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Abstract. Large multiscenario multimodel ensembles (MMES) of regional climate model (RCM) experiments
driven by global climate models (GCMs) are made available worldwide and aim at providing robust estimates
of climate changes and associated uncertainties. Due to many missing combinations of emission scenarios and
climate models leading to sparse scenario—-GCM—-RCM matrices, these large ensembles, however, are very un-
balanced, which makes uncertainty analyses impossible with standard approaches. In this paper, the uncertainty|
assessment is carried out by applying an advanced statistical approach, called QUALYPSO, to a very large en-
semble of 87 EURO-CORDEX climate projections, the largest MME based on regional climate models ever
produced in Europe. This analysis provides a detailed description of this MME, including (i) balanced estimates
of mean changes for near-surface temperature and precipitation in Europe, (ii) the total uncertainty of projections
and its partition as a function of time, and (iii) the list of the most important contributors to the model uncertainty.
For changes in total precipitation and mean temperature in winter (DJF) and summer (JJA), the uncertainty due
to RCMs can be as large as the uncertainty due to GCMs at the end of the century (2071-2099). Both uncertainty
sources are mainly due to a small number of individual models clearly identi ed. Due to the highly unbalanced
character of the MME, mean estimated changes can drastically differ from standard average estimates based on
the raw ensemble of opportunity. For the RCP4.5 emission scenario in central—eastern Europe for instance, the
difference between balanced and direct estimates is up t@dd@ summer temperature changes and up to 20 %
for summer precipitation changes at the end of the century.

1 Introduction (Herrmann et al., 2011; Giorgi and Gutowski, 2015; Rum-

mukainen, 2016; Fantini et al., 2018), particularly in moun-
Climate change studies usually rely on multiscenario mul-tainous and complex coastline areas, as well as for local win
timodel multimember ensembles (MMES) of transient cli- systems and extreme precipitation events.
mate projections. Large MMEs are now available and ex- The European part of the COordinated Regional Downj
ploited to assess mean changes and related uncertaintiescaling EXperiment (EURO-CORDEX) has led to a very
Among these MMEs, many dynamical downscaled ensemiarge MME at 0.11 horizontal resolution, which is so far the
bles rely on regional climate models (RCMs), which are usedargest ensemble ever produced with regional climate mod
to downscale global climate model (GCM) projection simu- els (Jacob et al., 2014; Kotlarski et al., 2014; Coppola et al.
lations for a given set of scenarios. The added value of re2020; Vautard et al., 2020). As a result of this long-standing
gional projections has been demonstrated in many studiesffort of the regional climate modeling community, strength-
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1544 G. Evin et al.: Balanced estimate and uncertainty assessment of EURO-CORDEX climate projections

ened estimates of future meteorological changes at regiondaensen and Kjellstrom (2020), for instance, a nearly full sub-
scales can be assessed over Europe, and possible impactsmoétrix of 19 EURO-CORDEX experiments, made of 8
future climate change can be explored at high resolutionGCM—-RCM combinations available for RCP8.5, has been
The EURO-CORDEX ensemble also allows disentanglingconsidered. The other model combinations and scenarios
the different uncertainty sources in projections, namely un-were thus disregarded. Subsampling MMEs obviously leads
certainties due to the emission scenario, model diversity, ando a dramatic waste of information (only 20 % of available
natural climate variability (Déqué et al., 2007; Hawkins and chains were considered in the previous example) and under-
Sutton, 2009; Déqué et al., 2012). For regional projectionsrepresentative estimates.
model uncertainty combines GCM uncertainty (for the same A correct uncertainty assessment of unbalanced MMEs
radiative forcing, different GCMs produce different forced is not straightforward, but a few works have been proposed
responses) and RCM uncertainty (different RCMs forced byin the last years to tackle this challenging “incompleteness”
the same GCM produce different regional responses). Asssue. Northrop and Chandler (2014) propose a random-
such, the EURO-CORDEX ensemble provides a good op-effects ANOVA model which considers the MME to be a
portunity to estimate the relative contributions of GCMs and sample of a wider population. Other approaches make use
RCMs to model uncertainty and thus to identify the largestof data reconstruction or augmentation techniques (Déqué
uncertainty sources and where modeling forces could best al., 2007, 2012; Evin et al., 2019). In the present paper,
preferentially allocated in the coming years. QUALYPSO, an advanced statistical approach presented in
The statistical treatment of large MMEs is challenging for Evin et al. (2019), is applied to EURO-CORDEX projections
different reasons, and MMEs composed of EURO-CORDEXin order to estimate the mean changes in winter—summer
climate projections are no exception. Some GCMs are overtemperature and precipitation over Europe. QUALYPSO ap-
represented, with a few GCMs being selected by almosiplies the “time series” approach (Hawkins and Sutton, 2009;
all regional climate modeling groups, while other GCMs Hingray and Said, 2014), which consists of separating the
are used for a few experiments only. A similar con gura- forced climate response from the internal variability using a
tion is found for RCMs. If a few RCMs are used to down- trend model. Hingray et al. (2019) show that the precision
scale a large number of GCMs, most RCMs will be applied of all uncertainty estimates is higher with this approach than
to small (and often different) GCM subsets. The same ap-with the “single time” approach (Yip et al., 2011), i.e., when
plies for emission scenarios. There are about 2 times morenultiple members are used and exploited to assess the dif-
GCM-RCM chains produced for RCP8.5 than for RCP4.5ferent uncertainties for each future time window. We also es-
and RCP2.6. timate the related total uncertainty, the different sources of
The unbalanced nature of the EURO-CORDEX ensem-uncertainties, and the individual contribution of each climate
ble and of all MMEs in general is obviously a side ef- model (GCMs and RCMs) to their corresponding uncertain-
fect of the very large computational efforts needed toties. In contrast to many previous studies, a large MME of
produce high-resolution simulations. As a consequence87 EURO-CORDEX experiments is analyzed, and all uncer-
RCP GCM RCM matrices of MMEs are always very tainty sources associated with the ensemble are considered:
incomplete, with missing experiments for many different scenario uncertainty, GCM uncertainty, RCM uncertainty,
RCP-GCM-RCM combinations. In the EURO-CORDEX climate internal variability, and the uncertainty related to the
MME considered in this study, for instance, 13 RCMs havedifferent interactions (RCM-GCM, RCM-scenario, GCM—
been used to downscale projections of 9 CMIP5 GCMsscenario).
for 3 RCP scenarios. From the 30 13D 351 possible The objectives of this paper are thus threefold. For the
RCP-GCM-RCM combinations, only 87 were available in largest MME based on regional climate models ever pro-
August 2020. This number is continuously increasing, butduced, the aim is to

the matrix of possible RCP—GCM-RCM combinations will ) ) ) S
never |l up entirely. — provide robust estimates of climate precipitation and

Due to the incomplete nature of MMEs, uncertainty anal- temperature changes at high resolution in Europe for the
yses cannot be performed with standard analysis of variance ~ Next decades,
(ANOVA) approaches. However, this incompleteness issue is
usually ignored, and mean climate changes are typically esti-
mated by the average of available projections (Jacob et al.,
2014; Kjellstrém et al., 2018; Coppola et al., 2020; Vau-  _ jdentify the individual climate models which contribute
tard et al., 2020), while Evin et al. (2019) demonstrate that e most to model uncertainty.
it can lead to incorrect estimates of the mean changes and
of the different uncertainty sources. As an alternative so-It is important to underline that, as in almost all previous cli-
lution, other studies subsample the MME to obtain a bal-mate impacts analyses, all the analyses and results are con-
anced subset of available chains (Tramblay and Somot, 2018jitional on the available ensemble of opportunity. Other es-
Christensen and Kjellstrom, 2020). In the analysis of Chris-timates of mean changes and uncertainty components would

— provide a robust estimate of total uncertainty and of its
different components, and
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be obtained with a different MME. The term “robust” indi- on the multi-annual climate change signal. As a consequenc
cates that, for the same set of scenarios and climate modelfllowing Vautard et al. (2020), this study considers all the
results are expected to be only slightly sensitive to the availtuns obtained with the CNRM-CM5 CMIP5 model. Other
able RCP—GCM-RCM experiments. In other words, anothetknown issues in EURO-CORDEX simulations can be found

set of experiments and combinations produced with the saman the corresponding errata page (https://www.euro-cordex.

scenarios and climate models would be expected to give simnet/078730/index.php.en, last access: 17 December 2021).
ilar estimates of mean changes and uncertainty components.

