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1 EXECUTIVE SUMMARY

Climate change is likely to affect the hydrological regime in various worldnsegigthvarious potential
implicationson biophysicalystemsand our societies. In this report wassesshe projections of water
availability and river flood risk under higimd climate change in Europe produced with HigldRalhigh
resolution climate model§/Nyser et al016) and comparéhesewith the resultsbased on globecoase
climate models used in théSIMIPproject and on highresolution regionalEURGCORDEX climate
ensemblesThe projections are examined for three levels of warming (+2and +3C for river flood
risk; +1.5, +and+4°Cfor water availability, as relative changes compared to a reference period.

Results showsubstantial increase in flood rigkgxpected damage anpopulation affected with global
warming overmmost countries in Central and Western Europe. In Easteropguherise in flood rik is
smaller and the multmodel agreement is generally poordm.some countries in Southern Europe (Spain,
Portugal, Greece) the initial increase in impacts at 1.5°C turns into nmoegtain projections in the case
of higher warming levels, due the interplay between increasing extreme precipitation intensity and a
substantial reduction imeanprecipitation

Water availabilityrepresented bynean runoff is projected to increase in the north of Eurapddecrease

in the south with small changeandlower model agreement for central Europe. For low runalifmodel
ensemblesagreeon anincreasein low runoff in the northeastern part of Europewhile there is less
agreemenbverthe southwestern part of the continent-or shoriterm droughts, all the ensembles show
increased drought duration over the Mediterranean while for ldagn droughts the region of increased
drought duration extents to the whole of southern Européoreover, the projected increase in drought
duration is larger for longerm compared to shorterm droughts.Regarding changes in high runoff, all
the three ensembles show negative changes for the south gfaEurope but have different signals for
central Europe.
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INTRODUCTION

Climate change is likely to affect the hydrological regimes in various world segiahlead to dramatic
changes in the frequency and intensity of future extremerds like droughts and floodwith potential
implications orbiophysical and socieconomic impad. Climate mpact models havenade leaps forward
in the past few years, thanks to the increased availability of high resolution eliprajections and
detaileddata. Yet,the input data and modelling stepssed by climatenipact modelscan substantially
influence their resultand itis therefore crucial to compare different models to gain more insaghtheir
agreement (or disagreement), tdentify strengths and limitations of different methodologies)d to
providepolicy makersvith best estimates of futureisk trends.

Therefore, in this report wassess the projections of water availability and river flood risk uhiggrend
climate change in Europe produced with HELIX higher resolution elimatlels, and compare HELIX
simulations with the results of ISIMIP and theFERMCORDEX climate ensembles. In particular, we evaluate
differences and similarities between the projections of the 3 ensembles aatapossible added value
provided by the newer HELIX simulations.

In Section 3, weompares estimates of river flood risikader global warming scenarios of 1.5, 2 and 3
degrees, as compared to piedustrial levelsNote that in this study théd°Cwarmingscenario was not
evaluated becauseaot all the climate projections reachettC global warmingby the end of 2100The
as®ssment is based on comparing projections of expected d@naand population affected at country
level based on the 3 model ensemblds Section 4, we evaluate projections of water availability and
stress under higlend climate change in Europe for th@B8sembles, considering three levels of warming
(+1.5, +2 and *€), as relative changes compared to a reference peltitids to be noted that thetudy
looks at 4C but excludeBom theanalysiclimate models for whicprojections do not reacthis warming
level. In both sections differences and common poirde shown, to point out main sources of
uncertainty, strengths and limitations of eaelmsemble The multrmodel comparisons then used to
identify regions with the largest agreement onesjfic changes in flood risknd water availability, and
regions where no clear signals can be identified
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3 PROJECTIONS OF RIVER FLOOD RISK IN EUROPE
3.1 INTRODUCTION

Floods are among the most costly natural disasters in Europe (EEA Beir7ipact haseen growing
steadily in the past decades due to the increase of population and builtags aClimate change is likely
to affect the hydrological regimes in various world regions, with potentiglications on the frequency
and intensity of floods andtber weatherrelated hazards (Forzieri et al 2016).

Understanding and quantifying future flood impacts under different climate sceméi&ey to develop
adequate risk management actions. A multitude of research works adig this topic has been
produced in the recent years. Those range from local case studies to nationdhestal and some

globalscale assessments based on sophisticated modelling chains. Europe giora thet received

considerable attention, thanks to the large availability of foycheteorological datasets, reported flood
losses and future climatic projections.

Despite this wealth of studies, few works investigated the agreenf@ntlisagreement) of flood hazard
and risk projections derived from different studies. Comparisons studiesracgal, because they allow
researchers to identify strengths and limitations of different metblogjies, as well as to investigate
reasons for disagreement among model results. Further, policy makerardkbest estimates of future
risk trends along with confidence intervals deriving from different steidie order to take action.
Comparison studies available in the literature on flood risk projections arelynmsalitative due to the
complexity of comparing different variables, resolution and reference periocois.EErope, a recent
comparison work by Kundzewicz et al. (2017) identified some regiomaddria future flood frequency
and magnitude (i.e. British Isles, Scandinavia, Eastern Europe) and painitackas where no robust
signals of change could be identified (e.g. Southern Europe). Howeverjtgtia® comparisons are
necessary to investigate the influence of modelling approaches and daitamact projections, and to
gain more confidence on model estimates.

The present work aims at awering two relevant questions: can we identify consistent, model
independent trends in flood risk in Europe under climatarge? Which are the reasons for the
differences (and similarities) among projected model results?

To answer these questions, we compare the results of three sththe-art research studies that
evaluate the soci@conomic impact of river floods in Europe under climate chargsed on three
different ensembles of modelsSpecifically, we consider one study at continental scale figrifdt al.
(201%=), and two global scale applications (Dotteti al., in review;Alfieri et al, 2017) designed to
evaluate economic damages and population affected under specific warming (8¥¥lss) identified in
the Paris Agreement (UNFCCC 2015).

We analyze quantitatively the differences in projected changes at country andleve discuss reasons
for the observed outcomes. The three studies cover a wide range ofadekbgies and datasets for
climate forcing, hydrological and flood modeling, and impact assessmenefdte the comparison is

expected to shed light on the influence of the data applied arethods to assess impact projections.

8
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The analysis is complemented with a comparison of resiiltise three studiedor a baseline period with

loss data reported by global datasets on natural disasters, includinBA&M from the Centre for Research
on the Epidemiology of Disasters (CRED)-[RW 2016) and NatCatService by Musith (Munich Re
2015), as well as with ¢8 estimates produced for the Global Assessment Report (GAR) on Dissister Ri
Reduction (UNISDR 2015).

3.2 DATA AND METHODS

We present here a brief description of each method, followed by an analfysieeanain differences
between the modelling approaches and the datasets appliegble 1 summarizes the modelling
components used in thenodel ensemblesFor more details we refer the reader to the original papers
(Alfieri et al 2017, 2014 Dottori et al.,in review)

The research bwlfieri et al. (2018) makes use of seven climate projections from the EXGR®DEX
database based on the Representative Concentration Pathways (R&;R)oBesponding to a high
concentration scenari(see Section 3.2.4.1¢limate projections were run thugh the hydrological model
LISFLOOD (van der Knijff et al 2010, Burek et al 2013) and resulting streamflamalyaed statistically
to estimate the occurrence and magnitude of future discharge peaks. A PeaKliieshold (POT) routine
was implementeda identify relevant flood events simulated in the present and future dém@o this
end, the study calculated the return period of simulatedctiarges using Gumbel extreme value
distributions of annual maxima fitted for each grid cell and climate ptiglec Then, hydrographs with
maximum return period larger than the local value of flood protectiaresconsidered as flood. To define
inundation depth and extent for simulated river flood e¥®rthe study used European flood hazard maps
for return periods between 10 and 500 years under present climate condifjalfieri et al 204). Flood
maps were then used to derive maps of potential population affected oténtial damage for each
return periods. Impact maps were obtained by combining hazard mapsexjosure data in the form of
population density, land use, economic wealth, and with vulnerability infoiona¢xpressed by flood
damage functions and flood protection standards. Finally, impacts of river flotls present and future
climate were assessed by linking every simulated flood event to its patedtdmage and population
affected, through its return periad
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Tablel. Summary table of the modeling components included in the three flood risk assessmdged and relevant references

Project No 603864

GCM RCM Hydrological model Inundation model Exposure data Vulnerability data
DBH
HO8
Mac-PDM.09
ISIMIP GFDIESM2M MATSIRO GHSI(Pesaresét FLOPRQOScussolini
(Dottori and HadGEMZES MPEHM CaMa roo_d al 2013) et al2016)
others in IPE£-CM5ALR - PCRGLOBWB (Yamazakeét al GlobCover 2009 Globgl damage_
review) MIROGESMCHEM VIC 2011) (Bontempset al functions (Huizinga
NorESMiM WBMplus 2011) and De Moel 2016)
JULES
LPImI(Dankerset
al 2014)
IPSECM5ALR
GFDIESM2M GHSI(Pesaresét FLOPROScussolini
JRQGL HadGEMZES ECEARTH3R Lisflood(van der CA2D(Dottori and al 2013) et al2016)
(Alfierietal EGEARTH (Hazelegeet Knijffet al2010) Todini 2011) GlobCover 2009  Global damage
2017) GISE2H al2012) (Bontempset al functions (Huizinga
IPSECM5AMR 2011) and De Moel 2016)
HadCM3LC
EU flood
RACMO22E EU pop(Batista e  protections
JRCEEU EGEARTH REMO2009 . . Silvaet al2013a) (Jongmaret al
(Alfierietal HadGEMZES CCLM4&-17 k'rfif.'f‘f’gfg’égfg)r ;Sgl"z%‘i'g’(mes Corine Land Cover 2014)
2015) MPLESMLR RCA4Jacoket J (Batista e Silvat al EU damage
al 2014) 2013Db) functions (Huizinga

2007)

10
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In this work, the meteorological forcing data for the present and futtiaate is given by a set of seven
climate projections produced with different GCMs forcedR§P 8.fsee Section 3.2.4.1The procedure
applied to elaborate streamflow data, identify flood events and produce flezhid maps is conceptually
similar to the study by Alfieri et al. (206)3hough all the analyses are performed at a coarser spatial scale
to allow global application. Daily streamflow simulations were producéudawglobalscale version of the
Lisflood model forced by the climatic projections. Extreme value analysid ih annual maxima of
streamflow was used to identify reference return periods and evaluate thgmtude of higkflow events

in present and future condition. Events exceeding themalalesign return period of flood protections are
considered as flood and their impacts in terms of potential population aftkand damage are obtained
using global datset of flood hazard, exposure (population density, land ais¢ GDP) and vulnerability
(damage functions).

