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affected. At 4°C global warming, those figures are projected to increase by an avefdged to climate change
only. If climate mitigation efforts are made to keep global warming within &7C), population affected is projected
to rise by 120% (140%), while the annual damage is expected to ris@Wy(180%) compared to 1976-2005. Present
losses due to coastal floodingiME} % }( 1Xio u]Joo]}v [IC & & % E&}i § S8} ]v & -
C 1ifii uyv & Z W 8XiA v O0XAU E % S]A]IpCUICY E} AoTiiv puivé HoZ W 8
respectively. Under the projected increase in frequency and magnitude of fiooBsrope, traditional approaches
based only on rising indefinitely local flood protections are not sustainable in the longFetare adaptation efforts
should give priority to measures targeted at reducing the consequences of hazardous eventsthathegying to
avoid their occurrence. Finally, the drought vulnerability from different levetdaifal warming is assessed with the
use of an index approach accounting for exposure, sensitivity and adaptive capacity at a pan-Elereggean
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This report illustrates the results of Task CCT1a.5 (7.5) of HELIX WP7. The scope of thept@skde 8n improved
assessment of the impacts of climate change at 4 degrees C and other warming levels foropheaizuegion,
including changes in extremes and considering different levels of adaptatbmwdnerability. More specifically, the
report aims to provide improved estimates of regional climate change impesttg simulations with an improved
representation of climatic extremes (WP3), consistent with the global scenarios produttedWP4 and WP5. In the
report, new higher-resolution GCMs simulations from WP3 (Task 3.3) at SWLs were sisedlate biophysical and
socio-economic impacts assessments with an improved representation of extremesgeé\ aaifocally-applicable
adaptation scenarios consistent with the pathways developed in WP2 were eoedidn order to assess the
implications of different pathways of vulnerability. The report is divided into six sestincluding the Introduction.

Section 3 illustrates and implement a novel procedure to assess the future flood Eskope under high end warming
scenarios. It combines ensemble projections of extreme streamflow for therducentury based on EURO-CORDEX
RCP8.5 climate scenarios with recent advances in European flood hazard mapping. Fotedties include a
threshold-based evaluation of extreme event magnitude and frequency, an alternagéti@chto removing bias in
climate projections, the latest pan-European exposure maps, and an improved flood vulnerataiigtien.

Section 4 builds upon the flood risk assessment framework presented in Section @oie ¢xe benefits of adaptation
against extreme floods. The effect of implementing four different adaptation measusésiigated in the modeling
framework. Measures include the rise of flood protections, reduction of the peak flows threatgr retention,
reduction of vulnerability and relocation to safer areas. Their sensitivity is assessed ial sewvdigurations under
high-end global warming scenarios over the time range 1976-2100.

Section 5 report®n (i) the developments of an integrated risk assessment tool LISCoAST (Large sgaltethtgea-
level and Coastal Assessment Tool) for Europe; and (ii) on a pilot study on coastal risk alangkan coastline in
view of climate change. The approach builds on the disaster risk methodwimgysed by the IPCC SREX (2012) report,
defining risk as the combination of hazard, exposure and vulnerabilibst&uial effort has been put in all three
individual components of the risk assessment chain. We detail progress inetdological approach and present
the main outcomes of the study, namely projections of coastal hazards, exposure and impactpa Eu

In Section 6, the water availability and the water stress are presented and anédysbe GCM driven hydrological
models. Climate forcings are analysed for their changes in each considered géaemehrelatively to the reference
period. Methods of bias correction appligalthe forcings and the hydrological modelling procedure are analysed. The
post processing of the hydrological modelling through index approachefeamibed.

In the final Section, hydrological results and climate forcings are used alongtivithsocio-economic indicators to
provide a probabilistic assessment of the overall vulnerability of fresh water aiifjlad climate induced stress.
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Flood risk is the combination of the probability of a flood event and of therg@l adverse consequences for human
health, the environment, cultural heritage and economic activity associated with a #eedt (EU Floods Directive,
European Commission, 2007). Key component of flood risk assessments is the aestirsggon of the flood hazard
(i.e., magnitude and frequency of floods) and of the potential impadtwnan activities. The latter is usually identified
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community, system or asset that make it susceptible to the damaging effgcts Z 1| E _ ~hE/”~ ZU 11id<X
components of flood risk, namely hazard, exposure and vulnerability, are subjebatmes in time due to socio-
economic development and the possible influence of a changing climate. This maless#éissment of present and
future flood risk a particularly challenging task.

Literature works on future flood risk assessment commonly estimate the flood hazard pemtpfsom climatic
projections of atmospheric variables, which are then used to estimate the future streamfitremees through
suitable hydrological models and extreme value statistical analysis (e.g., Dankéteyam] 2009; Rojas et al., 2012;
Tramblay et al., 2014; Ward et al., 2014). Appraising the impact of floogemration and assets requires relatively
detailed information on topography, asset distribution, population dgnsihd potential damage functions. As a
consequence, most flood risk assessment studies are performed at the scale of regions, countriesasingewhere
local information is more easily accessible (e.g., Bubeck et al., 20tk; étaal., 2015; Foudi et al., 2015; Hall et al.,
2003; Kok and Grossmann, 2009; te Linde et al., 2011). Global and contseai¢ahpplications are less numerous in
the literature (Arnell and Gosling, 2014; Dankers et al., 2014; Feyen 20H2;, Hirabayashi et al., 2013; Jongman et
al., 2014; Ward et al., 2013; Winsemius et al., 2012). The limitithhility of consistent large scale datasets and the
increased computing cost, particularly in ensemble simulation approagiiag, in favour of coarser resolution
modelling, though this implies inevitable simplifications in methods and resudtgacy.

Lugeri et al. (2010) performed a pan-European flood risk assessment on limited compstinges, by using hazard
maps derived from a topographic index which only depends on the morpholadtipe aérrain and do not need any
hydrological or hydraulic simulation. In a following study, Refaa. (2013) used an ensemble of 12 bias corrected
climate projections into a distributed hydrological model, to derive theirk statistical distribution of discharge
extremes. These were translated into flooded area at 100 m grid resolution ugitamar approximation of water
levels and then used for flood risk assessment. Despite the step forward brought bydimdagical modelling, this
approach does not constrain flood volumes and can lead to large ovesd&iimof the flooded area in low-lying
regions. Advances in mapping the flood hazard can be achieved with inundataelstomupled with suitable high
resolution topography (Schumann et al., 2014; Yan et al., 2015). Recent agekstown that high resolution flood
hazard mapping is already feasible at continental (Alfieri et al., 2014) and glol=l(Bodlori et al., 2016; Fluet-
Chouinard et al., 2015; Sampson et al., 2015), paving the way to aecadented level of detail in large scale flood
impact assessments.

This work makes use of the pan-European flood hazard mapping procedure by Alfief2@14), which is for the first
time fully integrated into a high resolution flood risk assessmenbaticental scale. This is combined with projections
of the future flood hazard (Alfieri et al., 2015b) driven by an ensemble dfthst climate scenarios adopted by the
Intergovernmental Panel on Climate Change (IPCC). Climate projections frontol2100 are run through a
distributed hydrological model and resulting streamflow is analysed statisttoagigtimate future changes in the flood
hazard in Europe. We produced an updated ensemble evaluation of the future impads fh Europe by combining
the occurrence and magnitude of future discharge peaks with exposure maps for the current climatéoamdtion

on flood defences. Future estimates of expected economic damage andgpiopaffected are produced, considering



first only climatic drivers and then including the effect of possible sectmomic development pathways coherent
with the considered climate scenarios. Three main methodological novelties are ingdduo overcome
shortcomings pointed out in previous large scale flood risk assessments:

x Flood hazard maps are derived by a 2D hydraulic model, rather than through simplified approaches, and the
integrated consistently in the flood risk assessment.

X The frequency of extreme peak discharges is assessed through a peak over threshold seldition,
addresses the limitation of block-maxima analysis on annual floods préisence of changes in the frequency
of extreme events.

X An alternative to bias correcting climate projections is proposed, which is perfornted impact assessment
and therefore does not modify atmospheric variables nor the energy balance.

In addition, the risk assessment hereby described is among the first exampiekiofi making use of the following
up-to-date input datasets:

x EURO-CORDEX regional climate scenarios over Europe based on Representative Concethratipn Pa
(RCP).

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

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

X A coherent dataset of flood vulnerability information.

The following section describes the meteorological datasets and static mapsasfuegpand vulnerability to floods
used in the modelling approach. Section 3.2 gives details on the modellingaa, while results are shown in Sect.
3.3. Final sections 3.4 and 3.5 include discussions and conclusions of the presgmet.

3.1 DATA

The EFAS Meteo dataset (Ntegeka et al., 2013) is used in this work to calileraigtblogical model and to derive
the current flood hazard maps in Europe. EFAS-Meteo is a pan-European 5x5 kutbregaldded daily dataset of
a number of meteorological variables, with temporal availability from 1990 odsvar includes precipitation, surface
temperature (mean, minimum and maximum), wind speed, vapour pressure, radiation andtergpiration
(potential evapotranspiration, bare soil and open water evapotranspiration). The datasatrea®d as part of the
development of the European Flood Awareness System (EFAS, Thielen et al., 2608ptimliously updated in near
real-time. The source data used to generate the EFAS-Meteo dataset consists mostht obpeivations which are
collected and stored by two databases managed by the JRC, namely the EU-FL@QAODH@IMARS database (Rijks
et al., 1998). On average, observations from more than 6000 stationmdoipitation and more than 3000 stations
for temperature are spatially interpolated to generate daily meteorological gddehlues to use as input in Lisflood.
Daily maps of evapotranspiration to use in Lisflood are estimated for the sanusl fihrough the Penman-Monteith
formula, by including an average of 2000 stations providing viapmssure, incoming solar radiation and wind speed.

Seven climate projections (see Table 1) with high concentration scenario (i.e., RCRo8dl) the XXI century were
taken from the EURO-CORDEX database (Jacob et al., 2014). The climatic scenaposiwezd by downscaling
three GCM with four RCM on a grid resolution of 0.11 deg (i.e., ~12ib Eorope). All three driving GCM are rated
in the top 25%, according to a performance evaluation of CMIP5 modeleccaut by Perez et al. (2014), in their
ability to reproduce spatial patterns and climate variability over the north-édisintic region. Indeed, this region is
dominated by the North Atlantic Oscillation, a prominent climate fluctuation pattd@rthe Northern Hemisphere
(Hurrell et al., 2003). Atmospheric variables used in this work are average, minimdirmaimum surface air



temperature, total precipitation, surface air pressure, 2-metre specific humidiyméfe wind speed and surface
downwelling shortwave radiation. Variables are provided as daily mapsidtorical 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 ebyl.,(2015

Institute GCM RCM Driving ens
member
1 KNMI EC-EARTH RACMO22E  rlilpl
2 SMHI HadGEM2-ES  RCA4 rlilpl
3 SMHI EC-EARTH RCA4 r12i1pl
4 MPI-CSC MPI-ESM-LR REMO2009 rlilpl
5 CLMcom  MPI-ESM-LR CCLM4-8-17  rlilpl
6 SMHI MPI-ESM-LR RCA4 rlilpl
7 CLMcom EC-EARTH CCLM4-8-17  rl12ilpl

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 Europeargtiopudensity by Batista e Silva et
al. (2013a) and by the refined version of the CORINE Land Cover proposéidtayeBailva 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 functionstanaligh a flood protection map. Country specific
Depth-Damage (DD) functions from Huizinga (2007) were used to lind dlepth with the corresponding direct
economic damage. A piece-wise linear function from 0 to 6 metre fttapth is defined for each of the 45 land use
classes included in the refined CORINE Land Cover. As previously done by RojaB81&) ahational DD functions
were rescaled at the NUTS2 level (see http://ec.europa.eu/eurostat/statistics-explainesa!/pith/Glossary:NU)S
according to the ratios between the NUTS2 and the country GDP per capita. Spatiahtitio on the flood protection
level in Europe is obtained from the 5 km resolution map produced bgndan et al. (2014). In their study, flood
protections were modelled for most European basins using a three-step procedure aridadivalof the estimated
values was carried out for 13 locations in 10 different countries. For those riesimthere the protection level was
missing while the hazard and exposure information was available for the risk assegisengparts of Norway, Croatia
and Republic of Macedonia), a constant value of 100 year return period was upeatexgion level as proposed by
Rojas et al. (2013).

3.2 METHODS

Numerical methods used in the following can be classified into 1) hydro-mdtgry models, 2) statistical methods of
extreme values and of ensemble forecasting and 3) a damage model for theesociomic impact assessment. The
three hydro-meteorology models are briefly described below, while we refetht published literature for
methodological details and relevant past examples.

Lisvap (Burek et al., 2013b) is a pre-processor that calculates potential evaporatospifrom gridded
meteorological data. Daily evapo-transpiration maps based on the historical and filion&te scenarios for each

Ve u of[su} oA E +3Ju 3 pelMentdih foMmulatior Output maps were then used as input to
the hydrological model Lisflood.
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Lisflood (Burek et al., 2013a; van der Knijff et al., 2010) is a distriphiesically based rainfall-runoff model combined
with a routing module for river channels. It is capable of reproducing most lpgical processes taking place in the
different climates of the Earth, and it has been successfully applied in a number of caes ahdlbperational systems

at spatial scales ranging from small flash-flood prone catchments to largebasars (Alfieri et al., 2011; Thielen et
al., 2009; Thiemig et al., 2013; Wanders et al., 2014). For this work digfisorun on the European domain at 5 km
spatial resolution and daily time step. More details on the model setuppénameter 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 N0t al., 2012), using flood
hydrographs with statistical features derived by Lisflood hydrological simutatlarthe configuration used for this
work, Lisflood-FP was set up at 100 m resolution using the SRTM DigitdioBl&adel (Jarvis et al., 2008) and
roughness coefficients linked to the high resolution land use map by Batista e Silva et al).(2013b

The workflow is shown in Figure 1, where it is broken down into three main coemp®. In a first step we used the
approach described by Alfieri et al. (2014) with the EFAS Meteo dataset (Ntegek@@t2).as input to produce 100
m resolution maps of flood extent and flood depth in Europe for the obsetlistate and return periods TF=[10, 20,
50, 100, 200, 500] years. Output flood hazard maps produced herein agetbkighprove the previous version by
Alfieri et al. (2014) thanks to an enhanced hydrological model calibration amt@oved meteorological forcing
which is currently based on a larger number of weather stations and a more consiptgial interpolation algorithm
for meteorological data. Differently from previous projections of future Europeardflisk assessment, the current
flood hazard is here modelled using observed meteorological parameters, radnethh output of climatic scenarios
(e.g., asin Feyen et al., 2012; Jongman et al., 2014; Rojas et al., 2013).
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Figure 1: Schematic view of the flood risk mapping approach under future climate scenario. Theathboedshows
the novelty contribution introduced by this work.

In parallel, we used flood hazard estimates under high-end climate scenarios from the worlebye®di. (2015b) in
the form of magnitude and recurrence of projected discharge peaks. Extreme value statfiistichutions were fitted
on the simulated discharge annual maxima of the control period (190&)2@0 derive analytical relations between
extreme discharges Q and probability of occurrence (and consequently of their returd @@rim each point of the
European river network at 5 km grid resolution. The 2-year discharge peak is cdyrcoasidered representative of
river bank-full conditions (e.g., Carpenter et al., 1999). Hence, historical (D®B)-2nd future (2006-2100) simulated
peaks larger than the 2-year value were transformed into return periods by inverting the relatiomsdmedischarge
and return period. In this step, a Gumbel extreme value distribution was assumed for annual makisoharges, as
described by Alfieri et al. (2015b).

The socio-economic impact assessment (bottom part in Figure 1) is the main fatis work. First, flood hazard
maps were combined with Depth-Damage functions and with a population densityasmdescribed in Sect. 3.1.3 to
derive Potential Damage (PD) and Potential Population Affected (PRl&apdy for the return periods TF, assuming
no flood protection. Note that, in this task, damage is estimated as a functitre flood depth, while population is
considered affected for any positive flood depth (e.g., Ward et al., 2013). Key stemptoving the computing



efficiency is the aggregation of 100 m resolution maps of PD antbPH#én resolution through the definition of Areas
of Influence (Aol). This is carried out by linking each peak discharge ingheetwork at 5 km resolution to a flood
hydrograph with constant return period and in turn to the neighbouring area0é h resolution where the flood
depth is highest as compared to forcing the hydraulic model with floattdgraphs taken from any other grid point
in the 5 km river network. This creates a univocal link between 180drb km resolution data, by preserving the total
PD and PPA. A graphical example of Aol is given in Figure 2 for the regios, if Faaince, for a 100-year flood return
period. Colours in Figure 2 show the link between 100 m Aol and corrésio® km grid points, while 45° hatching is
displayed on cells which hydrograph do not contribute to the highest flood depth in@nyip the 100 m map.
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Figure 2: Example of Areas of Influence at 100 m resolution (left) and corresponding river aetvamk grid
resolution (right) for TF= 100 years. Coloured areas on the left are linked to the grid points witokamen the
right.

For each of the seven climate scenarios, the estimated return period T of discharge peakskedsto the
corresponding damage and population affected, by interpolating linearly betreesix maps previously calculated
for TF={10, 20, 50, 100, 200, 500}. 500 year PD and PPA was assgimedated discharge peaks larger than the 500
year event, to limit the increasing uncertainty range affecting analytical distribugstimmated on considerably
shorter time windows (i.e., 30 years in this case). One should note that, besides the linking betweenaysiiae
and impact, this step can be seen as an alternative approach to bias correcting clinjatigng. Recent works have
pointed out some limitations induced by bias correcting the output dfIGE€ RCM (Ehret et al., 2012; Huang et al.,
2014; Muerth et al., 2013; Themell et al., 2012). These can be summarizgdidgtating the energy balance and
breaking the link between atmospheric variables; 2) general improvement of the aveaugitions but not
necessarily of the extreme values; 3) the quality of the bias correction s$yralegpends on that of the underlying
observation dataset, and often implies the upscaling to a coarser grid size with theneletrof losing small scale
variability in climate information that is crucial for flood hazard estimation. The alternagipeoach proposed in this
work consists of: 1) using the raw output of climate projections; Zjnesing the probability of occurrence, and
consequently the return period, of simulated extreme discharge peaks of the future by relaéngto analytical
extreme value distributions fitted on the current simulated climate (i.e., the baseline soesfagach corresponding
climate projection); 3) matching the return period of simulated peaks with the cooredipg estimated impact (i.e.,
potential damage and population affected) for the same probability of oetwe, taken from the observed datasets
through piece-wise linear interpolation between the six return periods.



Additional vulnerability information is included in the flood risk assessrbgrgetting the damage and population
affected to zero whenever the discharge peak has a return period smaller than the flotattpo level for the
corresponding river section. Given the inherent extremely low probability of occugrefdlood events, impact
estimates are aggregated in space and time to increase their robustness, to produceyeoig®rand Europe-wide
estimates of Expected Annual Damage (EAD) and Expected Annual Population Affected @ /SPA)ear time slices
including a baseline scenario (1976-2005) and three future scenarios wi R@P06-2035, 2036-2065, 2066-2095).
In the remainder, the four time slices are referred to as 1990, 2020, 2050 and 2088 adt@r their median year.

03 Ev 3]A (0}} &E]J]el » v EJ]}e E A op § C ]v PUWVPZAAG " ZAEW U K|E
2014) in the model chain. Van Vuuren and Carter (2014) suggest that the RCP 8.5 are mmipatiocio-economic
development driven by mitigation challenges (SSP5) or both mitigationadagtation challenges (SSP3). Gross
Domestic Product (GDP) and population projections from the Organisation forofmorCo-operation and
Development (OECD) for SSP5 and SSP3 were acquired in the form of 5-yelernatid applied to the exposure
layers (i.e., population density and damage functions) to include socio-ecorfeatures in the future population
affected and expected damage estimation. As SSP are provided in the form of caggtegated information, this
step assumes that the growth in GDP and population can be considered homogéneédstributed within each
country.

