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1 EXECUTIVE SUMMARY 

Climate change is likely to affect the hydrological regime in various world regions, with various potential 
implications on biophysical systems and our societies. In this report we assess the projections of water 
availability and river flood risk under high-end climate change in Europe produced with HELIX global high 
resolution climate models (Wyser et al 2016), and compare these with the results based on global coarse 
climate models used in the ISIMIP project and on high-resolution regional EURO-CORDEX climate 
ensembles. The projections are examined for three levels of warming (+1.5, +2 and +3oC for river flood 
risk; +1.5, +2 and +4oC for water availability), as relative changes compared to a reference period.  

Results show substantial increase in flood risk (expected damage and population affected) with global 
warming over most countries in Central and Western Europe. In Eastern Europe the rise in flood risk is 
smaller and the multi-model agreement is generally poorer. In some countries in Southern Europe (Spain, 
Portugal, Greece) the initial increase in impacts at 1.5°C turns into more uncertain projections in the case 
of higher warming levels, due to the interplay between increasing extreme precipitation intensity and a 
substantial reduction in mean precipitation. 

Water availability represented by mean runoff is projected to increase in the north of Europe and decrease 
in the south, with small changes and lower model agreement for central Europe. For low runoff, all model 
ensembles agree on an increase in low runoff in the north-eastern part of Europe, while there is less 
agreement over the south-western part of the continent. For short-term droughts, all the ensembles show 
increased drought duration over the Mediterranean while for long-term droughts the region of increased 
drought duration extents to the whole of southern Europe. Moreover, the projected increase in drought 
duration is larger for long-term compared to short-term droughts. Regarding changes in high runoff, all 
the three ensembles show negative changes for the south part of Europe but have different signals for 
central Europe.  
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2 INTRODUCTION 

Climate change is likely to affect the hydrological regimes in various world regions, and lead to dramatic 
changes in the frequency and intensity of future extreme events like droughts and floods, with potential 
implications on biophysical and socio-economic impacts. Climate impact models have made leaps forward 
in the past few years, thanks to the increased availability of high resolution climate projections and 
detailed data. Yet, the input data and modelling steps used by climate impact models can substantially 
influence their results and it is therefore crucial to compare different models to gain more insight on their 
agreement (or disagreement), to identify strengths and limitations of different methodologies, and to 
provide policy makers with best estimates of future risk trends. 

Therefore, in this report we assess the projections of water availability and river flood risk under high-end 
climate change in Europe produced with HELIX higher resolution climate models, and compare HELIX 
simulations with the results of ISIMIP and the EURO-CORDEX climate ensembles. In particular, we evaluate 
differences and similarities between the projections of the 3 ensembles and assess possible added value 
provided by the newer HELIX simulations. 

In Section 3, we compares estimates of river flood risk under global warming scenarios of 1.5, 2 and 3 
degrees, as compared to pre-industrial levels. Note that in this study the 4oC warming scenario was not 
evaluated because not all the climate projections reached 4oC global warming by the end of 2100. The 
assessment is based on comparing projections of expected damage and population affected at country 
level, based on the 3 model ensembles. In Section 4, we evaluate projections of water availability and 
stress under high-end climate change in Europe for the 3 ensembles, considering three levels of warming 
(+1.5, +2 and +4oC), as relative changes compared to a reference period. It has to be noted that the study 
looks at 4oC but excludes from the analysis climate models for which projections do not reach this warming 
level. In both sections differences and common points are shown, to point out main sources of 
uncertainty, strengths and limitations of each ensemble. The multi-model comparison is then used to 
identify regions with the largest agreement on specific changes in flood risk and 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 2017).Their impact has been growing 
steadily in the past decades due to the increase of population and built up areas. Climate change is likely 
to affect the hydrological regimes in various world regions, with potential implications on the frequency 
and intensity of floods and other weather-related hazards (Forzieri et al 2016). 

Understanding and quantifying future flood impacts under different climate scenarios is key to develop 
adequate risk management actions. A multitude of research works addressing this topic has been 
produced in the recent years. Those range from local case studies to national, continental and some 
global-scale assessments based on sophisticated modelling chains. Europe is a region that received 
considerable attention, thanks to the large availability of hydro-meteorological datasets, reported flood 
losses and future climatic projections.  

Despite this wealth of studies, few works investigated the agreement (or disagreement) of flood hazard 
and risk projections derived from different studies. Comparisons studies are crucial, because they allow 
researchers to identify strengths and limitations of different methodologies, as well as to investigate 
reasons for disagreement among model results. Further, policy makers demand best estimates of future 
risk trends along with confidence intervals deriving from different studies in order to take action. 
Comparison studies available in the literature on flood risk projections are mostly qualitative due to the 
complexity of comparing different variables, resolution and reference periods. For Europe, a recent 
comparison work by Kundzewicz et al. (2017) identified some regional trends in future flood frequency 
and magnitude (i.e. British Isles, Scandinavia, Eastern Europe) and pointed out areas where no robust 
signals of change could be identified (e.g. Southern Europe). However, quantitative comparisons are 
necessary to investigate the influence of modelling approaches and data on impact projections, and to 
gain more confidence on model estimates.  

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

To answer these questions, we compare the results of three state-of-the-art research studies that 
evaluate the socio-economic impact of river floods in Europe under climate change, based on three 
different ensembles of models. Specifically, we consider one study at continental scale by Alfieri et al. 
(2015a), and two global scale applications (Dottori et al., in review; Alfieri et al., 2017) designed to 
evaluate economic damages and population affected under specific warming levels (SWLs) identified in 
the Paris Agreement (UNFCCC 2015).  

We analyze quantitatively the differences in projected changes at country scale and we discuss reasons 
for the observed outcomes. The three studies cover a wide range of methodologies and datasets for 
climate forcing, hydrological and flood modeling, and impact assessment. Therefore, the comparison is 
expected to shed light on the influence of the data applied and methods to assess impact projections. 
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The analysis is complemented with a comparison of results of the three studies for a baseline period with 
loss data reported by global datasets on natural disasters, including EM-DAT, from the Centre for Research 
on the Epidemiology of Disasters (CRED) (EM-DAT 2016) and NatCatService by Munich-RE (Munich Re 
2015), as well as with loss estimates produced for the Global Assessment Report (GAR) on Disaster Risk 
Reduction (UNISDR 2015). 

3.2 DATA AND METHODS  

We present here a brief description of each method, followed by an analysis of the main differences 
between the modelling approaches and the datasets applied. Table 1 summarizes the modelling 
components used in the model ensembles. For more details we refer the reader to the original papers 
(Alfieri et al 2017, 2015a; Dottori et al., in review). 

3.2.1 JRC Europe (JRC-EU)  

The research by Alfieri et al. (2015a) makes use of seven climate projections from the EURO-CORDEX 
database based on the Representative Concentration Pathways (RCP) 8.5, corresponding to a high 
concentration scenario (see Section 3.2.4.1). Climate projections were run through the hydrological model 
LISFLOOD (van der Knijff et al 2010, Burek et al 2013) and resulting streamflow was analyzed statistically 
to estimate the occurrence and magnitude of future discharge peaks. A Peak Over Threshold (POT) routine 
was implemented to identify relevant flood events simulated in the present and future climate. To this 
end, the study calculated the return period of simulated discharges using Gumbel extreme value 
distributions of annual maxima fitted for each grid cell and climate projection. Then, hydrographs with 
maximum return period larger than the local value of flood protections are considered as flood. To define 
inundation depth and extent for simulated river flood events, the study used European flood hazard maps 
for return periods between 10 and 500 years under present climate conditions (Alfieri et al 2014). Flood 
maps were then used to derive maps of potential population affected and potential damage for each 
return periods. Impact maps were obtained by combining hazard maps with exposure data in the form of 
population density, land use, economic wealth, and with vulnerability information expressed by flood 
damage functions and flood protection standards. Finally, impacts of river floods in the present and future 
climate were assessed by linking every simulated flood event to its potential damage and population 
affected, through its return period. 
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Table 1. Summary table of the modeling components included in the three flood risk assessment studies and relevant references. 

