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Summary

This report documents Coordinated Regional Dowirsg&txperiment (CORDEX)
climate model simulations at 50 km horizontal reioh over Europe with the Rossby
Centre regional atmospheric model (RCA4) for i)RAEInterim-driven (ERAINT)
simulation used to evaluate model performancedrrélaent past climate, ii) historical
simulations of the recent decades with forcing frure different global climate models
(GCMs) and iii) future scenarios RCP 4.5 and RCGPf@&.ced by the same nine different
GCMs. Those simulations represent a subset of@QRICEX simulations produced at the
Rossby Centre and a general conclusion drawn &alsby Centre is that such large
ensembles could not have been produced withowdtadlishment of an efficient
production chain as outlined here.

The first part of this report documents RCA4 asdoigrformance in a perfect boundary
simulation where ERAINT was downscaled. RCA4 ialarge extent replicating the
large-scale circulation in ERAINT, but some loceldes in mean sea level pressure
appear. In general the seasonal cycles of temperatal precipitation are simulated in
relatively close agreement to observations. Somgesi occur, such as too much
precipitation in northern Europe and too littlehe south. In winter, there is also too
much precipitation in eastern Europe. Temperataregenerally biased low in northern
Europe and in the Mediterranean region in winteitawbverestimated temperatures are
seen in southeastern Europe in winter and in theitefeanean area in summer.

RCAA4 performs generally well when simulating theent past climate taking boundary
conditions from the GCMs. A large part of the RCdwhulated climate is attributed to
the driving GCMs, but RCA4 creates its own climatgde the model domain and adds
details due to higher resolution. All nine downscaGCMs share problems in their
representation of the large-scale circulation inteii. This feature is inherited in RCA4.
The biases in large-scale circulation induce somagels in temperature and precipitation
in RCA4.

The climate change signal in the RCP 4.5 and RERt&sembles simulated by RCA4 is
very similar to what has been presented previoldyh scenarios RCP 4.5 and RCP 8.5
project Europe to be warmer in the future. In wirtkee warming is largest in northern
Europe and in summer in southern Europe. The summagimum daily temperature
increases in a way similar to summer temperatuesdmewhat more in southern
Europe. The winter minimum daily temperature inthemn Europe is the temperature
that changes the most. Precipitation is projeataddrease in all seasons in northern
Europe and decrease in southern Europe. The laagestnt of rainfall per day (and per
seven day period) is projected to increase in dmmbsf Europe and in all seasons. At
the same time the longest period without precijitais projected to be longer in
southern Europe. Small changes in mean wind speedenerally projected. There are,
however, regions with significant changes in wind.

The ensemble approach is a way to describe thetamtees in the scenarios, but there
are other possible ensembles using other modetshwyould give other results. Still, the
ensemble used here is found to be similar enougiese other possible ensembles to be
representative of the whole set of GCMs. Dynamilcainscaling using RCA4 changes
the climate change signal, and the ensemble sigesmnetimes reduced, but the
ensemble of nine RCA4 simulations, using diffe®@tMs, is considered to be
representative of the full ensemble. All scenagigree on a climate change pattern; the
amplitude of the change is determined by the choiceenario. The relative importance
of the chosen scenario increases with time.



Sammanfattning

Denna rapport dokumenterar klimatmodellsimuleringg@ab0 km horisontell upplésning
Over Europa med Rossby Centres regionala atmosfdedt{RCA4) gjorda inom
projektet Coordinated Regional Downscaling Expent{€ORDEX) f6r i) ERA-
Interim-drivna (ERAINT) simuleringar for att utvaach formagan hos RCA4 att simulera
den senaste tidens klimat, ii) historiska simulgginav de senaste artiondena med
drivning fran nio olika globala klimatmodeller (GCa#) och iii) framtidsscenarierna
RCP 4,5 och RCP 8,5 drivna med samma GCM:er. Dsiggderingar representerar en
delméangd av alla CORDEX-simuleringar produceradeRassby Centre och en allman
slutsats dragen vid Rossby Centre ar att en sadsmible inte varit mojlig utan att forst
etablera den effektiva produktionskedja som besKnir.

Forsta delen av rapporten dokumenterar RCA4 och fdemaga i en simulering dar
ERAINT skalades ner. RCA4 aterskapar till stordh storskaliga cirkulationen fran
ERAINT, men nagra lokala avvikelser forekommerlménhet simuleras sasongscykler
for temperatur och nederbdérd i Gverensstammelseabservationer. Nagra avvikelser
finns, som for mycket nederbord i norra Europa fichite i sodra. Pa vintern ar det aven
for mycket nederbdrd i dstra Europa. Temperaturermimanhet underskattad i norra
Europa och i medelhavsomradet pa vintern, medahdga temperaturer ges i sydostra
Europa pa vintern och i medelhavsomradet p& sonmmare

RCAA4 presterar i allmanhet bra i simuleringar an denaste tidens klimat med
randvillkor fran GCM:er. En stor del av det simalée klimatet i RCA4 kan tillskrivas
den drivande GCM:en, men RCA4 skapar sitt egetatliimuti modelldoménen och
lagger till detaljer pa grund av hogre upplésnialia nio nedskalade GCM:er har
gemensamma problem i representationen av den aligskirkulationen pa vintern.
Denna egenskap fors vidare till RCA4. Avvikelserstorskalig cirkulation medfor
awvvikelser i temperatur och nederbdrd i RCA4.

Klimatférandringssignalen som den simuleras av R€Adembler enligt RCP 4,5 och
RCP 8,5 ar mycket lika tidigare resultat. | badensgio RCP 4,5 och RCP 8,5 berédknas
Europa bli varmare i framtiden. P& vintern ar uppwiingen storst i norra Europa, och
pa sommaren i sodra Europa. Den hogsta dygnsmevigtaturen pA sommaren okar pa
ungefar samma satt som sommartemperaturen, mehmagosdodra Europa. Den lagsta
dygnsmedeltemperaturen pa vintern i norra Eurogieétemperatur som forandras mest.
Nederborden beraknas oka under alla arstider arieuropa och minska i sédra Europa.
Den storsta dygnsnederbdrden (och per sjudagamspéreraknas 6ka i nastan hela
Europa och i alla arstider. Samtidigt beraknasldegsta perioden utan nederbord att bli
langre i s6dra Europa. | allmanhet forutses sminidringar i medelvindhastighet. Det
finns emellertid omraden med signifikanta férandani vind.

Att anvdnda ensembler ar ett sétt att beskrivaavbékerna i scenarierna, men det finns
andra mojliga ensembler som anvander andra modeallesom skulle ge andra resultat.
And& anses den ensemble som anvands har varektittdik dessa andra ensembler for
att vara representativ for den hela mangden GCNbymamisk nedskalning med RCA4
forandrar klimatférandringssignalen, och spridnimgensemblen minskar ibland, men
ensemblen med nio RCA4 simuleringar med olika GCMreses vara representativ for
den hela ensemblen. Alla scenarier ar 6verens onstret pa klimatforandringen, men
storleken pa férandringen bestams av valet av sicerien relativa betydelsen av valet
av scenario tkar med tiden.
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Introduction

The Rossby Centre, which is a part of SMHI, puradsnced climate modelling. The
efforts include the development, verification, daliion, evaluation and application of
global and regional climate models in climate alndate change research. Over the last
few years there has been an extensive work to peodwery large number of regional
climate modelling experiments with the latest vemsof the Rossby Centre regional
atmospheric model, RCA4, for several regions ofwtbed including Europe, the Arctic,
Africa, the Middle East and North Africa, South Asind North, Central and South
America. This report documents part of this workgogsenting results from the
European domain.

A large number of global climate change scenarans&been produced in the fifth
coupled model intercomparison project (CMIP5 (Tagbal., 2012)). These scenarios
are extensively used in the fifth assessment r¢péts) from the Intergovernmental
Panel on Climate Change (IPCC, 2013). CMIP5 moadedsnore complex, have a better
representation of external forcing and run at higheolution than those used in the
preceding intercomparison project (CMIP3). Scersafiw the future in CMIP3 and
CMIP5 are remarkably similar (Knutti and Sedik, 2013), confirming that even though
more and more complex models are used we can bavwe sonfidence with the results.

Even these most recent modern global climate chargearios have the problem that the
CMIP5 global climate models (GCMs) generally operat a relatively coarse horizontal
resolution of 100-300 km. This implies that regiotetails of the land-sea distribution
and altitude of mountains are not well resolvedthmar, the coarse resolution implies that
some processes are handled in a crude way, ingueather phenomena like mid-
latitude low pressure systems. As it is computaligrexpensive to run GCMs at high
resolution, downscaling techniques are applietitogiase the resolution and thereby
improve the degree of local and regional detail parad to the GCM. Both statistical and
dynamical downscaling techniques can be used snctmtext. Statistical downscaling
utilizes empirical relationships between large-sdahtures and local conditions
assuming that these relations stay the same iaregoty climate. Dynamical
downscaling makes use of regional climate mode@@\Rthat are set up on a smaller
domain at higher resolution compared to the GCIg. ummukainen, 2010). RCMs
typically operate on a horizontal scale of 10-5Q Rreviously, earlier CMIP results have
been downscaled creating ensembles of RCM dataui@pe (e.g. Christensen and
Christensen, 2007; Haugen and Iversen, 2008; Kj@étfset al., 2011 and 2013).
Recently, a substantial number of CMIP5 GCMs haenldownscaled in the
Coordinated Regional Downscaling Experiment (CORDErgi et al., 2009). For
Europe, CORDEX is producing a large number of R@khgrios at 12.5 km horizontal
resolution which is higher than in most previougigs (e.g. Jacob et al., 2013; Vautard
et al., 2013). In addition to these simulationseaen larger number of simulations are
being performed at 50 km to better sample the tiaicgies related to future climate
change. We note here that dynamical downscalingataalbeit the higher resolution of
the RCMs, resolve all problems inherited from tHeN& (Mauran et al., 2010). For
instance, there are still problems in the CMIP5usations like the overestimated
meridional pressure gradient in winter and sprimgrdhe North Atlantic, which gives to
moist and mild conditions in continental Europedis et al., 2013; Cattiaux et al.,
2013).

There are three main sources of uncertaintiesnmaté scenarios for the future: 1)
natural variability, 2) model uncertainty and 3)igsions scenario uncertainty. The
relative importance of these uncertainties varigl prediction length and resolution
(Hawkins and Sutton, 2009). Natural variabilitghe internal variations in climate
occurring on time scales ranging from days througimths and seasons up to years,
decades, centuries or longer. These variationmbezent features of the climate system
and if the variability is large climate change sitgpncan be difficult to detect. This



uncertainty is largest in the first few decadea ofimate simulation when the forced
climate change signal is still relatively small.ttdal variability in the climate system can
also change with time when the climate is chandtag.instance, climate models indicate
increasing frequency of extreme EI Nifio events futare warmer climate (Cai et al.,
2014), a change that would have an impact on tieeainnual variability of global mean
temperature and on regional precipitation patterhs. uncertainty from natural

variability can be reduced by better initializatiminclimate model runs (Hawkins and
Sutton, 2009).

The model uncertainty is an effect of differencetneen climate models. This can be
further subdivided into limitations in the descidpt of physical phenomena in the model,
discretization error due to discrete approximati@aand-off error due to finite precision
computers, erroneous treatment of mathematicakepess (e.g. setting of boundary
conditions or the use of non-mass-conserving nuwakschemes) and actual computer
program errors (bugs). Different models have aediffit set of these ingredients and
hence describe the climate system differently,waifidherefore produce different results.
As an example two models with the same climateiteibhsmay give different regional
response to the global forcing. The relative imgoce of the model uncertainty is largest
after 50-60 years. This uncertainty can be redbgadhproving climate models.

The scenario uncertainty is different from the pvevious uncertainties. The scenarios
build on assumptions of the future and will be utaia per se. There are several forcing
components influencing future climate. The mostongnt components are greenhouse
gases, aerosols and changes in the land surfdferebi forcing components work on
different spatial scales and can be both warmirhcaoling. The relative importance of
scenario uncertainty grows over time.

