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1 EXECUTIVE SUMMARY 

The current socio-economic impact of river floods in Europe is estimated at 5.3 B€ of damage and 216,000 people 
affected. At 4°C global warming, those figures are projected to increase by an average 230%, due to climate change 

only. If climate mitigation efforts are made to keep global warming within 1.5°C (2°C), population affected is projected 

to rise by 120% (140%), while the annual damage is expected to rise by 110% (130%) compared to 1976-2005.  Present 

losses due to coastal flooding in Europe of 3.06 million €/year are projected to increase up to 11 and 14 billion €/year 
by 2050 under RCP 4.5 and 8.5, respectively, and to 29 and 57 billion €/year by 2100 under RCP 4.5 and 8.5, 
respectively. Under the projected increase in frequency and magnitude of floods in Europe, traditional approaches 

based only on rising indefinitely local flood protections are not sustainable in the long term. Future adaptation efforts 

should give priority to measures targeted at reducing the consequences of hazardous events, rather than trying to 

avoid their occurrence. Finally, the drought vulnerability from different levels of global warming is assessed with the 

use of an index approach accounting for exposure, sensitivity and adaptive capacity at a pan-European level. 

  



2 INTRODUCTION 

This report illustrates the results of Task CCT1a.5 (7.5) of HELIX WP7. The scope of the task is to provide an improved 

assessment of the impacts of climate change at 4 degrees C and other warming levels for the European region, 

including changes in extremes and considering different levels of adaptation and vulnerability. More specifically, the 

report aims to provide improved estimates of regional climate change impacts using simulations with an improved 

representation of climatic extremes (WP3), consistent with the global scenarios produced in the WP4 and WP5. In the 

report, new higher-resolution GCMs simulations from WP3 (Task 3.3) at SWLs were used to simulate biophysical and 

socio-economic impacts assessments with an improved representation of extremes. A range of locally-applicable 

adaptation scenarios consistent with the pathways developed in WP2 were considered in order to assess the 

implications of different pathways of vulnerability. The report is divided into six sections, including the Introduction. 

Section 3 illustrates and implement a novel procedure to assess the future flood risk in Europe under high end warming 

scenarios. It combines ensemble projections of extreme streamflow for the current century based on EURO-CORDEX 

RCP 8.5 climate scenarios with recent advances in European flood hazard mapping. Further novelties include a 

threshold-based evaluation of extreme event magnitude and frequency, an alternative method to removing bias in 

climate projections, the latest pan-European exposure maps, and an improved flood vulnerability estimation. 

Section 4 builds upon the flood risk assessment framework presented in Section 2, to explore the benefits of adaptation 

against extreme floods. The effect of implementing four different adaptation measures is simulated in the modeling 

framework. Measures include the rise of flood protections, reduction of the peak flows through water retention, 

reduction of vulnerability and relocation to safer areas. Their sensitivity is assessed in several configurations under 

high-end global warming scenarios over the time range 1976-2100.  

Section 5 reports on (i) the developments of an integrated risk assessment tool LISCoAsT (Large scale Integrated Sea-

level and Coastal Assessment Tool) for Europe; and (ii) on a pilot study on coastal risk along the European coastline in 

view of climate change. The approach builds on the disaster risk methodology proposed by the IPCC SREX (2012) report, 

defining risk as the combination of hazard, exposure and vulnerability. Substantial effort has been put in all three 

individual components of the risk assessment chain. We detail progress in the methodological approach and present 

the main outcomes of the study, namely projections of coastal hazards, exposure and impacts in Europe.  

In Section 6, the water availability and the water stress are presented and analysed for the GCM driven hydrological 

models. Climate forcings are analysed for their changes in each considered warming level relatively to the reference 

period. Methods of bias correction applied to the forcings and the hydrological modelling procedure are analysed. The 

post processing of the hydrological modelling through index approaches are described.  

In the final Section, hydrological results and climate forcings are used along with other socio-economic indicators to 

provide a probabilistic assessment of the overall vulnerability of fresh water availability to climate induced stress.   

 

  



3 FLOOD RISK ASSESSMENT IN EUROPE UNDER HIGH-END CLIMATE 
CHANGE 

Flood risk is the combination of the probability of a flood event and of the potential adverse consequences for human 

health, the environment, cultural heritage and economic activity associated with a flood event (EU Floods Directive, 

European Commission, 2007). Key component of flood risk assessments is the accurate estimation of the flood hazard 

(i.e., magnitude and frequency of floods) and of the potential impact on human activities. The latter is usually identified 

as the product of exposure, that is, “people, property, systems, or other elements present in hazard zones that are 

thereby subject to potential losses”, and of vulnerability, that is, “the characteristics and circumstances of a 
community, system or asset that make it susceptible to the damaging effects of a hazard” (UNISDR, 2009). All three 
components of flood risk, namely hazard, exposure and vulnerability, are subject to changes in time due to socio-

economic development and the possible influence of a changing climate. This makes the assessment of present and 

future flood risk a particularly challenging task.  

Literature works on future flood risk assessment commonly estimate the flood hazard component from climatic 

projections of atmospheric variables, which are then used to estimate the future streamflow extremes through 

suitable hydrological models and extreme value statistical analysis (e.g., Dankers and Feyen, 2009; Rojas et al., 2012; 

Tramblay et al., 2014; Ward et al., 2014). Appraising the impact of floods on population and assets requires relatively 

detailed information on topography, asset distribution, population density and potential damage functions. As a 

consequence, most flood risk assessment studies are performed at the scale of regions, countries or river basins, where 

local information is more easily accessible (e.g., Bubeck et al., 2011; Falter et al., 2015; Foudi et al., 2015; Hall et al., 

2003; Kok and Grossmann, 2009; te Linde et al., 2011). Global and continental scale applications are less numerous in 

the literature (Arnell and Gosling, 2014; Dankers et al., 2014; Feyen et al., 2012; Hirabayashi et al., 2013; Jongman et 

al., 2014; Ward et al., 2013; Winsemius et al., 2012). The limited availability of consistent large scale datasets and the 

increased computing cost, particularly in ensemble simulation approaches, play in favour of coarser resolution 

modelling, though this implies inevitable simplifications in methods and results accuracy. 

Lugeri et al. (2010) performed a pan-European flood risk assessment on limited computing resources, by using hazard 

maps derived from a topographic index which only depends on the morphology of the terrain and do not need any 

hydrological or hydraulic simulation. In a following study, Rojas et al. (2013) used an ensemble of 12 bias corrected 

climate projections into a distributed hydrological model, to derive the future statistical distribution of discharge 

extremes. These were translated into flooded area at 100 m grid resolution using a planar approximation of water 

levels and then used for flood risk assessment. Despite the step forward brought by the hydrological modelling, this 

approach does not constrain flood volumes and can lead to large overestimation of the flooded area in low-lying 

regions. Advances in mapping the flood hazard can be achieved with inundation models coupled with suitable high 

resolution topography (Schumann et al., 2014; Yan et al., 2015). Recent works have shown that high resolution flood 

hazard mapping is already feasible at continental (Alfieri et al., 2014) and global scale (Dottori et al., 2016; Fluet-

Chouinard et al., 2015; Sampson et al., 2015), paving the way to an unprecedented level of detail in large scale flood 

impact assessments. 

This work makes use of the pan-European flood hazard mapping procedure by Alfieri et al. (2014), which is for the first 

time fully integrated into a high resolution flood risk assessment at continental scale. This is combined with projections 

of the future flood hazard (Alfieri et al., 2015b) driven by an ensemble of the latest climate scenarios adopted by the 

Intergovernmental Panel on Climate Change (IPCC). Climate projections from 1970 to 2100 are run through a 

distributed hydrological model and resulting streamflow is analysed statistically to estimate future changes in the flood 

hazard in Europe. We produced an updated ensemble evaluation of the future impact of floods in Europe by combining 

the occurrence and magnitude of future discharge peaks with exposure maps for the current climate and information 

on flood defences. Future estimates of expected economic damage and population affected are produced, considering 



first only climatic drivers and then including the effect of possible socio-economic development pathways coherent 

with the considered climate scenarios. Three main methodological novelties are introduced, to overcome 

shortcomings pointed out in previous large scale flood risk assessments:  

 Flood hazard maps are derived by a 2D hydraulic model, rather than through simplified approaches, and then 

integrated consistently in the flood risk assessment.  

 The frequency of extreme peak discharges is assessed through a peak over threshold selection, which 

addresses the limitation of block-maxima analysis on annual floods in the presence of changes in the frequency 

of extreme events. 

 An alternative to bias correcting climate projections is proposed, which is performed in the impact assessment 

and therefore does not modify atmospheric variables nor the energy balance. 

In addition, the risk assessment hereby described is among the first examples of its kind making use of the following 

up-to-date input datasets: 

 EURO-CORDEX regional climate scenarios over Europe based on Representative Concentration Pathways 

(RCP). 

 Socio-economic growth based on the recently developed Shared Socioeconomic Pathways (SSP). 

 Updated geographic information on the European land cover and population density. 

 A coherent dataset of flood vulnerability information. 

The following section describes the meteorological datasets and static maps of exposure and vulnerability to floods 

used in the modelling approach. Section 3.2 gives details on the modelling approach, while results are shown in Sect. 

3.3. Final sections 3.4 and 3.5 include discussions and conclusions of the present chapter. 

3.1 DATA  

3.1.1 Observed meteorological data 

The EFAS Meteo dataset (Ntegeka et al., 2013) is used in this work to calibrate the hydrological model and to derive 

the current flood hazard maps in Europe. EFAS-Meteo is a pan-European 5x5 km2 resolution gridded daily dataset of 

a number of meteorological variables, with temporal availability from 1990 onwards. It includes precipitation, surface 

temperature (mean, minimum and maximum), wind speed, vapour pressure, radiation and evapotranspiration 

(potential evapotranspiration, bare soil and open water evapotranspiration). The dataset was created as part of the 

development of the European Flood Awareness System (EFAS, Thielen et al., 2009) and is continuously updated in near 

real-time. The source data used to generate the EFAS-Meteo dataset consists mostly of point observations which are 

collected and stored by two databases managed by the JRC, namely the EU-FLOOD-GIS and the MARS database (Rijks 

et al., 1998). On average, observations from more than 6000 stations for precipitation and more than 3000 stations 

for temperature are spatially interpolated to generate daily meteorological gridded values to use as input in Lisflood. 

Daily maps of evapotranspiration to use in Lisflood are estimated for the same period through the Penman-Monteith 

formula, by including an average of 2000 stations providing vapour pressure, incoming solar radiation and wind speed. 

3.1.2 Climate projections 

Seven climate projections (see Table 1) with high concentration scenario (i.e., RCP 8.5) through the XXI century were 

taken from the EURO-CORDEX database (Jacob et al., 2014). The climatic scenarios were produced by downscaling 

three GCM with four RCM on a grid resolution of 0.11 deg (i.e., ~12.5 km in Europe). All three driving GCM are rated 

in the top 25%, according to a performance evaluation of CMIP5 models carried out by Perez et al. (2014), in their 

ability to reproduce spatial patterns and climate variability over the north-east Atlantic region. Indeed, this region is 

dominated by the North Atlantic Oscillation, a prominent climate fluctuation pattern of the Northern Hemisphere 

(Hurrell et al., 2003). Atmospheric variables used in this work are average, minimum and maximum surface air 



temperature, total precipitation, surface air pressure, 2-metre specific humidity, 10-metre wind speed and surface 

downwelling shortwave radiation. Variables are provided as daily maps for historical runs from 1970 to 2005 and 

climate scenarios from 2006 to 2100. 

 
Table 1: EURO-CORDEX climate scenarios used in this study (adapted from Alfieri et al.,(2015b)).  

 

 

 

 

 

 

 

3.1.3 Static datasets 

Static datasets are used in this work to model flood exposure and vulnerability information. 

Flood exposure information is given by the 100 m resolution map of European population density by Batista e Silva et 

al. (2013a) and by the refined version of the CORINE Land Cover proposed by Batista e Silva et al. (2013b), which has 

100 m resolution and minimum mapping unit of 1 hectare.  

Vulnerability to floods is included in the form of damage functions and through a flood protection map. Country specific 

Depth-Damage (DD) functions from Huizinga (2007) were used to link flood depth with the corresponding direct 

economic damage. A piece-wise linear function from 0 to 6 metre flood depth is defined for each of the 45 land use 

classes included in the refined CORINE Land Cover. As previously done by Rojas et al. (2013), national DD functions 

were rescaled at the NUTS2 level (see http://ec.europa.eu/eurostat/statistics-explained/index.php/Glossary:NUTS) 

according to the ratios between the NUTS2 and the country GDP per capita. Spatial information on the flood protection 

level in Europe is obtained from the 5 km resolution map produced by Jongman et al. (2014). In their study, flood 

protections were modelled for most European basins using a three-step procedure and a validation of the estimated 

values was carried out for 13 locations in 10 different countries. For those countries where the protection level was 

missing while the hazard and exposure information was available for the risk assessment (i.e., parts of Norway, Croatia 

and Republic of Macedonia), a constant value of 100 year return period was used as protection level as proposed by 

Rojas et al. (2013). 

3.2 METHODS 

3.2.1 Numerical models 

Numerical methods used in the following can be classified into 1) hydro-meteorology models, 2) statistical methods of 

extreme values and of ensemble forecasting and 3) a damage model for the socio-economic impact assessment. The 

three hydro-meteorology models are briefly described below, while we refer to the published literature for 

methodological details and relevant past examples. 

Lisvap (Burek et al., 2013b) is a pre-processor that calculates potential evapo-transpiration from gridded 

meteorological data. Daily evapo-transpiration maps based on the historical and future climate scenarios for each 

ensemble’s model were estimated using the Penman-Monteith formulation. Output maps were then used as input to 

the hydrological model Lisflood. 

 
Institute GCM RCM 

Driving ens 
member 

1 KNMI EC-EARTH RACMO22E r1i1p1 

2 SMHI HadGEM2-ES RCA4 r1i1p1 

3 SMHI EC-EARTH RCA4 r12i1p1 

4 MPI-CSC MPI-ESM-LR REMO2009 r1i1p1 

5 CLMcom MPI-ESM-LR CCLM4-8-17 r1i1p1 

6 SMHI MPI-ESM-LR RCA4 r1i1p1 

7 CLMcom EC-EARTH CCLM4-8-17 r12i1p1 

http://ec.europa.eu/eurostat/statistics-explained/index.php/Glossary:NUTS


Lisflood (Burek et al., 2013a; van der Knijff et al., 2010) is a distributed physically based rainfall-runoff model combined 

with a routing module for river channels. It is capable of reproducing most hydrological processes taking place in the 

different climates of the Earth, and it has been successfully applied in a number of case studies and operational systems 

at spatial scales ranging from small flash-flood prone catchments to large river basins (Alfieri et al., 2011; Thielen et 

al., 2009; Thiemig et al., 2013; Wanders et al., 2014). For this work Lisflood was run on the European domain at 5 km 

spatial resolution and daily time step. More details on the model setup, the parameter calibration and the hydrological 

simulations driven by the climate projections of Table 1 are given by Alfieri et al. (2015b). 

2D hydraulic simulations are performed with Lisflood-FP (Bates and De Roo, 2000; Neal et al., 2012), using flood 

hydrographs with statistical features derived by Lisflood hydrological simulations. In the configuration used for this 

work, Lisflood-FP was set up at 100 m resolution using the SRTM Digital Elevation Model (Jarvis et al., 2008) and 

roughness coefficients linked to the high resolution land use map by Batista e Silva et al. (2013b). 

3.2.2 Modelling approach 

The workflow is shown in Figure 1, where it is broken down into three main components. In a first step we used the 

approach described by Alfieri et al. (2014) with the EFAS Meteo dataset (Ntegeka et al., 2013) as input to produce 100 

m resolution maps of flood extent and flood depth in Europe for the observed climate and return periods TF=[10, 20, 

50, 100, 200, 500] years. Output flood hazard maps produced herein are likely to improve the previous version by 

Alfieri et al. (2014) thanks to an enhanced hydrological model calibration and an improved meteorological forcing 

which is currently based on a larger number of weather stations and a more consistent spatial interpolation algorithm 

for meteorological data. Differently from previous projections of future European flood risk assessment, the current 

flood hazard is here modelled using observed meteorological parameters, rather than the output of climatic scenarios 

(e.g., as in Feyen et al., 2012; Jongman et al., 2014; Rojas et al., 2013).   



 
Figure 1: Schematic view of the flood risk mapping approach under future climate scenario. The dashed red box shows 

the novelty contribution introduced by this work. 

In parallel, we used flood hazard estimates under high-end climate scenarios from the work by Alfieri et al. (2015b) in 

the form of magnitude and recurrence of projected discharge peaks. Extreme value statistical distributions were fitted 

on the simulated discharge annual maxima of the control period (1976-2005), to derive analytical relations between 

extreme discharges Q and probability of occurrence (and consequently of their return period T), in each point of the 

European river network at 5 km grid resolution. The 2-year discharge peak is commonly considered representative of 

river bank-full conditions (e.g., Carpenter et al., 1999). Hence, historical (1976-2005) and future (2006-2100) simulated 

peaks larger than the 2-year value were transformed into return periods by inverting the relations between discharge 

and return period. In this step, a Gumbel extreme value distribution was assumed for annual maximum discharges, as 

described by Alfieri et al. (2015b). 

The socio-economic impact assessment (bottom part in Figure 1) is the main focus of this work. First, flood hazard 

maps were combined with Depth-Damage functions and with a population density map as described in Sect. 3.1.3 to 

derive Potential Damage (PD) and Potential Population Affected (PPA) by floods for the return periods TF, assuming 

no flood protection. Note that, in this task, damage is estimated as a function of the flood depth, while population is 

considered affected for any positive flood depth (e.g., Ward et al., 2013). Key step to improving the computing 



efficiency is the aggregation of 100 m resolution maps of PD and PPA to 5 km resolution through the definition of Areas 

of Influence (AoI). This is carried out by linking each peak discharge in the river network at 5 km resolution to a flood 

hydrograph with constant return period and in turn to the neighbouring area at 100 m resolution where the flood 

depth is highest as compared to forcing the hydraulic model with flood hydrographs taken from any other grid point 

in the 5 km river network. This creates a univocal link between 100 m and 5 km resolution data, by preserving the total 

PD and PPA. A graphical example of AoI is given in Figure 2 for the region of Paris, in France, for a 100-year flood return 

period. Colours in Figure 2 show the link between 100 m AoI and corresponding 5 km grid points, while 45° hatching is 

displayed on cells which hydrograph do not contribute to the highest flood depth in any point in the 100 m map.  

 
Figure 2: Example of Areas of Influence at 100 m resolution (left) and corresponding river network at 5 km grid 

resolution (right) for TF= 100 years. Coloured areas on the left are linked to the grid points with same colour on the 

right. 

For each of the seven climate scenarios, the estimated return period T of discharge peaks was linked to the 

corresponding damage and population affected, by interpolating linearly between the six maps previously calculated 

for TF={10, 20, 50, 100, 200, 500}. 500 year PD and PPA was assigned to simulated discharge peaks larger than the 500 

year event, to limit the increasing uncertainty range affecting analytical distributions estimated on considerably 

shorter time windows (i.e., 30 years in this case). One should note that, besides the linking between event magnitude 

and impact, this step can be seen as an alternative approach to bias correcting climate projections. Recent works have 

pointed out some limitations induced by bias correcting the output of GCM or RCM (Ehret et al., 2012; Huang et al., 

2014; Muerth et al., 2013; Themeßl et al., 2012). These can be summarized in 1) violating the energy balance and 

breaking the link between atmospheric variables; 2) general improvement of the average conditions but not 

necessarily of the extreme values; 3) the quality of the bias correction strongly depends on that of the underlying 

observation dataset, and often implies the upscaling to a coarser grid size with the detriment of losing small scale 

variability in climate information that is crucial for flood hazard estimation. The alternative approach proposed in this 

work consists of: 1) using the raw output of climate projections; 2) estimating the probability of occurrence, and 

consequently the return period, of simulated extreme discharge peaks of the future by relating them to analytical 

extreme value distributions fitted on the current simulated climate (i.e., the baseline scenario of each corresponding 

climate projection); 3) matching the return period of simulated peaks with the corresponding estimated impact (i.e., 

potential damage and population affected) for the same probability of occurrence, taken from the observed datasets 

through piece-wise linear interpolation between the six return periods. 



Additional vulnerability information is included in the flood risk assessment by setting the damage and population 

affected to zero whenever the discharge peak has a return period smaller than the flood protection level for the 

corresponding river section. Given the inherent extremely low probability of occurrence of flood events, impact 

estimates are aggregated in space and time to increase their robustness, to produce country-wide and Europe-wide 

estimates of Expected Annual Damage (EAD) and Expected Annual Population Affected (EAPA) over 30-year time slices 

including a baseline scenario (1976-2005) and three future scenarios with RCP 8.5 (2006-2035, 2036-2065, 2066-2095). 

In the remainder, the four time slices are referred to as 1990, 2020, 2050 and 2080, named after their median year. 

Alternative flood risk scenarios are evaluated by including two Shared Socioeconomic Pathways (SSP, O’Neill et al., 
2014) in the model chain. Van Vuuren and Carter (2014) suggest that the RCP 8.5 are compatible with socio-economic 

development driven by mitigation challenges (SSP5) or both mitigation and adaptation challenges (SSP3). Gross 

Domestic Product (GDP) and population projections from the Organisation for Economic Co-operation and 

Development (OECD) for SSP5 and SSP3 were acquired in the form of 5-year multipliers and applied to the exposure 

layers (i.e., population density and damage functions) to include socio-economic features in the future population 

affected and expected damage estimation. As SSP are provided in the form of country aggregated information, this 

step assumes that the growth in GDP and population can be considered homogeneously distributed within each 

country. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Potential and actual flood impact 

Potential flood impact maps (PPA and PD) aggregated on a 5 km grid through the AoI are produced for the six return 

periods TF. An example of PPA and PD for the 100-year return period is shown in Figure 3. Maps refer to population 

estimates of 2006 and to GDP Purchasing Power Standards of 2007. The risk assessment shown in this work is 

performed in the area with light grey background in Figure 3, which includes the EU-28 countries (except Malta and 

Cyprus), Norway and the Republic of Macedonia. Figure 3 shows hotspots of risk to damage and population in Europe, 

in case of failure of flood defences. AoI with less than 10 000 persons affected and 250M€ of damage are not shown 
in the figure. Highest potential impact is mainly located in densely urbanized areas along large rivers and in the flood 

plains, such as the cities of Paris and London, the Netherlands, the lower Po plain and various cities along the Danube 

River. The impact information was aggregated at country level and shown in Table 2, both as absolute values of 

potential population affected and damage (PPA and PD) and as ratios to the country population and GDP, respectively 

(PPAR and PDR). Similarly, the potential impact for the same return period is included in Table 2, which accounts for 

current flood protection standards by setting to zero the PPA and PD in all river sections with flood protection equal 

or larger than 100 years. Relative figures for the countries in Table 2 indicate average values of 1.2% and 4.8%, 

respectively, for population affected and of 1.8% and 5.5%, respectively, for economic damage, with relatively large 

differences among countries. Striking examples are those of Hungary and the Netherlands where impact levels of a 

100-year flood are particularly low (i.e., < 1%) when including protections, giving the impression of nearly complete 

safety against floods. On the other hand, the potential impact values reveal that 17.5% of the Dutch population and 

23.5% of the Hungarian GDP would be affected by a 100-year flood in case of failure of the flood protection measures. 



 
Figure 3: Potential Population Affected (left) and Damage (right) for the 100-year return period flood (assuming 

failure of flood protections), aggregated for the AoI. Values below 10,000 persons affected and 250M€ of damage are 
not shown. 

The actual impact for a 100-year flood is likely to be within the values with and without protection given in Table 2, 

where the first value assumes that the damage only occurs in areas with flood protection level lower than 100 years, 

while the latter assumes the failure of all flood protection measures. In reality, the upper bound of such estimate is 

likely to be lower than the potential impact value given in the table. Indeed, the flood hazard mapping procedure does 

not account for the reduction of peak discharge which occurs downstream the failure of river banks, due to the flood 

plain storage (see Alfieri et al., 2014). Such national assessments of potential and actual flood impact are rare (Evans 

et al., 2000; Penning-Rowsell, 2015), though they are extremely useful tools to estimate the resilience and the ease of 

recovery for a country after a major event.  

Table 2: Total and relative population affected and damage due to a 100-year flood event in 28 European countries 

considering flood protection (actual impact) and no protection (potential impact). 

    Population Affected Damage 

  Protection No protection Protection No protection 

Country Code 
PA  

[1000 pp] 
PAR [%] 

PPA  

[1000 pp] 
PPAR [%] D [M€] DR [%] PD [M€] PDR [%] 

Austria AT 33 0.4% 860 10.4% 755 0.3% 26888 10.5% 

Belgium BE 0 0.0% 513 4.9% 0 0.0% 7038 2.3% 

Bulgaria BG 169 2.2% 198 2.6% 3845 5.0% 5499 7.2% 

Croatia HR 300 7.0% 501 11.6% 1913 2.8% 4569 6.8% 

Czech Republic CZ 28 0.3% 528 5.2% 1239 0.6% 16547 7.8% 

Denmark DK 5 0.1% 8 0.2% 1123 0.7% 1181 0.7% 

Estonia EE 25 1.9% 25 1.9% 745 3.2% 745 3.2% 

Finland FI 86 1.6% 240 4.6% 2621 1.7% 7683 5.0% 

France FR 268 0.4% 3265 5.2% 11316 0.7% 67143 3.9% 

FYROM MK 21 1.0% 141 6.9% 697 4.4% 979 6.2% 



Germany DE 725 0.9% 3696 4.5% 15506 0.7% 57654 2.4% 

Greece EL 31 0.3% 76 0.7% 2333 0.9% 4026 1.6% 

Hungary HU 16 0.2% 888 8.8% 934 0.6% 36271 23.5% 

Ireland IE 56 1.3% 104 2.5% 1426 0.9% 2807 1.7% 

Italy IT 161 0.3% 1924 3.3% 10581 0.7% 87104 5.6% 

Latvia LV 80 3.6% 171 7.7% 1830 5.8% 2805 8.9% 

Lithuania LT 99 3.0% 99 3.0% 2977 6.0% 2977 6.0% 

Luxembourg LU 0 0.0% 7 1.5% 0 0.0% 564 1.7% 

Netherlands NL 0 0.0% 2864 17.5% 0 0.0% 36275 6.7% 

Norway NO 0 0.0% 145 3.1% 15 0.0% 6048 2.8% 

Poland PL 1009 2.6% 1842 4.8% 16806 3.2% 28880 5.6% 

Portugal PT 47 0.4% 47 0.4% 1232 0.6% 1232 0.6% 

Romania RO 695 3.3% 1065 5.0% 14263 6.4% 21261 9.5% 

Slovakia SK 6 0.1% 443 8.2% 56 0.1% 11416 12.5% 

Slovenia SI 14 0.7% 145 7.2% 301 0.7% 2549 5.7% 

Spain ES 706 1.6% 1010 2.3% 10969 0.9% 13746 1.2% 

Sweden SE 250 2.8% 306 3.4% 13901 4.9% 17455 6.1% 

United 

Kingdom UK 45 0.1% 1163 1.9% 1379 0.1% 43524 2.4% 

 

3.3.2 Flood risk 

The multi-model ensemble mean of 30-year EAPA per country for the baseline scenario (1976-2005) is shown in Figure 

4a, together with the projected mean relative changes due to climate change only over the time slices 2020, 2050 and 

2080 in panels b, c and d respectively. The same layout is used in Figure 5 to show mean estimates and relative changes 

in EAD under future climate scenario. Overall mean impact in the considered countries for the baseline scenario 

amounts to 5.3 B€ of damage and 216,000 people affected per year. It is worth noting that these figures refer to the 
mean of an ensemble of simulations which do not aim to reproduce real events but rather the statistics of the past 

climate. Yet, they compare well in magnitude with estimates by the Association of British Insurers (ABI, 2005) and by 

the European Environment Agency (EEA, 2010), reporting annual figures between 4.3 and 8 B€ of losses and 262,000 
people affected by flood events in Europe. 



 
Figure 4: Country aggregated Expected Annual Population Affected (ensemble mean) in the baseline scenario (a) and 

relative changes in time slice 2020 (b), 2050 (c), and 2080 (d). Impact of climate change only. 



 
Figure 5: Country aggregated Expected Annual Damage (ensemble mean) in the baseline scenario (a) and relative 

changes in time slice 2020 (b), 2050 (c), and 2080 (d). Impact of climate change only. 

Future projections of EAD and EAPA in the current century show a vast majority of positive changes and an increasing 

trend for most countries. Positive changes in 2080 are estimated in excess of +500% in Italy, Hungary, Austria and 

Slovakia for EAPA and in Belgium, Austria, Slovenia and Slovakia for EAD, with maximum values roughly at +750% for 

Austria. Overall mean projections of annual population affected by floods under climate change in the considered 

domain are estimated at 493K (+128%), 538K (149%) and 701K (+224%) for the time slices 2020, 2050 and 2080 

respectively. Similarly, the expected annual damage is projected to rise to 11 B€ (+108%), 13.1 B€ (+148%) and 17.3 
B€ (+227%) through the three time slices. Negative changes are found overall in four countries. In the time slice 2080 
they are projected to take place only in Finland (-8% in EAPA and -15% in EAD) and in Lithuania (-30% in EAPA and -

28% in EAD), due to a reduction in snowmelt-driven floods (see Alfieri et al., 2015b).  

Spatially aggregated mean values of EAD and EAPA per year are shown in Figure 6 (dark grey and red lines), together 

with the ensemble spread (grey and pink shades) given by the seven model realizations. Relative changes from the 

baseline average values can be read in the y-axis on the right. For comparison, the figure shows the effect of including 

socio-economic development in the analysis, using SSP3 and SSP5 (only ensemble mean, together with 10-year moving 

average). Projections of population affected under SSP3 (SSP5) lie below (above) the estimate accounting only for 

climate change, with relatively small differences by the end of the century. 10-year moving averages peak around 2080, 

when the differences in population affected versus the baseline simulation are projected at +230%, +159% and +366% 

for the scenarios of “No SSP”, SSP3 and SSP5, respectively. On the other hand, changes in damage appear considerably 
larger than those in population affected. 10-year moving averages centred in 2093 are projected at +240%, +465% and 



+2430% for “No SSP”, SSP3 and SSP5 versus the baseline, thus indicating larger uncertainty levels in the economic 

growth. 

 
Figure 6: Simulated damage and population affected per year and relative change from the baseline scenario 

(Europe-wide aggregated figures). Future scenarios include no SSP (with ensemble spread in pink), SSP3, and SSP5, 

together with their 10-year moving average. 

