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Abstract The use of regional climate model (RCM)-based projections for providing regional climate
information in a research and climate service contexts is currently expanding very fast. This has been
possible thanks to a considerable effort in developing comprehensive ensembles of RCM projections,
especially for Europe, in the EURO-CORDEX community (Jacob et al., 2014, 2020). As of end of 2019,
EURO-CORDEX has developed a set of 55 historical and scenario projections (RCP8.5) using 8 driving
global climate models (GCMs) and 11 RCMs. This article presents the ensemble including its design. We
target the analysis to better characterize the quality of the RCMs by providing an evaluation of these RCM
simulations over a number of classical climate variables and extreme and impact-oriented indices for the
period 1981-2010. For the main variables, the model simulations generally agree with observations and
reanalyses. However, several systematic biases are found as well, with shared responsibilities among RCMs
and GCMs: Simulations are overall too cold, too wet, and too windy compared to available observations or
reanalyses. Some simulations show strong systematic biases on temperature, others on precipitation or
dynamical variables, but none of the models/simulations can be defined as the best or the worst on all
criteria. The article aims at supporting a proper use of these simulations within a climate services context.

Plain Language Summary This study analyses the ability of the unprecedently large ensemble of
55 regional climate simulations to properly simulate the climatology of several variables, extremes, and
impact-oriented indices over the European continent. This analysis should guide the use of regional climate
projections in climate services development.

1. Introduction

Regional climate change projections are widely used for research and applications in order to describe the
future of climatic conditions and subsequent impacts at a scale that is presumably better suited than coarser
resolution global climate projections (Giorgi, 2019; Rummukainen, 2016). However, comprehensive assess-
ments of regional climate simulations are still hard to establish. Regional climate projections generally use
limited area models, or regional climate models (RCMs), with resolutions currently ranging from a few kilo-
meters to about 50 km, downscaling GCMs. Because they use higher resolutions (and are sometimes
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configured for specific regions), the quality of RCM simulations is expected to be better than those from their
driving GCMs. A number of studies have indeed shown this added value for some variables and their
extremes, especially in complex-terrain areas, although a higher skill than global climate models (GCMs)
in describing climate variables over continental plains remains more difficult to demonstrate (Fantini
et al., 2018; Prein et al., 2016; Ruti et al., 2016; Torma et al., 2015). In practice, RCMs also have their own
biases and therefore systematic errors in regional climate simulations result from both model types.

Over Europe, a large effort in downscaling GCM projections from the 5th Coupled Model Intercomparison
Project (CMIP5, Taylor et al., 2012) has been developed for about a decade within the framework of
CORDEX (Jones et al., 2011). This is thanks to a coordinated effort from the European modeling institutes,
European projects such as IMPACT2C (https://www.atlas.impact2c.eu/en/about/about-impact2c/), the
Copernicus Climate Change Service (C3S; https://climate.copernicus.eu/), and several European and
national projects support, for example, the German initiative ReKliEs-De (http://reklies.hlnug.de).
EURO-CORDEX covers Europe at 0.11° (12.5 km) and 0.44° (50 km) resolutions (Jacob et al., 2014, 2020;
Kotlarski et al., 2014), with the purpose to explore the added value of ~10-km resolution RCMs and to
develop a large ensemble allowing to assess robust future climate change which can also feed climate service
activities. Note that other experiments such as Med-CORDEX (Ruti et al., 2016; Somot et al., 2018), focusing
on the Mediterranean area, also cover large portions of Europe.

The EURO-CORDEX community endeavor has achieved several goals, but major challenges remain (Jacob
et al., 2020). One is to better identify, characterize, and understand the origins and drivers of the biases and
uncertainties in regional climate simulations and projections. For instance, simulation biases are a combina-
tion of both GCM and RCM biases arising from a number of sources. Understanding these sources requires a
large ensemble and a GCM-RCM “matrix” (the ensemble of possible combinations for downscaling every
GCM with every RCM) that is as f ull as possible (Christensen & Kjellstrom, 2020; Déqué et al., 2012;
Evin et al., 2019). To date, this possibility has remained limited at the higher resolution (0.11°) due to the
computational burden necessary to carry out the simulations, and as a result the distribution of
GCM-RCM simulations across the matrix remains characterized by large imbalances (Fernandez et al.,
2019). Different earlier model evaluation studies have analyzed reduced sets of EURO-CORDEX simulations
For example, Kotlarski et al., 2014 used a set of nine simulations at 0.11° resolution using seven different
RCMs. Previously, evaluations of RCM-based large ensembles over Europe were conducted at lower spatial
resolution, for example, the PRUDENCE project ensemble of 15 regional climate simulations at 50 km
(Jacob et al., 2007) or later the ENSEMBLES project ensemble at 25 km (Kjellstrom et al., 2010;
Lenderink, 2010; Lorenz & Jacob, 2010; Sanchez-Gomez et al., 2009, 2011).

Recent progress in the number of simulations carried out in a coordinated effort, following the first pub-
lications of the EURO-CORDEX simulations (Jacob et al., 2014; Vautard et al., 2013), was fostered by the
Copernicus Climate Change Service (C3S). As of October 2019, a total of 55 combinations of 11 RCMs run
at ~0.11° grid spacing with boundary conditions from eight GCMs is available, an unprecedented number,
with a greater portion of the GCM-RCM matrix being filled (Christensen & Kjellstrom, 2020). Some of
these simulations also use the same RCM to downscale several ensemble members of a given GCM to bet-
ter enable the assessment of internal variability at high resolution (e.g., Aalbers et al., 2018). Despite this
progress, the GCM-RCM matrix covering several scenarios for radiative forcing is not complete, and a fill-
ing strategy has been designed. Note that the largest ensemble of GCM-driven RCMs over Europe before
EURO-CORDEX was completed by the ENSEMBLES project with a similar number of GCMs (seven from
CMIP3 including three versions of the MetOffice GCM with different climate sensitivities), more RCMs
(16), but for a total of only about 20 simulations (Déqué, 2010; Déqué et al., 2012; Kjellstrém et al., 2013).
Indeed, the maximum number of GCMs used per RCM was three (RCA3 and HIRHAMS) in
ENSEMBLES, whereas it is seven in EURO-CORDEX (see Table 1) without accounting for multiple mem-
bers from the same GCM.

