river routing) on a sub-daily mode. In
the FDM, the hydrological module creates the link between the weather/
climate (IMAGE) and the risk modules. The SWIM model was set up for
the entire Danube River basin with a spatially detailed resolution re-
presented by 13,473 sub-basins (Fig. 4) and 190,000 hydrological re-
sponse units (unique combinations of sub-basins, landuse, soil types and
elevation zones). This high-resolution model enables us to zoom into any
location of interest, such as small tributaries. The model was calibrated
and validated to observed discharge in the reference period 1979-2008
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Fig. 2. The modules of the Future Danube Model (FDM).

Fig. 3. E-OBS (red) and simulated daily rainfall extremes (blue) in the mostly
exposed sub-catchments of the Danube basin. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

at up to 50 gauging stations across the catchment. The evolutionary
multi-objective optimisation algorithm SMS-EMOA (Beume et al., 2007)
was employed to calibrate 13 parameters considering three objective
functions, Nash-Sutcliffe Efficiency (NSE, Nash and Sutcliffe, 1970) of
daily discharge, water balance and the root mean square error of the
flood peaks exceeding Q1 (discharge exceeded 1% of the time). The
mean of the NSE for the 19 discharge gauge stations in the upper part of
the Danube, where this article focusses on, is 0.68, the station with the
poorest result has an NSE of 0.41, and the mean long-term discharge is
bias 1.2%. After calibration, the 10 ka blocks of weather data generated
by IMAGE are used as input to SWIM to simulate daily discharges and to
investigate the impacts of climate change on hydrological parameters
such as future flood and drought return periods and average seasonal or
annual discharge patterns.
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The ability of the hydrological model to reproduce daily flood
events in the upper part of the Danube is illustrated in Fig. 5 for the
main river and important tributaries. While small events and also the
highest events are well reproduced, some of the medium events are seen
to be slightly less accurate. The hydrological model so far does not
consider dikes or polders, where no consistent information exists in
most regions.

To complement SWIM in cases where floods may arise from highly
localized extreme cloudburst events either on their own or in combi-
nation with fluvial floods, the hydrological module also comprises a
pluvial flood model. The pluvial flood model, which creates an in-
dependent link between the weather/climate and the risk modules, is
currently based on the 2D overland flow model embedded in the MIKE
21 modelling suite (MIKE Powered by DHI, 2018), which computes
overland flows in response to precipitation input based on terrain data
and a Digital Elevation Model (DEM). The precipitation input generally
follows the standard of a Chicago Design Storm based on the para-
meters of an assumed Intensity-Duration-Frequency relationship, but
the time series input can in principle take any form.

MIKE 21 is applied worldwide and is here used in a configuration
similar to Kaspersen et al. (2017). In this approach, the pluvial flood
model does not include an explicit representation of subsurface flows
(e.g. the urban drainage system) which are replaced by a “conceptual”
model, emulating to some extent the effect of, e.g., infiltration and
urban drainage. In the simplest form the conceptual model removes
surface water uniformly at a pixel level according to the slope and
fraction of pervious vs. impervious surface within the pixel. For per-
vious surfaces, the corresponding fraction of infiltrated water is re-
moved according to soil type, whereas for impervious surfaces water is
reduced according to, e.g., assumed service level of the drainage
system. In both instances, the infiltration/drainage is in the simplest
case assumed to be homogenous across the modelled area. The con-
ceptual model is generally informed by high-resolution remote sensing
information (Kaspersen et al., 2015). Combined, this makes the model
highly transferable and in principle ensures a similar performance
across sites, which is a quality appreciated by the insurance community.
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Fig. 4. Model sub-basin and calibration area discretisation.

Fig. 5. Return periods of observed (black) and simulated (red) flood events. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

The resolution of the model is defined by the horizontal (and vertical)
resolution of the DEM, which in practice tends to lie between 5 and
25m.

Output from the pluvial flood model (input to the risk module)
optionally includes flood (inundation) depth, flood duration and flow
speeds at the pixel level, e.g. see Fig. 11.

