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Abstract
Summary describing the different parts of this deliverable
This report describes the work related to climate change information and creation of an
online data archive that is the second deliverable of WP2 in IMPACT2C. The deliverable
consists of a number of different contributions constituting the full deliverable. These are
summarized here and described in more detail in the chapters and attachments below.
This deliverable holds both production of climate change scenarios with high resolution
atmosphere-only global climate models (Ch. 1) and regional climate models at high
horizontal resolution (Attachments 1 and 2). In addition, sea level rise scenarios from
coupled atmosphere-ocean systems for the Mediterranean basin have been completed
(Ch. 2). In chapter 3 we describe how we have set up an online archive that is in use and
that is now being filled with more data sets. In chapter 4 we describe the analysis of
robust patterns of climate change based on the new RCP-based CORDEX-simulations
(outlined in Attachments 1 and 2). In this part of the work we describe the method
chosen to describe robust patterns and present preliminary results based on existing
CORDEX-simulations. A full report on this part of the work will be submitted in a
supplementary report in September 2014.
In addition to what is reported here one part of the original Deliverable is missing. This
concerns the completion of downscaling of the high-resolution AGCM simulations (Ch. 1)
to ~5km horizontal resolution for Europe. In the original plans for the project this
constituted subdeliverable D1.1.5: “Completion of downscaling of AMIP simulations to
~5km horizontal resolution for Europe”. Work related to this downscaling to very high
resolution (~5km) is ongoing at the two participating partners (UniRes and SMHI). This
includes setup and run of partly new non-hydrostatic regional climate models. At SMHI a
first manuscript describing reanalysis driven simulations has been submitted (Lindstedt
et al., 2014) and the model is now being set up for climate change simulations. Also at
UniRes preparations for climate scenario runs have been done and the two partners now
plan for common experiments in which runs will be made focusing on particular extreme
events that are thought to benefit from the high horizontal resolution. This part of the
deliverable is expected to be delayed until the end of the project and it will be
documented in a supplementary report. We stress here that there is no other part of the
project that is waiting for these results so that this delay will not have any adverse
impact on the project.
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Introduction
As part of the work on task 2.3 a set of high resolution general circulation model (GCM)
scenarios have been completed. These simulations have been performed with two
different atmosphere-only GCMs (AGCM) with prescribed sea surface temperatures (SST)
and sea-ice conditions taken from the corresponding fully coupled atmosphere-ocean
general circulation models (AOGCMs). These AGCM runs have been performed for i) a
historical period and ii) a 30 year period centered on the year in which 2ºC (1.5ºC) is
actually passed according to the IMPACT2C definition as described in sub-deliverable
D2.1.1. In addition, also AMIP-type control simulations with these AGCMs have been
done in which SSTs and sea-ice conditions are taken from observations for the 19792008 time period. Altogether five different scenarios for future conditions have been
completed at high horizontal resolution. One of the scenarios represents the +1.5ºC time
period under the RCP2.6 scenario. The other four represents the +2ºC time period under
either; a “slow” RCP4.5 (2 simulations) scenario, or a “fast” RCP8.5 (2 simulations)
scenario.
The rationale for these experiments is that high resolution has been shown to improve
simulations of many atmospheric processes, including mid-latitude cyclones thus
affecting the storm tracks that are important for the European climate. In IMPACT2C it is
planned that the results from the high-resolution AGCMs should be used directly (instead
of any further RCM downscaling) in WP3 and subsequent impact studies for other parts of
the world. In addition, sufficient output has been stored from one of the models to be
used for further downscaling with high-resolution regional climate models (RCMs) as part
of task 2.4.

Models and experiments
Here, we describe the two models that have been used for the simulations and the
simulations that have been performed at the two institutes.
The Arpege model
Arpege is the numerical weather prediction model of the French national meteorological
service. It has been developed in the last 20 years jointly with he European Centre for
Medium Range Weather Forecasts (ECMWF's) Integrated Forecast System (IFS). The two
models share a common backbone, designed to work efficiently on high performance
computers. Most of the dynamics (i.e. the solution of the adiabatic equations), and the
radiation calculation is common to the two models, but the physical parameterizations
(e.g. convection) are generally different. Another important difference, which has been
exploited in this workpackage, is the possibility for Arpege to vary horizontal resolution
from a prescribed location to its antipodes. Arpege-climate (Déqué, 2010) is a version of
Arpege at lower resolution, with possible coupling with an ocean (NEMO), sea-ice
(GELATO) or land (SURFEX) models. This coupled model is known as CNRM-CM5
(Voldoire et al., 2013). The physical parameterizations are modified to reduce the longterm biases which do not appear in short-range forecasts.
The version used here uses a TL511 truncation with a pole of latitude-longitude
coordinates located in central Germany and a stretching factor of 3.5. The horizontal
resolution is less than 12-15 km over most of Europe, 50 km (the CORDEX standard)
over the northern Atlantic and 120 km (the CMIP5 average) at the antipodes in the
southern Pacific Figure 1 shows the resolution over the globe.
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Figure 1: Horizontal resolution of the Arpege model (i.e. size of the discretization
mesh); contours 12, 15, 20, 25, 50 and 75 km
A preliminary simulation of years 1989-2008, with a relaxation toward 6-hourly
reanalyses of ERA-interim outside the EuroCordex domain has been performed. It has
been designed to compare the climate over Europe with the other EuroCordex models
(Vautard et al., 2013). Then a control simulation of the free atmospheric model has been
run with AMIP2 monthly sea-surface temperature and sea-ice extent for the 1979-2008
period. A one-year simulation with 1978 sea surface temperature and sea-ice was
previously carried out to get an equilibrated starting situation for 1. January 1979 and
avoid a drift toward model's climate in the first months of the control. This control
simulation serves as reference for the climate scenarios.
Three 30-year scenarios have been performed in a similar way as in the control (Table
1), except that the sea-surface temperature, sea-ice extent have been modified,
according to the so-called “delta-method” already used in the FP5-PRUDENCE project.
This method consists of calculation of 12 monthly 30-year mean differences between the
sea-surface temperatures of two CMIP5 simulations with the CNRM-CM3 atmosphereocean-sea-ice model: the control (1979-2008) and a 30-year period in a given scenario.
These 12 differences are then added to the AMIP 2 sea-surface temperatures, according
to the current month. Thus, the inter-annual variability and trend in the scenario is the
same as in 1979-2008, but with warmer values. In the case of sea-ice, the surface
temperature anomalies of the coupled model are added to the surface temperature of
ERA-interim reanalysis, and a sea-ice extent is deduced from a threshold of 271 K (seaice melting temperature). This new monthly sea-ice extent is consistent with the
modified sea-surface temperatures, because ERA-interim sea-surface temperatures are
very close to AMIP2 ones. In addition, the yearly rates of greenhouse gases and aerosols,
which are set to observed values in the control simulation, are those of the CMIP5
simulation in the scenario (they depend on the year and the RCP).
The first scenario S1 uses RCP4.5 and years 2023-2052 of the CMIP5 simulation. It
corresponds to a +1.5K warming with respect to pre-industrial. The second scenario S2
uses RCP4.5 and years 2044-2073 of the CMIP5 simulation. It corresponds to a +2K
“slow” warming. Indeed RCP2.6 does not reach +2K in the CMIP5 CNRM-CM3 simulation.
The third scenario S3 uses RCP8.5 and years 2031-2060 of the CMIP5 simulation. It
corresponds to a +2K “faster” warming
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Table 1. AGCM simulations with Arpege and EC-Earth. For details of the forcing see text.
Horizontal Type
Time period Forcing
resolution
Arpege
TL511

EC-Earth
T159

T511

Control

1979-2008

+1.5˚C (S1)
+2˚C “slow” (S2)
+2˚C “fast” (S3)

2023-2052
2044-2073
2031-2060

Control
Historical

1979-2008
1979-2008

+2˚C
+2˚C

2041-2070
2041-2070

+2C

2027-2056

+2˚C

2027-2056

Control
Historical

1979-2008
1979-2008

+2˚C “slow” (S4)

2041-2070

+2˚C “slow” (S5)

2027-2056
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AMIP-2 SST and sea-ice +
Interim outside of Europe
Climate from AMIP-2 + RCP2.6
Climate from AMIP-2 + RCP4.5
Climate from AMIP-2 + RCP8.5