This article takes the opportunity of the latest developments in the EURO-CORDEX initiative to (i) pre-
sent the most recent GCM-RCM EURO-CORDEX ensemble, (ii) evaluate the main biases of the ensemble
for an extended set of variables and indices important for socio-economic sectors, and (iii) assess the ori-
gins of the biases and the respective contributions of GCMs and RCMs. We focus here on the analysis of
climate simulations for the recent past as compared with observations, including seasonal means,
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Table 1
Simulations Analyzed in This Study, Which Cover Both Historical and RCP8.5 Periods. Cells highlghted gray are combinations of GCM and RCM that have a
simulation. Footnotes and ensemble member specified whe several possibilities were available.

RCM-GCM CNRM r1 ECEARTH r12, r1, and r3 HADGEM r1 MPI 1, 12, and r3 NORESM r1 IPSL r1 CANESM r1 MIROC r1
CCLM rl2 rl 4 4
HIRHAM 112, r1, and r3

RACMO r12, r1, and r3 rl

RCA r12, rl, and r3 rl and r3

REMO rl2 1rl;, 125, and 13

WRF361H 1124567 4,5,6,7,8 Iy 567

WRF381P 3 3 3 g

ALADINS53 3,4

ALADING63

REGCM 2 1y

COSMO-crCLIM r12 rl, r2, and r3

Note. The name of GCM simulations is given as “GCM (rR)” where “R” is the model ensemble realization. Footnotes, given as superscripts in the table: [1] This
simulation does not have sea level pressure available; [2] this REMO version is REM 02009, while other versions are REM02015; [3] this simulation does not
have daily surface wind available; [4] this simulation does not have daily maximum surface wind available; [5] this simulation does not have daily sea level
pressure fields; [6] this simulation does not have surface solar downward radiation (rsds) field analyzed; [7] this simulation does not have WBGT index analyzed;
[8] this simulation does not have total runoff; and [9] this simulation does not have evaporation or total soil moisture content.

extremes, and a few hazard indices. A companion paper (Coppola et al., 2021) assesses how the same
ensemble behaves in future projections for the representative concentration pathways (RCPs) RCP2.6
and RCPS8.5 (Moss et al., 2010).

Our purpose is to increase understanding of regional climate modeling skill and limitations to feed future
research. This information is also important to guide appropriate interpretation by users of climate services
of results from the simulations. However, the main purpose of this article is not to provide detailed recom-
mendations to climate services, which would require a different approach taking into account sector-specific
needs, nor to document individual simulation biases or to understand their origin.

Section 2 presents the GCM-RCM matrix and the status of the EURO-CORDEX ensemble. Section 3 presents
the indices analyzed and the observations used as a reference for the model assessment. Section 4 presents
the analysis of mean biases of temperature, precipitation, dynamics, and radiation, while section 5 analyses
extremes and hazard indices. Bias partitioning analysis can be found in sections 4 and 5. A discussion includ-
ing suggested consequences for future research and climate services closes the article (section 6).

2. The 55-Model GCM-RCM EURO-CORDEX Ensemble
2.1. The GCM-RCM Matrix

One of the goals of EURO-CORDEX is to assess the uncertainty of regional climate projections using a large
set of simulations over Europe at a high resolution of 0.11°. In particular, an experimental protocol allowing
an assessment of how the choice of RCM and GCM models contributes to the spread in the resulting ensem-
ble has been set up. The general strategy is to construct sub-matrices in the three-dimensional space of sce-
narios, GCMs and RCMs, which are complete and hence enable targeted analyses. However, we focus here
on the overall assessment of the ensemble, using all simulations available as of October 2019, with minimal
variable availability requirements (see below). This set of simulations was carried out since 2011 in various
national and European projects and was recently enhanced as part of the Copernicus Climate Change
Service program. This led to a focus on a reduced set of eight GCMs as detailed below, which roughly covers
the range of CMIP5 equilibrium climate sensitivities as assessed by the AR5 WGI IPCC report (IPCC, 2013).
Note however that the Euro-CORDEX initiative and the related C3S project are still active. Therefore,
new 0.11° projection simulations will become available in addition to the 55 simulations analyzed in the
current study.
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2.2. The Ensemble of Simulations

We consider the ensemble of all EURO-CORDEX simulations including at least daily mean, minimum and
maximum 2-m temperature, and daily precipitation amount, provided that they include a historical period
(1950-2005) and future conditions following the RCP8.5 scenario. The ensemble contains 55 different simu-
lations, each resulting from the downscaling of a GCM by an RCM. In total, the ensemble includes 11 RCMs
downscaling 8 GCMs. The simulations are shown as a matrix in Table 1.

Some RCMs have been used to downscale several realizations of the same GCM, allowing us to estimate the
effect of simulated natural variability on climate change responses, although this aspect is not presented here.
Such is the case for HIRHAMS, RACMO22E, and RCA4 downscaling EC-Earth, and for COSMO-crCLIM,
RCA4, and REMO downscaling the MPI GCM. For some RCMs, different versions of the same model were
used. For REMO, REM02009 is used for two simulations and REM0O2015 for the others, but they were
combined together as the model differences were minor. Two Weather Research and Forecasting (WRF)
versions were used (WRF361H and WRF381P) but were considered as two different models due to a number
of differences in parameterizations and implementation. Garcia-Diez et al. (2015) showed that the spectrum
of possible parameterizations in WRF could lead to a very large model spread. The ALADIN RCM was
also used in two different versions with more than 10 years of model development between the Version 5.3
(hereafter ALADINS53, Colin et al., 2010) used at the beginning of EURO-CORDEX and the recent Version
6.3 (ALADING63, Daniel et al., 2019). Two versions of COSMO-CLM are also part of the model ensemble:
COSMO-CLM4-8-17 (named CCLM in the following, Rockel et al., 2008) and an accelerated version,
COSMO_crCLIM-v1-1 (hereafter COSMO-crCLIM, Leutwyler et al., 2016), which should also be treated as
separate models.

