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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 Sealevel 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 socioeconomic 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; FluetChouinard 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)).
Institute
1
2
3
4
5
6
7

KNMI
SMHI
SMHI
MPI-CSC
CLMcom
SMHI
CLMcom

GCM
EC-EARTH
HadGEM2-ES
EC-EARTH
MPI-ESM-LR
MPI-ESM-LR
MPI-ESM-LR
EC-EARTH

RCM
RACMO22E
RCA4
RCA4
REMO2009
CCLM4-8-17
RCA4
CCLM4-8-17

Driving ens
member
r1i1p1
r1i1p1
r12i1p1
r1i1p1
r1i1p1
r1i1p1
r12i1p1

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.

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).

Country
Austria
Belgium
Bulgaria
Croatia
Czech Republic
Denmark
Estonia
Finland
France
FYROM

Code
AT
BE
BG
HR
CZ
DK
EE
FI
FR
MK

Population Affected
Protection
No protection
PA
PPA
PAR [%]
PPAR [%]
[1000 pp]
[1000 pp]
33
0.4%
860
10.4%
0
0.0%
513
4.9%
169
2.2%
198
2.6%
300
7.0%
501
11.6%
28
0.3%
528
5.2%
5
0.1%
8
0.2%
25
1.9%
25
1.9%
86
1.6%
240
4.6%
268
0.4%
3265
5.2%
21
1.0%
141
6.9%

Damage
Protection
D [M€]
755
0
3845
1913
1239
1123
745
2621
11316
697

No protection

DR [%]
0.3%
0.0%
5.0%
2.8%
0.6%
0.7%
3.2%
1.7%
0.7%
4.4%

PD [M€]
26888
7038
5499
4569
16547
1181
745
7683
67143
979

PDR [%]
10.5%
2.3%
7.2%
6.8%
7.8%
0.7%
3.2%
5.0%
3.9%
6.2%

Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania
Luxembourg
Netherlands
Norway
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
United
Kingdom

DE
EL
HU
IE
IT
LV
LT
LU
NL
NO
PL
PT
RO
SK
SI
ES
SE

725
31
16
56
161
80
99
0
0
0
1009
47
695
6
14
706
250

0.9%
0.3%
0.2%
1.3%
0.3%
3.6%
3.0%
0.0%
0.0%
0.0%
2.6%
0.4%
3.3%
0.1%
0.7%
1.6%
2.8%

3696
76
888
104
1924
171
99
7
2864
145
1842
47
1065
443
145
1010
306

4.5%
0.7%
8.8%
2.5%
3.3%
7.7%
3.0%
1.5%
17.5%
3.1%
4.8%
0.4%
5.0%
8.2%
7.2%
2.3%
3.4%

15506
2333
934
1426
10581
1830
2977
0
0
15
16806
1232
14263
56
301
10969
13901

0.7%
0.9%
0.6%
0.9%
0.7%
5.8%
6.0%
0.0%
0.0%
0.0%
3.2%
0.6%
6.4%
0.1%
0.7%
0.9%
4.9%

57654
4026
36271
2807
87104
2805
2977
564
36275
6048
28880
1232
21261
11416
2549
13746
17455

2.4%
1.6%
23.5%
1.7%
5.6%
8.9%
6.0%
1.7%
6.7%
2.8%
5.6%
0.6%
9.5%
12.5%
5.7%
1.2%
6.1%

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
1
2
3
4
5
6
7

KNMI
SMHI
SMHI
MPI-CSC
CLMcom
SMHI
CLMcom

GCM
EC-EARTH
HadGEM2-ES
EC-EARTH
MPI-ESM-LR
MPI-ESM-LR
MPI-ESM-LR
EC-EARTH

RCM
RACMO22E
RCA4
RCA4
REMO2009
CCLM4-8-17
RCA4
CCLM4-8-17

Year of GCM
crossing +1.5C
2020
2027
2019
2021
2021
2021
2019

Year of GCM
crossing +2C
2036
2039
2035
2040
2040
2040
2035

Year of GCM
crossing +4C
2083
2074
2083
2083
2083
2083
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 socioeconomic 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 postevent 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 highend, 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:
ESL   HTWL   wss