The use of the term robust here must not be confused withy  siatistical assessment of mean changes and

the notion of statistical robustness, which aims at providing uncertainty sources

estimates that are less sensitive to outliers or departures from

standard assumptions (e.g., normality). Mean changes and associated uncertainty components f
Section 2 presents the MME composed of EURO-the available MME are estimated with the QUALYPSO
CORDEX climate projections used in this study. Section 3approach described in Evin et al. (2019). Scenario an
describes the methodology proposed for estimating meamnodel uncertainties are obtained with a xed-effects anal
projected changes and partitioning climate change uncertairysis of variance (ANOVA) applied to the ensemble of cli-
ties. Sections 4 and 5 show mean changes and related uncefrate change responses estimated for the different chains. T
tainties for illustrative regions and for all of Europe, respec-time evolution of the forced climate response of any given
tively. In Sects. 6 and 7, we focus on the contributions of thechain is assumed to be gradual and smooth, with the highe
main sources of uncertainty and the individual climate mod-frequency variations of the time series being attributed to in
els. Section 8 discusses these results. Section 9 concludes.ternal variability of the studied variable (the so-called quasii
ergodicity assumption; see Hingray and Said, 2014). Th

forced response of a particular simulation chain for a givern

2 EURO-CORDEX climate projections emission scenario is thus considered to correspond to th
long-term trend of the climate projections. In order to as-

This study exploits the outputs of the EURO-CORDEX ini- sess mean changes and related uncertainties in incomple
tiative (Jacob et al., 2014, 2020), which is composed of cli-MMEs, the QUALYPSO approach applies a data augmenta
mate experiments obtained from 13 RCMs forced over Eu-jon technique which consists of simulating missing climate

rope by 9 CMIP5 GCMs (Taylor et al., 2011) for the histori- change responses according to the additive ANOVA model.

cal, RCP2.6, RCP4.5, and RCP8.5 emission scenarios (Mossor a detailed description of the QUALYPSO method, we re-
et al., 2010). Most historical runs cover the period 1950—fer to Evin et al. (2019) and to Sect. S2 in the Supplement

2005, and runs obtained with the different RCPs cover theThe different steps are illustrated in Fig. 1. They can be sum
period 2006—-2099. Table 1 lists the 87 RCP-GCM-RCM marized as follows.

modeling chains available in August 2020 that are used in the ) _

present study (see also the full characteristics of the scenar- — Forced climate respons&he forced climate response
ios in Table S1 in the Supplement). A total of 21 chains have ijik (t) for RCM i, GCM j, and emission scenario
been obtained with the RCP2.6, 19 with the RCP4.5, and 47 K at time (yeant is estimated for each of the 87
with the RCP8.5. For each chain, time series of mean temper- ~ @vailable climate simulation;; (t) by tting a trend
ature and total precipitation aggregated at seasonal (DJF and model using a cubic smoothing spline (implemented

JJA) scales, averaged over 30-year moving windows, andata Py the functionsmooth.spline in R software; R,
0.11 resolution (which corresponds to 424412D 174688 2017). High smoothing parametespgr argument of
grid points) have been extracted. smooth.spline  equals 1.1 for temperature and 1 for
Note that we consider REMO2009 and REMO2015 to be precipitation) are chosen in order to avoid including de-
only one RCM but both versions of ALADIN and CCLM cennial variability into these tted forced responses (se€

to be different RCMs as advised by Vautard et al. (2020).  Fig. 1aand b for an illustration).
An error has been detected in the atmosphere lateral bound- _
ary condition les initially provided for the simulation his-
torical_r1ilpl of the CNRM-CM5 CMIP5 model. The at-
mosphere data at the 6-hourly frequency on the model level
(6hLev) used for driving the regional climate models do not
come from the member rlilpl, whereas the sea surface tem-
perature (SST) does. The RCMs ALADIN53, CCLM4-8-

Climate change respons€he climate change response
2K (t) of any given scenario-GCM—-RCM chain corre-
sponds to the anomaly of the forced response between
future period and the 1981-2010 reference period. Ab
solute changes are considered for temperature and rel

tive changes for precipitation (Fig. 1c).

17, RCA, REMO, and ALARO-0 use the erroneous CNRM-  — Balanced estimates of the main ANOVA effects usin
CM5 lateral boundary conditions, whereas the RCMs AL- data augmentationn QUALYPSO, the climate change

ADIN63, RACMO22E, HIRHAM5, and WRF381P use the response of a given simulation chain (a given emission
corrected version. This error likely has no signi cant effect scenario, GCM, RCM combination) is expressed as thg
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Table 1. Combination of available GCM and RCM pairs with the scenarios RCP2,6RCP4.5 C), and RCP8.5 ().

RCM-GCM CanESM2 CCNI\?QA EAEFSTH HadEGsEM2 CI\LIZiI-_N_IR MIROCS El\gpl\/ll-_LR NorEI\?Ml EGsFMDzLG
REMO ®
CCLM4-8-17 ® ®
ALADIN63 ®

RACMO22E ® ® ®

HIRHAMS

WRF381P

RCA4 ® ® ®
WRF361H

RegCM4-6

COSMO-CLIM

ALARO-0 ®

ALADIN53 ®

HadREM3-GA7

sum of the grand ensemble mean, with the main ef-
fects corresponding to the considered GCMs, RCMs,
and emission scenarios, and a residual term, i.e.,

kD (H)C iMC jMOC k®C ik ) (1)
where

— (t) is the ensemble mean climate change response
that would be obtained for a complete MME.

— i(t), j(), and (t) are the main effects corre-
sponding to the RCN, GCMj , and emission sce-
nario k, respectively, for the time. They corre-
spond to the deviations from the ensemble mean
climate change responsét) (see illustration of the
main scenario effectx(t) in Fig. 1d).

- gk D g ® @) i) ) k)is
a residual term which represents the part of the cli-
mate change response that cannot be explained by
the sum of the ensemble mean and the main ef-
fects. These residual termg;., (t) potentially in-
clude different interactions between models and/or
scenarios. The numerous interaction terms being
impossible to estimate using the QUALYPSO ap-
proach, they are further decomposed using an ad
hoc method in order to estimate three types of in-
teractions between models and/or scenarios: RCM—
GCM, RCM-RCP, and GCM-RCP (see Sect. S2.4
in the Supplement).

The QUALYPSO approach (Evin et al., 2019) consists
of estimating the different terms of Eq. (1) (grand mean

Earth Syst. Dynam., 12, 1543-1569, 2021

(t) and the main effects;(t), j(t), and (t)) using

a Bayesian framework and data augmentation. Missing
climate projections are part of the inference, and the
posterior distributions of all unknown quantities (grand
mean, main effects, and missing climate projections)
are sampled sequentially using the Gibbs algorithm. In
particular, following the so-called data augmentation
method, missing climate projections are simulated di-
rectly from Eq. (1), assuming that they follow the same
ANOVA decomposition as available chains. These sim-
ulated MME experiments contribute to the estimation
of the different quantities so that balanced estimates of
all quantities (i.e., the grand ensemble mean, the main
effects, the uncertainty components) are obtained. For
example, the (t) estimate is obtained as the mean of
the 351 climate change responses (available and sim-
ulated) corresponding to all RCP—~-GCM-RCM combi-
nations that would be possible with the speci ¢ set of
emission scenarios, GCMs, and RCMs considered in the
available ensemble (Fig. 1c).

— Internal variability. Internal variability of a modeling

chain at a given time typically refers to the variance of
all realizations that could be obtained with that chain at
that time from multiple runs. In this study, it is estimated
as the (temporal) variance of 30-year average deviations
ik (t) from the estimated climate change response of
the chain (see Eq. S10 in the Supplement), and the in-
ternal variability estimate of the MME is estimated as

https://doi.org/10.5194/esd-12-1543-2021
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the multichain mean. It is thus assumed to be constanthat implement the different steps described above, process
over time. the outputs, and provide a suite of plotting tools. A detailed

) ) ) ] description of the package and its features is available in its
— Uncertainty component3.he dispersion (variance) be- accompanying documentation.

tween the main effects obtained for the different GCMs, | the following, we quantify mean changes and uncer-
the different RCMs, and the three RCP scenarios givesainty sources for each grid cell of the EURO-CORDEX
an estimate of the GCM uncertainty, the RCM un- gomain. Applications are done on 30-year moving aver
certainty, and the scenario uncertainty, respectivelyages of mean temperature and total precipitation aggregated
(Fig. 1d).S|r_n|IarIy, the variance between the interaction fo; the summer (JJA) and winter (DJF) seasons. In this
effects provides the uncertainty related to RCM-GCM, sydy, internal variability can thus be interpreted as the low
RCM-RCP, and GCM-RCP interactions. The residual frequency variability of the climate. It does not include the
variability corresponds to the part of the total variance pigh-frequency interannual variability. In addition, we as-
which cannot be attributed to the other sources of Un-gess the “signi cance” of changes for each RCP scenario
certainty (i.e., related to the main effects, the different by comparing the mean climate change responsg BM
interactions, or internal variability). the scenario-excluded uncertainty BU. The term signi cancd

In addition, QUALYPSO provides, for the MME consid- should not be interpreted here as a result of a proper statistj-

ered, estimates of different quantities, among which are thecal.teSt' Howevef’ an absolute E%NBU ratio greater than. L
following. indicates a certain level of consistency between the climat

models so that the signal provided by the estimated mean cl

— BM (balanced mean change respondéje “balanced”  mate change response RN4 considered clear enough to be
mean climate change response for each RCP scenariiterpreted (see, e.g., Christensen et al., 2019; Matte et a|.
k (“long-term” anthropogenic signal) is the sum of the 2019). In addition, 90 % Gaussian con dence intervals arg
balanced mean change response of the whole MMEUSed as a descriptive tool (i.e., intervals are shoBMy
dt), and the main effect of that scenakip Q(t) (see 1:645BU; BMi  1:645BU]). Finally, it must be noted that
Eq. S3in the Supplement). the scenario-excluded uncertainty BU includes the naturg|
and irreducible climate variability (internal variability) and
— Balanced total varianceThe total variance in pro- represents not only the agreement between the climate mog-
jections for the whole ensemble is the sum of the g|s.
variances corresponding to scenario uncertainty, GCM
and RCM uncertainties, RCM-GCM, RCM-RCP, and
GCM-RCP interaction uncertainties, residual variabil- 4 Mean changes and related uncertainties for
ity, and internal variability; see Eq. (S4) in the Supple- illustrative regions
ment.