RCM characteristics are briefly described in the references mentioned in supporting information Table S1.
For parts of the simulations, some fields other than temperature and precipitation were not available
(see footnotes in Table 1). Additional issues arose in the course of the EURO-CORDEX runs but were not
considered to influence the results. They are listed in the so-called Euro-CORDEX Errata Table (https://
www.euro-cordex.net/078730/index.php.en). For instance, RCM simulations using model-level data from
the historical CNRM-CM5 GCM run had lateral boundary conditions that were taken from another simula-
tion member by mistake. Therefore, their atmosphere lateral boundary conditions are not consistent with
sea surface temperature and sea ice cover surface boundary conditions. This was however found to not
change model climatologies. Therefore, simulations (v1) were kept unless a new simulation (v2) using con-
sistent pressure-level boundary conditions was carried out to replace it. Early simulations from WRF331F
with a known problem of sea surface temperature (SST) interpolation along some coastal areas were
removed from the ensemble and replaced by simulations with the new version WRF381P.

In this article we use simplified simulation naming, described in supporting information Table S1 in order to
shorten references to models. The simplified naming takes the form “<GCM>r<n>-<RCM>,” where GCM
is a simplified model name, for example, “HADGEM” for HadGEM2-ES, n is the member number, and RCM
is the simplified RCM name, for example, “CCLM.”

3. Evaluation Framework

We focus on a subset of variables and indices linked to some economic sectors, intending to provide a broad
view of the ensemble’s capacity to represent useful information for further use in science and decision mak-
ing. Note that for some applications, model outputs will need to be bias adjusted (Maraun, 2016); however,
bias adjustment is beyond the scope of this article and therefore the evaluation is conducted on the raw
model output.

We use the most recent World Meteorological Organization (WMO) 30-year reference period 1981-2010 for
the comparison of model outputs with observations. Since this period exceeds the CMIPS5 historical period
ending in 2005, we concatenated RCP8.5 scenario simulations to historical simulations to complete the data.
We do not expect the scenario selection to affect the results of the evaluation because the overall temperature
development is very similar across scenarios in the first years of the scenario period (starting 2006).

Models are assessed by calculating biases as maps or by averaging biases over the so-called PRUDENCE
REGIONS (Rockel & Woth, 2007), which are described in supporting information Figure S1 (BI = British
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Table 2

Variables and Indices Used in This Study With Reference Data Sets, Evaluation Period, and Concerned Economic Sectors for the Indices

Essential climate variable
(ECV) name in climate

Variable Acronym  and forecasts convention Observation data set Season Remark

daily mean temperature TG tas E-OBS17 022 Year, DJF and JJA

daily max temperature X tasmax E-OBS17 022 Year, DJF and JJA

daily min temperature N tasmin E-OBS17 022 Year, DJF and JJA

daily precipitation amount RR Pr E-OBS17 022 Year, DJF and JJA

daily mean surface wind sfcWind ERAS Year

sea level pressure psl ERAS5 Year

surface solar radiation rsds HELIOSAT Year

evaporation evspsbl / DJF and JJA

Runoft mrro / DJF and JJA

soil moisture mrso / DJF and JJA

Index ECV involved CF variable  Observation data set used  Link to sector Category of extreme or

name for assessment impact-oriented index

Yearly maximum of TX TXx Tasmax E-OBS17 022 All Warm

#days/year TX > 35°C TX35 Tasmax E-OBS17 022 agriculture, health Warm

#days/year wet bulb globe WBGT31  tasmax, huss, and psl ERAS Health Warm
temperature > 31°C

Length of frost-free period LFFP Tasmin E-OBS17 022 agriculture, ecosystems ~ Warm

Growing degree days > 5°C GDD Tas E-OBS17 022 agriculture, ecosystems ~ Warm

Cooling degree day > 22°C CDD tas, tasmin, tasmax E-OBS17 022 Energy Warm

Yearly minimum of TN TNn Tasmin E-OBS17 022 All Cold

#Frost days/year FD Tasmin E-OBS17 022 agriculture, ecosystems  Cold

Heating degree day < 15.5°C HDD tas, tasmin, and tasmax E-OBS17 022 Energy Cold

Days with RR > 99th percentile ~ R99a Pr E-OBS17 022 Flood Wet
of daily amounts for all days

Highest 1-day precipitation RX1d Pr E-OBS17 022 Flood Wet
amount

6-month Standardized DF6 Pr E-OBS17 022 agriculture Dry
Precipitation Index

annual maximum surface wind ~ SWXx sfcWindmax ERA5 insurance Storm

Isles; IP = Iberian Peninsula; FR = France; ME = Mid-Europe; SC = Scandinavia; AL = Alps;
MD = Mediterranean; and EA = eastern Europe). The choice of regions is always subjective and should
in principle be based on considerations of climate homogeneity or on national boundaries, if national
climate services are targeted. However, many studies now have used the PRUDENCE regions and results
can be inter-compared by readers, hence our choice here.

Biases are calculated by simple differences between model outputs and a reference observational or reana-
lysis data set (see section 3.2 and Table 2). In some cases, biases are expressed as % of observations. We also
compare the mean RCM biases with the mean biases of the driving GCMs in two ways: (i) by a simple aver-
age over the driving GCM ensemble and (ii) by a weighted average counting a GCM as many times as it is
used to drive a RCM. This distinction is made to investigate the potential effect of the imbalanced weight
of some GCMs in the biases.

