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Abstract. Climate informee planning of adaptation actions requires consistent and reliable information about future 
risks as well as appropropriate tools and services to support comprehensive flood risk assessment and management. 
The Future Danube Model is a multi-hazard and risk model suite to provide spatially consistent information on current 
and future extreme events and to quantify climate risks. The Future Danube Model is composed of exchangeable 
modules for climate input, hydrology, inundation, flood damage and risk. It is implemented within an open source 
platform, the OASIS Loss Modelling Framework. The application of the Future Danube Model is showcased for the 
assessment of current and future flood risk to residential buildings in the Danube region. Outputs from Global and 
Regional Climate Models for a reference period and three future climate periods are used to drive the model chain. 
Results show predominantly an increase in peak discharges across the Danube basin with exception for the Moldava 
and Tisza rivers. Future fluvial flood risk is shown to most likely increase in the future which is more pronounced for 
the high-end RCP84 scenario. 

1 Introduction 
Recent decades have seen a sharp increase in damaging 

hydro-meteorological hazards globally and further 
increases are expected in the future as a consequence of 
global change. With changing climate patterns, the 
seasonality, frequency and intensity of extreme hydro-
meteorological events is expected to exacerbate socio-
economic impacts of flooding (Hoeppe, 2016, Willner et 
al. 2018). Climate informed planning of adaptation actions 
needs consistent and reliable information about future 
risks and associated uncertainties, as well as appropriate 
tools and services to support comprehensive flood risk 
assessment and management.  

This contribution gives an overview of the Future 
Danube Model (FDM), which is a multi-hazard and risk 
model suite for the Danube region (Hattermann et al. 
2018). FDM provides climate services related to perils 
such as heavy precipitation, heat waves, floods and 
droughts under recent and future climate conditions. It 
provides spatially consistent information on current and 
future extreme events and can be used to quantify climate 
risks. FDM is composed of exchangeable modules for 
climate input including a weather generator, hydrology, 
inundation, risk, adaptation and visualisation. FDM is 
implemented within the open source OASIS Loss 

Modelling Framework (LMF), which defines a standard 
for estimating ground-up loss and financial damage of 
disaster events or event scenarios as a basis for risk 
assessment and adaptation planning. The OASIS LMF 
implementation of the FDM is showcased for the current 
and future fluvial flood risk assessment in the Danube 
catchment. Stochastic inundation event sets (10,000 years 
of daily climate data) are generated for current and future 
climate in the Danube region using four EURO-CORDEX 
models as climate drivers. Long term continuous 
simulations of flood processes are conducted using a 
coupled semi distributed hydrological and a 1.5D 
hydraulic model for fluvial floods. Flood losses to 
residential building are estimated using a probabilistic 
multi-variable vulnerability model. Risk results are given 
as exceedance probability curves for current and future 
climate on different spatial aggregation levels enabling an 
analysis of risk hotspots.  

2 Data and models  

2.1 The Future Danube Model 

 The Future Danube Model (FDM) is a high-resolution, 
multi-hazard and risk model for the Danube basin. While 
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FDM provides climate services for heavy precipitation, 
heat waves, floods and droughts under climate change 
(Hattermann et al. 2018), the focus of this contribution is 
on current and future fluvial flood risk. The model domain 
encompasses the entire Danube River basin covering an 
area of 801,000 km² shared by 19 countries with more than 
81 million inhabitants (Fig. 1). 
 The FDM consists of a modular chain of modelling 
tools including a stochastic weather generator, a 
hydrological and a hydrodynamic model to produce 
discharge and water level time-series as well as inundation 
depth and inundation duration maps, and a vulnerability 
model which translates flood intensity in combination with 
information about exposed assets into economic loss 
estimates. 
 The following sections give an overview of the 
components of the model chain, the approach to include 
impacts of climate change using climate projections, and 
the implementation into the OASIS LMF. 

2.1.1 Weather generator 

The Imperial College Weather Generator (IMAGE) is a 
multi-variable, multi-location weather generator which 
captures the point statistics and spatial-temporal 
autocorrelation of single and multiple variables (Sparks et 
al., 2017). IMAGE uses either observations, re-analysis or 
climate model results to capture the spatial-temporal 
statistics of climate variables in large regions. In the FDM 
application, IMAGE is used to produce 10,000 years of 
synthetic daily weather fields representing historical or 
projected future climate. IMAGE input is based on 
Regional Climate Model (RCM) simulations driven by 
Global Climate Model (GCM) scenarios, see section 2.2. 
Statistical characteristics of the 10,000 years are similar to 
those of their respective 30-year baseline periods from 
GCM-RCM simulations.  