As part of the Euro-CORDEX effort the Rossby Cehtis downscaled nine different
GCMs in 46 runs at 12.5 km or 50 km resolution.uRsdrom the 50 km scenarios are
presented in this report. For a more compreheragsessment of potential changes in the
European climate additional Euro-CORDEX simulatianth other RCMs should be
included. We note, however, that the number of G@Ms have been downscaled with
RCAA4 is larger than what has been downscaled wiyhother RCM to date, making the
Rossby Centre ensemble unique in its samplingeotititertainty related to choice of
GCM. In addition to presenting results from the RCA#diations of future climate
change we also describe differences in RCA4 condp@aréhe previous model
version RCA3 and perform a validation of the modéle RCA4 simulations cover
the period 1961-2100 which makes it possible botatidate the performance in the
historical climate and to explore potential futahenate change in Europe on short,
medium and long-term time perspectives under diffescenarios. Differences in the
climate response in the regional climate model ameg to the underlying GCMs are
discussed.

1 Method

1.1 The Rossby Centre regional climate model, RCA4

RCA is originally based on the numerical weathedption model HIRLAM (Undén et
al., 2002). Earlier versions of the RCA model agsalibed by Rummukainen et al.
(1998, 2001); Raisanen et al. (2003, 2004), Jonals €004), Kjellstrom et al. (2005)
and Samuelsson et al. (2011). Since RCA3 (Samuetssal., 2011), RCA has
undergone substantial both physical and technitahges. In the development of RCA4
the aims have been that RCA should be a transterabtlel, i.e. that it can be applied for
any domain worldwide without retuning, and that RIC#ould be efficient and user



friendly to apply. The main two shortcomings witR3 were that it was in principle a
Europe-tuned RCM and that it was technically vemnplicated to setup.

Reaching the first aim of technically developing/Ri@cludes the use of globally valid
physiography data bases as ECOCLIMAP (Masson,£2@03) for vegetation, Gtopo30
(USGS, 1996) for topography, lake depth (Kourzen2@40) and soil carbon density
(Global Soil Data Task, 2000). The code is eagyord to different architectures via
standard gmake, which also obsoletes the compticatepting system of RCA3. No pre-
processing is needed to run RCA4 since all datd fegea simulation are read from
global databases and also the number of MPI-ran#tetermined runtime by using built-
in MPI-calls and the domain decomposition is alsnadruntime (the number of MPI-
ranks was a hard-coded preprocessing step in RGA®Bt other settings are controlled
via namelist files, which are read in at the stéthe simulation. The restart procedure in
RCAA4 is exact, which was not the case for RCA3.tddjether, these technical
developments of RCA made it possible for Rossbyti@dn go for a highly ambitious
scenario production for CORDEX.

The second aim was to improve the physical paraisation of RCA. The mean climate
over Europe was simulated fairly well by RCA3 (Satsgon et al., 2011). However,
when the development version of RCA4, includingbglophysiography, was applied
over other domains it was obvious that RCA3 inctuBerrope-climate adapted
parameterisations and compensating errors whichatigperform well over e.g. Africa
and the Arctic. Consequently a number of physieadmeterisation packages have been
improved to reach a more transferable model; irstiitace model a new lake model
(FLake) has been implemented (Samuelsson et dl0) 260il processes are improved
with respect to heat transfer and soil moisturacmount for e.g. high-latitude high-
carbon soils and low-latitude deep-rooted foresisw albedo is improved to account for
e.g. Arctic cold climate conditions. For more distain developments of surface
processes in RCA4 please refer to Samuelsson(@04K). Modifications in the
atmospheric part of the model include introductida numerically more stable turbulent
kinetic energy (TKE) scheme (Lenderink and Holts@04) into the original CBR
(Cuxart et al., 2000) scheme. At the same timev#iniables diffused in the TKE scheme
are switched from dry (temp, humidity, liquid wagtey moist conservation (liquid water
potential temp and total water) following Greniedaretherton. (2001). Treatment of
convection has been adjusted by switching the dadpshallow convection schemes
from the standard Kain-Fritsch scheme (Kain antséhi 1990) to the Bechtold-KF
scheme (Bechtold et al., 2001). A few additionabtifications including a diluted CAPE
(Convective Available Potential Energy) profile falculating the CAPE closure have
also been implemented (Jiao and Jones, 2008) Iyitta threshold relative humidity for
cloud formation was adjusted and the representafiafoud short wave reflectivity and
long wave emissivity was modified to account focloud cloud-water heterogeneity,
loosely following Tiedtke (1996).

All together, these modifications have contribuie@ more transferable RCA where
parameterisations are more physical than in RCABvwarere compensating errors are
reduced. All parameterisations are empirical amdesof the parameterisations used in
RCA4 are more tuned to a specific location, e.g.rdiation scheme, which makes a
fully transferable code difficult to achieve. Netreless, exactly the same version of
RCA4 is now used for CORDEX domains over Europe&icafand the Arctic. However,
the drawback is that for Europe specifically theviversion has degraded some aspects
of the RCA3 good mean climate, i.e. for precipaatiThis degrade is considered to be
acceptable taking into account less compensatitogseand the benefit of higher
transferability.

A few additional developments are also availabteRGA4, although not used for the
CORDEX simulations presented here but for speotter studies. For instance, spectral
nudging is implemented and so far applied mostiytHe Arctic domain (Berg et al.,
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Figure 1. CORDEX workflow at the Rosshy Centre. Baary data (BD) is imported from

ESGF and prepared to be read by RCA. An RCA rsteiged, model output (MO) is
Final output files are stored at NSC and publistiadESGF. Accumulus is the name given to

analysed, post processed (PP) to fulfil demanddeformats and quality controlled (QC).
the main storage facility.



2013). RCA4 can be coupled to the regional oceasieiidEMO 3.3.1 (Madec, 2011),
sea ice model LIM3 (Vancoppenolle et al., 2009) awner routing model CaMa_Flood
3.0 (Yamazaki, 2011) via the coupler OASIS3 (Valc@13). This coupling has been
applied over a European domain by Wang et al. (p@h®re the Baltic Sea and North
Sea are simulated by NEMO. RCA4 can be coupleddaynamic vegetation model
LPJ-GUESS (Smith et al., 2001). RCA4-GUESS has bgptied over the Arctic (Zhang
et al. 2014) and over Africa (Wu et al., 2014).

1.2 CORDEX simulations for Europe with RCA4

RCA4 has been set up and run for the European CORIDEain at two different
horizontal resolutions, 0.44° and 0.11° correspogdd c. 50 and c¢. 12.5 km grid spacing.
A first set of runs consists of downscaling of EiRA-Interim reanalysis data (ERAINT,
Dee et al., 2011). These simulations are usedviuating model performance in the
recent past climate. In a second round RCA4 has bsed to downscale results from a
total of nine different GCMs as listed in Tableélhe simulations have been performed
for i) the historical period 1961-2005 for whiclstarical forcing was applied and ii) for
different future scenarios in which the so callggiFRscenarios (Representative
Concentration Pathways (Moss et al., 2010)) haea lapplied to prescribe future
radiative forcing. Greenhouse gas concentratiomegpressed as equivalent LO
concentrations following the RCP scenarios, anerpttlated from one year to the next.
Here we use three different RCP scenarios:

« RCP 2.6: Strategies for reducing greenhouse gassems cause radiative
forcing to stabilise at 2.6 W/mz2 before the yead@{used by IPCC, AR5).

e RCP 4.5: Strategies for reducing greenhouse gassems cause radiative
forcing to stabilise at 4.5 W/mz2 before the yead@{used by IPCC, AR5).

* RCP 8.5: Increased greenhouse gas emissions matmathative forcing will
reach 8.5 W/m? by the year 2100 (used by IPCC, ARS5)

Table 1 gives an overview of forcing GCMs and scesaat the two horizontal
resolutions. The RCP 4.5 and 8.5 scenarios havedme&nscaled for all nine GCMs at
50 km while the RCP 2.6 scenario has been dowrdéatehree GCMs. At 12.5 km a
subset of the 50 km simulations have been repeated.

121 CORDEX - Data Processing and Technical Experi ment Layout

The Rossby Centre has produced and made availaiels dgarge number of CORDEX
simulations. The data set is unique not only &sldrge but also as RCA4 takes lateral boundary
conditions from a very large number of different /@€ To achieve this the Rossby Centre
required access to different components of largéegechnical infrastructure and built up a work
flow to handle all aspects from data import, higirfprmance computer (HPC) based RCM
integrations, post processing, quality control pablishing to the end user. The technical
resources required by experiment modules needeéd éstimated and weighted against the
available facilities. Priorities were made and ekpent modules were distributed on the available
HPC and mass storage systems. A tight collaboratitnNSC (the National Supercomputer
Centre at Linkdping University) was establishedtplement a data publishing work flow

suitable for the scale of the project. Output daaublished via the Earth System Grid Foundation
(ESGF). ESGEF is an international collaboration wiith aim of providing a gateway to scientific
data collections from institutes across the worldny within CMIP. RCA output can be retrieved
via the Swedish ESGF node (http://esg-dnl.nscelju.s

Figure 1 presents the established work flow.
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Figure 2. Areas in which RCA4 is evaluated agadtrstervations (red) and areas used to compare
the climate change signal in GCMs and RCA4 in seddi (blue).

Table 1. Observational data sets

Name Reference Time period  Resolution Coverage

CRU Harris et al., 2014 1901-2009 0.5° Land only
E-OBS Haylock et al., 2008 1950-2006 25 km Land only
GLOBSNOW Takala et al., 2011 1980-2010 25 km Lanlgt on
GPCP Adler et al., 2003 1979-2014 2.5° Ocean artl lan
ISCCP Rossow and Schiffer, 1999 1983-2009 250 km ©aed land
WILLMOTT  Willmott and Matsuura, 1995 1900-2010 0.5° Land only




2 Results — Recent past climate

2.1 Recent past climate in the RCA4 ERA Interim run

Here we compare results from RCA4 at 50 km horalomsolution forced with ERA-
Interim (ERAINT, Dee et al., 2011) with ERAINT itéeln such a “perfect boundary”
experiment, when the model results are comparddtiv forcing data, it is possible to
see how RCA4 changes the climate produced by ERATMIS tells us about potential
systematic errors in RCA4 but also about potebealefits as RCA4 is run at higher
horizontal resolution than ERAINT. As RCA4 is frimedevelop its own state in the
interior model domain some deviations between ERIA#Nd RCA4 are to be expected
on both small and large temporal and spatial scAleshere is no data assimilation in
RCAA4 it cannot be expected to follow the actualletion of the atmosphere on a day-to-
day basis. However, in a climatological sensedusthrepresent observed long-term
means and higher-order variability. Deviations fritnis are attributed to simplifications
in the model formulation. Identification of suclystematic, model errors can be used to
distinguish between errors introduced by the GChs$those introduced by RCA4. To
further extend the validation RCA4 results are carad with other observational datasets
as well: CRU, E-OBS, GLOBSNOW, GPCP, ISCCP and WMQTT (Table 1). Note
that the observational data sets are differentceletiere is no clear definition of “real”
or “observed” climate in the validation of a modBb be able to use these observations
(with sometimes short timeseries) some compariaoagimited to the years 1990-1999.
Annual cycles are presented for three regions: $wed/est Continental Europe and
Iberian Peninsula (Figure 2).

2.1.1 Sea level pressure

Simulated sea level pressure is generally in desemblance with ERAINT. For winter
(here December-February) some notable differemz#gde higher pressure by 1-2 hPa
over the southernmost parts of the domain andaatsand Iceland in the northwest
(Figure 3). At the same time underestimates obuphiPa are seen in parts of eastern
Europe. For summer, differences in sea level presme small between RCA4 and
ERAINT; £0-1 hPa in most of Europe except IcelaBdandinavia and parts of the
Mediterranean where the pressure in RCA4 is 1-2Higtger than in ERAINT. The
generally good agreement between RCA4 and ERAINTi@s that the representation of
the large scale circulation is realistic in RCA4rtitularly, the small bias over the North
Atlantic implies that the prevailing westerlies aimulated in a good way.