3.3 RESULTS AND DISCUSSION

Potential flood impact maps (PPA and PD) aggregated on a 5 km grighhtmiAol are produced for the six return
periods TF. An example of PPA and PD for the 100-year return period is sheigaréen3. Maps refer to population
estimates of 2006 and to GDP Purchasing Power Standards of 2007. The risk assslemenn this work is
performed in the area with light grey background in Figure 3, which includeSWh28 countries (except Malta and
Cyprus), Norway and the Republic of Macedonia. Figure 3 shows hotspots ofdéskage and population in Europe,
incase}( ( Jop®E& }( (o}} (v oX } A]JS8Z o0 ¢« §Z v ii iil ¥ Eu}Pe E ¥}3 vZ}
in the figure. Highest potential impact is mainly located in densely uzbdrareas along large rivers and in the flood
plains, such as the cities of Paris and London, the Netherlands, the lower Po plain and variousruifigtge ddanube
River. The impact information was aggregated at country level and showiahle 2, both as absolute values of
potential population affected and damage (PPA and PD) and as ratios touhiycpopulation and GDP, respectively
(PPAR and PDR). Similarly, the potential impact for the same return peinctuded in Table 2, which accounts for
current flood protection standards by setting to zero the PPA and PDrigealksections with flood protection equal
or larger than 100 years. Relative figures for the countries in Table 2 indicate awsahgs of 1.2% and 4.8%,
respectively, for population affected and of 1.8% and 5.5%, respectivelgcdémomic damage, with relatively large
differences among countries. Striking examples are those of Hungary and therldatls where impact levels of
100-year flood are particularly low (i.e., < 1%) when including protectioviagghe impression of nearly complete
safety against floods. On the other hand, the potential impact values reveal that 17 % Dutch population and
23.5% of the Hungarian GDP would be affected by a 100-year flood in caserefdaihe flood protection measures.
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Figure 3: Potential Population Affected (left) and Damage (right) for the 100-year retiod fleod (assuming
failure of flood protections), aggregated for the Aol. Values below 10,000 perggns § v TAID} }( uP
not shown.

The actual impact for a 100-year flood is likely to be within the values with andwrigitotection given in Table,2
where the first value assumes that the damage only occurs in areas with flood tiwatéevel lower than 100 years,
while the latter assumes the failure of all flood protection measures. In reality, the uppedbafusuch estimate is
likely to be lower than the potential impact value given in the table. Indeetiflood hazard mapping procedure does
not account for the reduction of peak discharge which occurs downstream the failureepbawks, due to the flood
plain storage (see Alfieri et al., 2014). Such national assessments of potential aridlaothanpact are rare (Evans
et al., 2000; Penning-Rowsell, 2015), though they are extremely useful doedsimate 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 Z&Ewamtries
considering flood protection (actual impact) and no protection (potential impact).

Population Affected Damage
Protection No protection Protection No protection

Country Cde [105(? opl PAR [%)] no%mp] PPAR [% €D}« DR[%]| P €D, PDR[%]
Austria AT 33 0.4% 860 10.4% 755 0.3% 26888 10.5%
Belgium BE 0 0.0% 513 4.9% 0 0.0% 7038 2.3%
Bulgaria BG 169 2.2% 198 2.6% 3845 5.0% 5499 7.2%
Croatia HR 300 7.0% 501 11.6% 1913 2.8% 4569 6.8%
Czech RepubliiCZ 28 0.3% 528 5.2% 1239 0.69%9 16547 7.8%
Denmark DK 5 0.1% 8 0.2% 1123 0.7% 1181 0.7%
Estonia EE 25 1.9% 25 1.9% 745 3.2% 745 3.2%
Finland Fl 86 1.6% 240 4.6% 2621 1.7% 7683 5.0%
France FR 268 0.4% 3265 5.2% 11316 0.7%9 67143 3.9%
FYROM MK 21 1.0% 141 6.9% 697 4.4% 979 6.2%




Germany DE 725 0.9% 3696 4.5% 15506 0.7% 57654 2.4%
Greece EL 31 0.3% 76 0.7% 2333 0.9% 4026 1.6%
Hungary HU 16 0.2% 888 8.8 934 0.6% 36271 23.5%
Ireland IE 56 1.3% 104 2.5% 1426 0.9% 2807 1.7%
Italy IT 161 0.3% 1924 3.3% 10581 0.7% 87104 5.6%
Latvia LV 80 3.6% 171 7.7% 1830 5.8% 2805 8.9%
Lithuania LT 99 3.0% 99 3.0% 2977 6.0% 2977 6.0%
Luxembourg LU 0 0.0% 7 1.5% 0 0.0% 564 1.7%
Netherlands  NL 0 0.0% 2864 17.5% 0 0.0% 36275 6.7%
Norway NO 0 0.0% 145 3.1% 15 0.0% 6048 2.8%
Poland PL 1009 2.6% 1842 4.8% 16806 3.2% 28880 5.6%
Portugal PT 47 0.4% 47 0.4% 1232 0.6% 1232 0.6%
Romania RO 695 3.3% 1065 5.0% 14263 6.4% 21261 9.5%
Slovakia SK 6 0.1% 443 8.2% 56 0.1% 11416 12.5%
Slovenia Sl 14 0.7% 145 7.2% 301 0.7% 2549 5.7%
Spain ES 706 1.6% 1010 2.3% 10969 0.9% 13746 1.2%
Sweden SE 250 2.8% 306 3.4% 13901 4.9% 17455 6.1%
United

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

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

4a, together with the projected mean relative changes due to climate change wafyttee time slices 2020, 2050 and
2080 in panels b, ¢c and d respectively. The same layout is used in Figsteosvy mean estimates and relative changes

in EAD under future climate scenario. Overall mean impact in the considered coubtrittge fbaseline scenario
amountsto5X7 ! }( u P v TioUiii % }%0 (( 8 % E C EX(JBUE A}E 3(Z @ }3
mean of an ensemble of simulations which do not aim to reproduce real ebeihtsather the statistics of the past
climate. Yet, they compare well in magnitude with estimates by the AssocidtBritish Insurers (ABI, 2005) and by
§Z UWE}% Vv VA]J]E}vu v3 P Vv C ~ U liilieU E %}ES]OP ! } ¢ pope o P ME 101 L&
people affected by flood events in Europe.
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Figure 4: Country aggregated Expected Annual Population Affected (ensemble mean) in the basetingacand
relative changes in time slice 2020 (b), 2050 (c), and 2080 (d). Impact of climate change only.
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Figure 5Country aggregated Expected Annual Damage (ensemble mean) in the baseline scenario (a)\and relati
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 enedgingn
trend for most countries. Positive changes in 2080 are estimated in excess of #50@%s, Hungary, Austria and
Slovakia for EAPA and in Belgium, Austria, Slovenia and Slovakia for EAfaxivithm values roughly at +750% for
Austria. Overall mean projections of annual population affected by floodgrudimate change in the considered
domain are estimated at 493K (+128%), 538K (149%) and 701K (+#BR4R6) time slices 2020, 2050 and 2080
respectively.*Ju]o EoCU §Z A% S VVH O U P Je % E}iiiXi §}«E]60609} iv jic
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they are projected to take place only in Finland (-8% in EAPA and -EAB)rand 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 Figlirgréy{aard red lines), together

with the ensemble spread (grey and pink shades) given by the seven model readiz®edative changes from the
baseline average values can be read in the y-axis on the right. For comparéstigute shows the effect of including
socio-economic development in the analysis, using SSP3 and S§RRgentble mean, together with 10-year moving
average). Projections of population affected under SSP3 (SSP5) lie betow) (Hie estimate accounting only for
climate change, with relatively small differences by the end of the century. 10-year naw@rages peak around 2080,
when the differences in population affected versus the baseline simulation are projected &6+2389% and +366%
fo® §Z « v E]}* }( "E} "W_U *""Wi v ""WAUUE Z%P3JAvoCX Kv %Z% }35E )
larger than those in population affected. 10-year moving averages centred :h:ad28%rojected at +240%, +465% and



=10119 (}E& "~E} ~7aWd SIP5/VEVdus the baseline, thus indicating larger uncertainty levels in thenecono
growth.
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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 sprea@8P@n&hd SSP5,
together with their 10-year moving average.

Future risk projections for each time slice are then broken down at country level andhshdwgure 7 and Figure 8
for the three socio-economic pathways. These figures highlight countries that coesilbaé most to the overall
change in flood risk through the current century, together with the associated uncertaiinbe ensemble (coloured



bar) and their mean value (vertical dash). The two figures clearly show an increasing spread of the nendlellesins
time, though with some exceptions, notably in the two central time slices (i.e., 2020 a0l 205
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Figure 7: Country aggregated EAPA for the four time slices (mean value and ensemble spread) for the tlufee cases
climate change only (left), SSP3 (center), and SSP5 (right).
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Figure 8: Country aggregated EAD for the four time slices (mean value and ensemble spread) for the tloEe cases
climate change only (left), SSP3 (center), and SSP5 (right). On the right panisle riifferent scale on the x axis.
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EAD is projected to rise further in all countries, reaching an average fivexbéo&hse for the SSP5 in the time slice
7101 » Ju% E 3} $Z ~E} ""W_ « v E]HdIdAZ UZand Branees A v

Similar considerations can be drawn for trends in population affected. The average EAPA migr bpu2080,
considering climate change only, is the highest in Germany (112K), #Kly F¥ance (93K), UK (71K), Poland (58K) and
Croatia (54K), the latter at a staggering 1.2% of its current country populatgpmeEiare on average 30% higher in
the SSP5, while the general decrease in the overall population modelled in th@&8fcompensates for the climate
related increase of flood risk. As a result, in the SSP3 scenario, 14 countridsloi®?8 considered show a rise of
EAPA in the time slice 2020 followed by a roughly constant or decreasing trend in the subsequent future.



Figure Adisplays relative annual figures of population affected and damage in the considaretties, obtained by
dividing numbers in Figure 7 and Figure 8 by the country populaiwhGDP, respectively. One can note that the
assumption of spatially homogeneous change of exposure in the SSPs, as stated3r22echakes these graphs
valid for all three configurations of future socio-economic developments. Dafagure 9 are key indicators of the
relative impact of current and future floods on the economy of countries. Values of eekdtiected population are
clearly dominated by Croatia @+ U AZ] Z oE C Z]PZ =<« o0o]Jv u v A op ]* %EP 38 &}
withaworst- « « v E]} A 1i:]v 8Z VS]E =« }v Z o( }( SBE]WSUECR Eoo
E u Jv A18Z]v 8Z fi: uvs]lo 1i1iU A]3Z o0 EP 3 VIESZ *B]%iE o]]viE <gy]
No}A v] ~1XB:eU peSE] ~TX0:*U Z}u v] ~1XT:e %o E PiP ]G v X(i:EX"FlPo ®o
show the largest central estimates in 2080 mostly in Balkan countriesZwi E} §] ~fiXT:eU Z %l 0] }
~3X6:eU Z}u v] ~iX0:eU pOP E] ~iXd:s Vv ,uvP EC ~JK&Z EFA%Z3S|N E}}
GDP. Figure 9 also stresses the importance of the ensemble approach in this type of sturties, ot regions with

large uncertainty in the climatic projections, which can be significant even in dkelibe scenario (e.g. as in
Macedonia, Croatia, Latvia).
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Figure 9: Country aggregated annual relative population affected (left) and relative damddgfomghe four time
slices (mean value and ensemble spread).

A similar analysis to thatf Sect. 3.3.2 was performed to assess the future flood risk under specific warming levels
(SWLs), for warming thresholds of 1.5, 2, a”€ 4as 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 considerédeR@ht. of
passing a SWL is defined as the first time the 20 year running mean of the global averagednaamui@mperature



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

obtained by summing the estimated population affected and direct damage over the 30-year tinsecsliteed on

the three years of crossing the SWLs. Results are shown by countries inllBigateFigurel 1 for absolute and

relative impact values. The ensemble mean values of countries shown in Eigare also displayed in Figut@ and

Figurel3in map format. Similarly, percent changes of the ensemble mean per country relatiteé/ liaseline are

shown in Figurd4 and Figurel5 for population affected and damage, respectively.

One should note that those figures include the impact of climate change only, while neesaciomic development

indicators are included due to the mixing of different time windows, which are litdé¢lse underlying climatic

model.

Figurel0 shows that, under a 4 degree warmer world, the four largest European countries in terms ddifpmpu

(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 mea@iof) iii % }% o0 (( § v o

damage peryear,asju% @& 8} 6iUIIl % }%0 Vv TX06 | uP % E C & ]Jv §Z %d

projections of population affected in the 28 European countries considered in this study 486,000 per yeaat

1.5°C, 510,00@t 2 °C, and 710,006t 4 °C warming, as compared to 220,000 in the present climate. Similarly, the
vvua o (o}} uP }lpuo EJ]* (E}lu §Z PEE vS AXT EHCv EOS}HIC & EEWG>oil

under 1.5, 2, and 4C warming.

Results in Figurgl highlight those countries where different warming levels are likely to affect the thes

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

in projected flood risk with increasing SWLs, one can see relatively small differences in severgsciouthe

Eastern Europe, where the relative population affected and the relative damage takes @m gahies for different

SWLs and sometimes assume constant or even negative trends with increasing SWLs (e.g., Polandyhkiaja, Slo

Hungary, Lithuania and Romania). The Republic of Macedonia (MK) and Croatia (HR) ameldeuhd tountries

with the highest relative impact for most SWLs tested. On average, more than 1%@b#tien population is

projected to be affected by river floods every year for warming levelsGf @ higher. Interestingly, the country

with the largest annual relative damage under 9CGwarming 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 yessia@tipe three SWL

Year of GCM Year of GCM Year of GCM

Institute GCM RCM crossing +1.5C  crossing +2C crossing +4C
1 KNMI ECEARTH RACMO22E 2020 2036 2083
2  SMHI HadGEMZES RCA4 2027 2039 2074
3  SMHI ECEARTH RCA4 2019 2035 2083
4 MPICSC MPFESMER REMO2009 2021 2040 2083
5 CLMcom MPFESMER CCLM4-8&7 2021 2040 2083
6 SMHI MPFESMER RCA4 2021 2040 2083
7 CLMcom ECEARTH CCLM4-8&7 2019 2035 2083
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FigurelO: Country aggregated annual PA (left) aBD(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 ofrcthumtries
figure is a function of the average impact &G warming.
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Figurell: Country aggregated annual relative PA (left) &i2(right) for the baseline and three SWLs (mean value
and ensemble spread). Figures are expressed as a ratio of the country population and GEetgspbe ranking
of countries in the figure is a function of the average impact°& warming.
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Figurel2: Country aggregated Expected Annual Population Affected (ensemble mean) at 1.5°C (a)ag88Cc (v
(o) global warming. Impact of climate change only.

Figurel3: Country aggregated Expected Annual Damage (ensemble mean) at 1.5°C (a), 2°C (15}(@rglabal
warming. Impact of climate change only.
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Figurel4: 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. Impazitefaiange only.
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Figurel5: Country aggregated Expected Annual Damage (ensemble mean) in the baseline scenario (ab\and rel
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 assessmeviegto be capable of reproducing
coherent values of population affected and economic damage for the baseline scéhesimpared to past estimates
at European (ABI, 2005; EEA, 2010) and country/regional scales (e.g., see te lahnd204tl; Lugeri et al., 2010
Penning-Rowsell, 2015), especially in light of the considerable unugrédfecting available estimates of flood impact
(Penning-Rowsell, 2015). Such result is even more relevant if one considers that no calikaatiperformed on the
socio-economic impact model nor on the climatic variables. Historiahlfatnre flood peaks coming from climate
scenarios are assigned realistic impact values by matching the quantiles (hence retods)efitheir statistical
distribution with those of the observed dataset. This step relies on the assumption thdidtidution of discharge
peaks in the observed dataset (1990-2013) can be considered representative of thedtise span (1976-2005).
Note that the proposed approach is focused on the flood risk due to riverine floodeirbegins with upstream area
larger than 500 km2 (see Alfieri et al., 2014). Hence the impact due to flash floods, surface wdtagféow coastal
floods is not accounted for.

Results indicates that overall relative changes in the future socio-economic imfagipe follow the corresponding
changes in the flood hazard as found by Alfieri et al. (2015b). In the lattegut®rs found that changes in the



frequency of flood peaks are likely to impact the future flood hazard more thanctmeesponding changes in
maghnitude. In particular, the frequency of flood peaks with high return period is projected to rise significandgti
of Europe, even in regions where the overall frequency of severe (i.e., larger than the baokfiitions) discharge
peaks is projected to decrease. The authors showed that the increase in frequency is not imputsiglaficant
changes in the different climate forcing used as input (i.e., EURO-CORDEX, as ctinmpavéalis assessments based
on SRES scenarios), but to the different approach to estimating the frequency of occurfeiszharge peaks and to
some limitations in the block maxima approach in estimating extreme digehalues larger than the range of data
used for the distribution fitting. As a result, we argue that flood risk assessments basémckmimaxima analysis tend
to underestimate the impact of future floods in presence of increasing frequency ofnextessents. This finding
explains the considerable differences between future risk projections obtained in this wgrk%224% in EAPA and
+227% in EAD by 2080) and those of the previous assessment by Rojas et al. (2GEjigwres of future flood risk
in Europe in 2080 are projected to increase by 90% in EAPA and by AZE®B,i as compared to the 1981-2010
baseline.

In addition, differences in the assumed flood protection standards were shown to changetdrally the results of
impact assessments (Rojas et al., 2013; Ward et al., 2013). The use of a sourdflowp protection levels as that
derived by Jongman et al. (2014) is a key component which imptbegsresented evaluation of the flood risk at
national level, as compared to linking the protection standards to the cou@®P (Feyen et al., 2012) or to the
assumption of a constant protection level for the entire simulation domain (Rojas,e2013). With regard to the
modelling of flood depth and extent, no direct comparison can be doneprihious assessments, which extrapolated
the flood hazard maps using future climate scenarios as input and therefore cannot be beketintaowever, the
proposed approach has the strength of using only one set of flood hazard mhio$, are based on the observed
climate and can thus be validated against flood records and national/reginazalrd maps (Alfieri et al., 2014). It
follows that any improvement in mapping the flood hazard in the current climate eamtegrated 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 basedsemabnie of the latest regional
climate scenarios adopted by the IPCC and suitable socio-economic pathways. SimubatedKlscenarios for the
current century are representative of high level greenhouse gas concentration in the atmospherg.gR@#ich
corresponds to the exceedance of +4°C warming before year 2100, as comparedridysteial averages (Alfieri et
al., 2015b).

Compared to earlier continental flood risk assessments (Dankers and Feyen, 2@f08adcet al., 2014; Rojas et al.,
2013), this work addresses several limitations by incorporating a number ofool@tigies and statef-the-art
datasets that have recently become available. Noteworthy novelties are summarized as follows:

x Flood depth and extent are estimated through a recently developed procedure to map twetbazard at
pan-European scale (Alfieri et al., 2014). This is a major advance compateal commonly used planar
approximation of water levels, as the new approach is based on a mass-conserizatiyeraulic modelling
and on coherent flood hydrographs derived for a set of different probability levels.

X The evaluation is based on consistent combinations of the new RCP and SSP sadoypigaisby the IPCC for
the next generation of climate impact assessments.

x The future flood hazard is incorporated in the flood risk assessment through thdiceletsimulated peaks
over threshold, rather than through analytical curves fitted on annual streamflow maXinmenables a more
consistent evaluation of the frequency of future extreme events, rather than just their magnitadeA(Beri
et al., 2015b).



X We propose an alternative approach to bias correct climate simulations, whidist®of a statistical matching
between the frequency of occurrence of future flood peaks and the corresponding impaatidneage and
population affected) for the same return period, taken from the observed climate.

x New high resolution maps of population density and land use increased the spetiaiacy of the impact
assessment.

x Finally, the assumption of GDP-based or constant flood protection levElgrape has been replaced by the
more realistic flood defence map by Jongman et al. (2014).