1
where ηw-ss is extreme event component, and ηHTWL the high tide water level, defined as:

HTWL  MSL  RSLR  tide

2
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:
 wss  SSL  0.2  H s

3
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:

tide  tide,RCP  tide,baseline
4

%tide 

tide,RCP  tide,baseline
 100
tide,baseline
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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:

tide,RCP  tide,TOPEX 

tide,TOPEX  %tide
100
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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 nonstationary time series into a stationary one to which the stationary EVA theory can be applied; and (ii) reversetransforming 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

Energy networks

km of lines

Coal , gas, nuclear, oil, biomass, hydro geothermal, solar and wind power
plants
Electricity distribution lines, gas pipelines

Unesco cultural sites
Social infrastructure

number of sites
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.

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.

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.
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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)

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 tradeoffs 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
r1
r2
r3
r4
r5
r6

Model
IPSL-CM5A-LR
GFDL-ESM2M
HadGEM2-ES
EC-EARTH
GISS-E2-H
IPSL-CM5A-MR

Ensemble member
r1i1p1
r1i1p1
r1i1p1
r12i1p1
r1i1p1
r1i1p1

SWL1.5
2015
2040
2027
2019
2022
2020

SWL2
2030
2055
2039
2035
2038
2034

SWL4
2068
2113
2074
2083
2102
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

1
2
3
4
5
6
7
8
9
10
11

Long variable name
Relative humidity
Specific humidity
Precipitation
Snow
Surface pressure
Downward longwave radiation
Downward Shortwave radiation
Near surface wind
Mean temperature
Maximum daily temperature
Minimum daily temperature

Short variable
name
rhs
huss
pr
prsn
ps
rlds
rsds
sfcWind
tas
tasmax
tasmin

12
13

Wind -u component
Wind -v component

uas
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 Topdown 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 subregions 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 timeslices. 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 northeastern 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-EARTHHR, per SWL.
PR

Change from baseline

Anomalies from Ensemble mean
SWL1.5

Region
name
IP
FR
ME
SC
AL
MD
EA
BI
Europe

Ens.
Mean
1.91
5.10
33.28
35.88
42.39
18.13
35.39
23.38
29.89

r1
-39.37
-27.00
25.17
43.42
1.12
-16.10
39.51
6.32
26.56

r2
31.14
-5.59
26.73
29.01
51.46
-7.60
20.37
20.23
23.49

r3
23.25
30.06
19.46
22.23
26.79
18.54
22.68
37.46
22.93

r4
-54.29
-30.11
30.74
25.33
23.13
32.50
76.62
-5.58
32.67

IP
FR
ME
SC
AL
MD
EA
BI
Europe

-8.07
12.88
42.54
51.51
63.88
2.89
46.48
30.27
42.77

-41.96
-2.41
29.32
59.29
3.12
-7.87
46.37
41.08
43.19

29.99
-0.82
19.81
39.92
72.17
-9.14
26.14
18.76
35.82

27.94
23.73
21.04
39.69
48.55
19.31
19.68
37.76
32.15

-71.97
-7.19
74.20
53.37
75.01
-3.50
114.34
18.86
58.44

IP
FR
ME
SC
AL

-80.56
-16.34
60.75
145.98
54.01

-52.26
21.18
79.14
160.00
117.09

-57.17
-49.11
9.92
127.32
8.28

118.19
-46.07
51.05
100.15
19.85

MD
EA
BI
Europe

-55.62
40.47
77.65
71.98

-43.39
70.69
81.91
93.84

-14.57
5.22
68.83
55.37

-79.96
73.46
35.49
59.08

r5
r6
27.81
22.92
33.02
30.25
61.58
35.98
60.67
34.62
58.81
93.02
-1.36
82.79
20.24
32.92
34.76
47.11
41.60
32.06
SWL2
20.24
-12.67
33.37
30.61
65.76
45.09
74.97
41.83
75.95 108.47
-25.16
43.66
29.08
43.27
37.72
27.43
52.09
34.91
SWL4
-61.72 113.44
-17.30
9.60
92.70
70.92
199.75 142.66
6.92 117.91
122.22
-17.97
-2.82
55.80
139.69
62.32
82.36
69.25