11

We rst provide a general description of the mean changes
and related uncertainties of mean temperature and total pr
e(r:ipitation in winter and summer, averaged over three large
. ) egions (land and sea points) considered in the IPCC SRE
Eq. 59_|n the Supplement) and is the same forthg thre eport (Seneviratne et al., 2012), namely northern Europ
scenarios (see Sect. 8 for further discussion of this I'm'(NEU), central Europe (CEU), and southern Europe and th
itation). Mediterranean (MED) (Fig. 2), with more interpretations be-

— Lastly, the relative contribution of the different uncer- ing Provided in the following sections. L
tainty sources to the total variance and the contribution Méan changes and related uncertainties are provided in Ta-

of each individual GCM (RCM) to the GCM (RCM) bles 2-5 fortemperatgre _and prgcipitation changes i.n winter
uncertainty are provided. and summer (respective illustrations are shown in Figs. S2
S4 in the Supplement). For both temperature and precipitg-
For each scenario, the balanced mean change response dimn, the largest mean changes are obtained with the scenaﬂjio
tained from QUALYPSO, BN, results from a proper treat- RCP8.5. With this scenario, a steady warming is projecte
ment of missing RCP-GCM—-RCM combinations and can bethroughout the 21st century of up to aroundCfor the last
opposed to the direct estimate of the mean change respon&®-year period (2071-2099) and for both seasons (Tables|2
1

— BU (balanced uncertainty)The scenario-excluded un-
certainty is the standard deviation of the total variance
without the uncertainty associated with the scenario (se

O~ X D¢

My taken as the direct average of the raw climate change reand 4 and corresponding Figs. S1 and S3). In winter and wit
sponses (anomalies between future and reference periods).the scenario RCP85, NEU and CEU warm substantially mors

The QUALYPSO approach is accessible through the Rthan the MED area, likely due to the Arctic warming ampli-
packageQUALYPSQavailable at the CRAN repository at cation and the regional snow—albedo positive feedback. In
https://CRAN.R-project.org/package=QUALYPSO (last ac- summer, with the RCP8.5, the projected warming is slightly
cess: 17 December 2021). The package includes functionsiore intense than in winter for the CEU (by about @C3

https://doi.org/10.5194/esd-12-1543-2021 Earth Syst. Dynam., 12, 1543-1569, 2021
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Figure 1. lllustration of the QUALYPSO approach for the MME corresponding to the Mediterranean region (see MED region in Fig. 2 below)
in winter for 30-year averages of temperatur€). (a) “Raw” climate projections;j;k (t). (b) Climate responses;;:k (t). (c) Available
climate change responses; (t) (plain lines) and illustration of missing climate change responses (dashed (eeBlustration of the
ANOVA for RCP main effects. The main RCP effectgt), »(t), and 3(t) represent the deviations from the ensemble mean climate change
response (t) for the emission scenarios RCP8.5, RCP4.5, and RCP2.6, respectively. The dispersion (variance) hétyvee(t), and

3(t) provides an estimate of the scenario uncertainty.

and MED regions (by 1.3C) and more moderate in NEU creases due to the larger variability at the end of the cen-
(by 0.4 C) at the end of the century. For summer precipita- tury. This moderate contribution can also be explained by the
tion, an important decrease can be noticed in the MED regiorfact that internal variability is obtained from 30-year aver-
(mean change of 28 %), with a rather large uncertainty (BU ages of seasonal temperature and precipitation values here.
equals 17 %). More comparisons of the mean changes to thA larger contribution of internal variability for smaller tem-
corresponding uncertainties are provided in Sect. S3 in theoral aggregation scales is illustrated in Figs. S5 and S6 in
Supplement. the Supplement using 1-year, 10-year, and 30-year aggrega-
Figure 3 presents the contribution of the different uncer-tion scales for the three SREX regions in winter. At an annual
tainty components to the total variance as a function of timetimescale, the contribution of internal variability for relative
for the three regions. For winter temperature (tas/DJF), whilechanges in precipitation in winter is up to 80 % of the total
scenario uncertainty is dominant in the MED and CEU re-variance in the Mediterranean region in 2100 (Fig. S6). For
gions at the end of the century (73 % and 66 %, respectivelyfemperature, the contribution is smaller but reaches 40% in
see Table 2), itis close to the GCM uncertainty in NEU (45 % CEU at an annual timescale in 2100 (Fig. S5).
and 48 % for GCM and RCP uncertainty, respectively). For Except for summer precipitation, the contribution of the
winter precipitation (pr/DJF), GCM and scenario uncertain- different interactions and of the residual variability is moder-
ties are similar in the MED and NEU regions at the end of theate, especially for temperature changes. For these cases, the
century and exceed RCM uncertainty, especially in the MEDclimate change response of each chain is thus adequately rep-
region. In NEU and CEU, RCM uncertainty is not negligible resented by a simple additive combination of the main effects
and can reach two-thirds of GCM uncertainty. In summer, (scenario, GCM, and RCM). For summer precipitation, inter-
conclusions are globally similar. However, for summer pre- actions between the GCM and RCM are not negligible, espe-
cipitation (pr/JJA), RCM uncertainty exceeds GCM uncer- cially in CEU, and RCP-GCM uncertainty is greater than the
tainty in NEU at the end of the century and contributes 30 %residual variability in the three regions.
of the total variance in CEU. Tables S2—-S9 in the Supplement provide the same quanti-
For both variables, with internal variability being consid- tative results for all the countries of the domain for absolute
ered constant over time, its contribution to the total vari- temperature and relative precipitation changes in winter and
ability dominates during the rst decades and rapidly de- summer for the near future (2021-2050) and at the end of
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Table 2. Balanced mean change response it each RCP scenario, scenario-excluded uncertainty BU, and partition of the total variance
for three illustrative regions for absolute changes in mean temperature in winter (DJF) for two future periods compared to the period [L981—
2010. 11, 12, and 13 refer to RCM-GCM, RCM—-RCP, and GCM—-RCP interactions, respectively. IV and RV refer to internal and residual
variability, respectively. Absolute mean changes greater than the unceri@mMy<BUj > 1) are indicated in bold font. 90 % con dence
intervals can be obtained with the expressBMy 1:645BU, BM  1:645BWJ

BMy and BU ( C) \ % Total variance
RCP BU \ Main effects | Inter. |

26 45 85 | RCM GCM RCP|11 12 I3 ]IV RV
2021-2050
NEU 10 12 16 05 8 66 17| 3 0 2| 4 1
CEU 09 11 14 03 9 3 27| 5 1 5|15 3
MED 08 09 12 02 5 51 32| 1 0 4| 6 1
2071-2099
NEU 12 24 38 11 3 45 48| 1 0 2| 1 0
CEU 1.1 22 38 08 5 21 66| 1 1 4| 1 1
MED 11 18 31 05 2 23 73/ 0 0 1| 1 o0

Table 3. Same as Table 2 for relative changes in total precipitation in winter (DJF).

BMy and BU (%) \ % Total variance
RCP BU \ Main effects \ Inter. \

26 45 85 | RCM GCM RCP|I11 12 I3|IV RV
2021-2050
NEU 1 3 4 3 24 43 11| 3 1 3| 14 2
CEU 3 4 6 3 15 33 13| 1 1 3| 34 1
MED 0 2 3 3 8 27 22| 3 0 4] 33 3
2071-2099
NEU 2 6 11 6 23 40 26| 2 1 3 3 1
CEU 6 8 15 6 21 29 31| 2 1 4 9 3
MED 2 5 9 6 7 36 37| 4 1 7 6 3

the century (2071-2099). Tables S10-S17 in the Supplememhent on the spatial variability of the main contributions to
report the same summary for all capital cities of the domain.the total variance.

At the scale of the countries, the projected warming for As illustrated by Hawkins and Sutton (2009) and other
the period 2071-2099 in winter (Table S3 in the Supplement)studies, the relative contributions of the different uncertainty
varies between 0.4 and 1.@ for RCP2.6, between 1.2 and sources depend on the temporal and spatial scales considefed
3.6 C for RCP4.5, and between 2.2 and 5C7for RCP8.5.  for the analysis. Internal variability is, for instance, known to
The largest changes are obtained for Scandinavian countrigacrease at smaller spatial and temporal scales. Here, loo
(Finland, Norway). For most countries, the mean precipita-ing at the precipitation changes in winter in 2071-2099 for
tion change in winter at the end of the century (Table S5 inthe countries (Table S5 in the Supplement) and the capita
the Supplement) for RCP2.6 is moderate compared to th€Table S13 in the Supplement), the uncertainty BU increase
uncertainty, with the absolute response-to-uncertainty ratidrom 6 % and 10 % for France and Greece, respectively, t
jBM=BUj being less than 1. The estimated mean change® % and 16 % for their capitals Paris and Athens, respec
are stronger for RCP4.5. For RCP8.5, a clear increase is edively. The same kind of increase can be observed for th
timated for countries in northern and central Europe, andinternal variability of precipitation changes. For example, for
a clear decrease is estimated in the south of Europe (e.gprecipitation changes in winter, the square root of the inter
Cyprus, Morocco, Tunisia). The next section will detail the nal variability increases from 2.6 % and 3.3 % for France ang
spatial variability of these changes, and in Sect. 6 we com-Greece to 3.1 % and 4.9 % for Paris and Athens, respectively.