The methodology applied by Dottori et al (in review) employs the FSliulttmodel hydrological
ensemble(Fast Track datathat comprises dily runoff simulations of 50 combinations of 10 global
hydrological models (GHMs) and b@srected forcing from 5 global climate models (GCMs) under the
RCP 8.5 scenar{®Warszawski et al., 201Dankers et al 2014). The Calfimod model (Yamazaki et al
2011) was then used to calculate annual maximum discharges using ceahsunoff data, to evaluate
recurrence frequency of discharges through extreme value analysis, ateliteeate inundated areas if
the thus obtained recurrence frequency (i.e. rety@riod) of the annual maximum discharge exceeds the
local flood protection level. Four indicators of impactsrevquantified: population exposed, number of
fatalities, direct damages and welfare changes, though in this work we comsitjepopulation expsed

and direct damages, which are common to all considered studies

The three considered works are based omadellingchain involving hydrologic, hydraulic, and secio
economic impact modelling. Impacts are evatkdtvith risk assessment procedures which combine the
contribution of hazard, exposure and vulnerability. However, the three svdiffer in a number of aspects
including the input climatic projections, methods, magletesolution and underlying datasetsaking
them substantially independent studies. Key points wintdkes them comparable are:

X The aggregation of the outputs from their original grid resolution to couatrerage impacts.
x The common focus on warming levels rather than future time slices, which makaltsre
comparable independently of the chosen set of climatic projections.

In the following we describe differences and similarities of the three waitsregard to key modelling
strategies and datasets

11
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3.2.4.1Definition of future climatescenarios

The studies here considered estimated future changes inageeannual impacts between a reference
period, or baseline (1978005 in all three cases), and 30 year time windows representative aifiépe
Warming Levels (SWLs) of 1.5, 2 and 3Wepreindustrial averages. Note that, for all the studies, the
climatology of the baseline period is not based on observed historaal lout on model simulations
coherent with the climate variability of the considered year range.

The method to identify time windows is slightly different for the ISIMIPysaglcompared to the other
two. In ISIMIP, the year of passing SWLs is defined as the first winaenvtiae 30 year running mean of
the projected global averaged annual mean temperature surpasseS\Wie For the two JRC studies, the
time windows are centered on the years when they&ar running mean of global average temperature
exceeds the SWL. The time windows may significantly differ depending on thengaate predicted by
each climate forcingthough we assume that the slightly different approaches to identify SWisaha
negligible effect on the resulting years of exceeding the SWLs across ¢eentbrks.

3.2.4.2 Study areas

The comparison here presented takes into account all European stiteshe exception of Russia and
the smaller states Andorra, Monaco, Lichtenstein and Bkmino, where the consideredhodelling
frameworks are not capable to provide robust results. However, not all dmsidered countries are
included in all three studies. The JRQ includes results for the EU28 countries (except Malta and Cyprus)
plus Norway, and Macedonia. The JRICdoes not include Iceland and Cyprus because the local rive
network does not meet the criteria for inclusion. Finally ISIMIP produagalfdr all countries.

3.2.4.3 Climatological input

The three studies are based on RCP 8.5. Climate projections under this acdgpedlly exceed 3°C
warming before the end of the current century, hence all three considered S\Willsecanalyzed in the
same set of simulations. Recent findings indicate that in contrast to npragipitation, extreme
precipitation depends on the total amount of warming and mwt emissions scenario in most climate
models (Pendergrass et al 2015). We therefore assume tbat fhazard and impact levels at SWLs
presented herein are independent of the timing of the wammiand of the pathway of greenhouse gas
concentrations.

The three studies differ for the number, the resolution and the typeslonatological forcing applied.
Higher resolution climate models are capable to simulate more intense anizkxtarecipitation and to
better capture extreme events in small river basins. Conversely, coassgution climate models are less
performant in simulating such smatalehigh-intensity events, and therefore their application for flood
modelling is more limited to simulating longer lasting river floods in larger r{gessalso Section 2.4.4.).
In the JREU study, the climatic scenarios used were produegithin the EURGORDEX initiative (Jacob
et al 2014) by downscaling three General Circulation Models (GCM) with founRle@iculation Models
(RCM) on a grid resolution of 0.11° (i.e. ~12.5 km in Eurdpe)JRGL study made use of Sea Surface
Temperature (SST) ané&lce Concentration (SIC) forcing data taken from severpémient driving

12
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GCMs produced within the Coupled Model Intercomparisonjdet Phase 5 (CMIP5) projections,
downscaled to 0.35° with BEEARTH3R (Hazeleger et al 2012)he downscaling was apgdi both to
improve the simulation of extreme events and to produce comparable statiamong different models
using the same resolution. Finally, ISIMIP made use of data from 5 GQldiedhin the CMIP5 dataset,
using climatological forcing at differergsolutions from 1.25°x1.875° to 2.8°xZ)80verall, 19 different
climatic runs were used in the three works, originating from 11 indepahCM realizations. Another
relevant difference is that temperature and precipitation of ISIMIP climataasoes were biagorrected
using a trenepreservirg approach (Hempel et al 2013), while the JRC studies made use of thalorigin
climate data.

3.2.4.4 Hydrological modelling

Both the JREU and JRGL studies used the Lisflood model to simulate ranniedbff and river routing
processes. The Europeanrsion of Lisflood was calibrated at 693 river cross sections and runs at 5km
resolution, while the global version is not calibrated andsrat 0.1° resolution. The ISIMIP study used an
ensemble of 10 different, mostly uncalibrated GHMs to calculate nkinfaoff at 0.5°, while river routing

was then computed with the CaM@ood model at 0.25° resolution (~28 km). The choice of theutisol

of the hydrological models was mainly driven by computational efficiency andebgetolution of the
climatologi@l forcing (section 2.4.3).

For the identification of flood events, all the studies applied axtersalue analysis over discharge annual
maxima to identify reference return periods at each point of the river nekw@hen, the magnitude of
each event undethe baseline and future scenarios is evaluated by compahagtwith the reference
return periods. The JRC studies used a peak over threshold (POTaapghmat accounts for all flood
events exceeding flood protections in any given place, poteygaién more than one per year, while the
ISIMIP considered only the annual maximum flood. Hetloe, ISIMIP approach is more prone to
underestimating the flood impacts as compared to the tviber approaches.

3.2.4.5 Inundation modelling

To model inundation mrcesses, the JRC studies made use of a catatdgunedel based inundation maps
at European (Alfieri et al 2014) and Global (Dottori et al 2016) scale for a set afrtdisid magnitudes.
These maps were produced with flood simulations performed sepbrah each section of the river
network, using peak discharges for a number of reference return periods idfdraen long term
simulations forced by two historical climate datasets, EFAS Metegékieet al 2013) and ER#erim
(Dee et al 2011) respegely. The model applied for the simulations is the hydradyic model LISFLOOD
FP (Bates et al 2010) for the European flood hazard maps and a cellular automata appattmhand
Todini 2011) for the Global dataset. With regard to model domain andutso, the JREU used 100 m
resolution inundation maps covering all rivers with upstream areas > 500 knil2,thva JREGL made use
of ~1km resolution inundation maps for upstream areas >030@2. Hence, the portions of river network
with upstream area smaller than those two thresholds did not contributeedch corresponding risk
assessmentn the ISIMIP study, flood maps were computed for each ewdh the CaMa Flood model
run at 2.5 min resolution. Results are downscaled using topological fleddata to 0.005 degree grid,

13
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and then reaggregated to 2.5min to yield inundation area fraction at 2.5 min resolutiorkia-%it the
equator). Figure 1 shows an example of resulting flood magd by each of the three studies.

The decrease of resolution ftood inundation models determines a decrease of modelling accuracy
because 1) the smallest rivers are not mapped (in theEl®@nd JRGL), and 2) flood extent (hence
impact) is overestimated in those models where the spatial grid resolutiamder than the actual
inundation extent. Hence, largest errors in inundation mapping #flsicoccur in rivers with small
upstream area, where the two JRC models assume no inundatibite the ISIMIP approach tends to
overestimate the width of the inundation, wita lower limit given by the grid resolution (i.e., 5 km).

Figurel. Inundation maps from the three studies for Central France, witHugsio between parenthesestREEU (100ma);

JRAGL (~1kmby); ISIMIP (~5kn). For JREU and JRGL the 100 year return period inundation mapepresented. For ISIMIP,

the inundation map corresponding to an annual maximum WA year return peridis representedNote that for each
flooded cell of ISIMIP map the fraction of area inundated is also.given

3.2.4.6 Flood impacts

In this work, results shown do not include the effect of fetlwocioeconomic changes on population,
economy and land use. Impact models were applied with aiegiationary approach assuming present
day exposure and vulnerability. Note however that the-EHRICand the ISIMIP study did include secio
economic changes in their original publication. Here, impacts reflect howreémept society would be
affected by river floods under different levels of warming, without additiongdtlyeses on future
changes on socieconomic conditions. Although future so@oonomic changes are believed to play an
important part on future impactscenarios, not considering them allows to focus on the modelling
frameworks of the three studies, which is the main scope of thgepan the two global studies (JHEO),
impact estimates refer to population estimates of 2015 (2006) and danragUR atuRchasing Power
Parity in 2010 (2007) values.

As exposure datasets, the JRQO used the population density map developed by Batista e Silva et al.
(2013a) at 100m resolution, a downscaled version of the Corine Land Cove{Bauggia e Silva et al
2013b)and GDP maps at swountry level. Conversely, the two global studies made use of global
datasets, namely population density from the Global Human Settletnay¢r (Pesaresi et al 2013), and
land use derived from the GlobCover 2009 as1(300 m) resolubn (Bontemps et al 2011).

14
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In all the studies, economic damages were calculated for five relevanbegorsectors (i.e., residential,
commercial, industrial, infrastructures, and agriculture) by combining inundatepth with damage
functions, GDP and land use maps. One relevant diffar is that the European land cover includes
separate classes for each sector, while GlobCover only considers aggicattd urbanized areas, and
therefore specific ratios were used to identify the share of damage afigaach sector. In all studies,
constant presentlay flood protection levels were used to calculate future projectiorsod-protection
standards are based on the study by Jongman et al. (20143R&&U and on the FLOPROS global database
(Scussolini eal 2016) for the two global studies. In all three studies, enserabérage loss estimates
were aggregated at country scale and ovety8@r time windows to analyse results and trends over robust
data samples.

3.3 RESULTS

To compare the ensemble results oktthree studies we use the following approach. First, we compare
guantitatively impacts for the baseline period with reference data availabim fissaster datasets and
risk assessment studies. Then, we provide a general overview of agreefrthist modelensemblesat
European scale, to highlight possible spatial patterns of change. Finallywalkmte the agreement of
future impact estimations by comparing relative changesripacts between the baseline and the three
SWLs.

Figures 2 and 3 compare the silated impact of the three ensembles for the baseline period, with the
range of available reference datasets including data from the GARQAMand Munich RE for recorded
losses and only EDAT for reported population affected. Note that for some cowdr{e.g. Finland,
Iceland, Cyprus) no reported data are available.