 

Figure 1. Danube catchment represented with the Future 
Danube model (FDM) with main rivers and gauging 
stations, source layers OSM 2019. 

 
 Extreme events of higher recurrence interval are 
sampled and generated spatially and temporally consistent 
over the entire Danube River basin. 
 The 10,000 years of synthetic weather are used to 
drive continuous long-term simulations of hydrological 
and hydraulic/inundation processes and to generate 
stochastic event sets for coherent flood risk assessment 
(e.g. Falter et. al 2015). Weather simulations from four 
different EURO-CORDEX GCM-RCM combinations 
represent the ensemble spread, i.e. the uncertainty of 
climate projections. 

2.1.2 Hydrological model 

The eco-hydrological Soil and Water Integrated Model 
(SWIM) (Krysanova et al., 2005) has been developed to 
investigate impacts of changes in climate, land use, and 
water management (reservoirs and irrigation) on 
catchment hydrology (including floods and droughts) and 
vegetation processes (e.g. crop yields) at the regional 
scale. SWIM has a record of successful applications in 
flood related studies (Huang et al., 2013; Hattermann et al., 
2014, 2016). SWIM uses a semi-distributed spatial 
discretisation approach and generally operates at a daily 
time step, but is able to simulate runoff related processes 
(e.g. infiltration) and discharge processes (e.g. river 
routing) with sub-daily time steps. In the FDM, the 
hydrological module produces daily discharge time-series 
based on weather simulations (IMAGE) for climate 
projections. These time-series are used as input for the next 
component of the model chain, i.e. the hydraulic model. 
For FDM, the SWIM model was set up for the entire 
Danube River basin with a spatially detailed resolution 
represented by 13,473 sub-basins and 190,000 
hydrological response units defined as unique 
combinations of sub-basins, land-use, soil types and 
elevation zones. This high-resolution model set-up enables 

to examine flood risk with high spatial detail (Fig 1). 



 

 

The model is calibrated at 44 gauging stations across the 
basin using a multi-objective, genetic optimisation 
algorithm. The RMSE of observed and simulated annual 
maximum discharge recurrence levels (of a fitted Gumbel 
distribution) as well as the Nash-Sutcliff Efficiency and 
absolute bias in water balance are used as objective 
functions. Model performances are correlated with 
precipitation densities (good–very good in the upper basin, 
moderate in the Carpathian part region 

2.1.3 Hydraulic model 

The daily discharge time-series produced by SWIM are 
used to drive the semi-distributed hydrodynamic model 
CamaFlood (Yamazaki et al., 2011; 2014). CamaFlood 
uses a local inertia form as a difference approximation of 
the shallow water equations to route SWIM subbasin 
runoff. Water levels are derived using simplifying 
assumptions of river width-depth relations and conveyance 
capacity to represent cross section and floodplain 
geometry. River width is inferred from Open Street Map 
riverbank outlines. The depth is adjusted according to the 
peak discharge of the protection level provided by the 
FLOPROS database (Scussolini et al., 2016), or to the 
mean annual maximum discharge when flood protection is 
not considered or unknown. CamaFlood outputs are daily 
water levels at each river reach which is used in 
combination with terrain height to construct daily or 
aggregated 7-day maximum inundation depth and 
inundation duration flood intensity footprints. The event 
set of flood footprints includes ca. 350’000 events per 
simulation period and scenario discretised into 10 cm 
intervals. 

2.1.4 Vulnerability model 

The economic impact of floods in FDM can be assessed in 
terms of direct damage to residential and commercial 
building structures, and, given the modular set-up, can be 
readily extended to include additional sectors. In this 
contribution, FDM uses the probabilistic multi-variable 
vulnerability model for the private sector BN-FLEMOps 
(Wageneaar et. al 2018; Lüdtke et al. 2019) to estimate 
direct damage to residential buildings. BN-FLEMOps 
implements a Bayesian Network approach to infer the 
conditional joint probability of relative building loss 
according to a graphical network structure (cf. Wagenaar 
et al. 2018). This network structure is derived from 
empirical post-event survey data collected after flood 
events in Germany (2002 - 2013) and expert knowledge. 
The model output are probability distributions for relative 
building loss conditional on flood intensity (inundation 
depth, inundation duration, return period of the event) as 
well as residential building characteristics (building area, 
flood experience of the household, precautionary 
measures). The model has been validated using official 
loss records for historic events across Europe (Lüdtke et 
al. 2019). Depending on the scope and the availability of 
input data, BN-FLEMOps can be applied both for 
individual buildings or aggregated land use units. In this 
study, BN-FLEMOps is implemented on the basis of land-

use units. Accordingly, flood losses are estimated for so-
called response units. These response units are spatial 
polygons which are the outcome of an intersection process 
of inundation depth and duration maps provided by the 
hydraulic model component with other input variables 
characterising vulnerability including flood experience, 
building area and residential asset values (Lüdtke et al. 
2019).  