ERA-

AMIP-2 SST and sea-ice
Climate from AMIP-2 + anomalies
from historical coupled simulation
Climate from AMIP2 + RCP4.5 (PD LU)
Climate from AMIP2 + RCP4.5 (FUT
LU)
Climate from AMIP-2 + RCP8.5 (PD
LU)
Climate from AMIP-2 + RCP8.5 (FUT
LU)
AMIP-2 SST and sea-ice
Climate from AMIP-2 + anomalies
from historical coupled simulation
Climate from AMIP-2 + RCP4.5 (FUT
LU)
Climate from AMIP-2 + RCP8.5 (FUT
LU)

The EC-Earth model
The development of the EC-Earth model starts from the above-mentioned IFS, as this is
a well-tested atmospheric module, with different components being added over time. ECEarth is a fully coupled AOGCM, with oceanic (NEMO), sea ice (LIM2) and land surface
(HTESSEL) components having been coupled to the IFS through the OASIS3 coupler (e.g.
Hazeleger et al., 2010; 2012).
The fully coupled EC-EARTH model was used to perform the CMIP5 historical and future
projection experiments with a resolution of approximately 125 km in the atmosphere
(T159/N80) and 1 degree in the ocean. In this project the atmosphere-only version of
the same model was used. In a first set of experiments, the SST and sea-ice was taken
from the AMIP-2 forcing dataset that was distributed as part of CMIP5. These control
simulations were done with standard T159/N80 and high resolution T511/N256 (approx.
40 km). In a second step the lower boundary forcing was replaced by an artificial
SST/sea-ice dataset that was obtained by combining the mean annual cycle of the AMIP2 dataset with the anomalies from the coupled historical simulation. Likewise, for the
future +2˚C time slice, the SST and sea-ice anomalies from the coupled RCP scenario
experiment were added to the mean annual cycle of the AMIP-2 dataset (for details see
below). For all experiments other than those forced directly with AMIP-2 data, SST, seaice concentration and temperature were obtained by:
i.
ii.
iii.
iv.

Computing the mean annual cycle SST for 1979-2008 in the Control AMIP
simulation (this is the prescribed dataset based on observations). This gives 12
monthly values, each a 30 year average.
Computing the mean annual cycle SST for 1979-2008 in the historical or future
projection experiment (coupled).
Subtracting the mean annual cycle from the historical or future +2˚C projection
experiment (ii) from each year in the 30-year time slice in the future time period.
Finally, the monthly anomalies from (iii) are interpolated to the atmospheric grid
and added to the AMIP mean annual cycle from (i) to create a new SST and seaice dataset.

Altogether nine (three with high resolution) different simulations have been performed to
produce SSTs and sea-ice and to test the impact of land-use scenarios. Both present-day
(PD) and future (FUT) land use (LU) corresponding to the RCPs have been used. The
experiments are summarized in Table 1.

Some first results
Arpege
Figures 2 and 3 show preliminary results on the most popular variables in this type of
study: summer temperature and precipitation. A comparison of the control (i.e. the
1979-2008 free AGCM, not the ERA-interim driven simulation) versus observation shows
that the model is slightly colder in the Mediterranean basin and wetter over the
mountains (Alps, Scotland, Norway). The observed values are ERA-interim for
temperature and GPCP for precipitation.
This simulated climate is fairly realistic,
although the only information comes from the sea-surface temperature. As expected, the
response of the +2°C scenarios (S2 and S3) is warmer than the +1.5°C scenario (S1),
but no significant difference in temperature can be seen between the RCP4.5 (S2) and
RCP8.5 (S3). The precipitation pattern shows a drying over many regions, except some
parts of the Mediterranean mountains, The inter-annual variability plays a non-negligible
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role in this precipitation pattern, and one must consider an ensemble approach before
drawing stable conclusions.

S1

control

S2

S3
Figure 2: Control climate and model response for summer (JJA) temperature and
precipitation in four panels. Top left corresponds to control climate 1979-2008 (model
left, observed right). Top right is the response for the +1.5°C scenario. Bottom left is the
response for the “slow” +2°C scenario. Bottom right is the response for the “faster” +2°C
scenario. Unit: °C.

S1

control
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S3

S2

Figure 3: Control climate and model response for summer (JJA) precipitation in four
panels. Top left corresponds to control climate 1979-2008 (model left, observed right).
Top right is the response for the +1.5°C scenario. Bottom left is the response for the
“slow” +2°C scenario. Bottom right is the response for the “faster” +2°C scenario. Unit:
mm/day.
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EC-Earth
An example of results from the EC-Earth simulations for the European domain is given in
Figure 4. The seasonal mean near-surface temperature and precipitation for summer are
shown together with changes between the control period and the +2˚C period in the
experiment S5. The results in the figure illustrates the typical north-south pattern of
change in Europe with larger changes in the south compared to northern and central
Europe and the contrasts between drying in the south and more precipitation in the
north. In addition to this there is a strong increase in SSTs over parts of the Atlantic in
the vicinity of Iceland.

Figure 4: Seasonal mean temperature (top) and precipitation (bottom) in the control and
future time period in S5 (leftmost two panels). To the right is shown the difference
between the two 30-year time periods.

Data availability
Data from the high-resolution experiments in Table 1 are available at SMHI and CNRM
and can be obtained upon request. Appendix A holds a list of variables stored at the
respective institutes.
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Appendix A
In this appendix we list all variables stored in the high-resolution GCM simulations
described in this report.
EC-Earth
The list holds four columns indicating code number, type of level, short name and full
name. Variables of type ”surface” are stored every 3rd hours while pressure or model
level data are stored every 6 hours. The pressure levels where information is stored are
100000 92500 85000 70000 60000 50000 40000 30000 25000 20000 15000 10000
7000 5000 3000 2000 (Unit: Pa).
CodeNo

typeOfLevel

shortName

name

31.128
33.128
34.128
44.128
45.128
78.128
79.128
129.128
137.128
141.128
142.128
143.128
144.128
145.128
146.128
147.128
151.128
164.128
165.128
166.128
167.128
168.128

surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface
surface

ci
rsn
sst
es
smlt
tclw
tciw
z
tcwv
sd
lsp
cp
sf
bld
sshf
slhf
msl
tcc
10u
10v
2t
2d

169.128

surface

ssrd

172.128
173.128
174.128
175.128

surface
surface
surface
surface

lsm
sr
al
strd

176.128
177.128
178.128
179.128
180.128
181.128
182.128
186.128
187.128

surface
surface
surface
surface
surface
surface
surface
surface
surface

ssr
str
tsr
ttr
ewss
nsss
e
lcc
mcc

S-ice cover
Snow density
Sea surface temperature
Snow evaporation
Snowmelt
Total column liquid water
Total column ice water
Geopotential
Total column water vapour
Snow depth
Large-scale precipitation
Convective precipitation
Snowfall
Boundary layer dissipation
Surface sensible heat flux
Surface latent heat flux
Mean sea level pressure
Total cloud cover
10 metre U wind component
10 metre V wind component
2 metre temperature
2 metre dewpoint
temperature
Surface solar radiation
downwards
Land-sea mask
Surface roughness
Albedo
Surface thermal radiation
downwards
Surface solar radiation
Surface thermal radiation
Top solar radiation
Top thermal radiation
East-West surface stress
North-South surface stress
Evaporation
Low cloud cover
Medium cloud cover

188.128

surface

hcc

High cloud cover
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197.128
198.128
201.128

surface
surface
surface

gwd
src
mx2t

202.128

surface

mn2t

205.128
208.128

surface
surface

ro
tsrc

209.128

surface

ttrc

210.128

surface

ssrc

211.128

surface

strc

235.128
238.128
243.128

surface
surface
surface

skt
tsn
fal

129.128
129.128
130.128
130.128
131.128
132.128
135.128
138.128
152.128

hybrid
isobaricInhPa
hybrid
isobaricInhPa
isobaricInhPa
isobaricInhPa
isobaricInhPa
hybrid
hybrid

z
z
t
t
u
v
w
vo
lnsp

152.128

isobaricInhPa

lnsp

155.128
35.128
39.128

hybrid
depthBelowLandLayer
depthBelowLandLayer

d
istl1
swvl1

40.128

depthBelowLandLayer

swvl2

41.128

depthBelowLandLayer

swvl3

42.128

depthBelowLandLayer

swvl4

133.128
133.128
139.128
170.128
183.128
236.128

hybrid
isobaricInhPa
depthBelowLandLayer
depthBelowLandLayer
depthBelowLandLayer
depthBelowLandLayer

q
q
stl1
stl2
stl3
stl4
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Gravity wave dissipation
Skin reservoir content
Maximum temperature at 2
metres since previous postprocessing
Minimum temperature at 2
metres since previous postprocessing
Runoff
Top net solar radiation,
clear sky
Top net thermal radiation,
clear sky
Surface net solar
radiation, clear sky
Surface net thermal
radiation, clear sky
Skin temperature
Temperature of snow layer
Forecast albedo
Geopotential
Geopotential
Temperature
Temperature
U component of wind
V component of wind
Vertical velocity
Vorticity (relative)
Logarithm of surface
pressure
Logarithm of surface
pressure
Divergence
Ice temperature layer 1
Volumetric soil water layer
1
Volumetric soil water layer
2
Volumetric soil water layer
3
Volumetric soil water layer
4
Specific humidity
Specific humidity
Soil temperature level 1
Soil temperature level 2
Soil temperature level 3
Soil temperature level 4