Ensembleu v +8Ju & « }( AXi !'}( u P v 1i0UIIl % {oE}}(¢ A EC E]A&E v
well within the range of the observed values found in the literature, pointingtbatsuitability of the proposed
modelling approach for future impact assessments. By forcing the model ighheind climatic projections, the socio-
economic impact of river floods in Europe is projected to increasanbgverage of 220% by the end of the century,
due to climate change only. The coupling of climate scenarios (BLRi® coherent projections of socio-economic
growth (SSP3 and SSP5) led to an overall evaluation of the future flood diskeamnelated uncertainty. Central
estimates of population annually affected in 2050 are within 500,000 and 640,000 and withd©84nd 950,000 in
2080. Larger variability is foreseen in the future economic growth andecuestly in the expected damage of
(0}} JvPU A]8Z Vv3E o +3Ju 8 « 311 8} 81 ! v iidi WX il 8} iil | % E C G

High-end climate scenarios are hereby shown to be linked with a significantly ilsmggeet of future river floods on
the European economy and society. Extreme flood events are catastrophic and unprediatéibldays or hours
before they take place. International coordination is fundamental to preparepandnto action effective mitigation
and adaptation plans, together with raised awareness and resilience to better cope witteheaiastrophes and
streamline the recovery process.
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Recent research provides a considerable body of evidence on the effect of arglerdpa@reenhouse gas emissions
}v §Z E S Z [ «(Stacker &t al., 2013). Despite the inevitable uncertainty affecting climatiegtions, an
increasing number of scientific studies suggest that global warming will exceed®fénge up to 6°C by the end of
the century (Betts et al., 2011, Friedlingstein et al., 2014), following Représentoncentration Pathways (RCP) with
radiative forcing up to 8.5 W/m2. In Europe, such a scenario is likely take€ to a sharp increase in flood risk (Alfieri
et al.,, 2015a; Feyen et al., 2012), making adaptation plans a vitalawempof current and future disaster risk
reduction strategies (Adger et al., 2005; Brandimarte et al., 2009)d Filsk reduction is tackled through structural
and non-structural measures involving flood zoning, land-use planningodawdte precautionary measures, with
notable differences in the approach from country to country, even within Europe (Kreibadh 2015)

While the number of coordinated flood reduction plans is steadily growiadiqoularly at community level (Reinhardt
etal., 2011; e.g., Stahre, 2008), most flood risk prevention actions pegtbin the past decades focused on corrective
rather than preventive measures. After a flood had hit, a recurrent case of flood managerasrb reinforce and
rise flood protections up to a level that would safely confine the pemai @f 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 baastideornts acknowledge
dykes heightening as measures of last resort or even examples of maladaptatiwydkie) 2009; Wenger, 2015;
Zurich, 2014), as they give a misleading impression of complete safety ighathodds with the catastrophic
consequences in case of failure during flood events (e.g., Di Baldassarre et al.,Th@llakt two decades have seen
a progressive policy shi§}A E « % E}PE ue« 3§} tie] & ] A @EppermanEt al., 2009; Rohde et al., 2006)
aimed to increase the storage space of rivers by restoring floodplains andetthusing the flood depth by spreading
floodwaters over wider areas. Other adaptation options such as relocation to safer arasdoproofing of buildings
require deeper commitment of homeowners and have thus found limited appicatin practice (Bichard and
Kazmierczak, 2012; McLeman and Smit, 2006). Yet, insurance programs and tisasterg schemes have large
potential in steering the flood risk management in the private and pudators (Jongman et al., 2014; Keskitalo et
al., 2014)

Quantifying the benefits of adaptation measures is crucial for planning nationeseinated actions for flood risk
reduction in view of future socio-economic dynamics and the potential intensificatidmedfiydrological cycle and of
its extremes (Alfieri et al., 2015b). Current and past research has described extensiveljntigededuction potential
of a wide range of adaptation options (ABI, 2003; Arnbjerg-Nielsen and Fleischer, K@@sich et al., 2011;
Woodward et al., 2011). However, only few studies have quantified the benefits otatideapstrategies through
simulation approaches, especially in view of future climate change. Among thessjfPet al. (2012) used a modelling
framework to investigate the benefits of spatial zoning, wet and dry flood-prgadim the future flood risk in the
Meuse River. At European level, Rojas et al. (2013) and Jongman et a). 28d4n ensemble of regional climate
projections to assess the sensitivity of increased flood protection standardefaigk transfer financing on riverine
flood risk throughout the XXI century.

This work relies on the new flood risk assessment framework proposed by Alfie(26t.&h) to illustrate the benefits
of adaptation in reducing expected damages and population affected by riversflmo&urope under 4°C global
warmingby the end of the century. Adaptation is here intended as of the Intergovernmental Pa@iroate Change
(IPCC) terminology (IPCC, 2001), hence measures aimed at reducing the sourcesaw #ehsimks of greenhouse
P e osU JX XU o0 <°](] e MU]SIP S]}v_ u eu@GEsWbrk.@he visE askeasimedE franjewaik
comprises hydrological modelling, threshold-based evaluation of extrewsnt magnitude and frequency, fully
integrated2Dflood hazard mapping, updated exposure maps, country-specific depth-dafimagiens and improved
vulnerability information to estimate current and future flood risk. Within thésviework,we consider four different



adaptation options and evaluate their effectiveness in risk reduction. Each adaptgtimn is therefore simulated in
8 to 12 different configurations to assess the sensitivity of its implementaticthe resulting flood risk. Risk reduction
estimates are obtained by aggregating the results of seven ensemble simulations in spa@8, Buropean countries,
and in time, through three 30-year time slices (TS), to strengthen the robustness of theanalysi

4.1 DATA AND METHODS

The simulation framework for flood risk assessment used in this work is descril#dfidoyet al (2015a). The reader
is referred to it for detailed information on the main input data, simulation eledlimits of validity and methods used
to estimate the future flood risk in Europe under high-end climate scenasgyming no adaptation measures. Main
steps of the risk assessment framework include:

X Continuous daily streamflow simulations from 1976 to 2100 (Alfieralet 2015b), forcing a distributed
hydrological model (Lisflood, van der Knijff et al., 2010) with an enseafldeven EURO-CORDEX (Jacob et
al., 2014) RCP 8.5 downscaled regional climate scenarios over Europe. The Generab Civindatis (GCM)
driving the regional models chosen are rated in the top 25%, according to a performaaaat®n of CMIP5
models carried out by Perez et al. (2014), in their ability to reproductaspatterns and climate variability
over the north-east Atlantic region, that is the most influential on the European weather patterns.

x Estimation of potential population affected (PA) and expected damage (Ei¥eofloods in Europe in the
current climate, through a combination of hydrological and high-resmiufi 00 m) hydraulic modeling (Alfieri
et al., 2016b). Output flood extent and depths are coupled with an impact madeldon population density
and depth-damage relations to estimate PA and ED for selected return periods.

x Each flow peak of the future streamflow scenario exceeding the local flood protdetiefs is assigned an
impact (PA and ED) through linear interpolation among the return periods estimated fourttemtclimate.

X The contribution of the future socio-economic development foreseen at country is\aelded through a set
of 5-year multipliers provided by the Organisation for Economic Co-operation arddpment (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 SIPBE Joo 3§ , @ohsistént dwth high
mitigation challenges due to high-end warming and willingness to take adaptateasures against climate impacts.
SSP5 assumes a world with rapid economic growth as opposed to relativelgisamgiés in population (van Vuuren
and Carter, 2014).

It is worth noting that the average impact estimates for the baseline period aretit@tarely in agreement with
reported figures at European leMgsee Alfieri et al., 2015a), thus supporting the suitability of the impact model and
the underlying datasets for future climate projections.

Four types of adaptation measures were considered and implemented to different extersisségs their sensitivity
to the corresponding risk reduction. Each adaptation option targets the reductioaarf fisk by acting on one of the
three components of the risk formula, namely hazard, exposure and vulnerability. In tiresfignd the related
discussions, multiplicative and reduction rates associated to each adaptatiamajafined below are referred to as
Ne ve]8]A]SC ( 3}E-_X

It aims at reducing the vulnerability of people and assets to extreme streamflodit@moTs. It requires limited space
as it normally consists of elevating the river banks, through permanent or tempueiatigrs, to increase the maximum



streamflow that the watercourse can fully contain and convey downstream without cudsimage. This keeps the
flood storage to minimum levels hence the magnitude of the flood peak can ramahmanged for long river reaches.
As a consequence, its implementation (and maintenance) need be homogeneous within eadiasinveas local
weaknesses would represent preferential triggering points for flooding. In the simfaimework, the return period
of current flood protections in Europe, expressed in years, was increased byfd 8atanstant rates ranging between
5% and 2500%, where the upper bound was derived by the findings of the post-event adaptatianio, described
in Sect. 3.1.

This adaptation option aims at reducing the flood hazard through a reductioraatelaying of peak flows during
extreme events. Peak reduction is achieved by setting up areas within or aside theetiverknthat can be flooded

in a controlled manner when the river stage reaches critical levels. In addition, peakdite reduced by reservoirs,
sustainable urban drainage systems (SUDS, e.g., Pasche et al., 2008), retarding tilgsitisnibasins, and through

targeted land management plans such as afforestation and river renaturation (Reinhaitdt211). In this study, we
run the impact model with a set of 11 different reduction factors betweenabfb 95% applied to the return period
(i.e., the average recurrence interval) of simulated discharge peaks.

It includes all adaptation options which can be modelled through a progeessiliction of the vulnerability, including
the implementation of early warning systems, dry and wet flood proofingl fwating buildings, among others
(Kreibich et al., 2015; Pappenberger et al., 2015; see Strangfeld and Stopp, I2he impact model, the adaptive
measure is implemented through a multiplicative factor, ranging between 0 aagdlied to the damage curves and
to the population density layer. One should note that this measure does not reduce theefrey of flooding events

but rather the consequences of the flooding, hence the reduction in populationtatfes to be seen as a reduction
of the degree of disruption to the population and their activities.

It reduces the exposure of people and assets at risk of flooding by moving tharaas with negligible risk (King et
al., 2014). In this adaptation option, some assumptions are taken to identify areas where ttetijdlovould occur.
Past events showed that flood relocation is primarily driven by economiaai@hs and mostly occurs after
catastrophic events which makes the reconstruction costs of the same magnitude n§laupiew property (Kick et
al., 2011; Lépez-Carr and Marter-Kenyon, 2015). The relocation mask was @efitietiset of areas with 3 or more
meters of flood depth following an event with return period of 20 years, assgmo flood protections in place. By
definition, in these areas, flooding has a 50% probability to occur inSay&ar period, so it is likely to be experienced
by permanent residents once or more in their lifetime. In addition, on pesa average, 3 meters correspond to
roughly 75% of the maximum potential flood damage for several landlasses including residential, commerce and
industrial, among others (Huizinga, 2007). One can note that the criteriamigfime relocation mask are independent
of the local exposure and vulnerability, thus suggesting the following twsiderations: 1) this measure leads to
higher benefits in countries with considerable developments along rivers and potgtdigje flood depths, while little
risk reduction can be achieved in wide flood plains where the flooding rarelyesdugh depths. 2) The relocation
mask is evaluated independently of the local flood protection standards, as a failtlre protections would likely
induce a very large impact and a difficult recovery process. In the impact assessment, Wetdsgterent relocation
ratios between 5% and 100%, to be applied as multiplicative factors to @eopl assets located within the area
defined by the relocation mask. These modified exposure layers are then used téhisk assessment framework
to estimate the impact of future flood peaks and their corresponding inundation depths.



4.2 RESULTS

Before evaluating the four adaptation options we first appraise the flood riskutitrout this century when flood
protection is incrementally increased after every event with peak flow exceeding the expstiegtions. We refer to
this as post-event adaptation and it is hereby modeled by setting-@asit protections to match the return period
of the flood flow of the event occurred. Ensemble estimates of expected damage antapop affected for the post-
event adaptation and no-adaptation scenario are presented in FiGraggregated over the considered European
domain. In the early 2000s impact estimates of the two cases mostly overlap. Flmtedtipns steadily increase in
the adaptation case following each damaging event, reaching a European average ax@gs@linyears by the end of
the century, as opposed to about 100 years at the start of simulations in 2086mle simulations, country-average
protections rose above 5,000 years before year 2020. Note that return period estimates are tmoli0,000 years to
avoid instability issues in the upper tail of the extreme value distributions, as eachsef iderived from a set of 30
annual streamflow maxima. The benefits of adaptation are more evident in the secondfhalé century (see
supplement material in Alfieri et al., 2016a). Population affected eveay in Europe by river floods drops from
660,000 to 330,000 in 2050s and from 1,000,000 to 440,00080,2n case post-event adaptation measures are taken.
Accordingly, expected danP ]« & (E}u oi 8} 1i JIC €& Jv TiAl}I¢ (@E]w iidisX
country level, average risk reduction rates are within 30 and 73%, the lowest values being for the Nesherleard

the initial protection levels are the highest among the considered countries. It should bd tiatt this work focuses
on direct damage only. Indirect losses are often assumed to be about A direct ones, but they might actually
become much larger if unexpected chains of events take place, such as durind.ih&liland flooding (Haraguchi
and Lall, 2014).
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Figurel6: Annual estimates of population affected and expected damage in Europe in case of nho-adaptation (grey)
and post-event adaptation (red). Ensemble spread (shaded colors) and mean value (solid linéomzabel
shows the projected temporal evolution of the return period of flood protections.

The effect of the four adaptation strategies described in Sect. 4.1.1 on annual estinfgbepulation affected and
expected damage in Europe is shown in FiguteThe ensemble range of three 30-year time slices centered in year
2020, 2050 and 2080 is shown with color shades, together with thegreble mean with a solid line. Each graph
includes the corresponding average impact of the same set of simulatiensi@/baseline window 1976-2005. Graphs

in Figurel? clearly indicate increasing flood risk and ensemble spread for time slices furtheejra8ra combination

of increasing hazard due to climatic change and of socio-economierglriThe effect of the latter is visibly more
pronounced on the expected damage (Figd& right column), resulting from a larger growth of the economy as
compared to that of population, as projected in the SSP5. Graphs in Rigindicate a non-linear behavior in the risk
reduction of the first two adaptation options, as opposed to a linear trend in the ldtter which leave the flood



depth and extent unchanged while acting on measures to reduce the disruption to popuiatd assets. Past levels
of flood impact are unlikely to be retained by the end of the century if only onetatiap option is implemented.

Risk reduction estimates were then aggregated for each of the 28 countries and of the three futured@sersgure
18 and Figurel9 show the results for Germany, France, UK and Italy, which together contribute to more thaf 50%
the European population considered in this study. Graphs of 24 more countries are lavaildbe Supplement
material of Alfieri et al. (2016a). Each graph shows, with a horizontal dasieedhié risk reduction (RRb) needed to
retain the relative flood impact of the baseline window 1976-2005. Differently fromréitj7, the horizontal line
referring to historical impact data do not include the socio-economic devedoprbut only the effect of climate
change. In practice, it represents the risk reduction needed to keep the historical fatiopalation affected and
economic damage as compared to the country population and GDRodhaountries R grows in time due to the
increasing flood risk, which implies a continuous effort to improve the adapiatrategy. For instance, in Germany
(DE) in the TS 2020, historical values of flood impact can be retaitedgaas adaptation measures are implemented
to achieve a risk reduction of 65% (PA, Figuf)eand 61% (ED, Figut8), as compared to the no-adaptation scenario.
Regarding population affected, the risk reduction can be achieved on average wite@3&on of vulnerability, 80%
reduction of the return period of peak flows, or a 5 to 10-fold increagénreturn period of flood protections. One
can note that a complete relocation of people living in the relocati@sknwould reduce the population affected by
only 12%, which is far less than the target risk reduction. On the other hand, the @dircéxpected damage through
relocation was always found larger (e.g., 59% in Germany), suggesting thasidecable proportion of assets is
currently located in areas at risk of flooding. Summary statistics for the other countries canngkeifioliable S2 and
Figure S5 in the Supplement material. Also, it is noteworthy that vulndyatstiuction measures do not depend on
the climate scenarios and consequently on the frequency of flooding, henceaeadspf the climate scenarios can be
seen in Figuré8 and Figurel9.
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Figurel7 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.
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Figurel8 Risk reduction in population affected through different adaptation options. Ensemble projections over 3
time slices are shown for Germany, France, UK and Italy.
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Figurel9 Risk reduction in expected damage through different adaptation options. Ensemble projectionsroeer 3 ti
slices are shown for Germany, France, UK and Italy.

Lastly, Figur@0 relates the risk reduction of each adaptation measure with the corresponding distribafi the
simulated annual relative impact of floods per country through years 2006-FHd0each measure, the shaded area
encompasses all positive annual impacts from seven ensemble simulations, while the npaahigsrshown with a
solid line. In other words, the figure highlights the risk reduction of diffeegtaiptation measures on extreme flood
years, for different rates of long-term risk reduction. Germany, France, UK andriagpown in Figur20, while all
the other countries are included in the Supplement material of Alfieri et allg2D In Figur@0, the first two
adaptation measures give similar results, as they are both focused on reducing the flood ttireste¢dances by
either reducing the peak flow or by rising the flood protection level. Relativadinpalues tend to remain high
suggesting that the risk reduction is achieved mostly through a reduction of thaeineg of minor events, while
catastrophic events retain a relatively large impact.
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Figure20 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 treede@dsing fast with risk reduction,
as they reduce the impact of all events. In Germany, 40% average reduction on the dxgaotage through
relocation would lead to a worst case scenario with potential annual damages@@% of the country GDP. Instead,
if the same average risk reduction is obtained by implementing peak flow reductiirg flood protections, extreme
flood years could yield impacts up to 1.4% of German GDP and Ri#papulation. Similarly, smaller countries have
higher chance of being hit by widespread floods affecting their entire area, with differemgestential impact
sometimes above 5% of their GDP and population, depending on the chosen adaptation sptio as in the case of



Croatia and the Netherlands for the population affected, and Austria and Republic of Meaddr the expected
damage.

4.3 DISCUSSION

The results and applicability of the proposed adaptation measures should be considdiglt iof their inherent
assumptions and limitations. Sensitivity factors approaching 100% reduction oé#keflpw and of the vulnerability
(Figurel7 to Figurel9) are unrealistic with technologies currently available. Simulations in the upper m@nge
sensitivity are shown for completeness of the analysis as well as to show the effect ointage aincertainty at
different sensitivity levels. In real world applications, peak flow reduction ratesyrarkekeed 50% (Pasche et al., 2008;
Reinhardt et al., 2011) and tend to decrease with the event magnitude and with the cattlamea. With regard to
vulnerability reduction, early warning systems are known to yield profitable loeséfit ratios (Pappenberger et al.,
2015), though with relatively low risk reduction ratios (Meyer et &11,2). On the other hand, structural measures for
vulnerability reduction lead to higher risk reduction rates, at the expense of more consliglénabstments.

From a numerical viewpoint, it appears that rising flood protections is theamdptation option that can compensate

for any increase in the flood risk. It has relatively high cost-effects&Renn et al., 2014) and often finds little societal
resistance in its implementation as it is mostly not associated with land-use ehaHgwever, a comprehensive
analysis of costs and benefits of this adaptation measure should include the falasues, which are currently not

implemented in this simulation framework and are sometimes ignored in practicatappfis:

X An additional risk component is due to the probability of failuréhef flood protections for event magnitudes
lower than the design standards, as often occurs in flood events (Apel et al., 2006etSar2008; Zurich,
2014).

X Heightening river dykes reduces the probability of overflowing thus mamigithe floodplain storage and
increasing the magnitude of peak flows downstream.

X Rising flood protections and the consequent reduction in the frequency of floadiagts favors the loss of
flood memory, leading to increasing exposure in flood-prone areas (Di Baldassarr€@1%)., This dynamic,
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catastrophic events and large flood losses.

