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1 INTRODUCTION
Every year, new record-breaking hydrological extremes affect our society, fueling the debate between
climate change and natural climate variability. The increasing availability of long time series of hydrometeorological observations enabled the identification of unequivocal changes of atmospheric and
climatic variables such as CO2 concentration and air temperature, attributed to human influence with
high confidence (Stocker et al., 2013). The Clausius-Clapeyron equation indicates that warmer air
temperature is linked to increasing atmospheric water vapour content, which in turn determines the
total precipitable water. Yet, regional implications between ongoing global warming and future
precipitation and runoff patterns are still under investigation, especially when extreme events are
considered.
This report describes the assessment of biophysical impacts and selected socio-economic impacts of
climate in Europe in the current century, assuming high end climate scenarios leading to an average
warming crossing the +4C before the end of the century. Models described in the Helix deliverable
D7.3 are used with deterministic and ensemble approaches to assess the impacts on river floods,
droughts, coastal floods, water resources management, crops and energy.
Each of the following sections is focused on a specific model, and include a description of the area of
study, input climate scenarios, methods and results. Most assessments are performed through a multimodel (i.e., ensemble) approach, hence considerations on the model agreement are included in the
text, to give indications on the degree of uncertainty of the projected changes.
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2 ENSEMBLE
EUROPE

PROJECTION

OF

FUTURE

STREAMFLOW

IN

Climate projections are produced by Global Circulation Models (GCM) or Earth System Models (ESM)
and are then downscaled on smaller domains using Regional Climate Models (RCM) to provide higher
resolution information for regional simulations. Assessments of the future flood hazard over large
domains are commonly performed by coupling atmospheric climate projections with land-surface
schemes and hydrological models (e.g., Alkama et al., 2013; Arnell and Gosling, 2014; Dankers et al.,
2013; Sperna Weiland et al., 2012). At the European scale, high resolution future flood hazard
projections currently available are mostly based on the Special Report on Emissions Scenarios (SRES)
produced for the Third and Fourth Assessment Report (McCarthy, 2001; Solomon et al., 2007) of the
Intergovernmental Panel on Climate Change (IPCC). Relevant examples are the works by Dankers and
Feyen (2008, 2009) and more recently by Rojas et al. (2012), who used downscaled climate scenarios
for Europe produced in the context of the PRUDENCE (Christensen et al., 2007) and ENSEMBLES (Van
der Linden and Mitchell, 2009) projects. The Coordinated Downscaling Experiment over Europe (EUROCORDEX, Jacob et al., 2014) represents the new generation of high-resolution climate projections up
to 2100, based on the fifth phase of the Coupled Model Intercomparison Project (CMIP5, Taylor et al.,
2012). EURO-CORDEX includes an ensemble of consistent scenarios based on the latest model versions
available and offers the opportunity to update and possibly improve current estimates of future flood
hazard in Europe.
In this work, ensemble streamflow simulations from 1976 to 2100 are produced using seven EUROCORDEX climate projections into a distributed hydrological model. Projected changes in the magnitude
and frequency of different hydro-meteorological variables are investigated to assess future changes in
flood hazard in Europe. Differently from previous works, raw model output is used rather than biascorrected scenarios. A number of scientific works support the idea that errors in the shape of the
temperature and precipitation pdfs are corrected adequately by bias correction techniques in a range
of values around the mean, but do not improve the representation of extremes (Ehret et al., 2012;
Huang et al., 2014; Muerth et al., 2013; Themeßl et al., 2012). Further, the quality of bias corrected
output scenarios strongly depends on that of the observational dataset used for correction. As a result,
a number of processed datasets are produced at spatial resolution coarser than the original one, to
conform to the available gridded observations. The idea pursued in this work is to make use of the
original resolution of climate scenarios, particularly important to simulate the dynamics of streamflow
extremes, and express the results of future projections as relative changes from a baseline scenarios
rather than absolute values. Statistical robustness is sought through the use of ensemble projections,
and through data aggregation over time (i.e., 30-year time slices) and space (i.e., country and river
basin level) with the goal of detecting statistically significant trends over time and with regard to
extreme events.

2.1

DATA

The work presented focuses on the European region, where boundaries follow the hydrographic
divides as shown in Figure 1 (dark grey and yellow/green river basins). The statistical analyses are based
on the hydrological model output, which is set up at 5x5 km2 spatial resolution and daily time step. The
following section describes some details on the meteorological variables extracted from the climate
projections. Hydrological simulations are performed with the Lisflood model, described in the project
8
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Deliverable D7.3 together with details on the model calibration and validation on the past climate and
on selected events.

Figure 1: Map of the simulation domain with selected river basins analysed in the text (green and yellow).
Discharge stations where the Lisflood model was calibrated are shown with red points.

2.1.1 Climate projections
EURO-CORDEX climate scenarios with Representative Concentration Pathways (RCP) 8.5 were used in
this study to produce historical and future river streamflow in Europe. These projections consist of
high-resolution downscaling of GCM from the CMIP5, and can be downloaded from different data
nodes of the Earth System Grid Federation (e.g., http://esgf-data.dkrz.de) or from the Climate4Impact
portal (http://climate4impact.eu). Daily historical simulations from 1970 to 2005 and climate
projections from 2006 to 2100 at 0.11 deg horizontal resolution (~12.5 km) were extracted for seven
EURO-CORDEX scenarios. Overall, the seven climate scenarios are combinations of three different
GCM which were then downscaled with four Regional Climate Models (RCM) as shown in Table 1.
9
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Meteorological fields used in this work are average (tas), minimum (tasmin) and maximum (tasmax)
surface air temperature, total precipitation (pr), surface air pressure (ps), 2-metre specific humidity
(huss), 10-metre wind speed (sfcWind) and surface downwelling shortwave radiation (rsds).
Table 1: EURO-CORDEX climate scenarios used in this study.
Institute
1
2
3
4
5
6
7

2.2

GCM

KNMI
SMHI
SMHI
MPI-CSC
CLMcom
SMHI
CLMcom

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

Driving ens
member
r1i1p1
r1i1p1
r12i1p1
r1i1p1
r1i1p1
r1i1p1
r12i1p1

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

Year of GCM
crossing +4C
2083
2074
2082
2082
2082
2082
2082

Calendar
Standard
360 day
Standard
Proleptic Gregorian
Proleptic Gregorian
Proleptic Gregorian
Proleptic Gregorian

METHODS

Statistical and quantitative analyses shown in this section compare a historical (i.e., present day)
scenario with three future time slices, all four of 30-year duration. The historical scenario is assumed
over the period 1976-2005, leaving out the first 6 years of the dataset as warm up period for the
hydrological simulations and thus achieve a better representation of the model initial conditions.
Hereinafter it is referred to as “baseline” or “1990”, named after the median year of the time slice.
Similarly, future time slices span over the windows 2006-2035, 2036-2065, 2066-2095, and are
referred to as “2020”, “2050”, and “2080”. In addition, some results are shown for a 30-year time slice
referred to as “+4C” which is centered on the year when each driving GCM model exceeds the 4°C
warming from pre-industrial levels (see Table 1). The goal of this analysis is to investigate how a highend warming scenario could impact the hydrological cycle in the future, both for high and low
streamflows. One can note that the average crossing time for the seven selected models is 2081, which
is very similar to the time slice 2080. Hence, some analyses are shown on the three fixed time slices,
to show the trend of the change over time.
Most quantitative analyses shown in the remainder are targeted to assessing the relative changes x
of a projected variable (xf) for a future time slice towards the corresponding baseline value (xb). The
consistency of the i={1,…,N} model projections is evaluated through the use of the Coefficient of
Variation (CV) of the relative change,

𝐶𝑉∆𝑥

= |𝜎𝜇∆𝑥| =
∆𝑥

̅̅̅̅̅

√∑∀𝑖(∆𝑥𝑖 −∆𝑥)

𝑁

|̅̅̅̅̅
∆𝑥|

2

,

(1)

which is calculated as the ratio between the standard deviation of the ensemble of relative changes
x and their mean absolute values of the baseline |x|. Smaller CVs indicate models agreement on
the projected mean change, where the ensemble members are spread over a relatively narrow window
compared to the magnitude of the change. Larger CVs suggest a more uncertain trend, with values
scattered between positive and negative changes (see Figure 2). To reduce the misinterpretation of
results a stringent value of CV=1 is chosen as threshold, so that larger values are greyed out in the
figures of projected changes. If one assumes that relative changes are normally distributed, the
10
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condition CV=1 corresponds to 84% probability of changes having the same sign (i.e, positive or
negative), which for this example roughly corresponds to an average agreement of 6 out of 7 models
(i.e., 86%). Further, for comparison with the IPCC terminology for likelihood (e.g. Field et al., 2014,
p.41), it fits between the classes Likely (>66%) and Very Likely (>90%).

Figure 2: Schematic view of the coefficient of variation of the relative change.

2.2.1 Trend analysis of precipitation
The first part of the work focuses on the analysis of precipitation patterns of the seven climate
scenarios. Considered variables are annual precipitation (prYear) and annual maximum daily
precipitation (prMAX). The average change between the three future time slices and the baseline is
evaluated on a spatial basis, by assessing the agreement of the ensemble projections with the above
described coefficient of variation of the relative change.
In a subsequent step, the two precipitation-related variables are aggregated over 22 European river
basins with upstream area at the outlet larger than 50 000 km2. The trend of annual values of basinaggregated prYear and prMAX is then investigated by means of linear regression analysis, to estimate
the sign and the average rate of the trend. In addition the Mann-Kendall test (Kendall, 1975; Mann,
1945) is performed on the time series of the ensemble mean of prYear and prMAX, to evaluate the
statistical significance of the monotonic trend, independently from its linear or non-linear behaviour.

2.2.2 Hydrological simulations
Meteorological variables of the seven climate scenarios are regridded at 5x5 km2 on the simulation
domain shown in Figure 1. For each time step, potential evapotranspiration maps are computed with
the module Lisvap (Burek et al., 2013), using the Penman-Monteith formulation with minimum
temperature, maximum temperature, incoming solar radiation, actual vapour pressure and wind
speed as input. Actual vapour pressure maps were previously calculated from surface air pressure and
specific humidity using the ideal gas formula. The hydrological model Lisflood is then run for the period
1970-2005 and for the future climate scenarios 2006-2100 forced by RCP 8.5, using daily precipitation,
average temperature and potential evapotranspiration maps generated by Lisvap. A Gumbel extreme
value distribution fitting is performed on 30 raster maps of annual maximum discharge of the baseline
window (1976-2005), using the L-moments approach (Hosking, 1990). The analytical functions thus
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derived are used to estimate extreme discharge peaks with chosen return period Q(RP), by inverting
the formulation of the Gumbel distribution:
1

𝑄(𝑅𝑃) = 𝜉 − 𝛼 𝑙𝑛 (−𝑙𝑛 (1 − 𝑅𝑃));

(2)

where  and  are the scale and location parameters of the analytical Gumbel distributions.
The peak discharge corresponding to the 2-year return period is commonly considered representative
of river bank-full conditions (e.g., Carpenter et al., 1999). Hence, discharge peaks exceeding Q(RP=2)
and their corresponding time of occurrence were extracted from the hydrological simulations of
baseline and climate scenarios using the peak over threshold approach described in Sect. 3.4.

2.2.3 Quantitative streamflow analysis
The quantitative analysis of simulated streamflow is performed in a similar way as that for
precipitation, by comparing the +4C time slice against the baseline. The analysis focuses on six
variables:
1) 100-year daily peak flow Q100,
2) mean annual daily peak flow 𝑄MAX ,
3) average streamflow 𝑄,

4) the streamflow corresponding to the quantile 5% of the flow duration curve Qp5,
5) the streamflow corresponding to the quantile 1% of the flow duration curve Qp1,
6) the minimum discharge over the entire time slice QMIN.
The first two variables, Q100 and 𝑄MAX , are robust estimators in the field of flood hazard assessment;
the average streamflow is of interest for water resources management; while the latter, Qp5, Qp1 and
QMIN, are key indicators in the study of water stress and streamflow droughts. One can note that the
variables 2) to 6) are extracted directly from the flow duration curve over the time slice. The Q100 is
instead estimated from the analytical extreme value distribution fitted on the series of annual maxima
and is therefore affected by an additional error component. However it is commonly used in flood
hazard estimation (Alfieri et al., 2014; Hall et al., 2005) as it is a standard in the design of flood
protections and often a potential threat to population and assets in case of failure of flood defences.

2.2.4 Flood frequency analysis
The final set of analyses is specifically addressed at detecting changes in the frequency of extreme peak
discharges in each of the three future time slices, as compared to the baseline. The first of these
analyses is focused on peak flows with return period larger than 2 years and it is performed on each
grid point of the European river network, given the robustness of the sample dataset. Indeed, by
definition these events occur with an average frequency of f2=0.5 events per year, which lead to a
theoretical sample size of 15 events per ensemble member (i.e., 30 years x 0.5 = 15 events) for each
grid point.
The second analysis investigates changes in the frequency of extreme events with return period equal
or larger than 100 years, in the three time slices. One can note that such events occur with a theoretical
frequency of 0.01 per year and therefore 0.3 times every 30 years. To increase the robustness of the
samples, results are aggregated at river basin and country level. Two-proportion z-test is applied to
test the statistical significance of expected changes in the frequency of extreme events.
12
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The frequency analysis of extreme events is based on a peak over threshold (POT) approach on the
discharge time series of historical and future scenarios. A new algorithm was developed to select peak
discharges from each grid point of the river network of a map stack of daily discharge over Europe. The
main challenges faced in this task are related to the variable number of flow peaks above threshold for
each grid point and to the different peak timing. On the other hand the recursive application of the
standard POT selection on each grid point is not a viable solution due to the excessive computation
time required (i.e., for comparison, this option would have involved looping over more than 10 billion
iterations). The considered threshold value is the 2-year return period Q2, taken from the analytical
distribution fitted on the historical run of each of the seven climatic scenarios. Each event is defined
by the portion of hydrograph larger than Q2 and it is identified by its peak discharge and the
corresponding timing. The selection algorithm was then applied on both the baseline scenario and the
three future time slices, for a total of 43200 to 43830 discharge maps for each model run, depending
on the calendar (see Table 1).

2.3

RESULTS

The ensemble range of the land surface air temperature (lsat) warming of the seven RCP 8.5 scenarios
over Europe through the current century is shown in Figure 3. The warming refers to pre-industrial
conditions and is obtained by adding a constant value of 0.5°c to the baseline scenario as suggested by
Betts et al. (2011) and consistently with the values reported by the 5th IPCC assessment report (Stocker
et al., 2013, Chapter 2). All seven projections exceed the 4°C warming in Europe before the end of the
century, with average crossing of the +2°C and +4°C occurring in year 2030 and 2073 respectively,
based on a 10-year moving average. One can note that the crossing year of the +4°C projected in
Europe is similar to the corresponding one projected at global scale (see Table 1), though this is often
not true for other regions of the Earth (Stocker et al., 2013).

Figure 3: Land surface air temperature warming of the ensemble of 7 EURO-CORDEX climate projections
compared to pre-industrial times.
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2.3.1 Changes in precipitation
In Figure 4 (top), the mean annual precipitation (prYear) and mean annual maximum daily precipitation
(prMAX) are shown for the baseline period, together with the mean relative change (bottom) for the
time slice 2080 (i.e., 2066-2095). The ensemble of climate projections agrees on up to 30% reduction
of prYear in southern European countries, particularly in the Iberian Peninsula, Greece and southern
Italy. Conversely, an increasing trend is projected over north-eastern Europe, with the largest changes
in Iceland and Scandinavia, while in most of central Europe the ensemble spread is large in comparison
to the mean change, so that a clear trend cannot be detected (i.e., grey area in Figure 4 having CV>1).
These results are in line with those of the corresponding Global Climate Models of CMIP5 (see Feng et
al., 2014; Knutti and Sedláček, 2013), though the regional models give more detailed representation
of the spatial pattern of the projected changes. Significant changes in the future prMAX are instead
mostly positive and have a patchy spatial pattern with the largest values up to 40% in the northern and
western Europe (see Figure 4, bottom-right panel). Changes of prYear and prMAX in 2020 and 2050 are
shown in Figure 5 and look like intermediate conditions between the baseline and 2080, though with a
larger proportion of uncertain trend with CV>1.