Regarding the reference datasets, there are some important differences to painData from EMDAT

and Munich RE are observations and therefore refer to time variable -sgoisomic condions of
exposure and vulnerability. On the other hand, GAR estimates are expedtexs \d average annual
losses and are based on present day conditions. As shown in thesfigiifferences in the average and in
the spread of the results are sometimesmarkable. Some general considerations can be drawn as
follows:

X ISIMIP has generally the largest spread in the ensemble, which is expeaedtiydy larger
number of ensemble members and the use of both differeRMS and GCMs;

x ISIMIP average impacts athe largest in most countries, which can be attributed tlee
methodology that considers the whole river network irrespective of tipstteam area of
catchments. In addition, the coarser resolution of floodpa produces larger flood extents and
in turn impacts (see Figure 1).

x JREGL baseline impacts are in most cases the smallest of the three cast,do@ to the
reduced extent of the river network considered (i.e., only rivers withtrepsn areas above 5000
km2).

X In most countries, the confidence bds of the ensembles intersect the range of reported
economic losses. However, ISIMIP results for some countries are wedl #bievrange, notably
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for Ukraine and Italy. This is in line with the results of the evaluation exeraiteped by Dottori
et al. (in review) for ISIMIP who observed a possible overestimation @fdtafior some European
countries. Also, uncertainties and limitations in the available impact datasets arevankissue
and could be addressed through the use of simulated impghiteri et al 2016). Main issues
include undereporting of minor flood events and of those further back iimeg, uneven data
coverage across European countries (e.g., fewer data for Eastespdan countries before 1990
and in particular for countries thateve part of the Soviet Union).

Results in terms of affected population are comparable to those of ecandamages, with similar spread
in the ensemble results (Figure 3), though with a clear tengesf modeled results to be higher than
reported figures.For population, it must be noted that observed data coomy from the EMDAT
database and that the evaluation of population affected is more complex and pwmeerdrs due to
different standards for reporting the number of people hitfiigods (Guh&Sagpr et al 2012).
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Figure2. Economic damage computed for the baseline period by the ensembles of thettities. Plots show the average
(black dash), £ 1 standard deviation (colored bar), and minimum and maximum valuge(e)wf each ensemble. The gold
bar shows the range of reported impact values (minimum and maximum)
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Figure3. Population affected computed for the baseline period by the ensembles of thesthdies. Plots show the average
(black dash), £ 1 standard deviation (colored bar), and minimum and maximum valugee(e)of each ensemble. In gold are
shown impact values reported in the EMAT database

Figure 4 summarizes the agreement between the three ensemble averages for eatty and SWL
scenario, considering the sign of projected impact changes. The agnéesrevaluated giving the same
weight to the ensemkes and using + kigns as follows:
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. +++ {--) : all studies predict an increase (decrease) in impacts;

. ++ ¢-) : two studies predict an increase (decrease) in impacts, results are aitdtdg for the
third (see Section 2.4.2);

. + () : this is used foiwo cases :1) two studies predict an increase (decrease) in impduis a

third predicts an opposite change; or 2) only one studyvigilable and predicts an increase
(decrease) in impacts;
. 0 : only two ensembles available and predicting opposing@bs in impacts.

The spatial distribution of the agreement shows that the maagfedemble agree on an increasing trend
in most of Western and Central European countries, and on a decreasing trendiénnE@sintries.
Ensemblaesults are more variable inraumber of northern countries like Iceland, Finland, Estcamd
Latvia, and in most soutbastern countries with the exception of Greece. Interestingly, impact tresrds f
the British Isles and Eastern Europe mostly agree with tidesatified by Kundzewiczt al (2017)These
results are consistent witthe changes in flood hazard peated by the climate models used in the three
studies (Alfieri et al., 2015b and 2017; Dankers et al 2014) aggest that he direction of change
(positive vs negativa¥ mainly determined by the climate signal

§ Population affected - Model agreement it +1.5°C Population affected - Model agreemem' El +2°C Populaticn affected - Model agvaemen‘ et +3°C

Figure4. Multi-ensembleagreement in projected changes in affected population (top) and expected damagetpatt SWLs.
Colors depend on the number of studies predicting a positive or negative changadtsimp

Figures 5 and 6 focus on the future impacts predicted bynioglel ensembles, showing the relative
change for each SWL and country with respect to the baselinepldteallow to compare at a glance the
magnitude of predicted kanges, complementing the information shown in Figure 4 with a quantitative
assessment. Some observations can be drawn from those figures:
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. In most countries in western and central Europe,eslsemble consistently predict relevant
increases in futureldod impacts.

. The largest changes are usually predicted by theGRGwvhich projects a more that f6ld
increase in impacts in the Slovak Republic, Hungary andddanversely the ISIMIP ensemble predicts
smaller changes, with JEXUJ generally in between. In particular, ISIMIP predicts a negative change for
several soutkeastern and eastern countries, while JBRC and JRGL expect a decrease only in few
countries.

. In a number of countries impacts may largely increase even in the dasdtigating future
warming to 1.5°C.
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Figure5. Relative average change in expected damage for 1.5°C (green) 2°C (yadl@RE dred) warming scenarios with
respect to thebaseline, calculated at country level for the three ensembles. Note thatakis in the left plot uses a
logarithmic scale
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Figure6. Relative average change in population affected for 1.5°C (green) 2°C (yelth@)C (redyarming scenarios with
respect to the baseline, calculated at country level for the three ensemldgsthat the xaxis in the left plot uses a
logarithmic scale
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Summary impact projections and relative changes from the baseline for the thodelensembles are
shown in Tabl® and 3 for expected damage and population affected, respectivehe JREU provides
the best estimates of flood impacts at the European level for the baspkmniod, where reported annual
figures are between 4.3 and 8 BEEE for JREU) of losses and 262,000 (216,000 for-HELpeople
affected by flood events in Europe (ABI 2005, EEA 2010)-&hskimlbe relative changes of flood impacts
rise with the SWLs from 113% (expected damage) and 86% (piopuddfiected) at 1.5°Cup to 145% and
123% respectively. These are the result of averaging a marked increasalirigloby the two JRC studies,
with the ISIMIP predictions which point to an initial growth of impacts atCl.&fAd then a further

stabilization for higher SWLs.

Table2. Expected damage from the threesemblegensemble average) and at SWLs, including relative change. Multimodel
average figures are included in the last row

1.5°C 2°C 3°C

Expected baseline total relative total relative total relative
Damage [B€/yr] [B€/yr] change [%]  [BE€lyr] change [%]  [B€lyr] change [%]
JREEU 5 11 116 13 137 14 173
JRG&GL 3 8 188 9 243 11 331
ISIMIP 13 26 97 23 72 26 97
Multi-

ensemble 7 15 113 15 110 17 145

Table3. Population affected from the threensemblegensemble average) and at SWLs, including relative change. Multimodel
average figures are included in the last row

1.5°C 2°C 3°C
Population baseline total relative total relative total relative
affected [1000 [1000 change [%] [1000 change [%] [1000 change [%]
ppR/yr] ppR/yr] ppR/yr] pp/yr]

JRCEU 216 499 131 524 142 600 177
JRGEGL 156 456 193 509 227 621 299
ISIMIP 679 995 47 991 46 1124 66
Multi- 350 650 86 674 93 781 123
ensemble

3.4 CONCLUSIONS

This work presents, for the first time to our knowledge, a quantitative aetdittd comparison of socio
economic impact projections of river floods in Europe emdlimate change, as computed by three
research works based on staté-the-art models and datasets. We considered three studies for the
comparison, due to the relatively scarce availability of large scale assessofie¢htsfuture impacts of
natural hazards under specific warming levels. Natidte risk assessments have the advantafd)
enabling the comparison of methods set up at differenbdelling resolution, and 2) enabling the
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comparison ofmodelled impact estimates over a set of past years with reported aggregated values
available from disaster losses datasets.

As expectedthe quantitative comparison of results show significant differences amaaghensembles,
which may depend on different modelling components andadased in each study. Part of the
differences can be attributed to the use of different climate and hydroddgimodels. While the
uncertainty related to the climatological forcing is well known in the liter@twesults from Dottori et al.
(in review) show that hydrologicatodellingmay also have a significant impact. The resolution of flood
maps and of thalriving inundation models also play an important role in determining theral/impact
estimates. In this regard, we stress the importance of gidilgh resolution inundatiomodellingto
achieve accurate impact estimates. This is presently limited &éystarce availability of high resolution
Digital Elevation Models (DEM) over large areas, where small scale features are ableidnce
considerably the distribution of the floodwaters. Regarding impact modetivegstudies here considered
use similampproaches, mainly based on the simulated extent angtlilef the flooding. There is a wide
variety of flood damage models in use that can differ substantialljnéthodological aspects and
economic estimates. The datasets and resolution of exposure i@ be an additional factor in
explaining differences in results, as shown by a comparative quantitative flood danadgl assessment
by Jongman et al. (2012).

Overall, we found the JREIJ to be the best performing modehsembleof the three in reproducing
guantitatively past impact estimates, thanks to the higisolution and better quality of the underlying
models and datasets. Results from the three magtedemble suggest that climate projections are the
main driver influencing future trends of flood risk under global warming. Other factioch as the bias
correction of climate projections, the method for assessing the y#aexceeding SWLs, and the
hydrological model, were found to influence results only to a smalleragedespite some differences in
the absolute and relative change in projected flood impactdéLS§ the three modetnsembles showed

a generally good agreement in the spatial distribution of the direction ohgbsa In details, most of
Central and WesterEurope is consistently projected to experience substantial incrizefeod risk at all
SWLs, with magnitude of the change increasing for higher levels of war@amversely, some persistence
signal of decrease in flood risk with warmer temperature®isd in some countries in Eastern Europe
though in most cases the three modehsemble provided contrasting results, showing that highest
uncertainties are located in Eastern Europe and particularly in the Balkan régfierestingly, in some
countriesin Southern Europe (Spain, Portugal, Greece) the initial increase in impactSG@turss into
more uncertain projections in the case of higher warglevels, due to a consequent substantial
reduction in annual precipitation.

Future works should focusn studying the influence of single modelling components daskts by
systematically comparing different versions of the same modelling framevikle similar studies
would be demanding, given the amount of data and the compateti times required taun a full flood
impact modelling chain, we believe that more similar studies should be capuédo improve the
robustness and reliability of flood risk estimates. To this end, the ioclus flood impact models in a
model intercomparison project such as ISIMIP is a valid option to pgraker.
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This work confirms that the impacts of global warming on the river floodimigurope are widespread
and often substantial, though they can vary in sign and madaitfrom region to region. The Paris
Agreement has set critical thresholds of warming that welddaim to pursue, yet it has demanded the
scientific world to provide additional evidence on thessible effects of the warming on the consequent
impacts on the society. Our results show that sabsial impacts can be avoided by limiting the global
warming to lower temperature thresholds. However, considerable increasedd flisk is predicted in
Europe even under the most optimistic scenario of 1.5°C warmingrapared to preindustrial levels,
urging the national governments to prepare effective adaptation plansotopensate for the foreseen
increasing risks
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4 WATER AVAILABILITY A ND STRESS

4.1 INTRODUCTION

Here we assess higher resolution projections of water availabilitystredsunder highend climate
change (RCP8.5)n Europeas simulated by the JULES land surface madiel.compare the new
simulations with previous assessments based on climate data of coarser spstiitions and fewer
ensemble members. Bhprojections are eamined for threelevels of warming (+1.5, +2 and°€4, as
relative changes compared to a reference period of the recent past (2080Q).