19

2.3.3. Risk module

The purpose of the risk module is to transform the hazard, in our
example the streamflow data of flood events as simulated by the hy-
drological module, into inundation depths maps, to estimate flood da-
mages, and to derive risk indicators as for instance loss exceedance
probability curves or expected annual loss values. The transformation
of hydrological flows into water levels and inundation maps uses non-
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stationary 1D-hydrodynamic approaches and GIS techniques at larger
scales, and coupled non-stationary 1D-, 2D hydrodynamic models
(Falter et al., 2016) at regional scales, as for instance for the German
part of the Danube basin, or for urban scales (Kaspersen et al., 2017).
The flood inundation modelling for river networks considers the in-
teractions of flood wave propagation as for instance superposition of
the waves from different tributaries. The continuous long-term simu-
lation of flood event sets allows taking spatial patterns of flood risk, i.e.
spatially varying magnitude of flood hazards, into account (Falter et al.,
2015).

Inundation depth is the key input variable to flood vulnerability
models (Gerl et al., 2016). Even though the estimation of flood loss is
very sensitive to the choice of the vulnerability model (Apel et al.,
2009), the standard approach to loss estimation is based on highly
simplified functions, which basically relate the damage for the element
at risk to inundation depth. The FDM model suite currently includes the
multi factorial flood loss model FLEMOps +r (Elmer et al., 2010) for
residential buildings which uses multiple variables to explain flood loss
including information about building types, building characteristics,
and event return period. Given the modular structure of FDM, the
model suite will be further extended: i) to include also vulnerability
models for the commercial sector, and ii) to implement advanced
methods for flood loss estimation and associated uncertainty (e.g. using
Bayesian Networks, Schroter et al., 2014), which is an important basis
for informed decision making in risk mitigation and adaptation plan-
ning.

2.3.4. Link to the OASIS Loss Modeling Framework

The resulting flood event sets and vulnerability functions provide
flood hazard footprints and the vulnerability components which can be
used as input to the Oasis Loss Modeling Framework (LMF, see Fig. Al).
This is an open source platform for developing, deploying and ex-
ecuting catastrophe models that has been built in collaboration with the
insurance industry to enable the “plug and play” of hazard and vul-
nerability modules (along with exposure and insurance policy terms) by
way of a set of data standards that describe a model. These data stan-
dards are used as the input for a bespoke calculation kernel adhering to
the demands and best practice standards within the insurance industry.
They produce, e.g., a standard set of risk assessment output reports that
provides ground-up loss data and financial damage (insured loss) of
event scenarios (www.oasislmf.org).

This standardization of the risk assessment using OASIS LMF makes
the FDM results directly accessible to the insurance industry, but also
provides a standardized and transparent risk estimation for applications
beyond.

2.3.5. Adaptation module

Well-planned adaptation measures can help prevent or reduce the
adverse effects (economic losses, damage to infrastructure, lives lost) of
weather related hazards that are likely to be exacerbated by climate
change. Likewise, appropriate adaptation may allow communities to
benefit from potential opportunities of climate change (IPCC, 2014).
Robust adaptation decisions are often achieved by considering the
benefits and costs, i.e. the potential reduction of climate risks or losses
caused by their impacts vs. the costs incurred by installing these
adaptive measures, such as flood protection or changed management
strategies, balanced by the associated (deep) uncertainty (e.g.,
Hallegatte, 2009; Halsnes et al., 2015; Wilby and Dessai, 2010).

In this context interaction with stakeholders is crucial for estab-
lishing which adaptation measures are to be considered, data needs, the
local decision-making context, and realistic values with respect to costs
and (co-)benefits (Kaspersen and Halsnas, 2017). In the FDM, the
adaptation module relies on a dedicated cost-benefit tool, which
seamlessly integrates the output from the preceding modules (in par-
ticular the Risk Module) or similar kinds of hazard and risk information
from other sources (Kaspersen and Halsnees, 2017) with technical
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descriptions of the potential adaptation measures (e.g., costs of im-
plementation) and other local information that is relevant in the deci-
sion-making context. The tool currently visualizes the cost and (co-)
benefits of adaptation in terms of, e.g. adaptation cost curves (ECA,
2009) connecting data, risk information and existing knowledge.