14
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Figure 4: Annual precipitation (prYear, left) and annual maximum daily precipitation (prMAX, right). Ensemble
mean of the baseline (top) and relative change for the time slice 2066-2095 (bottom). Data points with CV>1 are
greyed out.
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Figure 5: Relative change in annual precipitation (prYear, left) and annual maximum daily precipitation (prMAX,
right) for the time slice 2006-2035 (top) and 2036-2065 (bottom). Data points with CV>1 are greyed out.

Annual values of prYear and prMAX are analysed at the basin scale for 22 large European river basins.
The aims of this analysis are 1) to study long term trends and the inter-annual variability of the
underlying data, 2) to increase the sample robustness through spatial aggregation and detect possible
weak but statistically significant trends and 3) to link basin-wide changes of the precipitation regimes
to possible implications on the future runoff. The ensemble range of prYear and prMAX for the
historical runs and the future scenarios are shown in Figure 6 for five European river basins shown in
green in Figure 1, together with the ensemble mean and the 10-year moving average (solid lines).
16
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Figure 6: Annual precipitation (prYear, left) and annual maximum daily precipitation (prMAX, right) for five
European river basins over time. Basins location is shown in Figure 1. Basin average (green shades) and
maximum point value (blue shades) of the ensemble are shown together with the ensemble mean (thick lines)
and the 10-year average (thin lines).
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In each panel, shades of green refer to basin-wide averages, while shades of blue refer to the largest
point values within the river basin for each year, independently on their location.
In the two top panels one can see for the Kemijoki river basin a clear rising trend in the mean annual
precipitation, with a basin average rate of b=1.6 mm year-2 and point maximum growing at the rate
b=2 mm year-2 (i.e., 152 and 190 mm year-1 increase by 2100, respectively), both statistically
significant at pMK≈0 using the Mann-Kendall trend test. Similarly, the maximum daily precipitation in
the Kemijoki is projected to rise at a basin average rate of 0.07 mm day-1 year-1 and at 0.17 mm day1 year-1 for local maxima. Both trends are statistically significant, though with a larger variability
between local extremes and basin-wide averages. An overview of results for the 22 river basins
indicates agreement with the pattern shown in Figure 4. Considering a statistical significance level of
5% for the Mann-Kendall test, 9 river basins out of 22 will experience a significant rise of prYear, in
northern and eastern Europe, while in 7 prYear will decrease, the latter all located in southern Europe
(see Figure 6 and Figure 7). These figures become 6 and 8, respectively, if point maxima are considered.
Significant changes in the future maximum daily precipitation are instead only positive (see Figure 6
and Figure 8), and are projected to occur in 19 (basin-wide average) and in 15 out of 22 cases (point
maximum). Largest significant basin-wide average changes are projected to occur in the Po for prMAX
(+0.11 mm day-1 year-1), while for prYear the maximum positive change is in the Neva and Narva (+1.7
mm year-2) and the maximum negative in the Guadalquivir (-1.9 mm year-2).

18
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Figure 7: Annual precipitation total (prYear) for selected European river basins over time. Basins location is
shown in Figure 1 (in yellow). Basin average (green shades) and maximum point value (blue shades) of the
ensemble are shown together with the ensemble mean (thick lines) and the 10-year average (thin lines).
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Figure 8: Annual maximum daily precipitation (prMAX) for selected European river basins over time. Basins
location is shown in Figure 1 (in yellow). Basin average (green shades) and maximum point value (blue shades)
of the ensemble are shown together with the ensemble mean (thick lines) and the 10-year average (thin lines).
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2.3.2 River floods
The ensemble mean of the six variables described in Sect. 2.2.3, for the baseline period, is shown in
the left panel of Figure 9 to Figure 14, while the relative changes for the +4C scenario are shown in the
corresponding right panels.
Changes in Q100 (Figure 9) and 𝑄MAX (Figure 10) in the +4C scenario have similar patterns. Although in
the majority of the river network the projected changes have large uncertainty (CV>1), some significant

trends are found. In 38% (for 𝑄MAX ) and 27% (for Q100) of the river network the ensemble of climate
projections points towards a clear change from the baseline. For both variables, positive changes are
found in central and southern Europe, though with a rather discontinuous pattern and the alternation
of good and poor agreement of the ensemble models. Significant negative changes are instead mainly
located in southern Spain and in north-eastern Europe, including the Baltic Republics, Scandinavia and
north-western Russia. For the Iberian case, reasons are sought in the overall reduction in the
components contributing to the surface runoff of rivers. On the other hand, negative changes in
northern Europe are likely to be linked to the temperature rise and the consequent reduced
contribution of snow accumulation and melting on spring floods, as already found in previous studies
(Dankers and Feyen, 2008; Kundzewicz et al., 2006).

2.3.3 Water resources management
Changes in 𝑄 (Figure 11) reproduce similar patterns as those of the mean annual precipitation in 2080
as shown in Figure 4, with negative changes in southern Europe, positive in the northern and eastern
Europe, and uncertain behaviour in the western part of central Europe where CV>1 over a large area.
In the considered study region, 𝑄 is projected to increase in 73% of the river network by 2080, while

the overall mean relative change is 8%. However, the largest projected changes of 𝑄 are negative, and
in some cases lower than -40% in southern Spain. One can note that such changes are in absolute value
larger than the corresponding reduction in the annual precipitation (~30% for the same area), as a
consequence of the increased evapotranspiration rates caused by the projected warming.

2.3.4 Droughts and water stress
Last three variables considered are representative of low flow conditions and are therefore linked to
possible drought events and water stress. Changes in Qp5, Qp1 and QMIN from the baseline are shown in
the right panel of Figure 12, Figure 13 and Figure 14. The pattern in the three figures is rather similar,
with positive changes in the Scandinavian countries, Poland and the Baltic republics; negative changes
in Belgium, France, the Iberian Peninsula and parts of southern Europe in Italy and the Balkans. It is
worth noting that the uncertainty range of the ensemble projection of low flows is narrower than for
high flows. This results in several river basins in Central Europe and UK where projected changes are
relatively small (i.e., <25% in absolute value) though significant, that is, with CV<1, indicating the
agreement of the seven ensemble members. Among regions at highest risk of streamflow droughts
one should note the southern part of Spain, which is characterized by low annual precipitation in the
baseline (see Figure 4, top-left) and further considerable reduction (>50%) under the +4C scenario over
a large area. Another peculiar result is the decrease of low flows in several rivers in France, Croatia and
Bosnia-Herzegovina, while no significant agreement of the ensemble projections is shown in the same
areas for medium and high flows (see Figure 9 to Figure 11).
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Figure 9: Ensemble mean of the 100-year daily peak flow (Q100) for the baseline (1976-2005) and relative change
for the +4C scenario. Data points with CV>1 are greyed out.

Figure 10: Ensemble mean of the mean annual daily peak flow (𝑄𝑀𝐴𝑋 ) for the baseline (1976-2005) and relative
change for the +4C scenario. Data points with CV>1 are greyed out.
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Figure 11: Ensemble mean of the average streamflow (𝑄) for the baseline (1976-2005) and relative change for
the +4C scenario. Data points with CV>1 are greyed out.

Figure 12: Ensemble mean of the 5th percentile streamflow (Qp5) for the baseline (1976-2005) and relative
change for the +4C scenario. Data points with CV>1 are greyed out.
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Figure 13: Ensemble mean of the 1st percentile streamflow (Qp1) for the baseline (1976-2005) and relative
change for the +4C scenario. Data points with CV>1 are greyed out.

Figure 14: Ensemble mean of the minimum streamflow (QMIN) for the baseline (1976-2005) and relative change
for the +4C scenario. Data points with CV>1 are greyed out.

2.3.5 Frequency of river floods
The average annual frequency of peak discharges larger than Q2, for brevity referred to as f2, is shown
in Figure 15 for the baseline scenario (top-left), together with the relative changes for the three future
time slices 2020, 2050 and 2080.
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Figure 15: Average frequency of peak flow events with return period larger than 2 years. Baseline (top left) and
relative change for the three future time slices. Data points with CV>1 are greyed out.

It is not surprising to see several river reaches with f2 considerably larger than the theoretical frequency
of 0.5. Indeed the analytical distributions are fitted on the samples of annual maxima (i.e., one event
per year), while the empirical frequencies in Figure 15 are counted on the entire time series. In other
words, this approach enables a more consistent assessment of the events frequency, particularly for
those years when more than one event above threshold is recorded. In the future scenarios, changes
are particularly consistent in the north-eastern Europe, where a reduction of the frequency of extreme
events is clearly visible since the first time slice. In 2080, the pattern of projected relative changes looks
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similar to that of 𝑄MAX in Figure 10, though with a wider range, where 50% of grid points exhibit
changes in absolute value larger than 35%.
The expected annual frequency (EAF) of peak flow events larger than Q2 is shown in Figure 16 and in
Figure 17, by aggregating output for the 22 large European river basins considered in this study. Figure
16 also includes Europe-wide aggregated data (top-left panel). For each time slice, the ensemble mean
and range are shown with a solid line and a colour shading delimited by dashed lines. The information
content of this graphical representation is manifold, and the main points are summarised in the
following:


The y-axis shows the EAF of peak flow events with return period between 2 and any chosen
value of the abscissa up to 500 years. Return periods are calculated by inverting Eq. 2, using
the discharge peaks over threshold extracted from the hydrological simulations. Peak flows
above 500-year return period are added as lump contribution at the position x=500 years of
the abscissa. In other words, values at the far right of the abscissa are read as EAF(2<RP<∞) ≡
f2, as those in Figure 15. It is worth noting that the estimated return period of simulated flood
peaks of both the baseline and the future time slices is derived from the corresponding
analytical extreme value distribution computed only on the baseline scenario. This step is
crucial to compute coherent estimates of future extremes with return period larger than the
length of the time slice and thus represent a substantial improvement as compared to
approaches comparing statistical values with same probability of occurrence but taken from
different analytical distributions.



In each graph one can follow the expected mean change in the frequency of extreme events
through the three time slices (solid lines), while the ensemble spread gives a measure of the
uncertainty in the climate projections. In most river basins, the ensemble uncertainty is wider
in the last time slice (i.e., 2080, in pink shades), though for some cases this occur in the 2050
(i.e., Duero, Ebro, Maritsa, Tagus) or even in the 2020 time slice (i.e., Po, Garonne, Loire).



Graphs in Figure 16 give an insight on the distribution of events with different return period.
Indeed, the first derivative of the mean EAF (i.e., the local slope) indicates the expected
frequency of events for any selected return period. In addition, one can estimate the EAF of
events above any chosen threshold T1, with the equation:
EAF(RP≥T1) ≡ fT1 = f2 - EAF(RP<T1),

(3)

where both terms of the difference can be read on the graph. For example, in Europe ( Figure
16, top-left panel), the frequency of events above 2 years in the baseline (i.e., 1990) is f2=0.709
events year-1, while the expected frequency of events below 100 years is EAF(RP<100)=0.701,
leading to an average frequency EAF(RP≥100) ≡ f100 ≈ 0.8%, rather similar to the theoretical
frequency of 1%. If one considers for the same region the time slice 2020, the frequency
f2=0.711 events year-1 is very similar to that of the baseline. However, the frequency
EAF(RP<100)=0.695 is considerably lower, leading to an expected annual frequency f100 ≈1.6%
and a consequent increase by 97% of peak flows with return period above 100 years. Similarly,
the time slices 2050 and 2080 show an expected increase of f100 by 126% and 176% (see Table
2), though with substantial increase of the frequency of events with lower magnitude too.
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Figure 16: Expected annual frequency of peak flows with return period larger than 2 years for selected European
river basins (see location in Figure 1) for the baseline simulation and the three future time slices.
27

Project No 603864

Figure 17: Expected annual frequency of peak flows with return period larger than 2 years for selected European
river basins (see location in Figure 1) for the baseline simulation and the three future time slices.
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Table 2: Mean annual exceedance frequency of the 100-year return period peak flow for different European
countries and percentage change between the baseline and the future time slices. Changes in bold are not
significant at 1‰.
Country
code

Ne

2020
0.0123
0.0170
0.0148
0.0336
0.0241
0.0127
0.0122
0.0234
0.0241
0.0238
0.0088
0.0164
0.0036
0.0213
0.0269
0.0133
0.0194
0.0168
0.0060
0.0186
0.0297
0.0148
0.0139
0.0122
0.0370
0.0202
0.0175
0.0340
0.0073
0.0283
0.0143
0.0222
0.0204
0.0064
0.0185
0.0165
0.0191

2050
0.0405
0.0253
0.0278
0.0300
0.0307
0.0143
0.0128
0.0211
0.0219
0.0125
0.0047
0.0206
0.0030
0.0238
0.0263
0.0255
0.0225
0.0196
0.0162
0.0340
0.0537
0.0159
0.0173
0.0158
0.0359
0.0320
0.0417
0.0300
0.0086
0.0233
0.0184
0.0224
0.0345
0.0061
0.0316
0.0126
0.0240

2080
0.0322
0.0311
0.0309
0.0454
0.0319
0.0153
0.0223
0.0244
0.0274
0.0329
0.0116
0.0259
0.0036
0.0324
0.0373
0.0237
0.0213
0.0400
0.0221
0.0474
0.0444
0.0114
0.0224
0.0185
0.0316
0.0432
0.0403
0.0514
0.0084
0.0242
0.0161
0.0286
0.0338
0.0081
0.0316
0.0134
0.0403

2020
29%
152%
55%
228%
52%
53%
238%
67%
110%
33%
256%
83%
18%
127%
137%
114%
122%
97%
193%
48%
238%
89%
141%
125%
82%
126%
45%
276%
166%
127%
93%
151%
125%
123%
204%
232%
59%

f100
2050
324%
276%
191%
193%
94%
72%
254%
50%
91%
-30%
92%
130%
-3%
154%
132%
310%
158%
129%
695%
170%
512%
103%
200%
192%
77%
258%
246%
232%
213%
86%
148%
153%
281%
113%
421%
153%
101%

2080
237%
362%
223%
343%
101%
84%
518%
74%
139%
84%
372%
188%
18%
245%
230%
280%
143%
368%
982%
276%
406%
46%
288%
242%
56%
384%
234%
468%
207%
94%
118%
225%
273%
184%
421%
169%
237%

0.0159

0.0181

0.0222

97%

126%

176%

f100

AL
AT
BA
BE
BG
BY
CH
CZ
DE
DK
EE
ES
FI
FR
GR
HR
HU
IE
IS
IT
KS
LT
LU
LV
MD
ME
MK
NL
NO
PL
PT
RO
RS
SE
SI
SK
UK

299
672
611
355
1871
2098
173
1228
4750
195
87
4679
1190
6154
863
353
1043
442
148
3734
81
527
17
367
772
118
334
380
627
4384
684
2585
883
1507
135
310
2012

1990
0.0096
0.0067
0.0096
0.0102
0.0159
0.0083
0.0036
0.0140
0.0115
0.0179
0.0025
0.0090
0.0031
0.0094
0.0113
0.0062
0.0087
0.0086
0.0020
0.0126
0.0088
0.0078
0.0058
0.0054
0.0203
0.0089
0.0120
0.0090
0.0027
0.0125
0.0074
0.0088
0.0091
0.0029
0.0061
0.0050
0.0120

Europe

51154

0.0080

The frequency analysis of extreme peak flow events above 100-year return period is of particular
interest, given that the average protection level of the European river network is of the same
magnitude (Rojas et al., 2013), with some obvious differences among different countries and river
basins (Jongman et al., 2014). In other words, a substantial increase in the frequency of peak flows
below the protection level is likely to have a lower impact, in terms of population affected and
economic losses, in comparison to a small but significant change in extreme events causing settled
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areas to be inundated by the flood flow. A summary of country-aggregated estimates of f100 and the
relative changes from the baseline in future time slices is shown in Table 2. It is worth noting that larger
countries have on average a more robust dataset of historical events (Ne) with return period larger
than 100 years to estimate relative changes. The statistical significance of the estimated change in the
ensemble mean was tested with two-proportion z-test. A stringent p-value of 1‰ is chosen as
threshold for significance, to compensate for the autocorrelation of extreme events in neighbouring
grid points along the drainage direction. In addition, this issue is mitigated by the use of an ensemble
of seven independent models.
The striking outcome of Table 2 is the large dominance of positive changes in f100 since the first future
time slice, although in some areas the overall frequency f2 of peak flows over threshold is projected to
decrease considerably, such as in Spain (Guadiana and Guadalquivir) and in some river basins in the
north-eastern Europe (Kemijoki, Daugava, Neva and Narva) as shown in Figure 16 and Figure 17. In the
time slice 2080, projected changes are positive and significant in all the considered countries, with
values ranging between 18% in Finland, up to 982% in Iceland.