Sea Level Pressure (psl) | DJF | 1980-2005 Sea Level Pressure (psl) | JJA | 1980-2005
OBS: ERAINT RCA4(ERAINT) - OBS OBS: ERAINT RCA4(ERAINT) - OBS

%% % %%, % %%
hPa

hPa

Figure 3. Observed (ERAINT) sea level pressure )nPthe present climate 1980-2005
(columns 1 and 3) and the difference between a R€ivdilation forced with ERAINT and
observations (columns 2 and 4). Left: winter (Debem- February), right: summer (June —
August).



2.1.2 Temperature

In Figure 4 and Figure 5 the difference between R@nperature and observations is
shown. In Sweden RCA4 is too cold in spring andser; the largest difference is in
summer where RCA4 is around 2 °C too cold on a hipmhean basis. In central and
southern Europe the differences are smaller arsdsestematic. In these areas, the annual
temperature range in RCA4 is larger than in theenlagions. RCA4 is too cold in winter
and too warm in summer; the differences lies arcind+2 °C. The two observational
data sets and ERAINT are relatively close to edbbrayenerally agreeing within 0.5°C
apart for winter in Sweden where ERAINT is coldgrup to 1°C. The good

correspondence between the datasets lends stramgfétence in quantifying RCA4
biases.

Sweden West Continental Europe Iberian Peninsula

Temperature difference (C)
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Figure 4. Annual cycles of temperature differen¢€y between RCA4 and observations (RCA4-
OBS) for CRU (green) and WILLMOTT (black). For coarjson we also show the difference to
ERAI reference data (blue). Panels show Swedet), (\&fest Continental Europe (middle) and
the Iberian Peninsula (right).

2m Temperature (tas) | DJF | 1980-2005 2m Temperature (tas) | JJA | 1980-2005
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Figure 5. Observed (E-OBS 8.0) temperature (°Ghénrecent past climate 1980-2005
(columns 1 and 3) and the difference between a R&€idlation forced with ERAINT and
observations (columns 2 and 4). Left: winter (Debem- February), right: summer (June —
August).

2.1.3 Precipitation

Figure 6 shows precipitation in RCA4 and four difiet observational datasets. In
general the seasonal cycles are replicated in d @ay with maxima and minima in the
right months. However, the amount of precipitationot always in accordance with the
observations. In Sweden RCA4 overestimates pratigit with 10-50% in all four
seasons. In West Central Europe and the Iberiam$lda the differences are smaller, but
RCA4 has a tendency to underestimate precipitaimosyimmer in West Continental
Europe and generally over the Iberian Peninsulmpzoed to E-OBS winter

precipitation is higher in RCA4 in most of the doméFigure 7). The differences are
biggest in mountainous areas and parts of eastewpE. In the mountainous areas this



could be a result of differences in resolution hedce topography. Precipitation is know
to be better reproduced in higher resolution RCa&4g.(Rauscher et al. 2010; Kendon et
al., 2012; Ban et al., 2014). However, it is nattja displacement of the precipitation; the
total amount of precipitation that falls in the damis about 16% higher in RCA4 than in
E-OBS (ranging from 5-15% in summer and autumnOt@d@% higher in spring). Part of
the differences may also be attributed to undehcat@recipitation that can be relatively
large, especially in winter and/or at high altitadRubel and Hantel, 2001). We also note
that the deviations between model and E-OBS arédnasiped in some areas that to a
relatively large degree coincides with country lersd(e.g. Poland, Romania). This
indicates that there may be differences betwedardift countries in sampling and/or
treatment of precipitation data and as discussedhmistensen et al. (2010) this is an area
where RCMs can be used to identify such problems.

In summer precipitation in RCA4 is higher than HOBS in the mountain ranges, but
lower in the surrounding areas (Figure 7). Apaotfithis systematic feature of RCA4
precipitation is generally overestimated with resge E-OBS in northern Europe and
underestimated in the south.
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Figure 6. Annual cycles of precipitation (mm/monithRCA4 (red), ERAINT (blue), CRU
(green), GPCP (black) and WILLMOTT (cyan); Swedkeft), West Continental Europe (middle)
and the Iberian Peninsula (right). Differences RGAgbservation/reanalysis are represented by
dashed lines on the right hand y-axis.

Precipitation (pr) | DJF | 1980-2005 Precipitation (pr) | JJA | 1980-2005
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Figure 7. Observed (E-OBS 8.0) precipitation (mmijna the recent past climate 1980-2005
(columns 1 and 3) and the difference (%) betweBCA4 simulation forced with ERAINT and
observations (columns 2 and 4). Left: winter (Delbem- February), right: summer (June —
August).
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2.1.4 Cloud cover

In general simulated total cloud cover in RCA4lase to the ERAINT cloud cover,
albeit with some notable differences. ComparedRAINT RCA4 overestimates the
cloud cover in spring and summer in Sweden, arsbtoe extent in West Continental
Europe. This is the case also for late summer ahdvan in the Iberian Peninsula (Figure
8). These over estimations are about 5-10% on dahiyomean basis. We note also that
there are some relatively large differences betvieembservational estimates and that
RCA4 mostly lies between ERAINT and the ISCCP eatenFor Sweden the agreement

with ISCCP is very good in the summer half of tlearywhile RCA4 underestimates
cloud cover with respect to ISCCP in the other &mas in most months.
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Figure 8. Annual cycles of total cloud cover (%REA (red), ERAINT (blue) and ISCCP

(black); Sweden (left), West Continental Europedgie) and the Iberian Peninsula (right).

Differences RCA4 — observation/reanalysis are greed by dashed lines on the right hand y-

axis.
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Figure 9. Annual cycles of incoming short wave agion (top row, W/rf) and incoming long
wave radiation (bottom row, W/nin RCA (red) and ERAINT (blue); Sweden (left), ¥¥e
Continental Europe (middle) and the Iberian Penagight). Differences RCA4 —
observation/reanalysis are represented by dastesi dn the right hand y-axis.

2.1.5

Radiation

Figure 9 shows incoming short wave and long wadéten at the surface. The short
wave radiation in RCA4 is similar to ERAINT oveetlberian Peninsula and West
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Central Europe, but in Sweden there is a clearnestienation in RCA4 of the short wave
radiation during the summer months. This correlatel$ to differences in cloud cover.

RCA4 gives more incoming long wave radiation th&AENT for most of the year in
Sweden and West Central Europe, while it is simddERAINT over the Iberian
Peninsula. This extra radiation almost compendatate shortage of short wave
radiation in summer over Sweden; the sum of incgmadliation is 35 W/M(= 2% of
the total summer insolation) lower in RCA4 tharERAINT. This net shortage of

incoming radiation could not explain the cold brasummer temperatures over Sweden
in RCA4.

2.1.6 Snow cover

The snow season in Sweden is similar in RCA4 andIER. RCA4 gives a later onset
of the snow season and less snow in winter. Imggomplete removal of the snow
cover occurs one month later than in the reana(i#&igire 10). Even if RCA4 give less
snow than ERAINT it is still well above the GLOBSMOestimate. Observations of the
length of the snow season in Sweden give simikulte as GLOBSNOW in Figure 10
(Wern, 2015). The overestimation of snow in RCAdldaexplain the cold bias in winter.

Sweden
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100t : : : 140
80t ; : : : 120
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40!
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Figure 10. Seasonal cycle of snow water equivdlain?) in RCA (red), ERAINT (blue) and
GLOBSNOW (green) for Sweden. Differences RCA4 —eobation/reanalysis are represented by
dashed lines on the right hand y-axis.

2.2 Recent past climate in the RCA4 GCM-driven runs

The simulated climate is compared with E-OBS olestiznal data and ERAINT. We
choose to focus on annual mean, winter (Decemebruary, DJF) and summer (June —
August, JJA) changes in temperature, precipitaimhwind speed. Results are shown as
ensemble-averages with a measure of the spreaédreindividual models. Results for
individual runs are given in the appendix.

2.2.1 Sea level pressure

In winter the sea level pressure field is domindigdbw pressure west of Iceland and
high pressure in Portugal and Spain (Figure 11¢. Mbdels are capturing the overall
pressure pattern rather well. The depth of theatadit Low is overestimated in some
models, underestimated in others and more or @ssatly captured in a few, resulting in
an ensemble mean in relatively close agreemenR®IET. However, most models
place it too far south (Appendix Figure Al). At theeme time most simulations gives too
high sea level pressure in the southwest leadiagié@ strong meridional pressure
gradient over the North Atlantic. The resultingsbattern shows a strong low pressure
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Figure 11. Reanalysed (ERAINT) winter (Decembeebriiary) sea level pressure (hPa) in the
recent past climate 1980-2005 (left). The threewotolumns show difference between a model
simulation forced with ERAINT and observations (sed from left), difference between the mean
of the 9 ensemble members and observations (ttard feft) and the spread between the
individual model simulations in the ensemble (righst). The upper row shows conditions in
RCA4 and the lower the corresponding fields takeactly from the underlying GCMs.
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Figure 12. Same as Figure 11, but for summer (Julegust).
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anomaly centred in the area surrounding the Britikks (Figure 11). As a consequence
the transport of mild and moist air from the Atiariiecomes too strong south of the
British Isles and too weak north of them. The puespattern in RCA4 is inherited from
the GCMs; we can see that apart from the resoldtiere are only small differences in
mean sea level pressure between the ensemble ©Ag Bimulations and the ensemble
of 9 GCMs, although the spread between modelslisced in the RCA4 ensemble in
southern Europe. That the pressure pattern isiteddrom the GCMs is a well know
fact (e.g. Jacob et al., 2007; Rummukainen, 20]€lj#rém et al., 2011).

In summer, the meridional pressure gradient is weahkd the Azores high is moved
northwards (Figure 12 and Figure A2). The modetgwoa the overall pressure pattern,
but the exact locations and strengths of the highlew pressures vary among the
models. On average the sea level pressure is ghoitithe extreme north indicative of a
somewhat too weak cyclone activity in this areaaifigthe pressure pattern in RCA4 is
to a large degree inherited from the GCMs. In theglitérranean area a positive anomaly
shows up in RCA4 that is not present in the GCMsaltso in the RCA4 ERAINT-driven
run. This indicates a systematic bias in RCA4; jphgas an effect of the formulation of
lateral boundaries.

2.2.2 Temperature

The winter temperature is underestimated in the R6/ulations in northern and south-
western Europe, and overestimated in south-eaBteape (Figure 13). This bias pattern
is similar to the one in RCA4-ERAINT (cf. sectiorl2) and may therefore reflect the
bias of RCA4. However, the amplitudes are largehwaistronger warm bias in the
southeast and a stronger cold bias in the norgrarfof this is related to the biases in
large-scale circulation in the forcing GCMs as dgsed above (cf. section 2.2.1) and is
also clearly indicated by the bias pattern in tl@&Wensemble mean (Figure 13). In
northern Europe the individual RCA4 simulationsrspatween being warmer than
observations and being much colder while in thérseast most simulations are too
warm (see Appendix Figure A3). It is interestinghtie that the spread between the
simulations in RCA4 is large in northern Europe anwll in southern Europe, while the
spread between the GCM simulations is on a sir@lal across the whole domain, with
a minimum over parts of western Europe. The lapgeas in northern Europe in RCA4
could be an amplification caused by differencesniow cover. Similarly, the large spread
between GCMs in the north may be a result of diffiees in snow cover. At the same
time, however, there is also a large spread irheastern Europe for which we do not
know the reason.