Future risk projections for each time slice are then broken down at country level and shown in Figure 7 and Figure 8 

for the three socio-economic pathways. These figures highlight countries that contributes the most to the overall 

change in flood risk through the current century, together with the associated uncertainty of the ensemble (coloured 



bar) and their mean value (vertical dash). The two figures clearly show an increasing spread of the model ensemble in 

time, though with some exceptions, notably in the two central time slices (i.e., 2020 and 2050). 

 
Figure 7: Country aggregated EAPA for the four time slices (mean value and ensemble spread) for the three cases of 

climate change only (left), SSP3 (center), and SSP5 (right). 



 
Figure 8: Country aggregated EAD for the four time slices (mean value and ensemble spread) for the three cases of 

climate change only (left), SSP3 (center), and SSP5 (right). On the right panel, note the different scale on the x axis. 

 

When only the climate forcing is considered (i.e., “No SSP” scenario), countries with mean EAD larger than 1 B€ by the 
end of the century are Italy (4.6 B€), France (2.1 B€), UK (2.0 B€) and Germany (1.8 B€), though Poland is projected to 
reach 1.2 B€ by the time slice 2020, later decreasing at about 1 B€ by the end of the century. Whereas SSP are included, 
EAD is projected to rise further in all countries, reaching an average five-fold increase for the SSP5 in the time slice 

2080 as compared to the “No SSP” scenario, which becomes seven-fold for UK and France. 

Similar considerations can be drawn for trends in population affected. The average EAPA per country by 2080, 

considering climate change only, is the highest in Germany (112K), Italy (94K), France (93K), UK (71K), Poland (58K) and 

Croatia (54K), the latter at a staggering 1.2% of its current country population. Figures are on average 30% higher in 

the SSP5, while the general decrease in the overall population modelled in the SSP3 partly compensates for the climate 

related increase of flood risk. As a result, in the SSP3 scenario, 14 countries out of the 28 considered show a rise of 

EAPA in the time slice 2020 followed by a roughly constant or decreasing trend in the subsequent future. 



Figure 9 displays relative annual figures of population affected and damage in the considered countries, obtained by 

dividing numbers in Figure 7 and Figure 8 by the country population and GDP, respectively. One can note that the 

assumption of spatially homogeneous change of exposure in the SSPs, as stated in Sect. 3.2.2, makes these graphs 

valid for all three configurations of future socio-economic developments. Data in Figure 9 are key indicators of the 

relative impact of current and future floods on the economy of countries. Values of relative affected population are 

clearly dominated by Croatia (HR), which already high baseline mean value is projected to reach 13‰ in 2050, together 
with a worst-case scenario above 20‰ in the entire second half of the century. All other countries are foreseen to 
remain within the 5‰ until 2100, with largest central estimates in time slice 2080 in the Republic of Macedonia (4.8‰), 
Slovenia (2.9‰), Austria (2.7‰), Romania (2.2‰) and Belgium (2.1‰). Similarly, projections of relative annual damage 
show the largest central estimates in 2080 mostly in Balkan countries, with Croatia (5.2‰), Republic of Macedonia 
(4.9‰), Romania (3.6‰), Bulgaria (3.4‰) and Hungary (3.1‰) above the threshold of 3‰ of the respective country 
GDP. Figure 9 also stresses the importance of the ensemble approach in this type of studies, pointing out regions with 

large uncertainty in the climatic projections, which can be significant even in the baseline scenario (e.g. as in 

Macedonia, Croatia, Latvia). 

 



 
Figure 9: Country aggregated annual relative population affected (left) and relative damage (right) for the four time 

slices (mean value and ensemble spread). 

 

3.3.3 Risk assessment by specific warming levels 

A similar analysis to that of Sect. 3.3.2 was performed to assess the future flood risk under specific warming levels 

(SWLs), for warming thresholds of 1.5, 2, and 4 ºC, as compared to pre-industrial levels. The years of exceedance of 

the three SWLs is provided by the work of WP2 and it is shown in Table 3 for the seven considered RCM. The year of 

passing a SWL is defined as the first time the 20 year running mean of the global averaged annual mean temperature 



is above the SWL, i.e the year indicates the middle of a 20 year average. Figures of flood impact per country are 

obtained by summing the estimated population affected and direct damage over the 30-year time slices centred on 

the three years of crossing the SWLs. Results are shown by countries in Figure 10 and Figure 11 for absolute and 

relative impact values. The ensemble mean values of countries shown in Figure 10 are also displayed in Figure 12 and 

Figure 13 in map format. Similarly, percent changes of the ensemble mean per country relatively to the baseline are 

shown in Figure 14 and Figure 15 for population affected and damage, respectively. 

One should note that those figures include the impact of climate change only, while no socio-economic development 

indicators are included due to the mixing of different time windows, which are linked to the underlying climatic 

model. 

Figure 10 shows that, under a 4 degree warmer world, the four largest European countries in terms of population 

(i.e., Germany, France, United Kingdom and Italy) are projected to suffer a considerable increase in population 

affected and direct damage by river floods, reaching a total (ensemble mean) of 380,000 people affected and 10 B€ 
damage per year, as compared to 90,000 people and 2.7 B€ damage per year in the present climate. Overall 
projections of population affected in the 28 European countries considered in this study are of 480,000 per year at 

1.5 ºC, 510,000 at 2 ºC, and 710,000 at 4 ºC warming, as compared to 220,000 in the present climate. Similarly, the 

annual flood damage could rise from the current 5.3 B€/year to 11 B€/year, 12 B€/year and 17 B€/year respectively 
under 1.5, 2, and 4 ºC warming. 

Results in Figure 11 highlight those countries where different warming levels are likely to affect the most the 

projected flood impacts, expressed as ratios to their country population and GDP. Despite a general increasing trend 

in projected flood risk with increasing SWLs, one can see relatively small differences in several countries in the 

Eastern Europe, where the relative population affected and the relative damage takes on similar values for different 

SWLs and sometimes assume constant or even negative trends with increasing SWLs (e.g., Poland, Latvia, Slovakia, 

Hungary, Lithuania and Romania).  The Republic of Macedonia (MK) and Croatia (HR) are found to be the countries 

with the highest relative impact for most SWLs tested. On average, more than 1% of the Croatian population is 

projected to be affected by river floods every year for warming levels of 2 ºC or higher. Interestingly, the country 

with the largest annual relative damage under 1.5 ºC warming is Romania, with an ensemble mean just above 0.4% 

of its country GDP. 

 

Table 3: EURO-CORDEX climate scenarios used in this study and years of passing the three SWL.  

 

 
Institute GCM RCM 

Year of GCM 

crossing +1.5C 

Year of GCM 

crossing +2C 
Year of GCM 

crossing +4C 

1 KNMI EC-EARTH RACMO22E 2020 2036 2083 

2 SMHI HadGEM2-ES RCA4 2027 2039 2074 

3 SMHI EC-EARTH RCA4 2019 2035 2083 

4 MPI-CSC MPI-ESM-LR REMO2009 2021 2040 2083 

5 CLMcom MPI-ESM-LR CCLM4-8-17 2021 2040 2083 

6 SMHI MPI-ESM-LR RCA4 2021 2040 2083 

7 CLMcom EC-EARTH CCLM4-8-17 2019 2035 2083 



 
Figure 10: Country aggregated annual PA (left) and ED (right) for the baseline and three SWLs (mean value and 

ensemble spread). Values include the impact of climate change only (i.e., no SSP).The ranking of countries in the 

figure is a function of the average impact at 4 ºC warming. 



 
Figure 11: Country aggregated annual relative PA (left) and ED (right) for the baseline and three SWLs (mean value 

and ensemble spread). Figures are expressed as a ratio of the country population and GDP respectively. The ranking 

of countries in the figure is a function of the average impact at 4 ºC warming. 

 



 
Figure 12: Country aggregated Expected Annual Population Affected (ensemble mean) at 1.5°C (a), 2°C (b), and 4 °C 

(c) global warming. Impact of climate change only. 

 

 

 
Figure 13: Country aggregated Expected Annual Damage (ensemble mean) at 1.5°C (a), 2°C (b), and 4 °C (c) global 

warming. Impact of climate change only. 

 



 
Figure 14: Country aggregated Expected Annual Population Affected (ensemble mean) in the baseline scenario (a) 

and relative changes at 1.5°C (b), 2°C (c), and 4 °C (d) global warming. Impact of climate change only. 



 
Figure 15: Country aggregated Expected Annual Damage (ensemble mean) in the baseline scenario (a) and relative 

changes at 1.5°C (b), 2°C (c), and 4 °C (d) global warming. Impact of climate change only. 

 

3.4 DISCUSSION 

The modelling framework proposed and applied for the flood risk assessment proved to be capable of reproducing 

coherent values of population affected and economic damage for the baseline scenario, if compared to past estimates 

at European (ABI, 2005; EEA, 2010) and country/regional scales (e.g., see te Linde et al., 2011; Lugeri et al., 2010; 

Penning-Rowsell, 2015), especially in light of the considerable uncertainty affecting available estimates of flood impact 

(Penning-Rowsell, 2015). Such result is even more relevant if one considers that no calibration was performed on the 

socio-economic impact model nor on the climatic variables. Historical and future flood peaks coming from climate 

scenarios are assigned realistic impact values by matching the quantiles (hence return periods) of their statistical 

distribution with those of the observed dataset. This step relies on the assumption that the distribution of discharge 

peaks in the observed dataset (1990-2013) can be considered representative of the baseline time span (1976-2005). 

Note that the proposed approach is focused on the flood risk due to riverine floods in river basins with upstream area 

larger than 500 km2 (see Alfieri et al., 2014). Hence the impact due to flash floods, surface water flooding and coastal 

floods is not accounted for. 

Results indicates that overall relative changes in the future socio-economic impact in Europe follow the corresponding 

changes in the flood hazard as found by Alfieri et al. (2015b). In the latter, the authors found that changes in the 



frequency of flood peaks are likely to impact the future flood hazard more than the corresponding changes in 

magnitude. In particular, the frequency of flood peaks with high return period is projected to rise significantly in most 

of Europe, even in regions where the overall frequency of severe (i.e., larger than the bankfull conditions) discharge 

peaks is projected to decrease. The authors showed that the increase in frequency is not imputable to significant 

changes in the different climate forcing used as input (i.e., EURO-CORDEX, as compared to previous assessments based 

on SRES scenarios), but to the different approach to estimating the frequency of occurrence of discharge peaks and to 

some limitations in the block maxima approach in estimating extreme discharge values larger than the range of data 

used for the distribution fitting. As a result, we argue that flood risk assessments based on block maxima analysis tend 

to underestimate the impact of future floods in presence of increasing frequency of extreme events. This finding 

explains the considerable differences between future risk projections obtained in this work (e.g., +224% in EAPA and 

+227% in EAD by 2080) and those of the previous assessment by Rojas et al. (2013), whose figures of future flood risk 

in Europe in 2080 are projected to increase by 90% in EAPA and by 120% in EAD, as compared to the 1981-2010 

baseline. 

In addition, differences in the assumed flood protection standards were shown to change dramatically the results of 

impact assessments (Rojas et al., 2013; Ward et al., 2013). The use of a sound map of flood protection levels as that 

derived by Jongman et al. (2014) is a key component which improves the presented evaluation of the flood risk at 

national level, as compared to linking the protection standards to the country GDP (Feyen et al., 2012) or to the 

assumption of a constant protection level for the entire simulation domain (Rojas et al., 2013). With regard to the 

modelling of flood depth and extent, no direct comparison can be done with previous assessments, which extrapolated 

the flood hazard maps using future climate scenarios as input and therefore cannot be benchmarked. However, the 

proposed approach has the strength of using only one set of flood hazard maps, which are based on the observed 

climate and can thus be validated against flood records and national/regional hazard maps (Alfieri et al., 2014). It 

follows that any improvement in mapping the flood hazard in the current climate can be integrated in this risk 

assessment approach and improve the estimates of the current and future flood risk. 

3.5 CONCLUSIONS 

This section describes a Europe-wide socio-economic flood risk assessment based on an ensemble of the latest regional 

climate scenarios adopted by the IPCC and suitable socio-economic pathways. Simulated flood risk scenarios for the 

current century are representative of high level greenhouse gas concentration in the atmosphere (RCP 8.5), which 

corresponds to the exceedance of +4°C warming before year 2100, as compared to pre-industrial averages (Alfieri et 

al., 2015b). 

Compared to earlier continental flood risk assessments (Dankers and Feyen, 2009; Jongman et al., 2014; Rojas et al., 

2013), this work addresses several limitations by incorporating a number of methodologies and state-of-the-art 

datasets that have recently become available. Noteworthy novelties are summarized as follows: 

 Flood depth and extent are estimated through a recently developed procedure to map the flood hazard at 

pan-European scale (Alfieri et al., 2014). This is a major advance compared to the commonly used planar 

approximation of water levels, as the new approach is based on a mass-conservative 2D hydraulic modelling 

and on coherent flood hydrographs derived for a set of different probability levels. 

 The evaluation is based on consistent combinations of the new RCP and SSP scenarios adopted by the IPCC for 

the next generation of climate impact assessments.  

 The future flood hazard is incorporated in the flood risk assessment through the selection of simulated peaks 

over threshold, rather than through analytical curves fitted on annual streamflow maxima. This enables a more 

consistent evaluation of the frequency of future extreme events, rather than just their magnitude (see Alfieri 

et al., 2015b). 



 We propose an alternative approach to bias correct climate simulations, which consists of a statistical matching 

between the frequency of occurrence of future flood peaks and the corresponding impact (i.e., damage and 

population affected) for the same return period, taken from the observed climate. 

 New high resolution maps of population density and land use increased the spatial accuracy of the impact 

assessment.  

 Finally, the assumption of GDP-based or constant flood protection levels in Europe has been replaced by the 

more realistic flood defence map by Jongman et al. (2014). 

Ensemble mean estimates of 5.3 B€ of damage and 216,000 people affected by river floods every year in Europe are 
well within the range of the observed values found in the literature, pointing out the suitability of the proposed 

modelling approach for future impact assessments. By forcing the model with high end climatic projections, the socio-

economic impact of river floods in Europe is projected to increase by an average of 220% by the end of the century, 

due to climate change only. The coupling of climate scenarios (RCP 8.5) with coherent projections of socio-economic 

growth (SSP3 and SSP5) led to an overall evaluation of the future flood risk and the related uncertainty. Central 

estimates of population annually affected in 2050 are within 500,000 and 640,000 and within 540,000 and 950,000 in 

2080. Larger variability is foreseen in the future economic growth and consequently in the expected damage of 

flooding, with central estimates at 20 to 40 B€ in 2050 and 30 to 100 B€ per year in 2080. 

High-end climate scenarios are hereby shown to be linked with a significantly larger impact of future river floods on 

the European economy and society. Extreme flood events are catastrophic and unpredictable until days or hours 

before they take place. International coordination is fundamental to prepare and put into action effective mitigation 

and adaptation plans, together with raised awareness and resilience to better cope with natural catastrophes and 

streamline the recovery process. 

  



4 A PAN-EUROPEAN ASSESSMENT OF THE BENEFITS OF FOUR FLOOD 
ADAPTATION STRATEGIES 

Recent research provides a considerable body of evidence on the effect of anthropogenic greenhouse gas emissions 

on the Earth’s climate (Stocker et al., 2013). Despite the inevitable uncertainty affecting climatic projections, an 

increasing number of scientific studies suggest that global warming will exceed 2°C and range up to 6°C by the end of 

the century (Betts et al., 2011; Friedlingstein et al., 2014), following Representative Concentration Pathways (RCP) with 

radiative forcing up to 8.5 W/m2. In Europe, such a scenario is likely to be linked to a sharp increase in flood risk (Alfieri 

et al., 2015a; Feyen et al., 2012), making adaptation plans a vital component of current and future disaster risk 

reduction strategies (Adger et al., 2005; Brandimarte et al., 2009). Flood risk reduction is tackled through structural 

and non-structural measures involving flood zoning, land-use planning and private precautionary measures, with 

notable differences in the approach from country to country, even within Europe (Kreibich et al., 2015).  

While the number of coordinated flood reduction plans is steadily growing, particularly at community level (Reinhardt 

et al., 2011; e.g., Stahre, 2008), most flood risk prevention actions performed in the past decades focused on corrective 

rather than preventive measures. After a flood had hit, a recurrent case of flood management was to reinforce and 

rise flood protections up to a level that would safely confine the peak flow of the river in case a similar event occurred 

again in the future (see e.g., Fenn et al., 2014). Yet, more and more research studies based on past events acknowledge 

dykes heightening as measures of last resort or even examples of maladaptation (Hallegatte, 2009; Wenger, 2015; 

Zurich, 2014), as they give a misleading impression of complete safety which is at odds with the catastrophic 

consequences in case of failure during flood events (e.g., Di Baldassarre et al., 2015). The last two decades have seen 

a progressive policy shift towards programs to give “room for the rivers” (Opperman et al., 2009; Rohde et al., 2006), 

aimed to increase the storage space of rivers by restoring floodplains and thus reducing the flood depth by spreading 

floodwaters over wider areas. Other adaptation options such as relocation to safer areas or flood proofing of buildings 

require deeper commitment of homeowners and have thus found limited applications in practice (Bichard and 

Kazmierczak, 2012; McLeman and Smit, 2006). Yet, insurance programs and disaster financing schemes have large 

potential in steering the flood risk management in the private and public sectors (Jongman et al., 2014; Keskitalo et 

al., 2014).  

Quantifying the benefits of adaptation measures is crucial for planning nation-wide coordinated actions for flood risk 

reduction in view of future socio-economic dynamics and the potential intensification of the hydrological cycle and of 

its extremes (Alfieri et al., 2015b). Current and past research has described extensively the damage reduction potential 

of a wide range of adaptation options (ABI, 2003; Arnbjerg-Nielsen and Fleischer, 2009; Kreibich et al., 2011; 

Woodward et al., 2011). However, only few studies have quantified the benefits of adaptation strategies through 

simulation approaches, especially in view of future climate change. Among these, Poussin et al. (2012) used a modelling 

framework to investigate the benefits of spatial zoning, wet and dry flood-proofing on the future flood risk in the 

Meuse River. At European level, Rojas et al. (2013) and Jongman et al. (2014) used an ensemble of regional climate 

projections to assess the sensitivity of increased flood protection standards and of risk transfer financing on riverine 

flood risk throughout the XXI century.  

This work relies on the new flood risk assessment framework proposed by Alfieri et al (2015a) to illustrate the benefits 

of adaptation in reducing expected damages and population affected by river floods in Europe under 4°C global 

warming by the end of the century. Adaptation is here intended as of the Intergovernmental Panel on Climate Change 

(IPCC) terminology (IPCC, 2001), hence measures aimed at reducing the sources or enhance the sinks of greenhouse 

gases, i.e., classified as “mitigation” measures, are not considered in this work. The risk assessment framework 

comprises hydrological modelling, threshold-based evaluation of extreme event magnitude and frequency, fully 

integrated 2D flood hazard mapping, updated exposure maps, country-specific depth-damage functions and improved 

vulnerability information to estimate current and future flood risk. Within this framework, we consider four different 



adaptation options and evaluate their effectiveness in risk reduction. Each adaptation option is therefore simulated in 

8 to 12 different configurations to assess the sensitivity of its implementation on the resulting flood risk. Risk reduction 

estimates are obtained by aggregating the results of seven ensemble simulations in space, over 28 European countries, 

and in time, through three 30-year time slices (TS), to strengthen the robustness of the analysis. 

4.1 DATA AND METHODS 

The simulation framework for flood risk assessment used in this work is described by Alfieri et al (2015a). The reader 

is referred to it for detailed information on the main input data, simulation models, limits of validity and methods used 

to estimate the future flood risk in Europe under high-end climate scenario, assuming no adaptation measures. Main 

steps of the risk assessment framework include: 

 Continuous daily streamflow simulations from 1976 to 2100 (Alfieri et al., 2015b), forcing a distributed 

hydrological model (Lisflood, van der Knijff et al., 2010) with an ensemble of seven EURO-CORDEX (Jacob et 

al., 2014) RCP 8.5 downscaled regional climate scenarios over Europe. The General Circulation Models (GCM) 

driving the regional models chosen are rated in the top 25%, according to a performance evaluation of CMIP5 

models carried out by Perez et al. (2014), in their ability to reproduce spatial patterns and climate variability 

over the north-east Atlantic region, that is the most influential on the European weather patterns. 

 Estimation of potential population affected (PA) and expected damage (ED) of river floods in Europe in the 

current climate, through a combination of hydrological and high-resolution (100 m) hydraulic modeling (Alfieri 

et al., 2016b). Output flood extent and depths are coupled with an impact model based on population density 

and depth-damage relations to estimate PA and ED for selected return periods. 

 Each flow peak of the future streamflow scenario exceeding the local flood protection levels is assigned an 

impact (PA and ED) through linear interpolation among the return periods estimated for the current climate. 

 The contribution of the future socio-economic development foreseen at country level is added through a set 

of 5-year multipliers provided by the Organisation for Economic Co-operation and Development (OECD). Data 

and related description can be found at the link https://tntcat.iiasa.ac.at/SspDb/dsd. 

This work takes future socio-economic developments based on SSP5 (O’Neill et al., 2014), consistent with high 

mitigation challenges due to high-end warming and willingness to take adaptation measures against climate impacts. 

SSP5 assumes a world with rapid economic growth as opposed to relatively small changes in population (van Vuuren 

and Carter, 2014). 

It is worth noting that the average impact estimates for the baseline period are quantitatively in agreement with 

reported figures at European level (see Alfieri et al., 2015a), thus supporting the suitability of the impact model and 

the underlying datasets for future climate projections. 

4.1.1 Adaptation measures for flood risk reduction 

Four types of adaptation measures were considered and implemented to different extents, to assess their sensitivity 

to the corresponding risk reduction. Each adaptation option targets the reduction of flood risk by acting on one of the 

three components of the risk formula, namely hazard, exposure and vulnerability. In the figures and the related 

discussions, multiplicative and reduction rates associated to each adaptation option defined below are referred to as 

“sensitivity factors”. 

4.1.2 Increase of flood protection levels 

It aims at reducing the vulnerability of people and assets to extreme streamflow conditions. It requires limited space 

as it normally consists of elevating the river banks, through permanent or temporary barriers, to increase the maximum 



streamflow that the watercourse can fully contain and convey downstream without causing damage. This keeps the 

flood storage to minimum levels hence the magnitude of the flood peak can remain unchanged for long river reaches. 

As a consequence, its implementation (and maintenance) need be homogeneous within each river basin as local 

weaknesses would represent preferential triggering points for flooding. In the simulation framework, the return period 

of current flood protections in Europe, expressed in years, was increased by a set of 12 constant rates ranging between 

5% and 2500%, where the upper bound was derived by the findings of the post-event adaptation scenario, described 

in Sect. 3.1. 

4.1.3 Reduction of the peak flows 

This adaptation option aims at reducing the flood hazard through a reduction and a delaying of peak flows during 

extreme events. Peak reduction is achieved by setting up areas within or aside the river network that can be flooded 

in a controlled manner when the river stage reaches critical levels. In addition, peak flows are reduced by reservoirs, 

sustainable urban drainage systems (SUDS, e.g., Pasche et al., 2008), retarding basins, infiltration basins, and through 

targeted land management plans such as afforestation and river renaturation (Reinhardt et al., 2011). In this study, we 

run the impact model with a set of 11 different reduction factors between 5% and 95% applied to the return period 

(i.e., the average recurrence interval) of simulated discharge peaks. 

4.1.4 Reduction of vulnerability 

It includes all adaptation options which can be modelled through a progressive reduction of the vulnerability, including 

the implementation of early warning systems, dry and wet flood proofing, and floating buildings, among others 

(Kreibich et al., 2015; Pappenberger et al., 2015; see Strangfeld and Stopp, 2014). In the impact model, the adaptive 

measure is implemented through a multiplicative factor, ranging between 0 and 1, applied to the damage curves and 

to the population density layer. One should note that this measure does not reduce the frequency of flooding events 

but rather the consequences of the flooding, hence the reduction in population affected is to be seen as a reduction 

of the degree of disruption to the population and their activities. 

4.1.5 Relocation 

It reduces the exposure of people and assets at risk of flooding by moving them to areas with negligible risk (King et 

al., 2014). In this adaptation option, some assumptions are taken to identify areas where the relocation would occur. 

Past events showed that flood relocation is primarily driven by economic evaluations and mostly occurs after 

catastrophic events which makes the reconstruction costs of the same magnitude of buying a new property (Kick et 

al., 2011; López-Carr and Marter-Kenyon, 2015). The relocation mask was defined as the set of areas with 3 or more 

meters of flood depth following an event with return period of 20 years, assuming no flood protections in place. By 

definition, in these areas, flooding has a 50% probability to occur in a 13.5 year period, so it is likely to be experienced 

by permanent residents once or more in their lifetime. In addition, on European average, 3 meters correspond to 

roughly 75% of the maximum potential flood damage for several land use classes including residential, commerce and 

industrial, among others (Huizinga, 2007). One can note that the criteria defining the relocation mask are independent 

of the local exposure and vulnerability, thus suggesting the following two considerations: 1) this measure leads to 

higher benefits in countries with considerable developments along rivers and potentially large flood depths, while little 

risk reduction can be achieved in wide flood plains where the flooding rarely reaches high depths. 2) The relocation 

mask is evaluated independently of the local flood protection standards, as a failure in the protections would likely 

induce a very large impact and a difficult recovery process. In the impact assessment, we tested 8 different relocation 

ratios between 5% and 100%, to be applied as multiplicative factors to people and assets located within the area 

defined by the relocation mask. These modified exposure layers are then used within the risk assessment framework 

to estimate the impact of future flood peaks and their corresponding inundation depths. 



4.2 RESULTS 

4.2.1 Post-event adaptation 

Before evaluating the four adaptation options we first appraise the flood risk throughout this century when flood 

protection is incrementally increased after every event with peak flow exceeding the existing protections. We refer to 

this as post-event adaptation and it is hereby modeled by setting post-event protections to match the return period 

of the flood flow of the event occurred. Ensemble estimates of expected damage and population affected for the post-

event adaptation and no-adaptation scenario are presented in Figure 16, aggregated over the considered European 

domain. In the early 2000s impact estimates of the two cases mostly overlap. Flood protections steadily increase in 

the adaptation case following each damaging event, reaching a European average exceeding 2,500 years by the end of 

the century, as opposed to about 100 years at the start of simulations in 2006. In some simulations, country-average 

protections rose above 5,000 years before year 2020. Note that return period estimates are bound to 10,000 years to 

avoid instability issues in the upper tail of the extreme value distributions, as each of those is derived from a set of 30 

annual streamflow maxima. The benefits of adaptation are more evident in the second half of the century (see 

supplement material in Alfieri et al., 2016a). Population affected every year in Europe by river floods drops from 

660,000 to 330,000 in 2050s and from 1,000,000 to 440,000 in 2080, in case post-event adaptation measures are taken. 

Accordingly, expected damage is reduced from 41 to 21 B€/year in 2050 and from 105 to 42 B€/year in 2080s. At 
country level, average risk reduction rates are within 30 and 73%, the lowest values being for the Netherlands, where 

the initial protection levels are the highest among the considered countries. It should be noted that this work focuses 

on direct damage only. Indirect losses are often assumed to be about 40% of the direct ones, but they might actually 

become much larger if unexpected chains of events take place, such as during the 2011 Thailand flooding (Haraguchi 

and Lall, 2014). 



 

Figure 16: Annual estimates of population affected and expected damage in Europe in case of no-adaptation (grey) 

and post-event adaptation (red). Ensemble spread (shaded colors) and mean value (solid line). The bottom panel 

shows the projected temporal evolution of the return period of flood protections. 

4.2.2 Sensitivity analysis of adaptation strategies 

The effect of the four adaptation strategies described in Sect. 4.1.1 on annual estimates of population affected and 

expected damage in Europe is shown in Figure 17. The ensemble range of three 30-year time slices centered in year 

2020, 2050 and 2080 is shown with color shades, together with their ensemble mean with a solid line. Each graph 

includes the corresponding average impact of the same set of simulations over the baseline window 1976-2005. Graphs 

in Figure 17 clearly indicate increasing flood risk and ensemble spread for time slices further in time, as a combination 

of increasing hazard due to climatic change and of socio-economic drivers. The effect of the latter is visibly more 

pronounced on the expected damage (Figure 17, right column), resulting from a larger growth of the economy as 

compared to that of population, as projected in the SSP5. Graphs in Figure 17 indicate a non-linear behavior in the risk 

reduction of the first two adaptation options, as opposed to a linear trend in the latter two, which leave the flood 



depth and extent unchanged while acting on measures to reduce the disruption to population and assets. Past levels 

of flood impact are unlikely to be retained by the end of the century if only one adaptation option is implemented. 

Risk reduction estimates were then aggregated for each of the 28 countries and of the three future time slices. Figure 

18 and Figure 19 show the results for Germany, France, UK and Italy, which together contribute to more than 50% of 

the European population considered in this study. Graphs of 24 more countries are available in the Supplement 

material of Alfieri et al. (2016a). Each graph shows, with a horizontal dashed line, the risk reduction (RRb) needed to 

retain the relative flood impact of the baseline window 1976-2005. Differently from Figure 17, the horizontal line 

referring to historical impact data do not include the socio-economic development but only the effect of climate 

change. In practice, it represents the risk reduction needed to keep the historical ratio of population affected and 

economic damage as compared to the country population and GDP. In most countries, RRb grows in time due to the 

increasing flood risk, which implies a continuous effort to improve the adaptation strategy. For instance, in Germany 

(DE) in the TS 2020, historical values of flood impact can be retained as long as adaptation measures are implemented 

to achieve a risk reduction of 65% (PA, Figure 18) and 61% (ED, Figure 19), as compared to the no-adaptation scenario. 

Regarding population affected, the risk reduction can be achieved on average with 65% reduction of vulnerability, 80% 

reduction of the return period of peak flows, or a 5 to 10-fold increase in the return period of flood protections. One 

can note that a complete relocation of people living in the relocation mask would reduce the population affected by 

only 12%, which is far less than the target risk reduction. On the other hand, the reduction in expected damage through 

relocation was always found larger (e.g., 59% in Germany), suggesting that a considerable proportion of assets is 

currently located in areas at risk of flooding. Summary statistics for the other countries can be found in Table S2 and 

Figure S5 in the Supplement material. Also, it is noteworthy that vulnerability reduction measures do not depend on 

the climate scenarios and consequently on the frequency of flooding, hence no spread of the climate scenarios can be 

seen in Figure 18 and Figure 19. 



 

Figure 17 Benefits of four adaptation strategies on ensemble annual estimates of population affected (left) and 

expected damage (right) in Europe in time slice 2020, 2050 and 2080. 



 

Figure 18 Risk reduction in population affected through different adaptation options. Ensemble projections over 3 

time slices are shown for Germany, France, UK and Italy. 



 
Figure 19 Risk reduction in expected damage through different adaptation options. Ensemble projections over 3 time 

slices are shown for Germany, France, UK and Italy. 