 

       

 GCM RCM Hydrological model Inundation model Exposure data Vulnerability data 

ISIMIP 
(Dottori and 

others in 
review) 

GFDL-ESM2M 
HadGEM2-ES 
IPSL-CM5A-LR 
MIROC-ESM-CHEM 
NorESM1-M 

- 

DBH  
H08  
Mac-PDM.09  
MATSIRO  
MPI-HM  
PCR-GLOBWB   
VIC 
WBMplus  
JULES  
LPJmL (Dankers et 
al 2014) 

CaMa flood 
(Yamazaki et al 
2011) 

GHSL (Pesaresi et 
al 2013) 
GlobCover 2009 
(Bontemps et al 
2011) 

FLOPROS (Scussolini 
et al 2016) 
Global damage 
functions (Huizinga 
and De Moel 2016) 

JRC-GL 
(Alfieri et al 

2017) 

IPSL-CM5A-LR 
GFDL-ESM2M 
HadGEM2-ES 
EC-EARTH 
GISS-E2-H 
IPSL-CM5A-MR 
HadCM3LC 

EC-EARTH3-HR 
(Hazeleger et 
al 2012) 

Lisflood (van der 
Knijff et al 2010) 

CA2D (Dottori and 
Todini 2011) 

GHSL (Pesaresi et 
al 2013) 
GlobCover 2009 
(Bontemps et al 
2011) 

FLOPROS (Scussolini 
et al 2016) 
Global damage 
functions (Huizinga 
and De Moel 2016) 

JRC-EU 
(Alfieri et al 

2015) 

EC-EARTH 
HadGEM2-ES 
MPI-ESM-LR 

RACMO22E 
REMO2009 
CCLM4-8-17 
RCA4 (Jacob et 
al 2014) 

Lisflood (van der 
Knijff et al 2010) 

Lisflood-FP (Bates 
et al 2010) 

EU pop (Batista e 
Silva et al 2013a) 
Corine Land Cover 
(Batista e Silva et al 
2013b) 

EU flood 
protections 
(Jongman et al 
2014) 
EU damage 
functions (Huizinga 
2007) 
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3.2.2 JRC Global (JRC-GL)  

In this work, the meteorological forcing data for the present and future climate is given by a set of seven 
climate projections produced with different GCMs forced by RCP 8.5 (see Section 3.2.4.1). The procedure 
applied to elaborate streamflow data, identify flood events and produce flood hazard maps is conceptually 
similar to the study by Alfieri et al. (2015a) though all the analyses are performed at a coarser spatial scale 
to allow global application. Daily streamflow simulations were produced with a global-scale version of the 
Lisflood model forced by the climatic projections. Extreme value analysis fitted on annual maxima of 
streamflow was used to identify reference return periods and evaluate the magnitude of high-flow events 
in present and future condition. Events exceeding the local design return period of flood protections are 
considered as flood and their impacts in terms of potential population affected and damage are obtained 
using global dataset of flood hazard, exposure (population density, land use and GDP) and vulnerability 
(damage functions).  

3.2.3 ISIMIP  

The methodology applied by Dottori et al (in review) employs the ISIMIP multi-model hydrological 
ensemble (Fast Track data) that comprises daily runoff simulations of 50 combinations of 10 global 
hydrological models (GHMs) and bias-corrected forcing from 5 global climate models (GCMs) under the 
RCP 8.5 scenario (Warszawski et al., 2014; Dankers et al 2014). The CaMa-Flood model (Yamazaki et al 
2011) was then used to calculate annual maximum discharges using downscaled runoff data, to evaluate 
recurrence frequency of discharges through extreme value analysis, and to delineate inundated areas if 
the thus obtained recurrence frequency (i.e. return period) of the annual maximum discharge exceeds the 
local flood protection level. Four indicators of impacts were quantified: population exposed, number of 
fatalities, direct damages and welfare changes, though in this work we consider only population exposed 
and direct damages, which are common to all considered studies.  

3.2.4 Common features and main differences   

The three considered works are based on a modelling chain involving hydrologic, hydraulic, and socio-
economic impact modelling. Impacts are evaluated with risk assessment procedures which combine the 
contribution of hazard, exposure and vulnerability. However, the three works differ in a number of aspects 
including the input climatic projections, methods, models, resolution and underlying datasets, making 
them substantially independent studies. Key points which makes them comparable are: 

�x The aggregation of the outputs from their original grid resolution to country average impacts. 

�x The common focus on warming levels rather than future time slices, which makes results 
comparable independently of the chosen set of climatic projections. 

In the following we describe differences and similarities of the three works with regard to key modelling 
strategies and datasets.  
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3.2.4.1 Definition of future climate scenarios 

The studies here considered estimated future changes in average annual impacts between a reference 
period, or baseline (1976-2005 in all three cases), and 30 year time windows representative of Specific 
Warming Levels (SWLs) of 1.5, 2 and 3°C above pre-industrial averages. Note that, for all the studies, the 
climatology of the baseline period is not based on observed historical data but on model simulations 
coherent with the climate variability of the considered year range.  

The method to identify time windows is slightly different for the ISIMIP study as compared to the other 
two. In ISIMIP, the year of passing SWLs is defined as the first window when the 30 year running mean of 
the projected global averaged annual mean temperature surpasses the SWL. For the two JRC studies, the 
time windows are centered on the years when the 20-year running mean of global average temperature 
exceeds the SWL. The time windows may significantly differ depending on the warming rate predicted by 
each climate forcing, though we assume that the slightly different approaches to identify SWLs has a 
negligible effect on the resulting years of exceeding the SWLs across the three works.  

3.2.4.2 Study areas 

The comparison here presented takes into account all European states with the exception of Russia and 
the smaller states Andorra, Monaco, Lichtenstein and San Marino, where the considered modelling 
frameworks are not capable to provide robust results. However, not all the considered countries are 
included in all three studies. The JRC-EU includes results for the EU28 countries (except Malta and Cyprus) 
plus Norway, and Macedonia. The JRC-GL does not include Iceland and Cyprus because the local river 
network does not meet the criteria for inclusion. Finally ISIMIP produced data for all countries. 

3.2.4.3 Climatological input 

The three studies are based on RCP 8.5. Climate projections under this scenario typically exceed 3°C 
warming before the end of the current century, hence all three considered SWLs can be analyzed in the 
same set of simulations. Recent findings indicate that in contrast to mean precipitation, extreme 
precipitation depends on the total amount of warming and not on emissions scenario in most climate 
models (Pendergrass et al 2015). We therefore assume that flood hazard and impact levels at SWLs 
presented herein are independent of the timing of the warming and of the pathway of greenhouse gas 
concentrations.  

The three studies differ for the number, the resolution and the type of climatological forcing applied. 
Higher resolution climate models are capable to simulate more intense and localized precipitation and to 
better capture extreme events in small river basins. Conversely, coarser resolution climate models are less 
performant in simulating such small-scale high-intensity events, and therefore their application for flood 
modelling is more limited to simulating longer lasting river floods in larger rivers (see also Section 2.4.4.). 
In the JRC-EU study, the climatic scenarios used were produced within the EURO-CORDEX initiative (Jacob 
et al 2014) by downscaling three General Circulation Models (GCM) with four Regional Circulation Models 
(RCM) on a grid resolution of 0.11° (i.e. ~12.5 km in Europe). The JRC-GL study made use of Sea Surface 
Temperature (SST) and Sea Ice Concentration (SIC) forcing data taken from seven independent driving 
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GCMs produced within the Coupled Model Intercomparison Project Phase 5 (CMIP5) projections, 
downscaled to 0.35° with EC-EARTH3-HR (Hazeleger et al 2012). The downscaling was applied both to 
improve the simulation of extreme events and to produce comparable statistics among different models 
using the same resolution. Finally, ISIMIP made use of data from 5 GCMs included in the CMIP5 dataset, 
using climatological forcing at different resolutions from 1.25°×1.875° to 2.8°×2.8°(). Overall, 19 different 
climatic runs were used in the three works, originating from 11 independent GCM realizations. Another 
relevant difference is that temperature and precipitation of ISIMIP climate scenarios were bias-corrected 
using a trend-preserving approach (Hempel et al 2013), while the JRC studies made use of the original 
climate data.  