2.4

DISCUSSION

The outcomes of the analyses carried out show some similarities with previous literature works. Using
global climate scenarios from the CMIP5 dataset based on RCP, Dankers et al. (2013) and Hirabayashi
et al. (2013) noted a reduction of the magnitude of extreme discharge peaks in eastern Europe by year
2100, while some increase was found over western Europe. However, local patterns of variability are
not detected by global models using input data and impact models at relatively coarse resolution,
particularly due to the averaging effect induced by smoothed weather extremes and simplified river
network. On the other hand, mean annual precipitation and average discharges estimated in this study
have similar pattern to those found by Dankers and Feyen (2008) and by Rojas et al. (2012) in the
context of regional studies over Europe. The first work is based on RCM scenarios from the HIRHAM
model with 12 km horizontal resolution, belonging to the PRUDENCE dataset. The latter is instead
based on bias-corrected SRES scenarios at 25 km resolution, coming from the ENSEMBLES project.
Interestingly, projections of Q100 by Dankers and Feyen (2008) show several common features with the
findings of this study, with consistent decrease in Finland, Baltic Republics and southern Spain, and the
central part of Europe showing widespread increase of Q100, though with larger model variability and
local disagreement on the sign of the change. In the work of Rojas et al. (2012), some common features
with this work are preserved, though the region subject to a decrease in Q100 looks shifted southward
towards Poland, Slovakia and part of Bulgaria. Both previous studies were focused on the change of
extreme discharges by comparing analytical distributions fitted on different samples of annual
maxima. Such approach brings three main limitations: 1) it favors the change in magnitude rather than
in frequency of events, given that only the largest annual discharge peak is considered even when
more than one extreme event occurs; 2) it relies on the estimation of events with theoretical frequency
of occurrence (1 in 100 years) below that used to fit the analytical distributions (i.e., 1 in 30 years),
leading to increased uncertainty range; 3) it includes the uncertainty contribution of two analytical
distributions, that is, one for the sample of historical peaks and one for the future peaks. The
methodology proposed in this work addresses two of the three issues by selecting the simulated peaks
above a critical threshold, both for the baseline and the future time slices. The expected frequency
(and in turn the return period) of these peaks is evaluated through the use of only one analytical
distribution, i.e., that of the historical run. Hence, the comparison of the return period of past and
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future events is more consistent, so that the remaining uncertainty is only on the estimated frequency
of occurrence (i.e., point 2 described above). This limitation is difficult to address as the aim of our
work is to detect climatic changes within the time range of a century, over which the hypothesis of
stationarity of the extremes cannot be laid. Furthermore, as only one analytical distribution is used to
convert discharge peaks into return periods, the ranking among historical and future events is
preserved. In other words, the uncertainty of the extreme value distribution fitting has a limited impact
on the outcomes of the frequency analysis, since the key message can also be formulated as
“widespread increase in frequency of extreme floods, independently from the changes in frequency of
events with lower magnitude”.
Some further words should be spent on the use of the coefficient of variation (CV) to evaluate the
agreement of projected changes. The CV accounts for both the spread and the mean value of a
distribution, hence it gives a better assessment of the consistency of a sample distribution compared
to methods focused on the agreement of the sign of the change (e.g., Koirala et al., 2014; Rojas et al.,
2012; Tebaldi et al., 2011). The CV gives a measure of the signal-to-noise ratio and it has strong
similarities to the robustness measure described by Knutti and Sedláček (2013). However, the latter
compares an ensemble of projections against one reference historical run. On the other hand, the
proposed approach is particularly suitable for climate scenarios, where each future projection is
compared to the corresponding baseline run, representative of the historical conditions. In this way,
the model consistency is maximized so that the model agreement is assessed on the ensemble of
relative changes, rather than of absolute values. The presented methodology draws on some concepts
commonly used in the field of ensemble flood early warning. The use of model consistent climatologies
can provide a bias-correction effect and was shown to be a key step to skillfully detect deviations from
reference values or the exceedance of statistical thresholds (Alfieri et al., 2013; Fundel et al., 2010).

2.5

CONCLUSIONS

This work investigates the implications of high-end climate scenarios on future hydro-meteorological
patterns over Europe, with focus on extreme events potentially dangerous for assets and population.
Additional details on methods and results can be found in a research article by Alfieri et al. (2015). The
adopted methodology includes the following novelties:


Changes in the frequency of future extreme peak flows are evaluated on the sample of
simulated peaks over threshold, rather than on values taken from the analytical curves fitted
on the sample of selected maxima. This enables a more consistent evaluation 1) of the
frequency of extreme events and 2) of relative changes between the baseline and the future
scenarios, thanks to the use of the same frequency distribution (i.e., of the baseline) as
reference for the comparison.



An improved evaluation and visualization of the uncertainty is hereby proposed, based on the
coefficient of variation computed on the ensemble of relative changes of the model
projections. The proposed method is similar to that used in previous studies, though it is more
suitable to detect variations of an ensemble of projections, each with a relative baseline
simulation.

Results of this work indicate strong model agreement in the projected change of average inflow and
runoff in the European river network. By the end of the century, both mean annual precipitation and
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average discharge are projected to decrease in the southern Europe and to increase in the northeastern Europe, while in the central Europe the ensemble of projections does not agree on a specific
trend. Projected changes in extreme values are on average less significant and show different spatial
patterns for precipitation and discharge. On the one hand, a positive trend for the maximum daily
precipitation is found in most of the study region, with both magnitude and statistical significance
becoming stronger moving towards eastern and northern Europe. On the other hand, the trend of
future discharge extremes has a rather different pattern, as a consequence of the interplay among
various hydrological processes, which includes the effects of a warming climate on the reduced snow
accumulation cycle and the growth of evapotranspiration rates. As a result, we found a reduction of
peak discharges in southern Spain, Scandinavia and Baltic Countries, while a large portion of central
Europe including the British Isles are likely to experience progressive increase in the magnitude and
frequency of discharge peaks. In addition, we found a further reduction of future low flows under the
+4C scenario in parts of southern Europe, which is in agreement with previous studies (Forzieri et al.,
2014), while it provides new regional features based on the updated climate projections.
Finally, a frequency analysis on simulated peaks over threshold revealed further insight on the
distribution of future extreme peak flows in Europe. Interestingly, the expected annual frequency of
events with peak discharge above the 100-year return period is projected to rise significantly in most
of the considered European countries, including some where the overall number of severe events (i.e.,
larger than Q2) is likely to decrease. The projected figures are unsettling, showing significant increase
in the frequency of extreme events larger than 100% in 21 out of 37 European countries since the first
time slice (2006-2035), and a further deterioration in the subsequent future. These findings relate to
a range of event magnitude mostly above the average protection level of European rivers, hence they
have serious implications on the associated flood risk and the potential impact on business and society.
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3 WATER AVAILABILITY AND STRESS
Prolonged water deficits during long-term droughts surpass the resilience of the hydrological systems
and are a significant threat to water resources security in Europe (Parry et al 2012). In the EuroMediterranean regions the severity of droughts has increased during the past 50 years, as a
consequence of greater atmospheric evaporative demand resulting from temperature rise (VicenteSerrano et al 2014). Besides southern European areas North Western and Central Eastern regions
appear more drought prone than the rest of Europe (Bonaccorso et al 2012). Streamflow projections
indicate more severe and persistent droughts in many parts of Europe due to climate change, except
for northern and northeastern parts of the continent. The opposite is projected for the middle and
northern parts with a highly significant signal of reduced droughts that may be reversed due to
intensive water use (Forzieri et al 2014b). Consequently European cropland affected by droughts is
projected to increase 7-fold (up to 700,000 km2/year) at about +3oC of global warming (Ciscar et al
2014) compared to the situation of the last decades. Similarly, under the same warming level,
European population affected by droughts is expected to increase by a factor of seven overcoming the
150 million/year.
In this work, transient hydrological simulations for the period 1971 to 2100 were performed by forcing
the JULES (Joint UK Land Environment Simulator) impact model with five EURO-CORDEX (Coordinated
Downscaling Experiment over Europe) climate projections. The output of runoff production is used to
describe water availability and droughts. In this analysis the model results are mainly interpreted
statistically, aiming to express the changes found in the projected future periods with respect to the
historical baseline state rather than describing future regimes with absolute numbers. The aspects
that are examined here include:


differences posed on the hydrological cycle (mean state and lower extremes) from a time slice
around 4ºC global warming and a baseline simulation using an existing EURO-CORDEX regional
climate model ensemble.



assessment of the effect of bias correction on projected hydrological simulations. Both raw and
bias corrected against the E-OBS dataset EURO-CORDEX data were used as input forcing in the
impact model.



study the effect of using different observational datasets for bias correction on the output of the
hydrological model.



examination of drought climatology at basin scale by applying on low flow threshold based on raw
and bias adjusted forcing outputs.



assessment of the impact of the +4 SWL compared to the +2 SWL.



examination of the agreement of our +4 SWL runs with the corresponding data in the global ISIMIP biophysical impacts projections of the same impact model, for the European region.

The latter comparison, allows the investigation of the impact of the different scale employed in GCMs
and RCMs. Apart from the scaling issue there are also other factors differentiating the two runs. Bias
correction is done with a different method and against different datasets. In ISI-MIP runs all the input
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parameters required for running JULES were bias corrected whereas in our run only temperature and
precipitation are bias corrected. Finally the setup of the impact model is different in the two runs.

3.1

DATA & METHODS

Hydrological simulations were performed with the JULES Land Surface Model. The description of the
model along with its evaluation for selected past events can be found in Deliverable D7.3. Here JULES
was setup at the spatial resolution of the forcing EURO-CORDEX data which was 0.44 degrees. The
model output was regridded to match a 0.5x0.5 degree grid.

3.1.1 Climate projections
Five of the EURO-CORDEX climate scenarios were used as JULES forcings. The five scenarios are shown
in Table 3, along with information on the time-slices and the corresponding exceeded warming level.
The model selection was made based on two requirements: First, that the driving GCM has been also
used in ISI-MIP Fast Track 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.
Table 3: EURO-CORDEX climate scenarios used to force JULES in this study.

1
2
3
4
5

RCM

GCM

RCA4
RCA4
RCA4
RCA4
RCA4

GFDL-ESM2M
NorESM1
MIROC5
IPSL-CM5A
HadGEM2-ES

Timeslice closer to +4 oC
2071-2100
2071-2100
2071-2100
2055-2084
2060-2089

Exceeded warming level (oC) in the
timeslice
3.2
3.75
3.76
4
4

Historical and projected time-slices comprise of 30-years of simulations, for which one time-slice
average is extracted. The historical or baseline time-slice covers the period from 1976 to 2005. The
projected time-slice varies between the models. The definition for determining the projected timeslice in the context of this Deliverable is to take the 30 year average of the slice centered on the year
where the +4 SWL is exceeded. For three of the selected scenarios the +4 SWL is achieved outside the
temporal extend of this study, thus the last 30 year period available is considered instead (2071-2100).
The SWL exceeded during that period for the models that reach +4 after 2100 is shown in Table 3. For
reasons of consistency in terminology the time-slice of all models describing the greater SWL achieved
will be referred to as +4 SWL time-slice.
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3.1.2 Methodology
3.1.2.1 Identifying general trends
For the assessment of the +4 oC warming relative to pre-industrial, the projected time-slices are
compared to the baseline period in terms of both absolute and percent change. This is done for each
ensemble member individually in order to check the variability of the projected changes and also for
the ensemble mean. Two hydrologic indicators are tested:


Average runoff production, computed from annual averages of the 30 year time-slice



10th percentile runoff production, computed from daily runoff values on an annual basis. Then
the average of the 30 values of the time-slice is computed.

Average runoff production is a good and widely used indicator of mean hydrological state of a region.
The 10th percentile runoff is considered as a representative indicator of the low flow regime.
Consistent low flows (relative to the mean state) are connected with the formation of hydrological
drought conditions. Thus the assessment of the changes in low flows could reveal trends towards
more intense or/and often extreme lows in the future hydrological cycle. The impact of high-end
climate scenarios on average and 10th percentile runoff is presented both as gridded results at the
pan-European scale and aggregated at the basin scale for five major European river basins.
3.1.2.2 Study of drought climatology
Another aspect of our low flow analysis is to assess to changes in drought climatology, i.e. the number
of days per year that extreme lows in flow occur. This is here done at the basin scale, establishing a
drought threshold from the flows of the baseline period. The threshold is varying daily and is
established for each Julian day k is defined as the 10th percentile of a 31-day window discharge
centering at day k, applied to all years of the baseline period (1976-2005). The daily modelled timeseries for the whole period simulated (1971-2100) is compared to the daily varying drought limit, and
the number of days that fall below the threshold is summed up on an annual basis.
3.1.2.3 Bias correction
All climate models have biases in their precipitation (and other fields) – these biases are in both the
mean and day-to-day variability (Harding et al 2014). These biases have a substantial impact on
simulated terrestrial water cycle variables, specifically runoff, when translated through a climate
model – hydrology model (CM-HM) modelling chain (Sharma et al 2007; Hagemann et al 2011), and
need to be corrected using a sophisticated bias correction methodology. Methods of statistical bias
correction are increasingly being developed and adopted as means to use climate models’ projections
in impact models. For the present study we use the multi-segment bias correction (MSBC) method,
described in Grillakis (et al 2013), was used to correct the precipitation data for its biases. The
methodology has the ability to better transfer the observed precipitation statistics to the raw GCM
data. The method utilizes multiple discrete segments on the cumulative density function (CDF) to fit
multiple theoretical distributions, as opposed to the commonly used single transfer function at the
entire CDF space. Pragmatically, the method eliminates to a large extent the bias in mean
precipitation, while significantly reducing the bias of the higher quantile of the precipitation CDF
associated with extreme precipitation events.
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3.2

RESULTS

3.2.1 Hydrological simulation at Pan-European scale with EURO-CORDEX forcing data
Figure 18 shows results of average runoff production derived by JULES forced with the five
participating dynamical downscaled GCMs. The change in runoff in the +4 oC projected time-slice with
respect to the baseline period is expressed as both absolute and percent relative difference. It is
interesting to observe the variations between the models for the historical time-slice, with GFDL and
NorESM1 exhibiting generally wetter patterns, especially for northern Europe and Scandinavian
Peninsula, and with IPSL describing drier patterns, especially for southern Europe. For the projected
time-slice, all models agree in a general pattern of increased runoff production in northern and central
Europe and decreased runoff production in the Mediterranean region. Especially for the negative
trends shown in southern Europe it is important that though small in absolute terms they increase in
magnitude when expressed as a percentage, meaning that small negative changes can pose severe
stress in regions where water availability is already an issue. Even more alarming trends are deduced
from Figure 19, which shows the changes in 10th percentile runoff production at +4oC compared to
baseline. The 10th percentile limit is used to describe low flows that are related to the creation of
hydrological drought conditions. According to Figure 19, all models agree in relative decreases in
runoff production in western and southern Europe which are specifically pronounced in the western
Siberian and Balkan Peninsulas. Another common trend between the models is the significant increase
in runoff production in the Scandinavian Peninsula, with MIROC5 being the only ensemble member
that expands this wetter climate down to central Europe.
Figures Figure 20 and Figure 21 illustrate the changes in ensemble mean behavior in the +4 oC timeslice for average and 10th percentile runoff respectively along with the coefficient of variation
between the ensemble members, which serves as a measure of model agreement. In Figure 20 it can
be observed that in terms of projected change in average runoff less extreme values are encountered.
Especially for percent change this reveals a clear trend of runoff increase in northern Europe and
decrease in southern Europe, with a mixed pattern for central Europe, all between the range of -50%
to 50%. In contrast, percent change in 10th percentile runoff for the ensemble mean (Figure 21) shows
more significant reductions (up to 100%), with this trend covering most of the European area. It is thus
deduced that the changes in low flows are more pronounced than the changes in the mean, a
conclusion that points towards the overall intensification of the water cycle.
Concerning the ensemble members’ agreement, for average runoff (Figure 20) the coefficient of
variation is below 0.5 for most of the European region, which indicates a good agreement of the
models. The coefficient of variation is lower for the Scandinavian region and is reduced towards the
lower latitudes. No significant variations can be observed between the coefficient of variation of the
baseline and the projected period. For 10th percentile runoff model agreement is notably reduced,
with the coefficient of variation for most regions exceeding 0.5 while it exceeds the unity for a large
part of Europe.
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Figure 18: Average runoff production from EURO-CORDEX data for all dynamical downscaled GCMs. Runoff production
averaged over the baseline period (1976-2005) (left column), absolute change in runoff in the projected time-slice (middle
column) and percent change in the projected time-slice (right column).
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Figure 19: 10th percentile of runoff production from EURO-CORDEX data for all dynamical downscaled GCMs. 10th percentile
runoff production derived on an annual basis from daily data and averaged over the baseline period (1976-2005) (left
column), absolute change in 10th percentile runoff in the projected time-slice (middle column) and percent change in the
projected time-slice (right column).
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Figure 20: Ensemble mean of average runoff production based on EURO-CORDEX datasets. Runoff production averaged
over the baseline period (1976-2005) (top row), absolute and percent change in ensemble mean runoff in the projected
time-slice (middle row), coefficient of variation of the ensemble members for the baseline and projected period (bottom
row).
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Figure 21: Ensemble mean of 10th percentile runoff production based on EURO-CORDEX datasets. 10th percentile runoff
production derived on an annual basis from daily data averaged over the baseline period (1976-2005) (top row), absolute
and percent change in ensemble mean of 10th percentile runoff in the projected time-slice (middle row), coefficient of
variation of the ensemble members for the baseline and projected period (bottom row).
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3.2.2 Hydrological simulation at Pan-European scale with bias adjusted EURO-CORDEX
forcing data
The ensemble mean of average runoff derived from the five participating downscaled GCMs, whose
temperature and precipitation were bias adjusted according to the E-OBS dataset is presented in
Figure 22. From the ensemble mean runoff for the baseline period it is clear that bias adjustment of
the forcing data resulted in a much drier hydrological response from the JULES model. The spatial
pattern is similar to that of the raw data ensemble but the magnitude is significantly reduced. For the
projected change, data bias adjustment has a small but notable effect on the magnitude of the
absolute and percent change, with increases in runoff getting more pronounced in the runs after bias
correction, while it also results in sign change of the difference for some small regions. Lastly, bias
correction has a strong positive effect on model agreement as it can be documented from the low
values of the coefficient of determination all over Europe.
In Figure 23, the effect of bias correction on the representation of the 10th percentile runoff is shown.
As in Figure 22, a decrease in the historical ensemble mean is observed over the whole European
region. The magnitude of absolute projected change is slightly reduced, especially for the negative
changes. The same applies to percent change which gets milder in many regions, without changing
the severity of projected runoff reduction for southern Europe. There are areas where sign change is
observed (central and central-west Europe) however it is difficult to interpret this result and correlate
it with bias correction as these are also the areas where models show the lowest agreement
(coefficient of variation exceeding one). Although the coefficient of variation is considerable reduced
compared to the raw data runs, there are still areas of high model uncertainty in the representation
of lower flows.