Lastly, Figure 20 relates the risk reduction of each adaptation measure with the corresponding distribution of the 

simulated annual relative impact of floods per country through years 2006-2100. For each measure, the shaded area 

encompasses all positive annual impacts from seven ensemble simulations, while the mean impact is shown with a 

solid line. In other words, the figure highlights the risk reduction of different adaptation measures on extreme flood 

years, for different rates of long-term risk reduction. Germany, France, UK and Italy are shown in Figure 20, while all 

the other countries are included in the Supplement material of Alfieri et al. (2016a). In Figure 20, the first two 

adaptation measures give similar results, as they are both focused on reducing the flood threshold exceedances by 

either reducing the peak flow or by rising the flood protection level. Relative impact values tend to remain high 

suggesting that the risk reduction is achieved mostly through a reduction of the frequency of minor events, while 

catastrophic events retain a relatively large impact.  



 

Figure 20 Relative annual flood impact expressed as population affected (left) and expected damage (right) for 

different risk reduction factors. Graphs show country aggregated data for Germany, France, UK and Italy. 

On the other hand, vulnerability reduction and relocation often show a linear trend decreasing fast with risk reduction, 

as they reduce the impact of all events. In Germany, 40% average reduction on the expected damage through 

relocation would lead to a worst case scenario with potential annual damages up to 0.7% of the country GDP. Instead, 

if the same average risk reduction is obtained by implementing peak flow reduction or rising flood protections, extreme 

flood years could yield impacts up to 1.4% of German GDP and 2.4% of its population. Similarly, smaller countries have 

higher chance of being hit by widespread floods affecting their entire area, with differences in potential impact 

sometimes above 5% of their GDP and population, depending on the chosen adaptation option, such as in the case of 



Croatia and the Netherlands for the population affected, and Austria and Republic of Macedonia for the expected 

damage. 

4.3 DISCUSSION 

The results and applicability of the proposed adaptation measures should be considered in light of their inherent 

assumptions and limitations. Sensitivity factors approaching 100% reduction of the peak flow and of the vulnerability 

(Figure 17 to Figure 19) are unrealistic with technologies currently available. Simulations in the upper range of 

sensitivity are shown for completeness of the analysis as well as to show the effect of the climate uncertainty at 

different sensitivity levels. In real world applications, peak flow reduction rates rarely exceed 50% (Pasche et al., 2008; 

Reinhardt et al., 2011) and tend to decrease with the event magnitude and with the catchment area. With regard to 

vulnerability reduction, early warning systems are known to yield profitable cost-benefit ratios (Pappenberger et al., 

2015), though with relatively low risk reduction ratios (Meyer et al., 2012). On the other hand, structural measures for 

vulnerability reduction lead to higher risk reduction rates, at the expense of more considerable investments. 

From a numerical viewpoint, it appears that rising flood protections is the only adaptation option that can compensate 

for any increase in the flood risk. It has relatively high cost-effectiveness (Fenn et al., 2014) and often finds little societal 

resistance in its implementation as it is mostly not associated with land-use changes. However, a comprehensive 

analysis of costs and benefits of this adaptation measure should include the following issues, which are currently not 

implemented in this simulation framework and are sometimes ignored in practical applications: 

 An additional risk component is due to the probability of failure of the flood protections for event magnitudes 

lower than the design standards, as often occurs in flood events (Apel et al., 2006; Serre et al., 2008; Zurich, 

2014). 

 Heightening river dykes reduces the probability of overflowing thus minimizing the floodplain storage and 

increasing the magnitude of peak flows downstream. 

 Rising flood protections and the consequent reduction in the frequency of flooding events favors the loss of 

flood memory, leading to increasing exposure in flood-prone areas (Di Baldassarre et al., 2015). This dynamic, 

usually referred to as “levee effect”, is characterized by potentially long flood-free periods followed by 

catastrophic events and large flood losses. 

The latter point is supported by the results in Figure 20 showing how, for fixed risk reduction values, rising flood 

protections lead to larger socio-economic impacts than in the case of relocation and vulnerability reduction. Past 

research has shown that the difficulty and the time of recovery of population and ecosystems increase more than 

linearly with the relative impact of events (Me-Bar and Valdez Jr., 2004; Romme et al., 1998), leading the system to a 

complete collapse in case of extreme disasters. In this regard, the European Union Solidarity Fund (EUSF) was set up 

to support EU member states significantly affected by disasters, to help and speed up the recovery process. However, 

Jongman et al. (2014) suggested that the expansion of the EUSF budget to compensate for future large scale floods is 

infeasible with the projected increasing trend in flood losses for the current century. In addition, such compensation 

mechanism might be a disincentive for governments to undertake active risk reduction efforts. On the other hand, 

empirical evidence suggests that recurrent flooding is usually associated with decreasing vulnerability (Jongman et al., 

2015; Kreibich and Thieken, 2009; e.g., Wind et al., 1999), due to the enhanced resilience and coping capacity acquired 

by the society during previous events (so-called “adaptation effect”). 

A final comment is devoted to the uncertainty of climate projections and their impact on adaptation. The benefits of 

methods relying on reducing the exceedance of flood thresholds (i.e., rising flood protections, reducing peak flow) 

heavily depend on the future climate scenario. In some cases, the magnitude of future climate extremes is within a 



relatively wide range around that of local flood protections, so that the consequent ensemble range of estimated risk 

reduction can be large. Striking examples are those of the UK, TS 2050 (Figure 18), with up to 50% of uncertainty in the 

risk reduction, and other examples in the Supplement, such as for Belgium (TS 2020), Denmark (TS 2050), Estonia (TS 

2020), Hungary (TS 2050), Luxemburg (TS 2080) and Netherlands (TS 2080). Uncertainty in risk reduction consistently 

decreases in the case of relocation and disappear altogether in vulnerability reduction, as these measures rely on 

reducing the consequences of a flooding event, rather than trying to avoid it. In addition, despite our effort to 

characterize and possibly minimize the climatic uncertainty, one should be aware of other sources of uncertainty (e.g., 

in the hydrological and hydraulic modeling, in the space-time discretization, in the impact model, among others) which 

affect complex modeling framework such as the one presented in this work. 

4.4 CONCLUSIONS 

In a 4°C global warming scenario, the socio-economic impact of river floods in Europe is likely to triple before the end 

of the century (Alfieri et al., 2015a). In this work, we implemented a relatively simple model applicable to large areas, 

which can be used to assess the sensitivity of linear changes in different components of the risk formula, to the overall 

flood risk under selected climatic scenarios (Alfieri et al., 2016a). In comparison to previous similar works, the key 

feature of this research is the use of a high-resolution modeling framework combined with a large number of simulated 

scenarios, resulting from the product of four adaptation options, an average of ten rates of implementation of each 

option, seven regional climate models spanning 125 years of climatic data, and two flood impact indicators. We 

showed how four different classes of adaptation options can reduce the future flood risk to compensate for the impact 

of climate change. Research findings suggest that current relative flood impact levels can be retained or even 

decreased in the future decades, provided that coordinated and effective adaptation plans are promptly prepared and 

put into action. 

Under the projected increase in frequency and magnitude of river floods, traditional approaches based only on rising 

indefinitely local flood protections are not sustainable in the long term. The combined effect of these two dynamics is 

likely to exacerbate the “levee effect” by reducing the frequency of moderate events and exposing the society to few 
catastrophic floods, followed by potentially long and painful post-event recovery. We recommend future adaptation 

strategies to be based on a combination of different measures working in synergy and optimized at the level of river 

basins, rather than through independent actions over selected river reaches. In agreement with previous research (Di 

Baldassarre et al., 2015; Zurich, 2014), we have showed that adaptation efforts should give priority to measures 

targeted at reducing the consequences of hazardous events, rather than trying to avoid their occurrence. In particular, 

relocation and vulnerability reduction measures should be further developed, due to their two key features of 1) 

reducing the impacts of all floods without reducing their frequency, thus strengthening the resilience of societies and 

ultimately the “adaptation effect”; and 2) reducing the effects of uncertainty in future climate on the consequent risk 

reduction due to adaptation measures. Further adaptation measures to reduce the peak flow should make use of 

natural retention capacity upstream, while rising flood protections should be seen as last resort, to compensate for 

the residual risk in areas where other options cannot be implemented. In the latter case, best practice in the realization 

of new structures include 1) the need for gradual and non-catastrophic failure in case of overload, and 2) building in 

redundancy, so that a single failure in the system would not compromise the overall flood risk protection capacity. 

 
 

  



5 COASTAL IMPACT ASSESSMENT FOR EUROPE IN VIEW OF CLIMATE 
CHANGE  

The coastal zone is an area of high interest, characterized by increased population density, hosting important 

commercial activities and constituting habitats of high socioeconomic value (Costanza, 1999). Nearshore areas also 

support diverse ecosystems that provide important habitats and sources of food. One third of the EU population lives 

within 50 km of the coast. Globally about 120 million people are exposed annually to tropical cyclone hazards, which 

killed 250,000 people from 1980 to 2000. The EU Strategy on Adaptation to Climate Change stresses that coastal zones 

are particularly vulnerable to the effects of climate change. This is due to the combined effects of sea level rise and 

potential changes in the frequency and/or intensity of storms. In recent years, substantial research effort has focused 

on several aspects of coastal hazard and risk in view of climate change (Church and White, 2011; Hinkel et al., 2014; 

Hogarth, 2014; Hoggart et al., 2014; Jevrejeva et al., 2014; Losada et al., 2013; Tol, 2009).  

Future extreme sea levels (ESLs) and flood risk along European coasts will be strongly impacted by global warming. 

ESLs originate from the combined effects of MSL, the astronomical tide and episodic water level fluctuations due to 

waves and storm surges that become important during extreme meteorological events, when intense atmospheric 

wind and pressure fields transfer significant amounts of energy to the ocean (Losada et al., 2013). Global MSL has 

increased since the beginning of the 20th century (Hay et al., 2015), with an accelerated rate since the 1990s (Watson 

et al., 2015), where the rise after 1950 can be explained by global warming (Slangen et al., 2014). Past changes in ESLs 

are dominated by local MSL dynamics (Menéndez and Woodworth, 2010), depending on variations in and interactions 

between vertical land movement, the thermal expansion of sea water, ocean circulation and hydrological fluxes 

between the land and the ocean (Howard et al., 2014). Nevertheless, wave heights along the Atlantic coast of Europe 

(Young et al., 2011) and storminess in many parts of western, central and northern Europe (Donat et al., 2011) show 

upward trends in the 20th century, with the 2013-2014 winter being the most energetic on record along most of the 

Atlantic coast of Europe (Masselink et al., 2016). There is further some evidence of changes in tidal constituents in the 

20th century, yet the attribution of reported changes remains unresolved (Woodworth, 2010).   

Impacts on coastal societies are largely linked to extreme episodic events (Vigdor, 2008). However, projections of 

coastal impacts in view of climate change have focused largely on the effects of sea level rise, neglecting possible 

changes in the other ESL components. There is limited and often contradicting information about how these factors 

will evolve in the future. Recently, there has been an increasing number of independent studies discussing projections 

of storm surges in specific regions (Lowe and Gregory, 2005; Marcos et al., 2011), or the evolution of waves at European 

(Perez et al., 2015) and global scale (Hemer et al., 2013), but differences in the spatial coverage, scenarios and the 

methodology make it difficult to draw universal conclusions. The long term dynamics in tidal processes in relation to 

sea level rise have only been evaluated at regional scale (Arns et al., 2015; Pickering et al., 2012). Despite these 

important advances, no coherent projections of ESLs exist along the European coastline. The present contribution aims 

to filling this knowledge gap by combining dynamic simulations of all the major components of ESL considering the 

latest CMIP5 projections for RCP4.5 and RCP8.5.  

Apart producing, with the best possible detail, projections of ESLs and coastal inundation, the present study presents 

an updated impact assessment methodology, resulting projections of coastal impacts along the European coastline. 

The impacts include different components, such as direct damage, number of people affected, number of people 

forced to migrate because of SLR and projected damages to different categories of critical infrastructure along Europe.  

5.1 DATA AND METHODS 

5.1.1 Scenarios  

The present work has focused on a baseline ‘historical’ period and two climate change scenarios expressed by the 
Representative Concentration Pathways defined by fifth Assessment Report (AR5) of IPCC: RCP4.5 and RCP8.5 



(Meinshausen et al., 2011). RCPs are named after a possible range of radiative forcing values in the year 2100 relative 

to pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m2, respectively). RCP4.5 and RCP8.5 scenario correspond to a 

likely global mean temperature increase of 2.0-3.6oC and 3.2-5.4oC in 2081–2100 above the 1850–1900 levels (IPCC, 

2013), respectively. RCP4.5 may be viewed as a moderate-emission-mitigation-policy scenario and RCP8.5 as a high-

end, business-as-usual scenario.  

5.2 PROJECTIONS OF EXTREME SEA LEVELS AND INUNDATION  

5.2.1.1 Extreme sea levels definitions 
Extreme sea levels (ESL) are the result of the contributions from the mean sea level (MSL), the tide and the contribution 

from extreme events: 

 

sswHTWL
ESL     

1 

where ηw-ss is extreme event component, and ηHTWL the high tide water level, defined as: 

 

tideHTWL
RSLRMSL    
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where RSLR is the Relative Sea Level Rise, and ηtide is the tidal elevation. 

The extreme event contribution ηw-ss results from the combined effect of waves and storm surge, estimated according 

to the following equation: 

 

sssw
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where SSL is the storm surge level, Hs is the significant wave height and 0.2Hs is considered to be a reliable 

approximation of the wave setup; i.e. the elevation in mean water level near the coast due to wave shoaling and 

breaking (US Army Corps of Engineers, 2002). More elaborate ways to estimate wave setup exist, considering apart 

from the significant wave height, also the wave period, length and nearshore slope of the sea bottom. However, 

information about the nearshore bathymetry and/or the slope is not available at European scale at the resolution 

required to resolve wave shoaling processes; therefore the applied solution was chosen as the most reliable approach. 

5.2.1.2 Relative Sea Level Rise 
Projections of Sea Level Rise (SLR) were available from Hinkel et al. (2010), who combined output from a four-member 

ensemble of CMIP5 models (Taylor et al., 2011) with three land-ice contribution scenarios, based on the published 

range of contributions from ice sheets and glaciers. Global Relative Sea Level Rise (RSLR) values for different RCPs and 

time slices were available after combining SLR with land uplift/subsidence projections from Peltier (2004). Given that 

the SLR dataset is the result of a 4-member climate model ensemble, the best, worst and ensemble mean RSLR cases 

were estimated for each RCP. 



 

Figure 21. Projected RSLR for the year 2100, under all the combinations of RCP 4.5 and 8.5, as well as low, medium and high ice scenarios. Based 

on data from Hinkel et al. (2014) and Peltier (2004). 

5.2.1.3 Astronomical tide 
Information about the present-state tidal elevation (ηtide) along the European coastline was obtained from the 

TOPEX/POSEIDON Global Inverse Solution (Egbert and Erofeeva, 2002). Given that the study is focusing on extreme 

events, the maximum tide was considered as representative. In order to assess how changing sea levels would affect 

tidal elevations, dynamic simulations of tidally forced ocean circulation took place along a global flexible mesh using 

the DFLOW FM model. The flexible mesh and model setup implemented has been extensively used and validated 

(Jagers, 2014; Muis et al., 2016). All simulations covered the period from 1990 to 2110 and considered all the possible 

combinations of the following projected RSLR cases: (1) RSLR under RCP4.5 and RCP8.5 and; (2) best, worst and 

ensemble mean RSLR case for each RCP.   

Time series of tidal elevations ηtide were extracted at hourly intervals every 25 km along the European shoreline. The 

maximum tidal elevation was estimated for every decade and absolute and relative changes (Δηtide and %Δηtide, 

respectively) were obtained after comparing the projected values to the ones of the baseline year 1990: 
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Given that accurate baseline values were available for ηtide they were combined with the projected relative changes to 

obtain the final ηtide projections: 
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5.2.1.4 Wave and storm surge reanalysis and projections 
The storm surge level (SSL) contribution to the ESL was estimated by a reanalysis and projections of extreme SSLs along 

the European coastline, generated by Vousdoukas et al. (2016a). The SSL projections were obtained from dynamic 

simulations for a 6-member GCM ensemble available from the Coupled Model Intercomparison Project Phase 5 

(CMIP5) database (Taylor et al., 2011). Information about the model setup, calibration and validation, as well as a link 

to the dataset can be found in Vousdoukas et al. (2016a). 

Wind atmospheric forcing from the same GCM ensemble was used to force the third generation spectral wave model 

Wavewatch III (Tolman, 2002), in order to generate a global wave dataset for the baseline period, as well as the current 

century under RCP4.5 and RCP8.5. A detailed description of the model setup and the validation can be found in the SI, 

while for the present study only Hs time series were considered. 

5.2.2 Non-stationary extreme value statistical analysis 

Non-stationary extreme value statistical analysis (EVA) was applied to the extreme event water level time series ηw-ss 

obtained according to equation 3. The time series covered the 130-year period from 1970 to 2100, combining the 

simulations for the baseline case and the RCP projections. The statistical analysis consisted in (i) transforming a non-

stationary time series into a stationary one to which the stationary EVA theory can be applied; and (ii) reverse-

transforming the result into a non-stationary extreme value distribution, thus allowing to estimate values for different 

return periods and times during the analysed period. A detailed description of the methodology and a link to the source 

code of the non-stationary EVA approach can be found in Mentaschi et al. (2016).  

5.2.3 Coastal inundation modeling  

Coastal inundation modeling was performed at pan-European scale following the approach described in Vousdoukas 

et al. (2016b). The simulations were based on the SRTM Digital Elevation Model (DEM) (Reuter et al., 2007), considered 

at 100 m spatial resolution. The Lisflood-ACC (LFP) (Bates et al., 2010; Neal et al., 2011) was used, a 2D hydraulic model 

which is part of the Lisflood-FP model (Bates and De Roo, 2000). The combination of the 2 RCPs, 6 time periods (1995, 

2020, 2040, 2060, 2080, 2100) and 8 return periods considered (5, 10, 20, 50, 100, 200, 500, 1000), implies that a total 

of 96 pan-European flood assessments were carried out for the present study. 

5.2.4 Exposure 

Exposure represents the capital and human assets exposed to the hazard. These are typically expressed by statistics 

on population, socio-economic data on sectorial activities and infrastructure, and information about environmental 

variables. To assess impacts in coastal zones in Europe the following exposure information has been collected:  

Current population: a 100 m resolution population grid map for Europe has been derived for the year 2006 based on 

a refined version of Corine Land Cover 2006 (with a minimum mapping unit of one hectare for artificial surfaces (Batista 

e Silva et al., 2013), combined with information on the soil sealing degree. 

Current land use: A refined version of the Corine Land Cover 2006 map with an improved minimum mapping unit of 1 

hectare for all types of artificial surfaces and inland waters has been generated by incorporating land use/cover 

information present in finer thematic maps available for Europe. These include the CLC change map, Soil Sealing Layer, 

TeleAtlas® Spatial Database, Urban Atlas, and SRTM Water Bodies Data. Relevant data from these datasets were 

extracted and prepared to be combined with CLC in a stepwise approach. Each step increased the level of modifications 

to the original CLC. The spatial resolution of the map is 100x100m (Batista e Silva et al., 2013).  

Critical infrastructure: a wide range of existing infrastructures and key social and economic assets in the EU have been 

mapped, including the following (see also Table 4): energy assets (e.g., nuclear and thermal power plants, renewable 

energy infrastructure), transport assets (e.g., roads, railways, ports), social infrastructure (e.g., education, health), 

industry (e.g., chemical, metals, waste treatment) (Marin Herrera et al., 2015), as well as UNESCO Heritage and 

NATURA sites. 

Table 4. Classes of critical infrastructure considered, as well their units and subgroups 



Category Unit Sub-groups 

Power plans MW Coal , gas, nuclear, oil, biomass, hydro geothermal, solar and wind power 

plants 

Energy networks km of lines Electricity distribution lines, gas pipelines 

Unesco cultural sites number of sites 

Social infrastructure number of facilities Education and health facilities 

Ports/Airports million passengers 

Transport networks km of network Railways, local and national roads, motorways 

Urban transport number of structures Bus stations and stops, funicular, subway and tram lines, tram stops 

Natura Sites area in km2 

5.2.5 Vulnerability 

Vulnerability refers here to the susceptibility of the receptor to be adversely affected by the coastal flood hazard and 

can be seen as an internal characteristic of the affected element. This includes the capacity to anticipate, cope with, 

resist, and recover from the adverse effects of the physical event. The vulnerability to coastal flooding of coastal 

infrastructure, societies and ecosystems is expressed in this work through depth-damage functions (Ciscar et al., 2014; 

Rojas et al., 2013). JRC has an extensive database of country-specific depth-damage functions (DDFs) that relate water 

depth with exposed assets and the resulting economic damage. The country based DDFs are piece-wise linear functions 

from 0 to 6 meter flood depth, defined for each of the 45 land use classes included in the refined CORINE Land Cover 

(e.g. see; Figure 22). To account for differences in the distribution of wealth within countries, national DDFs were 

further rescaled to the NUTS2 level1 according to the ratios between the NUTS2 and the country GDP per capita.  

 

Figure 22. Example depth-damage functions showing relationship between flood water depth and damage factor per land use class (note that 

damage factors are normalized) and need to be rescaled with maximum damages per land use class prior to their application). 

5.2.6 Shared Socioeconomic Pathways  

The static exposure layers described in section 5.2.4 were combined with IIASA Shared Socioeconomic Pathways (SSP) 

to evaluate alternative coastal flood risk scenarios, considering different pathways of socioeconomic development 

(O’Neill et al., 2014; van Vuuren et al., 2014). RCPs and SSPs were combined according to van Vuuren and Carter (2014) 

who suggest that (i) RCP4.5 is compatible with global sustainable development (SSP1); and (ii) RCP8.5 is compatible 

                                                
1 http://ec.europa.eu/eurostat/statisticsexplained/index.php/Glossary:NUTS 



with socio-economic development driven by mitigation challenges (SSP5) or both mitigation and adaptation challenges 

(SSP3). 

Gross domestic product (GDP) and population projections from IIASA for SSP1, SSP3 and SSP5 were acquired in the 

form of 5-years multipliers and applied to the exposure layers (i.e. population density and damage functions) to include 

socio-economic features in the future population affected and expected damage estimation. As SSPs are provided in 

the form of country aggregated information, this step assumes that the growth in GDP and population can be 

considered homogeneously distributed within each country. 

5.2.7 Data organization 

All data related to exposure and vulnerability were organized at the same 100 m resolution grid as the DEM, with the 

Open Street maps coastline position (www.openstreetmapdata.com) used to define the boundary between land and 

sea. Following, data were organized in coastal segments, each with a length of 25 km along the shoreline and extending 

50 km inland. An example of a division of a piece of coastline in coastal segments in presented in Figure 23 for a stretch 

of coastline in Southern Portugal.  

 

Figure 23. Example of coastal segments defined in the SW coast of Portugal and Gulf of Cadiz. 

 

 

 

http://www.openstreetmapdata.com/


 

Figure 24. Example of coastal segment data: Digital Elevation Model, Population, Land Use and Damage Prone areas according to the land use 

and the depth damage functions. 

5.2.8 Impact assessment  

To estimate flood damage, typically DDFs are applied directly on the flood inundation maps (Alfieri et al., 2015; Rojas 

et al., 2013). However, in the case of coastal inundation, impacts differ depending on the spatial and temporal 

dynamics of the different TWL components. Therefore a more elaborate approach was adopted which considers the 

different impact mechanisms of each TWL component. The first step towards that direction is the generation of 

inundation maps for each of the components that contribute to the TWL: i.e. areas flooded only due to the ηextreme 

component, or due to the tide, or MSL (see Figure 25). Each inundation zone is then treated separately, according to 

the approach described below. 



 

Figure 25. Example of the different inundation zones from each TWL component; mean sea level (blue), tide (yellow) and extreme events (red) 

5.2.8.1 Impact from sea level rise and the tidal variations 
Areas and assets that lie below MSL (due to future sea level rise) are considered as totally damaged. The same applies 

to areas that lie inside the intertidal zone (above MSL, but below the maximum tide) and which are inundated on a 

daily basis. Exceptions are beaches or estuaries which may be still threatened by erosion, but they don’t lose their full 
function. Given that the process of RSLR is slow, people affected by future MSL and tides are expected to be relocated 

and such flooding is not considered to be life-threatening, as in the case of climate extremes. Hence areas inundated 

due to the combined effects of SLR and tides, and the total number of people affected is considered as representative 

of the number of people forced to relocate due to RSLR.   

5.2.8.2 Impact from climate extremes 
This includes those areas that are inundated only when extreme events occur; i.e. due to storm surges and waves, in 

addition to the TWL contributions from MSL and tide. The inundation maps generated are used to estimate the number 

of people affected and corresponding damage using the depth damage functions.  

5.2.9 Validation 

Despite recent efforts to create databases of past natural disasters (e.g. http://www.emdat.be/), information about 

the flood extent and the damage from past coastal flood events is scarce. The Xynthia storm remains one of the few 

recent events in Europe which has been documented in detail; however information about some additional events 

was obtained from the European Past Floods Database, available from the European Environmental Agency 

(http://www.eea.europa.eu/data-and-maps/data/european-past-floods). Inundation maps were obtained from other 

sources, such as the e-Surge portal (http://www.storm-surge.info/) and from personal communication with national 

authorities, and were combined with the flood extent and damage data of the EEA database.  

http://www.emdat.be/
http://www.eea.europa.eu/data-and-maps/data/european-past-floods
http://www.storm-surge.info/


 
Figure 26. Validation of the LISCOAST approach in terms of flood extent (FA: a), and damages (b). 

The LISCOAST Impact Assessment approach was validated against the observed values and values were of the same 

order of magnitude with relative RMSE not exceeding 50%. These results were satisfactory given the different sources 

of uncertainty both in terms of the methodology and the ground truth dataset.    

5.3 RESULTS 

5.3.1 Current coastal flood risk in Europe 

The estimated present day total EAD value for Europe is 3.06 billion €, while the EA number of people affected by 
coastal flooding (EAPA) equals to 55,000. The countries contributing more to the European total EAD are Spain, UK, 

and France and (24%, 21% and 20%, respectively; Figure 27). The contributions to the EAPA are mainly distributed 

among Turkey, Spain, Croatia, France and UK with contributions ranging from 10% to 24% (Figure 28). The above values 

make a very interesting reading since they reflect the complex balance between the intensity of the local climatic 

forcing, the exposure of assets and the current protection standards implemented in each country.  
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Figure 27. Contributions of EU countries to the total present day EAD from coastal flooding. 

Overall, North Europe coasts appear to be better protected than South Europe ones, and countries already 

implementing developed flood protection plans (i.e. the Netherlands, Germany, or Belgium) are characterized by zero 

or very small EAD values. At the same time other parameters such as the exposure to extreme sea states, the coastal 

morphology and the population density appear to be also important. Croatia, Portugal or Greece are examples of 

countries which being not very well protected, are exposed to coastal flooding; however they have moderate 

contributions to the total EU EAPA/EAD due to their lower area, population and GDP. Finally, UK and France are 

examples of countries with developed coastal protection strategies, which however are exposed to some of the most 

energetic sea states in Europe, and for that reason their contributions to EU EAD/EAP total are still notable. 

 

 

Figure 28. Contributions of EU countries to the total present day EA number of people affected from coastal flooding. 

Comparison of the present results against preview studies is not straightforward given the methodological differences. 

Given that previous studies report values for the European Union, present results for EU28 will be discussed against 

previous findings. The presently estimated EU28 EAPA value of 41,400 is of the same order of magnitude but higher 

than the 35,700 reported by Richards and Nicholls (2009) and the ~10,000 and ~15,000 reported by Brown et al (2011) 

and Hinkel et al. (2010). The presently estimated EU28 EAD values are overall similar to the total annual damage per 

year reported by previous studies, which usually exceed 2 billion €. For example, Brown et al. (2011) estimated 

damages for the baseline around 2 billion €, while other studies report higher values, between 3.1 and 4.9 billion € 
(Ciscar et al., 2014; Hinkel et al., 2010).  

However, the reported EAD values are not directly comparable to previous studies which apply a different 

methodology to estimate damage, (i) multiplying the number of people affected by the GDP per capita; and (ii) 

multiplying by an empirical coefficient, to take into account of additional impacts compared to the direct damage to 

assets which is presently estimated applying the DDFs. Apart from the latter methodological difference related to the 

transfer from hazard to costs, there are other potential reasons for the observed differences such as the fact that: (i) 
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previous studies use static inundation which is known to overestimate the extent of areas flooded compared to the 

presently applied dynamic simulation approach (Vousdoukas et al., 2016b): (ii) previous studies consider extreme SSLs 

from statistical downscaling approaches which tend to be less accurate than the ones currently used; (iii) previous 

studies use coarser coastal flood protection information, also resulting in higher impact.  

There is consensus among coastal scientists and stakeholders that historical information on impacts of coastal flooding 

in EU scale is scarce. Even though some past events have been well reported (e.g. the Xynthia storm), most small events 

remain undocumented and the available historical information is insufficient to obtain ground truth EAD/EAP values 

for coastal flooding. The latter poses a severe limitation in coastal impact assessment efforts like the present, as there 

is no available information in order to calibrate and improve existing approaches. However, given the inevitable 

uncertainties the possibility that the currently projected impacts are underestimated should not be excluded, and this 

is an important point, considering the substantial projected increase in view of climate change, which is the main result 

of the present study and is discussed in the sections to follow. 

5.3.2 Projected changes in Expected Annual Damage 

Projected EAD values for 2050 are in average ~4 times higher compared to the baseline (Figure 29, Table 5), with small 

differences compared to the two RCPs. Towards the end of the century EAD increase by almost 10 and 19 times under 

RCP4.5 and RCP8.5, respectively. The total EAD for Europe in 2100 is projected around 29.5 ±[-21.6 41.2] and 57.6 ±[-

44.9 71.2] billion €, respectively (values in brackets express the variation due to the worst and best case scenario; see 
also Figure 29).  

 

Figure 29. Projected evolution in time of the Expected Annual Damage from coastal flooding during the present century in Europe, under RCP4.5 

(a), and RCP8.5 (b) red dashed line). Values are expressed as billion €, blue solid lines express the ensemble mean projections, and patches 

express the intervals for the best and worst case scenario.  

The projections per country show that all countries will experience an increase in EAD per country values, which will 

accelerate after the year 2050 and will be higher under RCP8.5 (Figure 30). The highest increase in terms of absolute 

values is projected for the UK and France, while the higher relative increase is projected for Romania, Denmark and 

Norway. The increasing trend is enhanced for all countries when SSPs are being considered, since the latter project an 

increase in GDP, along Europe (Figure 30).  