r1
-41.01
-32.16
-8.22
7.62
-41.36
-33.41
3.95
-17.37
-3.40

r2
28.89
-10.62
-6.39
-6.77
8.89
-25.44
-14.94
-2.99
-6.33

r3
21.37
25.22
-13.57
-13.64
-15.28
1.10
-12.78
14.21
-6.96

r4
-56.08
-35.34
-2.76
-10.77
-19.75
11.43
40.91
-28.81
2.62

r5
25.78
27.89
28.31
24.65
16.83
-19.78
-14.93
11.10
11.73

r6
21.05
25.01
2.63
-1.09
50.67
66.09
-2.21
23.86
2.35

-33.62
-15.34
-13.32
7.86
-60.84
-9.93
-0.28
10.51
0.36

37.72
-13.63
-22.58
-11.50
8.11
-11.73
-20.26
-11.35
-6.88

36.04
11.11
-21.26
-11.81
-15.01
17.12
-26.87
7.63
-10.63

-63.78
-20.19
31.44
1.64
10.64
-9.32
67.54
-11.25
15.50

28.20
20.47
23.23
23.32
12.49
-28.34
-17.18
7.17
9.34

-4.55
17.59
2.48
-9.51
44.63
42.21
-2.95
-2.70
-7.68

28.49
37.48
18.31
14.12
62.96

23.35
-32.50
-50.55
-18.63
-45.46

-37.59
-29.84
-9.89
-46.03
-34.69

18.65
-0.97
32.00
53.66
-46.71

-32.91
25.82
10.13
-3.12
63.90

13.11
30.07
3.99
21.81

41.80
-35.30
-8.65
-16.61

-27.22
32.69
-41.98
-13.06

-66.84
-43.06
61.79
10.41

39.15
15.61
-15.15
-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
IP
FR
ME
SC
AL
MD
EA
BI
Europe

Ens.
Mean
0.87
0.80
0.88
1.25
0.93
0.86
1.01
0.68
1.13

IP
FR
ME
SC
AL
MD
EA
BI
Europe

1.37
1.27
1.42
1.91
1.52
1.37
1.69
1.06
1.80

r1

r2

r3

r4

r5

0.76
0.63
0.61
1.00
0.67
0.62
0.53
0.59
0.71

1.09
0.97
1.12
1.52
1.32
1.14
1.64
0.54
1.57

1.34
1.27
1.31
1.48
1.42
1.42
1.41
0.96
1.44

0.59
0.50
0.52
0.93
0.53
0.42
0.41
0.54
0.74

1.38
1.26
1.33
1.98
1.38
1.23
1.26
1.21
1.56

1.51
1.28
1.54
1.91
1.83
1.64
2.11
0.81
2.01

1.84
1.69
1.74
1.99
1.97
1.93
2.11
1.20
2.04

1.06
0.93
1.12
1.48
1.14
0.94
1.22
0.94
1.44

r6
0.76
0.83
0.95
1.27
0.87
0.79
0.92
0.83
1.08
SWL2
1.37
1.57
1.68
2.23
1.50
1.28
1.77
1.49
1.96