3.2.3 Basin averaged runoff regime
In Figure 24, annual time-series of basin averaged runoff production (average and 10th percentile) for
five European basins are shown. These cover the whole length of historical and projected years
simulated (1971-2100) in an attempt to identify general trends in average and low runoff, calculating
10-year moving averages from the ensemble mean. Results in Figure 24 include both raw and bias
adjusted output, thus an assessment of the effect of the bias correction on the basin scale hydrology
can be made. A common observation for all the basins is that runoff decreases around 50% for bias
adjustment input forcing. For Danube, Rhine and Guadiana, slight negative trends are identified for
average runoff, which are more pronounced for the 10th percentile runoff. For Elbe, a clear trend
cannot be identified while for Kemijoki average and low flows are both exhibiting increasing trends.
Basin scale average annual runoff production for raw and bias adjusted EURO-CORDEX data as well as
the +4oC absolute and percent change for each ensemble member and ensemble mean is included in
Table 4. Similar information but for low flows (10th percentile) are presented in the following Table 5.
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Figure 22: As in Figure 20, but for bias adjusted EURO-CORDEX data (Precipitation and Temperature) against E-OBS.
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Figure 23: As in Figure 21, but for bias adjusted EURO-CORDEX data (Precipitation and Temperature) against E-OBS.
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Figure 24: Annual time-series of basin averaged runoff production (average and 10th percentile of annual runoff) for raw
and bias adjusted EURO-CORDEX data. For both average and 10th percentile time-series, the ensemble range, mean and 10year moving average is shown.
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Figure 24 (continued)
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Figure 24 (continued)
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Table 4: Basin’s annual average runoff production for raw and bias adjusted EURO-CORDEX data.

Basin's Annual Average Runoff Production [mm/year]
Raw

RCM-GCM

Danube
Rhine
Elbe
Guadiana
Kemijoki

Danube
Rhine
Elbe
Guadiana
Kemijoki
Danube
Rhine
Elbe
Guadiana
Kemijoki

462.1
794.2
371.9
166.1
428.2
RCA4GFDLESM2M
+3.2
(20712100)
-54.6
59.9
2.1
-55.7
146.9
-12
8
1
-34
34

Bias Corrected

Historical average 1976-2005
362.3
383.8
304.0
845.8
616.9
710.1
356.7
219.7
337.4
71.4
116.1
46.6
482.3
427.9
418.0
RCA4NorESM1
+3.75
(20712100)

RCA4MIROC 5
+3.76
(20712100)

RCA4IPSLCM5A +4
(20552084)

Absolute change
3.4
-13.2
-19.8
-13.2
33.9
30.0
-37.0
-17.2
67.5
67.5
1
-2
10
-52
14

RCA4HadGEM2ES +4
(20602089)

[mm/year]
-42.0
-39.3
-28.4
-14.1
174.9

Percent change (%)
-3
-14
-2
-6
14
-8
-15
-30
16
42

266.2
495.9
174.4
81.5
507.5

-14.9
-20.1
19.1
-46.2
108.2
-6
-4
11
-57
21

355.7
692.6
292.0
96.4
452.8

MEAN

-24.2
-6.5
11.3
-34.0
113.0
-7
-1
5
-37
25

189.0
367.9
79.3
68.5
94.6
RCA4GFDLESM2M
+3.2
(20712100)
-10.3
48.8
17.1
-22.9
92.1
-5
13
22
-33
97

Historical average 1976-2005
209.9
177.2
178.4
416.6
361.6
346.5
124.7
74.6
93.6
66.6
63.5
62.6
226.7
132.4
142.6
RCA4NorESM1
+3.75
(20712100)

RCA4MIROC 5
+3.76
(20712100)

RCA4IPSLCM5A +4
(20552084)

RCA4HadGEM2ES +4
(20602089)

Absolute change [mm/year]
-5.6
3.9
-23.3
3.6
9.3
-20.7
16.9
27.1
-8.9
-35.9
-5.4
-22.4
66.5
66.7
122.9
-3
1
14
-54
29

Percent change (%)
2
-13
3
-6
36
-10
-9
-36
50
86

177.7
365.9
103.3
69.8
306.7

186.5
371.7
95.1
66.2
180.6

MEAN

-4.2
6.3
20.3
-38.0
90.7

-7.9
9.4
14.5
-24.9
87.8

-2
2
20
-54
30

-4
2
16
-37
59
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Table 5: Basin’s 10th percentile of runoff production, derived on an annual basis, for raw and bias adjusted EURO-CORDEX data.

Basin's 10th percentile on annual basis [mm/year]
Raw

RCM-GCM

Danube
Rhine
Elbe
Guadiana
Kemijoki

Danube
Rhine
Elbe
Guadiana
Kemijoki
Danube
Rhine
Elbe
Guadiana
Kemijoki

146.6
250.2
118.8
0.7
0.8
RCA4GFDLESM2M
+3.2
(20712100)
-53.9
-89.4
-29.1
-0.7
16.8
-37
-36
-25
-99
2088

Bias Corrected

Historical average 1976-2005
96.8
80.6
79.7
258.4
162.6
200.6
99.2
30.0
98.3
0.0
0.1
0.0
4.5
1.1
1.5
RCA4NorESM1
+3.75
(20712100)

RCA4MIROC 5
+3.76
(20712100)

RCA4IPSLCM5A +4
(20552084)

RCA4HadGEM2ES +4
(20602089)

Absolute change [mm/year]
-23.9
-18.8
-38.2
-87.0
-20.4
-103.9
-21.0
1.2
-44.8
0.0
-0.1
0.0
53.2
36.7
56.8
-25
-34
-21
-73
1181

Percent change (%)
-23
-48
-13
-52
4
-46
-96
-26
3329
3877

58.7
109.2
29.0
0.0
10.8

-27.4
-43.3
-10.0
0.0
72.4
-47
-40
-34
-76
672

92.5
196.2
75.0
0.2
3.7

MEAN

-32.5
-68.8
-20.7
-0.2
47.2
-36
-35
-24
-74
2229

25.3
66.5
3.8
0.0
0.0
RCA4GFDLESM2M
+3.2
(20712100)
-13.0
-22.8
0.2
0.0
0.3
-52
-34
4
-41
7003

Historical average 1976-2005
28.0
23.4
19.5
81.3
72.1
62.0
10.0
4.6
5.5
0.0
0.0
0.0
1.6
0.1
0.2
RCA4NorESM1
+3.75
(20712100)

RCA4MIROC 5
+3.76
(20712100)

RCA4IPSLCM5A +4
(20552084)

RCA4HadGEM2ES +4
(20602089)

Absolute change [mm/year]
-8.6
-6.9
-14.1
-34.8
-17.4
-42.9
0.3
0.6
-2.8
0.0
0.0
0.0
2.1
1.8
6.7
-31
-43
3
-40
135

Percent change (%)
-29
-72
-24
-69
14
-51
-44
-31
1388
3636

22.6
65.9
7.7
0.0
3.6

23.8
69.6
6.3
0.0
1.1

MEAN

-14.0
-33.1
-2.5
0.0
7.1

-11.3
-30.2
-0.8
0.0
3.6

-62
-50
-33
-53
199

-49
-44
-13
-42
2472
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3.2.4 Drought climatology at basin scale
Figure 8 shows the results of the drought threshold level method analysis for the five basins of study, for
raw and bias corrected output. For each year, the number of days under the historical drought threshold
has been counted. This allows a comparison of the tendency towards the formation of drought conditions
between the historical period and the projected period. As this is a statistically oriented interpretation of
our data, we can see that the differences between raw and bias corrected time-series are very small,
especially compared to the difference in the magnitude of their absolute values. For Danube, Rhine and
Guadiana a clear rising trend can be identified in the 10 year moving average of ensemble mean of days
under threshold per year and for Kemijoki a strong decreasing trend is observed. For Elbe a sign in the
trend cannot be identified. For all basins except for Kemijoki the raw data exhibit a slightly more intense
upward trend, which is more pronounced for Elbe and Guadiana. These are the two basins where also the
range of the raw and bias corrected data vary the most. For Kemijoki, both raw and bias corrected timeseries follow a very similar decreasing trend, but the bias adjusted output results in more days under
threshold per year for the last 30 years of the analysis, due to the increased range the ensemble members
exhibit for that period compared to the raw output range.
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Figure 25: Number of days under drought threshold per year for raw and bias adjusted EURO-CORDEX data. Ensemble mean and
10-year moving average of the ensemble mean (top), ensemble range (bottom).
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Figure 25 (continued)
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Figure 25 (continued)

3.2.5 Impacts of 4ºC warming relative to 2ºC warming
Figure 26 shows the basin average runoff production for raw and bias corrected EURO-CORDEX data with
respect to the corresponding SWL in degrees Celsius. This analysis considers the runoff values
corresponding to the +2 oC and +4 oC SWLs, the latter ranging from 3.2 to 4 between the GCMs, and also
the SWL achieved by each participating GCM in the baseline period (0.3-0.5 oC). It is thus allowing us to
examine the changes in basin runoff as temperature increases and to compare the effect of different
SWLs.
Comparing the annual average runoff production for raw and bias corrected input forcing it is clear that
bias corrected output exhibits a considerably reduced range, which translates in increased model
agreement for the basins of Danube, Rhine, Elbe and Guadiana. In Kemijoki basin the bias adjusted output
has a greater range than the raw output. Concerning the range of the low flows, an increase in model
agreement for the bias corrected forcing is observed for all basins.
Examining the changes in annual average runoff, a slight decreasing trend can be identified for Danube
and a slight increasing trend for Elbe while for Rhine there is not a clear trend present. In contrast,
Guadiana and Kemijoki exhibit strong decreasing and increasing trends respectively. The falling trend in
Guadiana is marginally intensified between 2 and 4 SWL compared to 0 to 2 SWL. The rising trend in
Kemijoki does not have evident differences between +2 and +4 oC.
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The effect of climate warming is far more pronounced for the low flows. According to the results in Figure
26 the 10th percentile runoff in Danube and Rhine significantly decreases as SWLs increase while the
opposite trend is observed for the low flows in Kemijoki. For Elbe, there is not a clear sign in trend for the
bias corrected output, in contrast with the raw results that show an intense decreasing trend up to 2 SWL
which continues more moderately until 4 SWL. For Guadiana it is difficult to observe a trend in the bias
corrected low percentile runoff as the values are already very small. For the raw output however there is
a significant decrease from 0 to +2 oC which continues with a milder trend up to +4 oC.
Figure 27 illustrates the correlation between the percent projected change in annual average and 10th
percentile runoff production from bias corrected and raw forcing, for the +2 and +4 SWL.
Concerning the effect of bias adjustment it can be observed that regardless the significant differences in
magnitude between runoff from raw and bias corrected data discussed before, the projected change of
the two forcings almost coincides for the +2 SWL, with the exception of Kemijoki basin and one GCM
output for Elbe where bias correction results in greater projected change. For the +4 SWL the GCM range
has increased for Kemijoki after bias adjustment while for Elbe bias correction gives greater change than
the raw forcing. For the rest three basins (Danube, Rhine and Guadiana) raw and bias corrected data result
in the same percent change. For the projected change in 10th percentile runoff, the larger spreading of
the values in Figure 27 (right column) shows that the GCM uncertainty on this field is higher. Guadiana is
the only basin where bias corrected data give a significant improvement in GCM agreement, probably due
to its very low values of 10th percentile runoff. Kemijoki is not included in the 10th percentile scatterplots
as its projected increase far exceeds the 100% limit selected. For the rest of the basins, the effect of the
bias correction on the change of the 10th percentile runoff is not constant. For Guadiana and Elbe bias
adjustment mostly increases percent change while for Rhine and Danube percent change is in general
terms decreased after bias correction.
Comparing the difference on percent projected change in average annual runoff from +2 to +4 SWL it can
be observed that temperature increase results in a slight decline in percent change for basins with small
absolute values of change, causing sign changes for Danube and Rhine, and it intensifies the negative and
positive changes of Guadiana and Kemijoki respectively. For the 10th percentile runoff there is a similar
response to temperature increase. For Elbe there is positive percent change at +2 SWL which falls below
zero at +4 SWL while for Danube, Rhine and Guadiana the already declining projected changes present
are being further intensified.
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Figure 26: Variation of runoff production with respect to temperature change (+2 and +4 SWLs) for raw (light blue) and bias
adjusted (light red) EURO-CORDEX data, for both annual average (left column) and 10th percentile (right column) runoff
production. Small markers represent the value of each individual model and bigger markers correspond to ensemble mean
value.
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Figure 27: Correlation between projected change in basin averaged runoff production derived from bias adjusted and raw EUROCORDEX data, for both annual average (left) and 10th percentile (right) runoff production. Correlation is examined at +2 oC SWL
(top) and at +4oC SWL (bottom). Small markers represent the value of each individual model and bigger markers correspond to
ensemble mean value.
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3.2.6 Comparison with global ISI-MIP impacts projections
Figure 28 shows the projected percent change in ensemble mean of average runoff production resulting
from JULES runs driven by bias corrected downscaled EURO-CORDEX data (right) and bias corrected GCM
data used in ISIMIP Fast Track runs. The former will be thereafter referred to as cordex and the latter as
isimip runs. By comparing the two runs the main aspect that is to be compared is the scaling issue.
Although in general the two runs agree in their patterns, the isimip pattern is a lot simplified compared
to the cordex one as the isimip employs a lower resolution. The region where the two configurations
disagree is the Scandinavian Peninsula where cordex run describes a greater increase in percent change.
For the rest of the European region the comparison of the two spatial patterns is a good indicator for the
information emerging from the increase in input data resolution due to regional downscaling.

Figure 28: Percent change in ensemble mean of average runoff production in the projected time-slice of +4 oC SWL with respect
to the baseline period (1976-2005) for bias adjusted EURO-CORDEX (left) and ISI-MIP Fast Track (right) output.