2.3.6. The visualization module, data availability and web frontend

The visualization module serves as an interface to (potential) end-
users. Internet-based open Geographic Information Systems (GIS)
technology integrating OpenStreetMap data is used to visualize and
graphically overlay and analyze the perils and other spatial information
such as population density or assets. The approach enables user inter-
action with maps and other results using the default web browser and
without having to install additional GIS software.

The results can be visualized for larger parts of the basin or for
smaller areas such as municipalities, districts, river sections, sub-re-
gions etc. Some results of the Hydrological and Meteorological and
Climate modules will be available for the entire basin and its sub-re-
gions ready for visualization and analysis, while more specific evalua-
tions e.g. of flash floods in cities will only be there for selected stake-
holders commissioning a specific investigation. A map server also
allows users to integrate results in existing GIS solutions.

The data, models and information are made additionally available
through the OASIS Hub, a global window to free and commercial en-
vironmental and risk data, tools and services (https://oasishub.co/).
The Oasis HUB is technically an online portal and marketplace for the
publishing and purchasing of environmental data, adaptation planning
tools, models and services.

3. Selected results and discussion

The following results were selected in such a way that they provide
an insight and an overview about data and information provided by the
different modules, which may be of interest for end-users in the public
and private sectors.

3.1. Flood hazard under climate change

Using the detailed resolution of the hydrological module, changes in
the recurrence of the 100-year flood can be estimated for all sub-basins
as given in Fig. 6 (top) for RCP-8.5 in 2020-2049. The hydrological
module was driven by the 10 ka weather time series produced by the
IMAGE weather generator for each of the time slices. Flood events were
identified for each sub-basin using the Peak Over Threshold (POT)
approach using the Q1 discharge as minimal exceedance value. At the
ensemble median the present day 100-year flood is projected to occur
more often in the catchment upstream of Budapest with some excep-
tions in the north-eastern parts. In the German part of the catchment, it
would occur every 20-40 years and every 40-60 years in the Austrian
and Hungarian part. Some river reaches in the Czech and Slovakian
parts show decreases in the occurrence.

Also given is the ensemble agreement in the change signals of the
scenario model runs driven by the four EURO-CORDEX models (Fig. 6
bottom). It is evident that most models agree on an increase in the
frequency of the 100-year flood. In some smaller river reaches only 3
out of 4 models predict an increase in frequencies, while the decreases
in the Slovakian and Czech parts are confirmed by 3 out of 4 models.

A detailed flood hazard analysis for the catchment at the gauging
stations Achleiten (just downstream of the German border) and
Nagymaros (just upstream of Budapest, see Fig. 1) is provided in Fig. 7,
assessing potential changes in flood frequencies over the 21st century.
The figures show flood frequencies for the reference and the two future
periods under both RCP scenarios. Flood peaks corresponding to re-
spective return periods increase in both future periods and both sce-
narios compared to the historical period. The increase of flood peaks is
higher in the far future than in the near future. The differences between
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Fig. 6. Top: Recurrence of the present 100-year flood magnitude in the near future (2020-2049). Changes in ensemble median values are shown. 100-year flood
occurs more frequently in blue shaded streams and less frequently in red shaded streams. Bottom: Number of projections agreeing in a positive or negative trend (out

of the 4 EURO-CORDEX model runs fed into the hydrological model).

historical and future flood peaks increase with higher return periods.
The projected increase of flood peaks is higher under RCP8.5 than in
RCP4.5, especially in the far future. The underlying data are available
for each of the 13,473 sub-basins.