Arpege
The variables saved by Arpege are roughly the same as in EC-Earth (Arpege and IFS
share the same IO module “Full-Pos”) but only monthly means have been archived.
Daily data are available only for:
minimum temperature at 2m
maximum temperature at 2m
surface pressure
total run-off
soil moisture (root zone)
snow amount on the ground
surface temperature
surface wind stress (U and V components)
maximum wind gusts
6-hourly data are available for:
mean sea level pressure
500 hPa geopotential height
precipitation
cloud fraction
downward longwave surface radiation
downward shortwave surface radiation
net longwave surface radiation
net shortwave surface radiation
surface evapotranspiration
surface latent heat
surface sensible heat
2m temperature
2m relative humidity
2m specific humidity
10 m wind (U and V components)
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Experiments conducted by ENEA
In the framework of IMPACT2C WP2 activities, ENEA has worked on regional coupled
simulations over the Euro-Mediterranean domain. In particular, the improved version of
regional coupled model ENEA-PROTHEUS has been considered and consistently tuned in
accordance to the lateral boundary conditions from global reanalysis system ERAINTERIM together with CNRM- CM5 RF +RCP 4.5 simulations.
Model Description
The PROTHEUS regional earth system described and validated in Artale et al. (2010)
represents a significant step in the direction of responding to the challenge of
reconstructing the past hydro meteorological variability together with producing reliable
climate scenarios over the Mediterranean. In the PROTHEUS coupled system the
atmospheric model is forced at the surface by a high resolution interactive ocean model
whose SST responds in its turn to small scale circulation patterns produced by the
regional atmospheric model.
The PROTHEUS system is composed of the RegCM3 atmospheric regional model and the
MITgcm ocean model. For a complete description of the coupled system the reader is
referred to Artale et al. (2010). The coupling of RegCM3 and MITgcm is accomplished
using the OASIS3 coupler (Valcke and Redler, 2006) that performs both the
synchronization of the two models and the interpolation of coupling fields from the source
to the target grid. The atmospheric model forces the oceanic module via the wind stress
components, the total heat and water fluxes and is forced in its turn by the SST field.
Coupling fields are exchanged every 6 hours. No relaxation to climatology is applied.
RegCM3 is a 3-dimensional, sigma-coordinate, primitive equation, hydrostatic regional
climate model. Its description can be found in Giorgi et al. (1993a) and Giorgi et al.
(1993b). Successive upgrades are described in Giorgi and Mearns (1999) and Pal et al.
(2007). The model configuration adopted for this study has a uniform horizontal grid
spacing of 30 km on a Lambert conformal projection and 18 σ-levels. The simulation is
performed on an area ranging from 20 N◦ to 60 N◦ over the entire Mediterranean Sea
(see Fig. 1a) . Lateral boundary conditions are supplied every 6 hours by interpolating
horizontal wind components, temperature, specific humidity and surface pressure from
the driving global atmospheric model.
The ocean component is based on the Mediterranean Sea model recently developed by
Sannino et al (2009). It is characterized by a horizontal resolution of 1/8°× 1/8°,
equivalent to rectangular meshes of variable resolution with the meridional side of about
14 Km and the zonal one ranging from about 9 Km in the northern part of the domain to
about 12 Km in the southern part. The model has 42 vertical Z-levels with a resolution
varying from 10 m at the surface to 300 m in the deepest part of the basin, and an
intermediate resolution of about 40-50 m between the depths 200-700 m. The
performance of the oceanic component of PROTHEUS system in reproducing the
Mediterranean circulation is exhaustively discussed in Sannino et al. (2009). The ocean
model configuration adopted for this study corresponds to the NOGR configuration
discussed by Sannino and 4 coaouthors, characterized by an explicit (although at
relatively low resolution) description of the Strait of Gibraltar. In particular, we adopt the
natural boundary conditions for salinity, i.e. precipitation, runoff and evaporation are
treated as a real fresh water fluxes. The fresh water flux passed to the oceanic model at
the river mouths is obtained consistently with the simulated atmospheric branch of the
hydrological cycle by computing runtime monthly river discharges from the RegCM3 total
runoff. River discharge is calculated by spatially integrating the simulated monthly mean
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total runoff field over each catchment basin. Such integration is based on the Total
Runoff Integrated Pathway (TRIP) dataset, which maps information on land water flow
directions onto a 0.5°x0.5° regular global grid (Oki and Sud 1998). By following the TRIP
classification, we identify 148 river mouths discharging into the Mediterranean Sea
(Fig.1b), and 50 river mouths discharging into the Black Sea. Starting from the river
mouths, the catchment basins are reconstructed using TRIP information and mapped
onto a 0.25°x0.25° intermediate grid. The total runoff is interpolated onto the
intermediate grid by using an inverse distance interpolation procedure. To derive a
realistic estimate of the freshwater flux that reaches the Mediterranean Sea from the
Black Sea through the Dardanelli Strait, the value for the total discharge in the Black Sea
is rescaled (runtime) using coefficients computed from a previous RegCM3 standalone
simulation forced by reanalysis to match the Stanev climatology (Stanev et al , 2000).
The rescaled water flux is then treated as a single river mouth for the Aegean Sea. The
effect of the rescaling is to reduce the total discharge in the interior of the Black Sea,
with larger impact during winter

Figure 1: a)Domain for the PROTHEUS simulation with corresponding topography and
bathymetry. Units are m. b) Mediterranean catchment basin (TRIP dataset).Med
catchment Basin 5.

Simulations
Hindcast simulations: ERA-Interim PROTHEUS run (P_ERAIM) [COMPLETED]
Period of the run: 1982-2010 IC and Spin-up: The initial conditions for the oceanic run
are derived from a stand-alone ocean model run. During such run T and S values were
3D relaxed towards MEDATLAS (MEDAR Group (2002)) climatology with a relaxation
coefficient of 5 days. Velocity field was kept free to evolve adjusting to the imposed T,S
fields. The spin-up was run as long as the kinetic energy 3D integrated over the whole
domain reached a stable value. Lateral Boundary Forcings: LBC updated from ERAInterim
full resolution every 6h, weekly SST over Atlantic box from NOAA dataset
Air-sea
coupling: 3 hour coupling for heat flux, water flux, wind tress and SST River: monthly
coupled Black Sea: By following the TRIP classification, we identify 50 river mouths
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discharging into the Black Sea. The value for the total discharge into the Black Sea is
rescaled (runtime) using coefficients computed from a preliminary stand-alone simulation
in which the atmospheric model is driven by the ERA40 reanalysis. We derive the
rescaling coefficient from the optimal linear fit with the Stanev climatology (Stanev et al.
2000). The rescaled water flux is then treated as a single river mouth for the Aegean
Sea. Nile: The Nile is obtained from an observed monthly climatology at the Aswan dam
plus the runoff integrated over the sub-basin from the TRIP dataset after the dam.
Relaxation and correction: no Minimal ocean model design:. We use natural boundary
conditions for salinity, i.e. precipitation, runoff and evaporation are treated as acting on
the total volume of freshwater. GHG, O3, solar constant and aerosols: We use observed
or reconstructed climatologies for the GHG, O3. All the GHG classes (CO2, CH4, N2O,
CFC11, CFC12) are variable from 1 year to another (annual mean values) and inserted in
the radiation scheme. Solar constant: 1367 W/m^2