The latter point is supported by the results in Fig@@eshowing how, for fixed risk reduction values, rising flood
protections lead to larger socio-economic impacts than in the cagelotation and vulnerability reduction. Past
research has shown that the difficulty and the time of recovery of populationemodystems increase more than
linearly with the relative impact of events (Me-Bar and Valdez Jr., 2004; Romahe¥998), leading the system to a
complete collapse in case of extreme disasters. In this regard, the European Uniont$dlidadi (EUSF) was set up
to support EU member states significantly affected by disasters, to help and speed up the ygmoeess. However,
Jongman et al. (2014) suggested that the expansion of the EUSF budget to compensate ftarfygseale floods is
infeasible with the projected increasing trend in flood losses for the current centuaddition, such compensation
mechanism might be a disincentive for governments to undertake active risk redeffais. On the other hand,
empirical evidence suggests that recurrent flooding is usually associatedegitbasing vulnerability (Jongman et al.,
2015; Kreibich and Thieken, 2009; e.g., Wind et al., 1999), due to the@theesilience and coping capacity acquired
by the society during previous events (soe o0 "~ %S S]}v (( §_<X

A final comment is devoted to the uncertainty of climate projections and thgyaghon adaptation. The benefits of
methods relying on reducing the exceedance of flood thresholds (i.e., rising gledeictions, reducing peak flow)
heavily depend on the future climate scenario. In some cases, the magnitude of futnagectxtremes is within a



relatively wide range around that of local flood protections, so that the consequent ensembgle oduestimated risk
reduction can be large. Striking examples are those of the UK, TS 2050 {B)gwiéh up to 50% of uncertainty in the
risk reduction, and other examples in the Supplement, such as for Belgium (TS 2020), @sn2ak0), Estonia (TS
2020), Hungary (TS 2050), Luxemburg (TS 2080) and Netherlands (TS 2080). Unceaitkimgdurction consistently
decreases in the case of relocation and disappear altogether in vulnerabilitiction, as these measures rely on
reducing the consequences of a flooding event, rather than trying to avoid it. In adddespite our effort to
characterize and possibly minimize the climatic uncertainty, one should be afvatieer sources of uncertainty (e.g.,
in the hydrological and hydraulic modeling, in the space-time disatétiiz, 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 Euikglg i ltriple before the end
of the century (Alfieri et al., 2015a). In this work, we implemented a relatively simplelmapglicable to large areas,
which can be used to assess the sensitivity of linear changes in different compontsisk formula, to the overall
flood risk under selected climatic scenarios (Alfieri et al., 2016a).mpadson to previous similar works, the key
feature of this research is the use of a high-resolution modeling framework cechhiith a large number of simulated
scenarios, resulting from the product of four adaptation options, an averagenofaies of implementation of each
option, seven regional climate models spanning 125 years of climatic dataiwenflood impact indicators. We
showed how four different classes of adaptation options can reduce the future floothrigknpensate for the impact
of climate change. Research findings suggest that current relative flood impact levels can bedretaieven
decreased in the future decades, provided that coordinated and effective adaptatios pte promptly prepared and
put into action.

Under the projected increase in frequency and magnitude of river floods, traditigopabaches based only on rising
indefinitely local flood protections are not sustainable in the long term. Thebawed effect of these two dynamics is
likely to exacerbate the* o A (( 8 CE plvP 3Z (E <pv C}(u} ES AVsA v
catastrophic floods, followed by potentially long and painful post-eventvego We recommend future adaptation
strategies to be based on a combination of different measures working argymnd optimized at the level of river
basins, rather than through independent actions over selected river reaches. In agreement with previous research (
Baldassarre et al., 2015; Zurich, 2014), we have showed that adaptation efforts giesilgriority to measures
targeted at reducing the consequences of hazardous events, rather than trying to avoiddtgiremce. In particular,
relocation and vulnerability reduction measures should be further developed, due to ttheikey features of 1)
reducing the impacts of all floods without reducing their frequency, thus strengtigethie resilience of societies and
poSJu 8§ oC SZ ~ %S S]}v (( S_V v 1« E p]JvP 8Z (( 388 ( pve &)y SE
reduction due to adaptation measures. Further adaptation measures to reduce the peak flow shakdduse of
natural retention capacity upstream, while rising flood protections should be seen agsast, to compensate for

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

of new structures include 1) the need for gradual and non-catastrophic failure in taseroad, and 2) building in
redundancy, so that a single failure in the system would not compromise the oftecallrisk protection capacity.
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The coastal zone is an area of high interest, characterized by increased pwpuetisity, hosting important
commercial activities and constituting habitats of high socioeconomic v@lastgnza, 1999). Nearshore areas also
support diverse ecosystems that provide important habitats and sources of food. One tltiirel BU population lives
within 50 km of the coast. Globally about 120 million people are sgg@nnually to tropical cyclone hazards, which
killed 250,000 people from 1980 to 2000. The EU Strategy on Adaptatdimate Change stresses that coastal zones
are particularly vulnerable to the effects of climate change. This is due to thbicedheffects of sea level rise and
potential changes in the frequency and/or intensity of storms. In recent years, substantial res&arthas focused

on several aspects of coastal hazard and risk in view of climate change (Chuktthigand2011 Hinkel et al., 2014
Hogarth, 2014Hoggart et al., 201,4evrejeva et al., 2014 osada et al., 2013 ol, 2009)

Future extreme sea levels (ESLs) and flood risk along European coasts will be straaghdirioy global warming.
ESLs originate from the combined effects of MSL, the astronomical tide andliepisater level fluctuations due to
waves and storm surges that become important during extreme meteorologicatewshen intense atmospheric
wind and pressure fields transfer significant amounts of energy to the ocean (Losada28tl8l). Global MSL has
increased since the beginning of the™@ntury (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 war8iagpén et al., 2014). Past changes in ESLs
are dominated by local MSL dynamics (Menéndez and Woodworth, 2010), degendvariations in and interactions
between vertical land movement, the thermal expansion of sea water, ocean circulation dnoldgjcal fluxes
between the land and the ocean (Howard et al., 2014). Nevertheless, wavdgsalgng the Atlantic coast of Europe
(Young et al., 2011) and storminess in many parts of western, central and northeqreEDonat et al., 2011) show
upward trends in the 20 century, with the 2013-2014 winter being the most energetic on record alorg ofahe
Atlantic coast of Europe (Masselink et al., 2016). There is further some evidetttanges in tidal constituents in the
20" century, yet the attribution of reported changes remains unresolved (Woodworth, 2010).

Impacts on coastal societies are largely linked to extreme episodic eventor\29@8). However, projections of
coastal impacts in view of climate change have focused largely on the effects olvekese, neglecting possible
changes in the other ESL components. There is limited and often contradictingatifimrabout how these factors
will evolve in the future. Recently, there has been an increasing numbedefémdent studies discussing projections
of storm surges in specific regions (Lowe and Gregory,, 2@%o0s et al., 2011), or the evolution of waves at European
(Perez et al., 2015) and global scale (Hemer et al., 2013),ifferedces in the spatial coverage, scenarios and the
methodology make it difficult to draw universal conclusions. The terg dynamics in tidal processes in relation to
sea level rise have only been evaluated at regional scale (Arns et 9;, Pi6kering et al., 2012). Despite these
important advances, no coherent projections of ESLs exist along the European coastline. dittecpregbution aims

to filling this knowledge gap by combining dynamic simulations of alirthjer 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 inunttzgignesent study presents
an updated impact assessment methodology, resulting projections of coastal impaagstiadoEuropean coastline.
The impacts include different components, such as direct damage, number of peagteedffnumber of people
forced to migrate because of SLR and projected damages to different categories of criticalicinastalong Europe.

5.1 DATA AND METHODS
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Representative Concentration Pathways defined by fifth Assessment Report (AR5) of IPCCaRCRL®8.5



(Meinshausen et al., 2011). RCPs are named after a possible range of radiative forcing valuesam2h@Oyrelative

to pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m2, respectively). RCPRER8&d scenario correspond to a
likely global mean temperature increase of 2.0°8.&nd 3.2-5% in 20812100 above the 18561900 levels (IPCC,
2013), respectively. RCP4.5 may be viewed as a moderate-emission-mitigdteynspenario and RCP8.5 as a high-
end, businesssusual scenario.

5.2 PROJECTIONS OF EXTREME SEA LEVELS AND INUNDATION

Extreme sea levels (ESL) are the result of the contributions from the meawvske@&L), the tide and the contribution
from extreme events:

ESL Arwe Ass

where {i-ssis extreme event component, anfirwi.the high tide water level, defined as:

Krw. MSL RSLR 4.

where RSLRS the Relative Sea Level Rise, dhndis the tidal elevation.

The extreme event contributioy.ss results from the combined effect of waves and storm surge, estimated according
to the following equation:

K .. SSL 02 H,
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where SSL is the storm surge levd),is the significant wave height and BkRis considered to be a reliable
approximation of the wave setup; i.e. the elevation in mean water level neardhst@ue to wave shoaling and
breaking (US Army Corps of Engineers, 2002). More elaborate ways totestimmae setup exist, considering apart
from the significant wave height, also the wave period, length and nearshore sfoipe gea bottom. However,
information about the nearshore bathymetry and/or the slope is not available abffean scale at the resolution
required to resolve wave shoaling processes; therefore the applied solution was chdkemasst reliable approach.

Projections of Sea Level Rise (SLR) were available from Hinkel et al. (@@1€)mbined output from a four-member

ensemble of CMIP5 models (Taylor et al., 2011) with three land-ice contrnibstenarios, based on the published
range of contributions from ice sheets and glaciers. Global Relative Sea Level Rise (RSE®)difkrent RCPs and

time slices were available after combining SLR with land uplift/subsidence progétam Peltier (2004). Given that
the SLR dataset is the result of a 4-member climate model ensemble, the best, worst and ensembl&hieaades

were estimated for each RCP.
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Figure2l. Projected RSLR for the year 2100, under all the combinations of RCP 4.5 and 8.5, as wealkasuowand high ice scenarios. Based
on data from Hinkel et al2014) and PeltierZ004).

Information about the present-state tidal elevatior{if:) along the European coastline was obtained from the
TOPEX/POSEIDON Global Inverse Solution (Egbert and Erofeeva, 2002). Giventtitht iiéosusing on extreme
events, the maximum tide was considered as representative. In order to assess how glreaylavels would affect
tidal elevations, dynamic simulations of tidally forced ocean circuldtiok place along a global flexible mesh using
the DFLOW FM model. The flexible mesh and model setup implemented has been elemsid and validated
(Jagers, 20ZMuis et al., 2016). All simulations covered the period from 1990 t® 2t considered all the possible
combinations of the following projected RSLR cases: (1) RSLR under RGFRRG&P8rb and; (2) best, worst and
ensemble mean RSLR case for each RCP.

Time series of tidal elevation§de were extracted at hourly intervals every 25 km along the European shoreline. The
maximum tidal elevation was estimated for every decade and absolute and retdtarges @{ice and Y®ige,
respectively) were obtained after comparing the projected values to the ones of the bagetiné990:

I/gde /gdeRCP lgdebaselim
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Given that accurate baseline values were availablefarthey were combined with the projected relative changes to
obtain the final {iqe projections:
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The storm surge level (SSL) contribution to the ESL was estimated by gsisaanad projections of extreme SSLs along
the European coastline, generated by Vousdoukas et al. (2016a). The SSL projeet@mbtained from dynamic
simulations for a 6-member GCM ensemble available from the Coupled Modetdmigarison Project Phase 5
(CMIP5) database (Taylor et al., 2011). Information about the model setup, calibratioalmatien, 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 mod
Wavewatch Il (Tolman, 2002), in order to generate a global wave dataset for thenbgssriod, as well as the current
century under RCP4.5 and RCP8.5. A detailed description of the model setup andititeowatan be found in the S,
while for the present study onlik time series were considered.

Non-stationary extreme value statistical analysis (EVA) was applied to the extreme event weltéinle series{u-ss
obtained according to equation 3. The time series covered the 130-year periodl®@m to 2100, combining the
simulations for the baseline case and the RCP projections. The statistical analysiedangi) transforming a non-
stationary time series into a stationary one to which the stationary EVA theory canpgiiedapand (ii) reverse-
transforming the result into a non-stationary extreme value distribution, thussvatig to estimate values for different
return periods and times during the analysed period. A detailed description of the @ity and a link to the source
code of the non-stationary EVA approach can be found in Mentaschi et al. (2016)

Coastal inundation modeling was performed at pan-European scale following pineaah described in Vousdoukas
et al. (2016b). The simulations were based on the SRTM Digital Elevation(MEt8I (Reuter et al., 2007), considered
at 100 m spatial resolution. Thesflood-ACC (LHBates et al., 201 Weal et al., 2011) was usea 2D hydraulic model
which is part of the Lisfad-FP model (Bates and De Roo, 200Be combination of the 2 RCPs, 6 time periods (1995,
2020, 2040, 2060, 2080, 2100) and 8 return periods considered (5, ,180,2000, 200, 500, 1000), implies that a total
of 96 pan-European flood assessments were carried out for the present study.

Exposure represents the capital and human assets exposed to the hazard. These are typicallydelpretsdestics
on population, socio-economic data on sectorial activities and infrastructujrdarmation about environmental
variables. To assess impacts in coastal zones in Europe the following exposure information hafiduted: c

Current population:a 100 m resolution population grid map for Europe has been derivethdoygar 2006 based on
a refined version of Corine Land Cover 2006 (with a minimum mappihgf one hectare for artificial surfaces (Batista
e Silva et al., 2013), combined with information on the soil sealing degree.

Current land useA refined version of the Corine Land Cover 2006 map with an improved mininapping unit of 1
hectare for all types of artificial surfaces and inland waters has been generated dipdrating land use/cover
information present in finer thematic maps available for Europe. These include treh@hge map, Soil Sealing Layer,
TeleAtlas® Spatial Database, Urban Atlas, and SRTM Water Bodies Data. Relevant data frdatafetsewere
extracted and prepared to be combined with CLC in a stepwise approach. Eacitstaped the level of modifications
to the original CLC. The spatial resolution of the map is 100x100m (Batista e Silya@t3)

Critical infrastructure:a wide range of existing infrastructures and key social and economic asset€id tieve been
mapped, including the following (see also Table 4): energy assets (e.g., rauadaaermal power plants, renewable
energy infrastructure), transport assets (e.g., roads, railways, ports), social infrastructure (e.g., eduddith),
industry (e.g., chemical, metals, waste treatment) (Marin Herrera et al., 2015), as WeNEBSCO Heritage and
NATURA sites.

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



Category Unit Sub-groups

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

Energy networks km of lines Electricity distribution lines, gas pipelines

Unesco cultural sites  number of sites

Social infrastructure  number of facilities Education and health facilities

Ports/Airports million passengers

Transport networks km of network Railways, local and national roads, motorways

Urban transport number of structures  Bus stations and stops, funicular, subway and tram lines, tram stops

Natura Sites area in km2

Vulnerability refers here to the susceptibility of the receptor to be adversely affectedebgoastal flood hazard and
can be seen as an internal characteristic of the affected element. This includes the capacity patentcipe with,
resist, and recover from the adverse effects of the physical event. The vulnerabittastal flooding of coastal
infrastructure, societies and ecosystems is expressed in this work through depth-eldumatjons (Ciscar et al., 2014
Rojas et al., 2013). JRC has an extensive database of country-specific depth-datagesf(IDDFs) that relate water
depth with exposed assets and the resulting economic damage. The country based DDéeeanega linear functions
from 0 to 6 meter flood depth, defined for each of the 45 land use classes inclutlesl iefined CORINE Land Cover
(e.g. see; Figur@2). To account for differences in the distribution of wealth within countries,omati DDFs were
further rescaled to the NUTS2 leVatcording to the ratios between the NUTS2 and the country GDP per capita.
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Figure22. Example depth-damage functions showing relationship between flater wepth and damage factor per land use class (note that
damage factors are normalized) and need to be rescaled with maximomagks per land use class prior to their application).

The static exposure layers described in section 5.2.4 were combined with IIASA Shared Suuicdeathways (SSP)
to evaluate alternative coastal flood risk scenarios, considering different pathefagecioeconomic development
(K[E Joo § ;waXMulidrdet al., 2014). RCPs and SSPs were combined according torearaxidiCarter (2014)
who suggest that (i) RCP4.5 is compatible with global sustainable development ¢8Rii) RCP8.5 is compatible

! http://ec.europa.eu/eurostat/statisticsexplained/index.php/Glossary:NUTS



with socio-economic development driven by mitigation challenges (SSP5) anligtation and adaptation challenges
(SSP3).

Gross domestic product (GDP) and population projections from [IAS2SRL, SSP3 and SSP5 were acquired in the
form of 5-years multipliers and applied to the exposure layers (i.e. popualdgnsity and damage functions) to include
socio-economic features in the future population affected and expected damageatiin. As SSPs are provided in
the form of country aggregated information, this step assumes that the gromtGDP and population can be
considered homogeneously distributed within each country.

All data related to exposure and vulnerability were organized at the same 10Cotaties grid as the DEM, with the
Open Street maps coastline positioni/( )used to define the boundary between land and
sea. Following, data were organized in coastal segments, each with a length of 25 kithalsmgreline and extending
50 km inland. An example of a division of a piece of coastlinmaistal segments in presented in Fig@&for a stretch
of coastline in Southern Portugal.
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Figure23. Example of coastal segments defined in the SW coast of Portugal and Gulf of Cadiz.
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Figure24. Example of coastal segment data: Digital Elevation Model, Population, Landd)Baimage Prone areas according to the land use
and the depth damage functions.

To estimate flood damage, typically DDFs are applied directly on the floodatiomanaps (Alfieri et al., 201Rojas

et al., 2013). However, in the case of coastal inundation, impacts differ deyemai the spatial and temporal
dynamics of the different TWL components. Therefore a more elaborate approach was addptddconsiders the
different impact mechanisms of each TWL component. The first step towards that diréstibie generation of
inundation maps for each of the components that contribute to the TWL: i.e. areadefloonly due to the{exireme
component, or due to the tide, or MSL (see Fig2se Each inundation zone is then treated separately, according to
the approach described below.



T T T
Extreme Events

51.35
51.3
51.25

51.2
Tide |

51 .

50.95 I 1 I 1 | 1 i MSL —

4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9
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Areas and assets that lie below MSL (due to future sea level rise) are considered as totafjgdlaiine same applies

to areas that lie inside the intertidal zone (above MSL, but below the maxim@haitd which are inundated on a
]oC  e]eX A %S]}ve &E Z +}E 3y E]+ AZ] Zu C *5]Joo SZE S v

function. Given that the process of RSLR is slow, people affected by future MiRlearade expected to be relocated

and such flooding is not considered to be life-threatening, as in the cadienaite extremes. Hence areas inundated

due to the combined effects of SLR and tides, and the total number of people dfisatensidered as representative

of the number of people forced to relocate due to RSLR.

This includes those areas that are inundated only when extreme events occur; i.@ shoenh surges and waves, in
addition to the TWL contributions from MSL and tide. The inundation rmpepsrated are used to estimate the number
of people affected and corresponding damage using the depth damage functions.

Despite recent efforts to create databases of past natural disasters!(&.0. ), information about
the flood extent and the damage from past coastal flood events is scarce. The >§tathiaemains one of the few
recent events in Europe which has been documented in detail, however informaltiont some additional events
was obtained from the European Past Floods Database, available from the European ragwiabnAgency

( ) Inundation maps were obtained from other
sources, such as the e-Surge portali{ ) and from personal communication with national
authorities, and were combined with the flood extent and damage data of the EEA database.


http://www.emdat.be/
http://www.eea.europa.eu/data-and-maps/data/european-past-floods
http://www.storm-surge.info/

FA (kmz) Damage (billion Euros)

h 10° h
@ 107
o
@ 10° 2| ®
210 10
£
8
1078 @
®
[ X ]
107* ¢
. Values
y=x
1
15 | ; L I
10! 10° 10 1072 100
Observed Observed

Figure26. 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 vahlaesangre of the same
order of magnitude with relative RMSE not exceeding 50%. These results were satisfaetthaifferent 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 far@E}% ]« iXio Joo]}v !U AZ]Jo §Z vuu &
coastal flooding (EAPA) equals to 55,000. The countries contributingtmtite European total EAD are Spain, UK,
and France and (24%, 21% and 20%, respectively; FAg@ur&he contributions to the EAPA are mainly distributed
among Turkey, Spain, Croatia, France and UK with contributions ranging ffomo 24% (Figur28). The above values
make a very interesting reading since they reflect the complex balance betweantémsity of the local climatic
forcing, the exposure of assets and the current protection standards implemented in each country.
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Figure27. 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;oantfies already
implementing developed flood protection plans (i.e. the Netherlands, Gerp@arelgium) are characterized by zero
or very small EAD values. At the same time other parameters such as the exposure to extretatesethe coastal
morphology and the population density appear to be also important. Croabidudgal or Greece are examples of
countries which being not very well protected, are exposed to coastal ifigpchowever they have moderate
contributions to the total EU EAPA/EAD due to their lower area, populationGidid. Finally, UK and France are
examples of countries with developed coastal protection strategies, which reveeg exposed to some of the most
energetic sea states in Europe, and for that reason their contributions to EU EAD/EAP totdlravtabte.
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Figure28. Contributions of EU countries to the total present day EA number of people affected fronh ttoadiag.