T O O

1”2
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Table 4. Same as Table 2 for absolute changes in mean temperature in summer (JJA).

BMy and BU ( C) \ % Total variance
RCP BU \ Main effects \ Inter. |

26 45 85 ‘ RCM GCM RCP ‘ 11 12 13 ‘ IV RV
2021-2050
NEU 09 11 13 03 6 61 25| 1 0 1 5 0
CEU 10 12 15 05 26 52 13| 3 0 1 3 1
MED 11 13 16 04 5 62 29| 1 0 1 2 0
2071-2099
NEU 12 21 34 06 3 28 66| 0 0 1 0 0
CEU 15 24 41 10 21 22 53| 1 1 1 0 1

MED 15 25 44 07 2 22 74, 0 0 1| O 0

Table 5. Same as Table 2 for relative changes in total precipitation in summer (JJA).

BM\ and BU (%) \ % Total variance
RCP BU \ Main effects \ Inter. \

26 45 85 | RCM GCM RCP| 11 12 13| IV RV
2021-2050
NEU 1 2 2 3 35 35 3] 6 1 4] 13 4
CEU 1 2 3 6 28 40 1112 1 2|11 5
MED 2 8 11 9 14 50 14 5 1 4 9 3
2071-2099
NEU 1 4 5 7 38 34 5| 7 2 6 3 5
CEU 3 6 8 13 30 46 3110 2 3| 2 5
MED 4 16 28 17 15 43 24| 5 1 5| 2 4

5 Spatial variability of mean changes and related If we now look at the end of the century (Fig. 5), esti-
uncertainty mated mean warming varies from 0 to@ for RCP2.6, from

2to4 Cfor RCP4.5, and from 4 to 5.% for RCP8.5. With

the RCP8.5, the strongest increases (by more th&) are
Figures 4 and 5 show the estimated mean climate change réa the northeast of Europe (Scandinavia, Russia) in winter
sponse BM of temperature and precipitation obtained for and in the south in summer (land areas around the Mediter-
the periods 2021-2050 and 2071-2099, respectively, for theanean sea). Higher warming rates are noticeable in winter
three RCP scenarios and for both winter and summer seawith the RCP8.5 for some mountain ranges (Alps, Pyrenees,
sons. Only areas where the response stands out from the uGarpathian, Atlas, part of Turkey). In summer, under the
certainty {(BMg=BUj > 1) are shown. RCP8.5 hypothesis, an attenuated warming can be noticed

For the near future (Fig. 4), as expected, estimated temperalong the coastlines of France, Spain, and southern Mediter-

ature changes are quite similar between the scenarios, withanean countries, probably related to sea breezes and the
the warming being slightly more intense with the RCP8.5 land—sea warming contrast (Dong et al., 2009).
(between 0.5 and Z) than with RCP2.6 and RCP4.5 (be-  For precipitation, at the end of the century, only mild
tween 0 and 1.5C). For the period 2021-2050, regions changes in a few regions can be noticed for the scenario
where projected precipitation changes are more importanRCP2.6 (e.g., around the Alps in winter). With the RCP4.5,
than the uncertainty are mostly obtained with the RCP8.54a slight increase (between 5% and 15 %) is projected in the
with an increase between 5% and 15 % in the north of Eu-north of Europe in winter and some decreases are projected
rope in winter, a decrease between 5% and 35 % in Moroccdor small areas (e.g., around Morocco in winter, in Portugal,
and Algeria in winter, and a decrease between 5% and 15 %orth of Spain, west of France, and Turkey in summer). With
in summer over the west of Europe (Portugal, Ireland).
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the local-scale climate change pattern, especially in precipi
tation (see also the pioneering study by Gao et al., 2006).

Figure 6 presents the scenario-excluded uncertainty BU i
projections by the end of the century. For temperature, thi
uncertainty varies between 0.4 andQ It is larger in the
northeast of Europe in winter where it can reach up t€2
and over the continental part of eastern Europe in summey.
Over the sea, the uncertainty is strong in the Norwegian Sea
in the north and east of the Baltic Sea, and in the Aegean and
Adriatic seas in summer, pointing out the role of the ocean
component of the driving GCMs through the change in sed
ice cover and sea surface temperature.

For precipitation, the scenario-excluded uncertainty is les
than 15 %-20 % almost everywhere in winter and less tha
20%—-25% in summer. The largest values are obtained i
North Africa, the Norwegian Sea, and the Arctic Ocean in
winter. In summer, high values are found over the Mediter-
ranean, the Black and Baltic seas, in North Africa, and thd
Mediterranean climate zones in Italy, France, Spain, Turkey,
and the Mediterranean islands.

=}

o

-

s e R v

6 Main contributions to the total variance

) . . . Figure 7 shows the contribution of RCM, GCM, scenario un-
Figure 2. Regions considered in the analyses. The three COloredt:ertainties, and internal variability to the total variance for the|
regions are taken from the IPCC SREX report (Seneviratne et al. .

2012). hear future (penoq 2021-2050). qu tempgrature change
GCM uncertainty is clearly the main contributor for both
seasons, with more than 50 % on oceans and seas. The sec-
ond main contributor is the scenario uncertainty in the west
and south of Europe in winter and in the south and north o

the RCP2.6 and RCP4.5, estimated changes are thus usualBurope in summer for 25% to 50 % of the total variance.
moderate in comparison of the uncertainty. With the RCP8.5RCM uncertainty is also important in summer over central
however, and in accordance with Coppola et al. (2020), thisand eastern Europe. In contrast to temperature, for precipita-
well-established bipolar pattern is stronger in both seasongjon changes, the contribution of internal variability is large
with an increase in precipitation in the north of Europe (with for the near future and exceeds 25 % in many regions, espg-
areas higher thaw35 % in winter) and a decrease in the cially in winter. For this temporal horizon, internal variabil-
south (with areas lower than35 % in both seasons). The ity is therefore an important component. The contributions of
demarcation between regions with decreasing or increasingCMs and RCMs exhibit some clear patterns that are even
precipitation trends (in white) shifts northwards in summer more contrasting at the end of the century (see below).

and southwards in winter. In France and in the UK, decreases Figure 8 presents the different contributions to the tota

are thus projected in summer, and increases are projectedhriance at the end of the century. For temperature, sce

in winter. We can also notice that the decrease in precipitanario uncertainty is by far the most important contributor. Its
tion in summer with the RCP8.5 scenario over most of thecontribution exceeds 50 % almost everywhere, except in th

Mediterranean islands (Majorca, Corsica, Sardinia, Sicily,northeast of Europe and over the Norwegian Sea in winter, &

Crete, Rhodos, Cyprus) is stronger than for the surroundwell as over central Europe in summer. The other main con

ing sea areas. This speci c local climate change informa-tribution comes from the GCM uncertainty, which presents

tion relevant for the island water resource issue could not bea “hot spot” over the Norwegian Sea, especially in winter.
provided by lower-resolution climate models (i.e., GCMs or If negligible over oceans and seas where they are strongly

RCMs at coarser resolutions). It is also worth mentioning theconstrained by the GCM elds, the contribution of the RCM

east—west asymmetry for central Italy in the summer precip-uncertainty can be up to 35% over some continental areds

itation response with the RCP8.5 at the end of the century(central and eastern Europe) in summer (see Table S15 in the

This illustrates the possible complex interplay between theSupplement). This enhanced summer role of RCMs is duge

ne representation of the topography at 12 km spatial resolu-to the larger contributions of local phenomena (convection
tion and the large-scale circulation pattern change in settingand feedbacks (soil moisture, cloud cover) to summer climat

U7

wn

1%
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Figure 3. Fraction of total variance for absolute changes in mean temperature (tas) and relative changes in total precipitation (pr) in winter
(DJF) and summer (JJA) as a function of time compared to the period 1981-2010 for three illustrative regions (see Fig. 2).