Scenario simulations: CNRM-CM5 RF+RCP45 PROTHEUS run (P_CNRM_RF ;
P_CNRM_RCP45) [completed]
Period of the run: 1970-2100 (1971-2005 RF period; 2006-2100 RCP45 period) IC and
Spin-up: The initial conditions for the oceanic run are derived from a stand-alone ocean
model run. During such run T and S values were 3D relaxed towards MEDATLAS (MEDAR
Group (2002)) climatology with a relaxation coefficient of 5 days. Velocity field was kept
free to evolve adjusting to the imposed T,S fields. The spin-up was run as long as the
kinetic energy 3D integrated over the whole domain reached a stable value.
Lateral Boundary Forcings: LBC updated from CNRM-CM5 (first RF+ RCP 4.5). For the
Atlantic water inflow we prescribe the monthly Levitus climatology as the oceanic
boundary condition for the RF present climate period, and apply monthly temperature
and salinity anomalies from the projected RCP 45 XXI scenario described in the global
driver (with respect to corresponding RF 1971-2005 simulation of the global driver) to
the Levitus baseline in the scenario simulation. Air-sea coupling: 3 hour coupling for
heat flux, water flux, wind tress and SST River: monthly coupled Black Sea: By following
the TRIP classification, we identify 50 river mouths discharging into the Black Sea. The
value for the total discharge into the Black Sea is rescaled (runtime) using coefficients
computed from a preliminary stand-alone simulation in which the atmospheric model is
driven by the ERA40 reanalysis. We derive the rescaling coefficient from the optimal
linear fit with the Stanev climatology (Stanev et al. 2000). The rescaled water flux is
then treated as a single river mouth for the Aegean Sea. Nile: At the Aswan dam, we
prescribe the observed monthly climatology for the present climate and apply the
projected XXI scenario discharge anomalies described in the global driver driver (with
respect to XX century corresponding simulation of the global driver). Moreover, after the
dam, we consider the runoff integrated over the sub-basin from the TRIP dataset.
Relaxation and correction: no Minimal ocean model design:. We use natural boundary
conditions for salinity, i.e. precipitation, runoff and evaporation are treated as acting on
the total volume of freshwater. GHG, O3, solar constant and aerosols: We use projected
clim for the GHG, O3, solar constant. All the GHG classes (CO2, CH4, N2O, CFC11,
CFC12) are variable from 1 year to another (annual mean values) and inserted in the
radiation scheme.
Moreover, a hindcast simulation driven by ERA40 and a scenario simulation driven by
ECHAM5MPIOM SRESA1B scenario (more details in Carillo et al 2012) are available.
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Preliminary results
In this section we briefly report some preliminary results to analyze the overall capability
of ENEAPROTHEUS model in reproducing reasonable values of Sea Surface Temperature
and Steric Sea Level in P_ERAIM simulation against observations.
Sea Surface Temperature

Figure 2: Spatial patterns of SST (K) winter (top) and summer (bottom) differences in
P_ERAIM-NOAA. Seasonal averages are computed for the period 1982-2010. Solid lines
are for zero values.
In Figure 2 we compare the spatial patterns of mean seasonal SST obtained in P_ERAIM
(Fig. 2 ab) and the equivalent fields derived from NOAA weekly SST (used among others
for ERA-Interim global reanalysis system) for winter (2a) and summer season(2b). We
consider the 1982-2010 period Generally, for the winter season the ENEA-PROTHEUS
simulation shows a cold bias over the whole basin (stronger over the eastern basin) with
respect observational dataset. A relevant exception is the Adriatic sea (and partially the
Aegean sea), where a positive anomaly occurs. The difference map for the summer
season shows a prevailing warm bias in the south-eastern Mediterranean (such as the
Mersa Matrouh gyre close to the Nile mouth), while a cold bias prevails in the northeastern Mediterranean, where the Levantine Intermediate Water (LIW) forms. This
pattern is associated with the prevailing anti-cyclonic oceanic structures along the south-
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eastern coasts and the cyclonic structures along the northern Mediterranean coasts, with
the two being separated by the Mid-Mediterranean Jet (Robinson and Golnaraghi 1993;
Robinson et al, 1991). The cyclonic structures are a precondition for the LIW formation
and some of them are well captured by our simulation, e.g. the Rhodes gyre (Hamad et
al, 2005). The model0
also exhibits a cold
feature over the Sicily southern coastlines. This area is under the effect of the dominant
northwesterly winds inducing strong upwelling (Hamad et al., 2005). The SON (MAM)
patterns closely resemble the DJF (JJA) features and are not reported here. In Fig.3 we
report the changes in SST in the last part of simulations (2001-2010) against the first ten
years (1982-1991). An overall increase of SST is reported mostly in the Levantine basin.

Figure 3: Spatial patterns of 1982-1991 against 2001-2010 annual changes in SST (K)
from P_ERAIM simulation. Solid lines are for zero values.
Steric sea level
The steric component of sea level (SSL) has been computed in each grid point as:

SSL= ∫ (ρ0− ρ)/ ρ0 dz,
−H

where ρ is the density, ρ0 is the reference density computed using constant salinity and
temperature values (S=35 PSU, T=0°C), and H is the depth (Carillo et al 2012) .
Steric sea level has been also compared with the sea level from satellite data. Sea level
anomalies from the merged AVISO products have been used for comparison. Data used
consist of Maps of Absolute Dynamic Topography (MADT) covering the Mediterranean
basin on a regular grid of 1/8◦ × 1/8◦. The data so far available cover the period 1992-
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2008. Here, for comparison with model data, monthly means of sea level anomalies have
been computed from the original weekly data.

Figure 4: Spatial patterns of 1982-1991 against 2001-2010 changes in SSH (m) from
P_ERAIM simulation. Solid lines are for zero values.
In Fig. 4 the changes in the last part (2001-2010) of P_ERAIM simulation against the first
10 years (1982-1991) are reported. An overall increase of SSH can be observed,
especially in the Levantine basin, mainly due to the warming SST reported in Fig. 3. The
higher temporal and spatial resolution of these data made possible to divide the
Mediterranean area in eight sub-basins (Figure 5). Both model and satellite data have
been filtered off the annual and semi-annual frequency using a FFT procedure. As
already suggested by Fig. 4 all the basins in the easternmost part of the Mediterranean
Sea (Aegean, Levantine and Southern Crete) present a strong increase in sea level
starting from 1992, reaching the maximum value around 1997, a decrease is then
observed before a final strong increase in the last part of simulation This trend is well
captured by the model that shows in these areas correlations of about 88%. A similar
behaviour is obtained in the Adriatic Sea but here the correlation with satellite data is
lower (56%). Sea level range is lower in the basins in the western part of the
Mediterranean respect to those in the eastern and the correlations between model and
observations are low. Here we stress that despite differences between model and
observations are present in some areas of the Mediterranean Sea, the overall
representation of sea level variation over the entire basin can be considered acceptable.
Moreover, it should be noted that the satellite values include not only the steric
component but also the mass induced component. To be more consistent, we have also
included in our analysis the sea surface height anomaly produced by the oceanic
component of model (so taking into account the circulation effect on sea level height)
obtaining quite similar results not reported here.
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Figure 5 Sea level anomalies for 8 Mediterranean sub-basins. We report steric sea level
component computed from P_ERAIM run (black line) against AVISO altimeter data (red
line). Values are subtracted of the temporal mean computed over the common period.
Let us finally remark we are here dealing only the steric contribution to the sea level
change, while in its forecasting it is important to underline that other sources can
overcome the relative importance of this component. In the 4th IPCC Report it has been
indicated that a percentage, ranging from 55% to 70%, of the 21st century sea level rise
will be due to thermal expansion. Vermeer and Rahmstorf (2009), on the contrary,
hypothesize a gradual reduction of the thermal share and a future increase of the ice
melt impact on sea level. They estimate a minimum enhancement of about 1 m for the
sea level by the end of the century. An increase of this order of magnitude would have
such an impact on the Mediterranean sea level to largely overcome the steric component.
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Nevertheless, it has to be noted that their estimate was based on a very simple relation
computed on a global scale and does not take into account the highly non uniform spatial
distribution of the ocean expansion (Milne et al. (2009)); therefore this value cannot be
directly applied to the Mediterranean basin.

Experiments conducted by Météo-France
In the framework of IMPACT2C WP2 activities, Météo-France has worked on regional
coupled simulations with a regional climate system model (RCSM) for the Mediterranean
area. A simulation with lateral boundary conditions from the global reanalysis system
ERA-INTERIM has been performed.