The new, higher resolution climate projections are produéem the HELIX models HBRTH and
HadGEM, driven by theCP8.5 emission scenario, with prescribed time varying sea surfacertdurpe

(SST), provided by a range of CMIP5 climate models. §hisr iesolution ensemble of projections will
be referred to as HELIX ensemble. The other ensembles considered here agMhP and the EURO
CORDEX ensembles.

Transient hydrological simulations were performed by forcing the JULE$ (0ihand Environment
Simulator)land surface model using three different climate model ensembles:

1. An ensemble of JULES simulatiorigsedr by an ensemble of 13 climate projectiogenerated
with the use ofboth ECGEarth and HadGEM3 atmosphearaly simulations with prescribed sea
surface temperature (SST) and sea concentration from a subset of the CMIP5 GCMs

2. An ensemble of JULES simulations driven by an ensembleGifi5pRjectiondy RCA model iin
the frame ofEuroCORDExperiment with boundary conditions taken from the subset of G4l
GCMs similar to the ISIMIP driving GCMs.

3. Hydrological simulations performed by the JULES muhsl as provided by thESIMIPproject,
driven by the 5 GCM# the ISIMIFFast track experiment.

Through a number of comparisons between the changes in wataitadility and drought conditions
projected by the different ensembles and their members,aira to explore:

X The differences and similarities between the projections of the 3 ensembbtkassess possible
added value provided by the newer HELIX simulations.

X The effect of the HELIX model on the projectiarssimulated by the JULES land surfacdeho
We examine this by considering the HELIX simulations driven by the samé&,33ifd r3 are
the common driving models) and different HELIX model. Wiepeoe the two subensembles of
the HELIX ensemble {EBRTH driven by rl, r2 and r3 versus Had@Mn by rl, r2 and r3).
Additionally, we compare these with the ISIMIP ®uisemble consisting of the respective
common models (IPSEM5ALR, GFDESM2M and HadGEMES).

X Assessment of thimpact of the+4°C compared to the +2°C and +1.5°C SWLs.
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4.2 DATA AND METHODS

The ISIMIP project use a consistent subset of five (5) GCMs fro@otided Model Intecomparisons
Project Five (CMIPSWarszawski et al. 2014) he representativeness of these models compared to the
spread of projections within the CMIP5 dataset is desaripgMcSweeneyandJoneg2016). JUES model
was driven by these simulations providing changes in futureff (Davie et al. 2013)Five(5) of the
EURCZORDEKacob et al. 2014Jimate scenarios were used as JULES forclingsmodel selection was
made based on two requirements: First, that the driving GCM has been adau&MIP runs performed
with JULES so as to compare the two configurations, and sekanhithe GCM data have been downscaled
to the 0.44 degree gridThree of the five scenarios selected use the same driving GCM-ESRIAM,
NorESMiM and HadGEMES) and for the rest two that downscaled data were not available the most
similar GCM was selected (MIROCS instead of VHREMICHEM and IPSLM5AMR insteadof IPSL
CM5ALR). All five GCMs have been downscaled with the same RCM (RCAdLlithaesult to a bias
toward the RCM parametrizatiomhe HELIX fes ensemble was generated with the usee@Earth and
HadGEMas described by Wyser et al (201he citerion for model selection was to cover a wide range
of uncertainty in the future climate projections.

The models consisting the ISIMIP, EMRIRDEX and HELIX ensembles, along with the time that each SWL
is surpassed for each model, are giveTable4, Table5 and Table6 respectively. The ISIMIP and the
EURGCORDEX consist of 5 models each, while the HELIX ensemble id8udembers in total, 6 of

them produced with the EEARTH model and the remaining 7 with the HadGEM model. Aarunfib
common driving models can be identified between the 3 ensembles, namely:-EFN2M, HadGEM?2

ES and IPSEM5ALR (absent from the EURTGDRDEX ensemble).

Table4. Models of the ISIMIBCMsnsemble.

ISIMIP ensemble RCP85

GCM SWL15 | SWL?2 SWL 4
1 | GFDEESM2M 2040 2055 [2113]
2 | NorESM1 2035 2052 -
3 | MIROGESM 2023 2035 2071
4 | IPSECM5ALR 2015 2030 2068
5 | HadGEMZES 2027 2039 2074

Table5. Members of the EUROCORDEX REGMCMsnsemble.

EURGCORDEX ensemble RCP85

GCM RCM SWL 15 SWL2 | SWL4 | actual warming level at SWL4
1 | GFDIEESM2M RCA4 2040 2055 [2113] | 3.2
2 | NorESM1 RCA4 2035 2052 - 3.75
3 | MIROC5S RCA4 2038 2052 - 3.76
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IPSECM5AMR RCA4 2020 2034 2069
5 | HadGEMZES RCA4 2027 2039 2074
Table6. Members of the HELGXCMsnsemble.
HELIX ensemble RCP85 ISIMIP
GCM SST driving models | Ensemble | SWL 1.5 | SWL 2 | SWL 4
1 | ECEARTHR1 IPSECM5ALR rlilpl 2025 2036 | 2074 X
2 | ECEARTHR2 GFDIESM2M rlilpl 2038 2054 X
3 | ECEARTHR3 HadGEMZES rlilpl 2021 2035 | 2075 X
4 | ECEARTHR4 ECGEARTH riz2ilpl 2028 2043 | 2090
5 | ECEARTHRS GISE2H rlilpl 2031 2047
6 | ECEARTHRG6 IPSECM5AMR rlilpl 2024 2038 | 2072
7 | ECEARTHRY HadCM3LC rlilpl 2026 2040 | 2088
8 | HADGEMR1 IPSECM5ALR rlilpl 2024 2035 | 2071
9 | HADGEMR2 GFDEESM2M rlilpl 2036 2051
10 | HADGEMRS3 HadGEMZES rlilpl 2019 2033 | 2071
11 | HADGEMRG6 IPSECM5AMR rlilpl 2023 2036 | 2069
12 | HADGEMRS MIROGESMCHEM rlilpl 2020 2032 | 2068 X
13 | HADGEMR9 ACCESs1 rlilpl 2026 2040 | 2081

All models reach the +1.5 and +2 warming levels, but not all of them reackithearming level in the
time frame ofthis study. GFDL reaches only $3.2n the 2082100 timeslice, thus GFDL is left out of
the +4 analysis (GFDL is a niemof all the three ensembles). Other models that reach warrtgngls of
3.75 and higher at the final timglice are included in the4 timeslice analysis.

Within each ensemble, the assessment of the level of uncertainty in thegiiofs is introduced with the
percentage of the models that agree towards the climate change impautalsige. the percentage of
models that agree on thsign of the projected change for an examined hydrological variable. Toiexa
whether the ensemble mean projected changes are significant compared totéresimsemble variability
we introduce the concept of robustness in the ensembleamegorojections(Donnelly et al. 2017)
According to this concept, the ensemble mean projdatbanges are considered as robust if the absolute
ensemble mean change is greater than the standard deviation of the ekgmjected by the models
that comprise the ensemble.

A number of hydrologic indicators are calculated from theaff output of the JULES model,arder to
express different aspects of runoff's temporal distribution. The employehidiogic indicators are:

X Mean runoff (RF mean): The leteym average of runoff is a basic indicator for mean water
availability.

28



h e‘ I i\ ’ Project No 603864
V4

www.helixclimate.eu

x 10th percentile runoff (RF low): The low&0th percentile of runoff distribution serves as an
indicator for low flows.

X 95th percentile runoff (RF high): The 95th percentile of runoff distrivuierves as an indicator
for high flows.

For the representation of droughts, two drought indices arapioyed and the drought duration is
estimated. The first index is ¢hstandardized precipitation index (SMickee et al1993), a widely used
index for the identification of drought events’ onset,énsity and duration. The calculation of the SPI is
based on time series of precipitation. Fji$te time series are fitted to a Gamma distribution and then
the cumulative probability of precipitation values is estimated. Finally, tmautative probability is
transformed to a standard normal deviate with zero mead anit standard deviatio(Mckee et al. 1993)
Following the SPI concept, Shukla & Wood (2008) developedstandardized runoff index, which
characterizes droughts by assessing modelled runoff time series. Negatues\of SPI indicate the
existence of drought conditions. According to the &e, drought is grouped into one of four arbitrarily
defined intensity tiers, ranging from “mild” to “extreméRckee et al. 1993)This work was focused on
intense drought conditions, thus only the “severe droughP<SPI<<.5) and “extreme drought” (SPI<=
2) categories were considered. For the assessment of climate changetiorpdroughts we used the
relative versions of SPI1 and @Rlbrovsky et al. 2009Relative indices use input data of two time periods.
The first period serves as the reference period and is used for model calibr@ihe calibrated model is
then applied to data of the second time period. This allassto assess the drought conditions of the
future compared to the benchmark drought conditions of ttesbline period. The relative drought indices
were calculated using two periods of temporal aggregation, ireotd capture droughts of different
duration. A émonth period (SR6) was employed for the representation of short term events that tigos
correspond to agricultural droughts and a-#tbnth period (SR48) was used to depict long term drought
events thataffect the storage of hydrological resourcésom the calculation of SPI and SRI, we excluded
the grid boxes with zero runoff for more than 90% of the length of thiohcal time period.

The hydrologic indicators and time under drought conditioresderived for each timeslice. Using the
reference timeslice as a baseline for comparison, their changes at different levels of waaméng
examined at a pafturopean scale and for specific swgions of Europe, shown Figure 7.
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Short Full
name name
BI British
Isles
Iberian
IE Peninsula
FR France

ME Mid-Europe

SC Scandinavia

AL Alps

MD  Mediterranean

Eastern
Europe

EA

Figure7. Studied European subgions(Christensen & Christensen 2007)

4.3 RESULTS AND DISCUSSION

Figure8. Relative change in mean annual runoff (RFmean) per SWL, simulated by JULEBydheen
three different ensembles: ISIMIP GCMs subset of CMIP5 EWWRECORDEX (middle) and HELIX
(bottom). Dotted areas indicate robust changes (absoluteeenbk mean change is greater than the
standard deviation of the changescoefficient of variation < 1)Yo Figurel7 provide a comparison
between the projected changes in hydrologic indicatansl drought indices derived from the 3 examined
ensembles (ISIMIP, EULRORDEX and HELIX). Fig8r&6 and 12 show the projected changes per SWL
in mean, low and high runoff respectively and Figures 9, 1118stiow the model agreement on the sign
of change of mean, low and high runoff respectively. Moreover, spatiglliyegated relative projected
changes in the 3unoff indicators for each single ensemble member, for the Europearreggibns of
Figure 7can be found in the Appendix.