Summer temperature is underestimated in the ROAdlations in practically all of
Europe (Figure 14 and Figure A4). This could to s@xtent be a result of the large
precipitation amounts in the simulations, which Vdduave a cooling effect, but when
looking at the individual simulations there is neas correlation between low (high)
summer temperature and high (low) spring or sunpnecipitation anywhere in Europe
(not shown). The simulated temperatures in the GEGMERCA4 are very different.
While the RCA4 simulations are colder than obséowat the GCM simulations are
warmer than observations in large parts of ceatndleastern Europe and only slightly
colder in the rest of Europe. It is clear thatlthwe summer temperature is a feature
produced by RCA4. Another striking feature seeRigure 14 is the strong reduction in
spread in summer temperature in RCA4 comparedetsghead in the GCMs. As for the
summer precipitation, the summer temperature ssitdtienced by large scale
circulation; hence RCAA4 is allowed to become madependent of the GCM forcing.
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Figure 13. Observed (E-OBS 8.0) winter (DecembEebruary) temperature (°C) in the recent
past climate 1980-2005 (left). The three other cwia show difference between a model
simulation forced with ERAINT and observations (sed from left), difference between the mean
of the 9 ensemble members and observations (ttdrd Feft) and the spread between the
individual model simulations in the ensemble (righst). The upper row shows conditions in
RCA4 and the lower the corresponding fields takieectly from the underlying GCMs.
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Figure 14. Same as Figure 13, but for summer (Julegust).
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Figure 15. Observed (E-OBS 8.0) winter (DecembEebruary) precipitation (mm/mon) in the
recent past climate 1980-2005 (left). The threeotmlumns show difference (%) between a
model simulation forced with ERAINT and observatideecond from left), difference (%)
between the mean of the 9 ensemble members andratigas (third from left) and the spread
(mm/mon) between the individual model simulatiomghie ensemble (rightmost). The upper row
shows conditions in RCA4 and the lower the corresipg fields taken directly from the
underlying GCMs.
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Figure 16. Same as Figure 15, but for summer (Julegust).
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2.2.3 Precipitation

In winter, RCA4 overestimates the precipitation amts in all simulations, in some
regions with as much as 100% (Figure 15 and Fig&)e This is more than in the
ERAINT-driven RCA4 simulations, and is, in centaald southern Europe, a
consequence of the too zonal pressure patterri®@Ms (cf. Figure 11). At the same
time precipitation is underestimated in northeritddm and along the Norwegian west
coast. This is possibly an effect of the resolutibthe topography in RCA4. The
coastline in RCA4 is not as steep as in reality, thie precipitation falls farther in over
land (where RCAA4 instead overestimates precipitqtibhe overall precipitation
distribution is similar in the GCM and RCA4 simuatts. This supports the fact that the
precipitation anomalies are large scale featurasezhby biases in the GCMs including
differences in pressure, but the RCA4 simulatidifer @ more detailed distribution of
precipitation than the GCMs, especially in regiaith complex topography such as
mountainous regions and along coastlines. The dfiretaveen simulations are generally
smaller in the RCA4 ensemble than in the GCM engenilinere are however areas
where the opposite is true and the spread betw&&Rimulations are larger than in the
GCMs. This includes some high-altitude areas lileRyrenees where differences are
reinforced by the fine-scale more steep orograptRCA4.

Summer precipitation is less dominated by largéestaculation and more dependent on
topography and local/regional scale convectionrdloee RCA4 is able to produce its
own precipitation climate more independent of tl&MGsimulations and consequently
the bias pattern resembles that in the ERAINT-drisinulation. However, the GCM-
driven simulations tend to show higher precipitatio large parts of southern and central
Europe than in the ERAINT-driven simulation (Figdi@and Figure A6). This is
consistent with the differences between the GCMmelves and ERAINT. In Eastern
Europe and parts of Russia summertime precipitagidmwer in the GCMs than in
ERAINT. This is also reflected in the RCA4 GCM-deivsimulations that show
somewhat reduced wet bias compared to the ERAINVedsimulation. As for winter
precipitation the RCA4 simulations generally giesd spread compared to the underlying
GCMs.

2.3 Summary of simulated recent past climate

Perfect boundary experiments with RCMs (see ch#jaiHittar inte referenskalla.)
enables validation with reduced systematic biakérlarge-scale forcing. Biases with
respect to observations in such experiments aggaictice, RCM induced. The validation
is limited by availability of suitable observatiori&eferably, RCMs should be validated
in terms of physical processes, such as budgetHia@s, of which observations are
limited (Rummukainen, 2010). Nevertheless, modalwation should also be performed
with focus on usability; a physically correct motleht produces erroneous results may
not be useful. In spite of the induced biases &@RICM simulations there is added value
in the RCMs compared to the GCMs (Kjellstrom & G@jioi2010). As seen above
different observations and reanalyses give diffieestimates of the past climate; every
model validation must be done with this uncertaintynind.

There are clear biases in RCA4 forced by ERAINT taan not be explained by
uncertainties in observations; these are descabede. Some biases can not be easily
explained and the reduction of them is a constamtfyoing theme in model development.
Biases in the GCM-driven RCA4-simulations can tmeaxtent be attributed to the
driving GCMs as shown above. Based on the RCA4laibns in this chapter we
conclude that the biases in RCA4 compares withelias other state-of-the-art RCMs for
both perfect boundary and GCM-driven simulationg.(&acob et al., 2007; Christensen
et al., 2010; Wibig et al., 2015).
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3 Results — future climate scenarios

This section concentrates on changes in climatteeirend of the century (2071-2100)
according to scenario RCP 8.5. Changes until theig@dual, but not linear. The choice
of RCP 8.5 gives a distinct climate change sigrativmakes it suitable for studying
interactions between changes in radiative forcimty@éanges in climate. Other scenarios
(RCP 2.6, RCP 4.5) would give smaller changes, lvare in line with what is presented
here. Results for RCP 4.5 are show in Appendix.

3.1 Changes in seasonal mean conditions in the RCA4  CORDEX-
ensemble

311 Temperature
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Figure 17. Ensemble mean winter (December — Feprtemperature (°C) in the control period
1971-2000 (upper left). Change in ensemble meahf(ti071-2100 compared with 1971-2000
(upper right). Standard deviation (°C) for memba&rthe ensemble for the period 2071-2100
(lower left). Number of climate scenarios in thes@mble that show an increase for the period

2071-2100 compared to the control period 1971-Z08er right). All according to the RCP 8.5
scenario.
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Reference: Mean 9 models, 1971-2000, JJA
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Figure 18. Ensemble mean summer (June — Auguspeeature ("C) in the control period 1971-
2000 (upper left). Change in ensemble mean (°C2@311-2100 compared with 1971-2000 (upper
right). Standard deviation (°C) for members of émsemble for the period 2071-2100 (lower left).
Number of climate scenarios in the ensemble thatvsdm increase for the period 2071-2100
compared to the control period 1971-2000 (lowent)igAll according to the RCP 8.5 scenario.

The geographic patterns of temperature change€&Rshown in Figure 17 and Figure
18 are very close to those found in earlier RCM etiit experiments (e.g. Christensen
et al., 2007; Kjellstrom et al., 2011). The largeshperature signals are seen in the
northern and north-eastern parts of the continerindg winter (Figure 17). Northern
Europe is projected to be up to 10 °C warmer amthson Europe 2-4 °C in the end of
the century in the scenario RCP 8.5 showed in Eidir In RCP 4.5 (Figure A8) and
RCP 2.6 the changes are weaker. In summer thel ssgmare or less reversed with the
largest warming in southern and south-eastern Euf6 °C in RCP 8.5) and less
warming in the northern parts (2-4 °C) as seengnié 18. These strong changes are
connected to positive feedbacks involving retrepinow and sea-ice during winter (and
in the far north also in summer) and reduced soiktare during summer. In contrast, the
weakest signal is found over the North Atlantiajteoof Iceland, in all seasons. In this
area the relatively slow warming of the ocean dampgke temperature increase in the
lower atmosphere. Notably, the climate change $igmaemperature is very robust as all
model simulations show increasing temperatureldrentire model domain. It is only in
a small area south of Iceland where some modedgs dot show increasing
temperatures. However, the amplitude of the responthe model simulations varies
widely over the ensemble, particularly in the natid northeast as reflected by the large
standard deviation between the simulations. Thisuised by substantial differences in
how GCMs project changes in sea-ice concentratidnsaa-surface temperature. Also in
southern Europe there are large differences irorespin temperature between the
GCMs. This is probably related to changes in saisture and its feedback on the lower
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atmosphere (e.g. Rowell and Jones, 2006; FisclieBahar, 2009). See also Figure A7
in Appendix.

The seasonal maximum of the highest daily tempexasuprojected to change in a
similar way as the summer mean temperature. Thegehia largest where the
temperatures are the highest, i.e. in southerngeusammer; here the highest daily
temperature is projected to be 4-6 °C warmer byetiteof the century (Figure A10).
Correspondingly, the lowest daily temperature gguted to change most where the
temperatures are the lowest, i.e. northern Euraptew The temperature change is much
larger than for the mean temperature, however; iane 10 °C in large parts of northern
Europe by the end of the century (Figure A9). Whth large amplitude in change there is
also a large spread between the ensemble memlgusgA9). Interestingly the spread

is larger in the RCP 4.5 scenario compared to tBB B.5 scenario. An interpretation of
this could be that in the warmer RCP 8.5 scenamoovan winter is much reduced in all
models leading to a more uniform temperature irsgel the more moderate RCP 4.5
scenario some models give large changes in snowhaneby in temperature while in
others there is still snow.

The number of days per year with zero-crossingxifmam temperature above zero,
minimum temperature below zero) is expected toebsw with around 10-30 days across
Europe (Figure 19A). When the temperature riseethil be less days with
temperatures below zero. The change is complexetewIn northern Scandinavia and
the Alps the number of days with zero-crossingsjgected to increase with around 10
days in winter (Figure 19B). In these regions thietevs are cold and only few days have
zero-crossings in the present climate. When th@éeature is rising the winter
temperature is reaching zero and more days withr@@ssings are possible. The change
in days with zero-crossing is therefore highly degent on which region and which
season that is of interest.

Reference: Mean 9 models, 1971-2000, DJF Mean 9 models, rcp85, 2071-2100 - ref, DJF
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Figure 19. A: Ensemble mean annual number of datyszagro-crossings (days) in the control period
1971-2000 (upper left). Change in ensemble meaysfdar 2071-2100 compared with 1971-2000
(upper right). Standard deviation (days) for memlw#rthe ensemble for the period 2071-2100 (lower
left). Number of climate scenarios in the ensentide show an increase for the period 2071-2100
compared to the control period 1971-2000 (lowent)igAll according to the RCP 8.5 scenario. B: Same
as A, but for winter (December — February) mean.

The vegetation period defined as days with meapéeature above 5 °C (after the
exclusion of single warm days in the beginning and of the year) is expected to
become longer in all of Europe, except in areasravtiee vegetation period already
covers the whole year (Figure 20). The changergefd in central and eastern Europe (1-
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3 months longer depending on scenario) where thratg is warm but still have the
potential for a longer vegetation period. In inbeparts of Scandinavia and Finland
changes are somewhat smaller indicating that éwbe iclimate change signal is very
large temperatures will still be below 5 °C forubstantial part of the year. Around the
Mediterranean the change is small, since the végetperiod defined with the present
temperature criteria already now covers most ofyttee. The changes in the length of the
vegetation period include both an earlier startafater end of the vegetation period.
These changes are not symmetrical over the yeae\er. The beginning of the
vegetation period is projected to change more tharend (Figure All).

Reference: Mean 9 models, 1971-2000, ANN Mean 9 models, rcp85, 2071-2100 - ref, ANN
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Figure 20. Ensemble mean annual length of the atigatperiod (days) in the control period
1971-2000 (upper left). Change in ensemble meaysjdar 2071-2100 compared with 1971-2000
(upper right). Standard deviation (days) for memalmrthe ensemble for the period 2071-2100
(lower left). Number of climate scenarios in thes@mble that show an increase for the period
2071-2100 compared to the control period 1971-Z08er right). All according to the RCP 8.5
scenario.