3.2.4.4 Hydrological modelling 

Both the JRC-EU and JRC-GL studies used the Lisflood model to simulate rainfall-runoff and river routing 
processes. The European version of Lisflood was calibrated at 693 river cross sections and runs at 5km 
resolution, while the global version is not calibrated and runs at 0.1° resolution. The ISIMIP study used an 
ensemble of 10 different, mostly uncalibrated GHMs to calculate rainfall-runoff at 0.5°, while river routing 
was then computed with the CaMa-Flood model at 0.25° resolution (~28 km). The choice of the resolution 
of the hydrological models was mainly driven by computational efficiency and by the resolution of the 
climatological forcing (section 2.4.3). 

For the identification of flood events, all the studies applied extreme value analysis over discharge annual 
maxima to identify reference return periods at each point of the river network. Then, the magnitude of 
each event under the baseline and future scenarios is evaluated by comparing them with the reference 
return periods. The JRC studies used a peak over threshold (POT) approach that accounts for all flood 
events exceeding flood protections in any given place, potentially even more than one per year, while the 
ISIMIP considered only the annual maximum flood. Hence, the ISIMIP approach is more prone to 
underestimating the flood impacts as compared to the two other approaches. 

3.2.4.5 Inundation modelling 

To model inundation processes, the JRC studies made use of a catalogue of model based inundation maps 
at European (Alfieri et al 2014) and Global (Dottori et al 2016) scale for a set of constant flood magnitudes. 
These maps were produced with flood simulations performed separately in each section of the river 
network, using peak discharges for a number of reference return periods inferred from long term 
simulations forced by two historical climate datasets, EFAS Meteo (Ntegeka et al 2013) and ERA-Interim 
(Dee et al 2011) respectively. The model applied for the simulations is the hydrodynamic model LISFLOOD-
FP (Bates et al 2010) for the European flood hazard maps and a cellular automata approach (Dottori and 
Todini 2011) for the Global dataset. With regard to model domain and resolution, the JRC-EU used 100 m 
resolution inundation maps covering all rivers with upstream areas > 500 km2, while the JRC-GL made use 
of ~1km resolution inundation maps for upstream areas > 5000 km2. Hence, the portions of river network 
with upstream area smaller than those two thresholds did not contribute to each corresponding risk 
assessment. In the ISIMIP study, flood maps were computed for each event with the CaMa Flood model 
run at 2.5 min resolution. Results are downscaled using topological flood bed data to 0.005 degree grid, 
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and then re-aggregated to 2.5min to yield inundation area fraction at 2.5 min resolution (~5 km at the 
equator). Figure 1 shows an example of resulting flood maps used by each of the three studies.  

The decrease of resolution in flood inundation models determines a decrease of modelling accuracy 
because 1) the smallest rivers are not mapped (in the JRC-EU and JRC-GL), and 2) flood extent (hence 
impact) is overestimated in those models where the spatial grid resolution is wider than the actual 
inundation extent. Hence, largest errors in inundation mapping typically occur in rivers with small 
upstream area, where the two JRC models assume no inundation, while the ISIMIP approach tends to 
overestimate the width of the inundation, with a lower limit given by the grid resolution (i.e., 5 km). 

 

 
   Figure 1. Inundation maps from the three studies for Central France, with resolution between parentheses:  JRC-EU (100m, a);: 
JRC-GL (~1km, b); ISIMIP (~5km, c). For JRC-EU and JRC-GL the 100 year return period inundation map is represented. For ISIMIP, 

the inundation map corresponding to an annual maximum with 100 year return period is represented. Note 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 future socioeconomic changes on population, 
economy and land use. Impact models were applied with a quasi-stationary approach assuming present-
day exposure and vulnerability. Note however that the JRC-EU and the ISIMIP study did include socio-
economic changes in their original publication. Here, impacts reflect how the present society would be 
affected by river floods under different levels of warming, without additional hypotheses on future 
changes on socio-economic conditions. Although future socio-economic changes are believed to play an 
important part on future impact scenarios, not considering them allows to focus on the modelling 
frameworks of the three studies, which is the main scope of the paper. In the two global studies (JRC-EU), 
impact estimates refer to population estimates of 2015 (2006) and damage in EUR at Purchasing Power 
Parity in 2010 (2007) values.  

As exposure datasets, the JRC-EU used the population density map developed by Batista e Silva et al. 
(2013a) at 100m resolution, a downscaled version of the Corine Land Cover map (Batista e Silva et al 
2013b) and GDP maps at sub-country level. Conversely, the two global studies made use of global 
datasets, namely population density from the Global Human Settlement Layer (Pesaresi et al 2013), and 
land use derived from the GlobCover 2009 at 10-s (�ý300 m) resolution (Bontemps et al 2011). 

a b c
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In all the studies, economic damages were calculated for five relevant economic sectors (i.e., residential, 
commercial, industrial, infrastructures, and agriculture) by combining inundation depth with damage 
functions, GDP and land use maps. One relevant difference is that the European land cover includes 
separate classes for each sector, while GlobCover only considers agricultural and urbanized areas, and 
therefore specific ratios were used to identify the share of damage affecting each sector. In all studies, 
constant present-day flood protection levels were used to calculate future projections. Flood protection 
standards are based on the study by Jongman et al. (2014) for JRC-EU and on the FLOPROS global database 
(Scussolini et al 2016) for the two global studies. In all three studies, ensemble-average loss estimates 
were aggregated at country scale and over 30-year time windows to analyse results and trends over robust 
data samples. 

3.3 RESULTS  

To compare the ensemble results of the three studies we use the following approach. First, we compare 
quantitatively impacts for the baseline period with reference data available from disaster datasets and 
risk assessment studies. Then, we provide a general overview of agreement of the model ensembles at 
European scale, to highlight possible spatial patterns of change. Finally, we evaluate the agreement of 
future impact estimations by comparing relative changes in impacts between the baseline and the three 
SWLs. 

Figures 2 and 3 compare the simulated impact of the three ensembles for the baseline period, with the 
range of available reference datasets including data from the GAR, EM-DAT, and Munich RE for recorded 
losses and only EM-DAT for reported population affected. Note that for some countries (e.g. Finland, 
Iceland, Cyprus) no reported data are available. 

Regarding the reference datasets, there are some important differences to point out. Data from EM-DAT 
and Munich RE are observations and therefore refer to time variable socio-economic conditions of 
exposure and vulnerability. On the other hand, GAR estimates are expected values of average annual 
losses and are based on present day conditions. As shown in the figures, differences in the average and in 
the spread of the results are sometimes remarkable. Some general considerations can be drawn as 
follows: 

�x ISIMIP has generally the largest spread in the ensemble, which is expected given the larger 
number of ensemble members and the use of both different GHMs and GCMs; 

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

�x JRC-GL baseline impacts are in most cases the smallest of the three cases, partly due to the 
reduced extent of the river network considered (i.e., only rivers with upstream areas above 5000 
km2).  

�x In most countries, the confidence bands of the ensembles intersect the range of reported 
economic losses. However, ISIMIP results for some countries are well above this range, notably 
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for Ukraine and Italy. This is in line with the results of the evaluation exercise performed by Dottori 
et al. (in review) for ISIMIP who observed a possible overestimation of impacts for some European 
countries. Also, uncertainties and limitations in the available impact datasets are a known issue 
and could be addressed through the use of simulated impacts (Alfieri et al 2016). Main issues 
include under-reporting of minor flood events and of those further back in time, uneven data 
coverage across European countries (e.g., fewer data for Eastern European countries before 1990 
and in particular for countries that were part of the Soviet Union). 