over the continental zones. In winter, it is noticeable that the At the end of the century, internal variability is small, es-
RCM uncertainty is lower than 25 % and even 10 % every-pecially for temperature changes. It only exceeds 10 % for
where in large areas of the domain. This probably means thaprecipitation changes over speci ¢ regions (e.g., southwest
in winter, European climate change in temperature is mostlyof Europe in winter, North Africa in summer). As mentioned
driven by large-scale advection imposed by the GCMs andpreviously, the internal variability variance and then its rela-
the fact that RCMs cannot really diverge from this large-scaletive contribution to the total variance depend on the tempo-
in uence. ral and spatial aggregation scales considered for the studied
For precipitation changes in 2071-2099, the largest convariable. As shown in Figs. S1 and S2 in the Supplement, the
tributions come from GCMs and RCMs in winter, followed internal variability relative contribution is much stronger for
by RCP scenarios. GCM uncertainty is by far dominant in shorter temporal scales.
the northwest of the domain. It is also very important over Figure S7 in the Supplement further provides the frac-
the eastern Mediterranean Sea in winter. RCM uncertainty igion of total variance explained by RCP-GCM, RCP-RCM,
important in many areas, hamely over all continental areaasnd RCM-GCM interactions, as well as residual variabil-
in winter and over almost the whole domain in summer. It is ity, for temperature and precipitation changes in 2071-2099.
the largest contributor in the UK in winter and in the North These contributions are much smaller than the main sources
Sea in summer. The stronger role of RCMs in the total vari-(RCM, GCM, RCP scenario, and internal variability). Resid-
ance for precipitation, especially in summer, is related to aual variability and uncertainty due to the different interac-
lower in uence of the large-scale circulation imposed by the tions are less than 6 % for temperature changes, except in
GCMs as well as a larger role of the RCM physical parame-some small areas. For precipitation, moderate interactions
terizations and the RCM soil moisture—atmosphere couplingfrom 15 %—25 %) are found for RCP-GCM interactions in
to determine precipitation responses than for temperaturewinter in western Europe and northern ltaly, as well as for
Scenario uncertainty is non-negligible in winter over a ratherRCM—-GCM interactions in summer in southern Europe. In-
large southwest toward northeast band: it reaches 35 % in th&eractions between scenarios and RCMs are negligible, likely
northeast of Europe and can be greater than 50 % around Mdsecause RCP scenarios and RCMs are not directly connected
rocco (see Table S13 in the Supplement). Except in some aifinside the simulation chain. Residual variability is moderate
eas, summer precipitation projections are less sensitive to thbut can contribute more than 25 % in summer in some very
emission scenario. dry areas. The main explanation for this result is the numer-
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Figure 4. Balanced mean climate change responseyBdb- Figure 5. Balanced mean climate change responsgRildtained

tained with the different RCP scenarios for the near future (2021-with the different RCP scenarios at the end of the 21st cen

2050) compared to the period 1981-2010 in winter (DJF) andtury (2071-2099) compared to the period 1981-2010 in winter

summer (JJA)(a) Absolute changes in temperatu(e) Relative (DJF) and summer (JJAJa) Absolute changes in temperature.

changes in precipitation. Only areas where the absolute responsé€b) Relative changes in precipitation. Only areas where the absq

to-uncertainty ratio is greater thanjBMg=BUj > 1) are shown. lute response-to-uncertainty ratio is greater thajBMg=BUj > 1)
are shown.

ical instability of relative change estimates due to very low

precipitation amounts during the reference period (see dis@Ure changes, as well as the main effect of each GCM,
cussion in Sect. 8). the end of the century. Clearly, GFDL-ESM2G has a strong

in uence in both seasons and leads to a lower warming tha
the others (up to 2.5C less in winter). In winter, HadGEM2-
7 Individual contributions of each climate model ES (Morocco, Spain) and IPSL-CM5A-MR (Scandinavia,

Turkey) also have important contributions in separate area
In this section, we focus on all GCMs and RCMs individu- CanESM2 has a strong in uence in summer, particularly in
ally. For each GCM (RCM), we consider the correspondingthe south of Europe. Looking at the corresponding main ef
effect (the so-called main effect, i.e., the departure from thefects, high discrepancies are obtained between some mode
grand mean change for this speci c GCM-RCM, i@ or %) In winter, they can be up to & in northwestern Europe be-
and its relative contribution to GCM uncertainty (RCM un- tween GFDL-ESM2G and EC-EARTH or IPSL-CM5A-MR.
certainty). Note that the main effects of all GCMs (all RCMs) In summer, CanESM2 leads to a much higher warming al
sum to zero, while individual relative contributions of all most everywhere (up to 2.& more than the mean climate
GCMs (all RCMs) sum to 1. Figure 9 shows the individual change BM), with this divergence being particularly strik-
contribution of each GCM to GCM uncertainty for temper- ing in the south of Europe.
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EARTH show the most important contributions to GCM
uncertainty. We recall here that the sum of the GCM (RCM)
main effects is equal to zero and that changes shared by
all GCMs (RCMs) correspond to the mean change of the
ensemble. In winter, in comparison to all the other GCMs,
IPSL-CM5A-MR leads to greater winter precipitation
changes in northern Europe. For the same season, the wetter
EC-EARTH and the drier GFDL-ESM2G and MIROC5
GCMs lead to a hot spot of uncertainty in the far northwest
highlighted in Fig. 8. In summer, CanESM2 simulates much
less precipitation than the other GCMs over almost the whole
domain. For precipitation changes, the interpretation of indi-
vidual GCM contributions is more complicated because the
GCM global climate sensitivity is not very informative, and
the RCMs can diverge more from the climate change pattern
of their driving GCM. However, these spatial patterns are
globally in line with previous studies (see discussion in
Sect. 8).

Similarly, Figs. 11 and 12 present the individual contri-
butions of the different RCMs to RCM uncertainty for tem-
perature and precipitation changes, respectively. For winter
temperature, HadREM3-GA7 and REMO warm much more
than the other RCMs in the northeast of Europe (up t€ 2
more than the average behavior). This feature is compensated
for in the ensemble by a more moderate warming provided
by ALARO-0 and ALADING3, both being from the same
model family. At a smaller scale, RCA4 shows a striking

Figure 6. Scenario-excluded uncertainty (balanced estimates) BUwarming over the Alps and the Carpathians. This explains
of the climate change responses at the end of the 21st centuryye large contribution of RCA4 to the RCM uncertainty there
(2071-2099) compared to the period 1981-2010. Absolute temMynq can likely be explained by an abnormal snow cover re-
?Sgit)u;ig;irrﬁ?gr%g Ar;alatlve precipitation chang) in winter sponse to warming as discussed, for example, in Fernandez
' etal. (2019), even though for a different season and temporal
horizon.

For summer temperature, HadREM3-GA7 shows a strik-

Interpreting the results obtained for individual GCMs is ing feature, being 2.5C warmer than the multimodel av-
not a simple task. The estimated temperature changes casrage over the whole of continental Europe. To our knowl-
be related to the climate sensitivity of the models describededge, this model is intercompared here for the rst time
in the Working Group | contribution to the IPCC's Fifth within the EURO-CORDEX context, and this behavior has
Assessment Report (WGI AR5 IPCC, 2013). For instance,not been reported so far in the literature. As a potential ex-
HadGEM2-ES and CanESM2 were considered to be veryplanation, we can only say that HadREM3-GA7 is probably
sensitive to greenhouse gases, being on the higher part ofery sensitive to anthropogenic forcings as is HADGEM2-
the CMIP5 range for the values of the transient climateES, with the Hadley Centre applying a seamless approach
response (TCR) and of the equilibrium climate sensitivity across its model hierarchy. In contrast, WRF381P warms less
(ECS). As indicated in the last IPCC report (ARG, chap. 7), than the other RCMs over western Europe (up th5 C),
HadGEM2-ES and CanESM2 have a TCR (ECS) equal toexplaining its strong individual contribution to the RCM un-
2.38 C (3.96 C) and 2.37C (3.71 C): that is to say near certainty over the area. Except for RACMO22E, it is also
the 95 % percentile value of the total CMIP5 TCR or ECS worth mentioning that the RCMs taking into account evolv-
ranges. As RCMs tend to follow their driving GCMs for ing aerosol forcing along the projection simulations (Gutiér-
temperature change, they logically lead to a larger warmingez et al., 2020) generally warm more that the other RCMs in
over Europe when used as RCM drivers. In contrast, GFDL-summer (ALADIN53, ALADIN63, ALARO-0, HadREM3-
ESM2G lies on the lower part of the TCR and ECS IPCC GA7). This behavior is well-aligned with results obtained by
ranges (0.96 and 2.&, respectively) and logically leads to Boé et al. (2020). Indeed, as anthropogenic aerosols are de-
a weaker warming in the RCMs driven by it. clining during the 21st century, their dimming effect is also

For precipitation changes (see Fig. 10), the GCMsdecreasing, leading to an increase in surface solar radiation
CanESM2, CNRM-CM5, |PSL-CM5A-MR, and EC-
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Figure 7. Fraction of total variance explained by the main sources of uncertainty: RCM, GCM, RCP scenario, and internal variability (IV
(a) absolute temperature changes #nyrelative precipitation changes for the near future (2021-2050) compared to the period 1981-2(

and potentially an enhanced warming with respect to RCMs For winter precipitation (see Fig. 12), WRF361H,
which do not take this effect into account. HadREM3-GA7, and COSMO-crCLIM produce smaller to-
Finally, for temperature changes, many RCMs (AL- tal precipitation than the other RCMs, respectively, over
ADIN53 and CCLM4-8-17 in winter, WRF381P and central-northern Europe, the North Atlantic, and North
WRF361H for both seasons) show noticeable behaviors oveAfrica. In contrast, ALADIN53, ALADIN63, RegCM4-6,
oceanic areas (Baltic Sea, North Atlantic, Mediterranean Seaand HIRHAM5 show more local spots where projected pre-
the channel), with the corresponding main effects being mod<ipitation amounts are higher than the mean change. Fd
erate. This feature is not expected in RCMs as the 2 m temsummer precipitation, the in uential models are neither the
perature over the sea is largely imposed by the driving GCMsame nor over the same areas. WRF381P has a clear wet
SST and should be similar in all RCMs driven by the same(or less dry) signal than the ensemble over a large part of th
SST eld. For ALADINS3, this is likely the signature of a domain. In contrast, HadREM3-GA?7 is largely drier than the

known issue in the way to force the SST from the driving average for the whole of northern Europe as is WRF361H fof

model. the North Atlantic part of the domain.
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Figure 8. Fraction of total variance explained by the main sources of uncertainty: RCM, GCM, RCP scenario, and internal variability (1V)
for (a) absolute temperature changes @ndelative precipitation changes at the end of the 21st century (2071-2099) compared to the period
1981-2010.