Comparison of the present results against preview studies is not straightforwardteemethodological differences.
Given that previous studies report values for the European Union, present results fomEURS discussed against
previous findings. The presently estimated EU28 EAPA value of 41,400 isafrtberder of magnitude but higher
than the 35,700 reported by Richards and Nicholls (2009) and thécd.and ~15,000 reported by Brown et al (2011)
and Hinkel et al. (2010). The presently estimated EU28 EAD values are overltsithi total annual damage per
year reported by previous studies, which uso&d /A i Joo]}lv !X &}E /£ (20%dp ektimaied A v

uP e« (}JE §Z «0]v E}uv 1 Joo]}v U AZVo B} 0 =Bl |3A & %R (ES ZpP
(Ciscar et al., 201 #inkel et al., 2010)

However, the reported EAD values are not directly comparable to previous studies whigh aampfferent
methodology to estimate damage, (i) multiplying the number of peogifected by the GDP per capita; and (i)
multiplying by an empirical coefficient, to take into account of additiomgiaicts compared to the direct damage to
assets which is presently estimated applying the DDFs. Apart from the latter methodological differatesteethe
transfer from hazard to costs, there are other potential reasons for the observed differences ghetfast that: (i)



previous studies use static inundation which is known to overestimate the exteareas flooded compared to the
presently applied dynamic simulation approach (Vousdoukas et al., 2Q{libpyevious studies consider extreme SSLs
from statistical downscaling approaches which tend to be less accurate than the ones cursaatj\(iii) previous
studies use coarser coastal flood protection information, also resulting in higher impact.

There is consensus among coastal scientists and stakeholders that historical inforomatimpacts of coastal flooding
in EU scale is scarce. Even though some past events have been well reported (e.g. thetd&sm)hiasst small events
remain undocumented and the available historical information is insufficient taiolground truth EAD/EAP values
for coastal flooding. The latter poses a severe limitation in coastal inagaessment efforts like the present, as there
is no available information in order to calibrate and improve existing agh@s However, given the inevitable
uncertainties the possibility that the currently projected impacts are underestimsitedlld not be excluded, and this
is an important point, considering the substantial projected increase in viewntdtel change, which is the main result
of the present study and is discussed in the sections to follow.

Projected EAD values for 2050 are in average ~4 times higher compared as#imé (Figwe 29, Table 5), with small
differences compared to the two RCPs. Towards the end of the century EAD increase by ablmdst9 @imes under
RCP4.5 and RCP8.5, respectively. The total EAD for Europe in 2100 is¢heojfmend 29.5 £[-21.6 41.2] and 57.6 %[-
d3XDd 6iX1e ]Joo]}v !U E *% S]JA oC ~A op s ]Jv E | 8« A%E »» 3Z A E] §
also Figue 29).

Figuee 29. Projected evolution in time of the Expected Annual Damage from coastal flooding ther present century in Europe, under RCP4.5
(@),and RCP85 (b)red«Z o]v *X s op » E A %oliie30lid limeslexprels théJensemble 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 increds&Dnper country values, which will
accelerate after the year 2050 and will be higher under RCP8.5 (Bi@urEhe highest increase in terms of absolute
values is projected for the UK and France, while the higher relative increase is projected &mid&ddenmark and
Norway. The increasing trend is enhanced for all countries when SSPs are being corsitardde latter project an
increase in GDP, along Europe (Figde

Comparisons with previous studies is even less straightforward than for the baseline gergadthe absence of other

studies based on RCPs, as well as differences in the time slices considered and in tioeloggfollowed. Assuming

that RCP4.5 corresponds to SRES B1, Hinkel et al. (2010) report projectatdamnages for EU28 around 6 and 14.7
JooJ}v ! Jv 1ifAl v 1iiiU E *% 3]A oCMEAZ] ¥ 3E A0PRZIHIEZIRZ0C E %}



]oo]}v ndble 5). Brown et al. (2011) report even higher values for SRES Al#nitth damages around 11 and
ifi Joo]}v ! Jv 1idi v 1i6iU E *% 3]A oCX

Figure30. Projected evolution in time of the Expected Annual Damage from coastal floodiBY geuntry during the present century, under
RCP4.5 (blue solid line), RCP8.5 (redZ o]v X s op ¢« & /A %oldeegolid limeslaxpress tHéJensemble mean projections, and
patches express the intervals for the best and worst case scenario.

Assuming that RCP8.5 could be more comparaple®Z » TU §Z % @E » v30C E %} ES A op * }
for 2050 and 2100, respectively (for EU28; see Table 5) are higher than the #idn3réported by Richards and
Nicholls (2009) for 2080, as well as the values reported by Hinkel et aD){201X X «dX6 v {iiX0 ]Joo]}v |
2100, respectively. Country level projections come also in reasonabéeragnt, with most data indicating an
anticipated significant increase of impacts towards the end of the century for counkeéethé 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
HI[SUHVVHG D Wlkelsalid ineLexpress 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 islikedgtrelated to different
protection standards considered.

The above differences are not significant given the ensemble spread and the uncertainty cdlfrgsdoeing of similar
order of magnitude with the projected values. Also the uncertainty is not dyr@cimparable among studies, as it is
the result of difference sources; in previous studies it is expressing the uncertaintye dR$hR projections, in
comparison to the present uncertainty which also includes best and worst case obthesirge and tide projections.

Table 5. Expected Annual Damage from coastal flooding per EU country, fdeeatedce-sheet behavior cabe /A %o E -« e ujoo]}v L
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
reland 0.04 0.30 1.08 0.46 2.10
italy 0.11 0.61 2.25 0.86 431
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

The projected total EAPA for Europe in 2050 is around 598,000 +[-278,800 Jand 784,470 +f16,700 579,500]
under RCP4.5 and 8.5, respectively (values in brackets express the variation due tosthana best case scenario;
see also Figur81). The same values in 2100 are projected around 1,270.620 £[772581679] and 1,932,610
+[1,284,720 1,144,860], under RCP4.5 and 8.5. The EAPA projectionssimiilar trends to the EAD ones, with the
difference that relative projected increase is in comparison higher for the formimfald increase is projected for
EAPA around the year 2050, which becomes more than thirtyfold towards the end of the cantey both RCPs
(Figure3l).



Figure31. Projected evolution in time of the Expected Annual number of People Affected from floadiay) during the present century in
Europe, under RCP4d),@ndRCP8.5 (b) red dashed line). Values are expressed as thousandigaeelid 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 contributeosteto the European EAPA, along with
Italy, France, and Germany. The highest relative increase is projected for Denmark, Sweden, Lithuaotiavan¢ N

Table6).

Figure32. Projected evolution in time of the Expected Annual number of people affected from coasiaffiper EU country duringeh
present century, under RCP4.5 (blue solid line), RCP8.5 (red dashed lirs)aiadixpressed 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 @).g29bwer than the present (28,900, compared
to the presently projected 505,000 under RCP4.5). However, the relative differengedrethe two projections tends
to decrease towards the end of the century; i.e. Hinkel et al. (2010) project &aBAd 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. (2BB)A3Rrojections for EU28;
with 2050 values being substantially lower than the presently projected for 20400@%s 610,720 presently), as well
as for 2100 (776,200 vs 1,660,100 presently). All differences are significantsikel et al. (2010) SRES A2 projected
values appear to lie beyond the confidence intervals of the present projections. rEkenp values are within the
range reported by Richards and Nicholls (2009) for EU28, SRES A2 and t2@8pe62000-5600000 vs 387,260
presently). Finally, Brown et al. (2011) report lower than the present values b8RBS 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 peuriEty cfor a moderate ice-sheet behavior case, expressed as
thousand people, for the baseline period, as well as their projected changesR@Bd&r5, RCP8.5, in 2040 and 2100.

Baseline RCP4.5 RCP85
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
Erance 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
reland 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 .95 128.47 295.96 154.85 474.60
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 reloedtectanges in the MWL. The
latter are expected to act as an individual threat to coastal societies after the ye@rdf¥sting more than 8,500
people, a number projected to reach 20,670 and 97,860 for RCP4.R@RA8.5, respectively towards the end of the



century (Figurg3). The above values are lower but similar to the ones projected by Brown et al. (80SBES A1B,
who reported >100,000 forced to relocate in 2100. The countries projected talpenrable to SLR only are Turkey,
Spain, Croatia, Romania and Greece (Figdye

Figure33. Projected evolution in time of the Number of People forced to relocate because of 8¢ Rhduysresent century, under RCP4.5 (blue
solid line), RCP8.5 (red dashed line). Values are expressed as thousand pelguleaflteast 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.

Figure34. Projected evolution in time of the number of Number of People forced to relocate becalRepef EU country during the present
century, under RCP4.5 (blue solid line), RCP8.5 (red dashed line). Valuesasedas 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 currerfdtadeart of coastal impact
assessment in view of climate change, especially for continental scale studies. There havsubstantial
improvements in all the components of the impact assessment calculation chain, af@dtiscussed hereinafter,
along with current knowledge gaps/limitations, followed by potential improvementstawnis.

There has been substantial effort dedicated to meliorate the data quality related to the currerfuund ESLs that
drive coastal inundation in view of climate change. Especially the extreme event$uatatrito the forcing TWL was
substantially improved compared to previous studies of such scale since it issthinfe that all ESL components,
including tides, waves and storm surges are considered as dynamic parameterst atationary. Moreover, It is the
first time that climate extremes are estimated from dynamic simulations, whichmamee accurate than statistical
downscaling approaches previously used (Hinkel and Klein, .20B89also the first time that dynamic simulations are
used for large scale assessment of coastal flooding. All previous efforts at such ssaderednstatic inundation,
which is known to overestimate the extent of inundation (Breilh et alL32¥ousdoukas et al., 2016b), especially in
low-lying areas.

In terms of impact assessment, the methodology presented here constitutes an improvésréetcurrent state of
the art, not only because of the improved hazard information but also by (i) takiagaccount (inversely-derived)
coastal flood protection standards at EU scale and (ii) estimating separately theafmagach hazard component,
applying a specific methodology that takes into consideration the nature of kazhrd component. Moreover, the
present methodology allows to quantify the contributions of each comgmt 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 developtagrated risk assessment tool
LISCoAST (Large scale Integrated Sea-level and Coastal Assessment Tool) for Europe;panfbiii) fopilot study
on coastal risk along the European coastline in view of climate changev@itadl approach builds on the disaster risk
methodology proposed by the IPCC SREX (2012) report, defining risk as the comtwhiazard, exposure and
vulnerability. Substantial effort has been put in all three individual comporadritee risk assessment chain. We detail
progress in the methodological approach and present the main outcomes of the, staahely projections of coastal
hazards, exposure and impacts in Europe. By the end of this century sea |eal®pe are projected to rise on
average between 45 and 70 cm, with regional variations in relative sea lev&l/adind that by the end of this century
the 100-C & A v3 ~> 0}vP HE}% [+ } *30]v « Aloo }v A E Pi Ju BE*Z T &iX
The North Sea region will face the highest increase in ESLs, amounting to nearlydé@mRCP8.5 by 2100, followed
by the Baltic Sea and Atlantic coasts of the UK and Ireland. Relative Sea Level Rige {(RSirR)n driver of the
projected rise in ESL, with increasing dominance towards the end of the century and foigtheohcentration
pathway. Changes in storm surges and waves enhance the effects of RSLR along the ahajorihern European
coasts, locally with contributions up to 40%. In southern Europe, episodic extreanesdend to stay stable, except
along the Portuguese coast and the Gulf of Cadiz where reductions in surge and wavesxtfiset RSLR by 20-30%.
By the end of this century, 5 million Europeans currently under threat of a 100-year E&bbecannually at risk from
coastal flooding.

The above is expressed also in the coastal impact projections, which show a significant imctteasgpected annual
damage (EAD) from coastal flooding. The present EAD for Europe afi 3®6]}v |IC & ] % E}i S S} ]
11and14 ]Joo]}v |IC BEun@riRCP 4.5 and 8.5, respectively, angbtand57 ]Joo]}v |IC & C Tiii |
RCP 4.5 and 8.5, respectively (values correspond to the most likely sdartarias of climate extremes and ice-sheet
behaviour). The projected Expected Annual Number of People forced to relocate becausRk tiyRIS: year 2100 is



20,000 andd98,000 for RCP4.5 and RCP8.5, respectively. Finally, the expected annual niipdeple affected by
coastal flooding in Europe is projected to increase from preses@@00 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,aedf8ctively by 2100.
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6.1 INTRODUCTION

State oftheart@]u & u} o0e¢ % E}i S up Z u}E +p 5 v3] o A Eu]vP 3Z v §Z 1I®F
emission scenarios, making higher-end climate change scenarios increasinglylgl&usghwater availability under
such conditions is a key issue of concern (L. V Papadimitriou et &), P@djection of the relation between water
availability and water stress through their complex interactions between diffesentors the synergies and trade-
offs between adaptation and mitigation actions, is a rather challenging taséruhe prism of climate chang€limate
affects the freshwater availability while simultaneously changes the social stress on it, whtam imaffect
socioeconomic variables that affect climate. To cope with these complex interacsoniceconomic scenarios are
being used to derive emissions pathways without (reference) and with climate pdimiggation scenarios). The
derived emissions are then used as an input to climate models, to obtain clichareye projections. Finally, the
climate change projections and so@onomic 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 cliclz@ge impact studies, providing
approximations of the real climate system variables. Often, climate model data cannseten their native form for
CCI models due to the presence of biases (Christensen et al., 2008; Haalte2@11) that result in deviation of the
simulated climate from the observations. For such reasons, climate model data canused in their native form for
climate change impact studies. In cases like hydrological applications CClsiththes a prior adjustment of climate
forcings, may even result to unrealistic model outcomes (Hansen et al., 2006; Hardin@@14; Sharma et al., 2007)
For such reasons, the biases are statistically corrected prior their use. Many methedalbgtatistical bias correction
have been constructed and can be found in the literature (Grillakis et dl3; 2@aerter et al., 2011; Hempel et al.,
2013; Ines and Hansen, 2006). Their main task is to adjust the statistical propertiasatdé simulations to resemble
those of observations, in a common climatological period. The adjustment is then extrapolatecth@assumption
of climate stationarity, to the data beyond the time frame of the observaiorhe benefits of the adjustments are
profound. The common%. E]} [ ines § E +35 5]*S] ooC o0} E v <}u Slu
observations, and thus the statistical outcomes of an impact model run usisgnational data are likely to be
reproduced by the adjusted data (Grillakis et al., 2013; Ines and Hansen, 2006; €@latp2015). Lately, the bias
correction has become an indispensable part of the climate variables pre-processing procedure.

6.2 DATA AND METHODS

The forcing datasets used for this study are an ensemble of global high resalirtiate model simulations, generated
with the use of the EC-Earth model in Atmospheric General Circulation Model (A@iciel) EC-Earth was run with
prescribed sea surface temperature, provided by six CMIP5 models. As a result, the generatedoasnendibit
similar patterns of climate change to those of the driving CMIP5 models. The cri@rimodel selection was to cover

a wide range of uncertainty in the future climate projections. The ensemble includes daelsnof respectively high
and low climate sensitivity (IPSL-CM5A-LR and GFDL-ESM2M), a dry (IRSI1R}EiRd a wet (GIE2*H) model and
finally the two in-house HELIX models (HadGEM2-ES and EC-EARTH). The climatetpobdsthids from the
reference period and spans up to 2100 or 2120 for some models, in rdever the time-periods that correspond
to the examined warming levels (up to #@). One model realization (r2, GFDL-ESM2M) is omitted from the SWL4
Ju%e Se[ v 0Ce]e « 8Z E A E v}3 § time-dliwe. The(listEof $e CMtPSdmodels used to
generate the high-resolution climate simulations along with the time of exceedance of éxamined Specific
Warming Levels (SWLs) for each model are reported in Table 7



Table 7: CMIP5 forcing models used to force global high resolution atmospherenoidyisns and year when each model exceeds the
examined SWLs according to the RCP8.5 scenario.

Member Model Ensemble member| SWL1.5| SWL2 SwWL4
rl IPSLEMBALR rlilpl 2015 2030 2068
r2 GFDL-ESM2M rlilpl 2040 2055 2113
r3 HadGEM2-ES rlilpl 2027 2039 2074
r4 ECEARTH rli2ilpl 2019 2035 2083
r5 GISE2H rlilpl 2022 2038 2102
ré IPSL-CM5A-MR rlilpl 2020 2034 2069

Climate change impacts are examined as differences between the temporal mean dstaefutare time-slice,
corresponding to a SWL, and the reference period. It is important to mention theBWies are defined with respect
to the pre-industrial period while the reference period corresponds to the recent past. Adidmained time periods
include 30 years. The reference (or baseline) period spans from 1981 to 201futdieetime-slices are 30-year
periods, centeed on the year that each SWL is exceeded.

In the context of HELIX, the RCP8.5 scenario was only considered, as thaeotiigt can provide results of higher
end global warming. However, the RCP8.5 is plausible under only specifiecmonomic assumptions Shared
Socioeconomic Pathways (SSPs) (N.W. Arnell et al., 2011; Moss et al.TA8@Ktenario was assessed along with the
SSP2, SSP3 and SSP5 scenarios.

The bias correction of the high resolution GCM data was performed using thBRSipproach of trend-preserving
bias correction (Hempel et al., 2013). The methodology is designgdegerve the absolute changes in monthly
temperature, and relative changes in monthly values of precipitation. The presamiatithe long term trends is a
desired feature of the bias adjustment methodology as the working scenarios of HELIX grejbased on specific
warming levels. Thus in the case of temperature, the bias adjusted data should preserve the wewvelmgf the raw
climate model data and hence the climate sensitivity of the climate model. The same migthpdeas also used to
correct a range of variables (Table 8) such as downward radiation, pressure and wind. In tlé pasgively
constrained data such as precipitation, the method considers the preservation of the relative trend.

Table 8: List of corrected variables

Short variable
Long variable name name
1 Relative humidity rhs
2 Specific humidity huss
3 Precipitation pr
4 Show prsn
5 Surface pressure ps
6 Downward longwave radiation | rlds
7 Downward Shortwave radiation | rsds
8 Near surface wind sfcWind
9 Mean temperature tas
10 | Maximum daily temperature tasmax
11 | Minimum daily temperature tasmin




12 | Wind -u component uas
13 | Wind -v component vas

JULES (Joint UK Land Environment Simulator) is a physically based agramdisurface model that was established
in 2006. It is comprised of two parts: the Met Office Surface Exchange Scheme (MOSES&!. €69&}t and the Top-
down Representation of Interactive Foliage and Flora Including Dynamics (TRIKR2DQQaomponent. MOSES is

v v EPC v ASE ov u} oAZ] Z ] :h> ~[ (JE ERoY Getdtion mddel (&84 |-
2001; Best et al. 2011; Clark et al. 2011). In our model applicttidhis 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 shortwavengmdive 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 therg@asetit@al of replacing
modules or introducing new modules within the model. The physics nresdbat comprise JULES include the following
themes: surface exchange of energy fluxes, snow cover, surface hydrology, soil maisiutemperature, plant
physiology, soil carbon and vegetation dynamics (Best et al. 2011), with the latter b&abtpdifor this application.

In JULES, each grid box is represented with a number of surface types, each one regtagarttke. JULES recognises
nine surface types (Best et al., 2011), of which five are vegetation surface types (bro@dleaheedle leaf trees, C3
(temperate) grasses, C4 (tropical) grasses and shrubs) and four are non-vegettded suyoes (urban, inland water,
bare soil and ice). A full energy balance equation including constituents of raglis¢iosible heat, latent heat, canopy
heat and ground surface heat fluxes is calculated separately for each tile andetfsmya 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 thicknessgD®% m, 0.65 m and 2.0 m. This
configuration however can be altered by the user. The fluxes of soil moisture beweebrsoil layer are described by
Dar C[« 0 A v (}Eu }( Z] ZRidbards 19B1¥8dgaverns the soil hydrology. Runoff production is gedrern
by two processes: infiltration excess surface runoff and drainage through titenbof the soil column, a process
calculated as a Darcian flux assuming zero gradient of matric potentialgBas2011). There is also the option of
representing soil moisture heterogeneity. In that case total surface runoff alsalexksaturation excess runoff. The
model allows for two approaches to introduce sub-grid scale heterogenedyhetsoil moisture: 1) use of TOPMODEL
(Beven and Kirkby, 1979), where heterogeneity is taken into account throughout theokeiin, or 2) use of PDM
(Moore, 1985), which represents heterogeneity in the top soil layer only @emst 2011). Calculation of potential
evaporation follows the Penman-Monteith approach (Penman, 1948). Water held glahecanopy evaporates at
the potential rate while restrictions of canopy resistance and soil moisture are apfiliethe simulation of
evaporation from soil and plant transpiration from potential evaporation.