2.1.5 Input data 

The components of the FDM model chain are based on 
various data sources which need to be consistently 
available for the entire Danube region. Table 1 lists the 
variables, sources and references of the basic data sets used 
for FDM in this study.  

 
Variable Source Reference 

Climate 
(daily) 

E-OBS, WATCH 
(radiation only); 

EURO-CORDEX, 
0.25° 

Haylock et al. 
(2008), 

Weedon et al. (201
1), 

Jacob et al. (2014) 
Land Use 

Land Cover 
CORINEv18 2012, 

100m; GLIMS 
(glaciers); 

OpenStreetMap 
(lakes, residential 

and industrial 
areas) 

EEA (2016b), 
OSM (2019),  

Soils HWSD, 1km FAO et al. (2011) 

Elevation EU-DEM v1.1, 
25m 

EEA (2016a) 

River network OpenStreetMap OSM (2019) 

Lakes, 
reservoirs 

OpenStreetMap OSM (2019) 

Residential 
building areas 

OpenStreetMap OSM (2019) 

Flood 
experience in 

Europe 

Dartmouth Flood 
Observatory 

Brakenridge, 2018) 

Residential 
building assets 

Eurostat 
CORINEv18 2012 

Eurostat 2018, 
EEA, 2016b, 

Steinhausen et al. 
2020 

Table 1. FDM input data sources and references. 
 
Climate data comprises of an observation datasets 

(EOBS, Haylock et al., 2008; and WATCH, Weedon et al. 
2011) as well as climate model output (EURO-CORDEX, 
Jacob et al., 2014). These data sets are available from the 
Copernicus Climate Data Store. Further, the hydrological 
model SWIM uses information about soil properties from 
the harmonized world soil database (HWSD, FAO et al. 
2011) as well as land use land cover characteristics 
(CORINE, EEA, 2016b). Terrain height information for 
sub-basin delineation and description of floodplain 
topography is provided by a 25 m DEM from the European 
Union (EEA, 2016a). Information about river networks, 
lakes and reservoirs as well as residential building 
footprints is taken from OpenStreetMap (OSM 2019). For 
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the vulnerability model BN-FLEMOps the input datasets 
comprise a flood experience layer, residential building 
footprint areas, and an asset map which provides unit area 
values of residential building in EURO per square meter 
based on reconstruction cost and GDP per capita for 
NUTS-3 administrative regions or countries. These layers 
are available from GFZ data repository (Steinhausen et al. 
2020). The model set-up of FDM has been validated on the 
level of individual model components by comparing 
simulation outcomes with observed data (Hattermann et al. 
2018; Lüdtke et al. 2019). 

2.2 Climate projections  

The climate scenarios are based on Representative 
Concentration Pathways (RCPs, van Vuuren et al., 2011, 
Meinshausen et al. 2011) from the latest climate scenario 
generation of the International Panel for Climate Change. 
The scenarios RCP4.5 and RCP 8.5 have been selected to 
represent possible climate projections. RCP4.5 constitutes 
a moderate scenario with temperature increases around 2.5 
°C and RCP8.5 a high-end scenario with temperature 
increases around 3.5 °C until the end of this century in the 
Danube area (Jacob et al., 2014). Bias corrections of RCM 
simulations have been done using present-day E-OBS 
weather data with a resolution of 0.25 degrees.  
 Using the IMAGE weather generator, 30 years of 
weather simulations from four different EURO-CORDEX 
GCM-RCM combinations (Table 2), re-presenting the 
reference (1970–1999) and three future climate periods 
(2006–2035, 2020–2049 and 2070–2099), are used to 
generate 10,000 years of synthetic weather for each of the 
these periods and the two RCP scenarios. In total, 280,000 
years of synthetic weather data were generated by the 
IMAGE weather generator.  
 