3.1.2  Precipitation

Precipitation changes follow what is expected flanmintensification of the global
hydrological cycle. This includes increasing préaijon in the north and decreasing in
the south. According to scenario RCP 8.5, theeegeonounced shift from north to south
between summer and winter of the borderline betvegeas receiving less and more
precipitation in the future (Figure 21 and Figug.Z'aken as annual averages
precipitation is projected to decrease with 10-2h%he Mediterranean area and increase
with 10-30 % in the Baltic Sea region, changesdatween those areas are relatively small
although individual simulations show increasesemrdases of up to 10-20% also in these
areas (Figure A12). Figure A12 shows that many risogige relatively strong increases
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in precipitation over the Baltic Sea. This is afea previously noted in many RCM
simulations that may be a result of the relativelyde description of the Baltic Sea in the
underlying GCMs from which seas surface temperatare taken (e.g. Kjellstrom and
Ruosteenoja, 2007; van Haren et al., 2013) Itaardrom the figures that the exact
location of the borderline between increased andedsed precipitation differs between
the simulations making this an area of high ungestgFigure 21, Figure 22 and Figure
Al13)
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Figure 21. Ensemble mean winter (December — Feprpagcipitation (mm/day) in the control
period 1971-2000 (upper left). Change in ensemidanr{%) for 2071-2100 compared with 1971-
2000 (upper right). Standard deviation (mm/day)nf@mbers of the ensemble for the period
2071-2100 (lower left). Number of climate scenaiiothe ensemble that show an increase for the
period 2071-2100 compared to the control periodl1®700 (lower right). All according to the

RCP 8.5 scenario.

Another sign of the intensified hydrological cyeddahat the maximum daily precipitation
increases in most of Europe, even in areas whertothl precipitation decreases (Figure
Al4). The maximum daily precipitation increasesrgwdnere but in Mediterranean
summer; from 10-30 % more in Scandinavia to 0-2@86 around the Mediterranean. In
a corresponding way the maximum precipitation amh@ua seven day period increases
also in areas with decreasing total precipitatiigre A15). The number of days with
heavy precipitation (more than 10 mm/day) increagssn the total precipitation
increases, and decreases when the total preaypitdéicreases (Figure A16). The longest
dry period (consecutive days with precipitatiorsldsan 1 mm/day) will be 2-3 weeks
longer around the Mediterranean and more or leskanged in Scandinavia (Figure
Al7). This is a feedback from the deficit of soiisture in southern Europe (e.g. Rowell
and Jones, 2006; Fischer and Schar, 2009) (cfré&igu
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A very noticeable difference between the underly@@MVs and RCA4 is that RCA4
simulates more intense precipitation in mountairmegsons. This is partly a result of the
higher resolution and thereby higher mountainb&RCM that contributes to generate
stronger vertical winds and more precipitation.sTéiso leads to larger differences
between the RCM ensemble members in some of thataioous areas compared to
those in the underlying models (e.g. part of sautiNdorway in Figure 15 and Figure 16).

Reference: Mean 9 models, 1971-2000, JUA Mean 9 models, rcp85, 2071-2100 - ref, JJA
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Figure 22. Ensemble mean summer (June — August)pitsgion (mm/day) in the control period
1971-2000 (upper left). Change in ensemble mearfd®@®071-2100 compared with 1971-2000
(upper right). Standard deviation (mm/day) for mensiof the ensemble for the period 2071-2100
(lower left). Number of climate scenarios in thesemble that show an increase for the period
2071-2100 compared to the control period 1971-Z0B&er right). All according to the RCP 8.5
scenario.

Another feature of the RCA4 simulations is thattbéien tend to strengthen the
response in precipitation compared to the undegl@CMs, at least in northern Europe.
This is clearly seen in the scatter plot showingnges in both temperature and
precipitation as averaged over the Baltic Sea (Ei@3). At this stage it is still unclear
why the response is larger in RCA4 compared tattterlying GCMs but we note that
there is also a wet bias in the model in the copieaod indicating that RCA4 is
(possibly) too sensitive in this respect. A simbb@haviour has been discussed by Boberg
and Christensen (2012) for summertime temperataresuthern Europe where many
models that tend to show warm biases in the exgsemwday's climate show stronger
climate change signals than other. Future studigading more RCMs can reveal if
there is a similar amplification of the climate oba signal here for models with large
bias in the control period.
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Another notable feature of Figure 23 is that thevagcaling procedure can act to change
the order between different climate scenarios. taisbe illustrated by the Hadley
Centre GCM, HadGEM-ES2 that only shows a very mbikbesease in precipitation over
the Baltic Sea by the end of the century (red dotler 6 in Figure 23). In RCA4,
however, the corresponding simulation shows a nfeucjer response being among the
“wetter” simulations. This example clearly showattthe regional model has an impact
on the results, not just in terms of the absolut@lmers but also in terms of the climate
change signal. Figure 23 also illustrates thasfiread in the climate change signal
decreases somewhat in RCA4 compared to the undgiGCMs. Here, the change in
precipitation is more correlated with the changtemperature in RCA4.

Even if there are notable differences between Ré&#dithe underlying GCMs there are
also common features. The most striking one isafse the difference in response with
different forcing as illustrated by: i) the gradghlnge over time from near future
(green) over the mid-century (blue) to the latetgaf the century (red) and by ii) the
difference between the different scenarios withrésponse being larger in the RCP 8.5
scenario compared to that in RCP 4.5. The lattenig valid from around the mid of the
century and onwards, at earlier stages the difteré@mforcing is still relatively modest
and the uncertainty in the climate change signabtgyoverned by the forcing as
discussed previously by for instance Hawkins anttib8(2009). Also noticeable is the
increase in spread over time.
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Figure 23. Simulated change in annual mean temyrerand precipitation in RCA4 (left) and in
the corresponding GCMs (right) in the Baltic SesaaResults are shown for three time periods
(green for 2011-2040, blue for 2041-2070, red for22100) and two emission scenarios (stars
for RCP 4.5, circles for RCP 8.5) for all individisamulations as well as for the ensemble means
(large symbols).

3.1.3 Wind

For mean wind there is a poor agreement amongé€iftesimulations on the sign of the
change in wind for large parts of the domain. Tteeeetendencies for decreases in wind-
speed in parts of the model domain both in winbter summer. Most notably, this occurs
over parts of the North Atlantic and parts of thedilerranean. Contrastingly, indications
of locally higher wind speed are seen over partd@cean at the northernmost fringe of
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the model domain in winter. Also the Baltic Sea i®gion where mean wind speed tends
to increase in many of the simulations both in @airgnd summer. This may be related to
changes in stability as the sea and the lowernioxisphere warms considerably in many
of the scenarios (e.g. Figure 17 and Figure 183. Stftong temperature increase over the
Baltic Sea is partly due to removal of sea icehmriorthern parts of the Sea in winter. In
summer, the SST increase given by the GCMs isivelathigh in the Baltic Sea yielding

a local maximum in warming in this area. As an atmoean the wind is projected to
change by less than +1 m/s in all areas (Figure 24)
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Figure 24. Ensemble mean annual surface wind (mtb)e control period 1971-2000 (upper left).
Change in ensemble mean (m/s) for 2071-2100 cordpeite 1971-2000 (upper right). Standard
deviation (m/s) for members of the ensemble forpieod 2071-2100 (lower left). Number of
climate scenarios in the ensemble that show aedaser for the period 2071-2100 compared to the
control period 1971-2000 (lower right). All accandito the RCP 8.5 scenario.

3.2 Changes in daily extremes in the RCA4 CORDEX-en semble

In this section we show ensemble mean statisticddily extremes in summer and winter
temperature conditions and in annual daily maxinpuetipitation amounts and daily
wind speed. The statistics have been calculateat@diog to Nikulin et al. (2011). The
statistical significance is determined by a boagting technique where 500 bootstrap
samples are used to estimate the inter-annualbiigtsiaof seasonal and annual means.
The analysis is done for 20-year return leveldefiariables in question.

Figure 25 shows changes in cold extremes duringewiffrom the figure it is clear that
the response is larger than in seasonal mean tatapeKcf. Figure 17). The pattern of
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change is fairly similar with the largest differeisdn northern and north-eastern parts of
the domain but also in large parts of eastern Eurdpe spread between the simulations
are largest in eastern Europe and over the Badtica®d ocean areas in the northernmost
part of the domain. The differences in the lattelaa are connected to differences in
SSTs and sea ice in the GCMs. Locally and regigrta#ire can be large differences
between the RCA4 ensemble and GCM ensemble (eSgandinavia).

20-yr ret. values of Daily Minimum Temperature (tasmin)
DJF | CTL: 1971-2000 | SCN: 2071-2100 | rcp85

INCREASE

0123456789
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Figure 25. Ensemble mean winter (December — Feypr@@ryear return values for daily
minimum temperatures in the control period 1971206ft). The three other columns show
changes between the period 2071-2100 under thed& &enario as compared to the control
period for the return levels (second from leftg #tandard deviation calculated from the nine
ensemble members (third from left) and number oflef®that simulate an increase (rightmost).
The upper row shows conditions in RCA4 and the lotlve corresponding fields taken directly
from the underlying GCMs.

Figure 26 shows changes in warm extremes duringreuni-or this time period and
scenario the amplitude of these changes is 1-21§&t than the change in seasonal mean
conditions (Figure 18). Towards the end of the wanih the high end scenario (RCP 8.5)
the changes in extremes are larger than the camdspy changes in seasonal mean
conditions paralleling what is seen for wintertintdd extremes above. There are,
however, individual models that show a weaker rasp@nd there are even models
showing no change at all in parts of northern Sceawib in the future (Figure 26). A
notable difference between RCA4 and the GCMs ismiaker signal in RCA4 both in
northern and southern Europe; it is only in a zacr®ss northern central Europe that the
signal is equally large. For northern Europe, wiettikat RCA4 is colder than the
underlying GCMs in the control period while in thauth it is the contrary. This cold bias
is a known feature of RCA4 (cf. Figure 5).
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20-yr ret. values of Daily Maximum Temperature (tasmax)
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Figure 26. Ensemble mean summer (June — Augusgea0return values for daily maximum
temperatures in the control period 1971-2000)(I&te three other columns show changes
between the period 2071-2100 under the RCP 8.5s0ems compared to the control period for
the return levels (second from left), the standbedation calculated from the nine ensemble
members (third from left) and number of models tiatulate an increase (rightmost). The upper
row shows conditions in RCA4 and the lower the esponding fields taken directly from the
underlying GCMs.

Figure 27 shows changes in daily precipitationaxts. The climate change signal indicates
heavier precipitation extremes in the future. Tibigsue also for other time periods, scenarios and
for different seasons. It is only in parts of s@uttmost Europe in summer when these extremes
are not projected to increase in all models. Tipagterns of change are similar to what has been
reported from many other studies over the yeags (hristensen and Christensen, 2003; Fischer
et al., 2013; Sillmann et al., 2013). Another stiikfeature is the difference in precipitation
amount in the control period as simulated by RCAd the underlying GCMs. This is one of the
main benefits of running regional climate modeks theavy precipitation is more intense and
hence in better agreement to observations (e.g Bral., 2015). We note, however, that it does
not substantially change the overall pattern ohgesas projected by the GCMs.

Changes in wind speed extremes are relatively maaléise model. For annual daily
maximum wind gust conditions there is a tendencyfoincrease in many models in an
area in central western Europe (Figure 28) thatvgneith time and forcing. This feature

is relatively robust as it is seen in many of thedeis. We did not have access to
corresponding wind gusts from the GCMs so we cdrdaeduce whether this is a RCM
feature or not. Part of the area coincides withaitea where there is an increase in annual
mean wind speed (cf. Figure 24). Subsequent asatgsnparing the RCA4 results to
other RCMs is needed here.
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20-yr ret. values of Daily Precipitation (pr)
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Figure 27. Ensemble mean 20-year return valueddiby precipitation in the control period
1961-1990 (left). The three other columns show gkarbetween the period 2071-2100 under the
RCP 8.5 scenario as compared to the control péoioithe return levels (second from left), the
standard deviation calculated from the nine ensemfg@mbers (third from left) and number of
models that simulate an increase (rightmost). Tadpgeurow shows conditions in RCA4 and the
lower the corresponding fields taken directly frima underlying GCMs.