Results in terms of affected population are comparable to those of economic damages, with similar spread 
in the ensemble results (Figure 3), though with a clear tendency of modelled results to be higher than 
reported figures. For population, it must be noted that observed data come only from the EM-DAT 
database and that the evaluation of population affected is more complex and prone to errors due to 
different standards for reporting the number of people hit by floods (Guha-Sapir et al 2012). 
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Figure 2. Economic damage computed for the baseline period by the ensembles of the three studies. Plots show the average 
(black dash), ± 1 standard deviation (colored bar), and minimum and maximum values (whiskers) of each ensemble. The gold 

bar shows the range of reported impact values (minimum and maximum). 
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Figure 3. Population affected computed for the baseline period by the ensembles of the three studies. Plots show the average 

(black dash), ± 1 standard deviation (colored bar), and minimum and maximum values (whiskers) of each ensemble. In gold are 
shown impact values reported in the EM-DAT database. 

 

Figure 4 summarizes the agreement between the three ensemble averages for each country and SWL 
scenario, considering the sign of projected impact changes. The agreement is evaluated giving the same 
weight to the ensembles and using + /- signs as follows:  
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•  +++ (---) : all studies predict an increase (decrease) in impacts;  
•  ++ (--) : two studies predict an increase (decrease) in impacts, results are not available for the 

third (see Section 2.4.2); 
•  + (-) : this is used for two cases :1) two studies predict an increase (decrease) in impacts while a 

third predicts an opposite change; or 2) only one study is available and predicts an increase 
(decrease) in impacts; 

•  0 : only two ensembles available and predicting opposing changes in impacts. 

The spatial distribution of the agreement shows that the model ensembles agree on an increasing trend 
in most of Western and Central European countries, and on a decreasing trend in Eastern countries. 
Ensemble results are more variable in a number of northern countries like Iceland, Finland, Estonia and 
Latvia, and in most south-eastern countries with the exception of Greece. Interestingly, impact trends for 
the British Isles and Eastern Europe mostly agree with those identified by Kundzewicz et al (2017). These 
results are consistent with the changes in flood hazard projected by the climate models used in the three 
studies (Alfieri et al., 2015b and 2017; Dankers et al 2014) and suggest that the direction of change 
(positive vs negative) is mainly determined by the climate signal. 

 

Figure 4. Multi-ensemble agreement in projected changes in affected population (top) and expected damage (bottom) at SWLs. 
Colors depend on the number of studies predicting a positive or negative change in impacts. 

 

Figures 5 and 6 focus on the future impacts predicted by the model ensembles, showing the relative 
change for each SWL and country with respect to the baseline. The plots allow to compare at a glance the 
magnitude of predicted changes, 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, all ensembles consistently predict relevant 
increases in future flood impacts.  

• The largest changes are usually predicted by the JRC-GL, which projects a more that 10-fold 
increase in impacts in the Slovak Republic, Hungary and Poland. Conversely the ISIMIP ensemble predicts 
smaller changes, with JRC-EU generally in between. In particular, ISIMIP predicts a negative change for 
several south-eastern and eastern countries, while JRC-EU and JRC-GL expect a decrease only in few 
countries.   

• In a number of countries impacts may largely increase even in the case of mitigating future 
warming to 1.5°C. 
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Figure 5. Relative average change in expected damage for 1.5°C (green) 2°C (yellow) and 3°C (red) warming scenarios with 
respect to the baseline, calculated at country level for the three ensembles. Note that the x-axis in the left plot uses a 

logarithmic scale 
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 Figure 6. Relative average change in population affected for 1.5°C (green) 2°C (yellow) and 3°C (red) warming scenarios with 
respect to the baseline, calculated at country level for the three ensembles. Note that the x-axis in the left plot uses a 

logarithmic scale. 
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Summary impact projections and relative changes from the baseline for the three model ensembles are 
shown in Table 2 and 3 for expected damage and population affected, respectively. The JRC-EU provides 
the best estimates of flood impacts at the European level for the baseline period, where reported annual 
figures are between 4.3 and 8 B€ (5 B€ for JRC-EU) of losses and 262,000 (216,000 for JRC-EU) people 
affected by flood events in Europe (ABI 2005, EEA 2010). Multi-ensemble relative changes of flood impacts 
rise with the SWLs from 113% (expected damage) and 86% (population affected) at 1.5°C, up to 145% and 
123% respectively. These are the result of averaging a marked increase in flood risk by the two JRC studies, 
with the ISIMIP predictions which point to an initial growth of impacts at 1.5°C and then a further 
stabilization for higher SWLs. 

Table 2. Expected damage from the three ensembles (ensemble average) and at SWLs, including relative change. Multimodel 
average figures are included in the last row. 

    1.5°C 2°C 3°C 

Expected 
Damage 

baseline 
[B€/yr] 

total 
[B€/yr] 

relative 
change [%] 

total 
[B€/yr] 

relative 
change [%] 

total 
[B€/yr] 

relative 
change [%] 

JRC-EU 5 11 116 13 137 14 173 

JRC-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 

 
 
Table 3. Population affected from the three ensembles (ensemble average) and at SWLs, including relative change. Multimodel 
average figures are included in the last row. 
 

  1.5°C 2°C 3°C 

Population 
affected 

baseline 
[1000 
pp/yr] 

total       
[1000 
pp/yr] 

relative 
change [%] 

total       
[1000 
pp/yr] 

relative 
change [%] 

total       
[1000 
pp/yr] 

relative 
change [%] 

JRC-EU 216 499 131 524 142 600 177 

JRC-GL 156 456 193 509 227 621 299 

ISIMIP 679 995 47 991 46 1124 66 

Multi-
ensemble 

350 650 86 674 93 781 123 

 

3.4 CONCLUSIONS 

This work presents, for the first time to our knowledge, a quantitative and detailed comparison of socio-
economic impact projections of river floods in Europe under climate change, as computed by three 
research works based on state-of-the-art models and datasets. We considered three studies for the 
comparison, due to the relatively scarce availability of large scale assessments of the future impacts of 
natural hazards under specific warming levels. Nation-wide risk assessments have the advantage of 1) 
enabling the comparison of methods set up at different modelling resolution, and 2) enabling the 
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comparison of modelled impact estimates over a set of past years with reported aggregated values 
available from disaster losses datasets.   

As expected, the quantitative comparison of results show significant differences among model ensembles, 
which may depend on different modelling components and data used in each study. Part of the 
differences can be attributed to the use of different climate and hydrological models. While the 
uncertainty related to the climatological forcing is well known in the literature, results from Dottori et al. 
(in review) show that hydrological modelling may also have a significant impact. The resolution of flood 
maps and of the driving inundation models also play an important role in determining the overall impact 
estimates. In this regard, we stress the importance of using high resolution inundation modelling to 
achieve accurate impact estimates. This is presently limited by the scarce availability of high resolution 
Digital Elevation Models (DEM) over large areas, where small scale features are able to influence 
considerably the distribution of the floodwaters. Regarding impact modelling, the studies here considered 
use similar approaches, mainly based on the simulated extent and depth of the flooding. There is a wide 
variety of flood damage models in use that can differ substantially in methodological aspects and 
economic estimates. The datasets and resolution of exposure data may be an additional factor in 
explaining differences in results, as shown by a comparative quantitative flood damage model assessment 
by Jongman et al. (2012). 

Overall, we found the JRC-EU to be the best performing model ensemble of the three in reproducing 
quantitatively past impact estimates, thanks to the high resolution and better quality of the underlying 
models and datasets. Results from the three model ensembles suggest that climate projections are the 
main driver influencing future trends of flood risk under global warming. Other factors such as the bias 
correction of climate projections, the method for assessing the year of exceeding SWLs, and the 
hydrological model, were found to influence results only to a smaller degree. Despite some differences in 
the absolute and relative change in projected flood impacts at SWLs, the three model ensemble s showed 
a generally good agreement in the spatial distribution of the direction of changes. In details, most of 
Central and Western Europe is consistently projected to experience substantial increase in flood risk at all 
SWLs, with magnitude of the change increasing for higher levels of warming. Conversely, some persistence 
signal of decrease in flood risk with warmer temperatures is found in some countries in Eastern Europe 
though in most cases the three model ensembles provided contrasting results, showing that highest 
uncertainties are located in Eastern Europe and particularly in the Balkan region. Interestingly, in some 
countries in Southern Europe (Spain, Portugal, Greece) the initial increase in impacts at 1.5°C turns into 
more uncertain projections in the case of higher warming levels, due to a consequent substantial 
reduction in annual precipitation.   