In Figure 29 the annual time-series of basin average runoff for ISI-MIP and EURO-CORDEX runs are shown.
The main comment that can be made comparing the two runs is that ISI-MIP exhibits a much wetter
response (average runoff values are in the same range as that from the raw EURO-CORDEX run). Also ISIMIP results have a smaller intra-annual variability, as the 10th percentile runoff is closer to average.
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Figure 29: Annual time-series of basin averaged runoff production (average and 10th percentile of annual runoff) for bias
adjusted ISI-MIP Fast Track and EURO-CORDEX model runs. For both average and 10th percentile time-series, the ensemble
range, mean and 10-year moving average is shown.
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Figure 29 (continued)
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Figure 29 (continued)

Figure 13 illustrates a comparison between the number of drought days under threshold per year resulting
from the analysis of ISI-MIP and EURO-CORDEX runs. The two runs show an agreement in the overall
change in the number of dry days for the basin of Danube, Rhine, Elbe and Kemijoki. However in Guadiana,
the ISI-MIP runs show a much sharper rising trend, resulting in a projected number of drought days almost
3 times bigger than that estimated from the EURO-CORDEX runs. Generally the ISI-MIP results exhibit
peakier averages and ranges, meaning that the ensemble members have larger differences in their
estimates compared to EURO-CORDEX results. Thus the EURO-CORDEX results, although driven by
partially bias corrected input forcing (precipitation and temperature only, in contrast to ISI-MIP), provide
more consistent information on the evolution of drought days in the future.
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Figure 30: Number of days under drought threshold per year for bias adjusted ISI-MIP Fast Track and EURO-CORDEX

model runs. Ensemble mean and 10-year moving average of the ensemble mean (top), ensemble range (bottom).
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Figure 30 (continued)
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Figure 30 (continued)

Figure 31 shows scatter plots of projected change in average annual runoff computed from the ISI-MIP
and EURO-CORDEX runs at the +2 and +4 SWLs. There is good correlation between the projected changes
in the two runs for the ensemble mean values of all basins except for Kemijoki. For Danube and Rhine the
projected changes are small and, additionally to the ensemble mean, the ensemble members are also well
correlated. For Elbe at +2 there are significant differences between the change estimated by the ensemble
members for both EURO-CORDEX and ISI-MIP runs, which range from marked increases (around +50%) to
moderate decreases (around -10%). For the same basin at +4, the range of the EURO-CORDEX run
members is shortened, in contrast to the ISI-MIP run range. For Guadiana at +4, pronounced differences
in the sign and magnitude of the projected change are described by the individual members of the ISI-MIP
run (from below -50% to around +50%). This changes at +4, where the differences are mitigated and all
members agree to negative changes with a range similar to that of the EURO-CORDEX run. For Kemijoki
the EURO-CORDEX run shows a greater percent increase in annual runoff compared to the ISI-MIP run,
with the difference getting more pronounced moving from the +2 to the +4 SWL. For this basin the EUROCORDEX run members have a higher uncertainty in their estimates compared to the ISI-MIP run members,
especially at the +4 SWL.
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Figure 31: Correlation between projected changes in basin averaged runoff production derived from bias adjusted ISI-MIP Fast
Track and bias adjusted EURO-CORDEX, for both annual average (left) and 10th percentile (right) runoff production. Correlation
is examined at +2oC SWL (top) and at +4oC SWL (bottom). Small markers represent the value of each individual model and bigger
markers correspond to ensemble mean value.

3.2.7 Effect of observational datasets for bias correction on the output of the hydrological
model
In the last part of our analysis, a new aspect is briefly introduced. That is the impact posed by the
observational dataset used for bias correction to the results of the hydrological simulations. Additional
runs were performed with bias adjusted EURO-CORDEX precipitation and temperature, corrected against
the WFDEI (instead of the E-OBS) dataset. A comprehensive comparison between all the outputs used in
this study is presented in Figure 32. This includes four different sets of outputs: three driven by
downscaled EURO-CORDEX data (raw and bias corrected against two different datasets) and the last one
being the ISI-MIP Fast Track output. The comparison considers both the mean and range of the ensembles
and results are presented as basin aggregates. The first part of the comparison concerns the long-term
annual average for the period 1976 to 2005 (Figure 32, top row) and apart from the model results includes
values corresponding to observations, derived from GRDC discharge measurements. Observations can
serve as a baseline for this comparison, allowing us to evaluate which configuration can better simulate
“true” water budget numbers and the effect of bias correction with respect to this baseline.
Concerning the three EURO-CORDEX runs, for all basins the raw data result in overestimates of runoff
production which is though significantly reduced after bias correction. E-OBS corrected data however
produce values lower than the observations (with the exception of Guadiana) while the WFDEI-corrected
data produce the best simulation in terms of approximating the observed values. As already has been
revealed in previous stages of this analysis, it is again clear the impact that bias adjustment has on the
increase of model agreement. The only exception is Kemijoki basin due to its high latitude position
(coefficient of variation was increased after bias correction for the high latitude areas). The ISI-MIP results
exhibit a wide value range compared to the other bias corrected configurations. Most importantly, their
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values are closer to the raw EURO-CORDEX output rather than the bias corrected outputs. In general, the
ISI-MIP run produces the values that most deviate from the observations.
Changes in annual average runoff production at the +4 SWL appear to be more intensified compared to
the +2 SWL (Figure 32, middle and bottom). Although for percent change the differences of the distinctive
configurations are less pronounced, it can be observed that in general terms ISI-MIP results exhibit the
greatest variation between their minimum and maximum values. Concerning the EURO-CORDEX runs it is
interesting that the effect of bias correction on reducing the uncertainty is not that strong when looking
the results from the more statistical perspective of percent projected change. The improvements in model
agreement after bias adjustment however are still significant for all basins except for Rhine.

Figure 32: Comparison between the simulations of raw EURO-CORDEX data, EURO-CORDEX data bias adjusted against two
different datasets (WFDEI and E-OBS) and the ISI-MIP Fast Track output for five study basins. Bars show the ensemble means
and error bars the minimum and maximum ensemble member values. (Top row) Annual average runoff production for the
period 1976 to 2005.OBS values are derived from GRDC discharge measurements converted to basin averages at the annual
time-scale. (Middle row) Percent change in annual average runoff production at the +2 SWL and (bottom row) at the +4 SWL.
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3.3

CONCLUDING REMARKS



Projections show an intensification of the water cycle at +4 SWL, as even for areas where the average
state is not considerably affected, there are remarked projected decreases of low flows. With the
exception of the Scandinavian Peninsula and some small areas in central Europe, 10th percentile runoff
production is projected to reduce all over Europe. This favors the formation of extreme hydrological
events thus more droughts and floods compared to the current state are expected in the future due
to the warming climate.



Drought climatology is projected to change to more dry days per year for the Danube, Rhine and
Guadiana basins. Thus these areas are projected to experience more usual and more intense drought
events in the future.



For the areas where clear decreasing or increasing runoff trends are identified in the projections,
these changes are considerably intensified when moving from the +2 SWL to the +4 SWL. Decreasing
trends apply to Southern Europe, including the Mediterranean region, while strong increasing trends
are projected for Northern and North-Eastern Europe. For the rest of the European region where
trends are not clear or ensemble members do not agree towards the change, the effect of the plus
two degrees warming does not seem to severely affect the hydrological state, which is however
already significantly altered at +2 SWL compared to pre-industrial.



Bias correction is a valuable tool towards reducing the uncertainty in climate projections.



The dataset used for bias correction can affect the quality of the projections in absolute terms to a
great extent. The comparison performed here showed that the WFDEI-corrected dataset produces
simulations that capture better the past observed hydrologic state compared to the E-OBS-corrected
dataset and should thus be preferred for bias correction applications over Europe.
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4 PROJECTIONS OF EXTREME STORM SURGE LEVELS IN EUROPE
UNDER 4°C WARMING SCENARIO
Sea Level Rise (SLR) coupled with the intensified human presence/activity along the coastal areas
constitutes a substantial risk for the coastal communities (UNEP, 2013), since the infrastructural
development of the backshore has reduced the capacity of many coastal areas to absorb storm energy
(EUROSION, 2004). Therefore it is not surprising that policy and management bodies worldwide are
pointing towards adaptation and mitigation actions, which require high-quality scientific input in order to
be timely and effective from a socio-economic perspective (Hinkel et al., 2014; Hoggart et al., 2014; Tol,
2009). While sea level rise (SLR) alone is posing an increasing risk along the global coastlines, extreme
events constitute an additional hazard component and there are several indications of an increased
intensity and frequency along several coastal regions in the world (Weisse et al., 2014; Wang et al., 2014;
Izaguirre et al., 2013).
Storm surges, also referred to as meteorological residuals or meteorological tide, constitute along with
the waves and the tidal oscillations, the main components of extreme water levels along the coastal zone
(Lowe et al., 2010; Losada et al., 2013). Storm surges are driven by wind driven water circulation towards
or away from the coast and, to a smaller extent, by atmospheric pressure driven changes of the water
level; i.e. the inverse barometric effect (WMO, 2011). The magnitude of the storm surge depends on a
number of factors comprising the size, movement, and intensity of the storm system, the nearshore local
bathymetry (water depth) or the shape of the coastline.
The study of sea level extremes has been typically carried out through the analysis of tide gauge records
(e.g. Menéndez and Woodworth, 2010; Marcos et al., 2009), or of the output of hindcast storm surge
reconstructions (e.g. Cid et al., 2014; Dangendorf et al., 2014). Recently, we have witnessed substantial
progress in generating projections of future climate, as the scientific efforts become more collective and
better coordinated, but also organized under projects like the Coupled Model Intercomparison Project
(Taylor et al., 2011). The coastal scientific community has benefited by such climate projections as the
latter allow for dynamic simulations of future extreme events under different climate change scenarios
and there have been several previous efforts to generate projections of future storm surges along the
Mediterranean (Conte and Lionello, 2013;Marcos et al., 2011;Jordà et al., 2012), North Sea (Debernard
and RØEd, 2008;Gaslikova et al., 2013;Woth et al., 2006;Howard et al., 2010), as well as the Atlantic coast
of Europe (Marcos et al., 2012;Lowe et al., 2001;Lowe et al., 2009;Lowe et al., 2010) and Baltic Sea (Gräwe
and Burchard, 2012;Meier, 2006;Meier et al., 2004).
Despite recent substantial progress in assessing future, storm surge-driven, extreme water levels in view
of climate change, there is a clear lack of relevant information for several European regions, especially
concerning the Representative Concentration Pathways (RCPs) adopted by IPCC for its fifth Assessment
Report (AR5) (IPCC, 2013). Against the foregoing background, the present study uses a hydrodynamic
model forced by CMIP5 climate model wind and pressure fields to generate projections of extreme storm
surge levels (SSL) along the European coastline, for two RCPs scenarios: RCP4.5, and RCP8.5 (Meinshausen
et al., 2011). The RCP4.5 and RCP8.5 scenario correspond to a likely global mean temperature increase of
2.0-3.6 oC and 3.2-5.4 oC in 2081–2100 above the 1850–1900 levels (IPCC, 2013) respectively, where
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RCP4.5 may be viewed as a moderate-emission-mitigation-policy scenario and RCP8.5 as a high-end,
business-as-usual scenario.

4.1

NUMERICAL MODEL SETUP

Water level residuals η surge were estimated using the open-source model Delft3D, with simulations
being forced by wind velocity and atmospheric pressure fields, and without considering the tidal effects
(Table 6). Modelling efforts were organized in runs carried out in batch mode, with each run simulating 5
years of water level fluctuations, after 90 days of model ‘warm up’ time, while water level was initially
zero along the entire domain. Water level model output was obtained every three hours, and every 25
km along the coastline.
Prior to the main core of simulations, several efforts took place to optimize and validate the model, testing
different model setups, varying the grid extent/resolution and applying nesting or domain decomposition.
The numerical grid setup that was finally selected is a regular grid of 0.2o resolution which included Europe
and the largest extent of the N. Atlantic (spanning from 40o W to 47o E and from 26o N to 73o N; Figure
33), as it was proved to be the best compromise in terms of data quality, model stability and
computational times. For better analysis of the model performance and the storm surge scenarios, the
European coastal zone was divided into 10 regions on the grounds of the geographical and physical
setting: Black Sea, East, Central and West Mediterranean, South- and North-North Atlantic, Bay of Biscay,
as well as North, Baltic and Norwegian Sea (Figure 33).
The simulations took place following a ‘time slice’ approach covering the periods between 1970-2004 for
the Historical scenario, while for the RCP4.5 and RCP8.5 scenarios the 30-year time slices were centered
at the 4oC year (see Table 1). The model was forced by the meteorological output of 3 climate models
available at the CMIP5 database, namely the GFDL-ESM2M (NOAA Geophysical Fluid Dynamics Laboratory
USA), MPI-ESM-LR, MPI-ESM-MR (Max-Planck-Institut für Meteorologie Germany).
Table 6. Information about the model setup and the simulations

Model setup
Storm surge model used
Processes simulated
Grid
Atmospheric forcing
Climate models

Climate scenarios simulated
Model output

Information
Delft3D version 5.01.00.4018
Wind/pressure-driven ocean circulation
Regular, 0.2o (40o W-47o E; 26o N-73o N)
ERA-INTERIM (validation), CMIP5
(scenarios)
GFDL-ESM2M (NOAA Geophysical Fluid
Dynamics Laboratory USA), MPI-ESM-LR,
MPI-ESM-MR (Max-Planck-Institut für
Meteorologie Germany)
Historical, RCP45, RCP85
Water level every 3 hr and 25 km of coast
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Figure 33. Map of Europe showing the Delft3D model domain (black, dashed line) showing the 10 different coastal
regions defined for the analysis of the model results (color continuous lines).

4.2

DATA PROCESSING AND EXTREME VALUE STATISTICAL ANALYSIS

For each simulation monthly and annual maxima were calculated, and the extreme events for each period
were identified following the peak-over threshold (POT) approach. In this study as extreme SSL were
considered the values that were exceeding a certain threshold so that the average number of events per
year was around 5 and each event was at least 72 hours apart from the next one. These events were
modeled with the Generalized Pareto Distribution (GPD):

 1 (1 y )  ,  0

~
F ( y)  
y
~
 1 exp ,  0

(4)

y  s  u

(5)

~    y

(6)

1

where

And

y being the SSL higher than the threshold u, σ the shape parameter and ξ the shape parameter of the GPD
which were estimated using the Maximum Likelihood Estimation method (Coles, 2001). The N-year return
period SSL was estimated according to:
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 u   [( n y u ) 1],  0
RL   u  log(n y u ), 0



(7)

Where ny is the number of observations per year and ζu the probability that an empirical value exceeds
the threshold u.
Once the extreme SSL were calculated for each return period Tr=[5, 10, 20, 50, 100, 200, 500, 1000] years,
ensemble means were calculated from the simulations based on the different climate models, while the
historical values were subtracted from the RCP4.5 and RCP8.5 scenario ones in order to estimate absolute
and percentage change Δηs and %Δηs, respectively:

s  s ,RCP  s ,Historical
% s 

 s ,RCP   s ,Historical
 100
 s ,Historical

(8)

(9)

In order to assess the seasonal variations for each scenario the monthly maxima were grouped into
seasons and average values were estimated. Following, equations 8 and 9 were applied to estimate
changes from the historical case to the RCPs, and ensemble means were generated.
Model agreement was evaluated with 2 criteria; the percentage of models showing the same tendency in
terms of Δηs sign and the coefficient of variation CV:

CV 

 
 s

s

(10)

Where σ is the standard deviation and good agreement was considered when |CV|<1, implying that the
standard deviation of the change in SSL predicted by all models is lower than the ensemble mean, absolute
Δηs value (Alfieri et al., 2015).

4.3

STORM SURGE PROJECTIONS

The estimated extreme SSL obtained by the 3 model ensemble appeared to follow similar spatial patterns
among the different scenarios and return periods (Figure 34); with ηs values along the North Sea increasing
eastwards, and being substantially higher than the ones along the rest of Europe. Another area
characterized by increased ηs values was the west-facing coastline of the Irish Sea, followed by marginal
areas of the Baltic Sea (e.g. Kattegat, Gulf of Finland and the North Gulf of Bothnia; see Figure 34) and the
Norwegian Sea. Anticipated extreme SSL appeared to be ηs<2 m for most of the South Europe with the
exception of the North Adriatic, and some parts of the North Black Sea, where higher ηs values were
estimated. As expected, the SSL increased along with the return periods considered.