The projections of the 3 ensembles exhibit a considerably differehtbior. The ISIMIP projections are
far less detailed than the ber two, due to the lower resolution of the ISIMBCMsensemble. In contrast,
EURGCORDEX projections show more variant spatial pattéiansthe HELIX ensemble, although the two
ensembles have a similar resolution. A common pattern orptiogected changs in mean runoff between

the 3 ensemblesHigure8. Relative change in mean annual runoff (RFmean) per SWL, simulatedBy JUL
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driven by the three different ensembles: ISIMIP GGMbset of CMIP5 (top), ELRORDEX (ddle) and
HELIX (bottom). Dotted areas indicate robust changes (absoluamdihs mean change is greater than
the standard deviation of the changesoefficient of variation < 1)is theincreasing signal in north and
north-eastern Europe and the decreasing signal in the south pahsofdntinent. Northern and southern
Europe are regions with higher agreement on the sign of mean annual ruraffe, while agreement is
lower for centralEurope Figure9).

Projected changes in low runoff by the ISINHEMsand EURG ORDEX ensembles show similar patterns
of increased low runoff in thearth-east and decreased low runoff in the sowtlest, although the latter
ensemble projects greater changésgurel0). The HELIX ensemble has quite a distinguished behdvior o
projected increases in low runoff over the majority of the coatit. Concerning model agreement on the
signal of low runoff projectionsF{gurell), the HELIX ensemble has the lower extent of high model
agreement (8@L00%), mainly at the Scandinavian Peninsula. The ISH@Msensemble has higher
agreement for the increasing changes in Scandinavian countries and theasiegresignal in the
Mediterranean while EUROORDEX projections highly agree-180% of the models) on the sign of
changes in low runoff over the majority of the continent.

The general pattern of change for high runoff between the 3 ensemblegrgssively rare evident and
intense as the warming progresses, is increased high runafieémorth and northeast part of the
continent and decreased high runoff in south Eurdiégure 12). Projected changes in runoff are
accompanied by a reduced model agreement for the ISIBIRMsensemble and increased agreement
over the north and south of Europe for the HELIX ensenfiatgi(el3).

The comparison of the projected changes in hydrologicatdrs of the 3 examined ensembles reveals
remarkably diverse patterns between thesmbles. A greater similarity can be observed between the
spatial patterns of projected changes in extreme drought duration of thasembles. For shoterm
droughts (modelled with SPI16), all the ensembles projecteases in drought duration in the
Mediterranean region at SWL4, while only ISIMIP shows spatially coheremisatfiincreased drought
duration at lower levels of warming (SWL1.5 and RApyre 14). Especially at SWL4, the regions of
increased drought duration are also regions with high model agreemertesi¢in of the change of short
term drought duration Figure15). The projected changes in time under long term extreme drought
conditions (modelled with SP148) are more intense and spatially extendeghared to short term
droughts Figurel16). Again, similar patterns can be found between the 3 erdem Under +£C of
warming, increased drought duration is projected for southoge by all the ensembles. The agreement
of the mockls is less uniform between the 3 ensemblEigrel7). At SWL4, the ISIMIBCMsnsemble
exhibits high agreement over the whole sotiropean regin, EUREGCORDEX shows patches of high
agreement all over south Europe while the HELIX ensemblesshigiv agreement on increased drought
duration only for the south Iberian Peninsula, Sardinia and south lItaly.
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Figure 8. Relative change in mean annual runoff (RFmean) per SWL, simulated by JULES

driven by the three different ensembles: ISIMIP GCMs subset of CMIP5 (top)

(middle) and HELIX (bottom). Dotted areas indicate robust changes (absolute ensemble mean
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change is greater than the standard deviation of the changes - coefficient of variation < 1).
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Figure9. Model agreement on the sign of change in mean annual runoff (RFmean) per S\WateditmgdULES driven liye
three differentensembles: ISIMIBCMs subset of CMIbp), EUREORDEX (middle) and HELIX (bottom).
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EURO-CORDEX ISIMIP

HELIX

Figurel0. Relative change in t(ercentile runoff (RFlow) per SWL, simulatedWES driven Hye three different ensembles:
ISIMIPGCMssubset of CMIP8op), EURGORDEX (middle) and HELIX (bottom). Dotted areas indicate robust chhsgkge
ensemble mean change is greater than the standard deviation of the chaogeficient of variation < 1)
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Figurell Model agreement on the sign of change it p@rcentile runoff (RFlow) per SWL, simulatedWyES driven biye
three different ensembles: ISIMBEECMs subset of CMIF6p), EUREORDEX (middle) and HELIX (bottom).
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Figurel2. Relative change in 9percentile runoff (RFhigh) per SWL, simulatedUWiyES driven kiye three different
ensembles: ISIMIBCMs subset of CMIRBp), EUREORDEX (middle) and HELIX (bottom). Dotted areas indicate robust
changegabsolute ensemble @an change is greater than the standard deviation of the changesfficient of variation < 1)
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Figure13. Model agreement on the sign of change it @&rcentile runoff (RFhigh) per SWL, simulatedUiyES driven ltye
threedifferent ensembles: ISIMIP GCMs subset of Cips EUREORDEX (middle) and HELIX (bottom).
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Figureld. Relative change in extreme short term drought (SRISduration per SWL, simulated ByLES driven liye three
different ensembles: ISIMBECMSs subset of CMIRbBp), EURECORDEX (middle) and HELIX (bottom).
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Figurel5. Model agreement on the sign of change in extreme short term drought duratiomfiersBnulated byULES driven
bythe three different ensembles: ISIMBEMs subset of CMIR6p), EURECORDEX (middle) and HELIX (bottom).
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Figurel6. Relative change in extreme long term drought (SRIS)duration per SWL, simulated BYLES driven liye three

different ensembles: ISIMIP GCMs subset of C{fdph EUREORDEX (middle) and HELIX (bottom).
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Figurel7. Model agreement on the sign of change in extreme long term drought duration pers8iilated byULES driven by
the three diferent ensembles: ISIM{BECMs subset of CMIfbp), EUREGORDEX (middle) and HELIX (bottom).
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The results of this sectiofrigure 180 Figure22) show the differences in projected changes caused by
the HELIX model, as only the ensemble members forced wittmom driving models participate here.
For all runoff metrics mean Figure 18 and low Figure19) and high Figure20) runoff very different
patterns of change can be observed between the two HELIXemssdmbles. EEARTH projects a
considerably wetter future, with increases in hydrologic indicators overtrmbthe European area. In
contrast, negative changes are projected HADGEM, especially for low runoff, for the most part of
Europe. This indicates that the HELIX model used for the produxticlimate simulation plays a vital role
for the signal of the projected impacts and designates the selectidimeoHELIX models a major source
of uncertainty for the projected simulations. It can be observed that tHdIFSsubensemble resembles
the signal of the HELIXADGEM subnsemble. This could possibly indicate that HADGEMepred the
signal of the original GCMs thaeve used as its forcing while the processes withirEB&TH resulted in

a dnift of the original GCM climate sign&ligure21 and Figure22 show the changes in sher@nd long
term drought respectively, as simulated by the three suisembles. Again it can be observed that the
ISIMIP patterns are @$er to those of HELIXADGEM. HEL-BCEARTH projects a small and spatially
incoherent increase in drought duration at the pBaropean level, in contrast to ISIMIP and HELIX
HADGEM that show increased drought duration for almost alsthuth and centraturope, especially at
SWL4, and with alarming values of increase in duration (>50%) fetdongiroughts.
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Figure 18. Relative change in mean annual runoff (RFmean) per SWL, simulated by JULES driven by the three

different sub-

HELIX-EC-EARTH

ensembles with common forcing models: ISIMIP GCMs subset of CMIP5 (top)

(middle) and HELIX-HADGEM (bottom). Dotted areas indicate robust changes (absolute ensemble mean change is

greater than the standard deviation of the changes - coefficient of variation < 1).

43



h efli\’ Project No 603864
V4

www.helixclimate.eu

HELIX-EC-EARTH ISIMIP

HELIX-HADGEM

Figurel9. Relative change in t(ercentilel runoff (RFlow) per SWL, simulatedBES driven hiye three different sub
ensembles with common forcing models: ISIBEMs subseaif CMIPHtop), HELBECGEARTH (middle) and HEHXDGEM
(bottom). Dotted areas indicate robust changabsolute ensemble mean change is greater than the standard deviation of the
changes coefficient of variation < 1)
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Figure20. Relative change in 9ercentile runoff (RFhigh) per SWL, simulatedUiyES driven liye three different sub
ensembles with common forcing models: ISIBEMs subset of CMIR®p), HELBECEARTH (middle) and HEHXDGEM

(bottom). Dotted areasdicate robust changg@bsolute ensemble mean change is greater than the standard deviation of the

changes coefficient of variation < 1)
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Figure2l. Relative change in extreme short term drought (SRIS)=duration per SWL, simulated BYLES driven lbiye three
different subensembles with common forcing models: ISIBEMs subset of CMIR®p), HELBEGEARTH (middle) and HELIX
HADGEM (bottom). Dotted areas indicate robust changes.
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Figure22. Relative change in extreme long term drought (SRIS)duration per SWL, simulated BYyLES driven biye three
different subensembles with common forcing models: ISIBEMs subset of CMIR®p), HELBECEARTH (middle) and HELIX
HADGEM (bottom). Dted areas indicate robust changes.

4.3.3 The effect of HELIX GCM on the drier (r1) and wetter (r3) model:

The results of the previous section showed that the selection of HEkd¥lrman have a large impact on
the produced climate change impact simulationsfdrther investigate how the HELIX models and forcing
models affect the projected changes in runoff indicators, we compare singlengble members forced
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with the same driving model and different HELIX models. This comparison ieypeaiftor the drier (r}
and wetter (r3) of the common driving models, in order to account forwlgest range of uncertainty.
Figure23 and Figure24 show the changes in mean runoff when the two HELIX models are foitedlw
and r3 respectively. Results for low runoff are showRigure25 for r1 andFigure26 for r3 and for high
runoff in Figure27 for rl andFigure28 for r3. A visual comparison of the figures reveals that there is
higher resemblance between the changes forced by the sameXHihdel than with the same driving
model. Simuldons of the same driving model, whether this is the wetter of the drier, have diffigrent
spatial patterns and different signal of change for the same regions. On theapgrthe differences are
far less pronounced for the simulations that use thensaHELIX model, although they use a different
driving model (r1 or r3).