3.2. Droughts and low flows under climate change

Besides floods, information on low flow conditions is of interest for
example to water supply companies and the shipping industry. The
projected impacts on the flow regime are illustrated in Fig. 8. While the
annual mean discharge is increasing, we also see lower discharge in
summer. This trend is more pronounced in the high end scenario.
Winter and spring discharge is projected to increase under both sce-
narios and future climate periods.
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3.3. Fluvial flood risk

Long term continuous simulations of hydrodynamic flood processes
using the coupled 1D-2D flood model (Falter et al., 2016) have been
conducted for the major river network (along 4150 km) of the German
part of the Danube basin. The plausibility of the hydro-dynamic model
set-up has been successfully checked using water level observations at
various gauges and flood masks from historic events (1999, 2002 and
2006 floods) in the area.

The results of the hydro-dynamic models are maximum inundation
depth information in cm above ground level on a 100 m grid, see Fig. 9
for an example detail, and maps of event return periods. Due to con-
siderable computational costs, sample inundation maps are derived, so
far, only for a time period of 100 years (from 10,000 years) for the
historical period (1970-1990) and two RCPs (4.5 and 8.5) for the near
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Fig. 7. Multi-model median (circles) and ensemble ranges (error bars) of flood
recurrence intervals and their magnitudes for the medium emissions scenario
RCP4.5 (left) and the high end scenario RCP8.5 (right) at the gauging station
Achleiten (at the border Germany to Austria) and Nagymaros (just upstream of
Budapest) over the 21st century.

future (2020-2049) and far future (2070-2099) for the four EURO-
CORDEX models (Schroter et al., 2017a).

The inundation maps are used as input to the flood vulnerability
model FLEMPps+r (Elmer et al., 2010). Besides flood inundation
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depth, this model uses information about building types, building
quality and the return period of the flood event to estimate relative loss
to residential buildings based on ATKIS land-use information. Economic
loss is calculated using spatially disaggregated information on the re-
sidential building stock (Kleist et al., 2006, Wiinsch et al., 2009). As an
outcome, spatially detailed damage maps for the flood event set are
obtained (Schroter et al., 2017b). These data can be further analysed
and evaluated for the assessment of future flood risk under different
scenarios and adaptation planning using for instance cost-benefit ana-
lyses.

As an example Fig. 10 shows the development of flood risk in terms
of exceedance probability curves of residential flood loss in the German
part of the Danube basin for the reference climate and time period, as
well as for future time periods and climate projections based on the four
CORDEX models under RCP4.5 and RCP8.5. The spread of loss esti-
mates is due to the different CORDEX model inputs and increases for
events with lower probability. This emphasises the need to consider a
large sample of damaging flood events (i.e. propagate the stochastic
event set along the flood risk chain) to provide robust risk estimates.
While these results represent the aggregated perspective for the whole
study region, these outputs can also be derived on any other spatial unit
(e.g. districts, municipalities, sub-basins and also individual objects at
risk or a selection of objects) according to the portfolio of an insurer or
the demand of another end-user.

In perspective, the simulations can be extended to cover the full
10,000 years of simulations for the different climate models, RCPs and
time periods. It is planned to further develop flood vulnerability mod-
elling to use Bayesian networks as a probabilistic approach to flood loss
estimation (Schroter et al., 2014; Wagenaar et al., 2018). All model
components of the model suite are process based models which allow
the quantitative analysis and evaluation of flood mitigation measures.

3.4. Pluvial flood risk

Based on the feedback from end-users, a rather new feature of the
FDM is the 2D modelling of pluvial flooding in cities, which is currently
being implemented for Budapest (see Fig. 11). The specific metho-
dology used in the FDM has previously been tested in several European
cities (Kaspersen et al., 2017). For increased accuracy, the pluvial flood
model combines an urban remote sensing and flood modelling ap-
proach to simulate the occurrence and extent of flooding for a range of
sub-daily design precipitation events under current and expected future

Fig. 8. Change in seasonal discharge in the Danube at Nagymaros. Relative change with regards to the reference period (1971-2000) is shown using the model

ensemble median with min-max uncertainty range for both future periods.
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Fig. 9. Example output of the 2D flood model. In blue the inundation, in orange and red residential areas affected by the flood.