Future works should focus on studying the influence of single modelling components or datasets by 
systematically comparing different versions of the same modelling framework. While similar studies 
would be demanding, given the amount of data and the computational times required to run a full flood 
impact modelling chain, we believe that more similar studies should be carried out to improve the 
robustness and reliability of flood risk estimates. To this end, the inclusion of flood impact models in a 
model intercomparison project such as ISIMIP is a valid option to progress further. 
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This work confirms that the impacts of global warming on the river flood risk in Europe are widespread 
and often substantial, though they can vary in sign and magnitude from region to region. The Paris 
Agreement has set critical thresholds of warming that we should aim to pursue, yet it has demanded the 
scientific world to provide additional evidence on the possible effects of the warming on the consequent 
impacts on the society. Our results show that substantial impacts can be avoided by limiting the global 
warming to lower temperature thresholds. However, considerable increase in flood risk is predicted in 
Europe even under the most optimistic scenario of 1.5°C warming as compared to pre-industrial levels, 
urging the national governments to prepare effective adaptation plans to compensate 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 availability and stress under high-end climate 
change (RCP8.5) in Europe as simulated by the JULES land surface model. We compare the new 
simulations with previous assessments based on climate data of coarser spatial resolutions and fewer 
ensemble members. The projections are examined for three levels of warming (+1.5, +2 and +4oC), as 
relative changes compared to a reference period of the recent past (1981-2010).  

The new, higher resolution climate projections are produced from the HELIX models EC-EARTH and 
HadGEM, driven by the RCP8.5 emission scenario, with prescribed time varying sea surface temperature 
(SST), provided by a range of CMIP5 climate models. This higher resolution ensemble of projections will 
be referred to as HELIX ensemble. The other ensembles considered here are the ISIMIP and the EURO-
CORDEX ensembles.  

Transient hydrological simulations were performed by forcing the JULES (Joint UK Land Environment 
Simulator) land surface model using three different climate model ensembles: 

1.  An ensemble of JULES simulations driven by an ensemble of 13 climate projections, generated 
with the use of both EC-Earth and HadGEM3 atmosphere-only simulations with prescribed sea 
surface temperature (SST) and sea–ice concentration from a subset of the CMIP5 GCMs. 

2. An ensemble of JULES simulations driven by an ensemble of 5 RCM projections by RCA model iin 
the frame of EuroCORDEX experiment, with boundary conditions taken from the subset of CMIP5 
GCMs similar to the ISIMIP driving GCMs. 

3. Hydrological simulations performed by the JULES model runs as provided by the ISIMIP project, 
driven by the 5 GCMs of the ISIMIP-Fast track experiment.   

Through a number of comparisons between the changes in water availability and drought conditions 
projected by the different ensembles and their members, we aim to explore: 

�x The differences and similarities between the projections of the 3 ensembles and assess possible 
added value provided by the newer HELIX simulations.  

�x The effect of the HELIX model on the projections as simulated by the JULES land surface model. 
We examine this by considering the HELIX simulations driven by the same SST (r1, r2 and r3 are 
the common driving models) and different HELIX model. We compare the two sub-ensembles of 
the HELIX ensemble (EC-EARTH driven by r1, r2 and r3 versus HadGEM driven by r1, r2 and r3). 
Additionally, we compare these with the ISIMIP sub-ensemble consisting of the respective 
common models (IPSL-CM5A-LR, GFDL-ESM2M and HadGEM2-ES). 

�x Assessment of the impact of the +4°C compared to the +2°C and +1.5°C SWLs. 

 



Project No 603864 
 

27 
 

4.2 DATA AN D METHODS  

4.2.1 Model ensembles 

The ISIMIP project use a consistent subset of five (5) GCMs from the Coupled Model Inter-comparisons 
Project Five (CMIP5) (Warszawski et al. 2014). The representativeness of these models compared to the 
spread of projections within the CMIP5 dataset is described by McSweeney and Jones (2016). JULES model 
was driven by these simulations providing changes in future runoff (Davie et al. 2013). Five (5) of the 
EURO-CORDEX (Jacob et al. 2014) climate scenarios were used as JULES forcings. The model selection was 
made based on two requirements: First, that the driving GCM has been also used in ISIMIP runs performed 
with JULES so as to compare the two configurations, and second that the GCM data have been downscaled 
to the 0.44 degree grid. Three of the five scenarios selected use the same driving GCM (GFDL-ESM2M, 
NorESM1-M and HadGEM2-ES) and for the rest two that downscaled data were not available the most 
similar GCM was selected (MIROC5 instead of MIROC-ESM-CHEM and IPSL-CM5A-MR instead of IPSL-
CM5A-LR). All five GCMs have been downscaled with the same RCM (RCA4) that could result to a bias 
toward the RCM parametrization. The HELIX hi-res ensemble was generated with the use of EC-Earth and 
HadGEM3 as described by Wyser et al (2017). The criterion for model selection was to cover a wide range 
of uncertainty in the future climate projections. 

The models consisting the ISIMIP, EURO-CORDEX and HELIX ensembles, along with the time that each SWL 
is surpassed for each model, are given in Table 4, Table 5 and Table 6 respectively. The ISIMIP and the 
EURO-CORDEX consist of 5 models each, while the HELIX ensemble includes 13 members in total, 6 of 
them produced with the EC-EARTH model and the remaining 7 with the HadGEM model. A number of 
common driving models can be identified between the 3 ensembles, namely: GFDL-ESM2M, HadGEM2-
ES and IPSL-CM5A-LR (absent from the EURO-CORDEX ensemble). 

 
Table 4. Models of the ISIMIP GCMs ensemble. 
 

ISIMIP ensemble RCP85 
  GCM SWL 1.5 SWL 2 SWL 4 
1 GFDL-ESM2M 2040 2055 [2113] 
2 NorESM1 2035 2052 - 
3 MIROC-ESM 2023 2035 2071 
4 IPSL-CM5A-LR 2015 2030 2068 
5 HadGEM2-ES 2027 2039 2074 

 
Table 5. Members of the EURO-CORDEX RCM-GCMs ensemble. 

  EURO-CORDEX ensemble RCP85 
  GCM RCM SWL 1.5 SWL 2 SWL 4 actual warming level at SWL4 
1 GFDL-ESM2M RCA4 2040 2055 [2113] 3.2 
2 NorESM1 RCA4 2035 2052 - 3.75 
3 MIROC5 RCA4 2038 2052 - 3.76 
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4 IPSL-CM5A-MR RCA4 2020 2034 2069  
5 HadGEM2-ES RCA4 2027 2039 2074  

 
Table 6. Members of the HELIX GCMs ensemble. 

  HELIX ensemble RCP85 ISIMIP 
  GCM SST driving models Ensemble SWL 1.5 SWL 2 SWL 4  
1 ECEARTH - R1  IPSL-CM5A-LR r1i1p1 2025 2036 2074 X 
2 ECEARTH - R2  GFDL-ESM2M r1i1p1 2038 2054 

 
X 

3 ECEARTH - R3  HadGEM2-ES r1i1p1 2021 2035 2075 X 
4 ECEARTH - R4  EC-EARTH r12i1p1 2028 2043 2090  
5 ECEARTH - R5  GISS-E2-H r1i1p1 2031 2047 

 
 

6 ECEARTH - R6  IPSL-CM5A-MR r1i1p1 2024 2038 2072  
7 ECEARTH - R7 HadCM3LC r1i1p1 2026 2040 2088  
8 HADGEM-R1  IPSL-CM5A-LR r1i1p1 2024 2035 2071  
9 HADGEM-R2 GFDL-ESM2M r1i1p1 2036 2051 

 
 

10 HADGEM-R3  HadGEM2-ES r1i1p1 2019 2033 2071  
11 HADGEM-R6 IPSL-CM5A-MR r1i1p1 2023 2036 2069  
12 HADGEM-R8 MIROC-ESM-CHEM r1i1p1 2020 2032 2068 X 
13 HADGEM-R9 ACCESS1-0 r1i1p1 2026 2040 2081  

 

All models reach the +1.5 and +2 warming levels, but not all of them reach the +4 warming level in the 
time frame of this study. GFDL reaches only +3.2oC in the 2081-2100 time-slice, thus GFDL is left out of 
the +4 analysis (GFDL is a member of all the three ensembles). Other models that reach warming levels of 
3.75 and higher at the final time-slice are included in the +4 time-slice analysis. 