Figure23. Relative change in mean annual runoff (RFmean) per SWL, simulatgdbB$ driven liye two different HELIX
models, forced wih the same drivingnodel (r1, the drier model): EEARTH (top), HADGEM (bottom).
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Figure24. Relative change in mean annual runoff (RFmean) per SWL, simulaigdb$ driven lige two different HELIX
models, forced wih the same driving model (rghe wetter model): EEARTH (top), HADGEM (bottom).
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Figure25. Relative change in t@ercentile runoff (RFlow) per SWL, simulatedWlyES driven biye two different HELIX
models, forced wh the same driving model (r1, tgier model): EEARTH (top), HADGEM (bottom)

Figure26. Relative change in t(ercentile runoff (RFlow) per SWL, simulatedWES driven llye two different HELIX
models, forced wh the same driving model (r3, the wetteodel): EEEARTH (top), HADGEM (bottom)
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Figure27. Relative change in 9%percentile runoff (RFhigh) per SWL, simulatedUlyES driven lilye two different HELIX
models, forced wh the same driving model (r1, the drier modEEEARTH (top), HADGEM (bottom)

Figure28. Relative change in 9percentile runoff (RFhigh) per SWL, simulatedUWyES driven llye two different HELIX
models, forced wh the same driving model (r3, the wetter model):EZRTH (top), HADGEM (bottom)
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So far we have examined differences in the projected chamgesoff indicators and duration of drought
conditions derived by three different ensembles. Here we combine the tarsembles (ISIMIP, EURO
CORDEX and HELIX) into one, and examine the projectedeshan short and long term drought
conditions Figure 29 and Figure 30 respectively) along with the model agreement of the extended
ensemble on the sign of change of drought duration.

The combined ensemblshows virtually no change in short term drought duration at SWL1.5, small
increases in short term drought duration over regions of the IbBeainsula at SWL2 and increases
ranging from 5 to 25% for the Mediterranean region at SWidufe29). It is important to note that the
aforementioned regions of drought duration increases in the Mediterranean, stiew a high level of
model agreement.

Regardindong term droughtsKigure30), the combined ensemble shows increases of 5 to 25% irtidara
over the Iberian Peninsula, west France, Italy and Grae&WVLs 1.5 and 2. However the confidence on
these changes is debatable, as only8886 of the combined ensemble members agree on the sign of the
changes. At SWL4, the combined ensemble shows increaseasyitelon drought conditions up to 50%,
affectingall the south part of Europe and even regions of central Eurdlmmetheless, regions of high
agreement (8€100%) on these changes, are only the Mediterranean regions.
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Figure29. Relative change in extreme short term drought<SRI5) duration per SWL, simulated ByLES driven lblye three
the combined ensemble (top), and model agreement on the sign of change (bottom).
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Figure30. Relative change in extreme long term drought (SRIS)duration per SWL, simulated BYyLES driven biye three
the combined ensemble (top), and model agreement on the sign of change (bottom).

4.4 CONCLUSIONS

The comparison of the different model ensembles revealed large differendas prajected hydrological
impacts, with onflicting signs of change for some runoff metrics. In summary, the highesk ¢
consensus between the ensembles was observed for changagan runoff. The climate change signal
for mean runoff regards increases in the north of Europe, decreasée isduth and only small changes
with lower model agreement for central Europe. For low runoff, the HEhs¥neble shows increased
response over most of Europe, but also exhibits low madetement on the sign of change for most of
the European area. Theher two ensembles show a different response of low runoff to clintétange,
as both consent on increased low runoff in the negidistern part of Europe and decreased low runoff
over the southwestern part of the continent. Regarding changes in high fyadifthe three ensembles
show negative changes for the south part of Europe but hafferent signals for central Europe. The
three examined ensembles show a markedly more similar response regardindralnght duration
projections. For shorterm droudnts, all the ensembles show increased drought durataver the
Mediterranean while for longerm droughts the region of increased drought duration extetiisthe
whole of southern Europe. Moreover, the projected increase in droulgination is larger folongterm
compared to shorterm droughts.
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Examination of the role of the HELIX model for the hydrological simntateveals that the two HELIX
models project very different futures of conflicting climate change sig&giscifically, HadGEM projects
a dramatically drier future while HEARTH projects a wetter future in terms of runoff production maetr
Regarding the drought analysis, HadGEM shows increased drought ddcat@bnonsiderably larger part

of Europe compared to EEARTH. The projectediite change signal is determined by the HELIX model
rather than by the SST driving mod€he combined ensemble shows that spatially coherent regifin
increased drought duration and high model agreement appeareund®C of warming over the
Mediterraneanregion.
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Table7. Relative changes in mean, low and high runoff, per SWL, for eammlgesmember of the ISIMIP ensemble,
aggregated for 8 European subgions.

ISIMIP RF_mean

SWL1.5 BI IP FR ME SC AL MD EA
GFDL 13.59% 12.02% 11.98% 8.31% 0.46% 12.01% 3.42% -3.29%
NorESM  4.37% 1.64% 1.54% -261% -598% -1.57% -5.52% -6.53%
MIROC  7.42% 8.08% 10.69% 11.70% 4.22% 13.67% 5.28% 0.23%
IPSL -1.31%  -1.97%  -3.09%  0.10% 6.64% 0.43% 5.32% 7.48%
HadGEM 3.73% 4.13% 1.98% -3.48%  -1.35% -6.15% -1.84% -0.28%
EnsMean 5.88% 5.24% 5.12% 3.64% 0.90% 4.74% 1.59% -0.55%
SWL2 BI P FR ME SC AL MD EA
GFDL 16.96% 15.86% 16.00% 12.61% -0.23%  16.42% 3.49% -7.41%
NorESM  5.88% 4.20% 2.26% -2.02%  -4.99%  -2.00% -5.03% -6.79%
MIROC 12.41% 11.92% 18.65% 20.47% 6.46% 23.73% 8.83% -1.96%
IPSL 1.88% 1.40% -0.07%  0.32% 5.72% -0.86%  3.82% 4.30%
HadGEM 4.43% 4.84% 2.94% -5.44%  -3.00% -8.31% -450% -2.75%
EnsMean 8.74% 8.20% 8.68% 6.49% 0.96% 7.42% 1.73% -2.99%
SWL4 Bl IP FR ME SC AL MD EA
GFDL

NorESM 12.78%  8.29% 11.83% 4.77% -3.36%  5.12% -2.69%  -5.88%
MIROC 32.75% 32.14% 40.74% 33.31% 11.71% 34.39% 15.62% -4.27%
IPSL 18.42% 17.53% 18.45% 7.70% -3.76%  6.06% -0.06%  -11.27%
HadGEM 8.24% 7.60% 5.75% 0.71% “457%  -1.72%  -4.45% @ -7.18%
EnsMean 14.76% 12.31% 15.73% 8.54% -1.58%  8.20% 0.60% -7.44%
ISIMIP RF_low

SWL1.5 BI P FR ME SC AL MD EA
GFDL 40.95% 55.05% 36.19% 24.03% 9.39% 28.29% 11.62% 3.61%
NorESM 18.21% 11.22% 11.22% 3.59% -3.15%  4.83% -2.66%  -4.42%
MIROC  27.92% 34.27% 32.08% 21.39% 10.93% 23.31% 11.94% 5.42%
IPSL 4.41% 15.31% 4.40% 9.32% 15.90% 7.31% 13.36% 14.61%
HadGEM 8.92% 16.35% 5.17% -10.01% -11.45% -15.93% -9.26%  -9.52%
EnsMean 21.23% 28.25% 19.11% 12.15% 5.23% 13.05% 5.97% 2.06%
SWL2 Bl IP FR ME SC AL MD EA
GFDL 49.51% 67.09% 46.65% 35.02% 10.48% 40.00% 14.41% -1.73%
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NorESM 27.12% 23.46% 19.17% 13.20% 0.97% 12.04% 1.09% -3.17%
MIROC  40.94% 47.06% 46.62% 33.54% 12.56% 36.86% 14.45% 0.02%
IPSL 7.94% 28.87% 4.48% 10.69% 13.81% 7.26% 11.93% 9.40%
HadGEM 12.75% 21.73% 7.81% -11.09% -14.51% -14.79% -12.82% -15.37%
EnsMean 28.79% 39.43% 26.53% 19.66% 5.78% 20.90% 7.06% -2.07%
SWL4 Bl IP FR ME SC AL MD EA
GFDL

NorESM 41.77% 33.25% 38.21% 26.30% 8.30% 28.78%  6.98% 3.26%
MIROC  93.47% 93.69% 96.53% 54.05% 19.29% 53.83% 23.31% -1.77%
IPSL 57.87% 95.19% 51.00% 24.34% -6.92% 20.29% 0.09% -19.27%
HadGEM 18.63% 27.50% 8.22% -6.98%  -17.30% -5.24% -16.11% -23.96%
EnsMean 43.47% 56.74% 43.07% 25.66% 1.95% 25.62% 5.04% -9.00%
ISIMIP RF_high

SWL1.5 Bl P FR ME SC AL MD EA
GFDL 4.35% 3.54% 2.94% 4.28% -0.98%  8.04% 1.48% -5.25%
NorESM  1.45% -1.37%  0.09% -6.81% -8.03% -4.62% -7.24%  -8.00%
MIROC  3.42% 3.61% 6.68% 9.04% 1.62% 10.75%  3.38% -2.26%
IPSL -3.04% -549%  -513% -2.02% 3.22% -1.64%  2.30% 3.29%
HadGEM 0.02% -1.33% -1.22%  -2.99%  -0.63% -4.77% -1.36%  0.43%
EnsMean 1.36% 0.01% 0.91% 0.87% -0.91%  2.24% -0.13%  -2.41%
SWL2 Bl IP FR ME SC AL MD EA
GFDL 5.27% 4.48% 5.05% 7.27% -2.23%  11.19% 0.68% -10.14%
NorESM  0.12% -3.49%  -3.10%  -11.38% -9.59%  -10.80% -10.11% -9.64%
MIROC  6.19% 4.34% 11.95% 13.98% 2.74% 17.24% 6.27% -4.13%
IPSL -5.19% -6.21%  -5.18% -2.23%  2.48% -3.35%  0.43% 1.06%
HadGEM -1.07% -1.68% -1.01% -5.10% -1.60% -7.15% -2.99% -0.78%
EnsMean 1.28% -0.19%  1.98% 1.42% -1.56%  2.52% -0.87%  -4.78%
SWL4 Bl P FR ME SC AL MD EA
GFDL

NorESM  3.86% -3.33% 1.77% -10.15% -11.23% -8.67%  -10.10% -10.45%
MIROC  17.79% 15.99% 27.37% 21.00% 5.43% 2291% 9.70% -7.65%
IPSL -3.44%  -3.73%  1.93% 1.20% -415%  -0.69% -2.37%  -9.59%
HadGEM -3.29%  -6.15% -1.88% 0.57% -3.24%  -233% -2.35%  -4.84%
EnsMean 1.02% -3.25%  3.87% -0.25% -481% -0.18% -3.19% -8.17%
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Table8. Relative changes in mean, low and high runoff, per SWL, for each ensemblerroéthe EURQORDEX ensemble,
aggregated for 8 European subgions.