3.1. Investigated Variables and Indices

The indices we consider are chosen to represent basic variables and processes (temperature, precipitation,
surface solar radiation, near-surface wind speed, and mean sea level pressure, MSLP) and a few more elabo-
rated indices for key sectors (agriculture, health, energy, infrastructure, and water management) and are
presented in Table 2. Some of these indices are borrowed from the classical ETCCDI catalog (Zhang
et al., 2011). However, we also added indices relating to extremes and sector impacts that were not clearly
covered, such as energy or health. An intercomparison of water balance variables (evaporation, runoff, soil
moisture, and precipitation) is also carried out. Three extreme heat indices are considered: annual maximum
temperature (TXx), the number of days with maximum temperature exceeding 35°C (TX35), a typical
threshold for assessing agricultural yield impacts (Deryng et al., 2014), and the number of days with wet bulb
globe temperature (WBGT) greater than 31°C the latter measuring the combined effect of heat and humidity

VAUTARD ET AL.

50f28



Ay

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2019JD032344

on human health. We use a simplified WBGT version (see, e.g., Fischer & Knutti, 2013) which represents
conditions in the shade. Above a WBGT value of 31°C frequent rest periods even for light work activity
are recommended (Kjellstrom et al., 2009). Two standard indices for agriculture and ecosystems are used
(growing degree-day above 5°C, GDD, and length of frost-free period, LFFP), both characterizing climate
effects on plant phenology. Two classical energy-demand indices are also used (cooling degree-day, CDD
above 22°C, and heating degree-day below 15.5°C, HDD, using the definition of Spinoni et al., 2015), each
characterizing energy demand in summer or winter. For precipitation, we analyze two extreme indices
(the 99th percentile of all-day daily precipitation amount, R99a, and the annual maximum of daily amount,
RX1d), while for drought occurrence we use the drought spell frequency based on the Standardized
Precipitation Index (SPI) cumulated over 6 months, using the approach of Spinoni et al. (2014). A drought
spell starts when the cumulative precipitation falls below one standard deviation (STDE) for at least two con-
secutive months and ends when it goes back above normal. We express the index as the frequency of drought
spells per decade, DF6. As wind storm index we use the annual maximum of daily maximum instantaneous
wind speed (SWXX). This selection of indices is somewhat weighted toward temperature indices but illus-
trates a wide range of potential impacts.

3.2. Observations

The observations used here for precipitation (pr) and temperature (tas, tasmin, and tasmax) are taken from
the E-OBS17 0.22° data set (Haylock et al., 2008) and are interpolated onto a common 0.11° resolution grid
either by using a bilinear interpolation (for temperature) or by nearest-neighbor interpolation (for precipi-
tation). This choice was made in order not to lose any effect of the high-resolution simulations compared to
the GCMs. While for temperature we do not expect that the lower resolution of the observations would
affect results except in mountainous areas, we expect the observational resolution to affect precipitation.
Thus, for precipitation in mountainous regions, we also use a number of high-resolution gridded data sets
(Fantini et al., 2018) as an alternative for the relatively coarse resolution E-OBS data. High-resolution data
sets, albeit only available for relatively small regions, are often compiled from a higher density station net-
work than E-OBS, which reduces the chance of undersampling (Prein & Gobiet, 2017). Also, different inter-
polation methodologies generally lead to different gridded precipitation products (Herrera et al., 2016).
Here we use high-resolution precipitation data sets covering the Alps (EURO4 M-APGD; Isotta et
al., 2014), Norway (KLIMAGRID; Mohr, 2009), Scotland and Wales (U.K. gridded data set; Perry &
Hollis, 2005), Spain and Portugal (Herrera et al., 2019), and the Carpathians (CARPATCLIM; Szalai
et al., 2013). Each data set is confined to a single PRUDENCE region, respectively AL, SC, BI, IP, and
EA. They all span the period 1981-2010, apart from EURO4-M-APGD which ends in 2008 (1979-2008
was taken). Conservative remapping is used to regrid the high-resolution data set onto the EUR-11 grid.
The regridded pattern is then substituted for the E-OBS pattern; for subregions within a PRUDENCE region
that are not covered by the high-resolution data set, the E-OBS values are retained.

For the dynamical variables (MSLP and surface wind) and wet bulb globe temperature the new ERAS5
reanalysis (C3S, 2017) is used as reference over the period 1981-2010. These reanalyses are model outputs
constrained by observations, which therefore can also include model biases. For radiation, the surface short-
wavec downwelling radiation (rsds) annual means are evaluated against the Surface Solar Radiation Data
Set—HELIOSAT (Miiller, Pfeifroth, Triager-Chatterjee, Cremer, et al., 2015), which is a remote-sensed
surface radiation data set. The latter is interpolated to the common EURO-CORDEX horizontal rotated
0.11° grid for the period 1983-2012 (not available before). For this variable, the mean absolute bias for
monthly means is equal to 5.5 W/m? in the HELIOSAT product (Miiller, Pfeifroth, Triger-Chatterjee,
Trentmann, et al., 2015). Therefore, only absolute biases higher than this value are considered as
significant.

4. Mean Biases for Main Climate Variables

4.1. Temperature

We first analyze the overall temperature bias of the ensemble. Figure 1 (top row) shows the median and 5th
and 95th percentiles of the temperature biases among the 55 RCM simulations for the winter season. Note

that these percentile maps do not necessarily come from the same model at all grid points, and, provided that
all models are not biased in the same way, we expect the 5th percentile map to include essentially negative

VAUTARD ET AL.