Comparisons with previous studies is even less straightforward than for the baseline period, given the absence of other 

studies based on RCPs, as well as differences in the time slices considered and in the methodology followed. Assuming 

that RCP4.5 corresponds to SRES B1, Hinkel et al. (2010) report projected annual damages for EU28 around 6 and 14.7 

billion € in 2050 and 2100, respectively; which are slightly higher than the values presently reported (5.65 and 11.5 



billion €; see Table 5). Brown et al. (2011) report even higher values for SRES A1B, with annual damages around 11 and 

25 billion € in 2050 and 2080, respectively.  

 

Figure 30. Projected evolution in time of the Expected Annual Damage from coastal flooding per EU country during the present century, under 

RCP4.5 (blue solid line), RCP8.5 (red dashed line). Values are expressed as billion €, blue solid lines express the ensemble mean projections, and 

patches express the intervals for the best and worst case scenario.  

Assuming that RCP8.5 could be more comparable to SRES A2, the presently reported values of 6.5 and 18.1 billion € 
for 2050 and 2100, respectively (for EU28; see Table 5) are higher than the ~11.3 billion reported by Richards and 

Nicholls (2009) for 2080, as well as the values reported by Hinkel et al. (2010); i.e. ~4.8 and 13.6 billion € for 2050 and 
2100, respectively. Country level projections come also in reasonable agreement, with most data indicating an 

anticipated significant increase of impacts towards the end of the century for countries like the UK, France, Spain, and 

Italy (Figure 30. Projected evolution in time of the Expected Annual Damage from coastal flooding per EU 

country during the present century, under RCP4.5 (blue solid line), RCP8.5 (red dashed line). Values are 

expressed as billion €, blue solid lines express the ensemble mean projections, and patches express the 

intervals for the best and worst case scenario.Figure 30). However, the present results are not in agreement to 

the projected increase for the Netherlands reported in Brown et al. (2011), which is most likely related to different 

protection standards considered. 

The above differences are not significant given the ensemble spread and the uncertainty of the analysis being of similar 

order of magnitude with the projected values. Also the uncertainty is not directly comparable among studies, as it is 

the result of difference sources; in previous studies it is expressing the uncertainty of the RSLR projections, in 

comparison to the present uncertainty which also includes best and worst case of the storm surge and tide projections. 

Table 5. Expected Annual Damage from coastal flooding per EU country, for a moderate ice-sheet behavior case, expressed as million €, for the 
baseline period, as well as their projected changes under RCP4.5, RCP8.5, in 2040 and 2100. 

  Baseline RCP4.5 RCP8.5 



Country 2000 2040 2100 2040 2100 

Belgium 
0.00 0.00 0.00 0.00 0.00 

Bulgaria 
0.00 0.00 0.01 0.00 0.02 

Cyprus 
0.00 0.00 0.03 0.01 0.07 

Germany 
0.04 0.18 0.47 0.21 0.86 

Denmark 
0.06 0.51 2.43 0.56 6.16 

Estonia 
0.02 0.04 0.06 0.05 0.10 

Spain 
0.74 1.35 2.37 1.56 3.49 

Finland 
0.03 0.14 0.38 0.30 1.26 

France 
0.62 1.98 4.46 2.51 7.97 

Greece 
0.06 0.27 0.71 0.33 1.18 

Croatia 
0.27 0.41 0.66 0.46 1.29 

Ireland 
0.04 0.30 1.08 0.46 2.10 

Italy 
0.11 0.61 2.25 0.86 4.31 

Lithuania 
0.00 0.02 0.05 0.02 0.15 

Latvia 
0.01 0.01 0.02 0.02 0.04 

Malta 
0.00 0.00 0.01 0.00 0.01 

Netherlands 
0.00 0.00 0.00 0.00 0.00 

Norway 
0.04 0.29 1.39 0.61 3.47 

Poland 
0.04 0.11 0.24 0.13 0.50 

Portugal 
0.10 0.20 0.35 0.24 0.51 

Romania 
0.00 0.01 0.42 0.01 0.58 

Sweden 
0.02 0.18 0.70 0.30 2.13 

Slovenia 
0.02 0.04 0.07 0.04 0.12 

Turkey 
0.20 0.81 1.47 0.91 2.75 

United Kingdom 
0.65 3.55 9.87 4.42 18.50 

EU total 
3.06 11.03 29.52 14.00 57.57 

EU28 total 
2.82 9.93 26.66 12.48 51.35 

5.3.3 Projected changes in Expected Annual number of people affected 

The projected total EAPA for Europe in 2050 is around 598,000 ±[-278,800 577,770] and 734,470 ±[-416,700 579,500] 

under RCP4.5 and 8.5, respectively (values in brackets express the variation due to the worst and best case scenario; 

see also Figure 31). The same values in 2100 are projected around 1,270.620 ±[772,210 953,670] and 1,932,610 

±[1,284,720 1,144,860], under RCP4.5 and 8.5. The EAPA projections follow similar trends to the EAD ones, with the 

difference that relative projected increase is in comparison higher for the former. A tenfold increase is projected for 

EAPA around the year 2050, which becomes more than thirtyfold towards the end of the century under both RCPs 

(Figure 31).  



  

Figure 31. Projected evolution in time of the Expected Annual number of People Affected from coastal flooding during the present century in 

Europe, under RCP4.5 (a), and RCP8.5 (b) red dashed line). Values are expressed as thousand people, blue solid lines express the ensemble mean 

projections, and patches express the intervals for the best and worst case scenario.  

As in the case of EAD, UK appears to be the country which will contribute the most to the European EAPA, along with 

Italy, France, and Germany. The highest relative increase is projected for Denmark, Sweden, Lithuania and Norway ( 

Table 6).  

 

 

Figure 32. Projected evolution in time of the Expected Annual number of people affected from coastal flooding per EU country during the 

present century, under RCP4.5 (blue solid line), RCP8.5 (red dashed line). Values are expressed as thousand people, while patches express the 

intervals for the best and worst case scenario. 



Projections for EU28, under SRES B1 and for 2050 by Hinkel et al. (2010) are lower than the present (28,900, compared 

to the presently projected 505,000 under RCP4.5). However, the relative difference between the two projections tends 

to decrease towards the end of the century; i.e. Hinkel et al. (2010) project EAPA around 204,500, in comparison to 

the presently projected 1,088,000 ( 

Table 6). Differences also exist between the present RCP8.5 and Hinkel et al. (2010) SRES A2 projections for EU28; 

with 2050 values being substantially lower than the presently projected for 2040 (35,000 vs 610,720 presently), as well 

as for 2100 (776,200 vs 1,660,100 presently). All differences are significant since Hinkel et al. (2010) SRES A2 projected 

values appear to lie beyond the confidence intervals of the present projections. The present values are within the 

range reported by Richards and Nicholls (2009) for EU28, SRES A2 and the year 2080 (62000-5600000 vs 387,260 

presently). Finally, Brown et al. (2011) report lower than the present values but for SRES A1B, with number of people 

affected annually around 55,000 and 250,000 in 2050 and 2080, respectively.  

 

Table 6. Expected Annual number of people affected from coastal flooding per EU country, for a moderate ice-sheet behavior case, expressed as 

thousand people, for the baseline period, as well as their projected changes under RCP4.5, RCP8.5, in 2040 and 2100. 

  Baseline RCP4.5 RCP8.5 

Country 2000 2040 2100 2040 2100 

Belgium 
0.00 0.08 0.21 0.04 0.21 

Bulgaria 
0.04 1.17 2.32 1.45 3.48 

Cyprus 
0.00 0.00 0.00 0.00 0.00 

Germany 
1.78 34.60 85.45 39.99 140.54 

Denmark 
0.31 8.96 46.99 11.01 90.97 

Estonia 
0.06 0.37 0.53 0.42 0.78 

Spain 
10.91 71.88 112.94 80.30 149.16 

Finland 
0.24 4.43 10.54 8.51 25.36 

France 
6.06 64.41 127.04 78.09 191.55 

Greece 
3.24 39.71 67.67 46.62 83.46 

Croatia 
6.42 27.14 34.81 28.56 40.81 

Ireland 
0.76 20.20 47.11 25.98 70.97 

Italy 
2.80 69.56 184.93 93.55 262.05 

Lithuania 
0.07 2.00 5.79 2.48 11.20 

Latvia 
0.07 0.64 1.09 0.67 1.82 

Malta 
0.00 0.15 0.20 0.17 0.25 

Netherlands 
0.00 0.04 0.10 0.02 0.12 

Norway 
1.07 23.20 92.30 49.52 160.96 

Poland 
1.33 13.35 25.44 14.63 44.03 

Portugal 
1.04 7.78 12.28 8.82 16.60 

Romania 
0.17 1.85 5.73 2.00 7.50 

Sweden 
0.23 6.26 17.98 10.28 40.43 

Slovenia 
0.30 1.93 3.16 2.29 4.70 

Turkey 
13.05 70.33 90.05 74.24 111.04 

United Kingdom 
5.55 128.47 295.96 154.85 474.60 

EU total 
55.52 598.51 1270.62 734.47 1932.61 

EU28 total 
41.40 504.98 1088.26 610.72 1660.60 

 
RSLR and changes in the maximum tide are expected to force populations to relocate, due to changes in the MWL. The 

latter are expected to act as an individual threat to coastal societies after the year 2050 affecting more than 8,500 

people, a number projected to reach 20,670 and 97,860 for RCP4.5 and RCP8.5, respectively towards the end of the 



century (Figure 33). The above values are lower but similar to the ones projected by Brown et al. (2011) for SRES A1B, 

who reported >100,000 forced to relocate in 2100. The countries projected to be vulnerable to SLR only are Turkey, 

Spain, Croatia, Romania and Greece (Figure 34).  

   

Figure 33. Projected evolution in time of the Number of People forced to relocate because of SLR during the present century, under RCP4.5 (blue 

solid line), RCP8.5 (red dashed line). Values are expressed as thousand people flooded at least once a year, and refer to the EU (a) and EU28 (b) 

total; while patches express the intervals for the best and worst case scenario. 

 

  
  
Figure 34. Projected evolution in time of the number of Number of People forced to relocate because of SLR per EU country during the present 

century, under RCP4.5 (blue solid line), RCP8.5 (red dashed line). Values are expressed as thousand people flooded at least once a year, while 

patches express the intervals for the best and worst case scenario. 



5.4 DISCUSSION 

The work carried out under HELIX constitutes a significant step forward in the current state of the art of coastal impact 

assessment in view of climate change, especially for continental scale studies. There have been substantial 

improvements in all the components of the impact assessment calculation chain, which are discussed hereinafter, 

along with current knowledge gaps/limitations, followed by potential improvements/solutions. 

There has been substantial effort dedicated to meliorate the data quality related to the current and future ESLs that 

drive coastal inundation in view of climate change. Especially the extreme events contribution to the forcing TWL was 

substantially improved compared to previous studies of such scale since it is the first time that all ESL components, 

including tides, waves and storm surges are considered as dynamic parameters and not stationary. Moreover, It is the 

first time that climate extremes are estimated from dynamic simulations, which are more accurate than statistical 

downscaling approaches previously used (Hinkel and Klein, 2009). It is also the first time that dynamic simulations are 

used for large scale assessment of coastal flooding. All previous efforts at such scale considered static inundation, 

which is known to overestimate the extent of inundation (Breilh et al., 2013; Vousdoukas et al., 2016b), especially in 

low-lying areas. 

In terms of impact assessment, the methodology presented here constitutes an improvement to the current state of 

the art, not only because of the improved hazard information but also by (i) taking into account (inversely-derived) 

coastal flood protection standards at EU scale and (ii) estimating separately the damage from each hazard component, 

applying a specific methodology that takes into consideration the nature of each hazard component. Moreover, the 

present methodology allows to quantify the contributions of each component to the total impact, resulting in a better 

understanding of coastal risks in view of climate change. 

5.5 CONCLUSIONS 

The present section reports the outcome of efforts envisaging (i) to develop an integrated risk assessment tool 

LISCoAsT (Large scale Integrated Sea-level and Coastal Assessment Tool) for Europe; and (ii) to perform a pilot study 

on coastal risk along the European coastline in view of climate change. The overall approach builds on the disaster risk 

methodology proposed by the IPCC SREX (2012) report, defining risk as the combination of hazard, exposure and 

vulnerability. Substantial effort has been put in all three individual components of the risk assessment chain. We detail 

progress in the methodological approach and present the main outcomes of the study, namely projections of coastal 

hazards, exposure and impacts in Europe. By the end of this century sea levels in Europe are projected to rise on 

average between 45 and 70 cm, with regional variations in relative sea level rise. We find that by the end of this century 

the 100-year event ESL along Europe’s coastlines will on average increase by 57 cm for RCP4.5 and 81 cm for RCP8.5. 
The North Sea region will face the highest increase in ESLs, amounting to nearly 1 m under RCP8.5 by 2100, followed 

by the Baltic Sea and Atlantic coasts of the UK and Ireland. Relative Sea Level Rise (RSLR) is the main driver of the 

projected rise in ESL, with increasing dominance towards the end of the century and for the high-concentration 

pathway. Changes in storm surges and waves enhance the effects of RSLR along the majority of northern European 

coasts, locally with contributions up to 40%. In southern Europe, episodic extreme events tend to stay stable, except 

along the Portuguese coast and the Gulf of Cadiz where reductions in surge and wave extremes offset RSLR by 20-30%. 

By the end of this century, 5 million Europeans currently under threat of a 100-year ESL could be annually at risk from 

coastal flooding.   

The above is expressed also in the coastal impact projections, which show a significant increase in the expected annual 

damage (EAD) from coastal flooding. The present EAD for Europe of 3.06 million €/year is projected to increase up to 
11 and 14 billion €/year by 2050 under RCP 4.5 and 8.5, respectively, and to 29 and 57 billion €/year by 2100 under 
RCP 4.5 and 8.5, respectively (values correspond to the most likely scenario in terms of climate extremes and ice-sheet 

behaviour). The projected Expected Annual Number of People forced to relocate because of RSLR by the year 2100 is 



20,000 and 98,000 for RCP4.5 and RCP8.5, respectively. Finally, the expected annual number of people affected by 

coastal flooding in Europe is projected to increase from presently 56,000 to 598,000 and 734,000 under RCP 4.5 and 

8.5, respectively by 2040, and to 1,270,000 and 1,932,000 under RCP 4.5 and 8.5, respectively by 2100.  

  



6 WATER AVAILABILITY AND STRESS UNDER HIGH-END CLIMATE CHANGE 

6.1 INTRODUCTION 

State of the art climate models project much more substantial warming than the 2 °C target under the more probable 
emission scenarios, making higher-end climate change scenarios increasingly plausible. Freshwater availability under 

such conditions is a key issue of concern (L. V Papadimitriou et al., 2016). Projection of the relation between water 

availability and water stress through their complex interactions between different sectors, the synergies and trade-

offs between adaptation and mitigation actions, is a rather challenging task under the prism of climate change. Climate 

affects the freshwater availability while simultaneously changes the social stress on it, which in turn affect 

socioeconomic variables that affect climate. To cope with these complex interactions, socio‐economic scenarios are 

being used to derive emissions pathways without (reference) and with climate policies (mitigation scenarios). The 

derived emissions are then used as an input to climate models, to obtain climate change projections. Finally, the 

climate change projections and socio‐economic scenarios are assessed to evaluate the impact of climate change in 

combination with adaptation measures.   

Climate models output consist the primary source of information used in climate change impact studies, providing 

approximations of the real climate system variables. Often, climate model data cannot be used in their native form for 

CCI models due to the presence of biases (Christensen et al., 2008; Haerter et al., 2011) that result in deviation of the 

simulated climate from the observations. For such reasons, climate model data cannot be used in their native form for 

climate change impact studies. In cases like hydrological applications CCI studies without a prior adjustment of climate 

forcings, may even result to unrealistic model outcomes (Hansen et al., 2006; Harding et al., 2014; Sharma et al., 2007). 

For such reasons, the biases are statistically corrected prior their use. Many methodologies of statistical bias correction 

have been constructed and can be found in the literature (Grillakis et al., 2013; Haerter et al., 2011; Hempel et al., 

2013; Ines and Hansen, 2006). Their main task is to adjust the statistical properties of climate simulations to resemble 

those of observations, in a common climatological period. The adjustment is then extrapolated under the assumption 

of climate stationarity, to the data beyond the time frame of the observations. The benefits of the adjustments are 

profound. The common period’s adjusted data are statistically closer and sometimes, near identical, to the 
observations, and thus the statistical outcomes of an impact model run using observational data are likely to be 

reproduced by the adjusted data (Grillakis et al., 2013; Ines and Hansen, 2006; Olsson et al., 2015). Lately, the bias 

correction has become an indispensable part of the climate variables pre-processing procedure.  

 

6.2 DATA AND METHODS  

6.2.1 Forcing datasets 

The forcing datasets used for this study are an ensemble of global high resolution climate model simulations, generated 

with the use of the EC-Earth model in Atmospheric General Circulation Model (AGCM) mode. EC-Earth was run with 

prescribed sea surface temperature, provided by six CMIP5 models. As a result, the generated simulations exhibit 

similar patterns of climate change to those of the driving CMIP5 models. The criterion for model selection was to cover 

a wide range of uncertainty in the future climate projections. The ensemble includes two models of respectively high 

and low climate sensitivity (IPSL-CM5A-LR and GFDL-ESM2M), a dry (IPSL-CM5A-MR) and a wet (GISS-E2-H) model and 

finally the two in-house HELIX models (HadGEM2-ES and EC-EARTH). The climate model output starts from the 

reference period and spans up to 2100 or 2120 for some models, in order to cover the time-periods that correspond 

to the examined warming levels (up to +4 oC). One model realization (r2, GFDL-ESM2M) is omitted from the SWL4 

impacts’ analysis as there were not data available for the SWL4 time-slice. The list of the CMIP5 models used to 

generate the high-resolution climate simulations along with the time of exceedance of three examined Specific 

Warming Levels (SWLs) for each model are reported in Table 7.  



Table 7: CMIP5 forcing models used to force global high resolution atmosphere only simulations and year when each model exceeds the 

examined SWLs according to the RCP8.5 scenario.  

Member Model Ensemble member SWL1.5 SWL2 SWL4 

r1  IPSL-CM5A-LR  r1i1p1 2015  2030  2068  

r2  GFDL-ESM2M  r1i1p1 2040  2055  2113  

r3  HadGEM2-ES  r1i1p1 2027  2039  2074  

r4  EC-EARTH  r12i1p1 2019  2035  2083  

r5  GISS-E2-H  r1i1p1 2022  2038  2102  

r6  IPSL-CM5A-MR  r1i1p1 2020  2034  2069  

 

6.2.2 Time-slices 

Climate change impacts are examined as differences between the temporal mean states of a future time-slice, 

corresponding to a SWL, and the reference period. It is important to mention that the SWLs are defined with respect 

to the pre-industrial period while the reference period corresponds to the recent past. All the examined time periods 

include 30 years. The reference (or baseline) period spans from 1981 to 2010. The future time-slices are 30-year 

periods, centered on the year that each SWL is exceeded.  

6.2.3 Plausible combinations of RCP8.5 to SSP scenarios 

In the context of HELIX, the RCP8.5 scenario was only considered, as the only one that can provide results of higher 

end global warming. However, the RCP8.5 is plausible under only specific socioeconomic assumptions Shared 

Socioeconomic Pathways (SSPs) (N.W. Arnell et al., 2011; Moss et al., 2010). The scenario was assessed along with the 

SSP2, SSP3 and SSP5 scenarios.  

 

6.2.4 Bias adjustment 

The bias correction of the high resolution GCM data was performed using the ISI-MIP approach of trend-preserving 

bias correction (Hempel et al., 2013). The methodology is designed to preserve the absolute changes in monthly 

temperature, and relative changes in monthly values of precipitation. The preservation in the long term trends is a 

desired feature of the bias adjustment methodology as the working scenarios of HELIX project are based on specific 

warming levels. Thus in the case of temperature, the bias adjusted data should preserve the warming levels of the raw 

climate model data and hence the climate sensitivity of the climate model. The same methodology was also used to 

correct a range of variables (Table 8) such as downward radiation, pressure and wind. In the case of positively 

constrained data such as precipitation, the method considers the preservation of the relative trend.  

Table 8: List of corrected variables 

 Long variable name 
Short variable 
name 

1 Relative humidity rhs 

2 Specific humidity huss 

3 Precipitation pr 

4 Snow prsn 

5 Surface pressure ps 

6 Downward longwave radiation rlds 

7 Downward Shortwave radiation rsds 

8 Near surface wind sfcWind 

9 Mean temperature tas 

10 Maximum daily temperature tasmax 

11 Minimum daily temperature tasmin 



12 Wind -u component uas 

13 Wind -v component vas 
 
 

6.2.5 Hydrological model 

JULES (Joint UK Land Environment Simulator) is a physically based community land surface model that was established 

in 2006. It is comprised of two parts: the Met Office Surface Exchange Scheme (MOSES; Cox et al. 1998) and the Top-

down Representation of Interactive Foliage and Flora Including Dynamics (TRIFFID; Cox 2001) component. MOSES is 

an energy and water balance model which is JULES’ forerunner, and TRIFFID is a dynamic global vegetation model (Cox 

2001; Best et al. 2011; Clark et al. 2011). In our model application for this study we do not examine vegetation dynamics 

thus we are focusing on the MOSES component of JULES. 

The meteorological forcing data required for running JULES are: downward shortwave and longwave radiation, 

precipitation rate, air temperature, wind-speed, air pressure and specific humidity (Best et al. 2011). 

JULES has a modular structure, which makes it a flexible modelling platform, as there is the potential of replacing 

modules or introducing new modules within the model. The physics modules that comprise JULES include the following 

themes: surface exchange of energy fluxes, snow cover, surface hydrology, soil moisture and temperature, plant 

physiology, soil carbon and vegetation dynamics (Best et al. 2011), with the latter being disabled for this application.  

In JULES, each grid box is represented with a number of surface types, each one represented by a tile. JULES recognises 

nine surface types (Best et al., 2011), of which five are vegetation surface types (broadleaf trees, needle leaf trees, C3 

(temperate) grasses, C4 (tropical) grasses and shrubs) and four are non-vegetated surface types (urban, inland water, 

bare soil and ice). A full energy balance equation including constituents of radiation, sensible heat, latent heat, canopy 

heat and ground surface heat fluxes is calculated separately for each tile and the average energy balance for the grid 

box is found by weighting the values from each tile (Pryor et al. 2012).  

In JULES the default soil configuration consists of four soil layers of thicknesses 0.1 m, 0.25 m, 0.65 m and 2.0 m. This 

configuration however can be altered by the user. The fluxes of soil moisture between each soil layer are described by 

Darcy’s law and a form of Richards’ equation (Richards 1931) governs the soil hydrology. Runoff production is governed 

by two processes: infiltration excess surface runoff and drainage through the bottom of the soil column, a process 

calculated as a Darcian flux assuming zero gradient of matric potential (Best et al. 2011).  There is also the option of 

representing soil moisture heterogeneity. In that case total surface runoff also includes saturation excess runoff. The 

model allows for two approaches to introduce sub-grid scale heterogeneity into the soil moisture: 1) use of TOPMODEL 

(Beven and Kirkby, 1979), where heterogeneity is taken into account throughout the soil column, or 2) use of PDM 

(Moore, 1985), which represents heterogeneity in the top soil layer only (Best et al. 2011). Calculation of potential 

evaporation follows the Penman-Monteith approach (Penman, 1948). Water held at the plant canopy evaporates at 

the potential rate while restrictions of canopy resistance and soil moisture are applied for the simulation of 

evaporation from soil and plant transpiration from potential evaporation.  

The processes within JULES model have been calibrated and validated in a number of previous studies against different 

observational and proxy datasets. Slevin et al. (2014) evaluated JULES ability to simulate the interaction of soil 

parameters to the atmosphere, using global climate model data and local data from the FLUXNET network (Baldocchi 

et al., 2001). They found that JULES is able to successfully simulate the different carbon cycle fluxes such as the gross 

primary productivity (GPP). They also tested the JULES phenology model by comparing results from simulations using 

the default phenology model to those forced with the remote sensing product MODIS leaf area index (LAI). Moreover, 

various studies have tested its ability to reproduce the runoff generation (Gudmundsson et al., 2012; MacKellar et al., 

2013; Papadimitriou et al., 2015). Other validation studies that have been performed for JULES are those of Pacifico et 



al. (2011) and Garcia Gonzalez et al. (2012). In the former study, a semi-mechanistic isoprene emission module was 

incorporated and validated into the JULES against observations from FLUXNET network. In the latter, the underlying 

water and heat transfer in upper soil layers’ mechanisms, and their effects on soil physical prognostic variables and 
the individual components of the energy balance were tested. In a similar study, Chadburn et al. (2015) developed and 

tested the ability of JULES to correctly simulate permafrost, as a part of carbon storage that interacts to the 

atmosphere. The Jules model has been used in a number of climate change impacts studies that deal with the climate 

change response in hydrological regime (Le Vine et al., 2016; L. V Papadimitriou et al., 2016; Zulkafli et al., 2013), the 

change in the soil temperature regime in global scale (Grillakis et al., 2016). 

JULES simulates fluxes at the vertical direction only. For hydrological applications this means that the model calculates 

runoff production in each grid box which needs to be routed to estimate streamflow. The standard version of the JULES 

model until very recently (February 2015) did not account for a routing mechanism. To overcome this model limitation, 

we use a conceptual lumped routing approach based on triangular filtering in order to delay runoff response. This is 

applied after discriminating the grid boxes that contribute to runoff production of a specific basin from the gridded 

model output.  Determination of grid boxes upstream of the gauging station location is implemented using the TRIP 

river routing scheme (Oki and Sud, 1998). 

6.2.6 Drought indices 

The standardized precipitation index (SPI, Mckee et al. 1993) is a widely used index for the identification of drought 

events’ onset, intensity and duration. The calculation of the SPI is based on time series of precipitation. First the time 
series are fitted to a Gamma distribution and then the cumulative probability of precipitation values is estimated. 

Finally, the cumulative probability is transformed to a standard normal deviate with zero mean and unit standard 

deviation (Mckee et al., 1993). Following the SPI concept, Shukla & Wood (2008) developed the standardized runoff 

index, which characterizes droughts by assessing modelled runoff time series. Negative values of SPI indicate the 

existence of drought conditions. According to the SPI value, drought is grouped into one of four arbitrarily defined 

intensity tiers, ranging from “mild” to “extreme” (Mckee et al., 1993). This work was focused on intense drought 

conditions, thus only the “severe drought” (-2<SPI<=-1.5) and “extreme drought” (SPI<=-2) categories were 

considered. For the assessment of climate change impact on droughts we used the relative versions of SPI and SRI 

(Dubrovsky et al., 2009). Relative indices use input data of two time periods. The first period serves as the reference 

period and is used for model calibration. The calibrated model is then applied to data of the second time period. This 

allows us to assess the drought conditions of the future compared to the benchmark drought conditions of the baseline 

period. The relative drought indices were calculated using two periods of temporal aggregation, in order to capture 

droughts of different duration. A 6-month period (SRI-6) was employed for the representation of short term events 

that mostly correspond to agricultural droughts and a 48-month period (SRI-48) was used to depict long term drought 

events that affect the storage of hydrological resources. 

6.2.7 Regions 

The domain of study is the European region. The results were also spatially aggregated for eight European sub-regions, 

proposed by Christensen & Christensen (2007), in order to assess climate change impacts at a regional level. The sub-

regions of study are shown in Figure 35. 



 

Figure 35. Studied European sub-regions (Christensen and Christensen, 2007). 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Forcing variables  

Figure 36 and Figure 37 show the ensemble mean precipitation and temperature respectively, along with the 

anomalies of the ensemble members from the ensemble mean for the baseline period and the SWL1.5, 2 and 4 time-

slices.  The “term” anomaly expresses the difference between the ensemble member and ensemble mean value. For 
both forcing variables the anomalies of the baseline period are almost negligible, as the same time period was used 

during bias adjustment of the forcing data. For the projected time-slices however there are considerable variations 

between the models.  

In Figure 36 it can be observed that there is not one particular model that is wetter or drier than the ensemble mean 

for the whole extent of the studied European region. At 1.5 oC of global warming the r1 ensemble member appears to 

be drier than the ensemble mean for most of the examined area. R2, r3, and r5 are drier than the ensemble mean in 

the east part of Europe whilst r4 exhibits a drier pattern over the west part of the continent. Very similar patterns and 

values of anomalies are found for the +2 oC warming level. Under +4 oC of warming the anomaly of r1 changes from 

mainly negative to positive for most of the European area. For the rest of the models the anomalies show similar signals 

to those of the lower warming levels (+1.5 and +2 oC).  

According to the results presented in Figure 37, under +1.5 and +2 oC of global warming, r1 and r4 exhibit negative 

temperature anomalies for the majority of the European region, in contrast to r2 and r3 that give temperatures higher 

than the ensemble mean. R5 shows a mixed pattern of positive and negative anomalies of small magnitude and r6 

shows negative anomalies at the west and positive anomalies at the east part of the continent. For the +4 oC warming 

time-slice a worth commenting change in the anomalies regards the r5 ensemble member, which exhibits 

temperatures higher than the ensemble mean over the whole continent.  



Figure 38 and Figure 39 show the ensemble mean changes in precipitation and temperature respectively and the 

corresponding agreement of the ensemble members on whether the examined variables increase in the projected 

time-slices. The results shown in Figure 38 indicate that under +1.5 and +2 oC of global warming mean annual 

precipitation is expected to increase for most of the European region. Decreased precipitation is projected only for the 

Iberian Peninsula, southern Italy and southern Greece. Regarding model agreement, 80 to 100% of the models agree 

on the positive changes in projected precipitation. Model agreement is lower for the negative changes (60 to 80%).  

Precipitation projections for the +4 oC time-slice show decreasing trends over the Mediterranean region, including 

south Balkans and south France and positive changes for central and north Europe. The confidence on the projected 

changes is considerably increased at +4 oC, as model agreement is 80 to 100% for both the negative and positive signs 

of change. The direction of the change in precipitation remains unclear for a narrow zone that crosses central Europe, 

where projected changes are small (-5 to +5 mm/year) and model agreement the lowest (40 to 60%). Regarding 

temperature changes, due to the SWL concept for selecting time-periods, there is 100% model agreement on 

temperature increase for all the projected time-slices (Figure 39). Temperature increases are more intense at north-

eastern Europe and the Mediterranean compared to the rest of the continent. For the +1.5 oC time-slice temperature 

increases over Europe range from +0.5 oC in the British Isles to up to +2 oC in the northern part of the Scandinavian 

peninsula. The +2 oC of global warming translates into an increase of up to +2 oC for the Mediterranean and east Europe 

and up to +4 oC for north Scandinavia. For +4 oC of global warming, projections show increases in temperature over 

Europe that span from +2 to +4 oC for the least affected areas (central Europe, British Isles) and from +4 to +6 oC for 

the rest of the continent.  