EURG RF_mean

CORDEX

SWL1.5 BI IP FR ME SC AL MD EA
GFDL 12.89% -2.34%  22.22% 12.37% 23.39% 7.32% -5.32%  -1.92%
NorESM 5.34%  -10.36% -1.59%  8.29% 7.63% 5.44%  -499%  6.36%
MIROC5 2.23%  2.70% 4.52% 6.08% 3.51% 11.02% 11.36% 7.24%
IPSL 571%  -4.23% -2.82%  8.25% 10.10% -2.83%  8.00% 3.41%
HadGEM2 6.66%  7.83% 12.65% 14.87% 8.92% 3.57% 9.06% 9.10%
EnsMean 6.33%  -1.45%  6.72% 10.00% 9.93% 2.64% 3.42% 5.05%
SWL2 BI IP FR ME SC AL MD EA
GFDL 11.56% -3.11% 17.13% 5.11% 28.31% 4.62% -2.01%  -0.90%
NorESM  252%  -11.78% 0.22% 9.32% 10.68% -2.81%  0.80% 5.38%
MIROC5 6.45%  -12.44% 7.56% 19.55% 13.32% 10.29% 2.26% 14.15%
IPSL 6.56%  -14.04% -8.32%  8.13% 13.64% -6.40%  3.84% 7.39%
HadGEM2 3.69%  -7.89% -2.88% 17.26% 11.59% -151% 9.47% 13.04%
EnsMean 5.90% -9.79%  2.77% 11.99% 14.46% 0.82% 2.78% 7.84%
SWL4 BI IP FR ME SC AL MD EA
GFDL

NorESM 858%  -37.80% -9.65%  15.15% 20.30% -10.77% -10.31% 3.77%
MIROC5 13.69% -14.18% 4.52% 7.48% 26.73% -1.29% -4.33% 5.28%
IPSL 16.40% -28.02% 7.10% 10.62% 39.41% -12.55% -11.55% 0.34%
HadGEM2 8.12%  -30.99% -6.93% 20.30% 21.10% -8.25%  0.40% 4.17%
EnsMean 15.49% -28.38% -0.71% 17.96% 34.83% -7.81% -7.20% 6.74%
EUROG RF_low

CORDEX

SWL1.5 BI IP FR ME SC AL MD EA
GFDL 4.04%  -39.52% 14.50% 48.54% 84.00% 17.42% -23.01% -36.47%
NorESM  -12.79% -49.00% -33.82% 4.09% 33.49% -1.57% -18.19% 3.85%
MIROC5 -16.53% -27.12% -36.25% 9.73% 46.49% 45.28% 6.33% 67.87%
IPSL 15.30% -31.05% -4.77%  20.63% 61.90% -10.01% -4.81% -20.35%
HadGEM2 -10.59% -46.46% -24.97% -3.90% 43.17% -2.38% -20.20% -34.70%
EnsMean -5.93% -40.50% -21.06% 11.52% 49.01% 8.50% -12.77% -11.29%
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SwL2 Bl I= FR ME e AL MD EA
GFDL  -6.83% -67.03% -15.98% 9.57%  101.94% -7.03% -32.02% -54.98%
NorESM -25.19% -62.95% -4250% -8.58% 53.62% 2.20%  -25.92% -2.98%
MIROC5 -19.07% -60.15% -43.69% 54.27% 76.68% 50.31% -16.31% 154.01%
IPSL 7.32%  -50.15% -25.52% 22.84% 96.95% -17.56% -19.71% 17.30%
HadGEM2 -15.58% -71.14% -47.20% 2.86%  51.61% -13.06% -23.17% -11.96%
EnsMean -13.40% -63.97% -36.98% 9.97%  69.75% 2.05%  -23.82% 3.20%
SWL4 Bl P FR ME e AL MD EA
GFDL

NorESM -28.05% -92.04% -69.23% -23.88% 63.72% -31.22% -53.01% -27.68%
MIROC5 -20.92% -82.25% -69.06% -10.14% 93.02% -12.64% -41.45% 2.89%
IPSL -9.84% -75.02% -55.61% -24.65% 151.22% -70.38% -46.55% -41.36%
HadGEM2 -20.71% -89.96% -69.43% -24.91% 78.99% -67.74% -47.67% -47.45%
EnsMean -15.78% -87.39% -66.07% -14.83% 112.70% -44.76% -48.69% -28.35%
EURG  RF_high

CORDEX

SWL15 BI P FR ME e AL MD EA
GFDL  12.45% -9.07% 32.25% 6.69%  22.40% 6.38%  -12.62% -8.87%
NorESM 8.96%  -18.85% -0.35% 5.90%  3.93%  -7.05% -11.31% 6.57%
MIROC5 6.41% 1.94%  6.55%  4.74%  -3.90% 12.85% 18.03% 3.56%
IPSL 3.93% -13.42% -256% 9.95%  4.37%  -3.58% 1.86%  -2.30%
HadGEM2 11.32% 8.48%  21.76% 17.95% 2.70%  549%  10.26% 5.26%
EnsMean 8.62% -6.50% 11.13% 9.17%  4.80%  2.75%  0.81%  1.40%
SwWL2 Bl P FR ME e AL MD EA
GFDL  13.23% -14.15% 27.83% 0.76%  27.98% 7.21%  -11.81% -8.94%
NorESM  7.22%  -20.49% 5.02%  10.80% 559%  -4.44% -7.80%  1.10%
MIROC5 11.59% -18.77% 12.63% 19.10% 5.59%  10.60% -0.63%  15.81%
IPSL 550% -26.30% -11.66% 7.86%  4.96%  -8.48%  -11.42% 2.50%
HadGEM2 7.91%  -15.03% 1.01% 2257% 4.81% -1.08% 7.54%  13.22%
EnsMean 9.04% -18.82% 7.16%  12.50% 8.31%  0.76%  -4.93%  4.75%
SWL4  BI P FR ME e AL MD EA
GFDL

NorESM 17.83% -42.99% -0.39% 21.55% 14.79% -11.28% -21.83% -2.98%
MIROC5 25.72% -22.66% 15.68% 8.04%  17.00% 2.31%  -14.01% -3.60%
IPSL 24.14% -40.43% 11.53% 13.94% 29.28% -12.53% -34.09% -11.74%
HadGEM2 18.82% -43.61% -6.20%  28.69% 12.47% -7.25%  -22.27% -4.57%
EnsMean 24.33% -38.05% 5.72%  21.92% 26.82% -7.33%  -23.79% -1.39%
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Table9. Relative changes in mean, low and high runoff, per SWL, for each ensemblerraéthb HELIX ensemble, aggregated
for 8 European subegions.

HELIX RF_mean

SWL1.5 BI IP FR ME SC AL MD EA
EC_EARTH_ rl1 3.06% -5.74% -0.93% 9.18% 16.94% 1.92% 6.45% 20.84%
EC_EARTH_ rz 5.19%  10.71% 3.02% 8.98% 1353% 6.47% 0.73% 6.72%
EC_EARTH_ rz 6.17% 8.69% 5.76% 401% 6.90% -0.32% 6.01% 8.20%
EC_EARTH r4 1.08%  -13.51% -1.92% 15.41% 12.45% 7.01% 7.78%  40.03%
EC_EARTH_r£ 5.37% 2.16% 12.09% 24.68% 19.58% 12.30% -1.03% 8.91%
EC_EARTH_r€ 5.92% 7.23%  9.38% 8.40% 11.61% 14.01% 19.92% 13.35%
EC_EARTH_r7 6.26% -3.57% 5.12% 12.35% 16.41% -4.19% -15.38% 2.41%
HadGEM_r1 2.79%  -15.38% -7.83% -1.34% 15.34% -3.48% -10.86% -8.14%
HadGEM_r2 1.09% -5.80% -5.29% -2.16% 9.76%  -2.07% -0.86% -2.90%
HadGEM_r3 3.61% -9.04% -7.15% -13.13% 3.15%  -9.94% 0.45% -10.73%
HadGEM_r6 -1.59% 4.20% 1.25% -4.03% 4.94% 9.49% 659% 0.47%
HadGEM_r8 1.34% 6.50% -0.10% -5.34% 9.59%  -1.87% -1.82% -5.35%
HadGEM_r9 2.70% -16.34% 2.81% 530% 8.44% 1.96% 1.33% -12.56%
EnsMean 3.35% -2.30% 1.34% 454% 11.10% 2.25% 1.44% 4.30%
SWL2 BI P FR ME SC AL MD EA
EC_EARTH_r1 8.75% 8.26%  9.96% 7.99% 23.31% 4.03% 3.69% 12.79%
EC_EARTH_ rz 6.71%  19.03% 12.03%  10.27% 17.19% 12.28% 7.22% 13.52%
EC_EARTH_rz 4.99%  14.48% 9.12% 1.86% 11.71% 0.92% 7.84% 6.56%
EC_EARTH_r4 8.47%  -15.36% 3.42% 24.81% 27.69% 11.94% -1.00% 33.32%
EC_EARTH_rt 12.77% -3.06% 11.64%  26.33% 28.20% 9.45% -8.33% 4.74%
EC_EARTH_r€ 8.61% -0.31% 11.72%  18.65% 13.63% 15.27% 13.39% 14.69%
EC_EARTH_ r7 11.66% -5.41% 8.11% 20.55% 30.79% -5.26% -18.37% 7.12%
HadGEM_r1 -0.12% -11.66% -3.37% -1.60% 14.41% -3.37% -8.55% -10.37%
HadGEM_r2 4.48%  -12.83% -7.58% -1.35% 12.45% -4.31% -5.90% -6.78%
HadGEM_r3 3.91% -7.53% -10.28% -17.40% 5.86%  -11.27% 0.83% -14.20%
HadGEM_r6 -3.57% -1.10% -0.06% -7.07% 556% 3.80% -0.80% -9.80%
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HadGEM_r8 0.91% -5.63% -9.14% -7.25% 17.58% -8.55% -5.65% -6.33%

HadGEM_r9 2.72%  -23.22% -2.07% 242% 1355% -4.31% 0.63% -15.45%

EnsMean 544% -3.60% 2.40% 567% 16.91% 1.24% -1.21% 1.90%

SWi Bl P FR ME SC AL MD EA

EC_EARTH_r1 17.08% 5.12% 26.98%  36.96% 62.97% 17.47% -2.14% 24.80%

EC_EARTH_rz

EC_EARTH_r¢ 13.96% -4.20% 2.04% 6.56% 43.05% 0.53% 3.12% 8.12%

EC_EARTH_r4 19.03% -16.79% 8.90% 35.43% 48.84% 9.34% -459% 26.89%

EC_EARTH_I*

EC_EARTH_rt 13.79% -15.59% 16.59%  30.72% 51.22% 16.57% 8.96%  25.85%

EC_EARTH_r7 22.95% 0.19% 27.36%  38.28% 49.15% 9.05%  -8.82% 17.44%

HadGEM_rl1 4.10% -19.09% -6.30% -3.83% 42.40% -11.22% -15.83% -10.86%

HadGEM_r2

HadGEM_r3 1.91% -16.81% -13.77% -17.06% 10.55% -11.75% -3.71% -8.91%

HadGEM_r6  11.22% -16.13% 5.13% 3.72% 23.32% 0.53%  -16.87% -11.31%

HadGEM_r8 6.68% -9.04% -7.04% -8.56% 21.57% -19.69% -16.27% -20.86%

HadGEM_r9 5.22% -22.28% -2.06% 8.84% 23.58% -5.64% -2.82% -13.26%

EnsMean 11.32% -12.05% 5.24% 13.51% 39.53% 0.23% -5.88% 4.04%
HELIX RF_low
SWL1.5 Bl IP FR ME SC AL MD EA