The processes within JULES model have been calibrated and validateofibex of previous studies against different
observational and proxy datasets. Slevin et al. (2014) evaluated JULBSt@lslmulate the interaction of soil
parameters to the atmosphere, using global climate model data and local datati@fFLUXNET network (Baldocchi
et al., 2001). They found that JULES is able to successfully simulate the diffebemt cycle fluxes such as the gross
primary productivity (GPP). They also tested the JULES phenology modsigariag results from simulations using
the default phenology model to those forced with the remote sensing product M@Bi&rea index (LAI). Moreover,
various studies have tested its ability to reproduce the runoff generation (Gudmundsson2é1a; MacKellar et al.,
2013; Papadimitriou et al., 2015). Other validation studies that haea Iperformed for JULES are those of Pacifico et



al. (2011) and Garcia Gonzalez et al. (2012). In the former study, a semi-ms&chaoprene emission module was
incorporated and validated into the JULES against observations from FLUXNEK.Hetde latter, the underlying
water and heattrang E ]V H% % & ¢}Jo o0 C Ee+[ u Z v]eueU v SZ JE (( o5 }v ¢}]
the individual components of the energy balance were tested. In a similay,s@iichdburn et al. (2015) developed and
tested the ability of JULES to correctly simulate permafrost, as a part of catbmage that interacts to the
atmosphere. The Jules model has been used in a number of climate change impacts studies that dealoliftiate
change response in hydrological regime (Le Vine et al., 2016;dpadimitriou 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 appBdhis means that the model calculates
runoff production in each grid box which needs to be routed to estimate stfieamThe standard version of the JULES
model until very recently (February 2015) did not account for a routing mechaiisimvercome this model limitation,
we use a conceptual lumped routing approach based on triangular filteringder to delay runoff response. This is
applied after discriminating the grid boxes that contribute to runoff produttf a specific basin from the gridded
model output. Determination of grid boxes upstream of the gauging stdtication is implemented using the TRIP
river routing scheme (Oki and Sud, 1998).

The standardized precipitation index (SPI, Mckee et al. 1993) is a widely usedointhexidentification of drought
events[ }ve SU JvsS ve]S5C v WY& S]}vX dZ 0 po S]}v }( 82 ™~WH]]vX &]EBvsSsid
series are fitted to a Gamma distribution and then the cumulative probabilityr@gipitation values is estimated.
Finally, the cumulative probability is transformed to a standard normal deviate zeith mean and unit standard
deviation (Mckee et al., 1993). Following the SPI concept, Shukla & (2008) developed the standardized runoff
index, which characterizes droughts by assessing modelled runoff time series. Negatase ofaiPI indicate the
existence of drought conditions. According to the SPI value, drought isegtanf one of four arbitrarily defined
]JvS ve]SC S] E*U & vP]vP (&E}{Mcked et al.,s1p938). AAlSEvark was focused on intense drought
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considered. For the assessment of climate change impact on droughts we used the relative wdrSiBhand SRI
(Dubrovsky et al., 2009). Relative indices use input data of two teriegs. The first period serves as the reference
period and is used for model calibration. The calibrated model is then applied to tiéte second time period. This
allows us to assess the drought conditions of the future compared to the bem&hoinought conditions of the baseline
period. The relative drought indices were calculated using two periods ofdeahpggregation, in order to capture
droughts of different duration. A 6-month period (SRI-6) was employed for the repréwentd short term events
that mostly correspond to agricultural droughts and a 48-month period (SRI-48)sedtaidepict long term drought
events that affect the storage of hydrological resources.

The domain of study is the European region. The results were also spatially aggregatgdtf&Buropean sub-regions,
proposed by Christensen & Christensen (2007), in order to assess climate change impacts at a regiohal seNel. T
regions of study are shown in Figi8&



Figure35. Studied European sub-regions (Christensen and Christensen, 2007).

6.3 RESULTS AND DISCUSSION

Figure 36 and Figure37 show the ensemble mean precipitation and temperature respectively, along with the
anomalies of the ensemble members from the ensemble mean for the baseline pedddea®WL1.5, 2 and 4 time-
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both forcing variables the anomalies of the baseline period are almost negligible, as tadisamrperiod was used
during bias adjustment of the forcing data. For the projected time-slices hemthere are considerable variations
between the models.

In Figure36 it can be observed that there is not one particular model that is wetter or drier than therdsieanean
for the whole extent of the studied European region. AtCof global warminghe rl ensemble member appears to
be drier than the ensemble mean for most of the examined area. R2, r3, and dsi@r¢han the ensemble mean in
the east part of Europe whilst r4 exhibits a drier pattern over the west part of the continent.sitmilar patterns and
values of anomalies are found for the %2 warming level. Under ©€ 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@be®show similar signals
to those of the lower warming levels (+1.5 and°€2.

According to the results presented in Fig@®#& under +1.5 and +2ZC of global warming, rl and r4 exhibit negative
temperature anomalies for the majority of the European region, in contrast to r2 and rgitletemperatures higher
than the ensemble mean. R5 shows a mixed pattern of positive and negative anonfiaiealbmagnitude and r6
shows negative anomalies at the west and positive anomalies at the east part of the continehe Fdf€ warming
time-slice a worth commenting change in the anomalies regards the r5 ensemble membeh exhibits
temperatures higher than the ensemble mean over the whole continent.



Figure38 and Figure39 show the ensemble mean changes in precipitation and temperature respectively and the
corresponding agreement of the ensemble members on whether the examined variables incrdhsepiojected
time-slices. The results shown in Figue@ indicate that under +1.5 and +¥Z of global warming mean annual
precipitation is expected to increase for most of the European region. Decreased preapggtiojected only for the
Iberian Peninsula, southern Italy and southern Greece. Regarding model agreement08%aofithe models agree

on the positive changes in projected precipitation. Model agreement is lower foregative changes (60 to 80%).
Precipitation projections for the +4C time-slice show decreasing trends over the Mediterranean region, including
south Balkans and south France and positive changes for central and north Europe. The coofidiecerojected
changes is considerably increased af@4as 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 narr@itlzaincrosses central Europe,
where projected changes are small (-5 to +5 mm/year) and model agreement the I@etd 60%). Regarding
temperature changes, due to the SWL concept for selecting time-periods, ther@0% inodel agreement on
temperature increase for all the projected time-slices (Figd9e Temperature increases are more intense at north-
eastern Europe and the Mediterranean compared to the rest of the continent. For théG 1ifae-slice temperature
increases over Europe range from +03%in the British Isles to up to #2 in the northern part of the Scandinavian
peninsula. The +ZC of global warming translates into an increase of up t&CHdr the Mediterranean and east Europe
and up to +4£C for north Scandinavia. For %4 of global warming, projections show increases in temperature over
Europe that span from +2 to € for the least affected areas (central Europe, British Isles) and from +£@fe6

the rest of the continent.

The relationship between precipitation and temperature changes at different SWLs feigheexamined European
sub-regions is illustrated in Figud®. Spatially averaged values of precipitation and temperature changes at the
projected time-slices and model anomalies compared to the ensemble meaalarated in Table 9 and Tabl®
respectively. In Figurd0 it can be observed that for higher levels of warming changes in precipitatiotesmbrature

are more intense for all the examined regions. Moreover, the variation of changes bethedlifferent regions is
accentuated at higher warming levels. Under +¥C5f 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. EEnsearb precipitation
changes span from +1.91 mm/year (for the Iberian Peninsula) to +42.39 mm/yedhdféips) and temperature
changes fluctuate between +0.68 (for the British Isles) and +1.25 (for Scanfdiiéé@dberian Peninsula, France and
the Mediterranean show small increases in ensemble mean precipitation, which however is theofestdraging
positive and negative changes efu]o E <}opsS u Pv]Spy X '"v E ooGU §Z & vP }( 8z
is large and spans through negative and positive changes for four out @ight sub-regions (IP, FR, MD and BI). At
the +2°C time-slice, the Iberian Peninsula is the only region where a negative change in ense@blprecipitation

is encountered, with half the models agreeing on the sign of the changd=r&oce and Mediterranean ensemble
mean changes in precipitation are positive, although 3 out of 6 and 4fotl models respectively show decreasing
trends. The regions where the smaller and larger changes and precipitation and temperaddoeind are the same
with the +1.5°C time-slice. Under #€ of global warming, reduction in ensemble mean precipitation are projdéated
France, the Mediterranean and the Iberian Peninsula and increases for the rest of the regions. The greatedeensem!
mean reduction is found for the Iberian Peninsula (-80.56 mm/year). Scandinavia shoagyd#t increases in both
precipitation (+145.98 mm/year) and temperature (+4°@j while the smallest ensemble mean temperature increase
is found for the British Isles.



Figure36. Ensemble mean precipitation [mm/year] and anomalies of the six ensemble members compheeein®emble mean for the
baseline and the three projected time-slices.



Figure37. Ensemble mean temperature [K] and anomalies of the six ensemble members compared to the ensenfbletihecdaseline and
the three projected time-slices.



Figure38. Ensemble mean of absolute changes in precipitation [mm/year] (top row) and medetant towards the increase of precipitation
in the projected time-slice (bottom row) for the three projected time-slices.

Figure39. Ensemble mean of absolute changes in temperaf@g(fop row) and model agreement towards the increase of temperature in the
projected time-slice (bottom row) for the three projected time-slices.



Figure40. Scatterplot of precipitation versus temperature changes per European regior8tMh. In the upper left panel all the SWLs are
presented and in the rest panels the SWLS are demonstrated individuallyifgr Bis indicate the range of model projections for each
parameter within each region.



Table 9: Regional average changes in precipitation [mm/yr] and anomaliressinsemble mean [mm/yr], for all the realizations of EC-EARTH-
HR, per SWL.

PR | Change from baseline | Anomalies from Ensemble mean
SWL1.5
Region | Ens.
name Mean | rl r2 r3 r4 r5 r6 rl r2 r3 r4 r5 6
P 191 -39.37 3114 2325 -5429 27.81 2292| -41.01 2889 21.37 -56.08 25.78 21.05
FR 510 -27.00 -559 30.06 -30.11 33.02 30.25| -32.16 -10.62 25.22 -35.34 27.89 25.01
ME 33.28 2517 26.73 1946 30.74 6158 3598| -822 -6.39 -1357 -2.76 28.31 2.63
SC 35.88 43.42 29.01 2223 2533 60.67 34.62 7.62 -6.77 -13.64 -10.77 24.65 -1.09
AL 42.39 112 5146 26.79 23.13 58.81 93.02| -41.36 8.89 -15.28 -19.75 16.83 50.67
MD 18.13 -16.10 -7.60 1854 3250 -1.36 82.79| -33.41 -25.44 110 1143 -19.78 66.09
EA 3539 3951 2037 2268 76.62 20.24 3292 395 -1494 -12.78 4091 -1493 -2.21
BI 23.38 6.32 20.23 3746 -558 3476 47.11| -17.37 -299 1421 -2881 11.10 23.86
Europe | 29.89| 26.56 23.49 2293 32.67 4160 32.06| -3.40 -6.33 -6.96 2.62 11.73 2.35
| SWL2 |
P -8.07 -41.96 29.99 2794 -7197 20.24 -12.67| -33.62 37.72 36.04 -63.78 28.20 -4.55
FR 1288 -241 -082 2373 -719 3337 30.61| -15.34 -13.63 11.11 -20.19 20.47 17.59
ME 4254 2932 1981 21.04 7420 65.76 45.09| -13.32 -22.58 -21.26 31.44 23.23 2.48
SC 5151 59.29 39.92 39.69 53.37 7497 41383 7.86 -11.50 -11.81 164 2332 -951
AL 63.88 3.12 7217 4855 7501 7595 108.47| -60.84 8.11 -15.01 10.64 1249 44.63
MD 2.89 -7.87 914 1931 -350 -25.16 43.66| -9.93 -11.73 17.12 -9.32 -28.34 4221
EA 46.48 46.37 26.14 19.68 114.34 29.08 43.27| -0.28 -20.26 -26.87 67.54 -17.18 -2.95
BI 30.27 41.08 1876 37.76 18.86 37.72 27.43| 10.51 -11.35 7.63 -11.25 7.17 -2.70
Europe | 42.77| 4319 35.82 3215 58.44 52.09 3491 0.36 -6.88  -10.63| 15.50 9.34 -7.68
| SWL4 |
P -80.56 -52.26 -57.17 11819 -61.72 113.44| 28.49 2335 -37.59 1865 -32.91
FR -16.34  21.18 -49.11 -46.07 -17.30 9.60| 37.48 -32.50 -29.84 -0.97 25.82
ME 60.75 79.14 9.92 5105 9270 70.92| 18.31 -50.55 -9.89 32.00 10.13
SC 145.98 160.00 127.32 100.15 199.75 142.66| 14.12 -18.63 -46.03 53.66 -3.12
AL 54.01 117.09 8.28 19.85 6.92 117.91| 62.96 -45.46 -34.69 -46.71 63.90
MD -55.62 -43.39 -1457 -79.96 122.22 -17.97| 13.11 41.80 -27.22 -66.84 39.15
EA 40.47  70.69 522 7346 -2.82 5580| 30.07 -35.30 32.69 -43.06 15.61
BI 77.65 8191 68.83 3549 139.69 62.32 3.99 -8.65 -41.98 61.79 -15.15
Europe | 7198 93.84 55.37 | 59.08| 82.36 69.25| 21.81 -16.61| -13.06 1041  -2.55

Tablel0: Regional average changes in temperat#(@] [and anomalies from ensemble me&@][ for all the realizations of EC-EARTH-HR per
SWL.

TAS | Change from baseline | Anomalies from Ensemble mean
SWL1.5
Region | Ens.
name Mean |rl r2 r3 r4 r5 ré rl r2 r3 r4 5 ré
IP 0.87 0.76 1.09 1.34 0.59 0.76 0.69 -0.11 0.22 0.47 -0.28 -0.11 -0.18
FR 0.80 0.63 0.97 1.27 0.50 0.83 0.62 -0.18 0.17 0.47 -0.30 0.03 -0.19
ME 0.88 0.61 1.12 1.31 0.52 0.95 0.76 -0.27 0.25 0.43 -0.36 0.07 -0.13
SC 1.25 1.00 1.52 1.48 0.93 1.27 1.29 -0.24 0.27 0.22 -0.32 0.01 0.05
AL 0.93 0.67 1.32 1.42 0.53 0.87 0.75 -0.26 0.39 0.50 -0.40 -0.05 -0.18
MD 0.86 0.62 1.14 1.42 0.42 0.79 0.77 -0.25 0.28 0.56 -0.44 -0.06 -0.09
EA 1.01 0.53 1.64 1.41 0.41 0.92 1.16 -0.49 0.64 0.40 -0.60 -0.09 0.14
BI 0.68 0.59 0.54 0.96 0.54 0.83 0.65 -0.10 -0.14 0.27 -0.14 0.14 -0.04
Europe 1.13 0.71 1.57 1.44 0.74 1.08 1.22 -0.41 0.45 0.31 -0.39 -0.05 0.09
| SWL2 |
IP 1.37 1.38 1.51 1.84 1.06 1.37 1.08 0.01 0.14 0.47 -0.31 -0.01 -0.29
FR 1.27 1.26 1.28 1.69 0.93 1.57 0.87 -0.01 0.01 0.42 -0.34 0.31 -0.40
ME 1.42 1.33 1.54 1.74 1.12 1.68 1.11 -0.10 0.12 0.32 -0.30 0.27 -0.32
SC 1.91 1.98 1.91 1.99 1.48 2.23 1.88 0.08 0.01 0.07 -0.43 0.31 -0.03
AL 1.52 1.38 1.83 1.97 1.14 1.50 1.27 -0.14 0.32 0.46 -0.38 -0.01 -0.25
MD 1.37 1.23 1.64 1.93 0.94 1.28 1.22 -0.14 0.27 0.55 -0.43 -0.09 -0.16
EA 1.69 1.26 211 211 1.22 1.77 1.69 -0.44 0.42 0.42 -0.48 0.08 0.00
Bl 1.06 1.21 0.81 1.20 0.94 1.49 0.71 0.14 -0.25 0.14 -0.12 0.43 -0.35
Europe 1.80 1.56 2.01 2.04 1.44 1.96 1.81 -0.24 0.21 0.24 -0.37 0.15 0.01




| SWL4 |

IP 3.56 3.39 3.93 3.19 3.92 3.38 -0.17 0.37 -0.37 0.36 -0.18
FR 3.32 3.12 3.66 3.01 4.04 2.75 -0.20 0.35 -0.30 0.73 -0.58
ME 3.56 3.46 3.84 3.25 4.26 3.00 -0.10 0.28 -0.31 0.70 -0.57
SC 4.46 5.03 4.27 3.93 5.04 4.02 0.58 -0.19 -0.53 0.58 -0.43
AL 3.99 3.76 441 3.61 4.52 3.67 -0.24 0.42 -0.39 0.54 -0.34
MD 3.51 3.56 3.95 2.94 3.67 3.45 0.04 0.44 -0.57 0.16 -0.07
EA 4.27 4.09 4.68 3.68 4.77 4.12 -0.18 0.42 -0.59 0.50 -0.15
Bl 2.69 2.59 2.67 2.59 3.59 2.03 -0.11 -0.02 -0.10 0.90 -0.67
Europe 4.42 4.46 4.55 3.96 491 4.23 0.04 0.13 -0.46 0.49 -0.19

Figure41l. Ensemble mean of mean annual runoff [mm/year] and anomalies of the six eressemebibers compare

to the ensemble mean for the baseline and the three projected time-slices.Hduyreesents the ensemble mean of
mean annual runoff for the baseline period and the three SWLs and the respective modwlas of the ensemble
members. For runoff, the differences between the anomalies of the baseline and thec{mwjperiods are not as
intense as they were for the input variables (FigB6eand Figure87). The r1 ensemble member produces less runoff
than the ensemble mean for the majority of the European land area for the baseline period and ltseoSW5 and 2
°C but at +£C its anomaly pattern changes to mostly positive values. For the rest of the eeserabibers the
anomaly patterns do not change dramatically between the projected time-slicean&hwers r2, r5 and ré6 mostly
produce more runoff than the ensemble mean in the south west part of Europe and lesf§ atithe north east part

of the continent. R3 shows negative anomalies in central Europe and r4 at the south west fdgioope. Figurd2
shows the ensemble mean of N(percentile runoff per examined period and the model corresponding model
anomalies. The anomaly patterns of the ensemble members are very similar to thosibelé$ar mean annual runoff.

Figure43 shows the ensemble mean of relative changes in mean annual runoff per SWL and the coirgspurdel
agreement. Under +1.5 and ®Z 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 angateinf the Mediterranean.
The projected runoff increases are larger at higher latitudes, especially at fiitir@e-slice. The rest of the continent
shows only minor variations in the mean annual runoff regime (-5 to +5 %Q. 800% of the models agree on the
projected increase of mean annual runoff while agreement is reduced (40 to 60%) for the areas wimrehanges
are encountered. At the +4C time-slice the positive changes in runoff production at the higher la&#uare
intensified. Moreover, all models agree on the sign of the change in thesenged®@ductions 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 inflpercentile runoff production and the corresponding model agreement per SWL
are illustrated in Figurd4. Relative changes in #(percentile runoff are exacerbated compared to changes in mean
annual runoff. The response of 1@ercentile runoff to global warming is very similar at +1.5 anéiC:ancreases in
10" percentile runoff, with 80 to 100% model agreement, are projected for central, central east, nortioaideast
Europe. With the same levels of agreement, reductions iid€rcentile runoff are projected for south Italy, Greece,
regions in the west part of France and the north half of the Iberian Peninsula. Uné@rof4lobal warming, reduced
10" percentile runoff is projected for all the Mediterranean countries, Portugalaest France, with 100% model
agreement in the majority of the affected area. For the rest of Europe (the north east part of theerdrand Iceland)

10" percentile runoff is projected to increase with 100% agreement between the models.