Within each ensemble, the assessment of the level of uncertainty in the projections is introduced with the 
percentage of the models that agree towards the climate change impact signal, i.e. the percentage of 
models that agree on the sign of the projected change for an examined hydrological variable. To examine 
whether the ensemble mean projected changes are significant compared to the inter-ensemble variability 
we introduce the concept of robustness in the ensemble mean projections (Donnelly et al. 2017). 
According to this concept, the ensemble mean projected changes are considered as robust if the absolute 
ensemble mean change is greater than the standard deviation of the changes projected by the models 
that comprise the ensemble. 

4.2.2 Hydrologic indicators and droughts 

A number of hydrologic indicators are calculated from the runoff output of the JULES model, in order to 
express different aspects of runoff’s temporal distribution. The employed hydrologic indicators are: 

�x Mean runoff (RF mean): The long-term average of runoff is a basic indicator for mean water 
availability. 
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�x 10th percentile runoff (RF low): The lower 10th percentile of runoff distribution serves as an 
indicator for low flows. 

�x 95th percentile runoff (RF high): The 95th percentile of runoff distribution serves as an indicator 
for high flows. 

For the representation of droughts, two drought indices are employed and the drought duration is 
estimated. The first index is the standardized precipitation index (SPI, Mckee et al. 1993), a widely used 
index for the identification of drought events’ onset, intensity and duration. The calculation of the SPI is 
based on time series of precipitation. First, the time series are fitted to a Gamma distribution and then 
the cumulative probability of precipitation values is estimated. Finally, the cumulative probability is 
transformed to a standard normal deviate with zero mean and unit standard deviation (Mckee et al. 1993). 
Following the SPI concept, Shukla & Wood (2008) developed the standardized runoff index, which 
characterizes droughts by assessing modelled runoff time series. Negative values of SPI indicate the 
existence of drought conditions. According to the SPI value, drought is grouped into one of four arbitrarily 
defined intensity tiers, ranging from “mild” to “extreme” (Mckee et al. 1993). This work was focused on 
intense drought conditions, thus only the “severe drought” (-2<SPI<=-1.5) and “extreme drought” (SPI<=-
2) categories were considered. For the assessment of climate change impact on droughts we used the 
relative versions of SPI and SRI (Dubrovsky et al. 2009). Relative indices use input data of two time periods. 
The first period serves as the reference period and is used for model calibration. The calibrated model is 
then applied to data of the second time period. This allows us to assess the drought conditions of the 
future compared to the benchmark drought conditions of the baseline period. The relative drought indices 
were calculated using two periods of temporal aggregation, in order to capture droughts of different 
duration. A 6-month period (SRI-6) was employed for the representation of short term events that mostly 
correspond to agricultural droughts and a 48-month period (SRI-48) was used to depict long term drought 
events that affect the storage of hydrological resources. From the calculation of SPI and SRI, we excluded 
the grid boxes with zero runoff for more than 90% of the length of the historical time period.  

The hydrologic indicators and time under drought conditions are derived for each time-slice. Using the 
reference time-slice as a baseline for comparison, their changes at different levels of warming are 
examined at a pan-European scale and for specific sub-regions of Europe, shown in Figure 7. 
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Figure 7. Studied European sub-regions (Christensen & Christensen 2007). 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 General comparison between Ensembles: ISIMIP vs Euro-CORDEX vs HELIX  

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), EURO-CORDEX (middle) and HELIX 
(bottom). Dotted areas indicate robust changes (absolute ensemble mean change is greater than the 
standard deviation of the changes - coefficient of variation < 1). to Figure 17 provide a comparison 
between the projected changes in hydrologic indicators and drought indices derived from the 3 examined 
ensembles (ISIMIP, EURO-CORDEX and HELIX). Figures 8, 10 and 12 show the projected changes per SWL 
in mean, low and high runoff respectively and Figures 9, 11 and 13 show the model agreement on the sign 
of change of mean, low and high runoff respectively. Moreover, spatially aggregated relative projected 
changes in the 3 runoff indicators for each single ensemble member, for the European sub-regions of 
Figure 7 can be found in the Appendix. 

The projections of the 3 ensembles exhibit a considerably different behavior. The ISIMIP projections are 
far less detailed than the other two, due to the lower resolution of the ISIMIP GCMs ensemble. In contrast, 
EURO-CORDEX projections show more variant spatial patterns than the HELIX ensemble, although the two 
ensembles have a similar resolution. A common pattern on the projected changes in mean runoff between 
the 3 ensembles (Figure 8. Relative change in mean annual runoff (RFmean) per SWL, simulated by JULES 
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driven by the three different ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and 
HELIX (bottom). Dotted areas indicate robust changes (absolute ensemble mean change is greater than 
the standard deviation of the changes - coefficient of variation < 1).) is the increasing signal in north and 
north-eastern Europe and the decreasing signal in the south part of the continent. Northern and southern 
Europe are regions with higher agreement on the sign of mean annual runoff change, while agreement is 
lower for central Europe (Figure 9). 

Projected changes in low runoff by the ISIMIP GCMs and EURO-CORDEX ensembles show similar patterns 
of increased low runoff in the north-east and decreased low runoff in the south-west, although the latter 
ensemble projects greater changes (Figure 10). The HELIX ensemble has quite a distinguished behavior of 
projected increases in low runoff over the majority of the continent. Concerning model agreement on the 
signal of low runoff projections (Figure 11), the HELIX ensemble has the lower extent of high model 
agreement (80-100%), mainly at the Scandinavian Peninsula. The ISIMIP GCMs ensemble has higher 
agreement for the increasing changes in Scandinavian countries and the decreasing signal in the 
Mediterranean while EURO-CORDEX projections highly agree (80-100% 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 ensembles, progressively more evident and 
intense as the warming progresses, is increased high runoff in the north and north-east part of the 
continent and decreased high runoff in south Europe (Figure 12). Projected changes in runoff are 
accompanied by a reduced model agreement for the ISIMIP GCMs ensemble and increased agreement 
over the north and south of Europe for the HELIX ensemble (Figure 13). 

The comparison of the projected changes in hydrologic indicators of the 3 examined ensembles reveals 
remarkably diverse patterns between the ensembles. A greater similarity can be observed between the 
spatial patterns of projected changes in extreme drought duration of the 3 ensembles. For short-term 
droughts (modelled with SPI6), all the ensembles project increases in drought duration in the 
Mediterranean region at SWL4, while only ISIMIP shows spatially coherent regions of increased drought 
duration at lower levels of warming (SWL1.5 and 2) (Figure 14). Especially at SWL4, the regions of 
increased drought duration are also regions with high model agreement on the sign of the change of short 
term drought duration (Figure 15). The projected changes in time under long term extreme drought 
conditions (modelled with SPI48) are more intense and spatially extended compared to short term 
droughts (Figure 16). Again, similar patterns can be found between the 3 ensembles. Under +4 oC of 
warming, increased drought duration is projected for south Europe by all the ensembles. The agreement 
of the models is less uniform between the 3 ensembles (Figure 17). At SWL4, the ISIMIP GCMs ensemble 
exhibits high agreement over the whole south-European region, EURO-CORDEX shows patches of high 
agreement all over south Europe while the HELIX ensemble shows high agreement on increased drought 
duration only for the south Iberian Peninsula, Sardinia and south Italy. 
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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), EURO-CORDEX 
(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).

 
Figure 9. Model agreement on the sign of change in mean annual runoff (RFmean) per SWL, simulated by JULES driven by the 
three different ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). 
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Figure 10. Relative change in 10th percentile runoff (RFlow) per SWL, simulated by JULES driven by the three different ensembles: 
ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). Dotted areas indicate robust changes (absolute 
ensemble mean change is greater than the standard deviation of the changes - coefficient of variation < 1). 
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Figure 11. Model agreement on the sign of change in 10th percentile runoff (RFlow) per SWL, simulated by JULES driven by the 
three different ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). 
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Figure 12. Relative change in 95th percentile runoff (RFhigh) per SWL, simulated by JULES driven by the three different 
ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). Dotted areas indicate robust 
changes (absolute ensemble mean change is greater than the standard deviation of the changes - coefficient of variation < 1). 