6 of 28



AP~ .
N\I Journal of Geophysical Research: Atmospheres 10.1029/2019JD032344

ADVANCING EARTH
AND SPACE SCIENCE

Bias(degC) TG 05% in DJF Bias(degC) TG 95% in DJF
100 //" / = v T

E-OBS TG (degC) in DJF GCM ( d) Bias(degC) TG 50% in DJF

s

:

JA GCM (Unweighted) Bias(degC) TG 95% in JJUA
T ~d T — ]

Figure 1. Distribution of temperature biases (°C) for the winter season (top two rows) and the summer season (bottom two rows). First row, left: median of the
mean temperature bias among the 55 RCM simulations, middle: 5th percentile of the RCM temperature bias distribution, and right: 95th percentile of the RCM
temperature bias distribution; second row, left: E-OBS mean observed temperature, middle: median of the biases of the eight GCMs used 55 times (including
repetitions), and right: median of the eight GCMs biases without repetition; bottom two rows: same as top two rows for the summer season.

numbers and the 95th percentile map to include positive numbers. Median biases remain within +2°C,
except in scattered areas such as North Africa, where the observations are likely less reliable, and over high
mountains (Norway, Alps), where the altitude difference between model and observational data sets was not
considered when estimating biases. However, a group of models (e.g., RACMO, WRF381P, and RCA) has
strongly negative biases over Scandinavia (see Figure 2) and northeastern Europe, which is reflected by
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Figure 2a. Temperature biases (°C) per season and per PRUDENCE region (see supporting information Figure S1) with respect to E-OBS. Bold numbers indicate
biases greater than the average standard deviation of EOBS. Standard deviation is provided along with E-OBS v17 and was averaged over days and regions.
Rows represent different GCMs. The first column indicates the bias of each GCM, the other columns the biases of the RCMs. (a) Winter (DJF) and

(b) summer (JJA).
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Figure 2b. (continued)

the 5th percentile of mean bias being lower than —5°C (Figure 1). This could be linked to a bias over
snow-covered areas in winter, indicating shortcomings in snow-atmosphere interaction as found in previous
studies (Garcia-Diez et al., 2015). By contrast a group of models has a strong positive bias over southeastern
Europe, mostly driven by a few GCMs (Figure 2) in this case (CANESM, IPSL, MPI, and NORESM). In sum-
mer, a weak median negative bias (<2°C) is present over a large area covering the Iberian Peninsula, western
Europe, and Scandinavia. This is largely driven by negative GCM biases over the same areas, particularly
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marked for ECEARTH, MPI, and NORESM. A median positive bias is present over eastern Europe, driven by
a group of GCMs (CANESM, CNRM, HADGEM, and MIROC) having a strong mean positive bias over the
region in the range 2.5-6°C.

Essentially the same conclusions hold for the mean maximum daily temperature (not shown). In this case
the ensemble median bias is stronger, with substantial underestimations in the PRUDENCE region boxes
BI, IP, SC, and AL (not shown). Regarding minimum daily temperature (not shown), biases appear to be
more tied to the RCM, pointing to local land-atmosphere interactions combined with surface, boundary
layer, and low-cloud processes driving much of the bias structure. For instance, RACMO exhibits systematic
negative biases and REMO almost systematic positive biases, illustrating how the biases patterns are often
very specific for each RCM. Ensemble mean biases are less pronounced, as biases are more diverse among
models and thus tend to cancel out.

One question is how these biases compare with observational errors coming from various sources, including
the gridding scheme, which was shown to be significant (Cornes et al., 2018; Prein & Gobiet, 2017). E-OBS
v17 data also include an estimate of the error STDE for each day and each grid point. The STDE is typically
estimated to be within 1.3-2°C on average at the grid point level (not shown), both in summer and winter,
which is mostly higher than the ensemble mean bias, except for some small regions. However, on a model-
by-model basis this is not the case. Figure 2 shows in which regions and for which models the mean bias is
higher than the STDE in absolute value. In winter, several RACMO, ALADINS53, and RCA simulations and
CNRMr1 downscalings show a significant negative bias in several regions, while NORESM downscalings
show a significant positive bias. In summer, strong negative biases are found for downscalings of the
EC-EARTH and CNRM models, while several HadDGEM downscalings have a positive bias higher than
the STDE. RACMO keeps a strong negative bias. While these comparisons are interesting at a qualitative
level, caution should be taken when comparing the STDE with the mean bias amplitudes, as the observation
error does not include only a systematic component; that is, it is not strictly a bias.

In order to better understand the drivers of the biases, we calculate, for each variable (mean, maximum, and
minimum daily temperatures), the average over all GCMs and PRUDENCE regions, of the variance of
GCM-RCM simulation biases averaged within groups driven by the same GCM:

1 1 — \2
Vie— [ (B — B; 1
i NRegionZRegwnkNRCMZRCM]( ijk lk) ’ ( )

where Bjj, is the mean bias of the RCM #j downscaling GCM i in region k and By is the mean bias over all
RCMs downscaling GCM #i. This mean variance is normalized by the overall bias variance V;,; consider-
ing all simulations and regions, to form a “mean within-GCM normalized variance” (WGNV).

WGNV; = 2

If the GCM-RCM bias is a function of the GCM only, the normalized variance should vanish. The average
variance is weighted by the number of simulations within each GCM-driven group. A symmetric operation
is done with within-RCM sub-ensembles instead of GCM sub-ensembles to calculate a “mean within RCM
normalized variance” (WRNV).

11 1 2
WRNV; = — o (Byjk — Bj) ®3)
J V ot NRegionZchwnkNGCMZGCMz( ] J )

where now Bj is the mean bias over the ensemble of GCMs downscaled by RCM #j. Then WRNV is
plotted versus WGNV in Figure 3. Only temperature is discussed here, while other variables are discussed
in their relevant subsections. In this graph, when a point lies near the diagonal, one expects an equal con-
tribution of RCM versus GCM in driving the bias, while when the point lies above (below) the diagonal,
the GCM (RCM) contribution to the bias dominates.