Spatially averaged values of ensemble mean changes in mean Anmbddentile runoff, along with anomalies of the
ensemble members from the mean, per sub-region and SWL are shdovabliell and Tablel2 respectively.



Figure4l. Ensemble mean of mean annual runoff [mm/year] and anomalies of the six ensemble meymipared to the ensemble mean for
the baseline and the three projected time-slices.



Figure42. Ensemble mean of ®(ercentile runoff [mm/year] and anomalies of the six ensemble members compared to the lenserab for
the baseline and the three projected time-slices.



Figure43. Ensemble mean of relative changes in mean annual runoff [mm/year] (top row) ated agseement towards the increase of mea
annual runoff in the projected time-slice (bottom row) for the three projected tiroessl

Figure44. Ensemble mean of relative changes it p@rcentile runoff [mm/year] (top row) and model agreement towards the increasetof 10
percentile runoff in the projected time-slice (bottom row) for the three projected ticessl|



Tablell: Regional average changes in mean runoff [mm/yr] and anomalies from eresemebh [mm/yr], for all the realizations of EC-EARTH-
HR per SWL.

RF Change from baseline Anomalies from Ensemble mean
mean
SWL1.5
Region | Ens.
name Mean rl r2 r3 r4 r5 ré rl r2 r3 r4 5 ré
IP 5.10 -6.60  18.32 17.04 -15.33 4.84 12.33| -19.11 14.69 1240 -23.63 7.87 7.78
FR 6.92 -7.69 11.06 16.98 -11.01 15.19 17.00| -28.79 6.00 13.09 -26.41 23.62 12.49
ME 1344  11.26  15.45 6.47 8.37 25.15 13.95| -18.25 -1.68 3.63 -11.04 24.03 3.31
SC 30.16 33.04 30.39 19.73 20.12 49.37 28.30| -40.34 -16.38 40.34 -10.34 29.72 -2.98
AL 28.74 -2.57  44.47 6.75 1499 4485 63.93| -51.51 1523 -11.94 -35.04 38.27 44.99
MD 9.56 0.73 3.26 10.17  16.27 -1.33  28.25| -10.75 -7.63 0.70 4.69 -6.66 19.64
EA 1371 15.36 10.75 8.10 30.16 4.61 13.27 -2.17 -5.09 -259 15.36 -5.55 0.04
BI 27.76 5.40 46.08 44.50 -9.03 2865 50.96| -8291 18.07 56.91 -62.99 58.26 12.65
Europe| 19.02 17.74| 20.11 1350 17.57| 25.76  19.46| -23.76 -7.99 18.21 -4.47 19.17 -1.15
| SWL2 |
IP 5.35 -3.56 24.76 19.36 -17.82 4.71 467 | -16.32 20.88 1447 -26.38 7.48 -0.12
FR 14.61 2.83 22.86 17.60 -0.02 2136 23.04| -25.96 10.11 6.02 -23.11 22.10 10.85
ME 19.69 12.12 14.23 4.61 3152 3210 23.59| -23.64 -9.15 -4.48 5.86 24.73 6.69
SC 47.71  48.08 4572 40.73 5154 65.15 35.04| -42.86 -18.60 43.78 3.53 27.94 -13.79
AL 49.96 -429 6990 2342 6098 6195 87.78| -7444 19.44 -16.49 -10.27 34.14 47.62
MD 9.32 5.89 11.18 12.50 9.41 -4.41  21.34 -5.34 0.53 3.26 -1.92 -950 12.98
EA 20.01 18.03 15.35 7.94 4870 11.15 18.90 -5.81 -6.79 -9.06 27.59 -5.30 -0.63
BI 39.35 37.83 48.61 46.12 24.88 37.12 41.53| -62.06 9.01 46.94 -40.67 55.15 -8.37
Europe| 31.06 29.10 33.47 2457 3858 3553 25.09| -24.44 -6.66 17.25 451 16.90 -7.56
| SWL4 |
IP -9.37 6.43 -5.69 -23.55 -4.02 -20.04 8.69 444 -17.09 13.78 -9.81
FR 19.65 31.66 4.87 5.82 2407 31.85 -1.80 -11.38 -21.94 20.14 14.99
ME 39.16  37.75 9.25  36.27 68.25 44.28| -18.21 -20.04 -9.60 40.66 7.18
SC 147.10 134.02 141.20 113.92 207.80 138.54| -59.62 4154 -36.80 67.89 -13.01
AL 56.07 96.08 0.31 42.98 37.63 103.37| 19.71 -45.82  -34.48 3.61 56.99
MD -2.32 3.00 4.93 -7.62 -26.40 14.49 3.14 7.06 -7.58 -20.12 17.50
EA 23.06 3155 8.94 35.98 10.50 28.34 4.23 -11.53  11.40 -9.43 5.33
BI 114.55 102.17 105.90 79.65 194.88 90.14| -72.97 31.48 -61.14 137.65 -35.01
Europe| 72.03 74.34 62.83 60.46 92.88 69.64| -21.99 12.72 -16.40  31.46 -5.79

Tablel2: Regional average changes inhercentile runoff [mm/yr] and anomalies from ensemble mean [mm/yr], for alle¢hkzations of
ECGEARTH-HR per SWL.

RFh Change from baseline Anomalies from Ensemble mean

10t
perc.

SWL1.5

Region | Ens.
name | Mean rl r2 r3 r4 5 ré rl r2 r3 r4 5 ré
P -0.15 -2.82 2.55 0.10 -1.98 -0.50 1.73 -2.42 3.90 1.88 -3.56 -0.44 0.64
FR -0.82 -7.77 -1.07 7.70 -9.79 2.93 3.06 -9.40 5.36 9.08 -14.32 6.94 2.33
ME 3.26 0.75 3.80 5.83 -0.41 9.48 0.09 -8.15 0.98 5.35 -7.66  10.22 -0.74
SC 1573 13.79 16.56 14.77 9.90 2478 1457| -17.32 -0.62  15.59 -5.96 8.69 -0.37
AL 14.76 -3.28  28.61 12.27 8.50 12.22  30.26| -30.14 12.31 9.87 -20.04 15.21 12.80
MD 1.24 0.42 0.40 0.27 2.35 0.02 3.96 -2.20 -0.80 2.99 -1.36 -0.40 1.78
EA 2.58 2.82 2.22 3.31 4.35 -0.10 2.90 -2.22 0.06 2.57 -0.09 -0.19 -0.14
Bl 8.52 16.47 6.58 7.37 244  11.19 7.06 -9.07 -246 1524 -14.38 16.08 -5.41
Europe 7.70 5.09 7.87 8.05 6.94 11.02 7.21| -10.21 -0.97 8.72 -3.43 6.52 -0.64

| SWL2 |
IP -0.44 -2.87 3.20 -0.55 -2.17 0.15 -0.39 -2.18 4.84 151 -3.47 0.50 -1.19
FR -0.43 -7.30 1.40 2.13 -4.44 1.37 4.23 -9.31 7.45 3.13 -9.36 4.99 3.11
ME 6.06 0.29 2.94 3.62 10.42 14.38 4.72| -11.42 -2.68 0.33 0.36 12.32 1.09
SC 26.01 2490 21.13 29.82 2594 33.02 21.27| -16.51 -6.33  20.36 -0.21 6.64 -3.96
AL 25.54 -5.71 38.03 2387 28.09 33.04 3594| -4335 1095 10.69 -11.23 25.24 7.70
MD 0.64 -0.04 1.23 -1.81 1.77 1.27 1.44 -2.07 0.63 1.50 -1.35 1.44 -0.15
EA 5.95 4.34 5.82 2.81 13.26 5.26 4.22 -4.07 0.30 -1.30 5.45 1.80 -2.19

Bl 7.46 20.99 8.30 15.96 6.51 -0.95 -6.05 -3.49 0.32 24.88 -9.25 5.01 -17.46



Europe| 13.81 1045 1245 1433 1725 17.90 10.49| -10.95 -252 888 077  7.29| -3.48
| SWL4
IP -429  -3.59 573 -3.71 -390 -451| 118 042 092 054 -1.23
FR -7.05  -5.25 -1385 -6.33  -467 -513| 047 511 -352 668 148
ME 1391 1270 -0.42 16.16 2430 16.81| -6.77 -11.47  -1.66 1449 541
sc 81.51 72.54 7991 6844 11230 74.37| -24.65 1466 -13.50 30.14  -6.65
AL 32.75  63.63 217 3438 2434 3924 1847 -1852 -12.46  9.03  3.49
MD 2.99  -1.49 550 -0.75 -550 -171| 0.12 1.46  -023 -169  0.34
EA 893 994 512 1227 880  855| -1.37 -1.88 156 244 -0.75
BI 11.67 21.87 471 685 3135 3.02| -6.93 -0.11 -1323 3298 -12.71
Europe| 38.26 37.56 33.13 3531 5172 3358| -853 301/ -585 1643 -5.06

Figure45 and Figurel6Figure45. Ensemble mean of change percent of time under drought conditions, described by

the SPI-6 drought index [%] (top row) and model agreement towards the increéisgeininder drought conditions

(bottom row) for the three projected time-slices. show the projected changes in percemefuer SWL that drought

conditions prevail in the European area, as defined by the SPI-6 and SPI-48 drdiegistrespectively. Regarding the

results on the short-term drought index SPI-6, in Figtiét can be observed that under +1°6 of global warmig

there is no significant increase in time under drought conditions. At théC+time-slice, an increase in drought
v 18] ve[ U@E S]}v }( A 8} 019 J» o E}i & (}®&]VAPOS XedE 33J0 SAV / EE B} MP .

is notably increased at the &€ SWL (5 to 25%) for the Mediterranean region. In contrast, the time extent oftdsoug

is expected to decrease for north Europe and parts of central Europe. It is wortigribdt at the +£C time-slice,

both the projected increases and decreases in time under droughts in the soutlhandorth parts of Europe

respectively are supported by 100% of the models.

The results on the long-term drought index SPI-48, show a slightly exacerbatedgedpalimate change compared

to short-term drought results (Figudb). At +1.8C, increases in drought duration are projected for parts of the Iberian
Peninsula and west France. At% the former increases expand to cover the whole lberian Peninsula, in addition to
west France and Greece. The model agreement for these changes ranges from084oUnder +4C of global
warming, increases in drought duration ranging from 25 to more than 50%rajected for the Mediterranean with
100% model agreement on the sign of the change. In the zone north of the Med#arratme under drought
conditions is projected to increase from 5 to 25%, with a one tier reduciothe agreement scale (80% for most of
the affected area). For the north part of the continent all models agree on a decreasesinnier long-term drought
conditions.

Changes in short- and long-term drought conditions, expressed by the SRIped&SWL are shown lgure47 and
Figure48respectively. The climate change impacts projected for droughts by thedgR lbire less dramatic compared
to the results of the SPI index. This can be justified by the fact that runoff is a centpairihe water cycle that, apart
from precipitation and evapotranspiration, is also affected by soil moisture. ThuSRhindex will have a slower and
more moderate response to a long-term deficit in precipitation compare8Rbd The results of the short-term drought
index SRE, suggest no increases in total drought duration under +1.5 arfiC+# warming. At +4C, increases of 5
to 25% in time under drought conditions are projected for the east patheflberian Peninsula and some smaller
areas in Italy and Greece, with 100% model agreement. Again, changes are more inteheddng-term drought
conditions. Under +1.8C of global warming, duration of drought conditions defined by 8Rird not expected to
change significantly over Europe. At the *2time-slice, projected increases of 5 to 25% in drought duration are
identified for parts of the Iberian Peninsula (with 80% model agreement). Increasatsariound for south France,
but the model agreement on increase in drought duration in this area is weak. At th€ tithe-slice, time under
drought conditions is projected to increase by 25 to 50% in the south Bleditean regions and by 5 to 25% in the
rest of the Mediterranean. In the most affected by climate change south part of the Mediterranean, allsnagded



towards the increase in drought duration. For the central and north part of the Meditean, model agreement is
lower (80% at the majority of the region and 60% in some regions, eg. In north Italy).

Figure45. Ensemble mean of change percent of time under drought conditions, described blylir@Rht index [%] (top row) and model
agreement towards the increase in time under drought conditions (bottom row)ddhtke projected time-slices.

Figure46. Ensemble mean of change percent of time under drought conditions, described by4&al&Right index [%] (top row) and model
agreement towards the increase in time under drought conditions (bottom row)ddhtke projected time-slices.



Fgure47. Ensemble mean of change percent of time under drought conditions, described by@lir@Rht index [%] (top row) and model
agreement towards the increase in time under drought conditions (bottom row)ddhtke projected time-slices.

Figure48. Ensemble mean of change percent of time under drought conditions, described by4Bel&Rht index [%] (top row) and model
agreement towards the increase in time under drought conditions (bottom row)ddhtke projected time-slices.



In this section, a comparison is attempted between the impacts on the Eurdpgdnological state under +4C of
global warming, projected by the ECAESZ & o]l §]}ve[ ve u eCORDEX BEnsemlte}used in D7.2 of
HELIX. This comparison bears some caveats that will have to be taken into acebernhiarpretation of the results.
Only two out of the five Euro-CORDEX models actually rea€@ +#the time-slice used to represent the higher
warming level. The other three models only reach +3.2, +3.75 and %3.16 the EC-Earth ensemble of the current
Deliverable, only one of the six models had to be discarded from the aratlyises+4 SWL time-slice. All the remaining
five models reach the € 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 selectiéub\itention to cover a wide range

of possible outcomes while the Euro-CORDEX ensemble was formed so as to resemireitige previously used

in the ISIMIP project. Moreover, there is a 5-year difference in the start of theibagetriod between the two
ensembles (1976-2005 for Euro-CORDEX, 1981-2010 for EC-Earth).

Figure49 shows a comparison between the ensemble mean changes in mean annual runoff projethedEC-Earth
and the Euro-CORDEX ensembles, at tH€+t#me-slice. It can be observed that the Euro-CORDEX ensemble projects
decreases of higher magnitude and model agreement at the Iberian Peninsula comp&&eBarth. Moreover, Euro-
CORDEX shows negative changes in runoff with 80 to 100% model agreement for south 8adigaos,that shows
minor changes in the EC-Earth projections. Another difference is that for EuroEX@fRDsign of the change is unclear
for a zone covering central Europe and also for eastern Europe. For the sameyé&gioRarth indicates increases in
mean annual runoff with 100% model agreement. The comparison between EC-Earth andkEZiroy ve u 0 ¢
projected impacts on I0percentile runoff under +4C of global warming is presented in Figtfe Both ensembles
project increases in ¥0percentile runoff in the north east part of the study region and decreases in thif seest

part. The decreases projected by Euro-CORDEX extend to higher latitudes comate&anth, but the same areas
are dominated by decreased model agreement between the Euro-CORDEX ensemble membersEdtite EC
ensemble also shows model agreement higher than Euro-CORDEX regarding the ipcogectesl for 10" percentile
runoff in north west Europe.



Figure49. Ensemble mean of projected changes in mean annual runoff and model agreement4®@GhSWL, from the EC-Earth (left column)
and the Euro-CORDEX (right column) model ensembles.

Figure50. Ensemble mean of projected changes ifi gércentile runoff and model agreement at the®®SWL, from the EC-Earth (left
column) and the Euro-CORDEX (right column) model ensembles.
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7.1 INTRODUCTION

According to the fourth IPCC report (Parry, 2007) vulnerability is the degree th whbystem is
susceptible to, and unable to cope with, adverse effects of climate change, inctiage variability
and extremes. Vulnerability is often decomposed into three major constituent coergenof the
exposure, sensitivity and adaptive capacity (Preston and Scientific, 2008) #ral dontext of climate
change is a function of the character, magnitude, and rate of changeseToacepts of vulnerability,
sensitivity, exposure and adaptation and adaptive capacity are interrelated and hdeepplication in
studying environmental changes providing many insights at global, regionaca scale (Smit and
Wandel, 2006). The adoption of this concept by the IPCC lead tZ the ]v 3 E ofuadaptafion to
the concept of many studies dealing with climate change. Although the concept of vdilitgrab
assessment is a widespread methodology of examining the degree of exposure for maoyraantal
systems under change (Turner et al., 2003), the application to drought is motespread practice
suggesting the need of increased effort (Gonzalez Tanago et al., 2016). One of theagairs is the
difficulty in retrieving quantitative information drought damages andnerability (Blauhut et al., 2015)
Gonzalez Tanago et al., (2016) conducted a systematic review of the droliggriability assessments in
the scientific literature until mid-2015 revealing the broad diversity of thmderlying conceptua
frameworks and the lack of consensus on the number and type of factors and dimensidies to
considered.

Recent studies at the global scale Carrdo et al., (2016) elaborated on a droughapisky combining
independent indicators of historical droughts and estimates of drought exmoand vulnerability finding
that potential drought risk is mostly driven by the growth of regional expe. A more focused approach
on world's cereal producing regions was applied to identify vulnerabilitygdats following a systematic
drought vulnerability assessment framework (Fraser et al., 20@umann et al., (2014) explored
different aspects of drought vulnerability using a composite indicator foridleatification of drought
hotspots over Africa. A good agreement of mapped drought vulnerability and disafienation from
the EM-DAT database was established.

Several systematic vulnerability assessment studies have been developed amd api continental,
regional or national scale over Europe. Alcamo et al., (2008) used infenemdelling to capture the
susceptibility to drought by quantifying crucial vulnerability indicatorgsigbk et al., (2009) presented
components-indices for evaluating social vulnerability to drought #rel effect of index weighting
through an application to six Mediterranean countries. Salvati et al., (2009)edpplcomprehensive
framework of mapping vulnerability of land to drought and desertificatiorc@ynbining biophysical and
socioeconomic indicators over Italy. Florke et al., (2011) usedikistmthe present study approach to
describe the change in European drought vulnerability by the 2080erthe A1B scenarioV E d ]
et al., (2014) developed a drought vulnerability map for Croatia basedlioratic and geophysical
indicators giving a first insight of the drought prone areas of the country.ekitensive work of the
DROUGHT R&SPI FP7 project (Stagge, 2015) provided a systematic categofiegatisanmental and
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socioeconomic factors affecting vulnerability and can be used for devel@pirassessment framework.
Blauhut et al., (2016) made use several indicators of the previous siutg idevelopment of a hybrid
framework of probabilistic impact prediction combined with vulnerabilityeassent for monitorig
drought risk at a pan-European level.

Here we try to develop and apply a simple, transparent conceptual framework degcEboiropean
vulnerability to hydrological drought of current hydro-climatic asacioeconomic status as well as
projected vulnerability at specific warming levels (CL52C and 4C) following high rates of climatic
change (RCP8.5) considering different levels of adaptation associated tiicsp@tibeconomic pathways
(SSP2, SSP3 and SSP5).

7.2 DATA AND METHODS

Most of the approaches of the current studies on drought vulnerability origingtélifferent schools
(Gonzalez Tanago et al., 2016). The first is the climate change adaptation schypth&Cfoduses on the
degree of a system being susceptible to, or unable to cope with, adverse effecteugfht and the
disaster reduction riskQDR school that examines the capacity of a person or grtougnticipate, 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 wedfdhewe
corresponding conceptualization similar to the one provided by the IPCC Fourth Asses$seport
(Parry, 2007), which defines vulnerability as a function of three major compantmsexposure to
climate change, the sensitivity, and the adaptive capacity. The drought vulner#oititydifferent levels

of global warming (+1°%, +2°C +4°Q) 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. Thaemtsafss
vulnerability provides a qualitative view of climate risk rather than expiigtlictions of climate change
outcomes or impacts. Since the various climate, demographic and socioe@indinators are measured

in different units, they are all brought to a common scale using an appropr@t®alization method.
Several normalization methods can be found in literature, each with specific adeantagd
disadvantages (Fekete, 2009he decile normalization was selected for its robustness and simplicity. The
method categorizes the data of each indicator into deciles and assigns score frori0l Tablel3
includes the indicators and corresponding expressions of exposure, sensitivigdaptlve capacity of
European vulnerability to drought used in the scoring framework.

Tablel3: Indicators and expressions of exposure, sensitivity and adaptive capacity of bililyamafreshwater scarcity.