The most inuential RCMs are thus easily identi ed. except very locally for the Alps and the Carpathians for win-
Locally, one RCM can often explain more than 50% of ter temperature and the channel for summer temperature.
the RCM uncertainty range. We can cite, for example,

HadREM3-GA7 and WRF381P for summer temperature and8 Discussion

precipitation, WRF361H for precipitation in both seasons,

and ALADIN53 and RACMO22E more locally for winter g1 ynpalanced MMEs and robustness of QUALYPSO
temperature. Such high values in the RCM individual con- estimates

tributions may guide future investigations in order to un-

derstand those speci ¢ model behaviors and to verify if the The projected mean change of any climate variable is typi-
RCM uncertainty range is not arti cially too large due to cally estimated with the direct average of the climate change
modeling issues. In contrast, RCA4 seems to be the onlyesponses obtained for the different simulations of the avail-
RCM that generally weakly in uences the ensemble behav-able ensemble (see, e.g., Jacob et al., 2014; Fernandez

ior. Its individual contribution is nearly always below 20% et al., 2019; Coppola et al., 2020; Vautard et al., 2020).
Direct averages, however, are likely to be poor estimates
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Figure 9. Fraction of GCM uncertainty (left plots) and main GCM effects (right plots) for each GCM for absolute temperature changg
winter (DJF) and summer (JJA) at the end of the 21st century (2071-2099) compared to the period 1981-2010.

of mean changes in the case of unbalanced and/or inconeipitation changes with the RCP4.5 (the balanced estimate

plete ensembles. As motivated by several papers (Déqudrier than the direct average by up to 20 % in eastern Europe).

et al., 2007, 2012; Northrop and Chandler, 2014; Evin et al.,The winter season is also affected, with a balanced estima
2019), a proper statistical treatment of unbalanced ensenthat indicates a weaker warming than the direct average b
bles is important in order to exploit ensembles of opportu-up to 0.5 C (see, e.g., central and northern Europe for the
nity and avoid unrepresentative estimates of the mean proRCP8.5).
jected changes or even of the likely range. For each sce- Figures 14 and 15 further illustrate the advantage of thg
nariok, Fig. 13 shows the differences between the balancedQUALYPSO approach using a synthetic experiment. A com-
mean climate change response Bbdbtained with the QUA-  plete synthetic MME composed of 9 GCMs13 RCMs 3
LYPSO approach and the direct averdde of the climate = RCP<D 351 chains is generated from Eqg. (1) using the grang
change responses available for each scenario. In summer, inmean, ANOVA main effects, and the residual variability es-
portant differences can be observed, in particular for tempertimated with the original MME of 87 chains. Mean change
ature changes in eastern Europe with the RCP2.6 and RCP4dstimates are then obtained for 1000 random subsamples
(the balanced estimate is up to 0@ warmer) and for pre- 87 chains among the complete synthetic MME of 351 chains
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Figure 10. Fraction of GCM uncertainty (left plots) and main GCM effects (right plots) for each GCM for relative precipitation changes in
winter (DJF) and summer (JJA) at the end of the 21st century (2071-2099) compared to the period 1981-2010.

with at least one chain for each of the 9 GCMs, 13 RCMs, main effects) are under-represented, which is the case in this

and 3 RCPs. While both direct and balanced QUALYPSOstudy. Indeed, the GCMs CanESM2 and RCM HadREM3-

estimates vary around the true mean change of the comGA7 clearly stand out from the other climate models (see

plete MME, balanced estimates are clearly less variable andrigs. 9—11), whereas they only participate in two simulation

more robust to the subsampling, especially for temperaturehains and one simulation chain among the 87 members of

changes. Moreover, this simple experiment ignores the overeur ensemble, respectively. In this case, the direct average of

representation of the scenario RCP8.5 or of some RCMs anthe MME is thus a misleading estimate of the mean projected

GCMs that would have certainly worsened this effect. changes and differs greatly from the estimate that would be

The very unbalanced nature of available MMEs is thus anobtained with a balanced MME.

important issue that should not be overlooked. The most crit-

ica! con gurations correspond to unbalanced gnsembles fog 5 Comparison to previous works

which the less consensual and/or the most different GCMs

and RCMs (as expressed from the spatial signatures of theifhe results shown in this study can be compared to previ-
ous studies aiming at estimating mean projected changes and
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Figure 11. Fraction of RCM uncertainty (left plots) and main RCM effects (right plots) for each RCM for absolute temperature changes in
winter (DJF) and summer (JJA) at the end of the 21st century (2071-2099) compared to the period 1981-2010.
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Figure 12. Fraction of RCM uncertainty (left plots) and main RCM effects (right plots) for each RCM for relative precipitation changes in
winter (DJF) and summer (JJA) at the end of the 21st century (2071-2099) compared to the period 1981-2010.
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Figure 13. Difference between the “balanced” estimates of the mean projected changestBiined with the QUALYPSO approach and
the direct averag®l of the climate change responses available for each scenario in winter (DJF) and summer (JJA) at the end of th
century (2071-2099) compared to the period 1981-2010 for mean projected chaf@esécipitation(b) temperature.

partitioning the different sources of uncertainties in EURO-8.2.1 Mean projected changes: importance of the MME
CORDEX ensembles. con guration and of the experiment

It is worth mentioning that numerous parameters and con g-
urations can impact the estimates of mean projected changg
As shown above, some climate models included in the analy
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Figure 14. Comparison of mean projected changes estimates for temperature using QUALYPSO (BM) and direct aMeraf@synthetic

MME for each RCP scenario, SREX region, and season. A complete synthetic MME composed of 9 AGNRCMs 3 RCPD 351

chains is generated using the ANOVA effects and the residual variability estimated with the original MME. Each box plot shows the distri-
bution of the 1000 mean change estimates obtained with the 1000 incomplete MMEs (87 chains) randomly subsampled from the complete
synthetic MME (351 chains). Each incomplete MME includes at least one chain for each of the 9 GCMs, 13 RCMs, and 3 RCPs. Red
horizontal lines indicate the corresponding averages obtained from the complete MME.

Figure 15. Comparison of mean projected change estimates for precipitation using QUALYPSO (BM) and direct awdaafesgynthetic

MME for each RCP scenario, SREX region, and season. A complete synthetic MME composed of 9 AGNWRCMs 3 RCPD 351

chains is generated using the ANOVA effects and the residual variability estimated with the original MME. Each box plot shows the distri-
bution of the 1000 mean change estimates obtained with the 1000 incomplete MMEs (87 chains) randomly subsampled from the complete
synthetic MME (351 chains). Each incomplete MME includes at least one chain for each of the 9 GCMs, 13 RCMs, and 3 RCPs. Red
horizontal lines indicate the corresponding averages obtained from the complete MME.
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sis can greatly in uence the obtained mean projected changetinty (HadREM3-GA7, ALARO-0, WRF386P, WRF361H)

and related uncertainties. This result is somewhat in contrabeing absent in Christensen and Kjellstrom (2020).

diction to the study by Fernandez et al. (2019), which con- Conclusions are globally similar for precipitation changes,
cludes that there is a moderate in uence of the subsamplingwith GCM and RCM contributions both being important
though this study is performed over a small region (aroundin winter and summer. The GCM contribution is also usu-
Spain) for the near future only (2021-2050) and for a smallerally greater than the RCM contribution in winter in Chris-

diversity of RCMs and GCMs (nine RCMs and eight GCMs tensen and Kjellstrom (2020) and almost equivalent in sum¢

at 0.11 resolution). Projected changes are also strongly demer, with this result being shared by the study of Déqué
pendent on the experiment and the different versions of theet al. (2012) (see their Fig. 1). Unsurprisingly, scenario un-

climate models. For example, the study by Coppola et al.certainty is more important at the end of the century (2071+