Fig. 10. Exceedance probability curves of residential flood loss in the German
part of the Danube basin for different time periods and climate scenarios using
4 CORDEX models as climate drivers.

climate conditions provided by the weather and climate module. The
effects of the urban drainage system in terms of mitigating flash floods
are considered assuming a simplified conceptual drainage system
model. This emulates the effect of urban drainage from impervious
surfaces and infiltration from vegetated areas. In the case of Budapest
the normal capacity of the urban drainage system varies geographically
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from what corresponds to a 1- or 2-year return level precipitation event
up to a 10+ year return level event (for part of the main sewers).

Fig. 11 shows example results from Budapest based on a digital
elevation model of 25 m resolution and urban land cover inferred from
remotely sensed information. The map gives the inundation depth fol-
lowing a flash flood corresponding to a 2-year and a 100-year return
level event under current climatic conditions. Similar maps were ob-
tained for two RCP scenarios (RCP4.5 and RCP8.5) and varying land
cover conditions, demonstrating an increased risk and severity of plu-
vial floods for future climatic conditions.

As in the case of the 2D fluvial flood model described above, the
results of the pluvial flood model readily feeds into the risk module. In
this way, for relevant cases it is possible to simultaneously evaluate the
combined risk of river floods and pluvial floods, whereas in cases where
it is less important to address this within a multi-hazard and multi-risk
perspective, the risk assessment produced by means of the FDM suite
proves to be robust and consistent whether fluvial or pluvial floods are
considered jointly or separately.

In terms of evaluating the benefit of installing potential adaptation
options, relevant measures explored by stakeholders may on request be
added explicitly to the pluvial flood model, e.g., water retention areas
or infiltration devices. Likewise, the pluvial flood model or results
produced thereof could be hard- or soft-linked to drainage system
models used by waste water companies, e.g., for increased accuracy.

4. Summary and conclusions

The results presented here only show an excerpt of the capabilities
of the Future Danube Model (FDM). Based on a validated model for
current climate conditions, projections of four bias-corrected EURO-
CORDEX GCM-RCM combinations and two scenarios were used to show
that the flood risk is likely to increase in future. The FDM is able to
inform insurers and infrastructural stakeholders about the potential risk
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Fig. 11. Example for the simulation of pluvial flooding corresponding to a 2-year (left) and 100-year (right) event in the Center of Budapest under current climate

conditions.

of higher order return periods. Due to the holistic and harmonised
approach of simulating and integrating climate change and its impacts
on various sectors in the entire Danube River basin, the FDM is a va-
luable tool for integrated and transboundary river basin planning and
management, particularly with regard to European climate and water-
related directives, climate risk estimation and climate proofing of
adaptation measures.

An important aspect driving the development of the FDM is the
close collaboration with stakeholders. User demands have shaped and
will influence future developments. So far, the main aim of the FDM
was to satisfy the demands of specific end-users mainly of the insurance
sector by providing information related to climate change impacts on
flood risks. The results produced with the FDM are in compliance with
and will be used within the OASIS Loss Modeling Framework and will
be made available using the OASIS Hub.

Appendix

The Oasis Data Model represents a catastrophe model as:
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e The Hazard Module: where an event affects an area with a severity. Uncertainty is represented here by a probability distribution of severity for

the event/area combination

o The Vulnerability Module: where a given severity and vulnerability class (type of exposure) gives a damage factor. Again, uncertainty is re-
presented by a probability distribution of damage for a given severity/vulnerability class combination.
o The Exposure Module: where an exposure is represented by an area identifier and a vulnerability class, along with an insured value.
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Fig. Al. Oasis Data Model.

Table Al
Bias-corrected CORDEX-EUR-11 simulations for RCP4.5 and RCP8.5 used in the study (Gobiet et al., 2015, GCM - Global Climate Model, RCM - Regional Climate
Model).
Institute SMHI MPI - CSC KNMI
RCA4 REMO2009 RACMO22E
MOHC-HadGEM2-ES X
ICHEC-EC-EARTH X X
MPI-M-ESM-LR X
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