Climate model 
combinations 

Climate 
Periods Scenarios 

ICHEC-KNMI Reference  
(1970-1999) 

 
 
 

RCP-4.5 
ICHEC-SMHI Current  

(2006-2035) 
MOHC-SMHI Near future 

(2020-2049) 
 
 

RCP-8.5 MPI-MPI Far future  
(2070-2099) 

Table 2.  Global–regional climate model combinations 
(abbreviations relate to the modelling institutes: Irish centre for 
high end computing (ICHEC), Dutch Meteorological Institute 

(KNMI), Swedish Meteorological Institute (SMHI), Met Office 
Hadley Centre (MOHC), Max Planck Institute for Meteorology 

(MPI), simulated climate periods and RCP scenarios.. 

2.3 OASIS LMF 

 OASIS LMF is an open source platform for 
developing, deploying and executing catastrophe models 
(www.oasislmf.org). It includes a web based user interface 
and an API for integration with other systems. Basically, 
the LMF devises a way of dividing up the elements of 
catastrophe loss modelling into “plug and play” 
components. These comprise of hazard and vulnerability 

models along with exposure and possibly insurance policy 
terms. These components are linked to the LMF kernel 
which performs the calculations for the defined inputs. 
OASIS LMF is a framework in that it provides general 
structures within which specific modelling tasks can be 
implemented and efficiently solved using the computation 
kernel. Prescribed file formats to provide input 
information to the kernel and the calculation approaches 
implemented in the kernel build the standard underlying 
the LMF. Within the FDM implementation the flood 
footprints produced by the hydraulic model and the 
probability distributions for relative building loss are used 
as input to the OASIS LMF. Residential exposure is 
derived from residential asset maps with spatially variable 
vulnerability characteristics. With these inputs OASIS 
LMF produces a set of risk assessment reports that provide 
ground-up loss to residential buildings for event scenarios. 

3 Results 
 Future changes in flood hazard in the Danube basin 
generally point to increases in peak discharges across the 
basin with west-east increasing gradient in line with 
changes in 3 and 7-day precipitation intensities of the 
IMAGE output. Decreases are only simulated in the Czech 
Republic (Moldava River) and in parts of the Tisza 
headwaters. Changes in peak discharges increase with 
RCP scenarios, e.g. at Budapest (Danube River), the 100-
year median peak discharge of the reference period is 
equalled or exceeded ca. every 50-80 (30-60) years under 
RCP-4.8 (8.5), Fig. 2.  

 
Figure 2. Recurrence intervals of flood peak discharges at the 
gauge Budapest for two RCPs within the reference and future 

climate periods.  
 The evaluation of flood risk to residential buildings 
indicates an increase of flood losses across the whole range 
of return periods. While for the moderate RCP45 scenario 
the increase with time, i.e. from current climate to near and 
far future is small, the RCP85 scenario indicates a 
continuous increase of flood losses throughout the 21st 
century with a more pronounced raise of losses caused by 
low-probability, i.e. high return period floods (Fig. 3).  
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Figure 3. Aggregated Exceedance Probability curves for fluvial 
flood risk of residential buildings in the Danube catchment for 

the reference and future climate periods and two RCPs. 
 

These numbers represent preliminary insights to future 
flood risk in the Danube region. Additional analysis need 
to be undertaken, in particular to gain a better 
understanding of the spatial distribution of flood risk 
throughout the whole Danube catchment. 

4 Conclusions 
This contribution gives an overview of the Future 

Danube Model and its implementation to the open source 
loss modelling framework OASIS LMF. The results 
presented give a glimpse to the capabilities of the Future 
Danube Model for the consistent assessment of climate 
risks in large catchments. Using a chain of validated 
models for current climate, projections of four bias-
corrected EURO-CORDEX GCM-RCM combinations 
and two scenarios were used to show that the fluvial flood 
risk in the Danube region is likely to increase in the future 
which is more pronounced for the high-end RCP84 
scenario. The outputs of the Future Danube Model may 
inform (re-)insurers and flood risk managers about the 
potential future risk including higher order return periods. 
Given the comprehensive and consistent approach for 
integrating climate change scenarios in risk assessment 
and simulating its impacts in the entire Danube River 

basin, the Future Danube Model is a valuable tool for 
trans-boundary flood risk assessment and management. 
With regard to the EU floods directive, the Future Danube 
Models demonstrates how future climate risk can be taken 
into consideration. The process based model components 
allow investigating and quantifying effects of flood risk 
mitigation measures.  

The implementation according to the OASIS LMF 
standard eases the uptake of the tool by other users. 
Further, the modular concept makes it possible to 
exchange individual model components with alternative 
modelling tools and approaches. The open source OASIS 
LMF provides transparent, state of the art probabilistic 
modelling approaches and enables to efficiently process 
large data sets.  
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