Model description

In RCSM4, the regional ALADIN-Climate atmospheric model is coupled to the regional
ocean model NEMOMED8 with the OASIS3 coupler (Valcke, 2013). There is no restoring
to SSS nor SST. The rivers and the Black Sea are coupled through the river routing
model TRIP, but the Nile runoff is prescribed from climatological data. The coupling
frequency is the day.
The limited-area atmosphere RCM ALADIN-Climate version 5 (Colin et al. 2010) is a bispectral RCM with a semi-implicit semi-lagrangian advection scheme. ALADIN-Climate
shares the same dynamical core as the cycle 32 of its weather forecast ALADIN (Aire
Limitée Adaptation dynamique Développement InterNational, Bubnova et al., 1993)
counterpart and the same physical package as the version 5 of the GCM ARPEGE-Climate
(see
Déqué
2010
or
http://www.cnrm.meteo.fr/gmgec/arpege-climat/ARPCLIV5.1/index.html) with layer thickness increasing from 6 m to 200 m. The partial steps
definition of the bottom layer is used, and the surface is parameterized with the free
surface configuration, filtered formulation. The river runoffs are fully coupled from the
atmospheric model to the river routing model and then to the oceanic model. It concerns
all the rivers of the Mediterranean and the Black Sea drainage area, except for the Nile
River. There is one mouth in the ocean grid which receives the runoffs flowing into the
Black Sea added to the Evaporation minus Precipitation budget of the Black Sea. Two
mouths are used for the Nile River, which are Damietta and Rosetta. In addition, there
are 230 other mouths receiving the river runoffs coming from the TRIP model.
The TRIP river routing model was developed by Oki and Sud 1998 at the University of
Tokyo. It is used at Météo-France to convert the simulated runoff by the ISBA land
surface scheme and/or the CNRM-CM climate model into river discharge using a global
river channel network at 1° or 0.5° resolutions (Decharme et al. 2010, Szczypta et al.
2012, Voldoire et al. 2012). In this RCSM4 model the TRIP 0.5° description of the flow
directions has been modified on the French coast and on the Adriatic Eastern coast to
reproduce more realistically the river mouths.
Simulations
Hindcast simulation: ERA-Interim RCSM4 run [COMPLETED]
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Period of the run: 1980-2011 IC and Spin-up: First a 5 years spin-up has been computed
with the NEMOMED8 model in a forced mode, with a three-dimensional damping to the
MEDATLAS climatology of 1960. Then 21 years of spin-up of the coupled model have
been performed with the same conditions as for the long period, organized in three times
the 1980-1986 period.
Lateral Boundary Forcings in the Atlantic part: relaxation to the monthly temperature,
salinity and sea surface height from the NEMOVAR-Combine reanalysis (up to 2008, and
then kept to the 2008 values) Atmospheric lateral boundary conditions: full-resolution
ERA-Interim 3D reanalysis every 6h, with the spectral nudging technique.
Air-sea coupling: daily coupling for heat flux, water flux, wind stress and SST River and
Black Sea: daily coupling Nile: climatology Relaxation and correction: no GHG, O3, solar
constant and aerosols: All the GHG classes (CO2, CH4, N2O, CFC11, CFC12) and the
solar constant are variable from 1 year to another (annual mean values).
Scenario simulations: RCSM4 run following the CNRM-CM5 historical and RCP4.5
and RCP8.5 scenarios [historical and RCP8.5 COMPLETED RCP4.5 in progress]
Period of the run: 1950-2100 IC and Spin-up: First a 5 years spin-up has been computed
with the NEMOMED8 model in a forced mode, with a three-dimensional damping to the
MEDATLAS climatology of 1960. Then 100 years of spin-up of the coupled model have
been performed with the same conditions as for the long period, but random years for
the boundary conditions, chosen in the 1950-1980 period.
Lateral Boundary Forcings in the Atlantic part: relaxation to the temperature, salinity and
sea surface height from the CNRM-CM5 anomaly conditions on the same extracted
domain. Atmospheric lateral boundary conditions: CNRM-CM5 extracted data every 6h,
with the spectral nudging technique.

Preliminary results
In RCSM4, the regional ALADIN-Climate atmospheric model is coupled to the regional
ocean model NEMOMED8 with the OASIS3 coupler. There is no restoring to SSS nor SST.
The rivers and the Black Sea are coupled through the river routing model TRIP, but the
Nile run-off is prescribed from climatological data (Balmaseda M. A., K. Mogensen, F.
Molteni and A. T. Weaver, 2010) The results from RCSM4 are compared to observations
ECV (Larnicol et al, 2012) and AVISO ( SSALTO/DUACS Handbook, 2009), and to the
reanalysis NEMOVAR-COMBINE (Balmaseda et al., 2010). The temporal mean over the
common period is subtracted to the values.
No significant difference was found in the sub-basin analysis of SLA time series over the
1993.
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Figure 6 Time series of mean sea level anomalies averaged over the Mediterranean Sea
are represented for the period 1993- 2010. Regional coupled model

Figure 7 SSH difference (cm) between the periods 2001-2010 and 1980-1989, in the
RCSM4-ERAIN simulation.
Short term plans
An historical simulation (1950-2005) and one scenario (RCP8.5, 2006-2100) have been
completed. A RCP 4.5 scenario simulations (2006-2100) is currently being run. These
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simulations are driven by CNRM-CM5 at the lateral boundaries. The RCP4.5 run is
expected to finish in a few months time.
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Chapter 3
Creation of online data archive
LEAD: DMI
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1. Introduction

Here, we describe how climate model output is stored and made available to the
IMPACT2C consortium. There are three different types of data involved:
i) Stream-one regional climate model data for Europe from pre-existing simulations used
for fast-track analysis and initial impact studies
ii) IMPACT2C regional climate model data for non-European areas performed in WP3
iii) Stream-two regional climate model data for Europe from IMPACT2C simulations
performed in WP2.2

2 Data accessibility
2.1 Stream-one regional climate model data for Europe
Data from the FP6 ENSEMBLES project have been used in IMPACT2C, e.g. for fast-track
analysis; see subdeliverable 2.1.1 and subdeliverable 1.3.2. These data are publicly
available for direct download from http://ensemblesrt3.dmi.dk/, a web site created
during ENSEMBLES and maintained at the DMI.
Selected post-processed data for the IMPACT2C fast-track analysis have been made
available at http://impact2c.dkrz.de:8080/thredds/catalog/dataEnhanced/catalog.html.
At this site two versions of the data resides: i) a set where all data have been regridded
to a common regular latitude-longitude grid at grid spacing 0.25˚ and ii) a set where a
subset of the regridded data has been bias-corrected using E-OBS as a reference.

2.2 Regional climate model results for non-European areas

Data from the non-European simulations have been stored at the DKRZ, at
http://impact2c.dkrz.de:8080/thredds/catalog/dataEnhanced/catalog.html
use. Areas for where data exists are Africa, Bangladesh and the Maldives.