Project No 603864 
 

37 
 

 
Figure 13. Model agreement on the sign of change in 95th percentile runoff (RFhigh) per SWL, simulated by JULES driven by the 
three different ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). 
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Figure 14. Relative change in extreme short term drought (SRI<=-1.5) duration per SWL, simulated by JULES driven by the three 
different ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). 
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Figure 15. Model agreement on the sign of change in extreme short term drought duration per SWL, simulated by JULES driven 
by the three different ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). 
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Figure 16. Relative change in extreme long term drought (SRI<=-1.5) duration per SWL, simulated by JULES driven by the three 
different ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). 
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Figure 17. Model agreement on the sign of change in extreme long term drought duration per SWL, simulated by JULES driven by 
the three different ensembles: ISIMIP GCMs subset of CMIP5 (top), EURO-CORDEX (middle) and HELIX (bottom). 
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4.3.2 The effect of HELIX GCM: 

The results of this section (Figure 18 to Figure 22) show the differences in projected changes caused by 
the HELIX model, as only the ensemble members forced with common driving models participate here. 
For all runoff metrics - mean (Figure 18) and low (Figure 19) and high (Figure 20) runoff very different 
patterns of change can be observed between the two HELIX sub-ensembles. EC-EARTH projects a 
considerably wetter future, with increases in hydrologic indicators over most of the European area. In 
contrast, negative changes are projected by HADGEM, especially for low runoff, for the most part of 
Europe. This indicates that the HELIX model used for the production of climate simulation plays a vital role 
for the signal of the projected impacts and designates the selection of the HELIX model as a major source 
of uncertainty for the projected simulations. It can be observed that the ISIMIP sub-ensemble resembles 
the signal of the HELIX-HADGEM sub-ensemble. This could possibly indicate that HADGEM preserved the 
signal of the original GCMs that were used as its forcing while the processes within EC-EARTH resulted in 
a shift of the original GCM climate signal. Figure 21 and Figure 22 show the changes in short- and long- 
term drought respectively, as simulated by the three sub-ensembles. Again it can be observed that the 
ISIMIP patterns are closer to those of HELIX-HADGEM. HELIX-EC-EARTH projects a small and spatially 
incoherent increase in drought duration at the pan-European level, in contrast to ISIMIP and HELIX-
HADGEM that show increased drought duration for almost all the south and central Europe, especially at 
SWL4, and with alarming values of increase in duration (>50%) for long-term droughts. 
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Figure 18. Relative change in mean annual runoff (RFmean) per SWL, simulated by JULES driven by the three 
different sub-ensembles with common forcing models: ISIMIP GCMs subset of CMIP5 (top), HELIX-EC-EARTH 
(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). 
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Figure 19. Relative change in 10th percentilel runoff (RFlow) per SWL, simulated by JULES driven by the three different sub-
ensembles with common forcing models: ISIMIP GCMs subset of CMIP5 (top), HELIX-EC-EARTH (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). 
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Figure 20. Relative change in 95th percentile runoff (RFhigh) per SWL, simulated by JULES driven by the three different sub-
ensembles with common forcing models: ISIMIP GCMs subset of CMIP5 (top), HELIX-EC-EARTH (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). 
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Figure 21. Relative change in extreme short term drought (SRI<=-1.5) duration per SWL, simulated by JULES driven by the three 
different sub-ensembles with common forcing models: ISIMIP GCMs subset of CMIP5 (top), HELIX-EC-EARTH (middle) and HELIX-
HADGEM (bottom). Dotted areas indicate robust changes. 
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Figure 22. Relative change in extreme long term drought (SRI<=-1.5) duration per SWL, simulated by JULES driven by the three 
different sub-ensembles with common forcing models: ISIMIP GCMs subset of CMIP5 (top), HELIX-EC-EARTH (middle) and HELIX-
HADGEM (bottom). Dotted 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 HELIX model can have a large impact on 
the produced climate change impact simulations. To further investigate how the HELIX models and forcing 
models affect the projected changes in runoff indicators, we compare single ensemble members forced 
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with the same driving model and different HELIX models. This comparison is performed for the drier (r1) 
and wetter (r3) of the common driving models, in order to account for the widest range of uncertainty. 
Figure 23 and Figure 24 show the changes in mean runoff when the two HELIX models are forced with r1 
and r3 respectively. Results for low runoff are shown in Figure 25 for r1 and Figure 26 for r3 and for high 
runoff in Figure 27 for r1 and Figure 28 for r3. A visual comparison of the figures reveals that there is 
higher resemblance between the changes forced by the same HELIX model than with the same driving 
model. Simulations of the same driving model, whether this is the wetter of the drier, have very different 
spatial patterns and different signal of change for the same regions. On the contrary, the differences are 
far less pronounced for the simulations that use the same HELIX model, although they use a different 
driving model (r1 or r3).  

 
Figure 23. Relative change in mean annual runoff (RFmean) per SWL, simulated by JULES driven by the two different HELIX 
models, forced with the same driving model (r1, the drier model): EC-EARTH (top), HADGEM (bottom). 
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Figure 24. Relative change in mean annual runoff (RFmean) per SWL, simulated by JULES driven by the two different HELIX 
models, forced with the same driving model (r3, the wetter model): EC-EARTH (top), HADGEM (bottom). 
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Figure 25. Relative change in 10th percentile runoff (RFlow) per SWL, simulated by JULES driven by the two different HELIX 
models, forced with the same driving model (r1, the drier model): EC-EARTH (top), HADGEM (bottom) 

 
Figure 26. Relative change in 10th percentile runoff (RFlow) per SWL, simulated by JULES driven by the two different HELIX 
models, forced with the same driving model (r3, the wetter model): EC-EARTH (top), HADGEM (bottom) 
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Figure 27. Relative change in 95th percentile runoff (RFhigh) per SWL, simulated by JULES driven by the two different HELIX 
models, forced with the same driving model (r1, the drier model): EC-EARTH (top), HADGEM (bottom) 

 
Figure 28. Relative change in 95th percentile runoff (RFhigh) per SWL, simulated by JULES driven by the two different HELIX 
models, forced with the same driving model (r3, the wetter model): EC-EARTH (top), HADGEM (bottom) 

 



Project No 603864 
 

52 
 

 

 

4.3.4 A super ensemble, consisting of the 3 ensembles (for SRI) 

So far we have examined differences in the projected changes in runoff indicators and duration of drought 
conditions derived by three different ensembles. Here we combine the three ensembles (ISIMIP, EURO-
CORDEX and HELIX) into one, and examine the projected changes in 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 ensemble shows virtually no change in short term drought duration at SWL1.5, small 
increases in short term drought duration over regions of the Iberia Peninsula at SWL2 and increases 
ranging from 5 to 25% for the Mediterranean region at SWL4 (Figure 29). It is important to note that the 
aforementioned regions of drought duration increases in the Mediterranean, also show a high level of 
model agreement. 