69

Project No 603864

Figure 34. Ensemble mean of extreme SSL (m) along the European coastline obtained for 5, 50, 500 and 1000 years
return periods (shown in different columns) and for the historical (a-d), RCP4.5 (e-h), RCP8.5 (i-l) scenarios (shown
in different lines). The colors express SSL while points with high model disagreement are masked with gray color
(|CV|>1).

Absolute and percentage changes of future SSL were obtained by subtracting the historical from the
RCP4.5 and RCP8.5 scenarios and averaging for all models to obtain the final ensemble (Figure 35 and
Figure 36). The absolute Δηs values were very close to zero and below 0.5 m for Tr=5 years (Figure 35) and
increased for the higher return periods, with projected changes in extreme SSL exceeding even 1 m (e.g.
Figure 35). Values for most scenarios and return periods indicated an anticipated increase in SSL along the
Baltic Sea, which was expected to be more prominent for the RCP8.5 scenario (Figure 35); with a
forecasted >20% increase (Figure 36).
The rest of the North European areas were characterized by similar projected increase with small
variations among scenarios and time slices. For the case of the North Sea, an increase in extreme SSL was
forecasted for the RCP4.5 scenario (see Figure 36) and which is expected to reach 20% for the RCP8.5
scenario (Figure 36). For the Norwegian Sea the projected increase was more prominent regarding the
RCP8.5 scenario (Figure 36), while for the RCP4.5 the projected increase was below 5% for all cases.
Similarly, an increase in SSL is anticipated along the Atlantic coast of the UK-Ireland especially for RCP8.5,
especially for the north and west coast (Figure 36).
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Figure 35. Projected changes of extreme SSL values along the European coastline expressed as differences in m
from the historical scenario values; columns correspond to 5, 50, 500 and 1000 years return periods, while lines to
different RCP scenarios and time slices: RCP4.5 (a-d), RCP8.5 (e-h). Warm/cold colors express increase/decrease,
respectively; while points with high model disagreement are shown with gray (|CV|>1).

Projected changes in extreme SSL along the Bay of Biscay were very small with several areas showing
minimal change or even a small decrease, with similar patterns observed for most of the Iberian Atlantic
coast. An exception for the whole Atlantic coast of France, Spain and Portugal was the Bay of Cadiz along
which an increase is anticipated especially, for the very extreme events. The tendency along the most of
the Western and Central Mediterranean was very weak or even decreasing, with the exception of the
RCP8.5 scenario for which a moderate increase is anticipated all along the Mediterranean and Black Sea
(Figure 36). Scenarios were consistently predicting an increase in SSL along the Southern Greek coast,
especially for the higher extremes of the RCP4.5 (Figure 36) and RCP8.5 (Figure 36); on the other hand,
the North Aegean Sea is expected to experience reduced or stable SSL for all scenarios.
The Levantine Sea is expected to experience mildly increasing values under an RCP8.5 scenario (Figure 36)
and an increase to the higher extremes up to 20% under RCP4.5 (Figure 36). Finally, regarding the Black
Sea, although a clear spatial pattern might not be detected for the entire basin, the extreme SSL at the
northern, eastern and western parts present an increasing trend (Figure 36).
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Figure 36. Projected percentage changes of extreme SSL along the European coastline expressed; columns
correspond to 5, 50, 500 and 1000 years return periods, while lines to different RCP scenarios and time slices:
RCP4.5 (a-d), RCP8.5 (e-h). Warm/cold colors express increase/decrease, respectively; while points with high model
disagreement are shown with gray (|CV|>1).

Αn overview of the general tendencies of the SSL projections for Europe was provided by the mean
frequency curves per European region (Figure 37). The mean frequency curves for the Black Sea showed
an increasing tendency under RCP8.5 (Figure 37a), with the current 10 year event expected to occur every
8.18 years under RCP8.5 and the present 100 year event, expected to occur every 69.5 years under RCP8.5,
respectively (Table 7). The biggest increase for the East Mediterranean was projected under RCP8.5 with
a 28 year reduction in the return period of the present 100 year event, while increase was forecasted also
under the RCP4.5 scenarios (Figure 37b).
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Figure 37. Overview of changes in the extreme SSL along the 10 defined European regions (a-j): horizontal axis
expresses return period in years and the vertical the corresponding SSL, while each curve corresponds to a different
RCP scenario and time slice: Historical (red), RCP4.5 (blue), RCP8.5 (green). The inset map (k) shows the limits of the
10 European regions.

The Central Mediterranean is projected to experience an increase only under RCP8.5 (Figure 37c), with
the latter being observed for the whole Mediterranean (i.e. the present 100 year event is projected to
occur every 83, 87, and 78 years along the East, Central and West Mediterranean; Table 7). Apart from
the RCP8.5 scenario, the simulations suggest that the intensity of the extreme SSL is expected to decrease;
with the present 100 year event occurring every 167 years under RCP4.5 (Table 7).
The projected changes in frequency of the 10 year event along the South Atlantic coast of Europe (Figure
37e) indicate a small to moderate decrease (e.g. Tr=11.8, and 12.8 years under RCP4.5, and RCP8.5,
respectively; Table 7); which was converted to minor increase under RCP4.5 when the 100 year events
are considered. In a relatively similar fashion, all scenarios result in increasing extreme SSL during the first
time slice and decreasing or stable ones for the end of the 21st century (RCP4.5, and RCP8.5; Figure 37f).
On the contrary, projections for all scenarios show increased extreme storm surge frequencies along the
Atlantic coast of UK and Ireland (Figure 37g), with the highest ones projected under RCP8.5 as the present
100 year even is anticipated every 74.1 years (Table 7).
The North Sea is expected to experience increased storm surge activity (Figure 37h), especially under
RCP8.5; with the present 100 year event projected to occur every 60.7 years (Table 7). Such strong
projected increase in frequency was also observed for the Baltic Sea, for all scenarios with the present day
100 year event projected to take place every 72.2, and 57.7 years under RCP4.5, and RCP8.5, respectively
(Table 7). Finally an increase in storm surge intensity is projected for the Norwegian Sea, especially under
RCP8.5 with the 10 year events anticipated every >7 years and the 100 year events every >45 years (Figure
37j and Table 7).
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Tr= 100 years

Tr= 10 years

Table 7. Projected return periods of the present 10 and 100 year event on the grounds of the RCP4.5 and RCP8.5
and the 2070-2100 time slice. Values are averaged for the model ensemble and for all the points of each of 10
defined European regions.

Black Sea
East
Mediterranean
Central
Mediterranean
West
Mediterranean
S-North Atlantic
Bay of Biscay
N-North Atlantic
North Sea
Baltic Sea
Norwegian Sea
Black Sea
East
Mediterranean
Central
Mediterranean
West
Mediterranean
S-North Atlantic
Bay of Biscay
N-North Atlantic
North Sea
Baltic Sea
Norwegian Sea

RCP4.5
9.2

RCP8.5
8.2

9.3

10.3

9.8

9.5

10.7

9.1

11.8
12.5
9.5
8.5
8.2
8.0
RCP4.5
91.9

12.8
9.5
8.0
7.2
5.9
6.0
RCP8.5
69.5

72.3

83.2

99.5

86.8

166.9

77.9

93.9
149.0
86.1
86.4
72.2
75.9

137.0
92.4
74.1
60.7
57.7
44.3
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5 THE IMPACT OF HIGH-END CLIMATE SCENARIOS ON THE CROP
YIELD AND ITS VARIABILITY IN EUROPE
The rising of global food price since 2008 (FAO, 2012) and levelling of crop yield, in particular wheat yield
over Europe (Brisson et al. 2010; Lin et al. 2012) in the recent decades has again raised concerns about
food security. Warming and extreme weather events are suggested to be at least partially responsible for
these incidents (Ciais et al., 2005; Brisson et al. 2010; Soussana et al., 2010). As Europe is producing more
than 20% of global cereal production (FAO, 2013), the impact of climate change on European cropland
production not only has regional importance but also have significance on global food security.
Analyses on yield statistics have shown that historical warming over the past three decades have exerted
significant impacts on crop yield over Europe (Lobell & Field, 2007; Lobell et al., 2011). More assessments
and projections of future climate change impacts relies on crop models (Challinor et al., 2014). By
comparing modelling results with climate manipulation experiments, recent studies indicate that climate
change impacts on crop yield can be robustly captured by process-based crop models (Asseng et al., 2015;
Li et al., 2015; Martre et al., 2015). But large uncertainties still remain for projecting impacts of climate
change on croplands (Rosenzweig et al., 2014), partly related to the uncertainties of climate projections
(Oleson et al., 2007; Sultan et al., 2014). In addition, The Europe spans a large gradient of climatic
conditions from the arctic to the warm Mediterranean. Such different background climate can result in
varied response to climate change (Oleson et al., 2011). For example, crop yields in northern Europe may
be limited by low temperatures (Holmer, 2008), moderate climate warming could therefore benefit crop
yield (Bindi & Oleson, 2011). On the other hand, crop yields in some southern European area are already
exposed to high temperatures and low rainfall (Reidsma & Ewert, 2008), further warming and droughts
could severely reduce crop yield (Darwin and Kennedy, 2000; Ciscar et al., 2011). Over Central European
region, crop yield is also suggested to be negatively affected by climate change with a lesser degree
(Semenov, 2009; Ciscar et al., 2011). However, such variations in cropland responsiveness to climatic
change cannot be well captured if crop models are driven by coarse resolution general circulation models
(GCMs, Semenov & Stratonovitch, 2010).
Previous studies have used statistical downscaling or weather generators to produce high resolution
regional climate scenarios (Supit et al., 2012; Sultan et al., 2014), but such methods rely on statistical
relationship which may not hold true in the future (e.g. Goubanova et al., 2010). The Coordinated
Downscaling Experiment over Europe (EURO-CORDEX, Jacobs et al., 2014) utilized the latest generation
of high-resolution regional climate models (RCMs) with GCM inputs from the fifth phase of the Coupled
Model Intercomparison Project (CMIP5, Taylor et al., 2012). These RCM downscaling climate projections
provide us the opportunities to perform regional impact analyses.
In this work, a calibrated process-based crop model, ORCHIDEE-crop, is used to perform ensemble
simulations driven by five EURO-CORDEX climate projections over Europe for wheat, maize and soybean
croplands. Projected change in the crop yield, its variability and irrigation water requirements are
investigated to assess the impact of 4oC warming and accompanied environmental change on European
croplands.
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5.1

DATA

5.1.1 5.1.1 Climate projections and atmospheric CO2 concentrations
EURO-CORDEX climate scenarios with Representative Concentration Pathways (RCP) 8.5 were used in this
study to produce cropland simulations under historical and 4 degree warmer climate in Europe. These
projections consist of high-resolution downscaling of GCM from the CMIP5, and can be accessed from
different data nodes of the Earth System Grid Federation (e.g., http://pcmdi9.llnl.gov/esgf-web-fe/live)
or from the Climate4Impact portal (http://climate4impact.eu). Daily historical simulations from 1975 to
2005 and 31-year climate projections center at year when the driving GCM model exceeds the +4C were
extracted for five EURO-CORDEX scenarios. Overall, the five climate scenarios are combinations of three
different GCM which were then downscaled with three Regional Climate Models (RCM) as shown in Table
5.1. Meteorological fields used in this work are average (tas), minimum (tasmin) and maximum (tasmax)
surface air temperature, total precipitation (pr), surface air pressure (psl), 2-metre specific humidity
(huss), 10-metre wind speed (sfcWind), surface downward shortwave radiation (rsds) and surface
downward longwave radiation (rlds). Projection of the climate fields were converted from spherical
projection (Eur-44) to a regular geographical grid of 0.44 degree.
To force the historical simulations, the atmospheric CO2 concentration from 1970s to 2005 is obtained
from measurements in Mauna Loa. To keep consistency between climate projections and corresponding
atmospheric CO2 concentration in the future simulations, we use the corresponding projected CO2
concentration under RCP8.5 scenario for the simulated time slices.
Table 5.1: EURO-CORDEX climate scenarios used in this study.
Institute RCM
RCP85 driving
Code
CORDEX
GCM

The year of
passing +4K

HadGEM_RCA

RCA4

HadGEM2-ES–r1

2074

IPSL_RCA

RCA4

IPSL-CM5A-MR

2068

MPI_RCA

RCA4

MPI-ESM-LR

2082

MPI_CCLM

CCLM4-8-17

MPI-ESM-LR

2082

IPSL_WRF

WRF331F

IPSL-CM5A-MR

2068

5.1.2 5.1.2 Crop map and other management data
The distribution of wheat, maize and soybean over Europe were obtained from Viovy et al. (Figure 5.1).
The study domain expands from 35oN to 72oN and from 13oW to 38oE.
The planting date of wheat, maize and soybean over Europe was specified according to Portmann et al.
(2010). Nitrogen inputs into each type of croplands are provided by Mueller et al. (2012). Data were
harmonized into 0.44 degree across the study domain. We assume no inter-annual change in the planting

76

Project No 603864
dates and nitrogen inputs of all the crops, which is consistent with global crop model inter-comparison
project (Elliot et al., 2015).

(a)

(b)

(c)

Figure 5.1: spatial distribution of cropland fraction (%) for (a) winter wheat, (b) maize and (c) soybean

5.2

METHODS

5.2.1 5.2.1 Brief description of ORCHIDEE-crop
ORCHIDEE-crop model (svn version 2423) is a cropland land surface model (agro-LSM), which is based on
the generic vegetation model ORCHIDEE (Krinner et al., 2005), simulating carbon, water and energy fluxes
(e.g. photosynthesis, respiration and evapotranspiration) and includes an agronomical module simulating
crop phenology, leaf area dynamics, growth of reproductive organs, carbon allocations and management
impacts. A thermal index (degree-day) adjusted for photoperiodic and vernalization effects according to
crop types, controls the crop developments. Seven development stages are sequentially simulated for
crop growth and grain filling in the integrated crop module same to STICS (Brisson et al., 2003). The timing
and duration of each stage is calculated based on development units, describing physiological
requirements of crops. These development units are calculated as growing degree days weighted by
limiting functions to account for photoperiodism (e.g., winter wheat and soybean) and vernalization (e.g.,
winter wheat). Transition between stages occurs when threshold values of development units are
reached, which are specific to different crops or cultivars but also depend upon management intensity
and local climate. Using generic terms for the various stages of plant development makes it possible to
simulate different kinds of crops, provided crop-specific parameter values (Bassu et al., 2014, Brisson et
al., 2002, Valade et al., 2014). Compared with ORCHIDEE-STICS (Gervois et al., 2004), an earlier version of
agro-LSM, which chained ORCHIDEE model with STICS only through leaf area dynamics, ORCHIDEE-crop
has a complete coupling between crop growth and physiology of carbon and water exchanges in soilvegetation-atmosphere continuum. The model has also been calibrated over eddy covariance flux sites
over Europe (Wu et al., 2015) and provides simulation results for global gridded crop model intercomparison. Further details regarding ORCHIDEE-crop can also be found in Wu et al. (2015 GMDD).

5.2.2 5.2.3 Statistical analysis
Regional average of crop yield and potential irrigation demand is calculated as the crop area weighted
average over the study domain. Change in crop yield and potential irrigation demand are calculated as
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the difference between the temporal average during the 30-year time slice in the future and that during
the 30-year time slice of historical period. Statistical significance of the change in crop yield and potential
irrigation demand is calculated using t-test between 30-year data under five climate scenarios (150 data
points) in the future simulation and that in the historical simulation. Statistical insignificant changes
(P>0.05) are masked in grey pluses.
The variability of the crop yield is measured by the coefficient of variation (CV), which is defined as the
ratio of the standard deviation of the yield in the 30-year slice and the average yield in the 30-year slice.
In order to avoid the confusion of the trend in crop yield for yield variability, the standard deviation of the
yield is calculated after removing the 30-year linear trend. For the five climate scenarios, we consider the
change in yield variability consistent if at least four of the five scenarios show the same sign of change in
CV. Inconsistent change in the variability is masked in grey plus. We similarly analyzed the risk of yield
decrease and define consistency of risk change in the same way.