r1

r2

r3

r4

r5

r6

0.69
0.62
0.76
1.29
0.75
0.77
1.16
0.65
1.22

-0.11
-0.18
-0.27
-0.24
-0.26
-0.25
-0.49
-0.10
-0.41

0.22
0.17
0.25
0.27
0.39
0.28
0.64
-0.14
0.45

0.47
0.47
0.43
0.22
0.50
0.56
0.40
0.27
0.31

-0.28
-0.30
-0.36
-0.32
-0.40
-0.44
-0.60
-0.14
-0.39

-0.11
0.03
0.07
0.01
-0.05
-0.06
-0.09
0.14
-0.05

-0.18
-0.19
-0.13
0.05
-0.18
-0.09
0.14
-0.04
0.09

1.08
0.87
1.11
1.88
1.27
1.22
1.69
0.71
1.81

0.01
-0.01
-0.10
0.08
-0.14
-0.14
-0.44
0.14
-0.24

0.14
0.01
0.12
0.01
0.32
0.27
0.42
-0.25
0.21

0.47
0.42
0.32
0.07
0.46
0.55
0.42
0.14
0.24

-0.31
-0.34
-0.30
-0.43
-0.38
-0.43
-0.48
-0.12
-0.37

-0.01
0.31
0.27
0.31
-0.01
-0.09
0.08
0.43
0.15

-0.29
-0.40
-0.32
-0.03
-0.25
-0.16
0.00
-0.35
0.01

IP
FR
ME
SC
AL
MD
EA
BI
Europe

3.56
3.32
3.56
4.46
3.99
3.51
4.27
2.69
4.42

3.39
3.12
3.46
5.03
3.76
3.56
4.09
2.59
4.46

3.93
3.66
3.84
4.27
4.41
3.95
4.68
2.67
4.55

3.19
3.01
3.25
3.93
3.61
2.94
3.68
2.59
3.96

SWL4
3.92
4.04
4.26
5.04
4.52
3.67
4.77
3.59
4.91

3.38
2.75
3.00
4.02
3.67
3.45
4.12
2.03
4.23

-0.17
-0.20
-0.10
0.58
-0.24
0.04
-0.18
-0.11
0.04

0.37
0.35
0.28
-0.19
0.42
0.44
0.42
-0.02
0.13

-0.37
-0.30
-0.31
-0.53
-0.39
-0.57
-0.59
-0.10
-0.46

0.36
0.73
0.70
0.58
0.54
0.16
0.50
0.90
0.49

-0.18
-0.58
-0.57
-0.43
-0.34
-0.07
-0.15
-0.67
-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
o
C 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 10 th
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-EARTHHR per SWL.
RF
mean