for

internal

2.3 Stream-two regional climate model data for Europe

European high-resolution simulations from Euro-CORDEX (http://euro-cordex.net/) and
Med-CORDEX (http://www.medcordex.eu/) are currently being published in public
archives available through the CORDEX data archive (http://cordex.dmi.dk). The EuroCORDEX archive use the ESGF interface software developed for the IPCC CMIP5 GCMarchiving project. ESGF-nodes have already been set up at some institutes and addresses
to them can be found at the Euro-CORDEX web page (http://www.eurocordex.net/EURO-CORDEX-Data.2613.0.html#c9791).
Data sets with post-processed data from Euro-CORDEX are used in IMPACT2C. Such files
are made available for internal use in the project at the DKRZ server
(http://impact2c.dkrz.de:8080/thredds/catalog/dataEnhanced/catalog.html).
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Chapter 4
Identification of robust climate change patterns in scenarios from
CORDEX
LEAD: UniRes
Authors: Stefan Sobolowski (UniRes), Erik Kjellström (SMHI), Grigory Nikulin (SMHI)
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Objectives
In accordance with the IMPACT2C DoW Task 2.1, a preliminary analysis aiming at
identifying robust patterns of climate change in high-resolution scenarios for Europe was
conducted and the report, Deliverable 2.1 “Identification of robust climate change
patterns in pre-existing scenarios for Europe”, was submitted in December of 2012
(hereafter D21). This report focused on simulations generated as part of the ENSEMBLES
project, consisted of a 15-member ensemble and resulted in a recent publication in
Environmental Research Letters (Vautard et al., 2014). The present sub-deliverable
focuses on the more recent Euro-CORDEX simulations at ~12km resolution and consists
of a much smaller but growing ensemble of seven simulations (Jacob et al., 2013,
http://www.euro-cordex.net/). The additional analysis of the Mediterranean (i.e., MedCORDEX) simulations has not been conducted due to the limited ensemble size (2-3
members), which precludes identification of “robust” signals in the statistical sense. The
previous study (hereafter termed V14) calculated changes in future European climate
under the socio-economic emission scenario A1B (Nakićenović et al., 2000) as simulated
from global models of the ENSEMBLES project (Hewitt & Griggs 2004), and downscaled
by regional climate models (RCMs). The major conclusions of V14 are reproduced below.
The main characteristics of the changes in Europe expected for a +2 °C global warming
relative to a reference period of 1971–2000 are:
(1) Europe generally experiences higher warming than the global average, i.e. it will
experience more than 2 °C of warming even if the 2 °C goal is achieved. There is
also a strong distributional pattern of warming across Europe (and thus different
countries). A warming over all European regions is found, with slightly weaker
amplitude than the global warming over North-Western Europe but a more intense
warming (up to +3 °C) in Northern and Eastern Europe in Winter and in Southern
Europe in Summer.
(2) A robust increase of precipitation over Central and Northern Europe in winter and
only over Northern Europe in summer, while precipitation decreases in
Central/Southern Europe in summer, with changes reaching 20%.
(3) A marked trend with an increased amplitude of up to more than 4 °C in the 20-year
return value of the summer daily maximum and an even larger warming (up to more
than 6 °C) over Scandinavia for extreme cold daily minima in winter.
(4) A robust increase in heavy precipitation everywhere and in all seasons, except
Southern Europe in summer, with amplitudes in the range 0–20%.
(5) A modest and marginally robust increase in extreme winds in parts of Central Europe
in winter, while in summer wind extremes changes are not robust.
(6) Sensible and latent heat flux changes have a strong seasonality with increasing
(almost everywhere) evapotranspiration in spring, while it decreases in
Southern/Central Europe; sensible heat fluxes exhibit an opposite pattern with an
even higher amplitude in Southern/Central Europe; In summer fewer clouds allow
more intense net radiation input in this area. However models may overestimate
evapotranspiration in spring, leading to an exaggerated drying and sensible heat flux
increase in summer.
(7) The analysis also led us to conclude that a +2 °C change is, on average,
approximately equivalent to a change for the 2031–2060 period in the A1B scenario.
Choosing the time period reflecting a global mean change of +2 °C, however,
reduces the spread in the results for temperature. A similar reduction in spread is
not seen for other variables.
Rather than repeat D21 and V14 point by point we choose here to take their major
conclusions as a start point and focus more precisely on the issue of robustness and how
it is defined. For example, V14 used a very simple metric (model agreement on sign of
change) as an indicator of robustness. This method does not tell us if a given change is
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statistically significant or whether or not statistically significant changes disagree on sign.
Given that the models simulations likely grossly underestimate the internal and natural
variability of the system this approach may overestimate the robustness of particular
climate change signals (Lenderink and van Meijgard, 2013), particularly in the mid-21st
century when the influence of natural variability is expected to still be large in the midlatitudes (Hawkins and Sutton, 2009). Thus in this study a more rigorous and strict
method is described and applied. Therefore, the 1.5°C warming period and the static
2031-2060 time period, which were previously shown not to lie outside the bounds of the
ensemble spread, are not considered here as we expect similar results from the CORDEX
simulations. A supplemental text, which includes more ensemble members, treatment of
surface fluxes, a more rigorous assessment of robustness in the extremes, and
conclusions from a follow-up manuscript to V14 will be completed and submitted later in
2014.
Thus, there are two main objectives in the present study:
• The first objective is to describe a rigorous and strict methodology for assessing
the robustness of a climate change signal and communicating that information in
a clear and concise manner (e.g., through a single plot, if possible).
• The second objective is to describe regional climate changes and their associated
uncertainty in Europe assuming +2°C global warming and compare these with
earlier analyses (i.e., V14).
We focus on the seasonal means of main variables such as daily mean temperature, daily
maximum temperature, daily minimum temperature, daily precipitation, surface winds
and changes in their average and extremes (defined as either the 99th percentile (winds)
or by 20yr return values (temperature and precipitation)).

Methodology
We use the RCM-GCM combinations from 7 of the Euro-CORDEX simulations at ~12km
resolution (Table 1). The future simulations are run for the RCP4.5 scenario from CMIP5,
which is roughly equivalent to the A1B emissions scenario used in CMIP3. Further details
on the model setups and configuration may be found in Jacob et al. (2013).
Table 1. RCM-GCM ensemble members used in the present study.
GCM

RCM

+2C Central Year

+2C Period

CNRM-CM5

SMHI-RCA4

2057

2043-2072

EC-EARTH(r12i1p1)

SMHI-RCA4

2056

2042-2071

HadGEM2-ES

SMHI-RCA4

2037

2023-2052

EC-EARTH(r1i1p1)

KNMI-RACMO

2056

2042-2071

MPI-ESM

CSC-REMO

2064

2050-2079

EC-EARTH(r3i1p1)

DMI-HIRHAM5

2054

2040-2069

IPSL-CM5A

IPSL-WRF

2042

2028-2057

The methodology for assessment of robustness applied here is based on that of Tebaldi
et al. (2011) and termed, appropriately enough: Mapping Robust Climate Change
Signals. A number of such approaches, including this one, are detailed in the IPCC 5th
assessment report (Collins et al., 2013). The version described below uses different
thresholds than Tebaldi et al. (2011), which employed cut-offs of 50% for significance
and 80% for agreement (specifically to avoid direct comparison to the IPCC approach at
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the time). Said thresholds, when defined subjectively like this, are arbitrary. They are
chosen in the present case to be very strict given that the ensemble size is small, over
represented by one RCM (RCA4 makes up three of ensemble members) and by one GCM
(EC-Earth) and likely underestimates natural and internal variability. With a larger
ensemble size (>15 members) and better sampling of the available RCM-GCM
combinations, a more objective approach can be taken where the thresholds are
determined using the 95% confidence bounds of the null binomial distribution, which can
be used to tell us the probability of obtaining k successes in n trials, in order to minimize
the chances of false positives. It should be noted that the thresholds below roughly
correspond to this objective criteria with a slightly less stringent threshold on the
statistical significance requirement. The criteria for robustness then are as follows:
1. Test for significant change in each of the models individually with a Mann-Whitney
rank sum test comparing the ranks of the reference and the future periods, or
some other equivalent non-parametric test (e.g., Monte Carlo)
2. If fewer than 6 (85%) of the models show a significant change then show the
ensemble mean change in color (this indicates low signal-to-noise but not lack of
information)
3. If 6 or more than 6 of the models indicate significant differences between future
and present periods then test for agreement in sign using the following criteria:
4. If fewer than 100% of the models showing significant change agree on the sign
then show the grid point as white (this suggests large spread and/or
disagreement among models (i.e. lack of information or contradictory
information)). In the present case 100% is chosen due to the high likelihood of a
false positive with such a small ensemble. For example, the 95% confidence
bounds of the null binomial distribution indicate the potential for as many as 5
false positives if 6 simulations exhibit statistically significant change.
5. If 100% of the models showing significant change agree on the sign of the
change, show the ensemble mean change in color with stippling.
For extremes 20yr return values model agreement on sign of change in the extremes is
used for assessment of robustness. However, a more rigorous approach using a
bootstrapping approach is being developed in order to assess robustness of changes in
fields which are not amenable to more traditional hypothesis testing, such as return
values.

Preliminary results
Due to the small ensemble size and poor sampling of RCM-GCM combinations these
results should be considered preliminary. Also, though direct comparisons to previous
results (D21 and V14) are provided, they must be taken with caution due to these issues
and differences in the driving scenarios.