(2020) notices much stronger projected changes with the re2099) than for the near future (2021-2050). At the end of
cent CMIP6 MME than with the EURO-CORDEX MME. the century, scenario uncertainty overcomes the other sourc
The seasonal mean temperature and total precipitatiowf uncertainty for temperature changes (generally more tha|
changes at the end of the century obtained here (Fig. 5) wittb0 %), while its contribution is more moderate for precipita-
the RCP8.5 scenario can be compared to Figs. 1 and 5 ition changes, especially in summer (less than 25 % and ofte
Coppola et al. (2020). The spatial patterns of these changegss than 10 %), corroborating previous studies (Hawkins an
are obviously very similar (a larger projected warming in the Sutton, 2009; Déqué et al., 2012).
north and northeast of Europe in winter and in the south Concerning different paired interactions between RCH
in summer, positive precipitation changes in the northernscenarios, GCMs, and RCMs, the present study shows th
part and negative changes in the southern part, with a difthey are negligible for temperature changes and for RCP
ferent zero-change line in winter and summer). It is dif- RCM interactions. For precipitation changes, however, RCP

cult to have a precise comparison considering the differentGCM interactions can contribute more than 20 % in some art

color scales, but different factors could explain potential dif- eas in winter (along the coastlines of France, Spain, and Po
ferences. First, the MME considered here is larger than intugal, over the Alps) and for RCM—GCM interactions, par-
Coppola et al. (2020), with one more GCM (GFDL-ESM2) ticularly in summer. Christensen and Kjellstrom (2020) sharg
and two more RCMs (ALARO-0 and HadREM3-GA7) hav- these results (see their Fig. S14), with RCM—-GCM interac
ing a strong in uence on mean temperature changes in wintions contributing 5 %-20 % of the total variance for summer
ter (GFDL-ESM2 and ALARO-0) and summer (HadREMS3- precipitation over all of Europe and the Mediterranean sea.
GA7) as well as summer precipitation changes (HadREM3-

GAT). Secondly, as discussed above, the method of estimas ; 3 ¢, nibution of individual GCMs and RCMs

tion (i.e., balanced versus direct estimates) also impacts esti-

mates of mean projected changes. However, potential differfor individual GCM—RCM contributions, the results shown
ences are dif cult to quantify in comparison to Coppola et al. in our study can be compared to the outcomes of Mc;
(2020) due to the different MME. Sweeney et al. (2015), who analyze the climate change sig
nal of individual CMIP5 GCMs over Europe in winter and

summer at the end of the 21st century under the RCP8.
scenario. Our results are in full agreement with their re-
This study emphasizes the main sources of uncertainty ovesults. For the GCMs used in EURO-CORDEX, they nd

Europe (Figs. 7-8). GCM uncertainty overcomes RCM un-that HadGEM2-ES (GFDL-ESM2G and NorESM1-M) is the

certainty for temperature, even if RCM uncertainty can con-GCM that warms the most (the least) in winter over Eu-
tribute 25 %-50 % in summer over continental Europe. Theseaope and that HadGEM2-ES and CanESM2 (GFDL-ESM2G
results are in agreement with Christensen and KjellstrtomCNRM-CM5, and MPI-ESM-LR) are the GCMs that warm

(2020) (see their Fig. 5), who also nd a moderate contri- the most (the least) in summer. In addition, considering

8.2.2 Contribution of the main sources of uncertainty

bution of RCMs for winter temperature, except in several re-the projected precipitation increase over most of continent

gions (e.g., Turkey, over the Alps) where small contributionstal Europe in winter, they also indicate that MIROC5 and
are also shown in this study. The remarkable hot spot of unGFDL-ESM2G are among the CMIP5 GCMs simulating
certainty in the northwest of Europe, due to disagreementshe weakest wetting, whereas HadGEM2-ES and CanESM
between the GCMs, is also clearly visible in their study. Forare the EURO-CORDEX-used GCMs simulating the larges
summer temperature, a noticeable difference is the small corprecipitation increase for this season. In summer, whilg
tribution found by the authors for RCMs over continental mean projected changes exhibit a decrease in precipitatid
Europe, which is largely smaller than for GCMs, while our changes in western and southern Europe, individual GCN
study exhibits an important contribution (more than 25 %) in responses are strongly contrasting, with CNRM-CM5 show
eastern Europe surpassing the GCM contribution. This canng a strong wetting compared to the other GCMs, for ex-
be easily explained by the much larger set of RCMs usedample, while CanESM2 is particularly drier. Note, how-
in our study, with important contributors of the RCM uncer- ever, that CanESM2 is not identi ed as particularly drying
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in summer in McSweeney et al. (2015). Re-assessing thén the current study but they could be considered in future
CanESM2/REMO and CanESM2/CCLM4-8-17 simulations work as a complementary approach. Regional observations
could help understand and identify a potential GCM—RCM can also be used to correct a posteriori the regional climate
inconsistency. The hot spot of GCM uncertainty in the north-simulations (Vrac and Friederichs, 2014) through statistical
west of the domain over the North Atlantic Ocean is likely correction techniques. In the current study, QUALYPSO is
related to the sea ice cover change, in particular in winter. Anot applied to post-processed MMEs using such techniques,
precise interpretation is dif cult to obtain using the current but this could be easily done in a future work by applying
literature, but it is worth underlining that two of the GCMs QUALYPSO after a correction step.
showing a strong in uence in this area (CanESM2, IPSL- There are also different approaches that have been favored
CM5A-MR) are considered among the most trustable CMIP5to produce ensembles of regional climate projections. A great
GCMs concerning the wintertime sea ice cover. MIROCS5, majority of climate change impact studies are based at least
NorESM1-M, and CNRM-CM5, however, are mentioned as partially on GCMs. Because the GCM resolution is often
strongly biased for the Arctic sea ice cover in winter (Stroevetoo coarse for the climate change assessments, GCM outputs
et al., 2012), and the other driving GCMs are not analyzed inneed to be downscaled at ner spatial scales. While the cur-
their study. In a future EURO-CORDEX multimodel initia- rent study presents regional projections that have been dy-
tive, it is therefore advised to evaluate the sea ice cover extentamically downscaled using RCMs, many studies advocate
of the potential driving GCMs before selecting them (Stroevethat empirical-statistical downscaling (ESD) also presents
etal., 2012). some advantages (Benestad et al., 2017b; Jacob et al., 2020).
Also, Zappa and Shepherd (2017) propose four contrastind here is a general consensus among the community working
storylines for projected wintertime Mediterranean precipi- on climate change that complementarity between dynamical
tation changes. They classify GFDL-ESM2G in the model and statistical approaches is a key to provide useful regional
family leading to the strongest decline, whereas EC-EARTH,climate information. A last approach, hybrid downscaling,
HADGEMZ2-ES, and NorESM1-M belong to the family of mixes RCMs and ESD (Erlandsen et al., 2020). As illus-
the weakest decline or wetting for the region in winter trated in some previous studies (e.g., Lafaysse et al., 2014),
(Giuseppe Zappa, personal communication, 2018). Contrarglynamical and statistical approaches produce a larger variety
to McSweeney et al. (2015), the classi cation proposed byof modeling chains and represent a signi cant contribution to
Zappa and Shepherd (2017), though very relevant, does ndhe total uncertainty, especially for precipitation projections.
help to understand our ndings for precipitation changes.
Except for the evolving aerosol effect mentioned in
Sect. 7, it is dif cult so far to explain the RCM individual
behavior as the most in uencing RCMs of the current study This study applies the QUALYPSO methodology described
have not always been included or detected in previous artiin Evin et al. (2019), which implies data augmentation and
cles dealing with EURO-CORDEX projections (e.g., Sgrland a Bayesian approach to augment the RCP—-GCM-RCM ma-
et al., 2018; Fernandez et al., 2019; Boé et al., 2020; Christrix and properly treat unbalanced ensembles, as well as es-
tensen and Kjellstrom, 2020). We consider, however, the factimate the main RCP, GCM, and RCM effects. Due to the
that the identi cation of strong RCM individual effects in high number of missing quantities to be inferred, the es-
our study motivates the de nition of a standardized indicator timation of interactions using QUALYPSO is not feasible,
of regional climate model sensitivity mimicking the ECS or and we resort to heuristic estimates of some interaction ef-
TCR indicators for GCMs. fects (i.e., when at least two runs are available to estimate
this interaction). As an alternative, Northrop and Chandler
(2014), using a random-effect approach and a Bayesian im-
plementation, propose directly inferring the variability (i.e.,
This study assesses changes between a future and a refererstandard deviation) between the RCPs, GCMs, and RCP-
period, as do most of the studies on this subject. Only the evoGCM interactions. Instead of trying to infer all individual
lution of the climate from this reference period is trusted andeffects (for which few or no runs may be available), their
assessed, not absolute values. However, past observatioapproach directly tackles the partition of the different uncer-
can also be used to improve the nal regional climate in- tainties in unbalanced MMEs. However, contrary to QUA-
formation provided or to complement QUALYPSO-like ap- LYPSO, their approach does not aim at estimating individual
proaches. For example, observations can be used to weight @CM or RCM effects. As shown in the present study, indi-
to select the GCM or RCM in the initial ensemble. Indeed, vidual contributions of speci c GCMs or RCMs are interest-
many papers question the “model democracy” approach anthg to assess since, as discussed above, they can guide future
aim at estimating future mean changes and associated uncenvestigations.
tainties by proposing different ways to combine the runs of QUALYPSO is not free of limitations. For example, the
the MME, mostly using weights (see Brunner et al., 2020, different inferred quantities are not scenario-dependent. In-
for a recent comparison). Those constraints are not applieternal variability as well as the scenario-excluded uncertainty