Change from baseline

Region
name
IP
FR
ME
SC
AL
MD
EA
BI
Europe

Ens.
Mean
5.10
6.92
13.44
30.16
28.74
9.56
13.71
27.76
19.02

IP
FR
ME
SC
AL
MD
EA
BI
Europe
IP
FR
ME
SC
AL
MD
EA
BI
Europe

Anomalies from Ensemble mean
SWL1.5

r1
-6.60
-7.69
11.26
33.04
-2.57
0.73
15.36
5.40
17.74

r2
18.32
11.06
15.45
30.39
44.47
3.26
10.75
46.08
20.11

r3
17.04
16.98
6.47
19.73
6.75
10.17
8.10
44.50
13.50

r4
-15.33
-11.01
8.37
20.12
14.99
16.27
30.16
-9.03
17.57

5.35
14.61
19.69
47.71
49.96
9.32
20.01
39.35
31.06

-3.56
2.83
12.12
48.08
-4.29
5.89
18.03
37.83
29.10

24.76
22.86
14.23
45.72
69.90
11.18
15.35
48.61
33.47

19.36
17.60
4.61
40.73
23.42
12.50
7.94
46.12
24.57

-17.82
-0.02
31.52
51.54
60.98
9.41
48.70
24.88
38.58

-9.37
19.65
39.16
147.10
56.07
-2.32
23.06
114.55
72.03

6.43
31.66
37.75
134.02
96.08
3.00
31.55
102.17
74.34

-5.69
4.87
9.25
141.20
0.31
4.93
8.94
105.90
62.83

-23.55
5.82
36.27
113.92
42.98
-7.62
35.98
79.65
60.46

r5

r6
4.84
12.33
15.19
17.00
25.15
13.95
49.37
28.30
44.85
63.93
-1.33
28.25
4.61
13.27
28.65
50.96
25.76
19.46
SWL2
4.71
4.67
21.36
23.04
32.10
23.59
65.15
35.04
61.95
87.78
-4.41
21.34
11.15
18.90
37.12
41.53
35.53
25.09
SWL4
-4.02
-20.04
24.07
31.85
68.25
44.28
207.80 138.54
37.63 103.37
-26.40
14.49
10.50
28.34
194.88
90.14
92.88
69.64

r1
-19.11
-28.79
-18.25
-40.34
-51.51
-10.75
-2.17
-82.91
-23.76

r2
14.69
6.00
-1.68
-16.38
15.23
-7.63
-5.09
18.07
-7.99

r3
12.40
13.09
3.63
40.34
-11.94
0.70
-2.59
56.91
18.21

r4
-23.63
-26.41
-11.04
-10.34
-35.04
4.69
15.36
-62.99
-4.47

-16.32
-25.96
-23.64
-42.86
-74.44
-5.34
-5.81
-62.06
-24.44

20.88
10.11
-9.15
-18.60
19.44
0.53
-6.79
9.01
-6.66

14.47
6.02
-4.48
43.78
-16.49
3.26
-9.06
46.94
17.25
4.44
-11.38
-20.04
41.54
-45.82
7.06
-11.53
31.48
12.72

8.69
-1.80
-18.21
-59.62
19.71
3.14
4.23
-72.97
-21.99

r5

r6

7.87
23.62
24.03
29.72
38.27
-6.66
-5.55
58.26
19.17

7.78
12.49
3.31
-2.98
44.99
19.64
0.04
12.65
-1.15

-26.38
-23.11
5.86
3.53
-10.27
-1.92
27.59
-40.67
4.51

7.48
22.10
24.73
27.94
34.14
-9.50
-5.30
55.15
16.90

-0.12
10.85
6.69
-13.79
47.62
12.98
-0.63
-8.37
-7.56

-17.09
-21.94
-9.60
-36.80
-34.48
-7.58
11.40
-61.14
-16.40

13.78
20.14
40.66
67.89
3.61
-20.12
-9.43
137.65
31.46

-9.81
14.99
7.18
-13.01
56.99
17.50
5.33
-35.01
-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

Region
name
IP
FR
ME
SC
AL
MD
EA
BI
Europe

Ens.
Mean
-0.15
-0.82
3.26
15.73
14.76
1.24
2.58
8.52
7.70

Anomalies from Ensemble mean

SWL1.5

IP
FR
ME
SC
AL
MD
EA
BI

-0.44
-0.43
6.06
26.01
25.54
0.64
5.95
7.46

r1

r2

r3

r4

r5

-2.82
-7.77
0.75
13.79
-3.28
0.42
2.82
16.47
5.09

2.55
-1.07
3.80
16.56
28.61
0.40
2.22
6.58
7.87

0.10
7.70
5.83
14.77
12.27
0.27
3.31
7.37
8.05

-1.98
-9.79
-0.41
9.90
8.50
2.35
4.35
2.44
6.94

-2.87
-7.30
0.29
24.90
-5.71
-0.04
4.34
20.99

3.20
1.40
2.94
21.13
38.03
1.23
5.82
8.30

-0.55
2.13
3.62
29.82
23.87
-1.81
2.81
15.96

-2.17
-4.44
10.42
25.94
28.09
1.77
13.26
6.51

r6
-0.50
1.73
2.93
3.06
9.48
0.09
24.78
14.57
12.22
30.26
0.02
3.96
-0.10
2.90
11.19
7.06
11.02
7.21
SWL2
0.15
-0.39
1.37
4.23
14.38
4.72
33.02
21.27
33.04
35.94
1.27
1.44
5.26
4.22
-0.95
-6.05