Regarding long term droughts (Figure 30), the combined ensemble shows increases of 5 to 25% in duration 
over the Iberian Peninsula, west France, Italy and Greece at SWLs 1.5 and 2. However the confidence on 
these changes is debatable, as only 60-80% of the combined ensemble members agree on the sign of the 
changes. At SWL4, the combined ensemble shows increases in long term drought conditions up to 50%, 
affecting all the south part of Europe and even regions of central Europe. Nonetheless, regions of high 
agreement (80-100%) on these changes, are only the Mediterranean regions. 
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Figure 29. Relative change in extreme short term drought (SRI<=-1.5) duration per SWL, simulated by JULES driven by the three 
the combined ensemble (top), and model agreement on the sign of change (bottom). 
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Figure 30. Relative change in extreme long term drought (SRI<=-1.5) duration per SWL, simulated by JULES driven by the 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 differences in the projected hydrological 
impacts, with conflicting signs of change for some runoff metrics. In summary, the highest level of 
consensus between the ensembles was observed for changes in mean runoff. The climate change signal 
for mean runoff regards increases in the north of Europe, decreases in the south and only small changes 
with lower model agreement for central Europe. For low runoff, the HELIX ensemble shows increased 
response over most of Europe, but also exhibits low model agreement on the sign of change for most of 
the European area. The other two ensembles show a different response of low runoff to climate change, 
as both consent on increased low runoff in the north-eastern part of Europe and decreased low runoff 
over the south-western part of the continent. Regarding changes in high runoff, all the three ensembles 
show negative changes for the south part of Europe but have different signals for central Europe. The 
three examined ensembles show a markedly more similar response regarding the drought duration 
projections. For short-term droughts, all the ensembles show increased drought duration over the 
Mediterranean while for long-term droughts the region of increased drought duration extents to the 
whole of southern Europe. Moreover, the projected increase in drought duration is larger for long-term 
compared to short-term droughts. 
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Examination of the role of the HELIX model for the hydrological simulations reveals that the two HELIX 
models project very different futures of conflicting climate change signals. Specifically, HadGEM projects 
a dramatically drier future while EC-EARTH projects a wetter future in terms of runoff production metrics. 
Regarding the drought analysis, HadGEM shows increased drought duration for a considerably larger part 
of Europe compared to EC-EARTH. The projected climate change signal is determined by the HELIX model 
rather than by the SST driving model. The combined ensemble shows that spatially coherent regions of 
increased drought duration and high model agreement appear under +4oC of warming over the 
Mediterranean region. 
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6 APPENDIX 

 
Table 7. Relative changes in mean, low and high runoff, per SWL, for each ensemble member of the ISIMIP ensemble, 
aggregated for 8 European sub-regions. 

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% -2.61% -5.98% -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 IP 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% -4.50% -2.75% 

EnsMean 8.74% 8.20% 8.68% 6.49% 0.96% 7.42% 1.73% -2.99% 

SWL4 BI 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% -4.57% -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 IP 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 BI 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 BI 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 BI IP 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% -5.49% -5.13% -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 BI 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 BI IP 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% 22.91% 9.70% -7.65% 

IPSL -3.44% -3.73% 1.93% 1.20% -4.15% -0.69% -2.37% -9.59% 

HadGEM -3.29% -6.15% -1.88% 0.57% -3.24% -2.33% -2.35% -4.84% 

EnsMean 1.02% -3.25% 3.87% -0.25% -4.81% -0.18% -3.19% -8.17% 
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Table 8. Relative changes in mean, low and high runoff, per SWL, for each ensemble member of the EURO-CORDEX ensemble, 
aggregated for 8 European sub-regions. 

 

EURO-
CORDEX 

RF_mean 
      

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% -4.99% 6.36% 

MIROC5 2.23% 2.70% 4.52% 6.08% 3.51% 11.02% 11.36% 7.24% 

IPSL 5.71% -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 2.52% -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% -1.51% 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 8.58% -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% 

EURO-
CORDEX 

RF_low 
       

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 BI IP FR ME SC 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% -42.50% -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 BI IP FR ME SC 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% 

EURO-
CORDEX 

RF_high 
       

SWL1.5 BI IP FR ME SC 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% -2.56% 9.95% 4.37% -3.58% 1.86% -2.30% 

HadGEM2 11.32% 8.48% 21.76% 17.95% 2.70% 5.49% 10.26% 5.26% 

EnsMean 8.62% -6.50% 11.13% 9.17% 4.80% 2.75% 0.81% 1.40% 

SWL2 BI IP FR ME SC 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% 5.59% -4.44% -7.80% 1.10% 

MIROC5 11.59% -18.77% 12.63% 19.10% 5.59% 10.60% -0.63% 15.81% 

IPSL 5.50% -26.30% -11.66% 7.86% 4.96% -8.48% -11.42% 2.50% 

HadGEM2 7.91% -15.03% 1.01% 22.57% 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 IP FR ME SC 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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Table 9. Relative changes in mean, low and high runoff, per SWL, for each ensemble member of the HELIX ensemble, aggregated 
for 8 European sub-regions. 

 

HELIX RF_mean 
     

SWL1.5 BI IP FR ME SC AL MD EA 

EC_EARTH_r1 3.06% -5.74% -0.93% 9.18% 16.94% 1.92% 6.45% 20.84% 

EC_EARTH_r2 5.19% 10.71% 3.02% 8.98% 13.53% 6.47% 0.73% 6.72% 

EC_EARTH_r3 6.17% 8.69% 5.76% 4.01% 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_r5 5.37% 2.16% 12.09% 24.68% 19.58% 12.30% -1.03% 8.91% 

EC_EARTH_r6 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% 6.59% 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% 5.30% 8.44% 1.96% 1.33% -12.56% 

EnsMean 3.35% -2.30% 1.34% 4.54% 11.10% 2.25% 1.44% 4.30% 

SWL2 BI IP 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_r2 6.71% 19.03% 12.03% 10.27% 17.19% 12.28% 7.22% 13.52% 

EC_EARTH_r3 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_r5 12.77% -3.06% 11.64% 26.33% 28.20% 9.45% -8.33% 4.74% 

EC_EARTH_r6 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% 5.56% 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% 2.42% 13.55% -4.31% 0.63% -15.45% 

EnsMean 5.44% -3.60% 2.40% 5.67% 16.91% 1.24% -1.21% 1.90% 

SWL4 BI IP 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_r2         

EC_EARTH_r3 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% -4.59% 26.89% 

EC_EARTH_r5         

EC_EARTH_r6 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_r1 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 BI 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_r2 7.19% 17.68% -7.53% -3.37% 33.68% 16.02% 3.35% -23.59% 

EC_EARTH_r3 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_r5 1.66% 6.53% 19.00% 39.79% 57.81% 14.79% 16.33% -5.20% 

EC_EARTH_r6 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_r1 -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 BI 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_r2 11.37% 98.44% 25.10% 12.32% 37.83% 24.47% 26.93% 4.67% 
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EC_EARTH_r3 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_r5 0.78% 4.79% 14.57% 54.37% 83.17% 14.09% -14.99% -17.49% 

EC_EARTH_r6 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_r1 -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% 

SWL4 BI IP FR ME SC AL MD EA 

EC_EARTH_r1 19.36% 37.68% 60.35% 69.00% 224.62% 20.78% 8.75% 7.02% 

EC_EARTH_r2         

EC_EARTH_r3 -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_r5         

EC_EARTH_r6 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_r1 -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_r1 1.76% -14.37% 0.81% 12.09% 9.69% 1.13% 3.87% 27.92% 

EC_EARTH_r2 5.02% 10.61% 2.30% 14.80% 8.64% 3.67% -0.29% 13.82% 

EC_EARTH_r3 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_r5 7.38% 4.03% 9.41% 24.88% 12.89% 6.50% -3.96% 13.75% 

EC_EARTH_r6 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% -4.39% 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% 5.22% 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 4.14% -5.35% 1.88% 10.33% 7.38% 1.17% -0.63% 11.53% 

SWL2 BI IP FR ME SC AL MD EA 

EC_EARTH_r1 6.06% -2.39% 8.24% 12.12% 11.62% 3.72% 0.80% 21.47% 

EC_EARTH_r2 6.36% 16.59% 6.87% 15.40% 10.23% 8.27% 1.84% 20.45% 

EC_EARTH_r3 5.76% 13.80% 7.69% 5.94% 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_r5 15.39% -2.85% 9.63% 28.10% 17.79% 4.33% -13.45% 11.78% 

EC_EARTH_r6 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_r1 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% -5.18% -1.05% -9.56% 

EnsMean 6.46% -8.32% 3.07% 12.46% 10.62% 0.32% -5.63% 10.41% 

SWL4 BI IP FR ME SC AL MD EA 

EC_EARTH_r1 15.03% -12.38% 18.68% 39.04% 42.24% 9.85% -16.80% 41.77% 

EC_EARTH_r2         

EC_EARTH_r3 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_r5         

EC_EARTH_r6 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_r1 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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