5.3

RESULTS

5.3.1 Change in climate and atmospheric CO2 concentration
Figure 5.2 shows the change of mean annual temperature, annual precipitation and atmospheric CO2
concentration over the crop area in the study domain. By the protocol design, annual mean temperature
is about 4K warmer in the projected time-slice than in the historical time-slice. But the historical climate
simulated by different GCM-RCM combinations show a difference as large as 1.9K (Figure 5.2a). By
average, annual precipitation over the European cropping area increase by 30 mm (Figure 5.2b). The
increase of precipitation is agreed by four of the five GCM-RCM combinations, except for MPI_CCLM
which projected a decrease of precipitation by 15 mm. It should be noted that although average increment
in precipitation seems robust among the climate scenarios, the absolute difference in the simulated
precipitation is ~150mm, several times larger than the estimated change of precipitation. Since the future
time slice are not centered in the same year, the atmospheric CO2 concentration accompanied with the
four degree warmer scenario is not the same (Figure 5.2c). The average atmospheric CO2 concentration
in the projected time slice varies between 668 ppm and 781 ppm (Figure 5.2c).
Spatial analyses indicate that the Europe has a large difference in the magnitude of warming (Figure 5.3a).
The average warming magnitude of the five climate scenarios in the Arctic Europe is more than 5 degree,
while British Isles and the eastern coast of the Nordic sea has small warming magnitude less than 1 degree.
For precipitation, there is a clear contrast between northern Europe and southern Europe (Figure 5.3b).
Above 50oN, all five climate scenarios consistently projected increase in precipitation, with largest
increment found in Scandinavia, which can exceeds 200 mm. The circum-Mediterranean southern Europe
show decrease in precipitation, but the models are not consistent in this projection except for Spain and
Greece. Models do not have consistent projection of precipitation change also over central Europe and
most of the British Isles (Figure 5.3b).

78

Project No 603864

(a)

(b)

(c)

Figure 5.2: Change in crop-area weighted average of (a) annual mean temperature (b) annual
precipitation and (c) atmospheric CO2 concentration during the historical period from 1976 to 2005 (hist)
and 30-year time slice of projected climate where Europe is 4 degree warmer than the historical period
(+4K). Quantiles of the box-plot is calculated with the combination of 5 climate scenarios and 30 year
data in each climate scenario. Colored-crosses and errorbars indicate the mean and inter-annual
standard deviation of the corresponding variable in different climate scenarios, which are (from left(dark
blue) to right (orange)) HadGEM_RCA, IPSL_RCA, MPI_RCA, MPI_CCLM and IPSL_WRF respectively (see
Table 5.1 for explanations of each climate scenario).

(a)

(b)

Figure 5.3: Spatial distribution of change in (a) annual mean temperature (K) (b) annual precipitation (mm)
between the projected time slice and historical time slice over the study domain. The change is estimated
as the mean change of the five climate scenarios. Statistical insignificant change (see Methods section) is
masked with grey plus.
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5.3.2 5.3.2 Change in crop yields
Figure 5.4 shows the change of yield for winter wheat, maize and soybean over Europe under 4 degree
warmer climate scenarios. For winter wheat, area-weighted average yield increase in four of the five
climate scenarios except for HadGEM_RCA (Figure 5.4a) with a small median increment of 3%. The largest
increment is found in IPSL_WRF, indicating the strongest release of low temperature stress, which is also
in coincidence as the lowest estimates of historical mean temperature (Figure 5.2a). For the continental
average rainfed wheat yield over Europe, five climate scenarios show consistent increase with a large
median increment of 20% (Figure 5.4d). As a tropical originated C4 crop, maize seems to be more suitable
under the warmer climate. Continental average of both irrigated and rainfed maize yield show consistent
increment among all five climate scenarios with median increment of 4% and 21% respectively (Figure 5.4
b&e). Similarly, the change in soybean yield is also consistent among all five climate scenarios. Median
increment of irrigated soybean (3%, Figure 5.4c) is also smaller than the median increment of rainfed
soybean (34%, Figure 5.4f).

(a) whe_irr

(b) mai_irr

(c) soy_irr

(c) whe_rnf

(d) mai_rnf

(e) soy_rnf

Figure 5.4: Change in area weighted average yield of (a, c) winter wheat (whe) (b, d) maize (mai) and (c,
e) soybean (soy) under irrigated (irr, upper panel) and rainfed (rnf, lower panel) management between
30-year time slice of projected climate where Europe is 4 degree warmer than the historical period (+4K)
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and historical period from 1976 to 2005 (hist). Quantiles of the box-plot and color code of errorbar are
calculated in the same way as Figure 5.2.

Spatial analyses shows that there is a large spatial heterogeneity of yield change for wheat. Russia and
Scandinavian countries show wheat yield increment under both irrigated and rainfed scenarios, while the
contemporarily most productive region in the western Europe, including France, Germany, Belgium and
Netherland, show significant decrease (Figure 5.5a&d). The circum-Mediterranean countries generally
show insignificant change because of large interannual variability, except for Italy in irrigated scenario,
which show significant decrease (Figure 5.5a&d). Spatial pattern of maize yield change show a contrast
between northern Europe and the rest of the Europe. Most area above 50oN show significant maize yield
increment in both rainfed and irrigated scenarios, with largest increment found in Russia (Figure 5.5b&e).
Southern regions mostly show insignificant change except for Balkan Peninsula and southern part of
Appenninica Peninsula and Iberia Peninsula under irrigated scenario, which shows significant decrease
(Figure 5.5b). Soybeans only sparsely distributed in southern Alps, Pyrenean Mountain and eastern Russia.
But the Italian part of Alps show decrease in soybean yield under irrigated scenario, which is in contrast
with the rest of Balkan part of the cropping area showing significant yield increment in both irrigated and
rainfed scenarios (Figure 5.5c&f)

(a) whe_irr

(b) mai_irr

(c) soy_irr

(d) whe_rnf

(e) mai_rnf

(f) soy_rnf

Figure 5.5: Spatial distribution of change in yield of (a, c) winter wheat (whe) (b, d) maize (mai) and (c, e)
soybean (soy) under irrigated (irr, upper panel) and rainfed (rnf, lower panel) management between 3081
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year time slice of projected climate where Europe is 4 degree warmer than the historical period (+4K) and
historical period from 1976 to 2005 (hist). The change is estimated as the mean change of the five climate
scenarios. Statistical insignificant change (see Methods section) is masked with grey plus.

5.3.3 5.3.3 Change in variability of crop yields
Figure 5.6 shows the change of variability in continental average yield of winter wheat, maize and soybean
based on the detrended coefficient of variations (CV) of the historical time slice and projected time slice.
The median CV of irrigated wheat yield decrease by ~6% from 10.7% to 4.5%. This decrement is agreed in
all climate scenarios with the magnitude ranges from 4% to 15% (Figure 5.6a). Similarly for rainfed wheat,
the median CV of yield decrease by ~7% from 15.1% to 7.0% (Figure 5.6d). The largest decrement in both
irrigated and rainfed management is found under IPSL_WRF scenario, which has the lowest historical and
future temperature projection. There is also consistency among the five climate scenarios in the projected
change of maize yield variability. The median CV of maize yield decrease from 4.7% to 2.3% and from
12.5% to 10.2% for irrigated and rainfed management respectively (Figure 5.6b&e). The largest decrement
of CV for irrigated maize is found in IPSL_WRF from 6.1% to 3.0%, while that for ranfed maize is found in
MPI_CCLM from 31.1% to 9.5%. Unlike wheat and maize, the median CV of irrigated and rainfed soybean
are not decreased. The median CV of irrigated soybean has almost no changed (Figure 5.6c) with four of
the five climate scenarios show slight increment and the rest one show slight decrement. The rainfed
soybean on the other hand shows increment in median CV by 3% (Figure 5.6f), but not consistent among
all the models.
Indeed, if we look at the spatial distribution of yield CV change for soybean (Figure 5.7 c&f), more than
half of the sparsely distributed growing area do not have consistent sign in the CV change. This is also the
case for wheat that climate models do not agree on the sign of CV change for the majority of the wheat
growing area, except for CV decrease in most Russia & Norway and CV increase in Ukraine (Figure 5.7a&d).
For irrigated maize, a robust regional contrast is found (Figure 5.7 b&e) with northern area showing
decreasing CV and southern area showing increasing CV, which is consistent among climate scenarios
mainly over southern Iberia Peninsula and central Balkan Peninsula. However, for rainfed maize,
consistent signal are only found in Russia, highlighting the climate variability signal in the climate models
still have large uncertainties.
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(a) whe_irr

(b) mai_irr
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Figure 5.6: Change in coefficient of variations (CV) for area weighted average yield of (a, c) winter wheat
(whe) (b, d) maize (mai) and (c, e) soybean (soy) under irrigated (irr, upper panel) and rainfed (rnf, lower
panel) management between 30-year time slice of projected climate where Europe is 4 degree warmer
than the historical period (+4K) and historical period from 1976 to 2005 (hist). Quantiles of the box-plot
are calculated based on the five GCM+RCM combinations (Table 5.1).
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Figure 5.7: Spatial distribution of change in yield CV (%) of (a, c) winter wheat (whe) (b, d) maize (mai) and
(c, e) soybean (soy) under irrigated (irr, upper panel) and rainfed (rnf, lower panel) management between
30-year time slice of projected climate where Europe is 4 degree warmer than the historical period (+4K)
and historical period from 1976 to 2005 (hist). If less than four of the five models show the same sign of
change in CV, the grid is masked with grey plus.

5.3.4 5.3.4 Risk of yield decrease
Combining change in mean yield and yield variability, we analyzed the risk, defined as the percentage of
years, when crop yield is lower than the historical mean (Figure 5.8) and lower than 80% of the historical
mean (Figure 5.9), in order to identify the hotspots of vulnerable areas.
As Figure 5.8 shows, the risk of wheat yield below the historical average in 4 degree warmer Europe is
projected to increase most strikingly over France, Germany and Poland in both irrigated and rainfed
management (Figure 5.8 a&d). On the contrary, Finland and Russia could experience a large (>30%)
decrease in the risk of yield below historical average due to both yield increment and variability decrement
(Figure 5.8 a&d). The same risk change of irrigated maize yield shows a regional difference between
northern and southern Europe. Consistent decrease in the risk is found over northern France, Germany
and Belarus, while many area of the circum-Mediterranean show consistent increase in the risk (Figure
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5.8b). The magnitude of the increment could be even larger than 30% in part of Balkan Peninsula (Figure
5.8b). The risk change for rainfed maize is largely not consistent among the climate scenarios, with the
exception in some part of Poland, Belarus and Russia showing decrease in the risk of below historical
average yield (Figure 5.8e).
We further explore the risk of yield below 80% of the historical average in the projected time slice (Figure
5.9). Although the pattern of model average change in the risk of yield below 80% of the historical average
is similar to the risk of yield below the historical average (Figure 5.8), climate models are not consistent
over the majority of the continent. For winter wheat in either irrigated and rainfed management, part of
Finland and Russia show consistent decrease in the risk, while northern France show consistent increase
in the risk among the five climate scenarios. For irrigated maize, only parts of southern Germany, Belarus
and Russia show consistent decrease in the risk. For rainfed maize, the consistent decrease in the risk is
only found over Poland, Belarus and Russia. For both irrigated and rainfed soybean, the risk change are
not consistent for most of the growing area.

(a) whe_irr

(b) mai_irr

(c) soy_irr

(d) whe_rnf

(e) mai_rnf
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Figure 5.8: Spatial distribution of the risk of yield below historical average for (a, c) winter wheat (whe) (b,
d) maize (mai) and (c, e) soybean (soy) under irrigated (irr, upper panel) and rainfed (rnf, lower panel)
management under projected climate where Europe is 4 degree warmer than the historical period. If less
than four of the five models show the same sign of change in CV, the grid is masked with grey plus.
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Figure 5.9: Spatial distribution of the risk of yield below historical average for (a, c) winter wheat (whe) (b,
d) maize (mai) and (c, e) soybean (soy) under irrigated (irr, upper panel) and rainfed (rnf, lower panel)
management under projected climate where Europe is 4 degree warmer than the historical period. If less
than four of the five models show the same sign of change in CV, the grid is masked with grey plus.

5.3.5 5.3.5 Change in irrigation water requirement
In addition to change in yield, the potential irrigation demand of the croplands also changes with the
climate (Figure 5.10). The median change in the continental average irrigation demand is projected to
decrease by 15 mm, 54 mm and 7 mm for winter wheat, maize and soybean respectively. Different climate
models are generally consistent in the projected decrease as at least four of the five climate scenarios
show consistent change (Figure 5.10). The absolute magnitude of potential irrigation demand estimated
by MPI_CCLM is much smaller than the rest models for maize and soybean, because summer precipitation
was larger in this model than the rest models.
Spatial analyses further indicate that the decrease in potential irrigation demand is widespread and
consistent among the climate scenarios. Below 55oN, the majority of the wheat, maize and soybean
growing area show decrease in potential irrigation demand. The largest magnitude of the decrease occur
in western Europe for wheat and eastern Europe for maize. The exceptions are in some parts of northern
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latitudes, such as the Scandinavian and Finland for wheat, accompanying the increase of the yield (Figure
5.5). But the change of the potential irrigation demand for wheat and maize are not consistent in large
area of the northern Europe among the climate scenarios.

(a) whe

(b) mai

(c) soy

Figure 5.10: Change in potential irrigation demand of (a) winter wheat (whe) (b) maize (mai) and (c)
soybean (soy) between 30-year time slice of projected climate where Europe is 4 degree warmer than the
historical period (+4K) and historical period from 1976 to 2005 (hist). Quantiles of the box-plot are
calculated based on the five GCM+RCM combinations (Table 5.1).

(a) whe

(b) mai

(c) soy

Figure 5.11: Spatial distribution of the change in potential irrigation demand for (a) winter wheat (whe)
(b) maize (mai) and (c) soybean (soy) between projected climate where Europe is 4 degree warmer and
the historical period. If less than four of the five models show the same sign of change in CV, the grid is
masked with grey plus.
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5.4

DISCUSSION

Compared with previous analyses using either statistical down-scaling or regional climate models (Ciscar
et al., 2011; Supit et al., 2012), the EURO-CORDEX climate simulations provides the latest mechanistic
understanding of the regional climate pattern and a bigger-than-ever ensemble of high-resolution climate
scenarios for impact analyses. Our analyses of the pattern of precipitation confirm earlier findings that
southern Europe and the Mediterranean will become drier while the northern Europe tends to be wetter,
and the warming magnitude in northern Europe will be higher than southern Europe and Atlantic coast
(Van der Linden and Mitchell, 2009; IPCC, 2013). However, the change in precipitation over continental
Europe is still largely uncertain and inconsistent in sign among different climate models.
It has been estimated that, at continental scale, European crop yield will slightly increase by ~3% under
~4 degree warming (Ciscar et al., 2011), we found a more optimistic projection between 4% and ~20% for
wheat and maize under different irrigation scheme with the EURO-CORDEX climate forcing and a
processed-based crop model (ORCHIDEE-crop). Although the magnitude of warming and projected
precipitation change are not necessarily consistent between the EURO-CORDEX simulations (Figure 5.2)
and previous regional climate model simulations (Figure S3 & S4 in Ciscar et al., 2011), the spatial patterns
of winners and losers of crop yield under climate change seems quite consistent (Ciscar et al., 2011). We
found that the lower temperature simulated for the historical period, the higher yield increment is found
at continental scale (Figure 5.4). As the EURO-CORDEX simulations are not bias-corrected, the inter-model
difference of simulated historical climate could be an important source of uncertainties in impact studies,
in addition to the projected change of the climate. Different crops also responds differently to the
projected climate change: Maize, as the tropical-originated C4 crop, seems benefiting from warming over
a larger area than the temperate C3 crops in this study (wheat and soybean). Although some recent study
suggest that wheat yield may unanimously reduce under even small magnitude of warming (Asseng et al.,
2015), some experiment studies indicate that many northern latitude regions may actually benefit from
warming (Zhao et al., under review), which is consistent with our model projection (Figure 5.5).
In addition to change of the mean yield, previous studies have identified climate induced increasing
variability for wheat and maize yield in France (Brisson et al., 2010; Hawkins et al., 2013). Indeed the
projected yield variability in part of France and Germany show a consistent increase under 4 degree
warmer Europe, but this is not a robust feature for most of the continent (Figure 5.7), which suggest the
projected change in climate variability are still largely uncertain among the climate model ensemble.
Similarly, when we selected 20% yield loss as the threshold, which is comparable to yield loss during the
heat waves in 2003 and 2010 (Ciais et al., 2005; Barriopedro et al., 2011), we found that the change in the
risk of such yield loss are largely inconsistent among the driving climate ensemble, indicating limited
consensus on the yield variability impacts from the projected change of the climate extremes. As the
observed and projected climate change impacts on crop yield are more from climate extremes than from
mean climate change (e.g. Lobell et al. ,2012; Lobell et al., 2013), this climate model inconsistency can
largely limit our capability to reduce the uncertainties of climate change impacts on crop yield.
Unlike earlier studies indicating increasing irrigation demand from higher evapotranspiration (e.g.
Maracchi et al. 2005), our study found that the irrigation requirement will decrease over the majority area
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of the Europe. This is mainly due to shorter growth duration and higher water use efficiency caused by
higher CO2 concentration, which is consistent with the recent global synthesis (Elliot et al., 2014).
However, the increase of irrigated wheat yield is accompanied by larger irrigation demand. Failing to
address this demand will make the projected increase in irrigated crop yield difficult to be realized.
It should be noted that our study does not the uncertainty of soil properties on the projected impacts of
climate change, which has been suggested to change the evapotranspiration (Guillod et al., 2013), in
particular under rainfed conditions. In addition, we do not include the impact of climate change on pests
and diseases, which has been suggested to increase under climate change and significantly undermine the
potential crop production (Hakala et al., 2011; Roos et al., 2011). This not only highlights the necessity to
adapt for the damage caused by pests and diseases in order to realize the climate potential of crop
production, but also suggest that future impact studies should further integrate both direct impacts from
climate change and the indirect impacts from biotic factors such as pests and diseases.