8.4 Limitations and technical dif culties

8.3 MME projections of future regional climate
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BU, GCM, and RCM uncertainties are thus considered to beQUALYPSO, an advanced statistical approach based on an

identical for the three emission scenarios, whereas some difANOVA method and data augmentation, is applied to a large
ferences could be expected due to the different responses ®ME of 87 high-resolution (0.1) EURO-CORDEX pro-
the GCMs for the different scenarios. In future studies, a dif-jections. QUALYPSO provides a balanced estimate of all
ferent GCM uncertainty for each scenario could be consid-the parameters of the analysis, including the mean climat
ered. However, for the GCM uncertainty, GCM—RCP inter- change signal and the associated uncertainty componen
action effects would have to be estimated in the ANOVA. For the rst time, we provide a comprehensive estimation of
While very crude estimates of some of these interactions ar¢he relative contribution of GCMs and RCMs, RCP scenar-
provided in this study, these estimates probably lack preciios, and internal variability to the total variance of the largest

sion since they rely on a few simulation chains only. Re ned ensemble based on regional climate models publicly availt

estimates of internal variability could also be considered toable to daté.
take into account (1) different internal variability by scenario  For temperature, RCP uncertainty is the most importan
and/or GCM, (2) different internal variability as a function contributor at the end of the century, particularly on land,

of time, and/or (3) the potential autocorrelation present inbut GCM uncertainty is also important on seas and on the¢

the deviations from the climate change response as a resulftlantic Ocean, and the RCM contribution reaches 30 % in
of the statistical preprocessing of the climate projections (incentral Europe in summer. For precipitation, GCM and RCM
our case, 30-year moving averages). uncertainties are the most important contributors to the totg

In addition, the QUALYPSO method, like most of the variance in summer at the end of the century, while scenari
matrix lling methods, relies on the existing MME. In our uncertainty also plays a major role in winter. GCM uncertain-
case, it means that it cannot be used to extrapolate toward$es are more important in the Norwegian Sea and over th
GCMs that have not been downscaled by any RCM in theeastern part of the Mediterranean Sea in winter, while RCM
GCM RCM RCP matrix considered in this study. In ad- uncertainties can be dominant in some speci c regions (e.g
dition, the results shown in this study are unavoidably im- between the UK and Germany in summer). A strong contras
pacted by the shortcomings of the climate models. For exbetween lands and seas—oceans can also be noticed for su
ample, GCMs are known to produce very different internal mer temperature changes and winter precipitation changes
variability from one GCM to the other (Deser et al., 2020), In this study, internal variability is small compared to the

which tends to show that some GCMs overestimate or underether sources of uncertainty. As 30-year averages of the sim

estimate this characteristic of future possible climates. QUA-ulation chains are taken, most of the high-frequency vari
LYPSO relies on the runs available in the MMEs with their ability is removed, and the low-frequency part only is usu-
limitations and drawbacks, including this possible misrepre-ally negligible in comparison to the dispersion between the
sentation of the internal decadal variability. GCMs and RCMs. The residual variability and the differ-

A major technical dif culty is related to the computation ent interactions are also shown to be usually small in ouf

of relative precipitation change in dry areas or more gener-analyses compared to the other sources of uncertainties, wi
ally to the statistical assessment of relative errors when théhe most noticeable interactions being observed for precipitg
reference value is close to zero. Indeed, for some regionsion changes, namely RCP-GCM interactions in winter ang
(typically the Middle East), the average summer precipita-GCM—RCM interactions in summer.

tion is very low for the reference periods. As a consequence, For each major source of uncertainty, we also identify in-
the ratio between future and reference periods is numericallyividual GCMs and RCMs explaining the greatest part of the
unstable and can be huge for some simulation chains. Agorresponding uncertainty. The large values of uncertainty
can be seen in Table S17 in the Supplement, in these sitteomponents are produced by a few “outlier” models in the

ations, the uncertainty can be huge (see, e.g., BU obtainedense that they strongly depart from the average of the MME.
for precipitation changes equal 242 % and 392 % for Cairo,The legitimacy of this divergence must then be questioned.

Egypt, and Damascus, Syria, respectively). For these region#re there strong reasons to discard these particular mode|

large changes in relative terms actually correspond to smal{bugs, wrong parameterizations or model structures, etc.)? |

changes in absolute values (see also Bichet et al., 2020, fahat case, it seems reasonable to omit these climate modd

an application of QUALYPSO to relative and absolute pre-from the MMEs. Otherwise, the inclusion of these models|

cipitation changes in Africa) such that absolute precipitationis crucial in order to avoid an underestimation of the uncer;
changes are actually more meaningful. tainty.

A critical issue is nally related to the very unbalanced and

incomplete nature of ensembles of opportunity. The over- o

9 Conclusion under-representation of some RCMs and GCMs forbids th

application of standard ANOVA methods and the estimation

This paper proposes a thorough assessment of mean climaté the mean changes by direct averages of these ensembl

change responses and related uncertainties over Europe for

mean seasonal temperature and total seasonal precipitation. 1in August 2020.
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In most past studies, changes are estimated from the averageata availability. The EURO-CORDEX RCM data analyzed in
of all simulations (Jacob et al., 2014; Coppola et al., 2020).this work are available for download via the Earth System Grid
We show here that the average can be a poor estimate of tHeederation (ESGF) under the project name “CORDEX" at the Fed-
mean projected changes. The difference between a direct agrated ESGF-CoG Nodes: https://esgf.linl.gov/nodes.html (last ac-
erage and a “balanced” estimate is likely to increase withCess: 17 December 2021; ESGF, 2021).

the unbalanced level of the MME and can be dramatically
large when the under-represented models are atypical. In the
present case, we show that the projected warming could be u
to 0.8 C larger than previously estimated by the end of the
century for RCP2.6 and RCP4.5 over large parts of central

Europg mcs:ummﬁr. Ir.] corjtrastl, the prr(])jected Warmlnglcan beAuthor contributions.  GE set up the statistical framework with
up to 0.4 C smaller in winter in northern Europe. Using a the scienti ¢ contributions of SS and BH. GE produced the gures

balanced estimate, the decrease in summer pre(';ipitation bYnd tables. GE and SS jointly wrote the publication with important
the end of the century can be up to 20 % larger in central—ontributions from BH.

eastern Europe for RCP4.5.

Following the results shown in this work, we advise the
community (1) to develop new strategies for future multi- Competing interests.  The contact author has declared that nei-
model initiatives based on regional climate models, in partic-ther they nor their co-authors have any competing interests.
ular by carefully selecting plausible GCMs and RCMs and by
favoring their diversity in terms of climate change response
at the regional scale and cover at best the plausible futureisclaimer. Publisher's note: Copernicus Publications remains
(2) to choose MMEs in close collaboration with statistician heutral with regard to jurisdictional claims in published maps and
specialists in order to envisage the best way to “II” or “bal- institutional af liations.
ance” the ensembles a posteriori, and (3) to adopt robust and
appropriate statistical methods for the assessment and usage )
of large available MMEs. The purpose of this advice is to cknowledgements.  The authors are grateful_to the editor, Ras-
improve the reliability of the regional climate change infor- MuS Benestad, and the two anonymous reviewers, whose com-

mation provided to the scientic communities and to vari- ments have helped to improve the paper. This work was partly
. P . . . supported by the French National program LEFE (Les Enveloppes
ous climate data users through climate services. There is

> ” . Bluides et I'Environnement). Samuel Somot has been partly sup-
critical need for the development of best practices dedicateghorteq by the EUCP and C3S_34b_lot2 projects. EUCP is -

to the dissemination of results based on large ensembles Gfanced by the European Commission through the Horizon 2020
climate projections to managers and practitioners, which in-Programme for Research and Innovation under grant agreement
clude not only climate scientists, but also geophysical and776613. C3S_34b_lot2 is funded by the Copernicus Climate
data scientists. In addition to the dynamical downscaling ap-Change Service. ECMWF implements this service on behalf of the
proach pro\/ided by regiona| climate models, several alter-European Commission. We thank the CMIP5 and EURO-CORDEX
native methods are available in the literature in order to im-modeling groups for freely providing the simulations used in this
prove the uncertainty assessment of future climate chang&\dy-
(e.g., empirical-statistical downscaling methods; Gutiérrez
et al., 2019; Benestad et al., 2017a). The larger diversity of
possible future climates, while desirable, also increases thE
CompIeXIty of the statistical analyses (such as QUAI‘YPSO)I'Environnement). Samuel Somot has been partly supported by the
reqL_Jlred for _thelr treatmer_lt. L .. EUCP and C3S_34b_lot2 projects. EUCP is nanced by the Eu-
Finally, this study provides many insights about the dif- ,pean commission through the Horizon 2020 Programme for Re-
ferent uncertainty components and the diversity of climatesearch and Innovation (grant no. 776613). C3S_34b_lot2 is funded
change response provided by the different models. As sucly the Copernicus Climate Change Service. ECMWF implements
this work should be considered complementary to the aforethis service on behalf of the European Commission.
mentioned methods. In QUALYPSO, contrary to most ex-
isting approaches, our estimates are “robust” to the subsam-

pling of the complete MME (i.e., possible combinations of Review statement. This paper was edited by Andrey Gritsun and
RCP-GCM-RCM). reviewed by two anonymous referees.

upplement. The supplement related to this article is available
nline at: https://doi.org/10.5194/esd-12-1543-2021-supplement.

inancial support. This work was partly supported by the
rench National program LEFE (Les Enveloppes Fluides et

Code availability. Most of the statistical treatments were done us-
ing R software (R, 2017) and the QUALYPSO (v1.2.0; Evin, 2020)
package.
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