EC_EARTH_r1 11.85% -18.98% -19.40% -31.40% 63.65% -7.57% 68.31% 71.66%

EC_EARTH_rz 7.19% 17.68% -7.53% -3.37% 33.68% 16.02% 3.35% -23.59%

EC_EARTH_r: 5.28%  -13.99% -2.28% 7.05% 21.59% -0.90% -3.01% -6.21%

EC_EARTH_r4 2.49%  -60.97% -7.35% 38.86% 28.83% 24.68% 9.88%  146.34%

EC_EARTH_rt 1.66% 6.53% 19.00%  39.79% 57.81% 14.79% 16.33% -5.20%

EC_EARTH_rt 3.70%  169.88% 39.99%  -1.41% 33.28% 16.15% 91.26% 8.55%

EC_EARTH_r7 -1.45% -35.60% 4.57% 16.63% 34.39% -3.60% -59.85% -15.58%

HadGEM_rl -7.48% -66.96% -39.05% -38.70% 29.31% -1.64% -43.70% -40.51%

HadGEM_r2  -12.90% -35.36% -13.13% -11.61% 15.94% -11.96% -43.20% -47.26%

HadGEM_r3 8.02%  -54.93% -29.70% -45.84% 10.62% -21.62% -29.63% -62.51%

HadGEM_r6 -11.81% 6.42% -9.67% -28.55% 21.58% 2.14%  -11.40% -54.08%

HadGEM_r8 -9.58% 7.76% -31.17% -45.53% 16.00% -8.02% -24.32% -52.97%

HadGEM_r9 -6.15% -51.24% -11.83% -3.92% 12.21% 4.14%  -26.63% -51.57%

EnsMean -0.67% -20.14% -7.18% -7.72% 26.33% 1.15%  -9.66% -21.19%

SWL2 Bl IP FR ME SC AL MD EA

EC_EARTH_r1 20.33% -1.27% -5.92% -33.88% 87.25% -5.23% 39.07% 10.58%

EC_EARTH_rz 11.37% 98.44% 25.10%  12.32% 37.83% 24.47% 26.93% 4.67%
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EC_EARTH_ r: 5.72%  -25.83% -2.04% -6.12% 38.18% -0.13% -11.28% -24.44%
EC_EARTH_r4 14.06% -39.66% 23.87%  93.24% 73.12% 25.30% -17.06% 144.88%
EC_EARTH_rt 0.78% 4.79%  14.57% 54.37% 83.17% 14.09% -14.99% -17.49%
EC_EARTH_r€ 5.36%  77.83% 40.48% 24.68% 51.03% 17.15% 55.88% 9.40%
EC_EARTH r7 2.96%  -22.55% 37.75%  28.47% 67.77% 10.65% -75.04% -15.22%
HadGEM_rl -11.56% -62.60% -16.01% -39.77% 36.68% 1.71%  -49.60% -46.32%
HadGEM_r2  -13.36% -46.06% -11.34% 0.64% 19.72% -9.76% -55.30% -49.96%
HadGEM_r3 3.01% -68.29% -40.12% -57.25% 15.00% -24.01% -57.41% -75.62%
HadGEM_r6 -17.61% -21.95% -21.97% -45.50% 30.68% -14.99% -27.83% -75.86%
HadGEM_r8 -18.24% -38.50% -43.98% -48.63% 28.71% -15.06% -36.84% -57.82%
HadGEM_r9 -5.13% -77.46% -24.93% -17.57% 26.92% -15.54% -32.42% -59.85%
EnsMean -0.22% -25.84% -2.40% -4.67% 42.70% -0.39% -24.82% -29.54%
SWu BI IP FR ME SC AL MD EA
EC_EARTH_rl1 19.36% 37.68% 60.35%  69.00% 224.62% 20.78% 8.75%  7.02%
EC_EARTH_rz
EC_EARTH_r& -1.20% -45.77% -10.06% -17.95% 117.94% -8.65% -20.14% -40.50%
EC_EARTH_ r4 22.16% -17.97% 72.23%  118.88 159.41% 21.11% -0.44% 34.51%
%
EC_EARTH_rE
EC_EARTH_r€ 13.64% 82.26% 75.20% 67.28% 148.32% 5.20%  75.36% -7.99%
EC_EARTH_ r7 -5.35% 9.60% 84.69%  59.78% 118.17% -2.55% -13.57% 25.12%
HadGEM_rl -19.72% -78.36% -20.98% -43.00% 101.46% -29.18% -58.82% -60.24%
HadGEM_r2
HadGEM_r3 -16.67% -82.68% -44.19% -58.80% 32.09% -29.93% -42.03% -72.73%
HadGEM_r6 -10.01% -63.96% -4.99% -19.45% 57.52% -33.28% -60.79% -77.25%
HadGEM_r8 -23.64% -77.99% -41.33% -52.36% 34.45% -53.51% -65.30% -77.93%
HadGEM_r9 -17.50% -66.56% -11.33% -7.52% 55.17% -21.19% -10.67% -56.48%
EnsMean -5.19% -43.73% 9.20% 6.21% 101.17% -15.63% -22.96% -39.09%
HELIX RF_high
SWL1.5 BI IP FR ME SC AL MD EA
EC_EARTH rl1 1.76%  -14.37% 0.81% 12.09% 9.69% 1.13% 3.87% 27.92%
EC_EARTH_rz 5.02%  10.61% 2.30% 14.80% 8.64% 3.67% -0.29% 13.82%
EC_EARTH_ rz 5.28% 6.55% 4.41% 5.01% 1.71% -2.01% 5.47% 14.59%
EC_EARTH r4 2.41%  -21.48% 0.64% 17.20% 8.17% 3.41% 4.79%  47.38%
EC_EARTH_ r£ 7.38% 4.03% 9.41% 24.88% 12.89% 6.50% -3.96% 13.75%
EC_EARTH_ r€ 6.14% 5.80% 4.17% 12.63% 6.03% 11.19% 24.45% 19.16%
EC_EARTH r7 7.44%  -11.97% 6.87% 16.67% 14.20% -5.32% -21.82% 10.99%
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HadGEM_r1 4.47%  -21.36% -8.00% 6.32% 12.40% -3.62% -17.62% -4.16%
HadGEM_r2 2.51% -8.36% -2.30% 5.62% 7.68% 0.62% -4.97% 1.85%
HadGEM_r3 2.68% -10.41% -4.01% -439% 1.03% -6.97% 0.62% -3.95%
HadGEM_r6 0.35% 3.91% 0.02% 3.74% 0.26% 7.93% 1.35% 11.64%
HadGEM_r8 3.78% 3.36% 2.98% 522% 7.95% -0.76% -3.70% 2.03%
HadGEM_r9 4.23% -16.89% 6.58% 14.14% 7.05% 0.07% 2.38% -9.06%
EnsMean 414% -5.35% 1.88% 10.33% 7.38% 1.17% -0.63% 11.53%
SWL2 BI P FR ME SC AL MD EA
EC_EARTH_rl1 6.06% -2.39% 8.24% 12.12% 11.62% 3.72% 0.80% 21.47%
EC_EARTH_ rz 6.36%  16.59% 6.87% 15.40% 10.23% 8.27% 1.84%  20.45%
EC_EARTH_rz 5.76%  13.80% 7.69% 594% 4.36% -0.96% 6.09% 15.92%
EC_EARTH_r4 8.46%  -26.20% 5.86% 24.22% 20.21% 5.59%  -7.36% 40.21%
EC_EARTH_rt 15.39% -2.85% 9.63% 28.10% 17.79% 4.33%  -13.45% 11.78%
EC_EARTH_r€ 8.18% -8.07% 5.18% 22.69% 6.07%  11.19% 13.33% 23.32%
EC_EARTH_r7 12.59% -15.97% 10.23%  25.36% 24.35% -7.00% -29.46% 17.80%
HadGEM_rl1 2.27%  -18.19% -3.23% 7.39% 8.86% -3.71% -14.50% -5.18%
HadGEM_r2 5.68%  -17.49% -4.44% 6.33% 8.29% -1.74% -12.24% -1.82%
HadGEM_r3 4.15% -8.99% -5.27% -5.52% 2.24% -8.34% -0.23% -6.26%
HadGEM_r6 -1.02% -4.88% 0.17% 1.46% -0.78% 4.50%  -9.64% -0.63%
HadGEM_r8 4.40% -9.01% -3.70% 5.96% 14.29% -4.93% -9.15% 3.34%
HadGEM_r9 5.03% -25.53% 2.10% 11.88% 9.98%  -518% -1.05% -9.56%
EnsMean 6.46% -8.32% 3.07% 12.46% 10.62% 0.32%  -5.63% 10.41%
sSwi BI P FR ME SC AL MD EA
EC_EARTH_rl1 15.03% -12.38% 18.68%  39.04% 42.24% 9.85% -16.80% 41.77%
EC_EARTH_rz

EC_EARTH_rt 16.88% -15.08% 2.72% 14.40% 30.90% -2.63% -6.86% 19.58%
EC_EARTH_r4 19.58% -36.03% 8.09% 35.87% 32.03% 2.07% -21.16% 38.82%
EC_EARTH_rt

EC_EARTH_r€ 15.43% -35.07% 9.34% 34.94% 35.24% 11.18% -5.53% 41.93%
EC_EARTH_r7 27.52% -19.17% 20.71%  42.91% 39.75% 3.78%  -26.35% 35.42%
HadGEM_rl 7.55%  -31.08% -8.48% 7.69% 30.88% -9.59% -30.79% -4.64%
HadGEM_r2

HadGEM_r3 5.72%  -26.42% -9.93% -3.44% 4.43%  -11.18% -14.38% 6.07%
HadGEM_r6  13.94% -30.20% 1.16% 12.49% 14.02% -0.67% -37.67% -1.92%
HadGEM_r8 11.85% -20.37% -2.98% 9.35% 15.80% -16.13% -27.02% -12.45%
HadGEM_r9 10.48% -31.76% -1.43% 19.59% 17.14% -7.32% -13.41% -4.61%
EnsMean 14.22% -26.18% 3.58% 21.59% 27.78% -1.94% -20.08% 15.67%
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