For mean and maximum daily temperature, we find that the driving GCM is contributing more than the
RCM itself, but for daily minimum temperature, the most important contribution is the RCM. In
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Figure 3. Analysis of the variance of biases by grouping either by GCM or
RCM: Ratio of the normalized within RCM bias variance versus the
normalized within GCM variance, averaged over all PRUDENCE regions
and for a few variables and seasons (blue = winter, red = summer,

square = mean temperature, triangle up [down| = max [min] temperature,
diamond = precipitation, and circle = yearly mean radiation). The WRNV
is the weighted average over all RCMs of the variance of the ensemble of
GCM-RCM biases with the same RCM; the within GCM normalized
variance is the weighted average over all GCMs of the variance of the
ensemble of GCM-RCM biases with the same GCM. A zero RCM variance
(e.g., for rsds) means that the bias is the same for all GCMs downscaled by
this RCM.

general, during nighttime, the atmosphere is stratified, making model
biases substantially dependent on stable boundary layer parameteriza-
tions, boundary layer turbulence, low-level clouds, and the description
of the land surface. This dependence is expected to be larger in summer
than in winter due to lighter winds inducing less mixing than in winter,
which is consistent with more RCM-driven biases during summer. By
contrast, for daily maximum temperatures in fully developed diurnal
boundary layers, one expects that the surface temperature influence is
mainly driven by large-scale processes (and therefore the GCM), espe-
cially in winter, which is consistent with our bias analysis. However,
maximum temperatures are also expected to depend on soil-atmosphere
interactions.

These results however exhibit variability among European regions. The
WGNV and WRNV have been calculated also without averaging across
regions (supporting information Figure S2). Daily average and maximum
temperatures have large-scale GCM dominating contributions in flat
areas, while in the Alps and Mediterranean a reverse situation is found.
For minimum temperature the RCM contribution dominates over the
GCM contribution in most cases, and it is systematically larger than for
average temperatures.

4.2. Precipitation

Spatial maps of the difference between model precipitation and E-OBS
data are depicted in Figure 4 for the winter (December-February, DJF)
and summer (June-August, JJA) seasons. The median bias and the 5%
and 95% bias of the model distribution are shown. In the winter season
there is a widespread overestimation across virtually the entire

European land mass, with relative median bias values reaching 50% (a factor of 1.5) over a substantial num-
ber of regions (e.g., mid-northern Iberian Peninsula, Central France, Alpine regions, Po Valley, and eastern
Europe). Even the lower tail (5%) of the bias distribution is positive in certain regions (e.g., area in Spain,
France, Poland, the Alps, and Romania) meaning that at least 95% of the simulations have a positive bias.
The upper tail (95%) of the bias distribution exceeds 100% in a large number of regions (a bias of a factor
of 2 at least). Such biases found here are consistent with previous analyses (e.g., from Kotlarski et al.,
2014), but they have to be considered in view of the fact that the E-OBS data do not include an undercatch
gauge correction, which in the winter can reach up to 35%, especially in mountain environments (e.g., Adam

& Lettenmaier, 2003).

In summer, median biases are also positive but smaller than in winter, with the exception of the
Mediterranean region. Here rain is essentially absent in observations, while the majority of simulations pro-
duce rain through predominantly (parameterized) convective events. In other areas precipitation is overes-
timated by 30% or less. Over central and eastern Europe there is no systematic bias in summer precipitation,
while over areas closer to the Atlantic Ocean and the North Sea there is a small but distinct positive bias. A
small negative bias is found over Ukraine and Southern Russia areas. The lower tail of the bias distribution is
negative virtually everywhere with values ranging from slightly less than 0 in Scandinavia and western
Europe to nearly 100% in the Balkan, Ukraine, and Southern Russia; exceptions are a few scattered regions
in Spain and Italy where even the 5% bias is positive. The upper tail of the bias distribution is positive every-
where, with values ranging from 10% in South Germany and some regions in the Balkan and Ukraine to
100% or beyond in the Mediterranean, western Europe, and Norway.

Median bias spatial patterns in GCMs, both weighted and unweighted, are qualitatively similar to those
inferred from the RCMs, both in winter and in summer, but the bias values are generally slightly smaller
(Figure 4). An exception occurs in mountainous regions (Alps, Pyrenees, Western Norway, Western
Scotland, ...) where median biases in GCMs are distinctly smaller than in RCMs or, in particular in winter,
even negative. The latter can most likely be attributed to the difference in horizontal resolution, with much
lower orography in GCMs. While all RCMs are operated at a nominal 12-km resolution, the finest resolution
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Figure 4. Same as Figure 1 for precipitation biases; units: biases in %, climatologies in mm/day.

among the GCMs is 125 km. Again, in these regions, as during winter the undercatch bias in observations
can be quite large.

In Figure 5 the mean bias in precipitation amount (%) for each GCM-RCM combination averaged across
each of the eight PRUDENCE regions (BI, IP, FR, ME, SC, AL, MD, and EA) is summarized in tabular form.
In winter, in all regions except the British Islands (BI), all RCMs show positive biases, with the exception of
RegCM for a few regions. For BI a few more RCMs (CCLM, REMO, ALADIN63, and REGCM) have a nega-
tive bias (RegCM max —1.1 mm/day). Regarding the PRUDENCE regions, the largest positive biases are seen
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Figure 5a. Same as Figure 2 for precipitation biases as compared to E-OBS. (a) DJF and (b) JJA.

for the Alps (AL) and, to a lesser extent, the Iberian Peninsula (IP), France (FR), and the Mediterranean
(MD). Stratified on the driving GCM, the largest biases are found for the simulations forced by MPI,
NorESM, and CNRM. When based on RCM, the largest biases are found for RCA (max 2.5 mm/day in
IP), CCLM (max 1.9 mm/day in IP and AL), COSMOcrCLIM (max 1.9 mm/day in AL), REMO (max
1.8 mm/day in IP), RACMO (max 1.9 mm/day in FR and AL), HIRHAM (max 3.1 mm/day in AL),
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WRF361H (max 1.9 mm/day in IP), WRF381P (max 2.3 mm/day in AL), ALADIN63 (max 2.4 mm/day in
MD), and RegCM (max 0.89 mm/day in MD). The GCMs have largest positive biases in FR and largest nega-
tive biases in BI. The latter obviously relates to the large relative negative bias in GCM-precipitation for
Western Scotland, which dominates the bias in the absolute amount.