5.5

CONCLUSIONS

In summary, with the high-end climate change scenarios (+4K) provided by a EURO-CORDEX climate
ensemble, we used a process-based crop model to explore the climate change impacts on crop yield, crop
yield variability and potential irrigation demand for winter wheat, maize and soybean over European
domain. The main findings are as follows:
Under various climate ensemble members, there is a consistent increase of yield for winter wheat, maize
and soybean at continental scale under both rainfed and irrigated management scenarios. However, a
clear regional pattern of winners and losers in the yield are identified that northern countries benefit from
the project climate change, while southern countries surrounding the Mediterranean suffer from it. The
central Europe area does not show consistent change in crop yield under climate change projected by
different climate models.
At continental scale, yield variability (CV) of winter wheat and maize decreased, while that of soybean
may increase. Compared with change in the mean, change in the variability of yield is inconsistent over
the majority area of the European domain. Such inconsistency is further manifested by analysis over
changing frequency of extreme low yield, highlighting the large remaining uncertainties in climate model
simulations on climate variability.
The potential irrigation demand of the three crops decrease at continental scale and over most area of
central and southern Europe. However, the projected increase of irrigated crop yield in the northern
latitudes is accompanied by increase in irrigation demand. Failing to address these higher water demands
may limit the capability of those area to truly benefit from warmer climate.
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6 ENERGY DEMAND FOR COOLING AND HEATING IN THE
RESIDENTIAL SECTOR
We assess here the impact of two different climate scenarios on future cooling and heating demand in
the residential sector in European countries with the global energy model POLES: a scenario with global
warming climate and a scenario with constant climate as of 2014.
Results are provided at EU28 level and for 5 selected European regions: UK & Ireland, Central Europe
North, Central Europe South, Northern Europe, Southern Europe.

Figure 38. Regional grouping used for cooling and heating impact

6.1

METHODOLOGY

6.1.1 Effect of climate on heating and cooling requirements
The effects of climate on energy needs for heating and cooling are captured through the use of
respectively "heating degree days" (HDD) and "cooling degree days" (CDD). Degree-days are the
summation of temperature differences from a human comfort level over time. They capture both
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extremity and duration of outdoor temperatures. HDD and CDD are measured in “degree-days” below
(HDD) or above (CDD) a temperature set point: we used here 18°C. The HDD and CDD are calculated for
each geographical cell for which daily temperature is provided:
HDDyear = days max(0,(18 – Tc))
(1)
CDDyear = daysmax(0,(Tc – 18))
(2)
with Tc: the average daily temperature expressed in °C
After the data on average daily temperature by geographical cell has been transformed into HDD and CDD
by cell, values at country or region level are then calculated through a weighting by population density.
This allows capturing requirements for heating and cooling services at country / region level while coping
with potentially heterogeneous distribution of population.

(3)

(4)
with:
i: country / region
j: geographical cell
Pi,j: population of cell j belonging to country / region i
HDDi,j / CDDi,j: HDD and CDD of cell j belonging to country / region i
In the absence of knowledge on the evolution of population density evolution at country / region level,
we kept it constant over the period. This assumption leads to an underestimating (overestimating) of the
future weighted CDD in case population is migrating towards warmer (cooler) zones within countries /
regions, and similarly to an overestimating (underestimating) of the future weighted HDD in case
population is migrating towards warmer (cooler) zones within countries / regions.

6.1.2 Associated energy demand in residential buildings
Residential buildings are represented by a building stock module that captures the need for new dwellings
as a function of population, income, renewal of scrapped buildings and renovation of existing buildings.
The module also describes the evolution of surfaces per dwelling, as a function of income.

6.1.3 Space heating
The POLES model simulates the evolution of heating demand derived from the building module. Key
drivers are the evolution of energy prices, the development of insulation and the evolution of HDD over
time. This last effect is captured through an elasticity (1.1).

6.1.4 Space cooling
The representation of energy needs for cooling purposes in the residential sector is derived from work by
Mc Neil (2007), Isaac (2009) and Mima (2009).
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Energy demand for space cooling in the residential sector FCRES, cool in any country / region is currently
described in POLES as a function of air conditioning (AC) unit electricity consumption (UEC) multiplied by
the number of dwelling equipped with cooling systems (DWLcool):
FCres,cool = UEC * DWLcool
(5)
The number of dwellings equipped is the product of the number of dwellings (DWL) by the share of
dwellings equipped (SHDWLc):
DWLcool = DWL * SHDWLc
(6)
The share of dwellings equipped depends on:
- a diffusion rate: Diffc, that depends on income per capita
- a maximum penetration rate: DWLcMax (expressed in % of total dwellings), that depends on CDD so as
to capture the climate characteristics of the country/ region:
SHDWLc = Diffc * DWLcMAX
(7)
with:

DWLcMax = 1 – 0.949 * e(-0.00187*CDD)

DWLcMax is fitted on US data (McNeil 2007)
Diffc = 1 / (1 + e(4.152) * e(-0.237 * Income pc))

(8)

(9)

Diffc is fitted on international data (Isaac 2009).

6.2

POLES MODEL DESCRIPTION

POLES (Prospective Outlook on Long-term Energy Systems) is a global energy model covering the entire
energy system, from primary supply (e.g., fossil fuels, renewables) to transformation (power, biofuels,
hydrogen) and final sectoral demand. International market and prices of energy fuels are simulated
endogenously. Its high level of regional detail (57 countries / regions) and sectoral description allows
assessing a wide range of energy and climate policies in all regions within a consistent global frame: access
to energy resources, taxation policy, energy efficiency, technological preferences, etc. POLES usually
operates on a yearly basis up to 2050 (2100 in this exercise) and is updated yearly with recent information
(2012 data for most series).
We used for this exercise the EC JRC IPTS POLES 2013 version including a module on climate impact on
energy demand in residential buildings. Differences with other exercises done with the POLES model by
EC JRC IPTS in other projects, or other entities using the same model (namely the University of Grenoble
and Enerdata), can come from different (i) model upgrades, (ii) historical data sets, (iii) parameterisation
and (iv) policies considered.
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Figure 39. POLES model general scheme.Source: Enerdata

6.2.1 Final demand
The final demand evolves with activity drivers, energy prices and technological progress. The following
sectors are represented:
- industry: chemistry (energy uses and non-energy uses are differentiated), non-metallic minerals, steel,
other industry;
- buildings: residential, services (specific electricity uses are differentiated, different types of buildings are
considered);
- transport: (goods and passengers are differentiated): road (motorcycles, cars, light and heavy trucks –
different engine types are considered), rail, inland water, international maritime, air domestic and
international;
- agriculture.
Complementary information on the impact of climate on residential buildings is given in the section
"Methodology" in the Deliverable D7.2.

6.2.2 Power system
The power system describes capacity planning of new plants and operation of existing plants for 40
technologies. The planning considers the existing structure of the power mix (vintage per technology
type), the expected evolution of the load demand, the production cost of new technologies, and resource
potential for renewables. The operation matches electricity demand considering the installed capacities,
the variable production costs per technology type, the resource availability for renewables. The electricity
demand curve is built from the sectoral distribution over 2 typical days: one for summer and one for
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winter, each decomposed into twelve 2h blocks. Electricity price by sector depend on the evolution of the
power mix, of the load curve and of the energy taxes (by default kept constant).

6.2.3 Other sectors
The model also describes other energy transformations sectors: liquid biofuel (BTL), coal-to-liquid (CTL),
gas-to-liquid (GTL), hydrogen (H2).

6.2.4 Oil supply
Oil discoveries, reserves and production are simulated in 80 individual countries and for 6 types of fuel:
conventional crude & NGLs (inland and shallow water), tar sands, extra heavy oil, oil shale (kerogen),
deepwater and arctic oil. The market is structured along the market power of the different countries:
- non-OPEC production produces depending on remaining reserves, oil price and production cost;
- OPEC production adjusts to the evolution of demand and non-OPEC production;
- Gulf production can develop a spare capacity to adjust for short term variations, it adjusts to the
evolution of demand and non-Gulf production.
International oil price depend on the evolution of spare capacity in the Gulf (short term: 1 year), word R/P
ratio (long-term) and the marginal production cost of non-conventional oil. Price to consumer considers
the evolution of taxation, including the impact of a carbon value.

6.2.5 Gas supply
Gas discoveries, reserves and production are simulated in 80 individual countries or regions for 4 types of
gas: conventional gas (inland and shallow water), shale gas, deepwater and arctic gas. They supply 15
regional markets, made up of the national gas demand of the 57 POLES countries and regions. 37 of the
producers are considered as key producers with a capacity to export on international markets through
trading routes. Gas transport is done through inland pipeline, offshore pipelines or LNG.
Gas price is simulated for 3 regional markets: Europe, America, Asia. It depends on the transport cost, the
regional R/P ratio (long-term trend), the evolution of oil price and the development of LNG (integration
of the different regional markets). Price to consumer considers the evolution of taxation, including the
impact of a carbon value.

6.2.6 Coal supply
Coal production is simulated in 74 individual countries or regions. Some countries (USA, Australia, China,
India) have two or more production regions to better represent transportation costs which can represent
a significant share of the coal delivery cost. They supply 15 regional markets, made up of the national coal
demand of the 57 POLES countries and regions. 26 of the producers are considered as key producers with
a capacity to export on international markets through trading routes.
Coal delivery price for each route depends on the transport cost (international and inland), the mining
cost, and other operation costs. An average delivery price is calculated for each of the 15 consuming
markets. The model also calculates an average international price for 3 "continental" markets: Europe,
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Asia, America. Price to consumer considers the evolution of taxation, including the impact of a carbon
value.

6.2.7 Biomass supply
The model differentiates 3 types of primary biomass: energy crops, short rotation crop (cellulosic) and
wood (cellulosic). They are described for each of the 57 country through a potential and a production cost
curve – in the case of SRC and wood this is derived from look-up tables provided by the specialist model
GLOBIOM-G4M (Global Biosphere Management Model). Biomass can be traded, either in solid form or as
transformed liquid biofuel.

6.2.8 Wind, solar and other renewables
These renewables are associated to potentials per country, which can be more detailed (in the case of
wind and solar, where supply curves are used) or less (hydro, geothermal, ocean where only a potential
figure is used).

6.2.9 GHG emissions
CO2 emissions from fossil fuel combustion are derived directly from the POLES energy balance, which is
influenced by mitigation policies (carbon value, support policies to technologies, energy efficiency
targets). Other GHGs from energy and industry are simulated using activity drivers identified in the POLES
model (sectoral value added, mobility per type of vehicles, fuel production,..) and abatement cost curves.
GHG from agriculture and LULUCF are derived from GLOBIOM-G4M lookup tables.

6.2.10 Regional coverage
POLES model covers 57 countries and regions including the 28 EU Member States (Table 8) that is the
focus of WP7.
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Table 8. POLES regional coverage (57 countries and regions, incl. 28 EU Member States)

Europe

CIS

North
America

Latin
America

Africa

Middle
East

Asia

Detailed EU28

Russia

USA

Mexico

Egypt

Gulf

Japan

Switzerland

Ukraine

Canada

Other
CIS

Morocco
& Tunisia

Mediterran
ean
Middle East

Korea, Rep.

Norway

Rest
Central
America

Iceland

Brazil

Algeria &
Libya

Indonesia

Former
Yugoslavia
(excl. Croatia)

Rest
South
America

South Africa

India

Rest
SubSaharan
Africa

Oceania
(inc. Australia
&
NewZealand)

Turkey

China

Rest
South-East
Asia
Rest SouthAsia
Source: JRC POLES model

6.3

DATA TREATMENT

6.3.1 Heating degree days and cooling degree days
The analysis is based on gridded daily temperature data coming from the EC-EARTH3-HR run1 that
provided information on a yearly basis up to 2100. The daily temperatures have been transformed yearly
CDD and HDD at the level of the geographical cells according to the methodology presented above. Yearly
CDD and HDD at country / level have been obtained using a mapping of population density.
We then derive averaged data (moving average over 20 years) that we use in the POLES model – see Figure
40 with Spain as an example.

1

SMHI EC-EARTH forced with SST and sea-ice from a CMIP5 model with high climate sensitivity (IPSL-CM5A-LR model
forced with RCP85), reaching a 6 degree warming in year 2102 providing data for the present-day period as well as
for all 3 SWLs. These data are on a Gauss grid (N256, about 40 km resolution).
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Figure 40. CDD and HDD: actual data and moving average (example of Spain)

6.3.2 Cooling and Heating demand
The ODYSEE database2 gives a detail of energy consumed by energy service in the residential sector. Data
up to 2010 used here have been extracted in 2012.

6.4

SCENARIOS

We analyze two scenarios of climate evolution, both built on a POLES Baseline2013 case that includes
some GHG mitigation policies3 at EU level and very limited action in non-EU countries:
1. a "Climate Change" scenario (CC), using temperature data from EC-EARTH3-HR4.
2. a "No Climate Change" scenario (NoCC), where calculated CDD and HDD are fixed at their 2014
value.
The Figure 41 below gives the evolution of the degree-days in both cases at World level and for the EU28
– the evolution observed in the NoCC case comes the population weighting of country / region degreedays that is affected by the evolution of population in the different regions. The graph clearly shows that
EU28 is much colder than the World on average: much higher HDD and smaller CDD. It also shows that by
the end of the century the CC scenario is significantly warmer at World level compared to today, with a
doubling of CDD by 2100 to 3000 (which is higher than very hot zones of today, like Indonesia or the
Persian Gulf region) and a division by 4 of HDD.

2

http://www.indicators.odyssee-mure.eu/energy-efficiency-database.html
The energy scenario is close to the EU Reference scenario 2013 (see EC 2013)
4
SMHI EC-EARTH forced with SST and sea-ice from a CMIP5 model with high climate sensitivity (IPSL-CM5A-LR model
forced with RCP85), reaching a 6 deg warming in year 2102 providing data for the present-day period as well as for
all 3 SWLs. These data are on a Gauss grid (N256, about 40 km resolution).
3
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Figure 41. CDD and HDD scenarios, World Source: HELIX project (EC-EARTH3-HR), JRC

The EU28 will also be affected, especially though a reduction of HDD of 40% compared to 2010 and a
modest increase of CDD: all regions see a decrease in HDD, while on Central Europe South and Southern
Europe see a significant increase in CDD, which in 2100 reach levels still below 2010 World average.
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Figure 42. CDD and HDD scenarios in European regions. Source: HELIX project (EC-EARTH3-HR), JRC
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6.5

RESULTS

The evolution of energy demand for heating and cooling globally follows the evolution of degree-days.
While the constant climate case leads to fairly stable energy use, a warmer climate will lead to lower
energy use in all European regions, compared to a constant climate case, except in Southern Europe where
additional energy consumed for cooling exceeds the decrease of energy use for heating.
Figure 43. Energy demand for cooling and heating in Europe

Source: JRC POLES model

The consumption of all fuels will decrease because of the climate change, except electricity which
increases on average at EU28 level, mostly pulled by Southern Europe by 2050 and by most regions
beyond 2050 (except UK & Ireland and Northern Europe). Electricity consumed in residential buildings
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would almost double in Southern Europe by the end of the century, compared to a constant climate
scenario.
Figure 44. Impact on total energy demand, residential (EJ)
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