The relationship between precipitation and temperature changes at different SWLs for the eight examined European 

sub-regions is illustrated in Figure 40. Spatially averaged values of precipitation and temperature changes at the 

projected time-slices and model anomalies compared to the ensemble mean are tabulated in Table 9 and Table 10 

respectively. In Figure 40 it can be observed that for higher levels of warming changes in precipitation and temperature 

are more intense for all the examined regions. Moreover, the variation of changes between the different regions is 

accentuated at higher warming levels. Under +1.5 oC of global warming, ensemble mean changes of precipitation and 

temperature are positive for all the regions and their spread over the x and y axis is small. Ensemble mean precipitation 

changes span from +1.91 mm/year (for the Iberian Peninsula) to +42.39 mm/year (for the Alps) and temperature 

changes fluctuate between +0.68 (for the British Isles) and +1.25 (for Scandinavia). The Iberian Peninsula, France and 

the Mediterranean show small increases in ensemble mean precipitation, which however is the result of averaging 

positive and negative changes of similar absolute magnitude. Generally, the range of the ensemble members’ values 
is large and spans through negative and positive changes for four out of the eight sub-regions (IP, FR, MD and BI). At 

the +2 oC time-slice, the Iberian Peninsula is the only region where a negative change in ensemble mean precipitation 

is encountered, with half the models agreeing on the sign of the change. For France and Mediterranean ensemble 

mean changes in precipitation are positive, although 3 out of 6 and 4 out of 6 models respectively show decreasing 

trends. The regions where the smaller and larger changes and precipitation and temperature are found are the same 

with the +1.5 oC time-slice. Under +4 oC of global warming, reduction in ensemble mean precipitation are projected for 

France, the Mediterranean and the Iberian Peninsula and increases for the rest of the regions. The greatest ensemble 

mean reduction is found for the Iberian Peninsula (-80.56 mm/year). Scandinavia shows the largest increases in both 

precipitation (+145.98 mm/year) and temperature (+4.46 oC) while the smallest ensemble mean temperature increase 

is found for the British Isles.  



 

Figure 36. Ensemble mean precipitation [mm/year] and anomalies of the six ensemble members compared to the ensemble mean for the 

baseline and the three projected time-slices. 

 



 

Figure 37. Ensemble mean temperature [K] and anomalies of the six ensemble members compared to the ensemble mean for the baseline and 

the three projected time-slices. 

 



 

Figure 38. Ensemble mean of absolute changes in precipitation [mm/year] (top row) and model agreement towards the increase of precipitation 

in the projected time-slice (bottom row) for the three projected time-slices. 

 

 

Figure 39. Ensemble mean of absolute changes in temperature [oC] (top row) and model agreement towards the increase of temperature in the 

projected time-slice (bottom row) for the three projected time-slices. 

 
 



 

Figure 40. Scatterplot of precipitation versus temperature changes per European region and per SWL. In the upper left panel all the SWLs are 

presented and in the rest panels the SWLS are demonstrated individually for clarity. Bars indicate the range of model projections for each 

parameter within each region. 

 
 
 
 
 
 
 
 
 
 
 
 
 



Table 9: Regional average changes in precipitation [mm/yr] and anomalies from ensemble mean [mm/yr], for all the realizations of EC-EARTH-

HR, per SWL.   

PR Change from baseline Anomalies from Ensemble mean 
SWL1.5 

Region 

name 

Ens. 

Mean r1 r2 r3 r4 r5 r6 r1 r2 r3 r4 r5 r6 

IP 1.91 -39.37 31.14 23.25 -54.29 27.81 22.92 -41.01 28.89 21.37 -56.08 25.78 21.05 

FR 5.10 -27.00 -5.59 30.06 -30.11 33.02 30.25 -32.16 -10.62 25.22 -35.34 27.89 25.01 

ME 33.28 25.17 26.73 19.46 30.74 61.58 35.98 -8.22 -6.39 -13.57 -2.76 28.31 2.63 

SC 35.88 43.42 29.01 22.23 25.33 60.67 34.62 7.62 -6.77 -13.64 -10.77 24.65 -1.09 

AL 42.39 1.12 51.46 26.79 23.13 58.81 93.02 -41.36 8.89 -15.28 -19.75 16.83 50.67 

MD 18.13 -16.10 -7.60 18.54 32.50 -1.36 82.79 -33.41 -25.44 1.10 11.43 -19.78 66.09 

EA 35.39 39.51 20.37 22.68 76.62 20.24 32.92 3.95 -14.94 -12.78 40.91 -14.93 -2.21 

BI 23.38 6.32 20.23 37.46 -5.58 34.76 47.11 -17.37 -2.99 14.21 -28.81 11.10 23.86 

Europe 29.89 26.56 23.49 22.93 32.67 41.60 32.06 -3.40 -6.33 -6.96 2.62 11.73 2.35 

SWL2 

IP -8.07 -41.96 29.99 27.94 -71.97 20.24 -12.67 -33.62 37.72 36.04 -63.78 28.20 -4.55 

FR 12.88 -2.41 -0.82 23.73 -7.19 33.37 30.61 -15.34 -13.63 11.11 -20.19 20.47 17.59 

ME 42.54 29.32 19.81 21.04 74.20 65.76 45.09 -13.32 -22.58 -21.26 31.44 23.23 2.48 

SC 51.51 59.29 39.92 39.69 53.37 74.97 41.83 7.86 -11.50 -11.81 1.64 23.32 -9.51 

AL 63.88 3.12 72.17 48.55 75.01 75.95 108.47 -60.84 8.11 -15.01 10.64 12.49 44.63 

MD 2.89 -7.87 -9.14 19.31 -3.50 -25.16 43.66 -9.93 -11.73 17.12 -9.32 -28.34 42.21 

EA 46.48 46.37 26.14 19.68 114.34 29.08 43.27 -0.28 -20.26 -26.87 67.54 -17.18 -2.95 

BI 30.27 41.08 18.76 37.76 18.86 37.72 27.43 10.51 -11.35 7.63 -11.25 7.17 -2.70 

Europe 42.77 43.19 35.82 32.15 58.44 52.09 34.91 0.36 -6.88 -10.63 15.50 9.34 -7.68 

SWL4 

IP -80.56 -52.26  -57.17 

-

118.19 -61.72 

-

113.44 28.49  23.35 -37.59 18.65 -32.91 

FR -16.34 21.18  -49.11 -46.07 -17.30 9.60 37.48  -32.50 -29.84 -0.97 25.82 

ME 60.75 79.14  9.92 51.05 92.70 70.92 18.31  -50.55 -9.89 32.00 10.13 

SC 145.98 160.00  127.32 100.15 199.75 142.66 14.12  -18.63 -46.03 53.66 -3.12 

AL 54.01 117.09  8.28 19.85 6.92 117.91 62.96  -45.46 -34.69 -46.71 63.90 

MD -55.62 -43.39  -14.57 -79.96 

-

122.22 -17.97 13.11  41.80 -27.22 -66.84 39.15 

EA 40.47 70.69  5.22 73.46 -2.82 55.80 30.07  -35.30 32.69 -43.06 15.61 

BI 77.65 81.91  68.83 35.49 139.69 62.32 3.99  -8.65 -41.98 61.79 -15.15 

Europe 71.98 93.84   55.37 59.08 82.36 69.25 21.81   -16.61 -13.06 10.41 -2.55 

 
Table 10: Regional average changes in temperature [oC] and anomalies from ensemble mean [oC], for all the realizations of EC-EARTH-HR per 

SWL. 

TAS Change from baseline Anomalies from Ensemble mean 

SWL1.5 

Region 

name 

Ens. 

Mean r1 r2 r3 r4 r5 r6 r1 r2 r3 r4 r5 r6 

IP 0.87 0.76 1.09 1.34 0.59 0.76 0.69 -0.11 0.22 0.47 -0.28 -0.11 -0.18 

FR 0.80 0.63 0.97 1.27 0.50 0.83 0.62 -0.18 0.17 0.47 -0.30 0.03 -0.19 

ME 0.88 0.61 1.12 1.31 0.52 0.95 0.76 -0.27 0.25 0.43 -0.36 0.07 -0.13 

SC 1.25 1.00 1.52 1.48 0.93 1.27 1.29 -0.24 0.27 0.22 -0.32 0.01 0.05 

AL 0.93 0.67 1.32 1.42 0.53 0.87 0.75 -0.26 0.39 0.50 -0.40 -0.05 -0.18 

MD 0.86 0.62 1.14 1.42 0.42 0.79 0.77 -0.25 0.28 0.56 -0.44 -0.06 -0.09 

EA 1.01 0.53 1.64 1.41 0.41 0.92 1.16 -0.49 0.64 0.40 -0.60 -0.09 0.14 

BI 0.68 0.59 0.54 0.96 0.54 0.83 0.65 -0.10 -0.14 0.27 -0.14 0.14 -0.04 

Europe 1.13 0.71 1.57 1.44 0.74 1.08 1.22 -0.41 0.45 0.31 -0.39 -0.05 0.09 

SWL2 

IP 1.37 1.38 1.51 1.84 1.06 1.37 1.08 0.01 0.14 0.47 -0.31 -0.01 -0.29 

FR 1.27 1.26 1.28 1.69 0.93 1.57 0.87 -0.01 0.01 0.42 -0.34 0.31 -0.40 

ME 1.42 1.33 1.54 1.74 1.12 1.68 1.11 -0.10 0.12 0.32 -0.30 0.27 -0.32 

SC 1.91 1.98 1.91 1.99 1.48 2.23 1.88 0.08 0.01 0.07 -0.43 0.31 -0.03 

AL 1.52 1.38 1.83 1.97 1.14 1.50 1.27 -0.14 0.32 0.46 -0.38 -0.01 -0.25 

MD 1.37 1.23 1.64 1.93 0.94 1.28 1.22 -0.14 0.27 0.55 -0.43 -0.09 -0.16 

EA 1.69 1.26 2.11 2.11 1.22 1.77 1.69 -0.44 0.42 0.42 -0.48 0.08 0.00 

BI 1.06 1.21 0.81 1.20 0.94 1.49 0.71 0.14 -0.25 0.14 -0.12 0.43 -0.35 

Europe 1.80 1.56 2.01 2.04 1.44 1.96 1.81 -0.24 0.21 0.24 -0.37 0.15 0.01 



SWL4 

IP 3.56 3.39  3.93 3.19 3.92 3.38 -0.17  0.37 -0.37 0.36 -0.18 

FR 3.32 3.12  3.66 3.01 4.04 2.75 -0.20  0.35 -0.30 0.73 -0.58 

ME 3.56 3.46  3.84 3.25 4.26 3.00 -0.10  0.28 -0.31 0.70 -0.57 

SC 4.46 5.03  4.27 3.93 5.04 4.02 0.58  -0.19 -0.53 0.58 -0.43 

AL 3.99 3.76  4.41 3.61 4.52 3.67 -0.24  0.42 -0.39 0.54 -0.34 

MD 3.51 3.56  3.95 2.94 3.67 3.45 0.04  0.44 -0.57 0.16 -0.07 

EA 4.27 4.09  4.68 3.68 4.77 4.12 -0.18  0.42 -0.59 0.50 -0.15 

BI 2.69 2.59  2.67 2.59 3.59 2.03 -0.11  -0.02 -0.10 0.90 -0.67 

Europe 4.42 4.46   4.55 3.96 4.91 4.23 0.04   0.13 -0.46 0.49 -0.19 

 

6.3.2 Changes in Runoff regime 

Figure 41. Ensemble mean of mean annual runoff [mm/year] and anomalies of the six ensemble members compared 

to the ensemble mean for the baseline and the three projected time-slices.Figure 41 presents the ensemble mean of 

mean annual runoff for the baseline period and the three SWLs and the respective model anomalies of the ensemble 

members. For runoff, the differences between the anomalies of the baseline and the projected periods are not as 

intense as they were for the input variables (Figure 36 and Figure 37). The r1 ensemble member produces less runoff 

than the ensemble mean for the majority of the European land area for the baseline period and the SWLs of 1.5 and 2 
oC but at +4 oC its anomaly pattern changes to mostly positive values. For the rest of the ensemble members the 

anomaly patterns do not change dramatically between the projected time-slices. The members r2, r5 and r6 mostly 

produce more runoff than the ensemble mean in the south west part of Europe and less runoff at the north east part 

of the continent. R3 shows negative anomalies in central Europe and r4 at the south west region of Europe. Figure 42 

shows the ensemble mean of 10th percentile runoff per examined period and the model corresponding model 

anomalies. The anomaly patterns of the ensemble members are very similar to those described for mean annual runoff. 

Figure 43 shows the ensemble mean of relative changes in mean annual runoff per SWL and the corresponding model 

agreement. Under +1.5 and +2 oC of warming, runoff production is projected to increase for the majority of the 

European land area, namely the north east half of the continent, the British Isles and even parts of the Mediterranean. 

The projected runoff increases are larger at higher latitudes, especially at the +2 oC time-slice. The rest of the continent 

shows only minor variations in the mean annual runoff regime (-5 to +5 %). 80 to 100% of the models agree on the 

projected increase of mean annual runoff while agreement is reduced (40 to 60%) for the areas where minor changes 

are encountered. At the +4 oC time-slice the positive changes in runoff production at the higher latitudes are 

intensified. Moreover, all models agree on the sign of the change in these regions. Reductions in mean annual runoff 

of up to -25% are projected for parts of the Mediterranean region, with 80 to 100% model agreement. 

The projected relative changes in 10th percentile runoff production and the corresponding model agreement per SWL 

are illustrated in Figure 44. Relative changes in 10th percentile runoff are exacerbated compared to changes in mean 

annual runoff. The response of 10th percentile runoff to global warming is very similar at +1.5 and +2 oC. Increases in 

10th percentile runoff, with 80 to 100% model agreement, are projected for central, central east, north and north east 

Europe. With the same levels of agreement, reductions in 10th percentile runoff are projected for south Italy, Greece, 

regions in the west part of France and the north half of the Iberian Peninsula. Under +4 oC of global warming, reduced 

10th percentile runoff is projected for all the Mediterranean countries, Portugal and west France, with 100% model 

agreement in the majority of the affected area. For the rest of Europe (the north east part of the continent and Iceland) 

10th percentile runoff is projected to increase with 100% agreement between the models.  

Spatially averaged values of ensemble mean changes in mean and 10th percentile runoff, along with anomalies of the 

ensemble members from the mean, per sub-region and SWL are shown in Table 11 and Table 12 respectively.  



 

Figure 41. Ensemble mean of mean annual runoff [mm/year] and anomalies of the six ensemble members compared to the ensemble mean for 

the baseline and the three projected time-slices. 

 



 

 

Figure 42. Ensemble mean of 10th percentile runoff [mm/year] and anomalies of the six ensemble members compared to the ensemble mean for 

the baseline and the three projected time-slices. 

 



 

 

Figure 43. Ensemble mean of relative changes in mean annual runoff [mm/year] (top row) and model agreement towards the increase of mean 

annual runoff in the projected time-slice (bottom row) for the three projected time-slices. 

 

 

Figure 44. Ensemble mean of relative changes in 10th percentile runoff [mm/year] (top row) and model agreement towards the increase of 10th 

percentile runoff in the projected time-slice (bottom row) for the three projected time-slices. 

 
 



Table 11: Regional average changes in mean runoff [mm/yr] and anomalies from ensemble mean [mm/yr], for all the realizations of EC-EARTH-

HR per SWL. 

RF 
mean 

Change from baseline Anomalies from Ensemble mean 

SWL1.5 

Region 

name 

Ens. 

Mean r1 r2 r3 r4 r5 r6 r1 r2 r3 r4 r5 r6 

IP 5.10 -6.60 18.32 17.04 -15.33 4.84 12.33 -19.11 14.69 12.40 -23.63 7.87 7.78 

FR 6.92 -7.69 11.06 16.98 -11.01 15.19 17.00 -28.79 6.00 13.09 -26.41 23.62 12.49 

ME 13.44 11.26 15.45 6.47 8.37 25.15 13.95 -18.25 -1.68 3.63 -11.04 24.03 3.31 

SC 30.16 33.04 30.39 19.73 20.12 49.37 28.30 -40.34 -16.38 40.34 -10.34 29.72 -2.98 

AL 28.74 -2.57 44.47 6.75 14.99 44.85 63.93 -51.51 15.23 -11.94 -35.04 38.27 44.99 

MD 9.56 0.73 3.26 10.17 16.27 -1.33 28.25 -10.75 -7.63 0.70 4.69 -6.66 19.64 

EA 13.71 15.36 10.75 8.10 30.16 4.61 13.27 -2.17 -5.09 -2.59 15.36 -5.55 0.04 

BI 27.76 5.40 46.08 44.50 -9.03 28.65 50.96 -82.91 18.07 56.91 -62.99 58.26 12.65 

Europe 19.02 17.74 20.11 13.50 17.57 25.76 19.46 -23.76 -7.99 18.21 -4.47 19.17 -1.15 

SWL2 

IP 5.35 -3.56 24.76 19.36 -17.82 4.71 4.67 -16.32 20.88 14.47 -26.38 7.48 -0.12 

FR 14.61 2.83 22.86 17.60 -0.02 21.36 23.04 -25.96 10.11 6.02 -23.11 22.10 10.85 

ME 19.69 12.12 14.23 4.61 31.52 32.10 23.59 -23.64 -9.15 -4.48 5.86 24.73 6.69 

SC 47.71 48.08 45.72 40.73 51.54 65.15 35.04 -42.86 -18.60 43.78 3.53 27.94 -13.79 

AL 49.96 -4.29 69.90 23.42 60.98 61.95 87.78 -74.44 19.44 -16.49 -10.27 34.14 47.62 

MD 9.32 5.89 11.18 12.50 9.41 -4.41 21.34 -5.34 0.53 3.26 -1.92 -9.50 12.98 

EA 20.01 18.03 15.35 7.94 48.70 11.15 18.90 -5.81 -6.79 -9.06 27.59 -5.30 -0.63 

BI 39.35 37.83 48.61 46.12 24.88 37.12 41.53 -62.06 9.01 46.94 -40.67 55.15 -8.37 

Europe 31.06 29.10 33.47 24.57 38.58 35.53 25.09 -24.44 -6.66 17.25 4.51 16.90 -7.56 

SWL4 

IP -9.37 6.43  -5.69 -23.55 -4.02 -20.04 8.69  4.44 -17.09 13.78 -9.81 

FR 19.65 31.66  4.87 5.82 24.07 31.85 -1.80  -11.38 -21.94 20.14 14.99 

ME 39.16 37.75  9.25 36.27 68.25 44.28 -18.21  -20.04 -9.60 40.66 7.18 

SC 147.10 134.02  141.20 113.92 207.80 138.54 -59.62  41.54 -36.80 67.89 -13.01 

AL 56.07 96.08  0.31 42.98 37.63 103.37 19.71  -45.82 -34.48 3.61 56.99 

MD -2.32 3.00  4.93 -7.62 -26.40 14.49 3.14  7.06 -7.58 -20.12 17.50 

EA 23.06 31.55  8.94 35.98 10.50 28.34 4.23  -11.53 11.40 -9.43 5.33 

BI 114.55 102.17  105.90 79.65 194.88 90.14 -72.97  31.48 -61.14 137.65 -35.01 

Europe 72.03 74.34   62.83 60.46 92.88 69.64 -21.99   12.72 -16.40 31.46 -5.79 

 
Table 12: Regional average changes in 10th percentile runoff [mm/yr] and anomalies from ensemble mean [mm/yr], for all the realizations of 

EC-EARTH-HR per SWL. 

RF 
10th 
perc. 

Change from baseline Anomalies from Ensemble mean 

SWL1.5 

Region 

name 

Ens. 

Mean r1 r2 r3 r4 r5 r6 r1 r2 r3 r4 r5 r6 

IP -0.15 -2.82 2.55 0.10 -1.98 -0.50 1.73 -2.42 3.90 1.88 -3.56 -0.44 0.64 

FR -0.82 -7.77 -1.07 7.70 -9.79 2.93 3.06 -9.40 5.36 9.08 -14.32 6.94 2.33 

ME 3.26 0.75 3.80 5.83 -0.41 9.48 0.09 -8.15 0.98 5.35 -7.66 10.22 -0.74 

SC 15.73 13.79 16.56 14.77 9.90 24.78 14.57 -17.32 -0.62 15.59 -5.96 8.69 -0.37 

AL 14.76 -3.28 28.61 12.27 8.50 12.22 30.26 -30.14 12.31 9.87 -20.04 15.21 12.80 

MD 1.24 0.42 0.40 0.27 2.35 0.02 3.96 -2.20 -0.80 2.99 -1.36 -0.40 1.78 

EA 2.58 2.82 2.22 3.31 4.35 -0.10 2.90 -2.22 0.06 2.57 -0.09 -0.19 -0.14 

BI 8.52 16.47 6.58 7.37 2.44 11.19 7.06 -9.07 -2.46 15.24 -14.38 16.08 -5.41 

Europe 7.70 5.09 7.87 8.05 6.94 11.02 7.21 -10.21 -0.97 8.72 -3.43 6.52 -0.64 

SWL2 

IP -0.44 -2.87 3.20 -0.55 -2.17 0.15 -0.39 -2.18 4.84 1.51 -3.47 0.50 -1.19 

FR -0.43 -7.30 1.40 2.13 -4.44 1.37 4.23 -9.31 7.45 3.13 -9.36 4.99 3.11 

ME 6.06 0.29 2.94 3.62 10.42 14.38 4.72 -11.42 -2.68 0.33 0.36 12.32 1.09 

SC 26.01 24.90 21.13 29.82 25.94 33.02 21.27 -16.51 -6.33 20.36 -0.21 6.64 -3.96 

AL 25.54 -5.71 38.03 23.87 28.09 33.04 35.94 -43.35 10.95 10.69 -11.23 25.24 7.70 

MD 0.64 -0.04 1.23 -1.81 1.77 1.27 1.44 -2.07 0.63 1.50 -1.35 1.44 -0.15 

EA 5.95 4.34 5.82 2.81 13.26 5.26 4.22 -4.07 0.30 -1.30 5.45 1.80 -2.19 

BI 7.46 20.99 8.30 15.96 6.51 -0.95 -6.05 -3.49 0.32 24.88 -9.25 5.01 -17.46 



Europe 13.81 10.45 12.45 14.33 17.25 17.90 10.49 -10.95 -2.52 8.88 0.77 7.29 -3.48 

SWL4 

IP -4.29 -3.59  -5.73 -3.71 -3.90 -4.51 1.18  0.42 -0.92 0.54 -1.23 

FR -7.05 -5.25  -13.85 -6.33 -4.67 -5.13 0.47  -5.11 -3.52 6.68 1.48 

ME 13.91 12.70  -0.42 16.16 24.30 16.81 -6.77  -11.47 -1.66 14.49 5.41 

SC 81.51 72.54  79.91 68.44 112.30 74.37 -24.65  14.66 -13.50 30.14 -6.65 

AL 32.75 63.63  2.17 34.38 24.34 39.24 18.47  -18.52 -12.46 9.03 3.49 

MD -2.99 -1.49  -5.50 -0.75 -5.50 -1.71 0.12  1.46 -0.23 -1.69 0.34 

EA 8.93 9.94  5.12 12.27 8.80 8.55 -1.37  -1.88 1.56 2.44 -0.75 

BI 11.67 21.87  -4.71 6.85 31.35 3.02 -6.93  -0.11 -13.23 32.98 -12.71 

Europe 38.26 37.56   33.13 35.31 51.72 33.58 -8.53   3.01 -5.85 16.43 -5.06 

 
 

6.3.3 Drought indices 

Figure 45 and Figure 46Figure 45. Ensemble mean of change percent of time under drought conditions, described by 

the SPI-6 drought index [%] (top row) and model agreement towards the increase in time under drought conditions 

(bottom row) for the three projected time-slices. show the projected changes in percent of time per SWL that drought 

conditions prevail in the European area, as defined by the SPI-6 and SPI-48 drought indices respectively. Regarding the 

results on the short-term drought index SPI-6, in Figure 45 it can be observed that under +1.5 oC of global warming 

there is no significant increase in time under drought conditions. At the +2 oC time-slice, an increase in drought 

conditions’ duration of 5 to 10% is projected for a west part of the Iberian Peninsula. The time under drought conditions 
is notably increased at the +4 oC SWL (5 to 25%) for the Mediterranean region. In contrast, the time extent of droughts 

is expected to decrease for north Europe and parts of central Europe. It is worth noting that at the +4 oC time-slice, 

both the projected increases and decreases in time under droughts in the south and the north parts of Europe 

respectively are supported by 100% of the models.  

The results on the long-term drought index SPI-48, show a slightly exacerbated response to climate change compared 

to short-term drought results (Figure 46). At +1.5 oC, increases in drought duration are projected for parts of the Iberian 

Peninsula and west France. At +2 oC, the former increases expand to cover the whole Iberian Peninsula, in addition to 

west France and Greece. The model agreement for these changes ranges from 60 to 100%. Under +4 oC of global 

warming, increases in drought duration ranging from 25 to more than 50% are projected for the Mediterranean with 

100% model agreement on the sign of the change. In the zone north of the Mediterranean time under drought 

conditions is projected to increase from 5 to 25%, with a one tier reduction on the agreement scale (80% for most of 

the affected area). For the north part of the continent all models agree on a decrease in time under long-term drought 

conditions. 

Changes in short- and long-term drought conditions, expressed by the SRI index, per SWL are shown in Figure 47 and 

Figure 48 respectively. The climate change impacts projected for droughts by the SRI index are less dramatic compared 

to the results of the SPI index. This can be justified by the fact that runoff is a component of the water cycle that, apart 

from precipitation and evapotranspiration, is also affected by soil moisture. Thus the SRI index will have a slower and 

more moderate response to a long-term deficit in precipitation compared to SPI. The results of the short-term drought 

index SRI-6, suggest no increases in total drought duration under +1.5 and +2 oC of warming. At +4 oC, increases of 5 

to 25% in time under drought conditions are projected for the east part of the Iberian Peninsula and some smaller 

areas in Italy and Greece, with 100% model agreement. Again, changes are more intense for the long-term drought 

conditions. Under +1.5 oC of global warming, duration of drought conditions defined by SRI-48 are not expected to 

change significantly over Europe. At the +2 oC time-slice, projected increases of 5 to 25% in drought duration are 

identified for parts of the Iberian Peninsula (with 80% model agreement). Increases are also found for south France, 

but the model agreement on increase in drought duration in this area is weak. At the +4 oC time-slice, time under 

drought conditions is projected to increase by 25 to 50% in the south Mediterranean regions and by 5 to 25% in the 

rest of the Mediterranean. In the most affected by climate change south part of the Mediterranean, all models agree 



towards the increase in drought duration. For the central and north part of the Mediterranean, model agreement is 

lower (80% at the majority of the region and 60% in some regions, eg. In north Italy).  

 

 

Figure 45. Ensemble mean of change percent of time under drought conditions, described by the SPI-6 drought index [%] (top row) and model 

agreement towards the increase in time under drought conditions (bottom row) for the three projected time-slices. 

 

 

Figure 46. Ensemble mean of change percent of time under drought conditions, described by the SPI-48 drought index [%] (top row) and model 

agreement towards the increase in time under drought conditions (bottom row) for the three projected time-slices. 



 

 

 

Figure 47. Ensemble mean of change percent of time under drought conditions, described by the SRI-6 drought index [%] (top row) and model 

agreement towards the increase in time under drought conditions (bottom row) for the three projected time-slices. 

 

 

Figure 48. Ensemble mean of change percent of time under drought conditions, described by the SRI-48 drought index [%] (top row) and model 

agreement towards the increase in time under drought conditions (bottom row) for the three projected time-slices. 



6.3.4 Impacts compared to the EURO CORDEX-driven impacts assessments (D7.2) 

In this section, a comparison is attempted between the impacts on the European hydrological state under +4 oC of 

global warming, projected by the EC-Earth realizations’ ensemble and the Euro-CORDEX ensemble used in D7.2 of 

HELIX. This comparison bears some caveats that will have to be taken into account in the interpretation of the results. 

Only two out of the five Euro-CORDEX models actually reach +4 oC in the time-slice used to represent the higher 

warming level. The other three models only reach +3.2, +3.75 and +3.76 oC. In the EC-Earth ensemble of the current 

Deliverable, only one of the six models had to be discarded from the analysis at the +4 SWL time-slice. All the remaining 

five models reach the +4 oC tier. In general, there was a different criterion for the selection of models of each ensemble. 

As discussed in the 6.2.1, the models of the EC-Earth ensemble were selected with the intention to cover a wide range 

of possible outcomes while the Euro-CORDEX ensemble was formed so as to resemble the ensemble previously used 

in the ISIMIP project. Moreover, there is a 5-year difference in the start of the baseline period between the two 

ensembles (1976-2005 for Euro-CORDEX, 1981-2010 for EC-Earth).  

Figure 49 shows a comparison between the ensemble mean changes in mean annual runoff projected by the EC-Earth 

and the Euro-CORDEX ensembles, at the +4 oC time-slice. It can be observed that the Euro-CORDEX ensemble projects 

decreases of higher magnitude and model agreement at the Iberian Peninsula compared to EC-Earth. Moreover, Euro-

CORDEX shows negative changes in runoff with 80 to 100% model agreement for south Balkans, a region that shows 

minor changes in the EC-Earth projections. Another difference is that for Euro-CORDEX the sign of the change is unclear 

for a zone covering central Europe and also for eastern Europe. For the same regions, EC-Earth indicates increases in 

mean annual runoff with 100% model agreement. The comparison between EC-Earth and Euro-CORDEX ensembles’ 
projected impacts on 10th percentile runoff under +4 oC of global warming is presented in Figure 50. Both ensembles 

project increases in 10th percentile runoff in the north east part of the study region and decreases in the south west 

part. The decreases projected by Euro-CORDEX extend to higher latitudes compared to EC-Earth, but the same areas 

are dominated by decreased model agreement between the Euro-CORDEX ensemble members. The EC-Earth 

ensemble also shows model agreement higher than Euro-CORDEX regarding the increases projected for 10th percentile 

runoff in north west Europe.  

 



Figure 49. Ensemble mean of projected changes in mean annual runoff and model agreement at the +4 oC SWL, from the EC-Earth (left column) 

and the Euro-CORDEX (right column) model ensembles. 