Indicator Expressed by Weight
I Relative changes in mean annual runoff 1/4
o Water availability on averagé .
= production
% Relative changes in T(ercentile runoff 1/4
S Low flows :
£ production
w Duration and severity of Change in duration of short and long term 1/4
extreme events relevant to | meteorologicaldroughts t index based on
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water availability (short and | Standardised precipitation Index (SPI) of 6 an
long term droughts) 48 months temporal scale
Change in duration of short and long term 1/4
hydrologicaldroughts t index based on
Standardised runoff Index (SRI) of 6 and 48
months temporal scale
? Population density ][\lumber of people totally affected by 1/3
— reshwater stress
2 Irrigated agriculture Extend of irrigated area - FAO 1/3
& Water Demand sectorial Gridded dataset of water demand per sector 1/3
Economic resources availab| GDP per capita (PPP) 1/5
2 | to adapt
@ World Governance Indicators (WGI) - World 1/5
o Law enforcement
S Bank
0 Human Capital Percent of highly educated working populatio 1/5
8 | Level of natural freshwater | Extend of highly productive aquifers and inlan 1/5
g storage capacity water bodies for freshwater storage
< Level of artificial freshwater | Storage capacity of dams. Geo-referenced 1/5
storage capacity dataset for Europe FAO

The resulting indicators for the dimensions of exposure, sensitivity and adaptive capacity wally equ
weighted by 1/3. Equal weighting was also applied for all sub-inditeach dimension. This standard
equal weighting procedure was chosen for the sake of subjectivity. The weights that wegreedssi the
model dimensions and indices are included in TaBle

Exposure, in the context of climate change, refers to the nature and degree to which a systgosisde
to significant climatic variations (Fiissel and Klein, 2006). Different elememisiéh hazardous events
may occur comprise the elements inventory of exposure (Birkmann et al.,.28Xfnactice, the exposure
is conceived as the changes in the climate variability and/or the climate system (Brook2@d%).,

A first indicator of exposure to water stress is freshwater availability. In this study, freshwatkzbility

is described by the runoff production (L. V. Papadimitriou et al., 28&6yed from the hydrological
simulations forced by th& GEARTHHRclimate model runs (The forcing datasets used for this study are
an ensemble of global high resolution climate model simulations, generated with thd tise BC-Earth
model in Atmospheric General Circulation Model (AGCM) mode. EC-Earth was rumesitibed sea
surface temperature, provided by six CMIP5 models. As a result, the generated simulatiofnissgnléy
patterns of climate change to those of the driving CMIP5 models. The criterion fal seldction was to
cover a wide range of uncertainty in the future climate projections. The engeimtlldes two models of
respectively high and low climate sensitivity (IPSL-CM5A-LR and GFDL-ESM2{H S -CM5A-MR) and

a wet (GIS&2H) model and finally the two in-house HELIX models (HadGEM2-ES and EC-H%&RTH).
climate model output starts from the reference period and spans up to 2100 orfdt20me models, in
order to cover the time-periods that correspond to the examined warming l€uplso +4°9). One model
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realization (r2, GFDLAD1De ] }u]S8 (E&}u §Z "t>0 Ju%o Se[ v 0Ce]e + $Z &
for the SWL4 time-slice. The list of the CMIP5 models used to generate the higltioesclimate
simulations along with the time of exceedance of three examined Specific Warming Levedsf(B\&hch

model are reported in Table. The hydrological simulations performed in the frame of this analysis are
explicitly described in section 6.2Fgure51 illustrates the relative exposure to freshwater availability as
derived from the mean annual runoff production, for the reference period ardpitojected periods of

the three SWLs, spatially aggregated at NUTS2 level over Europe. The relatively dsgineeapmiddle-

east and north-eastern Europe is projected to alleviate by the increasinglgstighnoff production
(Figure43) of the subsequent SWL periods. The opposite is expected for the southern part of Europe. The
lower part of Figurél illustrates the range of the projected relative exposure to freshwater availability
as derived from the hydrological simulation of the six model ensemlalbl€T7). 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 ofrdlriet, r6) or wetter (r2,

r3, r5) response is foreseen.

Figure51. Relative exposure to freshwater availability (up) at NUTS2 level and ranggeatipns (bottom) for the baseline and
the SWL periods.
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A second indicator that is capable to describe the exposure to water stress is the inforoatmm flow
regimes (Prudhomme et al., 2011). While the change in the low flow ipatsof the change in the mean
runoff production, it serves for the indication of trends towards more intense or/dtehaextreme lows
in the future hydrological cycle (L. V. Papadimitriou et al., 204i§ure52 is a similar representation of
Figure51 on the relative exposure but for low flows at the spatial level of NUTS2 local iattative
boundaries. The signal of change for the relative exposure to low flows is sintiter torresponding of
the mean annual runoff production more but even more clear and robust in terms of modsdragnt.

Figure52. Relative exposure to low flows (up) at NUTS2 level and range of projections (Hotttme)baseline and the SWL
periods.

Additionally to the abovementioned indicators, drought indices like the Statisied Precipitation Index
(SPI) can effectively map the duration and severity of the extreme meteorololyaaghts (Stagge et al.,
2015) relevant to water availability and can also facilitate the conceptxpbsure indicator in the
vulnerability assessment framework. Section 6.2.6 describes in more detd#éfinéion levels of drought
severity and duration considered for the present study, as well as, the impacts of a weimate on
them. The 6-months temporal scale was selected for the examination of short terraonoétgical
drought associated to agricultural drought and changes to the seasonativas. As shown in Figub3
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Spain and Portugal, Southern Italy and mainland Greece, the Scandinavian Peninsula, @ireandri
Ireland as well as central Europe are relatively more highly exposed areas to shotyerotogical
drought. The severity of exposure is even more pronounced for higher levels ofngaorér southern
Europe while the opposite is projected for northern Europe. Especially for the SWikktian 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 ailomgiroughts and
effects on high capacity reservoirs related to drought indices at long ti@ess¢Lorenzo-Lacruz et al.,
2010). The relatively Pan-European moderate exposure to long term drouggted54) of the recent
past period is attenuated for central and northern Europe and more severe for southerneEditogre is
an overall considerable variation of the projected exposure to long tiiought between the models for
the SWLs of 1.5 and 2 degrees, while for the higher level of 4 degireemming models agree on the
increased exposure over the northern Mediterranean region.

Figure53. Relative exposure to short term meteorological droughts (SP16) at NUTS2 level and mogeetions (bottom) for
the baseline and the SWL periods.
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Figure54. Relative exposure to long term meteorological droughts (SP148) at NUTS2 levelgenaf ianojections (bottom) for
the baseline and the SWL periods.

Based on the SPI concept the Standardised Runoff Index (SRI) (Shukla and Wood, 2@@8ataso
hydrologic processes that determine seasonal lags in the influence of climateeamflow and can serve
as an indicator of hydrological drought providing additional infororagspecially in the case of short
time scales. Exposure to short term (Figd® and long term (Figuré6) hydrological drought was
examined with the use of 6-months and 48-months SRI temporal scales, respe@&REWas employed
in order to provide additional information on exposure by capturing higdjical processes and associated
droughts which cannot be described by SPI (meteorological drought). For exarni¢ northwestern
Spain and north Portugal are classified as highly exposed to short term metaocabldgughts (Figure
53) the opposite is depicted with the use of SRI for hydrological drought. Thus, tld tyee temporal
scales (6 and 48 months) and also the use of SRI additional to SPI complémentsrall concept of
drought exposure.
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Figureb5. Relative exposure to short term hydrological droughts (SRI16) at NUTS2 levelgmdfrprojections (bottom) for the
baseline and the SWL periods.
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Figure56. Relative exposure to long term hydrological droughts (SRI48) at NUTS2 leveigndfrarojections (bottom) for the
baseline and the SWL periods.

Figure57 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 dasedithe
SWL periods following high end climate change (RCP8.5). The four indicators of axateagailability,

low flows and extreme events relevant to water availability (short and leng troughts) were combined
with equal weighting (Tabl&3). 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 consequenetise in runoff production.

As a result, the relative overall exposure is projected to decrease for the majbthg &uropean land
area except the Mediterranean.
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Figure57. Relative overall exposure to freshwater availability at NUTS2 level for thenbaasdi the SWL periods following high
end climate change (RCP8.5) for a range of model projections.
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The sensitivity of water availability and stress in climate change refers to the 8pness of the
socioeconomic system to the related climate induced hazards. Their responsivenelémate induced
changes can be estimated by a series of indicators that represent the degree that theypased to
climate change.

Population density has been found to serve as an appropriate indicafmes$ure on the environment
in terms of water resources related hazards (Kossida et al., 2012), sasvangvofold indicator. A densely
populated region is more susceptible to a water related natural disaster such droaghtsore people
will be affected by it per unit area (Cutter and Finch, 2008; Yohe an@0ufl). At the same time the
infrastructure capacity is a function population density, with the former to be incregsseglsitive by its
size on water related hazards. Furthermore, potential changes in population deasityad to changes
in water demand (Kossida et al., 2012; Leary and Kulkarni, 2007). In thatprestysis, the population
density of year 2014 was considered for each NUTS2 area (population per square kjl@ndtserved
as the reference population density of the baseline period (Fi§8yreThe respective data were retrieved
from ESRI (Michael Bauer Research GmbH). Although abrupt changes are not espactaggions may
face significant changes in their population, leading to increased water stress (Koaht2614). Here,
the change in the population density was estimated for each SSP scenario and SWL, X ES2rarea.
The projections were obtained from IASSA (KC and Lutz, 2014) for the differeat 8®R®rresponding
year of passing the SWL1.5, SWEL3WL4 (Figures).
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Figure58: Population density (inhabitants per Rnfor the crossing time of SWL1.5, SWL2, SWL4 according to different SSPs over
Europe, in NUTS2 level.

Figure59 presents a collective picture of the evolution of European poputagiccording to three socio-
economic scenarios (SSP2, SSP3 and SSP5) for the SWLs crossing yeaemnfgr tieclimate model
projections used in the present study.
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Figure59. Evolution of European population according to three socio-economiargxe(SSP2, SSP3 and SSP5) for the SWLs
crossing years for a range of climate model projections.

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 theeBaroggion, from the
northern countries where precipitation is relatively equally distributed throughybar and irrigation
withdrawals may even be negligible, to the southern countries where the precipitat&septs a highly
seasonal pattern and the irrigation water reaches to as high as 70% of the avaitdbleHence irrigation

is a major consumer of freshwater in parts of Europe, especially in the southern regionsesitivity
indicators were considered. First, the influence of irrigation practice in eadfSR@rea was expressed

by the extent of irrigation as the percent of the area that is irrigatedgdted area percentage was
}§]1v (E}u & K[+ Yh ~dcnd shown]i§ Figuréo.
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Figure60. Fraction of irrigated area per NUTS2 region. FAO. 2016. AQUASTAT website. FoadwdhuoieAQrganization of the
United Nations (FAO). Website accessed on [2016/07/27].

Additionally, past and future sectorial water demand was included in theevability analysis. This
indicator can express the human stress posed on the available freshwater. N. Hanasak2@13}, used

the statistics-based national water withdrawal data for domestic, industrial, and agriaLsteictors from

the AQUASTAT database for the reference period. They also used projections of the water gemand
sector from (SHEN et al., 2010) which were incorporated into HO8 logical model (Hanasaki et al.,
2008)to obtain global scale gridded future projections of water demand for different &SRusos (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. Figirehows the spatial distribution of total water
demand for the crossing time of SWL1.5, SWL2 and SWL4 according to di&f8resntover Europe, in
NUTS2 leveFigure62 also illustrates the temporal evolution of water use scenarios at Pan-European
level according to three socio-economic pathways (SSP2, SSP3 and S®BIR33WILs crossing years of
each climate model for the full range of climate projections. Both SSP5 and $$Bfvectional
development and fragmentation, correspondingly are considered of high growth in tdrimigated area

and crop intensity while SSP2, the middle road, is regarded as medium giowdtms of water use
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efficiency (mainly for irrigation), SSP5 represents a situation of higreafficiSSP2 of medium and SSP3
of low efficiency, as illustrated in Figusg.

Figure61. Water demand for the crossing time of SWL1.5, SWL2 and SWL4 accordfiiegent ESPs over Europe, in NUTS2
level as derived by Naota Hanasaki et al., (2013).

97



Project No 603864

Figure62. Water demand at Pan-European level according to three socio-econonmacigs€8SP2, SSP3 and SSP5) as
developed by Naota Hanasaki et al., (2013) for the SWLs crossing years for a rangga®hwobdel projections.

The sensitivity indicators (Tabls) where equally weighted for the estimation of the sensitivity index.
High population density areas (Fig&® like Great Britain, central European countries and capital regions
contribute to the increase of overall sensitivity. Increase in projected populatoarding to the different
socio-economic pathways (and especially for SSP5 - Fs§irare enhancing the sensitivity. Highly
irrigation dependent areas like the Mediterranean countries, Balkan area and the Netherlanote GB)g
result to higher overall sensitivity. The same is true for the total water demanaréfgd). On the other
hand, the combination of the indicators of population density and total wdeanand compensates the
total sensitivity of the future. For example, the increase in sensitivity due to ptpalincrease according
to SSP5 is counterbalanced by the higher water use efficiency assumed fathivisyp. Finally, Figug3
illustrates the full range of model projected relative overall exposurfeashwater availability, as derived
through the combination of the exposure indicators, at NUTS2 level for the baselinbeaB8VL periods
following high end climate change (RCP8.5).
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Figure63. Overall sensitivity to freshwaterailability at NUTS2 level for the baseline and the SWL periods followingridgh
climate change (RCP8.5) for a range of model projections. NUTS2 areas marked in hatehainditdmodel sensitivity range
of the order of 10.

The adaptive capacity refers to the ability of the society and the economypi® with climate induced
water availability variability and extremes. Adaptive capacity is measured i @frmresources availability
i.e. human capital, financial capital and infrastructure, and the required institution@bt#p utilize the
former resources.
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The first indicator that was adopted is the gross domestic product (GDP) as préessed by the
Purchasing Power Parity (PPP). GDP serves as a proxy of the available financidiaagatabe utilized

for adaptation actions. The GDP of the reference period were obtained from the \Barlkl data of
International Institute for Applied Systems Analysi$ASA database2. The same database provided GDP
projections for the SSPs (Nigel W. Arnell et al., 2011; Moss et al., 010§ respective SWL periods
listed in Table /Figure64 shows country leMe&GDP per capita for the reference period and the defined
combinations of SWLs and SSPigure65 depicts the European GDP-PPP according to three socio-
economic scenarios (SSP2, SSP3 and SSP5) for the SWLs crossing years forf aliraage model
projections.

Figure64: GDP per capita for the reference period and the considered combinations of SVYASPan(NUTSO0).

2 https://secure.iiasa.ac.at/web-apps/ene/SspDb/dsd?Action=htmIpage&pageasabo
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Figure65. Projections of European GDP PPP according to three socio-economic scenarios (S&RRSSBB) for the SWLs
crossing years for a range of climate model projections.

Two indicators were considered for the inclusion of the institutional capital that utilize adaptation
measures. First, the Law enforcement ability (Figi8greflects the perceptions of the extent to which
agents have confidence in and abide by the rules of society, and in partibelajuality of contract
enforcement, property rights, the police, and the courts, as well as the likelihbodnee and violence.
Hence it also reflects the ability of the government to formulate and implemennhd policies and
regulations that permit and promote private sector developm@gaufmann et al., 2010The dta were
obtained from the Worldwide Governance Indicators (WG« ): The second indicator
considered was the human capital, which reflects the characteristics of the workforce andrataat
which can be described by the skills and diversity of workforce, long-tevemployment, aging,
educational levels, etc. (Russo et al., 20T2)is indicator is the percent of highly educated workforce
(Figure67). Human capital in terms of educational level is important as it is higlalied to the ability to
manage information, in this case, related to water management and/or water policy application.
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Figure66: Rule of Law. Countries ranked in percentiles among all countries.
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Figure67: Human Capital expressed as the percentage of highly educated working popuratioin S2 level.

A third pillar of adaptive capacity indicators is related to the natural and thécaatiinfrastructure that
can serve for the mitigation of a climate related water scarcity issue. The most ajgeoimdicator is
the ability to retain freshwater for use during a drought event. The indicator wasessed by two
different indices, the extent of highly productive aquifers and inland watedsodFigures8) and the
storage capacity of dams (Fig@®). 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 seocagacity
data from the IHME1500 v1.1 were obtained. This data is a state of the art oéslidfitization of the 25
map sheets of the International Hydrogeological Map of Europe at the stald,500,000 (IHME1500)
(Duscher et al., 2015). For the indicator of artificial freshwater storage capacitymatfon of the FAO
ggo-E ( & v ue[ vEas used { ).
Data for desalination and countries like Malta and Denmark was gathered from different sources.

103



Project No 603864

Figure68: Left: Highly productive aquifers and inland waterbodies of EuRigt: Classification of natural freshwater storage
in NUTS2 level.

Figure69: Total Dam capacity and desalinated water per capita (m3/inhab)

Figure70is the result of the combination of the aforementioned adaptive capacity indicators. lllustrating
the overall adaptive capacity related to freshwathortage at NUTS2 level for the baseline and the SWL
periods following high end climate change (RCP8.5) for a range of muojlettppons and plausible SSP
combinations. Higher GDP per capita and human capital, as well as more effgmiernance for most

of the western and north European countries results to a higher overall adaptive tapalaited 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 basalithe SWL periods
following high end climate change (RCP8.5) for a range of model projections asith|pl&SP 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 arel B®Rn

in Figure7 1. For the northern European countries, exposure is decreased with the progressing of warming.
In contrast, southern and Mediterranean countries face increased exposure compared to daselin
higher SWLs are reached. The highest adaptive capacity is reported for countries of aedtrairth
Europe. Sensitivity and adaptive capacity do not show notable differences flenedif SWLs. This may,

to some degree, stem from the spatial aggregation of the information on the Nlg¥&2o the country

level (NUTSO).

The combination of exposure, sensitivity and adaptive capacity leads to vulitgrpbifiles at NUTS2
level for the European region, for the baseline period and the considered SWLlibef&@SPs that
correspond to the RCP8.5 emission pathway (FigdyeAn observation common for all the considered
time-slices is that northern countries show the lowest vulnerability values and Meditgaraocountries
along with east European countries are the most vulnerable regions. There anmanginal differences
between the vulnerability patterns of the baseline period and the SWLs. These catemaases in
vulnerability for north and central Europe and vulnerability increases ivtditerranean. Multi-model
vulnerability range (also shown in Figut® is relatively small (O to 0.2). The highest uncertainty in the
vulnerability patterns is reported for the central-east European region across all the emw8WLs and
for central Europe at SWL2.

The relationship between changes in vulnerability with respect to baseline conditionsxmadure for

the EU-28 countries is investigated with the scatterplots shown in FigfurEhe first quartile corresponds

to both increased vulnerability and high exposure. Respectively, the third quadil®sponds to
decreased vulnerability and low exposure. Thus countries whose values fadl finsthquartile are the

most endangered by global warming while countries of the third quartile are thetsai#srespect to

climate change risks. For each SWL, the relationship of vulnerability change and exposun®tdoes
fluctuate between the three SSPs. In contrast, as higher SWLs are examined, the distinctieenbetw

Ny vPE v Me (0 JTUVSE] - }u ul@E® %E}vipv X § MeS0U SZ
European countries are projected to experience both increased vulnerability amexpgpsure while the
restofthe EUt® JUVSEE] » E "o (_ H 8} 3Z ]E 0}A A%} pE v E -
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Figure71. Country level aggregated exposure (left), sensitivity (middle) andigdagapacity (right) for the baseline and the
SWLs. Exposure is presented EEE}E E+ AZ] Z & % E » v3 §Z u v v 8Z E vP }(38Z veuo[e
country.
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Figure72. Relative overall vulnerability to freshwater availability at NUTS2 level édvdkeline and the SWL periods following
high end climate change (RCP8.5) according to different SSPs. Lower panete ilhestrailti model range of relative
vulnerability.
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Figure73. Change in relative overall vulnerability from baseline against relativesexedor the EU-28 countries.
Mediterranean countries are marked with red color. Positions of the x and y axis codésibe median value of change in
vulnerability and exposure respectively. The median is derived from the 28 valueseur@séime scatterplots. Scatterplots are
presented for all the SWLs and SSPs combinations.
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