20-yr ret. values of Daily Maximum Gust Wind (wsgsmax)
ANN | CTL: 1971-2000 | SCN: 2071-2100 | rcp85
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Figure 28. Ensemble mean 20-year return valueddily maximum wind gusts as simulated by
RCAA4 in the control period 1971-21000 (left). Theee other columns show changes between the
control period and a future period under the RGPsB8enario as compared to the control period
for the return levels (second from left), the sendddeviation calculated from the nine ensemble
members (third from left) and number of models #iatulate an increase (rightmost).
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4 Validation of the ensemble method

4.1 Climate sensitivity and ensemble representativi  ty

Even if the ensemble of simulations with RCA4 dni®y nine different GCMs under
two different forcing scenarios clearly samplesissantial fraction of all available GCM
scenarios in CMIP5 there is still a number of GAMudations that are not downscaled
by RCA4. A central question therefore relates tw kiifferent would the results be if a
larger or different ensemble of GCMs where sampkeaitther broader question is how
representative are the CMIP5 GCMs of the total ttaggy in future climate change? In
this respect we note that the climate sensitivitiired as the transient climate response
(TCR) in the GCMs used here (Table 1) range frodntd 2.5°C at the time of GO
doubling. This range compares well to the estirpatgforward in the IPCC assessment
of 1.0-2.5 °C (Collins et al., 2013). An initial mclusion is therefore that the GCMs used
here are representative of the response in cliof@erge as a result of increasing£0
concentrations in the atmosphere.

4.2 Sampling of GCMs

Next, we try to see to what degree results woufedgiven another subset of GCMs. To
investigate this, the GCMs used in the ensemblgeprted in this report are compared
with 25 other CMIP5 models. This is done for foegions. Since the resolution in the
GCMs is coarse the detailed descriptions of thersgused to validate RCA4 (red
regions in Figure 2) can not be used, insteadhisrdection a more simplified description
of the regions are used (blue boxes in Figureigure 29 and Figure 30 show
temperature and precipitation changes as simulat&dl CMIP5 GCMs (coloured
crosses if used by RCA4, otherwise black), nine RGinulations (squares of the same
colours as the driving GCMs) and six other RCMisifigles). Generally, the spread
between models are smaller in winter than in sumared smaller in northern and
western Europe than in southern and eastern EufbgeGCMSs used in this report (multi
coloured crosses in Figure 29 and Figure 30) slomesspread between them without
being outliers, but captures most of the spread @vareas and seasons with a large
spread (e.g. summer in South East Europe). Todughantify this, the mean value and
standard deviation of temperature and precipitadioth the correlation between
temperature and precipitation is calculated forfthue regions above. This is done for the
full ensemble (all GCMs), the GCM ensemble use®RBA4, four randomly selected
nine-GCM ensembles and the downscaled RCA4 ensdifblide Al). If the RCA4-
GCM ensemble (GCMs used by RCA4) can capture Hiesstal properties of the full
ensemble it is considered to be representativieeofuil ensemble; and if the randomly
selected ensembles also capture the statisticpépies of the full ensemble and are
similar to the RCA4-GCM ensemble, we know thatR@A4-GCM ensemble is not
biased in any way. The statistical properties efgbven different ensembles are
relatively similar. However, differences in meamperature change can be almost +1°C
and in mean precipitation £5%. Based on mean atiatd deviation we conclude that
the nine GCMs used in this study is considerecetoepresentative of the full ensemble.
Another ensemble, using nine or more GCMs, wowe @i different, yet similar result.
The sampling of a few (here 9 out of 34) modelsaghtihat the correlation between the
variables is not necessarily representative fotarger set. We also note that the
correlation can differ considerably between differensembles, implying that
interpretation of the results may be erroneousnéte that other combinations of
variables with stronger interdependence may besessitive to the size of the ensemble.
The statistical properties are collected in Tableidappendix.
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Figure 29. Temperature (°C) and precipitation (#gnges 2071-2100 compared with 1971-2000
for winter (DJF, left column) and summer (JJA, tighlumn); Sweden (top row) and West
Central Europe (bottom row). Filled squares repreR& A4 simulations, connected by a line to
the corresponding GCM (cross of the same coloth@square). Black crosses represent other
CMIP5 GCMs. Triangles indicate simulations withetfiRCMs than RCA4. Mean values and +1
standard deviations are shown along the x-axiteimperature and the y-axis for precipitation
for: the full GCM ensemble (represented by cro$semean values and dash dotted line for £1
standard deviation), the ensemble of GCMs used®@4R(crosses and full lines) and the RCA4
ensemble (filled squares and dashed lines).

4.3 Influence of dynamical downscaling

The next step is to investigate the influence oARCTemperature and precipitation
changes as simulated by RCA4 are represented layesjin Figure 29 and Figure 30
with lines connecting the individual RCA4 simulatsowith their respective driving
GCMs. For winter conditions in Sweden the differebetween GCMs and RCA4 is
relatively small (Figure 29). RCA4 gives either lintg temperatures and more
precipitation or lower temperature and less prédiioin. In summer RCA4 gives larger
increases in precipitation than the GCMs in alldmgt simulation, and smaller increases
in temperature in all but one simulation. The ctinds in West Central Europe are
similar to those in Sweden but with a somewhatdasgpread between models and larger
differences between RCA4 and GCMs, especially dionraer. In West Central European
summer RCA4 gives smaller temperature increasesttieaGCMs. When the spread
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between models are large the difference between & RCMs are large, in some
cases the precipitation difference is of differgigh in the RCM and the driving GCM,
which suggests that the difference in climate isegelly more uncertain in those regions
and seasons. Despite some systematic differengescipitation the RCA4 simulations
are representative for the ensemble as a whole.

The spread between the simulations is in most amatier in RCA4 forced by a number
of GCMs than between the GCMs themselves. We hgsaté that this reduction in
spread is something that is a consequence of théa the RCM only holds one
description of the climate system while each GCM iteown, adding up to in total nine
different ones. For instance, RCA4 has one forranatf snow on the ground while each
GCM has a different formulation of the correspoigdimocesses. Future comparisons
with other RCMs will reveal if this is a correcténpretation.
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Figure 30. Same as Figure 29, but for Iberian Patén(top row) and South East Europe (bottom
row).

Figure 30 shows temperature and precipitation i@iffees over the Iberian Peninsula and
in South East Europe. In winter over the IberianifPgula the spread between GCMs are
larger than in the northern regions (cf. Figure, 28pecially the spread in precipitation
differences, but the differences between GCMs abAd4Rare relatively small. In

summer the spread is even larger and the diffesgnemveen GCMs and RCA4 are
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larger than in winter. In most cases RCA4 giveslEmgemperature and precipitation
differences than the corresponding GCMs. For therdRCMs the differences between
GCMs and RCMs are less systematic. The conditioi®outh East Europe are similar to
those over the Iberian Peninsula. The spread batmeeels are smaller in winter than in
summer, and the differences between GCMs and RC@&/Ismaaller in winter than in
summer. In summer the model spread is large, andnre cases, the differences between
GCMs and RCMs are even larger. Almost all RCM giwller changes in temperature
and precipitation than the corresponding GCMsoimes cases the differences between
GCMs and RCMs are large. One RCM changes the ptatigm difference from c. -50%

in the GCM to c. 30% in the RCM, and the temperatlifference from a little more than
8°C to c. 5°C. For summer in both the Iberian Paulenand South East Europe RCA4
tends to draw GCMs with large climatic responseaias the rest of the ensemble, giving
a reduction in spread between the GCM ensemble¢henBCA4 ensemble (cf. Figure

23).

To conclude, it is clear that downscaling with aNR€hanges the climate change signal
and that different RCMs change it differently degieg on model, region, season and
parameter. All ensembles are unique and the clubisedels to be included will affect
the result. If the number of members in the ensenshlarge, and outliers are not
specifically chosen, the ensemble has a bettercehainbeing representative of the whole
set of models.

4.4 Choice of emissions scenario

How much do results based on different RCP scesdifter from each other and how
much do results based on RCP scenarios differ 8BS scenarios? This is illustrated
by looking at two regions with different climateastge signals. Figure 31 shows
temperature and precipitation changes in diffetiemts according to different scenarios
in Sweden and over the Iberian Peninsula. For winte conditions in Sweden there is a
clear relationship between temperature and pretipit: when temperature increases so
does precipitation. The situation is similar in soemn, but with a larger spread in
precipitation changes.

Over the Iberian Peninsula there is a large spreptecipitation differences in winter,
differences range from -20% to 20%, even thoughipitation decrease dominate
towards the end of the century and in scenarids igh greenhouse gas emissions. In
summer all scenarios and models agree on tempeliattrease and precipitation
decrease. There are large variations in the simagthowever. For the time period
2071-2100 temperature change ranges between 1At @racipitation change
between -60-0%.

Generally, all models and scenarios agree on tiaeship between temperature change
and precipitation change. In some regions or seatb@nspread is smaller (e.g. Sweden in
winter) and in some larger (e.g. Iberian Peninguummer). In winter the Iberian
Peninsula lies on the border between increasinglanckasing precipitation. Hence,
some models give increasing precipitation and soeoeeasing, and the direction of
change is uncertain. The uncertainty in the sigchainge is larger when the climate
signal is weak, i.e. in the close future and imse®s with small green-house gas
emissions while uncertainty in amplitude is as rogtigher at the end of the century. As
expected, the choice of scenario is of importaaspgcially in the last time period (cf.
Figure 23). The choice of models is also of impare all lines of the same colours in
Figure 31 do not take the same path. Some modetsanhhigher TCR and are thus more
sensitive to changes in greenhouse gas concensdtan others, which results in that in
some cases the high-end RCP 8.5 scenario showsmgakming than the more
moderate RCP 4.5 scenario even at the end of titarge Despite this, there is a robust
agreement on in what way climate will change asféett of greenhouse gas emissions.
The question is how much it will change and howdape change will be; that depends
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on the actual future greenhouse gas emissionshanme@gional response in the GCMs,
including natural internal variability. This is ent when comparing the time evolution
in scenario RCP 8.5 with the projections for thd efthe 21’ century in scenarios RCP
2.6 and RCP 4.5 (Figure 32). The temperature chaogerding to RCP 8.5 at different
times (top row in Figure 32) is very similar to tieenperature change in the end of the
century in other scenarios (bottom row in Figurg Jais figure has a very strong
message as it shows the benefit of greenhouseiggatman in a clear way.
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Figure 31. Temperature and precipitation chandeG scenarios simulated with RCA4
compared to SRES scenarios simulated with RCA3ryEsienulation is represented by a line
showing climate change compared to 1971-2000 feettime periods: 2011-2040 (triangle),
2041-2070 (square) and 2071-2100 (circle). Fillgdlsols indicate RCA4 runs, open symbols
indicate other RCM simulations. Colours represéffitibnt scenarios. Sweden (top row), Iberian
Peninsula (bottom row). Winter (DJF, left columsymmer (JJA, right column).
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Figure 32. Top row: Simulated temperature changhriee time periods (2011-2040 (left), 2041-
2070 (middle), 2071-2100 (right)) compared to teeqd 1971-2000 according to scenario RCP
8.5. Bottom row: Simulated temperature change 22100 compared to 1971-2000 according
to scenarios RCP 2.6 (left), RCP 4.5 (middle) a@iPR3.5 (right).

5 Summary and conclusions

This report focus on documenting Coordinated RegjiBownscaling Experiment
(CORDEX) simulations at 50 km horizontal resolutmrer Europe with the Rossby
Centre regional atmospheric model (RCA4) for i)R&EInterim-driven (ERAINT)
simulation used to evaluate model performancedrrélgsent past climate, ii) historical
simulations of the recent decades with forcing frdne different global climate models
(GCMs) and iii) future scenarios RCP 4.5 and RGPf@&.ced by the same nine different
GCMs. Those simulations represent a subset of@QRICEX simulations produced at the
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Rossby Centre and a general conclusion drawn d&deby Centre is that such large
ensembles could not have been produced withowdtadlishment of an efficient
production chain as outlined here.

The first part of this report documents RCA4 asdrformance in a perfect boundary
simulation where ERAINT was downscaled. From tlag pf the work we conclude that:

The large-scale circulation in the model domaitoia large extent replicating
that in the forcing ERAINT boundaries. Some lodakles in mean sea level
pressure appear over the Mediterranean and oveagtiern part of the domain,
but the conditions over the North Atlantic are dated in a good way indicating
that the transport of mild and moist air from thestvis captured in a good way.