Temperature
Daily mean temperature changes under +2C warming are robust almost everywhere in
both winter and summer under our strict approach (Figure 1). It should be noted
however that small region in Eastern Europe does not exhibit robust changes in winter.
The patterns are similar to those noted previously with most of Europe at or just below
the global average of +2C while Scandinavia exhibits heightened warming in winters of
roughly double and even triple the global average. The robustness of these results is
further confirmed upon examination of the signal to noise plots where it is nowhere
below unity and in most area the signal dominates.
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Figure 1. (left panels) Average RCM simulated seasonal mean temperature (°C) during
the control period (1971 – 2000); (middle left panels): ensemble average of changes
between control and +2°C period. Robust changes, as described in the methodology, are
indicated with stippling, white regions are areas where there is significant model
disagreement, units are °C. (middle right panels) Standard deviation of the climate
change signal in °C. (right panels) Signal to noise ratio, defined as ensemble mean
change over the standard deviation of the climate change signal (unitless). Results are
shown for winter (upper panels) and summer (lower panels).
Daily maximum temperatures exhibit similar patterns and levels of robustness to the
daily temperatures (Figure 2). Again the increases are largest in the winter in the North.
Daily minimum temperatures show the largest changes and also exhibit the increased
detail provided by the higher horizontal resolutions in the Euro-CORDEX simulations
(Figure 3). The increase in detail is especially apparent in the winter around mountainous
areas such as the Pyrenees, Alps and Scandinavia where the minimum daily
temperatures are projected to increase by 3-6 degrees.
The patterns of robust change in temperatures are shown in enlarged format in Figure 4.
Here the clearer representation of orography is apparent. Also apparent are the scattered
areas in Eastern Europe where robust change is not identified.

Figure 2. Same as Figure 1 (Top=Winter, Bottom=Summer, left=absolute values in
reference period (°C), middle left=changes between the two periods (°C), middle
right=ensemble standard deviation of changes (°C), right=signal/noise (unitless)) for
seasonal mean Tmax.
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Figure 3. Same as Figure 1 (Top=Winter, Bottom=Summer, left=absolute values in
reference period (°C), middle left=changes between the two periods (°C), middle
right=ensemble standard deviation of changes (°C), right=signal/noise (unitless)) for
seasonal mean Tmin.

Figure 4. Middle left panels from Figures 1, 2 and 3 enlarged to show robust patterns in
Tas (left), Tmax (middle) and Tmin (right) seasonal averages; winter (top) summer
(bottom) (°C).
Extreme temperature changes are given as changes in 20-year return values. These are
calculated using extreme value analysis where the estimated probabilities of extreme
events are expressed in terms of 20-year return values. The 20-year return value can be
looked upon as the threshold that is exceeded on average once every 20 years and 20
years is then referred to as the return period. The procedure used for calculating the
return values is described in detail in Nikulin et al. (2011). Here we present results for
changes in 20-year return values in daily maximum and daily minimum temperatures.
For daily maximum temperatures (Figure 5), the largest changes (2-4°C) are found over
Central and Eastern Europe in winter and over South-Eastern Europe and the Iberian
Peninsula in summer. In areas where this value is highest (Iberian Peninsula, France, the
Balkans) the 20-year return value is expected to rise well above 40°C. For daily
minimum temperature extremes the change is even more dramatic (Figure 6) with
Scandinavia exhibiting robust changes over 6 degrees in the 20yr return values for Tmin
in winter and many regions in Central and Eastern Europe exhibiting robust changes of

36

over 4 degrees. A similarly robust pattern is shown in for summertime 20yr Tmin return
values. An enlarged figure of the robust changes is provided in Figure 7 where, again, the
influence of improved coastal and orographic representation can be seen.

Figure 5. Same as Figure 1 (Top=Winter, Bottom=Summer, left=absolute values in
reference period (°C), middle left=changes between the two periods (°C), middle
right=ensemble standard deviation of changes (°C), right=signal/noise (unitless)) for the
Tmax 20-year return value.

Figure 6. Same as Figure 1 (Top=Winter, Bottom=Summer, left=absolute values in
reference period (°C), middle left=changes between the two periods (°C), middle
right=ensemble standard deviation of changes (°C), right=signal/noise (unitless)) for the
Tmin 20-year return value.
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Figure 7. Middle left panels from Figures 5 and 6 enlarged to show robust patterns in
Tmin (left) and Tmax (right) 20yr return values; winter (top) summer (bottom) (°C).

Precipitation
Daily precipitation, under the strict criteria employed here, are not robust anywhere
across Europe at +2C global warming in either winter or summer (Figure 8). The patterns
of change exhibit the now familiar North-South response in precipitation but with quite
modest changes along the Norwegian coast in winter, which reflect a departure from
earlier, CMIP3 driven simulations. This suggests that large-scale flow in the CMIP5
simulations is different but requires further investigation to confirm. Again the effects of
increased horizontal resolution are apparent along the coasts and near mountainous
terrain. In some cases this results in counter-intuitive patterns of change such as the
summertime increase along the Balkan and Greek coastlines. These changes are not
robust but are large (>25%), inviting deeper investigation.
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Figure 8. Same as Figure 1 (Top=Winter, Bottom=Summer, left=absolute values in
reference period (mm/day), middle left=changes between the two periods (%), middle
right=ensemble standard deviation of changes (%), right=signal/noise (unitless)) for
seasonal mean precipitation.
Extremes of daily precipitation are calculated as those for daily max./min. temperatures
and are shown as the percent change in the 20yr return value. As with D21 and V14 the
patterns of extreme precipitation change, which are noisy even at the relatively coarse
resolution of 25km, are even more so here at the increased horizontal resolution of the
Euro-CORDEX simulations. The robust changes are enlarged in Figure 10 and exhibit
interesting differences compared to previous work. Almost all the robust changes are
related increases in 20yr return values however these patterns are inhomogeneous.
Changes in 20yr return values along the Norwegian coast in winter are modest to even
slightly negative which marks a distinctive departure from earlier work even if they are
not robust. The robust increases in Eastern Europe are consistent with earlier work.

Figure 9. Same as Figure 1 (Top=Winter, Bottom=Summer, left=absolute values in
reference period (mm/day), middle left=changes between the two periods (%), middle
right=ensemble standard deviation of changes (%), right=signal/noise (unitless)) for the
precipitation 20-year return value.
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Figure 10. Middle left panels from Figure 9 enlarged to better show robust patterns in
Precipitation 20yr return values; winter (left) summer (right) (%).

Winds
Extreme winds, shown here as the maximum daily wind speeds over an entire season
(~99th percentile) are also not robust anywhere at +2C global warming (Figure 11). The
patterns of change are shifted somewhat southward compared with earlier work and
indicate modest increases over the Iberian Peninsula - Southern Europe (Eastern Europe)
in the winter (summer) and modest decreases along Western coastal areas in the
summer. As with extreme precipitation an effect of the higher spatial resolution is to
increase the spatial variability of the wind field.

Figure 11. Same as Figure 1 (Top=Winter, Bottom=Summer, left=absolute values in
reference period (m/s), middle left=changes between the two periods (m/s), middle
right=ensemble standard deviation of changes (m/s), right=signal/noise (unitless)) for
the seasonal maximum surface wind speed (roughly equivalent to the 99th percentile).
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Conclusions and perspectives
An analysis of robust patterns of climate change in Europe in the high-resolution
(~12km) Euro-CORDEX RCP4.5 regional simulations has been carried out for a +2°C
global warming compared to preindustrial times. Though the patterns of change are not
substantially different from that in previous studies (D21 and V14) the strict
determination of robustness in the present study results in substantially fewer robust
patterns of change. The a tacit acknowledgement that natural variability is, and is likely
to remain, a dominating factor in Europe for variables other than surface temperatures
through the +2C threshold. It should also be noted again that the small ensemble size
likely affects the determination of robustness and that, with the exception of daily
temperatures, these patterns may change as more ensemble members are added to the
analysis. The main results are as follows:
•

•

•

•

A global temperature change of +2°C induces an equivalent or slightly weaker
warming over coastal areas of North-Western Europe in all seasons, but a more
intense warming (up to +4°C) in Northern and Eastern Europe in Winter and in
Southern Europe in Summer (up to +3°C). The changes in the Mediterranean may
however be over-estimated due to model biases (Boberg and Christensen, 2012).
Daily minimum and maximum temperatures exhibit similar patterns but with
enhanced warming over Scandinavia for wintertime daily minima. All these
changes are robust under our criteria.
Extreme daily maximum/minimum temperatures follow the same robust trends
with an increased amplitude of up to more than 4°C in their 20-year return value;
a much larger warming (up to more than 6 degrees) is projected for Scandinavia
for extreme cold daily minima in winter while in summer warming of cold daily
minima remains limited.
Daily precipitation exhibits no robust changes under our criteria but increases on
average over Central and Northern Europe in winter and only over Northern
Europe in summer, while precipitation decreases in Central/Southern Europe in
summer. Extreme precipitation exhibits scattered robust increases across Europe
in both seasons.
Extreme winds are not found to robustly increase/decrease under the +2°C
warming in either season however the patterns of change (modest increases in
parts of Northern and Central Europe) are consistent with more zonal westerly
flows, while in summer wind extremes increase in Northern Europe and decrease
along the western coasts.