In summer, the picture is somewhat more mixed. For IP and MD all GCM-RCM combinations show a posi-
tive bias, confirming Figure 4, with the exception of a few combinations including CCLM. For the other
regions (BI, ME, SC, FR, and AL) gradually more combinations have a negative bias. Most negative biases
and also the largest values (CCLM max —1.4 mm/day) are found for EA, again in line with Figure 4.
Stratified on the driving GCM, we note the large positive biases in all regions but SC and EA for combina-
tions forced by CNRM. This applies to a lesser extent to MPI. Based on RCM, the largest positive biases
are seen for ALADIN63 (max 2.4 mm/day in AL, 2.6 in MD and IP), RCA (max 1.9 mm/day in BI,
1.4 mm/day in FR and ME), CCLM (max 2.2 mm/day in AL), REMO (max 2.0 mm/day in AL, 1.9 in MD,
and 1.7 in FR), WRF361H (max 2.0 mm/day in AL), and WRF381P (1.7 mm/day in AL).

The overall picture is that RCMs in general tend to overestimate precipitation but more so in winter than in
summer and probably amplified by the lack of undercatch gauge correction in E-OBS. GCMs show the same
behavior but generally with smaller bias values. An exception occurs in mountainous regions where RCM
biases are larger than in other regions, both in a relative and an absolute sense. GCMs, on the other hand,
have smaller or even negative biases in mountainous regions. The analysis of variance of Figure 3, carried
out in the same way as for temperature, shows that mean precipitation are half driven by GCMs and half
by RCMs. This can be understood as both large-scale drivers and local physical parameterizations (e.g., con-
vection and microphysics) are important in determining the biases. The variability across regions of these
contributions is large (supporting information Figure S2).

In winter, the ensemble mean precipitation biases are generally of the same order as the average STDE of the
observation error (typically 0.5-1 mm/day over plain areas) or higher in many places (not shown), indicating
a significant systematic bias by most models. Except for the British Isles and Scandinavia, the biases are
found significant for many models when data are regionally averaged (Figure 5a). We remark the almost sys-
tematically significant biases of MPI downscalings for IP, FR, and AL, for the HIRHAM RCM in most
regions. In summer, biases are less significant except in some models or regions: downscalings of
CNRMrl1 in MD, FR, and AL, WRF381P over most regions, and RCA simulations over BI and IP.

We have examined how the use of gridded high-resolution data sets (see section 3.2) affects the interpreta-
tion of Figure 4. The general finding is that replacing part of the E-OBS data by high-resolution data always
leads to larger estimates of observed 30-year mean precipitation, irrespective of PRUDENCE region and sea-
son. For DJF the absolute/relative increases are in mm/day/%, 0.03/0.9 (AL), 0.46/24 (SC), 0.26/7.7 (BI),
0.42/21 (IP), and 0.06/5.6 (EA), while for JJA they are 0.38/12 (AL), 0.24/9.8 (SC), 0.17/7.2 (BI), 0.17/24
(IP), and 0.11/5.0 (EA). Considerig these numbers, all negative biases found in Figure 5 become more nega-
tive, while all positive biases become less positive, or even slightly negative. Therefore, the simulations have
generally lower biases than shown in Figure 5. However, while the magnitude of the adjustment induced by
the high-resolution data appears modest, it should be kept in mind that none of the five PRUDENCE boxes
are fully covered by the high-resolution data sets, with only three regions (AL, BI, and IP) covered by more
than 75% of the area. For the other two regions (SC and EA) the coverage is between 20 and 30%, yet the parts
that are covered have sizeable contributions to the mean precipitation averaged over the full PRUDENCE
region.

4.2.1. Water Balance

Seasonal means (DJF and JJA) of precipitation (pr), total runoff (mrro), evaporation (evap), and soil
moisture (mrso) for the period 1981-2010 have been calculated for up to 55 RCM simulations (55 for pre-
cipitation, 54 for total runoff, and 51 for evaporation and soil moisture). They are presented here for
model intercomparison purposes only, due to lack of suitable observations for the latter three variables.
Absolute values averaged over the eight sub-regions for pr, evap, mrro, and mrso are shown in Figure 6.
For precipitation, we see some well-known patterns across the matrix. Regions IP and MD are dry in
JJA, while BI and AL are wet in both seasons. As expected, evaporation is low for all models in DJF
and much higher in JJA for all regions except IP and MD, where evaporation is limited by low soil
moisture amounts.
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Figure 6. The 1981-2010 means for 55 RCM simulations divided into a GCM/RCM matrix where the rows (GCMs) and
columns (RCMs) match those in Table 1. The left column of panels is for DJF and right column for JJA. The variables
shown are precipitation (first row, units mm/day), evaporation (second row, units mm/day), runoff (third row, units
mm/day), and soil moisture (fourth row, units m). For each variable and season, the data are divided into eight
PRUDENCE regions: British Isles, Iberian Peninsula, France, and Mid-Europe in the first row and Scandinavia, Alps,
the Mediterranean, and eastern Europe in the second row.