In general the seasonal cycles of temperature geuipitation are simulated in
relatively close agreement to observations. Sormagelsi occur, such as too much
precipitation in northern Europe and too littlele south. In winter, there is also
too much precipitation in eastern Europe, possibligted to the too low mean

sea level pressure in that area which may refléob &yclonic activity in the

area. Temperatures are generally biased low ileaortEurope and in the
Mediterranean region in winter while overestimattperatures are seen in
southeastern Europe in winter and in the Mediteaararea in summer. Seasonal
mean biases are 1-3°C in these areas.

Next we examine the recent past climate when R@Rdg boundary conditions from the
GCMs. A large part of the RCA4 simulated climatatisibuted to the driving GCMs;
RCAA4 creates its own climate inside the model donaaid adds details due to higher
resolution, however. In particular we note that:

All nine downscaled GCMs share problems in thgiresentation of the large-
scale circulation in winter. In general there i®a strong north-south pressure
gradient over the North Atlantic south of the Biitilsles and a too weak gradient
north thereof. This feature is inherited in RCA4.

The biases in large-scale circulation induce som@asels in temperature and
precipitation in RCA4. Alternatively, biases alrgagkisting in RCA4 driven by
ERAINT are amplified or weakened. Examples inclugletronger warm bias in
southeastern Europe in winter and a stronger daklib the north. Further, the
wet biases in winter are amplified in many areagenthere is a stronger dry bias
along the Norwegian west coast.

The spread in the results from the nine-member R&#seémble are sometimes
considerably reduced compared to that in the enlgeofithe underlying GCMs.
In particular we note this for precipitation in Ea® Europe in winter and parts
of Scandinavia in summer and for temperature inttgmstern Europe in winter
and for most of Europe in summer. This is likelseault of the fact that RCA4
only holds one description of the climate systeniieviihe GCMs have in total
nine different ones. There are also areas wherspitead is larger in the RCA4
ensemble. This is mostly in mountainous areas wifierdigher altitude in RCA4
can amplify differences in precipitation.

Next we analyse the climate change signal in th® RG and RCP 8.5 ensembles.
The patterns of change that show up are very sitt@ilevhat has been presented
previously and to a large extent the scenariosctthat in the underlying GCMs.
From this part of the work we note that:

Both scenarios RCP 4.5 and RCP 8.5 project Eumpe tvarmer in the future.
In winter the warming is largest in northern Eurgped-8 °C in RCP 8.5) and in
summer in southern Europe (c. 4-8 °C in RCP 8.B& Jummer maximum daily
temperature increases in a way similar to sumnmpeéeature, but somewhat
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more in southern Europe (5-8 °C in RCP 8.5). Thateviminimum daily
temperature is the temperature that changes the moee than 8 °C in large
parts of northern Europe. In southern Europe thigperature is relatively
unchanged.

« Precipitation is projected to increase in all seasn northern Europe (c. 20-40
% in RCP 8.5) and decrease in southern Europe §9%-ih RCP 8.5). The shift
between increasing and decreasing precipitatiomoiging over the year. In
winter the area of decreasing precipitation is t@d to the Mediterranean
region. In summer it stretches up to the North &ehcentral Europe. Naturally,
there are differences between individual ensemigimbers; some place the shift
in precipitation farther north some farther south.

* The largest amount of rainfall per day (and peeseday period) is projected to
increase in almost all of Europe and in all seasAhthe same time the longest
period without precipitation is projected to bedenin southern Europe.

< Small changes in wind speed are generally projedteere are, however, regions
(Baltic Sea, Aegean Sea) with significant changesind. Here we see an
increase in mean wind of 10-15 %.

This report builds on a RCA4 ensemble driven berdiferent GCMs. The ensemble
approach is a way to describe the uncertaintitisarscenarios, but there are other
possible ensembles using other models which waukl @her results. Still, the ensemble
used here is considered to be similar enough gethther possible ensembles to be
representative of the whole set of GCMs. This &eldeon:

« The transient climate response of the GCMs uséisrstudy (1.3-2.5 °C)
almost captures the range estimated by IPCC (5.0€.

* The ensemble of nine GCMs used here capturesdtististal properties of
temperature and precipitation change in a way amd an ensemble of 34
coupled model intercomparison project (CMIP5) GCMs.

« Dynamical downscaling using RCA4 changes the ckneliange signal, but the
ensemble of nine RCA4 simulations, using diffe®atMs, is considered to be
representative of the full ensemble. In some wayGEM RCA4 difference
reflects the GCM spread and also the uncertaintiggrclimate change signal of
that region/season/parameter.

* All scenarios agree on a climate change patteenathplitude of the change is
determined by the choice of scenario. The relathygortance of the chosen
scenario increases with time.
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Appendix
The following pages present further informationRI@A4 evaluation and scenarios.

Sea Level Pressure (psl) | DJF | 1980-2005

ERAINT EOBS80 RCAA4 (ERAINT) RCA4 (CanESM2)

1029
1026

1023
1020
1017
1014
1011
1008
1005
1002

999

996

993
990

hPa

[ [
0 0.8 1.6 24 3.2
hPa

Figure Al. Winter (December — February) sea levesgure (hPa) in the recent past climate,
1980-2005, according to ERAINT, E-OBS, RCA4 foreeth ERAINT and RCA4 forced with 9
different GCMs (rows 1-3). Bottom row: ensemble m&aRCA4 forced by GCMs, ensemble
mean in GCMs, spread between the members in thedR&2M ensemble and spread in the GCM
ensemble given as the standard deviation.
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Figure A2. Summer (June — August) sea level presiRa) in the recent past climate, 1980-2005,
according to ERAINT, E-OBS, RCA4 forced with ERAINIhd RCA4 forced with 9 different
GCMs (rows 1-3). Bottom row: ensemble mean in R@#4ed by GCMs, ensemble mean in
GCMs, spread between members in the RCA4 GCM eriseanl spread in the GCM ensemble
given as standard deviation.
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Figure A3. Winter (December — February) temperat@ in the recent past climate, 1980-2005,
according to E-OBS, ERAINT, RCA4 forced with ERAINIhd RCA4 forced with 9 different
GCMs (rows 1-3). Bottom row: ensemble mean in R@#4ed by GCMs, ensemble mean in
GCMs, spread between members in the RCA4 GCM erlseanb spread in the GCM ensemble

given as standard deviation.
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Figure A4. Summer (June — August) temperature ifi@)e recent past climate, 1980-2005,
according to E-OBS, ERAINT, RCA4 forced with ERAINIhd RCA4 forced with 9 different
GCMs (rows 1-3). Bottom row: ensemble mean in R@#4ed by GCMs, ensemble mean in
GCMs, spread between members in the RCA4 GCM erlseanb spread in the GCM ensemble
given as standard deviation.
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Figure A5. Winter (December — February) precipitatimm/mon) in the recent past climate,
1980-2005, according to E-OBS, ERAINT, RCA4 foraeith ERAINT and RCA4 forced with 9
different GCMs (rows 1-3). Bottom row: ensemble m@&aRCA4 forced by GCMs, ensemble
mean in GCMs, spread between members in the RCAY &temble and spread in the GCM
ensemble given as standard deviation.
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Figure A6. Summer (June — August) precipitation {(mon) in the recent past climate, 1980-
2005, according to E-OBS, ERAINT, RCA4 forced WERAINT and RCA4 forced with 9
different GCMs (rows 1-3). Bottom row: ensemble m@&aRCA4 forced by GCMs, ensemble
mean in GCMs, spread between members in the RCAY &temble and spread in the GCM
ensemble given as standard deviation.
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Figure A7. Difference in temperature (°C) 2071-2t0hpared to 1971-2000 in
RCA4 forced with 9 different GCMs and the RCA4 enbé&e mean according to
RCP 8.5. The ensemble mean of the absolute tenper@c), 1971-2000, is shown
in the bottom right corner. A: winter (DecemberebFuary), B: summer (June —
August).
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Figure A8. Ensemble mean temperature (°C) in timérobperiod 1971-2000 (upper left).
Change in ensemble mean (°C) for 2071-2100 compaitedl971-2000 (upper right).
Standard deviation (°C) for members of the enserusléhe period 2071-2100 (lower left).
Number of climate scenarios in the ensemble thatvsim increase for the period 2071-2100
compared to the control period 1971-2000 (lowehnt)igAll according to the RCP 4.5
scenario. A: winter (December — February), B: sumfdene — August).
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Figure A9. Ensemble mean minimum winter (Decemtesbruary) temperature ('C) in the
control period 1971-2000 (upper left). Change iseamble mean (°C) for 2071-2100
compared with 1971-2000 (upper right). Standardati®n (°C) for members of the ensemble
for the period 2071-2100 (lower left). Number afiidte scenarios in the ensemble that show
an increase for the period 2071-2100 comparedet@dhntrol period 1971-2000 (lower right).
According to the scenarios RCP 4.5 (A) and RCRAB)5
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Figure A10. Ensemble mean maximum summer (Junegugtyitemperature ("C) in
the control period 1971-2000 (upper left). Changensemble mean (°C) for 2071-
2100 compared with 1971-2000 (upper right). Stashdiviation (°C) for members of
the ensemble for the period 2071-2100 (lower I&ft)mber of climate scenarios in the
ensemble that show an increase for the period 20D0-compared to the control
period 1971-2000 (lower right). According to thesarios RCP 4.5 (A) and RCP 8.5
(B).



T2meanday'

45

W W »
[SEN S BN ]

= N
o o

T2meandayVegStart5(day no)
n
3]

e
o

_

T2meandayVegEnd5(day no)

Number of models
S a N W A OO N 0 ©

T2meandayVegEnd5(day no)

Number of models
O O N W~ OO N 0 ©

T2meandayVegStart5(day no)

Mean 9 models, rcp85, 2071-2100 - ref, ANN

Mean 9 models, rcp85, 2071-2100 - ref, ANN
% o 57

ey RIS

Models increasing cf. ref., rcp85, 2071-2100, ANN

Figure All. A: Ensemble mean start of the vegetgtieriod (day number) in
the control period 1971-2000 (upper left). Changensemble mean (day no.)
for 2071-2100 compared with 1971-2000 (upper rightandard deviation (day
no.) for members of the ensemble for the periodl22I00 (lower left).
Number of climate scenarios in the ensemble thatvsdn increase for the
period 2071-2100 compared to the control periodli®700 (lower right),
according to scenario RCP 8.5. B: same as A, biuhtend of the vegetation

period.
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Figure A12. Difference in precipitation (%) 2071 compared to 1971-2000
in RCA4 forced with 9 different GCMs and the RCAfsemble mean
according to RCP 8.5. The ensemble mean of thdwbsurecipitation
(mm/day), 1971-2000, is shown in the bottom righner. A) winter
(December — February), B) summer (June — August).
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Figure A13. Ensemble mean precipitation (mm/daythacontrol period 1971-2000 (upper
left). Change in ensemble mean (%) for 2071-2100paved with 1971-2000 (upper right).
Standard deviation (mm/day) for members of the e for the period 2071-2100 (lower
left). Number of climate scenarios in the ensentidé show an increase for the period
2071-2100 compared to the control period 1971-Z00Qer right). All according to the
RCP 4.5 scenario. A: winter (December — Febru@ysummer (June — August).
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Figure Al14. Ensemble annual mean maximum dailyipitation (mm) in the control period
1971-2000 (upper left). Change in ensemble mearfd®#@071-2100 compared with 1971-2000
(upper right). Standard deviation (mm) for memhrthe ensemble for the period 2071-2100
(lower left). Number of climate scenarios in thesemble that show an increase for the period
2071-2100 compared to the control period 1971-Z080er right). A: RCP 4.5, B: RCP 8.5.