 

Figure 50. Ensemble mean of projected changes in 10th percentile runoff and model agreement at the +4 oC SWL, from the EC-Earth (left 

column) and the Euro-CORDEX (right column) model ensembles. 
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7 THE VULNERABILITY OF FRESHWATER TO HIGH-END CLIMATE 
CHANGE 

7.1 INTRODUCTION 

According to the fourth IPCC report (Parry, 2007) vulnerability is the degree to which a system is 

susceptible to, and unable to cope with, adverse effects of climate change, including climate variability 

and extremes. Vulnerability is often decomposed into three major constituent components of the 

exposure, sensitivity and adaptive capacity (Preston and Scientific, 2008) and in the context of climate 

change is a function of the character, magnitude, and rate of change. These concepts of vulnerability, 

sensitivity, exposure and adaptation and adaptive capacity are interrelated and have wide application in 

studying environmental changes providing many insights at global, regional or local scale (Smit and 

Wandel, 2006). The adoption of this concept by the IPCC lead to the ‘‘mainstreaming’’ of adaptation to 

the concept of many studies dealing with climate change. Although the concept of vulnerability 

assessment is a widespread methodology of examining the degree of exposure for many environmental 

systems under change (Turner et al., 2003), the application to drought is not a widespread practice 

suggesting the need of increased effort (González Tánago et al., 2016). One of the main reasons is the 

difficulty in retrieving quantitative information drought damages and vulnerability (Blauhut et al., 2015). 

González Tánago et al., (2016) conducted a systematic review of the drought vulnerability assessments in 

the scientific literature until mid-2015 revealing the broad diversity of the underlying conceptual 

frameworks and the lack of consensus on the number and type of factors and dimensions to be 

considered.   

Recent studies at the global scale Carrão et al., (2016) elaborated on a drought risk map, by combining 

independent indicators of historical droughts and estimates of drought exposure and vulnerability finding 

that potential drought risk is mostly driven by the growth of regional exposure. A more focused approach 

on world's cereal producing regions was applied to identify vulnerability hotspots following a systematic 

drought vulnerability assessment framework (Fraser et al., 2013). Naumann et al., (2014) explored 

different aspects of drought vulnerability using a composite indicator for the identification of drought 

hotspots over Africa. A good agreement of mapped drought vulnerability and disaster information from 

the EM-DAT database was established.  

Several systematic vulnerability assessment studies have been developed and applied at a continental, 

regional or national scale over Europe. Alcamo et al., (2008) used inference modelling to capture the 

susceptibility to drought by quantifying crucial vulnerability indicators. Iglesias et al., (2009) presented 

components-indices for evaluating social vulnerability to drought and the effect of index weighting 

through an application to six Mediterranean countries. Salvati et al., (2009) applied a comprehensive 

framework of mapping vulnerability of land to drought and desertification by combining biophysical and 

socioeconomic indicators over Italy. Flörke et al., (2011) used a similar to the present study approach to 

describe the change in European drought vulnerability by the 2050s under the A1B scenario. Perčec Tadić 
et al., (2014) developed a drought vulnerability map for Croatia based on climatic and geophysical 

indicators giving a first insight of the drought prone areas of the country. The extensive work of the 

DROUGHT R&SPI FP7 project (Stagge, 2015) provided a systematic categorization of environmental and 
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socioeconomic factors affecting vulnerability and can be used for developing an assessment framework. 

Blauhut et al., (2016) made use several indicators of the previous study in the development of a hybrid 

framework of probabilistic impact prediction combined with vulnerability assessment for monitoring 

drought risk at a pan-European level.  

Here we try to develop and apply a simple, transparent conceptual framework describing European 

vulnerability to hydrological drought of current hydro-climatic and socioeconomic status as well as 

projected vulnerability at specific warming levels (1.5oC, 2oC and 4oC) following high rates of climatic 

change (RCP8.5) considering different levels of adaptation associated to specific socioeconomic pathways 

(SSP2, SSP3 and SSP5).  

7.2 DATA AND METHODS 

7.2.1 Development of a Conceptual Framework 

Most of the approaches of the current studies on drought vulnerability originate by different schools 

(González Tánago et al., 2016). The first is the climate change adaptation school (CCA) that focuses on the 

degree of a system being susceptible to, or unable to cope with, adverse effects of drought and the 

disaster reduction risk (DDR) school that examines the capacity of a person or group to anticipate, resist, 

cope with, and recover from the impact of hazards.  

As a basis for the present study we adopted the approach of the CCA school and we followed the 

corresponding conceptualization similar to the one provided by the IPCC Fourth Assessment Report 

(Parry, 2007), which defines vulnerability as a function of three major components: the exposure to 

climate change, the sensitivity, and the adaptive capacity. The drought vulnerability from different levels 

of global warming (+1.5oC, +2oC, +4oC) is assessed with the use of an index approach accounting for the 

exposure, the sensitivity and the adaptive capacity at a pan-European NUTS2 level. The assessment of 

vulnerability provides a qualitative view of climate risk rather than explicit predictions of climate change 

outcomes or impacts. Since the various climate, demographic and socioeconomic indicators are measured 

in different units, they are all brought to a common scale using an appropriate normalization method. 

Several normalization methods can be found in literature, each with specific advantages and 

disadvantages (Fekete, 2009). The decile normalization was selected for its robustness and simplicity. The 

method categorizes the data of each indicator into deciles and assigns score from 1 to 10. Table 13 

includes the indicators and corresponding expressions of exposure, sensitivity and adaptive capacity of 

European vulnerability to drought used in the scoring framework. 

Table 13: Indicators and expressions of exposure, sensitivity and adaptive capacity of vulnerability to freshwater scarcity. 

 Indicator Expressed by Weight 

E
x

p
o

su
re

 Water availability on average 
Relative changes in mean annual runoff 

production 

1/4 

Low flows 
Relative changes in 10th percentile runoff 

production 

1/4 

Duration and severity of 

extreme events relevant to 

Change in duration of short and long term 

meteorological droughts – index based on 

1/4 
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water availability (short and 

long term droughts) 

Standardised precipitation Index (SPI) of 6 and 

48 months temporal scale 

Change in duration of short and long term 

hydrological droughts – index based on 

Standardised runoff Index (SRI) of 6 and 48 

months temporal scale 

1/4 

S
e

n
si

ti
v

it
y

 

Population density 
Number of people totally affected by 

freshwater stress 

1/3 

Irrigated agriculture Extend of irrigated area - FAO 1/3 

Water Demand sectorial Gridded dataset of water demand per sector 1/3 

A
d

a
p

ti
v

e
 c

a
p

a
ci

ty
 

Economic resources available 

to adapt 

GDP per capita (PPP) 

 

1/5 

Law enforcement 
World Governance Indicators (WGI) - World 

Bank 

1/5 

Human Capital Percent of highly educated working population 1/5 

Level of natural freshwater 

storage capacity 

Extend of highly productive aquifers and inland 

water bodies for freshwater storage 

1/5 

Level of artificial freshwater 

storage capacity 

Storage capacity of dams. Geo-referenced 

dataset for Europe - FAO 

1/5 

 

The resulting indicators for the dimensions of exposure, sensitivity and adaptive capacity were equally 

weighted by 1/3. Equal weighting was also applied for all sub-indices of each dimension. This standard 

equal weighting procedure was chosen for the sake of subjectivity. The weights that were assigned to the 

model dimensions and indices are included in Table 13.  

7.2.2 Exposure 

Exposure, in the context of climate change, refers to the nature and degree to which a system is exposed 

to significant climatic variations (Füssel and Klein, 2006). Different elements in which hazardous events 

may occur comprise the elements inventory of exposure (Birkmann et al., 2014). In practice, the exposure 

is conceived as the changes in the climate variability and/or the climate system (Brooks et al., 2005)   

Water availability on average 
A first indicator of exposure to water stress is freshwater availability. In this study, freshwater availability 

is described by the runoff production (L. V. Papadimitriou et al., 2016) derived from the hydrological 

simulations forced by the EC-EARTH-HR climate model runs (The forcing datasets used for this study are 

an ensemble of global high resolution climate model simulations, generated with the use of the EC-Earth 

model in Atmospheric General Circulation Model (AGCM) mode. EC-Earth was run with prescribed sea 

surface temperature, provided by six CMIP5 models. As a result, the generated simulations exhibit similar 

patterns of climate change to those of the driving CMIP5 models. The criterion for model selection was to 

cover a wide range of uncertainty in the future climate projections. The ensemble includes two models of 

respectively high and low climate sensitivity (IPSL-CM5A-LR and GFDL-ESM2M), a dry (IPSL-CM5A-MR) and 

a wet (GISS-E2-H) model and finally the two in-house HELIX models (HadGEM2-ES and EC-EARTH). The 

climate model output starts from the reference period and spans up to 2100 or 2120 for some models, in 

order to cover the time-periods that correspond to the examined warming levels (up to +4 oC). One model 



Project No 603864 

 

86 
 

realization (r2, GFDL-ESM2M) is omitted from the SWL4 impacts’ analysis as there were not data available 
for the SWL4 time-slice. The list of the CMIP5 models used to generate the high-resolution climate 

simulations along with the time of exceedance of three examined Specific Warming Levels (SWLs) for each 

model are reported in Table 7. The hydrological simulations performed in the frame of this analysis are 

explicitly described in section 6.2.5. Figure 51 illustrates the relative exposure to freshwater availability as 

derived from the mean annual runoff production, for the reference period and the projected periods of 

the three SWLs, spatially aggregated at NUTS2 level over Europe. The relatively high exposure of middle-

east and north-eastern Europe is projected to alleviate by the increasingly highest runoff production 

(Figure 43) of the subsequent SWL periods. The opposite is expected for the southern part of Europe. The 

lower part of Figure 51 illustrates the range of the projected relative exposure to freshwater availability 

as derived from the hydrological simulation of the six model ensemble (Table 7). Model agreement is 

reduced with increased warming. This wider range of modelled exposure is more pronounced for several 

regions, like for example the Iberian Peninsula, for which a diverse signal of drier (r1, r4, r6) or wetter (r2, 

r3, r5) response is foreseen. 

 

 

Figure 51. Relative exposure to freshwater availability (up) at NUTS2 level and range of projections (bottom) for the baseline and 

the SWL periods. 
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Low flows 
A second indicator that is capable to describe the exposure to water stress is the information on low flow 

regimes (Prudhomme et al., 2011). While the change in the low flow is also part of the change in the mean 

runoff production, it serves for the indication of trends towards more intense or/and often extreme lows 

in the future hydrological cycle (L. V. Papadimitriou et al., 2016). Figure 52 is a similar representation of 

Figure 51 on the relative exposure but for low flows at the spatial level of NUTS2  local administrative 

boundaries. The signal of change for the relative exposure to low flows is similar to the corresponding of 

the mean annual runoff production more but even more clear and robust in terms of model agreement.  

 

 

Figure 52. Relative exposure to low flows (up) at NUTS2 level and range of projections (bottom) for the baseline and the SWL 

periods. 

 

Short and long term droughts 
Additionally to the abovementioned indicators, drought indices like the Standardised Precipitation Index 

(SPI) can effectively map the duration and severity of the extreme meteorological droughts (Stagge et al., 

2015) relevant to water availability and can also facilitate the concept of exposure indicator in the 

vulnerability assessment framework. Section 6.2.6 describes in more detail the definition levels of drought 

severity and duration considered for the present study, as well as, the impacts of a warmer climate on 

them. The 6-months temporal scale was selected for the examination of short term meteorological 

drought associated to agricultural drought and changes to the seasonal variations. As shown in Figure 53 
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Spain and Portugal, Southern Italy and mainland Greece, the Scandinavian Peninsula, Great Britain and 

Ireland as well as central Europe are relatively more highly exposed areas to short term hydrological 

drought.  The severity of exposure is even more pronounced for higher levels of warming over southern 

Europe while the opposite is projected for northern Europe. Especially for the SWL4 the Iberian and the 

Scandinavian Peninsulas are expected to be in a state of higher and lower exposure, respectively, in their 

entirety. The 48-months temporal scale was also employed for the description of long term droughts and 

effects on high capacity reservoirs related to drought indices at long time scales (Lorenzo-Lacruz et al., 

2010). The relatively Pan-European moderate exposure to long term droughts (Figure 54) of the recent 

past period is attenuated for central and northern Europe and more severe for southern Europe. There is 

an overall considerable variation of the projected exposure to long term drought between the models for 

the SWLs of 1.5 and 2 degrees, while for the higher level of 4 degrees of warming models agree on the 

increased exposure over the northern Mediterranean region.   

 

Figure 53. Relative exposure to short term meteorological droughts (SPI6) at NUTS2 level and range of projections (bottom) for 

the baseline and the SWL periods. 
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Figure 54.  Relative exposure to long term meteorological droughts (SPI48) at NUTS2 level and range of projections (bottom) for 

the baseline and the SWL periods. 

Based on the SPI concept the Standardised Runoff Index (SRI) (Shukla and Wood, 2008) incorporates 

hydrologic processes that determine seasonal lags in the influence of climate on streamflow and can serve 

as an indicator of hydrological drought providing additional information especially in the case of short 

time scales. Exposure to short term (Figure 55) and long term (Figure 56) hydrological drought was 

examined with the use of 6-months and 48-months SRI temporal scales, respectively. SRI was employed 

in order to provide additional information on exposure by capturing hydrological processes and associated 

droughts which cannot be described by SPI (meteorological drought). For example while northwestern 

Spain and north Portugal are classified as highly exposed to short term meteorological droughts (Figure 

53) the opposite is depicted with the use of SRI for hydrological drought. Thus, the use of two temporal 

scales (6 and 48 months) and also the use of SRI additional to SPI complements the overall concept of 

drought exposure. 
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Figure 55. Relative exposure to short term hydrological droughts (SRI6) at NUTS2 level and range of projections (bottom) for the 

baseline and the SWL periods. 
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Figure 56. Relative exposure to long term hydrological droughts (SRI48) at NUTS2 level and range of projections (bottom) for the 

baseline and the SWL periods. 

Figure 57 illustrates the full range of model projected relative overall exposure to freshwater availability, 

as derived through the combination of the exposure indicators, at NUTS2 level for the baseline and the 

SWL periods following high end climate change (RCP8.5). The four indicators of average water availability, 

low flows and extreme events relevant to water availability (short and long term droughts) were combined 

with equal weighting (Table 13). The increase in precipitation for most of the European region, and despite 

the higher temperatures of the SWLs, it is the major driver for a consequent increase in runoff production. 

As a result, the relative overall exposure is projected to decrease for the majority of the European land 

area except the Mediterranean. 
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Figure 57. Relative overall exposure to freshwater availability at NUTS2 level for the baseline and the SWL periods following high 

end climate change (RCP8.5) for a range of model projections. 
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7.2.3 Sensitivity 

The sensitivity of water availability and stress in climate change refers to the responsiveness of the 

socioeconomic system to the related climate induced hazards. Their responsiveness on climate induced 

changes can be estimated by a series of indicators that represent the degree that they are exposed to 

climate change.  

Population density 
Population density has been found to serve as an appropriate indicator of pressure on the environment 

in terms of water resources related hazards (Kossida et al., 2012), serving as a twofold indicator. A densely 

populated region is more susceptible to a water related natural disaster such droughts, as more people 

will be affected by it per unit area (Cutter and Finch, 2008; Yohe and Tol, 2002). At the same time the 

infrastructure capacity is a function population density, with the former to be increasingly sensitive by its 

size on water related hazards. Furthermore, potential changes in population density can lead to changes 

in water demand (Kossida et al., 2012; Leary and Kulkarni, 2007). In the present analysis, the population 

density of year 2014 was considered for each NUTS2 area (population per square kilometre) and served 

as the reference population density of the baseline period (Figure 58). The respective data were retrieved 

from ESRI (Michael Bauer Research GmbH). Although abrupt changes are not expected, some regions may 

face significant changes in their population, leading to increased water stress (Kovats et al., 2014). Here, 

the change in the population density was estimated for each SSP scenario and SWL, for each NUTS2 area. 

The projections were obtained from IASSA (KC and Lutz, 2014) for the different SSPs at the corresponding 

year of passing the SWL1.5, SWL2 or SWL4 (Figure 58).  
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Figure 58: Population density (inhabitants per km2) for the crossing time of SWL1.5, SWL2, SWL4 according to different SSPs over 

Europe, in NUTS2 level. 

Figure 59 presents a collective picture of the evolution of European population according to three socio-

economic scenarios (SSP2, SSP3 and SSP5) for the SWLs crossing years for the range of climate model 

projections used in the present study. 
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Figure 59. Evolution of European population according to three socio-economic scenarios (SSP2, SSP3 and SSP5) for the SWLs 

crossing years for a range of climate model projections.  

 

Irrigated agriculture  
Approximately 70% of the global freshwater withdrawals are currently used in the agriculture. The 

respective usage in Europe is 21% while it varies significantly along the European region, from the 

northern countries where precipitation is relatively equally distributed through the year and irrigation 

withdrawals may even be negligible, to the southern countries where the precipitation presents a highly 

seasonal pattern and the irrigation water reaches to as high as 70% of the available water. Hence irrigation 

is a major consumer of freshwater in parts of Europe, especially in the southern regions. Two sensitivity 

indicators were considered. First, the influence of irrigation practice in each NUTS2 area was expressed 

by the extent of irrigation as the percent of the area that is irrigated. Irrigated area percentage was 

obtained from FAO’s AQUASTAT website and shown in Figure 60.  



Project No 603864 

 

96 
 

 

Figure 60. Fraction of irrigated area per NUTS2 region. FAO. 2016. AQUASTAT website. Food and Agriculture Organization of the 

United Nations (FAO). Website accessed on [2016/07/27]. 

 

Water Demand sectorial 
Additionally, past and future sectorial water demand was included in the vulnerability analysis. This 

indicator can express the human stress posed on the available freshwater. N. Hanasaki et al., (2013), used 

the statistics-based national water withdrawal data for domestic, industrial, and agricultural sectors from 

the AQUASTAT database for the reference period. They also used projections of the water demand per 

sector from (SHEN et al., 2010) which were incorporated into H08 hydrological model (Hanasaki et al., 

2008) to obtain global scale gridded future projections of water demand for different SSP scenarios (N. 

Hanasaki et al., 2013). These projections were used in the present study to incorporate future changes in 

the water demand, per socio-economic scenario. Figure 61 shows the spatial distribution of total water 

demand for the crossing time of SWL1.5, SWL2 and SWL4 according to different SSPs over Europe, in 

NUTS2 level. Figure 62 also illustrates the temporal evolution of water use scenarios at Pan-European 

level according to three socio-economic pathways (SSP2, SSP3 and SSP5) for the SWLs crossing years of 

each climate model for the full range of climate projections. Both SSP5 and SSP3 of convectional 

development and fragmentation, correspondingly are considered of high growth in terms of irrigated area 

and crop intensity while SSP2, the middle road, is regarded as medium growth. In terms of water use 
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efficiency (mainly for irrigation), SSP5 represents a situation of high efficiency, SSP2 of medium and SSP3 

of low efficiency, as illustrated in Figure 62.  

 
  
 

 

Figure 61. Water demand for the crossing time of SWL1.5, SWL2 and SWL4 according to different SSPs over Europe, in NUTS2 

level as derived by Naota Hanasaki et al., (2013). 
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Figure 62. Water demand at Pan-European level according to three socio-economic scenarios (SSP2, SSP3 and SSP5) as 

developed by Naota Hanasaki et al., (2013) for the SWLs crossing years for a range of climate model projections. 

The sensitivity indicators (Table 13) where equally weighted for the estimation of the sensitivity index. 

High population density areas (Figure 58) like Great Britain, central European countries and capital regions 

contribute to the increase of overall sensitivity. Increase in projected population according to the different 

socio-economic pathways (and especially for SSP5 - Figure 59) are enhancing the sensitivity. Highly 

irrigation dependent areas like the Mediterranean countries, Balkan area and the Netherlands (Figure 60) 

result to higher overall sensitivity. The same is true for the total water demand (Figure 61). On the other 

hand, the combination of the indicators of population density and total water demand compensates the 

total sensitivity of the future. For example, the increase in sensitivity due to population increase according 

to SSP5 is counterbalanced by the higher water use efficiency assumed for this pathway. Finally, Figure 63 

illustrates the full range of model projected relative overall exposure to freshwater availability, as derived 

through the combination of the exposure indicators, at NUTS2 level for the baseline and the SWL periods 

following high end climate change (RCP8.5). 
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Figure 63. Overall sensitivity to freshwater availability at NUTS2 level for the baseline and the SWL periods following high end 

climate change (RCP8.5) for a range of model projections. NUTS2 areas marked in hatch indicate a multimodel sensitivity range 

of the order of 10. 

 

7.2.4 Adaptive capacity  

The adaptive capacity refers to the ability of the society and the economy to cope with climate induced 

water availability variability and extremes. Adaptive capacity is measured in terms of resources availability 

i.e. human capital, financial capital and infrastructure, and the required institutional capital to utilize the 

former resources.   
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Economic resources available to adapt  
The first indicator that was adopted is the gross domestic product (GDP) as it is expressed by the 

Purchasing Power Parity (PPP). GDP serves as a proxy of the available financial capital that can be utilized 

for adaptation actions.  The GDP of the reference period were obtained from the World Bank data of 

International Institute for Applied Systems Analysis – IIASA database2. The same database provided GDP 

projections for the SSPs (Nigel W. Arnell et al., 2011; Moss et al., 2010) for the respective SWL periods 

listed in Table 7. Figure 64 shows country level GDP per capita for the reference period and the defined 

combinations of SWLs and SSPs. Figure 65  depicts the European GDP-PPP according to three socio-

economic scenarios (SSP2, SSP3 and SSP5) for the SWLs crossing years for a range of climate model 

projections. 

  

Figure 64:  GDP per capita for the reference period and the considered combinations of SWLs and SSPs (NUTS0). 

                                                
 2 https://secure.iiasa.ac.at/web-apps/ene/SspDb/dsd?Action=htmlpage&page=about 
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Figure 65. Projections of European GDP PPP according to three socio-economic scenarios (SSP2, SSP3 and SSP5) for the SWLs 

crossing years for a range of climate model projections. 

 

Law enforcement and human capital 
Two indicators were considered for the inclusion of the institutional capital that can utilize adaptation 

measures. First, the Law enforcement ability (Figure 66) reflects the perceptions of the extent to which 

agents have confidence in and abide by the rules of society, and in particular the quality of contract 

enforcement, property rights, the police, and the courts, as well as the likelihood of crime and violence. 

Hence it also reflects the ability of the government to formulate and implement sound policies and 

regulations that permit and promote private sector development (Kaufmann et al., 2010). The data were 

obtained from the Worldwide Governance Indicators (WGI- www.govindicators.org). The second indicator 

considered was the human capital, which reflects the characteristics of the workforce and labor market 

which can be described by the skills and diversity of workforce, long-term unemployment, aging, 

educational levels, etc. (Russo et al., 2012). This indicator is the percent of highly educated workforce 

(Figure 67). Human capital in terms of educational level is important as it is highly related to the ability to 

manage information, in this case, related to water management and/or water policy application.  

 

http://www.govindicators.org/
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Figure 66: Rule of Law. Countries ranked in percentiles among all countries. 
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Figure 67: Human Capital expressed as the percentage of highly educated working population in NUTS2 level. 

 

Level of natural or artificial freshwater storage capacity 
A third pillar of adaptive capacity indicators is related to the natural and the artificial infrastructure that 

can serve for the mitigation of a climate related water scarcity issue. The most appropriate indicator is 

the ability to retain freshwater for use during a drought event. The indicator was expressed by two 

different indices, the extent of highly productive aquifers and inland waterbodies (Figure 68) and the 

storage capacity of dams (Figure 69). In the former, the desalination capacity was also included as a source 

of artificially stored freshwater. For the derivation of the potential to natural freshwater storage capacity 

data from the IHME1500 v1.1 were obtained. This data is a state of the art result of digitization of the 25 

map sheets of the International Hydrogeological Map of Europe at the scale of 1:1,500,000 (IHME1500) 

(Duscher et al., 2015). For the indicator of artificial freshwater storage capacity, information of the FAO 

geo-referenced dams’ database was used (http://www.fao.org/nr/water/aquastat/dams/index.stm). 

Data for desalination and countries like Malta and Denmark was gathered from different sources. 

http://www.fao.org/nr/water/aquastat/dams/index.stm
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Figure 68: Left: Highly productive aquifers and inland waterbodies of Europe. Right: Classification of natural freshwater storage 

in NUTS2 level. 

 

 

Figure 69: Total Dam capacity and desalinated water per capita (m3/inhab) 

Figure 70 is the result of the combination of the aforementioned adaptive capacity indicators. Illustrating 

the overall adaptive capacity related to freshwater shortage at NUTS2 level for the baseline and the SWL 

periods following high end climate change (RCP8.5) for a range of model projections and plausible SSP 

combinations. Higher GDP per capita and human capital, as well as more effective governance for most 

of the western and north European countries results to a higher overall adaptive capacity related to 
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freshwater shortage of these regions. Natural and artificial storage potential plays also an important role 

in shaping the total adaptive capacity. 

 

Figure 70: Overall adaptive capacity related to freshwater shortage at NUTS2 level for the baseline and the SWL periods 

following high end climate change (RCP8.5) for a range of model projections and plausible SSP combinations. NUTS2 areas 

marked in hatch indicate a multimodel sensitivity range of the order of 10. 
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7.3 VULNERABILITY PROFILES AND PATTERNS UNDER DIFFERENT ADAPTATION PATHWAYS 

Country level aggregates of total exposure, sensitivity and adaptive capacity per SWL and SSP are shown 

in Figure 71. For the northern European countries, exposure is decreased with the progressing of warming. 

In contrast, southern and Mediterranean countries face increased exposure compared to baseline as 

higher SWLs are reached. The highest adaptive capacity is reported for countries of central and north 

Europe. Sensitivity and adaptive capacity do not show notable differences for different SWLs. This may, 

to some degree, stem from the spatial aggregation of the information on the NUTS2 level to the country 

level (NUTS0). 

The combination of exposure, sensitivity and adaptive capacity leads to vulnerability profiles at NUTS2 

level for the European region, for the baseline period and the considered SWLs, for the SSPs that 

correspond to the RCP8.5 emission pathway (Figure 72). An observation common for all the considered 

time-slices is that northern countries show the lowest vulnerability values and Mediterranean countries 

along with east European countries are the most vulnerable regions. There are only marginal differences 

between the vulnerability patterns of the baseline period and the SWLs. These concern decreases in 

vulnerability for north and central Europe and vulnerability increases in the Mediterranean. Multi-model 

vulnerability range (also shown in Figure 72) is relatively small (0 to 0.2). The highest uncertainty in the 

vulnerability patterns is reported for the central-east European region across all the considered SWLs and 

for central Europe at SWL2. 

The relationship between changes in vulnerability with respect to baseline conditions and exposure for 

the EU-28 countries is investigated with the scatterplots shown in Figure 73. The first quartile corresponds 

to both increased vulnerability and high exposure. Respectively, the third quartile corresponds to 

decreased vulnerability and low exposure. Thus countries whose values fall in the first quartile are the 

most endangered by global warming while countries of the third quartile are the safest with respect to 

climate change risks. For each SWL, the relationship of vulnerability change and exposure does not 

fluctuate between the three SSPs. In contrast, as higher SWLs are examined, the distinction between 

“endangered” and “safe” countries become more pronounced. At SWL4, the Mediterranean and east 
European countries are projected to experience both increased vulnerability and high exposure while the 

rest of the EU-28 countries are “safe” due to their low exposure and decreased vulnerability.      
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Figure 71. Country level aggregated exposure (left), sensitivity (middle) and adaptive capacity (right) for the baseline and the 

SWLs. Exposure is presented as error bars which represent the mean and the range of the ensemble’s exposure values for each 
country. 
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Figure 72. Relative overall vulnerability to freshwater availability at NUTS2 level for the baseline and the SWL periods following 

high end climate change (RCP8.5) according to different SSPs. Lower panels illustrate the multi model range of relative 

vulnerability. 
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Figure 73. Change in relative overall vulnerability from baseline against relative exposure for the EU-28 countries. 

Mediterranean countries are marked with red color. Positions of the x and y axis correspond to the median value of change in 

vulnerability and exposure respectively. The median is derived from the 28 values presented in the scatterplots. Scatterplots are 

presented for all the SWLs and SSPs combinations.  

 

  



Project No 603864 

 

110 
 

8 REFERENCES  

ABI: Assessment of the cost and effect on future claims of installing flood damage resistant measures, 

2003. 

ABI: Financial risks of climate change - summary report. Association of British Insurers, [online] Available 

from: http://insurance.lbl.gov/documents/abi-climate.pdf (Accessed 2 May 2015), 2005. 

Adger, W. N., Arnell, N. W. and Tompkins, E. L.: Successful adaptation to climate change across scales, 

Glob. Environ. Change, 15(2), 77–86, doi:10.1016/j.gloenvcha.2004.12.005, 2005. 

Alcamo, J., Acosta-Michlik, L., Carius, A., Eierdanz, F., Klein, R., Krömker, D., Tänzler, D., 2008. A new 

approach to quantifying and comparing vulnerability to drought. Reg. Environ. Chang. 8, 137–149. 

Alfieri, L., Burek, P., Feyen, L. and Forzieri, G.: Global warming increases the frequency of river floods in 

Europe, Hydrol Earth Syst Sci, 19(5), 2247–2260, doi:10.5194/hess-19-2247-2015, 2015b. 

Alfieri, L., Feyen, L. and Baldassarre, G. D.: Increasing flood risk under climate change: a pan-European 

assessment of the benefits of four adaptation strategies, Clim. Change, 136(3), 507–521, 

doi:10.1007/s10584-016-1641-1, 2016a. 

Alfieri, L., Feyen, L., Dottori, F. and Bianchi, A.: Ensemble flood risk assessment in Europe under high end 

climate scenarios, Glob. Environ. Change, 35, 199–212, doi:10.1016/j.gloenvcha.2015.09.004, 2015a. 

Alfieri, L., Feyen, L., Salamon, P., Thielen, J., Bianchi, A., Dottori, F. and Burek, P.: Modelling the socio-

economic impact of river floods in Europe, Nat Hazards Earth Syst Sci, 16(6), 1401–1411, 

doi:10.5194/nhess-16-1401-2016, 2016b. 

Alfieri, L., Salamon, P., Bianchi, A., Neal, J., Bates, P. and Feyen, L.: Advances in pan-European flood hazard 

mapping, Hydrol. Process., 28(13), 4067–4077, doi:10.1002/hyp.9947, 2014. 

Alfieri, L., Smith, P. J., Thielen, J. and Beven, K. J.: A staggered approach to flash flood forecasting – case 

study in the Cevennes Region, Adv. Geosci., 29, 13–20, doi:10.5194/adgeo-29-13-2011, 2011. 

Apel, H., Thieken, A. H., Merz, B. and Blöschl, G.: A probabilistic modelling system for assessing flood risks, 

Nat. Hazards, 38(1–2), 79–100, doi:10.1007/s11069-005-8603-7, 2006. 

Arnbjerg-Nielsen, K. and Fleischer, H. S.: Feasible adaptation strategies for increased risk of flooding in 

cities due to climate change, Water Sci. Technol., 60(2), 273–281, doi:10.2166/wst.2009.298, 2009. 

Arnell, N. W. and Gosling, S. N.: The impacts of climate change on river flood risk at the global scale, Clim. 