41

References
Boberg, F. & J. H. Christensen (2012) Overestimation of Mediterranean summer
temperature projections due to model deficiencies. Nature Climate Change, 2, 433-436.
Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, P. Friedlingstein, X. Gao,
W.J. Gutowski, T. Johns, G. Krinner, M. Shongwe, C. Tebaldi, A.J. Weaver and M.
Wehner, 2013: Long-term Climate Change: Projections, Commitments and Irreversibility.
In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker,
T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex
and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA.
Hawkins, E., Rowan Sutton, 2009: The Potential to Narrow Uncertainty in Regional
Climate Predictions. Bull. Amer. Meteor. Soc., 90, 1095–1107.
doi: http://dx.doi.org/10.1175/2009BAMS2607.1
Hewitt, C. D. & D. J. Griggs (2004) Ensembles-based predictions of climate changes and
their impacts. Eos, 85, 566.
Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., ... & P.
Yiou, 2013: EURO-CORDEX: new high-resolution climate change projections for European
impact research. Regional Environmental Change, 1-16.
Lenderink, G. and E. van Meijgaard, 2013: Added value and signal-to-noise in an eightmember ensemble of the KNMI regional climate model RACMO2 at 12 km resolution.
EGU General Assembly Conference Abstracts, 2013
Nakićenović N., Alcamo J., Davis G., de Vries B., Fenhann J., Gaffin S., Gregory K.,
Grübler A. et al., 2000: Emission scenarios. A special report of working group III of the
intergovernmental panel on climate change. Cambridge University Press, Cambridge, UK,
pp 599.
Nikulin, G., Kjellström, E., Hansson, U., Strandberg, G., and A. Ullerstig, 2011:
Evaluation and future projections of temperature, precipitation and wind extremes over
Europe in an ensemble of regional climate simulations. Tellus A, 63(1), 41-55.
Tebaldi, C., Arblaster, J. M., and R. Knutti, 2011: Mapping model agreement on future
climate projections. Geophysical Research Letters, 38(23).
Vautard, R., Gobiet, A., Sobolowski, S., Kjellström, E., Stegehuis, A., Watkiss, P., ... and
D. Jacob, 2014: The European climate under a 2° C global warming. Environmental
Research Letters, 9(3), 034006.

42

Attachment 1
Completion of regional simulations for Europe to ~10-20 km
horizontal resolution

LEAD:CNRS-IPSL
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In accordance with the IMPACT2C DoW the groups involved in the activity of Task 2.2
related to MS1 (Météo France, CNRS-IPSL, DMI, HZG, KNMI, SMHI) have produced 12
km simulations with CNRM-ARPEGE-Stretched, IPSL-WRF, DMI-HIRHAM5, HZG-REMO,
KNMI-RACMO2, SMHI-RCA4 models over the EURO-CORDEX domain reported in Fig. 1.
The simulations that have been carried out are described in Table 1

Fig. 1 CORDEX domain for the Europe region
Table 1: Status of the simulations as of 31 March 2014

Partner

CNRM
Météo
France

RCM

ARPEGE‐
Stretched

CNRS‐
IPSL

WRF3.3.1

DMI

HIRHAM5

Forcing GCM or
reanalysis
EUROCORDEX
domain free ERA‐
Interim forcing
Global free
ERA‐Interim SST
ERA‐Interim (Atm.)
with DSST from
global CMIP5 run
and GHG
ERA‐Interim (Atm.)
with DSST from
global CMIP5 run
and GHG
ERA‐Interim
IPSL‐CM5AMR‐1
IPSL‐CM5AMR‐1
ERA‐Interim
EC‐Earth

Time periods

Scenario

Resolution

Status

1989 – 2008

N/A

12 km

Done

1979 – 2008

N/A

12 km

Done

+1.5° & +2°C

RCP4.5

12 km

Done

+2°C

RCP8.5

12 km

Done

1989 – 2008
1971 – 2005
+1.5° & +2°C
1989 – 2010
1989 – 2010

N/A
Historical
RCP4.5
N/A
N/A

12 km
12 km
12 km
12 km
12 km

Done
Done
Done
Done
Done
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HZG

REMO

RACMO2

KNMI

SMHI

RACMO2
smaller
domain

RCA4

EC‐Earth
EC‐Earth
EC‐Earth
ERA‐Interim
MPI‐ESM
MPI‐ESM
MPI‐ESM
MPI‐ESM
ERA‐Interim
EC‐Earth
EC‐Earth
EC‐Earth

1950 – 2005
+1.5° & +2°C
+1.5° & +2°C
1989 – 2008
1950 – 2005
+1.5° & +2°C
+1.5° & +2°C
+1.5° & +2°C
1989 – 2008

Historical
RCP4.5
RCP8.5
N/A
Historical
RCP2.6
RCP4.5
RCP8.5
N/A
Historical
RCP4.5
Historical

12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km

EC‐Earth

+1.5° & +2°C

RCP8.5

12 km

ERA‐Interim
CNRM‐CM5
CNRM‐CM5
CNRM‐CM5
HadGEM2‐ES
HadGEM2‐ES
HadGEM2‐ES
EC‐Earth
EC‐Earth
EC‐Earth
EC‐Earth

1970 – 2010
1969 – 2005
2006 – 2100
2006 – 2100
1969 – 2005
2006 – 2100
2006 – 2100
1969 – 2005
2006 – 2050
2006 – 2050
2006 – 2050

N/A
Historical
RCP4.5
RCP8.5
Historical
RCP4.5
RCP8.5
Historical
RCP2.6
RCP4.5
RCP8.5

12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km
12 km

+1.5° & +2°C

45

Done
Done
Done
Done
Done
Done
Done
Done
Done
Done
Done
Done
8 members
ensemble
Done
8 members
ensemble
Done
Done
Done
Done
Done
Done
Done
Done
Done
Done
Done

Attachment 2
Completion of regional simulations for the Mediterranean area
to ~12-30 km horizontal resolution

LEAD: ENEA
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In accordance with the IMPACT2C DoW the groups involved in the activity of Task 2.2
related to MS2 (MeteoF, CNRS-IPSL, ENEA) have produced 50 km, 30 km and 12 km
simulations with CNRM-ALADIN, IPSL-WRF and ENEA-PROTHEUS models over the
MEDCORDEX domain reported in Fig. 1

Fig. 1 CORDEX domain for the Mediterranean region
CNRS-IPSL
* in non-coupled mode (atmosphere only):
- one 20km resolution ERA-Interim forced simulations over 1989-2008
- one IPSL-CM5AMR forced simulation over 1989-2005; one future period (RCP8.5)
including the +2°C period.
* in coupled mode (ocean+atmosphere):
- two ERA-Interim forced simulations with 2 different surface flux schemes
MeteoF
The MeteoF group have completed the following regional ALADIN simulations:
* one 30-year simulation driven by ERA-interim
* one 55-year reference simulation (1951-2005) driven by CNRM-CM5
* two 95-year scenarios (RCP4.5 and RCP8.5, 2006-2100) driven by CNRM-CM5
In addition the reference simulation +RCP8.5 scenario have been re-run with spectral
nudging (50 km resolution only)
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ENEA
The ENEA group have completed:
* one regional 30 km coupled simulation with PROTHEUS model over the MEDCORDEX
domain driven by ERA-INTERIM (1982-2011)
* one 35-year reference 30km coupled simulation (1971-2005) driven by CNRM-CM5
* one 95-year 30km coupled scenario (RCP4.5 2006-2100) driven by CNRM-CM5
Data are available in the MED-CORDEX database (www.med-cordex.eu) on request.
All the data have been saved following the structure CORDEX:
VariableName_Domain_GCMModelName_CMIP5ExperimentName_CMIP5Ensemble
Member_RCMModelName_RCMVersionID_Frequency_StartTime-EndTime.nc
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