r1

r2

r3

r4

r5

r6

-2.42
-9.40
-8.15
-17.32
-30.14
-2.20
-2.22
-9.07
-10.21

3.90
5.36
0.98
-0.62
12.31
-0.80
0.06
-2.46
-0.97

1.88
9.08
5.35
15.59
9.87
2.99
2.57
15.24
8.72

-3.56
-14.32
-7.66
-5.96
-20.04
-1.36
-0.09
-14.38
-3.43

-0.44
6.94
10.22
8.69
15.21
-0.40
-0.19
16.08
6.52

0.64
2.33
-0.74
-0.37
12.80
1.78
-0.14
-5.41
-0.64

-2.18
-9.31
-11.42
-16.51
-43.35
-2.07
-4.07
-3.49

4.84
7.45
-2.68
-6.33
10.95
0.63
0.30
0.32

1.51
3.13
0.33
20.36
10.69
1.50
-1.30
24.88

-3.47
-9.36
0.36
-0.21
-11.23
-1.35
5.45
-9.25

0.50
4.99
12.32
6.64
25.24
1.44
1.80
5.01

-1.19
3.11
1.09
-3.96
7.70
-0.15
-2.19
-17.46

Europe

13.81

10.45

IP
FR
ME
SC
AL
MD
EA
BI
Europe

-4.29
-7.05
13.91
81.51
32.75
-2.99
8.93
11.67
38.26

-3.59
-5.25
12.70
72.54
63.63
-1.49
9.94
21.87
37.56

12.45

14.33

17.25

-5.73
-13.85
-0.42
79.91
2.17
-5.50
5.12
-4.71
33.13

-3.71
-6.33
16.16
68.44
34.38
-0.75
12.27
6.85
35.31

17.90
10.49
SWL4
-3.90
-4.51
-4.67
-5.13
24.30
16.81
112.30
74.37
24.34
39.24
-5.50
-1.71
8.80
8.55
31.35
3.02
51.72
33.58

-10.95
1.18
0.47
-6.77
-24.65
18.47
0.12
-1.37
-6.93
-8.53

-2.52

8.88

0.77

7.29

-3.48

0.42
-5.11
-11.47
14.66
-18.52
1.46
-1.88
-0.11
3.01

-0.92
-3.52
-1.66
-13.50
-12.46
-0.23
1.56
-13.23
-5.85

0.54
6.68
14.49
30.14
9.03
-1.69
2.44
32.98
16.43

-1.23
1.48
5.41
-6.65
3.49
0.34
-0.75
-12.71
-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, EuroCORDEX 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

Exposure

Water availability on average
Low flows
Duration and severity of
extreme events relevant to

Expressed by
Relative changes in mean annual runoff
production
Relative changes in 10th percentile runoff
production
Change in duration of short and long term
meteorological droughts – index based on
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Weight
1/4
1/4
1/4
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Adaptive capacity

Sensitivity

water availability (short and
long term droughts)

Population density
Irrigated agriculture
Water Demand sectorial
Economic resources available
to adapt
Law enforcement
Human Capital
Level of natural freshwater
storage capacity
Level of artificial freshwater
storage capacity

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
Number of people totally affected by
freshwater stress
Extend of irrigated area - FAO
Gridded dataset of water demand per sector

1/4

1/3
1/3
1/3

GDP per capita (PPP)

1/5

World Governance Indicators (WGI) - World
Bank
Percent of highly educated working population
Extend of highly productive aquifers and inland
water bodies for freshwater storage
Storage capacity of dams. Geo-referenced
dataset for Europe - FAO

1/5
1/5
1/5
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
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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 middleeast 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 socioeconomic 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.
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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 socioeconomic 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.
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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.
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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.
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