Change, 1–15, doi:10.1007/s10584-014-1084-5, 2014. 

Arnell, N.W., van Vuuren, D.P., Isaac, M., 2011. The implications of climate policy for the impacts of climate 

change on global water resources. Glob. Environ. Chang. 21, 592–603. 

doi:10.1016/j.gloenvcha.2011.01.015 



Project No 603864 

 

111 
 

Arns, A., Wahl, T., Dangendorf, S. and Jensen, J., 2015. The impact of sea level rise on storm surge water 

levels in the northern part of the German Bight. Coastal Engineering, 96(0): 118-131. 

Baldocchi, D., Falge, E., Gu, L., Olson, R., Hollinger, D., Running, S., Anthoni, P., Bernhofer, C., Davis, K., 

Evans, R., Fuentes, J., Goldstein, A., Katul, G., Law, B., Lee, X., Malhi, Y., Meyers, T., Munger, W., Oechel, 

W., Paw, K.T., Pilegaard, K., Schmid, H.P., Valentini, R., Verma, S., Vesala, T., Wilson, K., Wofsy, S., 2001. 

FLUXNET: A New Tool to Study the Temporal and Spatial Variability of Ecosystem–Scale Carbon Dioxide, 

Water Vapor, and Energy Flux Densities. Bull. Am. Meteorol. Soc. 82, 2415–2434. doi:10.1175/1520-

0477(2001)082<2415:FANTTS>2.3.CO;2 

Bates, P. . and De Roo, A. P. .: A simple raster-based model for flood inundation simulation, J. Hydrol., 

236(1–2), 54–77, doi:10.1016/S0022-1694(00)00278-X, 2000. 

Bates, P.D., Horritt, M.S. and Fewtrell, T.J., 2010. A simple inertial formulation of the shallow water 

equations for efficient two-dimensional flood inundation modelling. Journal of Hydrology, 387(1–2): 33-

45. 

Batista e Silva, F., Gallego, J. and Lavalle, C.: A high-resolution population grid map for Europe, J. Maps, 

9(1), 16–28, doi:10.1080/17445647.2013.764830, 2013a. 

Batista e Silva, F., Lavalle, C. and Koomen, E.: A procedure to obtain a refined European land use/cover 

map, J. Land Use Sci., 8(3), 255–283, doi:10.1080/1747423X.2012.667450, 2013b. 

Best, M.J., Pryor, M., Clark, D.B., Rooney, G.G., Essery, R.. L.H., Ménard, C.B., Edwards, J.M., Hendry, M. 

a., Porson,  a., Gedney, N., Mercado, L.M., Sitch, S., Blyth, E., Boucher, O., Cox, P.M., Grimmond, C.S.B., 

Harding, R.J., 2011. The Joint UK Land Environment Simulator (JULES), model description – Part 1: Energy 

and water fluxes. Geosci. Model Dev. 4, 677–699. doi:10.5194/gmd-4-677-2011 

Betts, R. A., Collins, M., Hemming, D. L., Jones, C. D., Lowe, J. A. and Sanderson, M. G.: When could global 

warming reach 4 C?, Philos. Trans. R. Soc. Math. Phys. Eng. Sci., 369(1934), 67–84, 2011. 

Beven, K.J., Kirkby, M.J., 1979. A physically based, variable contributing area model of basin hydrology / 

Un modèle à base physique de zone d’appel variable de l'hydrologie du bassin versant. Hydrol. Sci. Bull. 
24, 43–69. doi:10.1080/02626667909491834 

Bichard, E. and Kazmierczak, A.: Are homeowners willing to adapt to and mitigate the effects of climate 

change?, Clim. Change, 112(3–4), 633–654, doi:10.1007/s10584-011-0257-8, 2012. 

Birkmann, J., Cardona, O.D., Carreño, M.L., Barbat, A.H., Pelling, M., Schneiderbauer, S., Kienberger, S., 

Keiler, M., Alexander, D.E., Zeil, P., 2014. Theoretical and Conceptual Framework for the Assessment of 

Vulnerability to Natural Hazards and Climate Change in Europe1. Assess. Vulnerability to Nat. Hazards A 

Eur. Perspect. 1. 

Blauhut, V., Gudmundsson, L., Stahl, K., G, A., al, A.L. et, Beguería S, V.-S.S.M. and A.-M.M., E, B., A, D., EC, 

EC, EC, EEA, EEA, EEA, Commission, E., Fu X, S.M.T.Z.D.Z. and W.J., Gudmundsson L, R.F.C. and S.S.I., G, H., 



Project No 603864 

 

112 
 

E, H.J.F., al, H.M.R. et, Iglesias A, C.A.W.D.A.G.L. and C.F. (ed), IPCC, IPCC, J, J.A., al, K.C.A. et, Knutson C, 

H.M. and P.T., al, K.M. et, R, K., al, L.-M.J.I. et, al, L.-L.J. et, E, M.S.J. and G.N., McKee T B, D.N.J. and K.J., 

al, N.G. et, V, P., Sheffield J, W.E.F. and R.M.L., al, S.J. et, Sreedhar G, N.R. and B. V, Stagge J H, T.L.M.K.I.S.K. 

and V.L.A., al, S.J.H. et, Stagge J H, T.L.M.G.L.V.L.A.F. and S.K., Stagge J H, K.I.T.L.M. and S.K., al, S.K. et, al, 

V.A.J. et, B, V.W.N. and R., al, V.-S.S.M. et, Vicente-Serrano S M, B.S. and L.-M.J.I., Wang Q, 

W.J.L.T.H.B.W.Z.L.M. and L.D., WHO, H, W.D.A. and G.M., Wilhite D A, S.M.D. and H.M.J., S, W.D., al, Z.A. 

et, al, Z.E. et, 2015. Towards pan-European drought risk maps: quantifying the link between drought 

indices and reported drought impacts. Environ. Res. Lett. 10, 014008. doi:10.1088/1748-

9326/10/1/014008 

Blauhut, V., Stahl, K., Stagge, J.H., Tallaksen, L.M., De Stefano, L., Vogt, J., 2016. Estimating drought risk 

across Europe from reported drought impacts, drought indices, and vulnerability factors. Hydrol. Earth 

Syst. Sci. 20, 2779–2800. doi:10.5194/hess-20-2779-2016 

Brandimarte, L., Brath, A., Castellarin, A. and Baldassarre, G. D.: Isla Hispaniola: A trans-boundary flood 

risk mitigation plan, Phys. Chem. Earth, 34(4–5), 209–218, doi:10.1016/j.pce.2008.03.002, 2009. 

Breilh, J.F., Chaumillon, E., Bertin, X. and Gravelle, M., 2013. Assessment of static flood modeling 

techniques: application to contrasting marshes flooded during Xynthia (western France). Nat. Hazards 

Earth Syst. Sci., 13(6): 1595-1612. 

Brooks, N., Neil Adger, W., Mick Kelly, P., 2005. The determinants of vulnerability and adaptive capacity 

at the national level and the implications for adaptation. Glob. Environ. Chang. 15, 151–163. 

doi:10.1016/j.gloenvcha.2004.12.006 

Brown, S., Nicholls, R., Vafeidis, A., Hinkel, J. and Watkiss, P., 2011. Sea-Level Rise: The Impacts and 

Economic Costs of Sea-Level Rise on Coastal Zones in the EU and the Costs and Benefits of Adaptation. 

Summary of Sector Results from the ClimateCost project, funded by the European Community’s Seventh 
Framework Programme. 

Bubeck, P., De Moel, H., Bouwer, L. M. and H. Aerts, J. C. J.: How reliable are projections of future flood 

damage?, Nat. Hazards Earth Syst. Sci., 11(12), 3293–3306, doi:10.5194/nhess-11-3293-2011, 2011. 

Burek, P., Knijff van der, J. and Roo de, A.: LISFLOOD, distributed water balance and flood simulation model 

revised user manual 2013., Publications Office, Luxembourg. [online] Available from: 

http://dx.publications.europa.eu/10.2788/24719 (Accessed 12 December 2014a), 2013. 

Burek, P., van der Knijff, J. and Ntegeka, V.: LISVAP, Evaporation Pre-Processor for the LISFLOOD Water 

Balance and Flood Simulation Model - Revised User Manual, Joint Research Centre –Institute for 

Environment and Sustainability. EUR 26167 EN. 36 pp., 2013b. 

Carpenter, T. M., Sperfslage, J. A., Georgakakos, K. P., Sweeney, T. and Fread, D. L.: National threshold 

runoff estimation utilizing GIS in support of operational flash flood warning systems, J. Hydrol., 224(1–2), 

21–44, 1999. 



Project No 603864 

 

113 
 

Carrão, H., Naumann, G., Barbosa, P., 2016. Mapping global patterns of drought risk: An empirical 

framework based on sub-national estimates of hazard, exposure and vulnerability. Glob. Environ. Chang. 

39, 108–124. doi:10.1016/j.gloenvcha.2016.04.012 

Chadburn, S., Burke, E., Essery, R., Boike, J., Langer, M., Heikenfeld, M., Cox, P., Friedlingstein, P., 2015. 

An improved representation of physical permafrost dynamics in the JULES land-surface model. Geosci. 

Model Dev. 8, 1493–1508. doi:10.5194/gmd-8-1493-2015 

Christensen, H.J., Christensen, B.O., 2007. A summary of the PRUDENCE model projections of changes in 

European climate by the end of this century. Clim. Res. 81, 7–30. doi:10.1007/s10584-006-9210-7 

Christensen, J.H., Boberg, F., Christensen, O.B., Lucas-Picher, P., 2008. On the need for bias correction of 

regional climate change projections of temperature and precipitation. Geophys. Res. Lett. 35, L20709. 

doi:10.1029/2008GL035694 

Church, J. and White, N., 2011. Sea-Level Rise from the Late 19th to the Early 21st Century. Surveys in 

Geophysics, 32(4-5): 585-602. 

Ciscar, J., Feyen, L., Soria, A., Lavalle, C., Raes, F., Perry, M., Nemry, F., Demirel, H., Rozsai, M., Dosio, A., 

Donatelli, M., Srivastava, A., Fumagalli, D., Niemeyer, S., Shrestha, S., Ciaian, P., Himics, M., Van Doorslaer, 

B., Barrios, S., Ibáñez, N., Forzieri, G., Rojas, R., Bianchi, A., Dowling, P., Camia, A., Libertà, G., San Miguel, 

J., de Rigo, D., Caudullo, G., Barredo, J., Paci, D., Pycroft, J., Saveyn, B., Van Regemorter, D., Revesz, T., 

Vandyck, T., Vrontisi, Z., Baranzelli, C., Vandecasteele, I., Batista e Silva, F. and Ibarreta, D., 2014. Climate 

Impacts in Europe. The JRC PESETA II Project. JRC Scientific and Policy Reports. 

Clark, D.B., Mercado, L.M., Sitch, S., Jones, C.D., Gedney, N., Best, M.J., Pryor, M., Rooney, G.G., Essery, 

R.L.H., Blyth, E., Boucher, O., Harding, R.J., Huntingford, C., Cox, P.M., 2011. The Joint UK Land 

Environment Simulator (JULES), model description – Part 2: Carbon fluxes and vegetation dynamics. 

Geosci. Model Dev. 4, 701–722. doi:10.5194/gmd-4-701-2011 

Costanza, R., 1999. The ecological, economic, and social importance of the oceans. Ecological Economics, 

31(2): 199-213. 

Cox, P.., Huntingford, C., Harding, R.., 1998. A canopy conductance and photosynthesis model for use in a 

GCM land surface scheme. J. Hydrol. 212-213, 79–94. doi:10.1016/S0022-1694(98)00203-0 

Cox, P.M., 2001. Description of the “ TRIFFID ” Dynamic Global Vegetation Model. 

Cutter, S.L., Finch, C., 2008. Temporal and spatial changes in social vulnerability to natural hazards. Proc. 

Natl. Acad. Sci. 105, 2301–2306. doi:10.1073/pnas.0710375105 

Dankers, R. and Feyen, L.: Flood hazard in Europe in an ensemble of regional climate scenarios, J. Geophys. 

Res. Atmospheres, 114(D16), n/a–n/a, doi:10.1029/2008JD011523, 2009. 

Dankers, R., Arnell, N. W., Clark, D. B., Falloon, P. D., Fekete, B. M., Gosling, S. N., Heinke, J., Kim, H., 

Masaki, Y., Satoh, Y., Stacke, T., Wada, Y. and Wisser, D.: First look at changes in flood hazard in the Inter-



Project No 603864 

 

114 
 

Sectoral Impact Model Intercomparison Project ensemble, Proc. Natl. Acad. Sci. U. S. A., 111(9), 3257–
3261, doi:10.1073/pnas.1302078110, 2014. 

Di Baldassarre, G., Viglione, A., Carr, G., Kuil, L., Yan, K., Brandimarte, L. and Blöschl, G.: Debates—
Perspectives on sociohydrology: Capturing feedbacks between physical and social processes, Water 

Resour. Res., 51(6), 4770–4781, doi:10.1002/2014WR016416, 2015. 

Donat, M.G., Renggli, D., Wild, S., Alexander, L.V., Leckebusch, G.C. and Ulbrich, U., 2011. Reanalysis 

suggests long-term upward trends in European storminess since 1871. Geophysical Research Letters, 

38(14): n/a-n/a. 

Dottori, F., Salamon, P., Bianchi, A., Alfieri, L., Hirpa, F. A. and Feyen, L.: Development and evaluation of a 

framework for global flood hazard mapping, Adv. Water Resour., 94, 87–102, 

doi:10.1016/j.advwatres.2016.05.002, 2016. 

Dubrovsky, M., Svoboda, M.D., Trnka, M., Hayes, M.J., Wilhite, D.A., Zalud, Z., Hlavinka, P., 2009. 

Application of relative drought indices in assessing climate-change impacts on drought conditions in 

Czechia. Theor. Appl. Climatol. 96, 155–171. doi:10.1007/s00704-008-0020-x 

Duscher, K., Günther, A., Richts, A., Clos, P., Philipp, U., Struckmeier, W., 2015. The GIS layers of the 

“International Hydrogeological Map of Europe 1:1,500,000” in a vector format. Hydrogeol. J. 23, 1867–
1875. doi:10.1007/s10040-015-1296-4 

EEA: Mapping the impacts of natural hazards and technological accidents in Europe — An overview of the 

last decade. European Environment Agency, ISBN 978-92-9213-168-5, Copenhagen, Denmark., 2010. 

Egbert, G.D. and Erofeeva, S.Y., 2002. Efficient Inverse Modeling of Barotropic Ocean Tides. Journal of 

Atmospheric and Oceanic Technology, 19(2): 183-204. 

Ehret, U., Zehe, E., Wulfmeyer, V., Warrach-Sagi, K. and Liebert, J.: HESS Opinions “Should we apply bias 
correction to global and regional climate model data?,” Hydrol Earth Syst Sci, 16(9), 3391–3404, 

doi:10.5194/hess-16-3391-2012, 2012. 

European Commission: Directive 2007/60/EC of the European Parliament and of the Council of 23 October 

2007 on the assessment and management of flood risks, [online] Available from: http://eur-

lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32007L0060:EN:NOT, 2007. 

Evans, E. P., Johnson, P., Green, C. and Varsa, E.: Risk assessment and programme prioritisation: the 

Hungary flood study, in MAFF Flood and Coastal Defence Conference., 2000. 

Falloon, P., Betts, R., Wiltshire, A., Dankers, R., Mathison, C., McNeall, D., Bates, P. and Trigg, M.: 

Validation of River Flows in HadGEM1 and HadCM3 with the TRIP River Flow Model, J. Hydrometeorol., 

12(6), 1157–1180, doi:10.1175/2011JHM1388.1, 2011. 



Project No 603864 

 

115 
 

Falter, D., Schröter, K., Dung, N. V., Vorogushyn, S., Kreibich, H., Hundecha, Y., Apel, H. and Merz, B.: 

Spatially coherent flood risk assessment based on long-term continuous simulation with a coupled model 

chain, J. Hydrol., 524, 182–193, doi:10.1016/j.jhydrol.2015.02.021, 2015. 

Fekete, A., 2009. Validation of a social vulnerability index in context to river-floods in Germany. Nat. 

Hazards Earth Syst. Sci. 9, 393–403. doi:10.5194/nhess-9-393-2009 

Fenn, T., Fleet, D., Hartman, M., Garrett, L., Daly, E., Elding, C. and Udo, J.: Study on economic and social 

benefits of environmental protection and resource efficiency related to the European semester final 

report. [online] Available from: 

http://ec.europa.eu/environment/integration/green_semester/pdf/RPA%20Final%20Report-

main%20report.pdf (Accessed 30 April 2015), 2014. 

Feyen, L., Dankers, R., Bódis, K., Salamon, P. and Barredo, J. I.: Fluvial flood risk in Europe in present and 

future climates, Clim. Change, 112(1), 47–62, 2012. 

Flörke, M., Wimmer, F., Laaser, C., Vidaurre, R., Tröltzsch, J., Dworak, T., Stein, U., Marinova, N., Jaspers, 

F., Ludwig, F., 2011. Final Report for the project Climate Adaptation–modelling water scenarios and 

sectoral impacts. CESR-European Comm. Dir. Gen. Environ. 

Fluet-Chouinard, E., Lehner, B., Rebelo, L.-M., Papa, F. and Hamilton, S. K.: Development of a global 

inundation map at high spatial resolution from topographic downscaling of coarse-scale remote sensing 

data, Remote Sens. Environ., 158, 348–361, doi:10.1016/j.rse.2014.10.015, 2015. 

Forzieri, G., Feyen, L., Rojas, R., Flörke, M., Wimmer, F. and Bianchi, A.: Ensemble projections of future 

streamflow droughts in Europe, Hydrol. Earth Syst. Sci., 18(1), 85–108, doi:10.5194/hess-18-85-2014, 

2014. 

Foudi, S., Osés-Eraso, N. and Tamayo, I.: Integrated spatial flood risk assessment: The case of Zaragoza, 

Land Use Policy, 42, 278–292, doi:10.1016/j.landusepol.2014.08.002, 2015. 

Fraser, E.D.G., Simelton, E., Termansen, M., Gosling, S.N., South, A., 2013. “Vulnerability hotspots”: 
Integrating socio-economic and hydrological models to identify where cereal production may decline in 

the future due to climate change induced drought. Agric. For. Meteorol. 170, 195–205. 

doi:10.1016/j.agrformet.2012.04.008 

Friedlingstein, P., Andrew, R. M., Rogelj, J., Peters, G. P., Canadell, J. G., Knutti, R., Luderer, G., Raupach, 

M. R., Schaeffer, M., van Vuuren, D. P. and Le Quéré, C.: Persistent growth of CO2 emissions and 

implications for reaching climate targets, Nat. Geosci., 7(10), 709–715, doi:10.1038/ngeo2248, 2014. 

Füssel, H.-M., Klein, R.J.T., 2006. Climate Change Vulnerability Assessments: An Evolution of Conceptual 

Thinking. Clim. Change 75, 301–329. doi:10.1007/s10584-006-0329-3 



Project No 603864 

 

116 
 

Garcia Gonzalez, R., Verhoef, A., Luigi Vidale, P., Braud, I., 2012. Incorporation of water vapor transfer in 

the JULES land surface model: Implications for key soil variables and land surface fluxes. Water Resour. 

Res. 48, n/a–n/a. doi:10.1029/2011WR011811 

González Tánago, I., Urquijo, J., Blauhut, V., Villarroya, F., De Stefano, L., 2016. Learning from experience: 

a systematic review of assessments of vulnerability to drought. Nat. Hazards 80, 951–973. 

doi:10.1007/s11069-015-2006-1 

Gosling, S. N. and Arnell, N. W.: Simulating current global river runoff with a global hydrological model: 

model revisions, validation, and sensitivity analysis, Hydrol. Process., 25(7), 1129–1145, 

doi:10.1002/hyp.7727, 2011. 

Grillakis, M.G., Koutroulis, A.G., Papadimitriou, L. V, Daliakopoulos, I.N., Tsanis, I.K., 2016. Climate-Induced 

Shifts in Global Soil Temperature Regimes. Soil Sci. 181, 264–272. 

Grillakis, M.G., Koutroulis, A.G., Tsanis, I.K., 2013. Multisegment statistical bias correction of daily GCM 

precipitation output. J. Geophys. Res. Atmos. 118, 3150–3162. doi:10.1002/jgrd.50323 

Grinsted, A., Moore, J. C. and Jevrejeva, S.: Reconstructing sea level from paleo and projected 

temperatures 200 to 2100 AD, Clim. Dyn., 34(4), 461–472, 2010. 

Gudmundsson, L., Wagener, T., Tallaksen, L.M., Engeland, K., 2012. Evaluation of nine large-scale 

hydrological models with respect to the seasonal runoff climatology in Europe. Water Resour. Res. 48, 

n/a–n/a. doi:10.1029/2011WR010911 

Haddeland, I., Clark, D. B., Franssen, W., Ludwig, F., Voß, F., Arnell, N. W., Bertrand, N., Best, M., Folwell, 

S., Gerten, D., Gomes, S., Gosling, S. N., Hagemann, S., Hanasaki, N., Harding, R., Heinke, J., Kabat, P., 

Koirala, S., Oki, T., Polcher, J., Stacke, T., Viterbo, P., Weedon, G. P. and Yeh, P.: Multimodel Estimate of 

the Global Terrestrial Water Balance: Setup and First Results, J. Hydrometeorol., 12(5), 869–884, 

doi:10.1175/2011JHM1324.1, 2011. 

Haerter, J.O., Hagemann, S., Moseley, C., Piani, C., 2011. Climate model bias correction and the role of 

timescales. Hydrol. Earth Syst. Sci. 15, 1065–1079. doi:10.5194/hess-15-1065-2011 

Hall, J. W., Evans, E. P., Penning-Rowsell, E. C., Sayers, P. B., Thorne, C. R. and Saul, A. J.: Quantified 

scenarios analysis of drivers and impacts of changing flood risk in England and Wales: 2030-2100, Environ. 

Hazards, 5(3–4), 51–65, doi:10.1016/j.hazards.2004.04.002, 2003. 

Hallegatte, S.: Strategies to adapt to an uncertain climate change, Glob. Environ. Change, 19(2), 240–247, 

doi:10.1016/j.gloenvcha.2008.12.003, 2009. 

Hanasaki, N., Fujimori, S., Yamamoto, T., Yoshikawa, S., Masaki, Y., Hijioka, Y., Kainuma, M., Kanamori, Y., 

Masui, T., Takahashi, K., Kanae, S., 2013. A global water scarcity assessment under Shared Socio-economic 

Pathways - Part 2: Water availability and scarcity. Hydrol. Earth Syst. Sci. 17, 2393–2413. 

doi:10.5194/hess-17-2393-2013 



Project No 603864 

 

117 
 

Hanasaki, N., Kanae, S., Oki, T., Masuda, K., Motoya, K., Shirakawa, N., Shen, Y., Tanaka, K., 2008. An 

integrated model for the assessment of global water resources – Part 1: Model description and input 

meteorological forcing. Hydrol. Earth Syst. Sci. 12, 1007–1025. doi:10.5194/hess-12-1007-2008 

Hansen, J.W., Challinor, A., Ines, A.V.M., Wheeler, T., Moron, V., 2006. Translating climate forecasts into 

agricultural terms: advances and challenges. Clim. Res. 33, 27–41. 

Haraguchi, M. and Lall, U.: Flood risks and impacts: A case study of Thailand’s floods in 2011 and research 
questions for supply chain decision making, 2014. 

Harding, R.J., Weedon, G.P., van Lanen, H.A.J., Clark, D.B., 2014. The future for global water assessment. 

J. Hydrol. 518, 186–193. doi:10.1016/j.jhydrol.2014.05.014 

Hay, C.C., Morrow, E., Kopp, R.E. and Mitrovica, J.X., 2015. Probabilistic reanalysis of twentieth-century 

sea-level rise. Nature, 517(7535): 481-484. 

Hemer, M.A., Fan, Y., Mori, N., Semedo, A. and Wang, X.L., 2013. Projected changes in wave climate from 

a multi-model ensemble. Nature Clim. Change, 3(5): 471-476. 

Hempel, S., Frieler, K., Warszawski, L., Schewe, J., Piontek, F., 2013. A trend-preserving bias correction – 

the ISI-MIP approach. Earth Syst. Dyn. 4, 219–236. doi:10.5194/esd-4-219-2013 

Hinkel, J. and Klein, R.J.T., 2009. Integrating knowledge to assess coastal vulnerability to sea-level rise: The 

development of the DIVA tool. Global Environmental Change, 19(3): 384-395. 

Hinkel, J., Lincke, D., Vafeidis, A.T., Perrette, M., Nicholls, R.J., Tol, R.S.J., Marzeion, B., Fettweis, X., 

Ionescu, C. and Levermann, A., 2014. Coastal flood damage and adaptation costs under 21st century sea-

level rise. Proceedings of the National Academy of Sciences, 111(9): 3292-3297. 

Hinkel, J., Nicholls, R., Vafeidis, A., Tol, R.J. and Avagianou, T., 2010. Assessing risk of and adaptation to 

sea-level rise in the European Union: an application of DIVA. Mitigation and Adaptation Strategies for 

Global Change, 15(7): 703-719. 

Hirabayashi, Y., Mahendran, R., Koirala, S., Konoshima, L., Yamazaki, D., Watanabe, S., Kim, H. and Kanae, 

S.: Global flood risk under climate change, Nat. Clim. Change, 3(9), 816–821, doi:10.1038/nclimate1911, 

2013. 

Hogarth, P., 2014. Preliminary analysis of acceleration of sea level rise through the twentieth century using 

extended tide gauge data sets (August 2014). Journal of Geophysical Research: Oceans, 119(11): 7645-

7659. 

Hoggart, S.P.G., Hanley, M.E., Parker, D.J., Simmonds, D.J., Bilton, D.T., Filipova-Marinova, M., Franklin, 

E.L., Kotsev, I., Penning-Rowsell, E.C., Rundle, S.D., Trifonova, E., Vergiev, S., White, A.C. and Thompson, 

R.C., 2014. The consequences of doing nothing: The effects of seawater flooding on coastal zones. Coastal 

Engineering, 87(0): 169-182. 



Project No 603864 

 

118 
 

Howard, T., Pardaens, A.K., Bamber, J.L., Ridley, J., Spada, G., Hurkmans, R.T.W.L., Lowe, J.A. and Vaughan, 

D., 2014. Sources of 21st century regional sea-level rise along the coast of northwest Europe. Ocean Sci., 

10(3): 473-483. 

Huang, S., Krysanova, V. and Hattermann, F. F.: Does bias correction increase reliability of flood 

projections under climate change? A case study of large rivers in Germany, Int J Clim., 

doi:10.1002/joc.3945, 2014. 

Huizinga, H. J.: Flood damage functions for EU member states. HKV Lijn in water, Lelystad, the 

Netherlands., 2007. 

Hurrell, J. W., Kushnir, Y., Ottersen, G. and Visbeck, M.: An overview of the North Atlantic oscillation, 

Geophys. Monogr.-Am. Geophys. Union, 134, 1–36, 2003. 

Iglesias, A., Garrote, L., Quiroga, S. and Moneo, M.: A regional comparison of the effects of climate change 

on agricultural crops in Europe, Clim. Change, 112(1), 29–46, 2012. 

Iglesias, A., Moneo, M., Quiroga, S., 2009. Methods for evaluating social vulnerability to drought, in: 

Coping with Drought Risk in Agriculture and Water Supply Systems. Springer, pp. 153–159. 

Ines, A.V.M., Hansen, J.W., 2006. Bias correction of daily GCM rainfall for crop simulation studies. Agric. 

For. Meteorol. 138, 44–53. doi:10.1016/j.agrformet.2006.03.009 

IPCC, 2013. Summary for policy makers. In: T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 

Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (Editors), Climate Change 2013: The Physical Science 

Basis. Cambridge University Press, Cambridge, U. K., pp. 3-29. 

IPCC: Climate Change 2001: Synthesis Report. A Contribution of Working Groups I, II, and III to the Third 

Assessment Report of theIntegovernmental Panel on Climate Change [Watson, R.T. and the Core Writing 

Team (eds.)], Cambridge University Press, Cambridge,United Kingdom, and New York, NY, USA., 2001. 

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., Braun, A., Colette, A., Déqué, 

M., Georgievski, G., Georgopoulou, E., Gobiet, A., Menut, L., Nikulin, G., Haensler, A., Hempelmann, N., 

Jones, C., Keuler, K., Kovats, S., Kröner, N., Kotlarski, S., Kriegsmann, A., Martin, E., Meijgaard, E. van, 

Moseley, C., Pfeifer, S., Preuschmann, S., Radermacher, C., Radtke, K., Rechid, D., Rounsevell, M., 

Samuelsson, P., Somot, S., Soussana, J.-F., Teichmann, C., Valentini, R., Vautard, R., Weber, B. and Yiou, 

P.: EURO-CORDEX: new high-resolution climate change projections for European impact research, Reg. 

Environ. Change, 14(2), 563–578, doi:10.1007/s10113-013-0499-2, 2014. 

Jagers, B.R., J. L.; Verlaan, M.; Lalic, A.; Genseberger, M.; Friocourt, Y.; van der Pijl, S., 2014. A Global Tide 

and Storm Surge Model with a Parallel Unstructured-Grid Shallow Water Solver, American Geophysical 

Union, Fall Meeting 2014, San Francesco, USA. 

Jarvis, A., Reuter, H. I., Nelson, A. and Guevara, E.: Hole-filled seamless SRTM data V4, Int. Cent. Trop. 

Agric. CIAT, 2008. 



Project No 603864 

 

119 
 

Jevrejeva, S., Moore, J.C., Grinsted, A., Matthews, A.P. and Spada, G., 2014. Trends and acceleration in 

global and regional sea levels since 1807. Global and Planetary Change, 113(0): 11-22. 

Jongman, B., Hochrainer-Stigler, S., Feyen, L., Aerts, J. C. J. H., Mechler, R., Botzen, W. J. W., Bouwer, L. 

M., Pflug, G., Rojas, R. and Ward, P. J.: Increasing stress on disaster-risk finance due to large floods, Nat. 

Clim. Change, 4(4), 264–268, doi:10.1038/nclimate2124, 2014. 

Jongman, B., Winsemius, H. C., Aerts, J. C. J. H., Coughlan De Perez, E., Van Aalst, M. K., Kron, W. and 

Ward, P. J.: Declining vulnerability to river floods and the global benefits of adaptation, Proc. Natl. Acad. 

Sci. U. S. A., 112(18), E2271–E2280, doi:10.1073/pnas.1414439112, 2015. 

Kaufmann, D., Kraay, A., Mastruzzi, M., 2010. The worldwide governance indicators: methodology and 

analytical issues. The World Bank. 