Reference: Mean 9 models, 1971-2000, ANN Mean 9 models, rcp45, 2071-2100 - ref, ANN
T —

P #77
180 < 30
__160 25
€ Q
£140 < 20
~
€
E 120 2 15
c
2100 g 10
=< 3
g 80 £ 5
s 1
2 60 e 0
o 40 * -5 =
20 10 - ;
s i-m Py
Models increasing cf. ref., rcp45, 2071-2100, ANN
9 " iy
27 x i
8
_ 24
£ w 7
E 21 o)
P g 6
% 18 =
2 “ O
z 15 o
< o) 4
£ 12 8
= £ 3
g 9 2,
3
0
180 30
_.160 25
€ <
£ 140 < 20
€
£120 3 15
=
2100 € 10
bS] &
g 80 e 5
o
s S
2 60 o 0
« 40 B -5
20 -10 . ‘
T
increasin
9 —
27
8
24
[S w 7
£ 21 o
E g
= 18 £ 5
e o
z 15 o
3 g 4
£ 12 3
s 9 g 3
o Z o
3
0

Figure A15. Ensemble annual mean of maximum pretipn amount during seven consecutive
days (mm) in the control period 1971-2000 (upp#}.I€hange in ensemble mean (%) for 2071-
2100 compared with 1971-2000 (upper right). Stamhdi@viation (mm) for members of the
ensemble for the period 2071-2100 (lower left). Niemof climate scenarios in the ensemble
that show an increase for the period 2071-2100 ewetpto the control period 1971-2000 (lower
right). A: RCP 4.5, B: RCP 8.5.
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Figure A16. Ensemble annual mean of number of datysheavy precipitation (no. of days with
precipitation over 10 mm) in the control period 192000 (upper left). Change in ensemble
mean (days) for 2071-2100 compared with 1971-2000€r right). Standard deviation (days)
for members of the ensemble for the period 20710 Idver left). Number of climate scenarios
in the ensemble that show an increase for the ¢p@031-2100 compared to the control period
1971-2000 (lower right). A: RCP 4.5, B: RCP 8.5.
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Figure A17. Ensemble annual mean of number of dggdno. days with precipitation less than
1 mm) in the control period 1971-2000 (upper lefthange in ensemble mean (days) for 2071-
2100 compared with 1971-2000 (upper right). Stamhdi@viation (days) for members of the
ensemble for the period 2071-2100 (lower left). Nbemof climate scenarios in the ensemble
that show an increase for the period 2071-2100 ewetpto the control period 1971-2000 (lower
right). A: RCP 4.5, B: RCP 8.5.



Table Al. Statistical properties in an ensemblegisil GCMs (All), the nine GCMs used by
RCA4 (Ens), four randomly selected ensembles of @&Ms (Rnd1-4) and the down-scaled
RCA4 ensemble (RCA); for mean temperature and pitation (T mean(°C), P mean(%)),
standard deviation of temperature and precipitafiostd(°C), P std(%)) and the correlation
between temperature and precipitation (Corr); fee@&n (SWE), West Continental Europe
(WCE), Iberian Peninsula (IBP) and South East Ee(&EE).

--- SWE ANN RCP85 ---

ATl Ens Rndl  Rnd2 Rnd3  Rnd4 RCA
T mean: 4.86 4.81 4.44 4.95 5.38 4.17 4.58
Tstd: 1.25 0.8 1.63 1.14 1.05 0.47 0.66
P mean: 15.85 17.15 18.82 12.22 17.89 14.91 22.19
Pstd: 7.86 5.22 8.91 4.47 9.00 4.64 5.08
Corr. 0.38 -0.16 0.73 0.19 0.28 0.03 0.55
--- SWE DJF RCP85 ---

ATl Ens Rndl  Rnd2 Rnd3  Rnd4 RCA
T mean: 5.48 5.14 5.15 5.92 6.16 4.67 5.43
Tstd: 1.55 0.61 1.82 1.76 1.06 0.54 0.94
P mean: 23.91 22.95 25.35 18.98 28.42 20.67 23.75
P std : 10.86 6.49 12.96 6.95 13.76 9.03 5.14
Corr. 0.37 -0.22 0.46 0.51 0.02 -0.28 0.23
--- SWE JJA RCP85 ---

ATl Ens Rndl  Rnd2 Rnd3  Rnd4 RCA
T mean: 4.72 4.69 4.12 4.65 5.22 4.02 3.98
T std : 1.45 1.36 1.49 1.19 1.55 1.10 0.81
P mean: 5.54 7.98 9.39 5.69 4.11 10.21 19.82
P std : 16.95 19.59 18.08 12.71 15.57 17.76 12.72
Corr. -0.00 -0.25 0.58 -0.49 -0.11 -0.36 0.35
--- WCE ANN RCP85 ---

A1l Ens Rndl  Rnd2 Rnd3  Rnd4 RCA
T mean: 4.30 4.29 3.87 3.97 4.71 3.58 3.73
Tstd: 1.14 1.02 1.25 1.05 1.33 1.03 0.68
P mean: 1.42 4.00 4.99 1.41 -0.06 1.00 5.41
Pstd: 7.25 6.82 7.24 8.16 4.95 4.80 4.39
Corr. -0.10 0.10 0.19 0.14 -0.08 -0.16 -0.28
--- WCE DJF RCP85 ---

A1l Ens Rndl  Rnd2 Rnd3  Rnd4 RCA
T mean: 3.87 3.73 3.70 3.65 4.07 3.13 3.58
Tstd : 1.04 0.65 1.19 1.20 1.05 0.72 0.57
P mean: 14.02 21.57 15.92 11.36 13.31 17.03 19.89
P std : 10.73 10.22 9.44 10.20 14.04 7.07 7.41
Corr. 0.07 -0.02 0.33 0.38 0.12 0.57 -0.45
--- WCE JJA RCP85 ---

A1l Ens Rndl  Rnd2 Rnd3  Rnd4 RCA
T mean: 5.45 5.51 4.56 4.87 6.25 4.52 4.47
Tstd: 1.93 1.85 1.96 1.65 2.42 1.71 1.15



P mean: -14.96 -18.77
P std : 21.02 22.38
Corr. -0.56 -0.60

--- IBP ANN RCP85 ---

ATl Ens
T mean: 4.68 4.69
Tstd : 1.03 0.82
P mean: -22.75 -22.16
P std : 8.45 8.85
Corr. -0.52 -0.48

--- IBP DIF RCP85 ---

A1l Ens
T mean: 3.36 3.39
Tstd : 0.79 0.53
P mean: -13.86 -14.14
P std : 15.44 13.87
Corr. -0.24 0.03

--- IBP JJA RCP85 ---

A1l Ens
T mean: 6.27 6.34
Tstd : 1.52 1.10
P mean: -33.53 -35.38
P std : 15.78 21.64
Corr. -0.29 -0.60

--- SEE ANN RCP85 ---

A1l Ens
T mean: 4.99 5.12
Tstd : 1.23 1.06
P mean: -8.08 -7.19
Pstd : 8.63 11.00
Corr. -0.21 -0.15

--- SEE DJF RCP85 ---

A1l Ens
T mean: 4.39 4.48
Tstd: 1.13 0.82
P mean: 0.74 6.25
P std : 13.13 13.11
Corr. 0.06 0.38

--- SEE JJA RCP85 ---

ATl Ens
T mean: 6.55 6.72
T std : 1.95 1.79
P mean: -21.39 -22.88
P std : 15.35 18.62
Corr. -0.45 -0.46

-3.24
19.05
-0.41

Rnd1
4.39
1.18
-21.27
10.75
-0.27

Rnd1
3.07
0.84
-11.52
19.99
-0.29

Rnd1
5.91
1.71
-30.80
10.74
-0.25

Rnd1
4.63
1.27
-6.09
7.15
0.07

Rnd1
4.24
1.05
0.23
12.66
0.39

Rnd1
5.86
1.90
-15.45
12.43
-0.29

-9.12
18.86
-0.45

Rnd2
4.27
0.84
-20.81
7.65
-0.43

Rnd2
3.07
0.77
-13.09
10.12
0.13

Rnd2
5.73
1.19
-26.23
13.59
-0.55

Rnd2
4.58
1.05
-6.36
7.12
0.19

Rnd2
4.15
1.34
2.66
11.10
0.15

Rnd2
5.85
1.68
-19.06
12.82
-0.51

-16.42
22.69
-0.48

Rnd3
5.06
1.33
-25.00
8.23
-0.61

Rnd3
3.43
0.91
-15.93
19.13
-0.55

Rnd3
7.05
2.10
-34.84
13.58
-0.17

Rnd3
5.19
1.45
-10.60
9.46
-0.08

Rnd3
4.44
1.25
-1.84
18.26
0.18

Rnd3
7.06
2.48
-23.97
11.63
-0.35

-17.20 -16.51
15.72 14.04
-0.79 -0.63

Rnd4 RCA
4.12  4.37
0.95 0.75

-23.04 -20.29

8.53 7.43
-0.48 -0.60
Rnd4 RCA
2.90 3.09
0.81 0.54

-14.89 -12.56
13.41 8.88
-0.20 -0.03

Rnd4 RCA
5.61 5.71
1.09 0.80

-33.02 -25.29
18.51 18.55
-0.30 -0.80

Rnd4 RCA
4.46 4.31
1.30 0.74
-9.11 -0.80
9.29 5.38
-0.31 -0.32
Rnd4 RCA
3.99 4.11
0.91 0.50
2.95  9.17
11.13  8.02
0.21 0.14
Rnd4 RCA
5.77 5.37
2.03 1.17

-23.78 -10.28
17.41  9.39
-0.54 -0.46



--- GBR ANN RCP85 ---

T mean:
T std :
P mean:
P std :

Corr.

ATl
3.52
0.66
-0.62
4.91
0.25

Ens
3.67
0.65
-1.85
4.98
-0.09

--- GBR DJF RCP85 ---

T mean:
T std :
P mean:
P std :

Corr.

A1l

3.33
0.57
0.84
5.69
0.56

Ens
3.45
0.58
-0.58
4.53
0.74

--- GBR JJA RCP85 ---

T mean:
T std :
P mean:
P std :

Corr.

A1l
3.72
0.74
-3.48
6.46
-0.09

Ens
3.88
0.69
-5.92
7.20
-0.49

--- EUR ANN RCP85 ---

T mean:
T std :
P mean:
P std :

Corr.

A1l

4.82
0.98
1.38
4.32
0.38

Ens

4.92
0.80
1.83
4.79
0.29

--- EUR DJF RCP85 ---

T mean:
T std :
P mean:
P std :

Corr.

A1l

4.65
0.82
7.07
5.27
0.51

Ens

4.67
0.64
7.54
6.01
0.65

--- EUR JJA RCP85 ---

T mean:
T std :
P mean:
P std :

Corr.

ATl

5.31

1.27
-8.69
10.97
-0.14

Ens

5.45

1.16
-9.00
10.28
-0.46

Rnd1
3.30
0.63
0.45
5.80
0.44

Rnd1
3.16
0.55
0.80
7.90
0.62

Rnd1
3.46
0.70
-1.42
6.49
0.27

Rnd1
4.48
1.07
1.68
5.63
0.69

Rnd1
4.32
0.79
5.08
5.96
0.47

Rnd1
4.91
1.27
-5.90
11.91
0.31

Rnd2
3.25
0.53
-0.77
3.90
0.41

Rnd2
3.13
0.50
0.37
3.85
0.54

Rnd2
3.40
0.60
-3.24
4.46
0.18

Rnd2
4.58
0.87
0.95
3.28
0.30

Rnd2
4.63
0.86
6.08
5.32
0.45

Rnd2
4.90
1.08
-6.52
10.25
-0.25

Rnd3
3.68
0.80
-1.16
6.56
-0.03

Rnd3
3.45
0.66
2.72
5.44
0.55

Rnd3
3.95
0.95
-5.47
9.75
-0.28

Rnd3
5.12
1.22
2.25
4.50
0.57

Rnd3
4.90
0.93
8.08
7.24
0.42

Rnd3
5.73
1.66
-7.99
11.69
0.00

Rnd4
3.19
0.74
-2.64
2.84
0.76

Rnd4
3.03
0.68
-2.36
4.05
0.74

Rnd4
3.38
0.78
-5.47
3.20
0.09

Rnd4
4.32
0.85
0.55
4.03
-0.07

Rnd4
4.31
0.71
6.52
4.70
0.72

Rnd4
4.68
1.15
-8.73
8.89
-0.76

RCA
3.80
0.64

-8.44
4.91

-0.12

RCA
3.24
0.49

-0.21
5.83
0.09

RCA
4.35
0.71

-19.34
13.21
-0.28

RCA
4.08
0.65
4.17
2.64
0.57

RCA
4.16
0.55
6.21
3.57
0.59

RCA
4.25
0.85

-0.00
5.22
0.04
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