KC, S., Lutz, W., 2014. The human core of the shared socioeconomic pathways: Population scenarios by 

age, sex and level of education for all countries to 2100. Glob. Environ. Chang. 

doi:10.1016/j.gloenvcha.2014.06.004 

Keskitalo, E. C. H., Vulturius, G. and Scholten, P.: Adaptation to climate change in the insurance sector: 

Examples from the UK, Germany and the Netherlands, Nat. Hazards, 71(1), 315–334, doi:10.1007/s11069-

013-0912-7, 2014. 

Kick, E. L., Fraser, J. C., Fulkerson, G. M., McKinney, L. A. and De Vries, D. H.: Repetitive flood victims and 

acceptance of FEMA mitigation offers: an analysis with community–system policy implications, Disasters, 

35(3), 510–539, doi:10.1111/j.1467-7717.2011.01226.x, 2011. 

King, D., Bird, D., Haynes, K., Boon, H., Cottrell, A., Millar, J., Okada, T., Box, P., Keogh, D. and Thomas, M.: 

Voluntary relocation as an adaptation strategy to extreme weather events, Int. J. Disaster Risk Reduct., 8, 

83–90, doi:10.1016/j.ijdrr.2014.02.006, 2014. 

Kok, J.-L. de and Grossmann, M.: Large-scale assessment of flood risk and the effects of mitigation 

measures along the Elbe River, Nat. Hazards, 52(1), 143–166, doi:10.1007/s11069-009-9363-6, 2009. 

Kossida, M., Kakava, A., Tekidou, A., Mimikou, M., Iglesias, A., 2012. Vulnerability to water scarcity and 

drought in Europe: Thematic assessment for EEA Water 2012 Report, ETC/ICM Tech. Rep. 3/2012, Eur. 

Top. Cent. on Inland, Coastal and Mar. Waters. 

Kovats, R.S., Valentini, R., Bouwer, L.M., Georgopoulou, E., Jacob, D., Martin, E., Rounsevell, M., 2014. J.(F. 

Soussana, 2014: Europe. In: Climate Change 2014: Impacts, Adap (tation, and Vulnerability. Part B: 

Regional Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change [Barros, VR, CB Fie. 

Kreibich, H. and Thieken, A. H.: Coping with floods in the city of Dresden, Germany, Nat. Hazards, 51(3), 

423–436, doi:10.1007/s11069-007-9200-8, 2009. 



Project No 603864 

 

120 
 

Kreibich, H., Bubeck, P., Van Vliet, M. and De Moel, H.: A review of damage-reducing measures to manage 

fluvial flood risks in a changing climate, 2015. 

Kreibich, H., Christenberger, S. and Schwarze, R.: Economic motivation of households to undertake private 

precautionary measures against floods, Nat. Hazards Earth Syst. Sci., 11(2), 309–321, 2011. 

Le Vine, N., Butler, A., McIntyre, N., Jackson, C., 2016. Diagnosing hydrological limitations of a land surface 

model: application of JULES to a deep-groundwater chalk basin. Hydrol. Earth Syst. Sci. 20, 143–159. 

doi:10.5194/hess-20-143-2016 

Leary, N., Kulkarni, J., 2007. Climate Change Vulnerability and Adaptation in Developing Country Regions 

Draft Final Report of the AIACC Project. Leary et al. “For Whom the Bell Tolls: Lessons about Climate 
Change Vulnerability from the AIACC Project.” 

López-Carr, D. and Marter-Kenyon, J.: Human adaptation: Manage climate-induced resettlement, Nature, 

517(7534), 265–267, doi:10.1038/517265a, 2015. 

Lorenzo-Lacruz, J., Vicente-Serrano, S.M., López-Moreno, J.I., Beguería, S., García-Ruiz, J.M., Cuadrat, J.M., 

2010. The impact of droughts and water management on various hydrological systems in the headwaters 

of the Tagus River (central Spain). J. Hydrol. 386, 13–26. doi:10.1016/j.jhydrol.2010.01.001 

Losada, I.J., Reguero, B.G., Méndez, F.J., Castanedo, S., Abascal, A.J. and Mínguez, R., 2013. Long-term 

changes in sea-level components in Latin America and the Caribbean. Global and Planetary Change, 104: 

34-50. 

Lowe, J.A. and Gregory, J.M., 2005. The effects of climate change on storm surges around the United 

Kingdom. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering 

Sciences, 363(1831): 1313-1328. 

Lugeri, N., Kundzewicz, Z. W., Genovese, E., Hochrainer, S. and Radziejewski, M.: River flood risk and 

adaptation in Europe—assessment of the present status, Mitig. Adapt. Strateg. Glob. Change, 15(7), 621–
639, doi:10.1007/s11027-009-9211-8, 2010. 

MacKellar, N.C., Dadson, S.J., New, M., Wolski, P., 2013. Evaluation of the JULES land surface model in 

simulating catchment hydrology in Southern Africa. Hydrol. Earth Syst. Sci. Discuss. 10, 11093–11128. 

doi:10.5194/hessd-10-11093-2013 

Marcos, M., Jordà, G., Gomis, D. and Pérez, B., 2011. Changes in storm surges in southern Europe from a 

regional model under climate change scenarios. Global and Planetary Change, 77(3–4): 116-128. 

Marin Herrera, M., Batista e Silva, F., Bianchi, A., Barranco, R. and Lavalle, C., 2015. A geographical 

database of infrastructures in Europe – A contribution to the knowledge base of the LUISA modelling 

platform, JRC, European Commission, Ispra, Italy. 



Project No 603864 

 

121 
 

Masselink, G., Castelle, B., Scott, T., Dodet, G., Suanez, S., Jackson, D. and Floc'h, F., 2016. Extreme wave 

activity during 2013/2014 winter and morphological impacts along the Atlantic coast of Europe. 

Geophysical Research Letters, 43(5): 2135-2143. 

Mckee, T.B., Doesken, N.J., Kleist, J., 1993. The relationship of drought frequency and duration to time 

scales 17–22. 

McLeman, R. and Smit, B.: Migration as an adaptation to climate change, Clim. Change, 76(1–2), 31–53, 

doi:10.1007/s10584-005-9000-7, 2006. 

Me-Bar, Y. and Valdez Jr., F.: Recovery time after a disaster and the ancient Maya, J. Archaeol. Sci., 31(9), 

1311–1324, doi:10.1016/j.jas.2004.02.012, 2004. 

Meinshausen, M., Smith, S.J., Calvin, K., Daniel, J.S., Kainuma, M.L.T., Lamarque, J.F., Matsumoto, K., 

Montzka, S.A., Raper, S.C.B., Riahi, K., Thomson, A., Velders, G.J.M. and van Vuuren, D.P.P., 2011. The RCP 

greenhouse gas concentrations and their extensions from 1765 to 2300. Climatic Change, 109(1-2): 213-

241. 

Menéndez, M. and Woodworth, P.L., 2010. Changes in extreme high water levels based on a quasi-global 

tide-gauge data set. Journal of Geophysical Research: Oceans, 115(C10): C10011. 

Mentaschi, L., Vousdoukas, M., Voukouvalas, E., Sartini, L., Feyen, L., Besio, G. and Alfieri, L., 2016. Non-

stationary Extreme Value Analysis: a simplified approach for Earth science applications. Hydrol. Earth Syst. 

Sci. Discuss., 2016: 1-38. 

Meyer, V., Priest, S. and Kuhlicke, C.: Economic evaluation of structural and non-structural flood risk 

management measures: Examples from the Mulde River, Nat. Hazards, 62(2), 301–324, 

doi:10.1007/s11069-011-9997-z, 2012. 

Moore, R.J., 1985. The probability-distributed principle and runoff production at point and basin scales. 

Hydrol. Sci. J. 30, 273–297. doi:10.1080/02626668509490989 

Moss, R.H., Edmonds, J.A., Hibbard, K.A., Manning, M.R., Rose, S.K., van Vuuren, D.P., Carter, T.R., Emori, 

S., Kainuma, M., Kram, T., Meehl, G.A., Mitchell, J.F.B., Nakicenovic, N., Riahi, K., Smith, S.J., Stouffer, R.J., 

Thomson, A.M., Weyant, J.P., Wilbanks, T.J., 2010. The next generation of scenarios for climate change 

research and assessment. Nature 463, 747–56. doi:10.1038/nature08823 

Muerth, M. J., Gauvin St-Denis, B., Ricard, S., Velázquez, J. A., Schmid, J., Minville, M., Caya, D., Chaumont, 

D., Ludwig, R. and Turcotte, R.: On the need for bias correction in regional climate scenarios to assess 

climate change impacts on river runoff, Hydrol. Earth Syst. Sci., 17(3), 1189–1204, doi:10.5194/hess-17-

1189-2013, 2013. 

Muis, S., Verlaan, M., Winsemius, H.C., Aerts, J.C.J.H. and Ward, P.J., 2016. A global reanalysis of storm 

surges and extreme sea levels. Nat Commun, 7. 



Project No 603864 

 

122 
 

Naumann, G., Barbosa, P., Garrote, L., Iglesias, A., Vogt, J., 2014. Exploring drought vulnerability in Africa: 

an indicator based analysis to be used in early warning systems. Hydrol. Earth Syst. Sci. 18, 1591–1604. 

doi:10.5194/hess-18-1591-2014 

Neal, J., Schumann, G., Fewtrell, T., Budimir, M., Bates, P. and Mason, D., 2011. Evaluating a new 

LISFLOOD-FP formulation with data from the summer 2007 floods in Tewkesbury, UK. Journal of Flood 

Risk Management, 4(2): 88-95. 

Neal, J., Villanueva, I., Wright, N., Willis, T., Fewtrell, T. and Bates, P.: How much physical complexity is 

needed to model flood inundation?, Hydrol. Process., 26(15), 2264–2282, doi:10.1002/hyp.8339, 2012. 

Ntegeka, V., Salamon, P., Gomes, G., Sint, H., Lorini, V., Thielen, J. and Zambrano-Bigiarini, M.: EFAS-

Meteo: A European daily high-resolution gridded meteorological data set for 1990-2011, [online] Available 

from: http://publicationsjrceceuropa.ourtownypd.com/repository/handle/111111111/30589 (Accessed 

3 June 2014), 2013. 

O’Neill, B. C., Kriegler, E., Riahi, K., Ebi, K. L., Hallegatte, S., Carter, T. R., Mathur, R. and Vuuren, D. P. van: 
A new scenario framework for climate change research: the concept of shared socioeconomic pathways, 

Clim. Change, 122(3), 387–400, doi:10.1007/s10584-013-0905-2, 2014. 

Oki, T., Sud, Y.C., 1998. Design of Total Runoff Integrating Pathways ( TRIP )— A Global River Channel 

Network 2, 7–22. 

Olsson, T., Jakkila, J., Veijalainen, N., Backman, L., Kaurola, J., Vehviläinen, B., 2015. Impacts of climate 

change on temperature, precipitation and hydrology in Finland – studies using bias corrected Regional 

Climate Model data. Hydrol. Earth Syst. Sci. 19, 3217–3238. doi:10.5194/hess-19-3217-2015 

Opperman, J. J., Galloway, G. E., Fargione, J., Mount, J. F., Richter, B. D. and Secchi, S.: Sustainable 

floodplains through large-scale reconnection to rivers, Science, 326(5959), 1487–1488, 

doi:10.1126/science.1178256, 2009. 

Pacifico, F., Harrison, S.P., Jones, C.D., Arneth, A., Sitch, S., Weedon, G.P., Barkley, M.P., Palmer, P.I., Serça, 

D., Potosnak, M., Fu, T.-M., Goldstein, A., Bai, J., Schurgers, G., 2011. Evaluation of a photosynthesis-based 

biogenic isoprene emission scheme in JULES and simulation of isoprene emissions under present-day 

climate conditions. Atmos. Chem. Phys. 11, 4371–4389. doi:10.5194/acp-11-4371-2011 

Papadimitriou, L. V., Koutroulis, A.G., Grillakis, M.G., Tsanis, I.K., 2016. High-end climate change impact 

on European runoff and low flows &amp;ndash; exploring the effects of forcing biases. Hydrol. Earth Syst. 

Sci. 20, 1785–1808. doi:10.5194/hess-20-1785-2016 

Papadimitriou, L. V., Koutroulis, A.G., Grillakis, M.G., Tsanis, I.K., 2015. High-end climate change impact 

on European water availability and stress: exploring the presence of biases. Hydrol. Earth Syst. Sci. Discuss. 

12, 7267–7325. doi:10.5194/hessd-12-7267-2015 



Project No 603864 

 

123 
 

Pappenberger, F., Cloke, H. L., Parker, D. J., Wetterhall, F., Richardson, D. S. and Thielen, J.: The monetary 

benefit of early flood warnings in Europe, Environ. Sci. Policy, 51, 278–291, 

doi:10.1016/j.envsci.2015.04.016, 2015. 

Parry, M.L., 2007. Climate Change 2007: impacts, adaptation and vulnerability: contribution of Working 

Group II to the fourth assessment report of the Intergovernmental Panel on Climate Change. Cambridge 

University Press. 

Pasche, E., Manojlovic, N. and Behzadnia, N.: Floods in small urban catchments: hydrological sensitivity, 

risk assessment and efficient integrative strategies of mitigation, in Proceedings of the 11th International 

Conference on Urban Drainage, Edinburgh, Scotland. [online] Available from: 

http://web.sbe.hw.ac.uk/staffprofiles/bdgsa/11th_International_Conference_on_Urban_Drainage_CD/I

CUD08/pdfs/727.pdf (Accessed 21 August 2014), 2008. 

Peltier, W.R., 2004. Global glacial isostasy and the surface of the ice-age earth: The ICE-5G (VM2) model 

and GRACE, Annual Review of Earth and Planetary Sciences, pp. 111-149. 

Penman, H.L., 1948. Natural evaporation from open water, bare soil and grass, in: Proceedings of the 

Royal Society of London A: Mathematical, Physical and Engineering Sciences. pp. 120–145. 

Penning-Rowsell, E. C.: A realistic assessment of fluvial and coastal flood risk in England and Wales, Trans. 

Inst. Br. Geogr., 40(1), 44–61, doi:10.1111/tran.12053, 2015. 

Perčec Tadić, M., Gajić-Čapka, M., Zaninović, K., Cindrić, K., 2014. Drought vulnerability in Croatia. Agric. 
Conspec. Sci. 79, 31–38. 

Perez, J., Menendez, M., Camus, P., Mendez, F.J. and Losada, I.J., 2015. Statistical multi-model climate 

projections of surface ocean waves in Europe. Ocean Modelling, 96, Part 1: 161-170. 

Perez, J., Menendez, M., Mendez, F. J. and Losada, I. J.: Evaluating the performance of CMIP3 and CMIP5 

global climate models over the north-east Atlantic region, Clim. Dyn., 1–18, doi:10.1007/s00382-014-

2078-8, 2014. 

Pickering, M.D., Wells, N.C., Horsburgh, K.J. and Green, J.A.M., 2012. The impact of future sea-level rise 

on the European Shelf tides. Continental Shelf Research, 35(0): 1-15. 

Poussin, J. K., Bubeck, P., H. Aerts, J. C. J. and Ward, P. J.: Potential of semi-structural and non-structural 

adaptation strategies to reduce future flood risk: Case study for the Meuse, Nat. Hazards Earth Syst. Sci., 

12(11), 3455–3471, doi:10.5194/nhess-12-3455-2012, 2012. 

Preston, B.L., Scientific, C., 2008. Mapping climate change vulnerability in the Sydney Coastal Councils 

Group. CSIRO and Sydney Coastal Councils Group. 

Prudhomme, C., Parry, S., Hannaford, J., Clark, D.B., Hagemann, S., Voss, F., 2011. How Well Do Large-

Scale Models Reproduce Regional Hydrological Extremes in Europe? J. Hydrometeorol. 12, 1181–1204. 

doi:10.1175/2011JHM1387.1 



Project No 603864 

 

124 
 

Pryor, M., Clark, D., Harris, P., Hendry, M., 2012. Joint UK Land Environment Simulator ( JULES ) Version 

3.2 User Manual. 

Refsgaard, J. C., Madsen, H., Andréassian, V., Arnbjerg-Nielsen, K., Davidson, T. A., Drews, M., Hamilton, 

D. P., Jeppesen, E., Kjellström, E., Olesen, J. E., Sonnenborg, T. O., Trolle, D., Willems, P. and Christensen, 

J. H.: A framework for testing the ability of models to project climate change and its impacts, Clim. Change, 

122(1–2), 271–282, doi:10.1007/s10584-013-0990-2, 2013. 

Reinhardt, C., Bölscher, J., Schulte, A. and Wenzel, R.: Decentralised water retention along the river 

channels in a mesoscale catchment in south-eastern Germany, Phys. Chem. Earth Parts ABC, 36(7–8), 309–
318, doi:10.1016/j.pce.2011.01.012, 2011. 

Reuter, H.I., Nelson, A. and Jarvis, A., 2007. An evaluation of void‐filling interpolation methods for SRTM 

data. International Journal of Geographical Information Science, 21(9): 983-1008. 

Richards, J.A. and Nicholls, R.J., 2009. Impacts of climate change in coastal systems in Europe. PESETA-

Coastal Systems study, IPTS, Luxembourg. 

Richards, L.A., 1931. Capillary conduction of liquids through porous mediums. J. Appl. Phys. 1, 318–333. 

Rijks, D., Terres, J. M. and Vossen, P.: Agrometeorological applications for regional crop monitoring and 

production assessment, EC-Joint Research Centre, Ispra, Italy., 1998. 

Rohde, S., Hostmann, M., Peter, A. and Ewald, K. C.: Room for rivers: An integrative search strategy for 

floodplain restoration, Landsc. Urban Plan., 78(1–2), 50–70, doi:10.1016/j.landurbplan.2005.05.006, 

2006. 

Rojas, R., Feyen, L. and Watkiss, P.: Climate change and river floods in the European Union: Socio-

economic consequences and the costs and benefits of adaptation, Glob. Environ. Change, 23(6), 1737–
1751, doi:10.1016/j.gloenvcha.2013.08.006, 2013. 

Rojas, R., Feyen, L., Bianchi, A. and Dosio, A.: Assessment of future flood hazard in Europe using a large 

ensemble of bias-corrected regional climate simulations, J. Geophys. Res. Atmospheres, 117(17), 

doi:10.1029/2012JD017461, 2012. 

Romme, W. H., Everham, E. H., Frelich, L. E., Moritz, M. A. and Sparks, R. E.: Are Large, Infrequent 

Disturbances Qualitatively Different from Small, Frequent Disturbances?, Ecosystems, 1(6), 524–534, 

doi:10.1007/s100219900048, 1998. 

Russo, A., Smith, I., Atkinson, R., Servillo, L.A., Madsen, B., Van den Borg, J., 2012. ATTREG. The 

Attractiveness of European regions and cities for residents and visitors-Scientific Report. status Publ. 

Salvati, L., Zitti, M., Ceccarelli, T., Perini, L., 2009. Developing a synthetic index of land vulnerability to 

drought and desertification. Geogr. Res. 47, 280–291. 



Project No 603864 

 

125 
 

Sampson, C., Smith, A., Bates, P., Neal, J., Alfieri, L. and Freer, J.: A high-resolution global flood hazard 

model, Water Resour Res, 51, 7358–7381, doi:10.1002/2015WR016954, 2015. 

Schumann, G. J.-P., Bates, P. D., Neal, J. C. and Andreadis, K. M.: Technology: Fight floods on a global scale, 

Nature, 507(7491), 169–169, doi:10.1038/507169e, 2014. 

Serre, D., Peyras, L., Tourment, R. and Diab, Y.: Levee performance assessment methods integrated in a 

GIS to support planning maintenance actions, J. Infrastruct. Syst., 14(3), 201–213, 

doi:10.1061/(ASCE)1076-0342(2008)14:3(201), 2008. 

Sharma, D., Gupta, A. Das, Babel, M.S., 2007. Spatial disaggregation of bias-corrected GCM precipitation 

for improved hydrologic simulation: Ping River Basin, Thailand. Hydrol. Earth Syst. Sci. Discuss. 11, 1373–
1390. 

SHEN, Y., OKI, T., UTSUMI, N., KANAE, S., HANASAKI, N., 2010. Projection of future world water resources 

under SRES scenarios: water withdrawal / Projection des ressources en eau mondiales futures selon les 

scénarios du RSSE: prélèvement d’eau. http://dx.doi.org/10.1623/hysj.53.1.11. 

Shukla, S., Wood, A.W., 2008. Use of a standardized runoff index for characterizing hydrologic drought. 

Geophys. Res. Lett. 35, L02405. doi:10.1029/2007GL032487 

Slangen, A.B.A., Carson, M., Katsman, C.A., van de Wal, R.S.W., Köhl, A., Vermeersen, L.L.A. and Stammer, 

D., 2014. Projecting twenty-first century regional sea-level changes. Climatic Change, 124(1): 317-332. 

Slevin, D., Tett, S.F.B., Williams, M., 2014. Multi-site evaluation of the JULES land surface model using 

global and local data. Geosci. Model Dev. Discuss. 7, 5341–5380. doi:10.5194/gmdd-7-5341-2014 

Smit, B., Wandel, J., 2006. Adaptation, adaptive capacity and vulnerability. Glob. Environ. Chang. 16, 282–
292. doi:10.1016/j.gloenvcha.2006.03.008 

Stagge, J.H., Tallaksen, L.M., Gudmundsson, L., Van Loon, A.F., Stahl, K., 2015. Candidate Distributions for 

Climatological Drought Indices (SPI and SPEI). Int. J. Climatol. 35, 4027–4040. doi:10.1002/joc.4267 

Stagge, K.S., 2015. METHODOLOGICAL APPROACH CONSIDERING DIFFERENT FACTORS INFLUENCING 

VULNERABILITY–PAN-EUROPEAN SCALE. 

Stahre, P.: Blue-green fingerprints in the city of Malmö, Sweden: Malmö’s way towards a sustainable 
urban drainage, Va syd., 2008. 

Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., 

Midgley, P. M. and others: Climate Change 2013. The Physical Science Basis. Working Group I Contribution 

to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change-Abstract for decision-

makers, Groupe d’experts intergouvernemental sur l’evolution du climat/Intergovernmental Panel on 
Climate Change-IPCC, C/O World Meteorological Organization, 7bis Avenue de la Paix, CP 2300 CH-1211 

Geneva 2 (Switzerland). [online] Available from: 

http://inis.iaea.org/search/search.aspx?orig_q=RN:45042273 (Accessed 20 August 2014), 2013. 



Project No 603864 

 

126 
 

Strangfeld, P. and Stopp, H.: Floating houses: An adaptation strategy for flood preparedness in times of 

global change, WIT Trans. Ecol. Environ., 184, 277–286, doi:10.2495/FRIAR140231, 2014. 

Taylor, K.E., Stouffer, R.J. and Meehl, G.A., 2011. An Overview of CMIP5 and the Experiment Design. 

Bulletin of the American Meteorological Society, 93(4): 485-498. 

te Linde, A. H., Bubeck, P., Dekkers, J. E. C., de Moel, H. and Aerts, J. C. J. H.: Future flood risk estimates 

along the river Rhine, Nat Hazards Earth Syst Sci, 11(2), 459–473, doi:10.5194/nhess-11-459-2011, 2011. 

Themeßl, M. J., Gobiet, A. and Heinrich, G.: Empirical-statistical downscaling and error correction of 

regional climate models and its impact on the climate change signal, Clim. Change, 112(2), 449–468, 

doi:10.1007/s10584-011-0224-4, 2012. 

Thielen, J., Bartholmes, J., Ramos, M.-H. and De Roo, A.: The European flood alert system - part 1: Concept 

and development, Hydrol Earth Syst Sc, 13(2), 125–140, 2009. 

Thiemig, V., Rojas, R., Zambrano-Bigiarini, M. and De Roo, A.: Hydrological evaluation of satellite-based 

rainfall estimates over the Volta and Baro-Akobo Basin, J. Hydrol., 499, 324–338, 

doi:10.1016/j.jhydrol.2013.07.012, 2013. 

Tol, R.S.J., 2009. Economics of Sea Level Rise. In: H.S. Editors-in-Chief:  John, K.T. Karl and A.T. Steve 

(Editors), Encyclopedia of Ocean Sciences (Second Edition). Academic Press, Oxford, pp. 197-200. 

Tolman, H.L., 2002. User manual and system documentation of WAVEWATCH-III version 2.22. Tech. report 

222. NOAA/NWS/NCEP/MMAB. 

Tramblay, Y., Amoussou, E., Dorigo, W. and Mahe´, G.: Flood risk under future climate in data sparse 

regions: Linking extreme value models and flood generating processes, J. Hydrol., 519(PA), 549–558, 

doi:10.1016/j.jhydrol.2014.07.052, 2014. 

Turner, B.L., Kasperson, R.E., Matson, P.A., McCarthy, J.J., Corell, R.W., Christensen, L., Eckley, N., 

Kasperson, J.X., Luers, A., Martello, M.L., Polsky, C., Pulsipher, A., Schiller, A., 2003. A framework for 

vulnerability analysis in sustainability science. Proc. Natl. Acad. Sci. U. S. A. 100, 8074–9. 

doi:10.1073/pnas.1231335100 

UNISDR: UNISDR Terminology on disaster risk reduction, 2009. 

US Army Corps of Engineers, 2002. Coastal Engineering Manual. Engineer Manual 1110-2-1100 (in 6 

volumes). U.S. Army Corps of Engineers, Washington, DC. 

van der Knijff, J. M., Younis, J. and de Roo, A. P. J.: LISFLOOD: A GIS-based distributed model for river basin 

scale water balance and flood simulation, Int J Geogr Inf Sci, 24(2), 189–212, 2010. 

van Vuuren, D. P. and Carter, T. R.: Climate and socio-economic scenarios for climate change research and 

assessment: Reconciling the new with the ol, Clim. Change, 122(3), 415–429, doi:10.1007/s10584-013-

0974-2, 2014. 



Project No 603864 

 

127 
 

van Vuuren, D.P., Kriegler, E., O’Neill, B.C., Ebi, K.L., Riahi, K., Carter, T.R., Edmonds, J., Hallegatte, S., Kram, 
T., Mathur, R. and Winkler, H., 2014. A new scenario framework for Climate Change Research: scenario 

matrix architecture. Climatic Change, 122(3): 373-386. 

Vigdor, J., 2008. The Economic Aftermath of Hurricane Katrina. Journal of Economic Perspectives, 22(4): 

135-54. 

Vousdoukas, M.I., Voukouvalas, E., Annunziato, A., Giardino, A. and Feyen, L., 2016a. Projections of 

extreme storm surge levels along Europe. Climate Dynamics, in press. 

Vousdoukas, M.I., Voukouvalas, E., Mentaschi, L., Dottori, F., Giardino, A., Bouziotas, D., Bianchi, A., 

Salamon, P. and Feyen, L., 2016b. Developments in large-scale coastal flood hazard mapping. Natural 

Hazards and Earth System Science, 16: 1841-1853. 

Wagener, T., Sivapalan, M., Troch, P. A., McGlynn, B. L., Harman, C. J., Gupta, H. V., Kumar, P., Rao, P. S. 

C., Basu, N. B. and Wilson, J. S.: The future of hydrology: An evolving science for a changing world, Water 

Resour. Res., 46(5), n/a-n/a, doi:10.1029/2009WR008906, 2010. 

Wanders, N., Bierkens, M. F. P., de Jong, S. M., de Roo, A. and Karssenberg, D.: The benefits of using 

remotely sensed soil moisture in parameter identification of large-scale hydrological models, Water 

Resour. Res., 50(8), 6874–6891, doi:10.1002/2013WR014639, 2014. 

Ward, P. J., Jongman, B., Weiland, F. S., Bouwman, A., Beek, R. van, Bierkens, M. F. P., Ligtvoet, W. and 

Winsemius, H. C.: Assessing flood risk at the global scale: model setup, results, and sensitivity, Environ. 

Res. Lett., 8(4), 44019, doi:10.1088/1748-9326/8/4/044019, 2013. 

Ward, P. J., van Pelt, S. C., de Keizer, O., Aerts, J. C. J. H., Beersma, J. J., van den Hurk, B. J. J. M. and te 

Linde, A. H.: Including climate change projections in probabilistic flood risk assessment, J. Flood Risk 

Manag., 7(2), 141–151, doi:10.1111/jfr3.12029, 2014. 

Watson, C.S., White, N.J., Church, J.A., King, M.A., Burgette, R.J. and Legresy, B., 2015. Unabated global 

mean sea-level rise over the satellite altimeter era. Nature Clim. Change, 5(6): 565-568. 

Wenger, C.: Better use and management of levees: Reducing flood risk in a changing climate, Environ. 

Rev., 23(2), 240–255, doi:10.1139/er-2014-0060, 2015. 

Wind, H. G., Nierop, T. M., De Blois, C. J. and De Kok, J. L.: Analysis of flood damages from the 1993 and 

1995 Meuse floods, Water Resour. Res., 35(11), 3459–3465, doi:10.1029/1999WR900192, 1999. 

Winsemius, H. C., Van Beek, L. P. H., Jongman, B., Ward, P. J. and Bouwman, A.: A framework for global 

river flood risk assessments, Hydrol Earth Syst Sci Discuss, 9(8), 9611–9659, doi:10.5194/hessd-9-9611-

2012, 2012. 

Woodward, M., Gouldby, B., Kapelan, Z., Khu, S.-T. and Townend, I.: Real Options in flood risk 

management decision making, J. Flood Risk Manag., 4(4), 339–349, doi:10.1111/j.1753-

318X.2011.01119.x, 2011. 



Project No 603864 

 

128 
 

Woodworth, P.L., 2010. A survey of recent changes in the main components of the ocean tide. Continental 

Shelf Research, 30(15): 1680-1691. 

Yan, K., Di Baldassarre, G., Solomatine, D. P. and Schumann, G. J.-P.: A review of low-cost space-borne 

data for flood modelling: topography, flood extent and water level, Hydrol. Process., n/a-n/a, 

doi:10.1002/hyp.10449, 2015. 

Yohe, G., Tol, R.S.J., 2002. Indicators for social and economic coping capacity—moving toward a working 

definition of adaptive capacity. Glob. Environ. Chang. 12, 25–40. doi:10.1016/S0959-3780(01)00026-7 

Young, I.R., Zieger, S. and Babanin, A.V., 2011. Global Trends in Wind Speed and Wave Height. Science, 

332(6028): 451-455. 

Zulkafli, Z., Buytaert, W., Onof, C., Lavado, W., Guyot, J.L., 2013. A critical assessment of the JULES land 

surface model hydrology for humid tropical environments. Hydrol. Earth Syst. Sci. 17, 1113–1132. 

doi:10.5194/hess-17-1113-2013 

Zurich: Risk Nexus, Central European floods 2013: a retrospective. [online] Available from: 

http://www.zurich.com/_/media/dbe/corporate/docs/whitepapers/risk-nexus-may-2014-central-

european-floods-2013.pdf, 2014. 