For total runoff, we see high values over BI in DJF and AL in JJA, while for total soil moisture content, we
note some large differences across RCMs. RCA, REMO, ALADINS53, and ALADIN63 show small values for
all sub-regions and both seasons while CCLM, RACM 022, REGCM, and COSMOcrCLIM show large values,
especially for sub-region IB. This can probably be ascribed to different definitions on the soil moisture in the
models. For instance, SMHI-RCA, with relatively small values of total soil moisture content, has a field capa-
city limit near 0.3 m*/m? and a maximum total soil column of about 2.5 m giving a maximum water holding
capacity of about 750 mm (Samuelsson et al., 2015). On the other hand, KNMI-RACMO, with relatively large
values of total soil moisture content, has a total soil column of 2.89 m while the field capacity limit is in a
range 0.2-0.6 m®/m® giving a maximum water holding capacity in the range 600-1,700 mm (van
Meijgaard et al., 2012).

4.3. Dynamics

Dynamics here is characterized by two complementary variables. The near-surface wind speed is key for sev-
eral sectors such as agriculture and energy, and the MSLP allows to characterize the mean large-scale, low-
level circulation.

4.3.1. Surface Winds

Mean near-surface winds are positively biased when compared to the ERAS5 reanalysis in a fairly homoge-
neous way (Figure 7). Only a few models show slightly negative biases, for Scandinavia (CNRMrl-
ALADIN63, CNRMr1-CCLM, and MIROCr1-CCLM); otherwise, the range of biases is positive, reaching
more than 2 m/s over the Alps or the Iberian Peninsula (e.g., for WRF381P or REGCM simulations). Over
mountain ranges we expect large differences due to resolution. However, the systematic nature of the posi-
tive bias for all models and regions (including plain areas) could potentially be due to a negative bias of the
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Figure 7. Biases for surface wind speed (top row) and MSLP (bottom row); from left to right: mean values from the ERAS5 reanalysis, median RCM bias, and 5%

and 95% of the bias distribution.

surface wind speed in the ERAS reanalysis, which has been noted in previous studies (e.g., Betts et al., 2019).
The bias is essentially driven by the RCM in all regions (supporting information Figure S2) as shown by the
variance analysis (see Figure 3), and it is probable that differences in the boundary and surface layer schemes
account for most of the biases. Finally, note that this analysis has been conducted on an annual basis in order
to keep the article concise; however, yearly estimates may hide stronger or weaker seasonal biases.

4.3.2. MSLP

Median and extreme MSLP biases across the ensemble are small, as compared to the ERAS5 reanalysis, and
do not exceed 2 hPa (Figure 7). In extreme cases, models have negative MSLP biases exceeding 5 hPa over
northwestern Europe and across central Europe. This appears as a rather general property of most models
since the upper extreme biases almost vanish over these areas. Extreme positive biases exceeding 5 hPa
are also present over the northernmost latitudes. Other significant positive biases can be found for latitudes
below about 40°N.

MSLP biases seem to have both GCM and RCM as driving factors (Figure 3). Some RCMs have a significant
bias, for instance WRF381P over Mid-Europe, with a range from —8.3 to —1.7 hPa. REMO, CCLM, and RCA
simulations also have significant negative biases below —3 hPa in a few regions. The reason for these biases
remains difficult to establish. However, internal variability may not be symmetrical, and convection-related
low-pressure systems which would not be present in GCMs and would develop within the RCM domain
could explain the biases in some cases. MSLP and surface wind biases may not be independent: for instance,
deeper lows are expected to induce higher winds.

4.3.3. GCM-RCM Pattern Correlation

RCM integrations depend on the consistency of the “one-way” nesting approach, that is, by assuming that
the large-scale GCM dynamical forcing imposed at the boundary of the RCM domain is not strongly altered
by the interaction with the local-scale forcings and internal dynamics and physics of the RCM.

An assessment of the consistency between GCM and RCM large-scale circulation is most relevant at the
daily time scale, since this is the scale at which RCMs produce valuable output which could not be obtained
directly from their driving GCMs. Day-to-day consistency of large-scale circulation patterns between RCMs
and their driving GCMs has been assessed from the correlation of spatial patterns of daily averaged MSLP.
Part of this correlation is due to the existence of near-stationary spatial features over the domain, resulting
in correlations different from zero even for independent GCM/RCM realizations. This problem could be
solved by estimating correlations from anomalies, but the interpretation of the resulting correlations would
be more difficult. We used all RCMs except ALADINS53 due to the inconsistencies mentioned above for this
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model. The period 1976-2005 is used for the RCM and GCM MSLP interpolated onto a 0.75° regular grid via
a bilinear interpolation. This process is essentially equivalent to filtering out the largest scales from both sets
of simulations. The results are analyzed by seasons and summarized as box plots (Figure 8).

The analysis shows the expected result of a very high correlation in winter for all the models, with all the
median values larger than 0.9, while in summer the inter-model spread is larger (0.6-0.9 for medians).
The results of the intermediate seasons, not shown, are mid-way between the winter and summer values.
The seasonal differences for a given RCM simulation can be explained by the strength of the dynamical for-
cing from the GCM in each season, which is maximum in winter and ultimately determines the intensity of
the constraint on the circulation over the RCM domain (e.g., Sanchez-Gomez et al., 2009).

The figures in this study also show rather large model differences, in particular in the lower tail of the cor-
relation distributions; however, these differences are not necessarily an indication of different RCM skill in
reproducing the driving large-scale circulation. Factors which may contribute to these differences include
the size of the RCM domain or nudging zone (which might explain the results from the WRF381P integra-
tions for which a larger domain was used with a small nudging zone), the GCM resolution, and the strength
of the driving circulation (e.g., Laprise et al., 2008). It is worth noting that there are differences between the
distributions of correlations; one of the ECEARTH realizations (r3) has systematically lower correlations
compared to the other two realizations (r1 and r12), which can be explained with the lower quality of
MSLP in the former. In addition, the MSLP is obtained from the surface pressure through a vertical extrapo-
lation from surface pressure and temperature, and different methods can be used for such procedure, possi-
bly affecting the correlations (e.g., Pielke & Cram, 1987, for HadGEM2-ES).

4.4. Surface Solar Radiation

Figure 9 shows the observation pattern (bottom left) and the multi-model ensemble bias distribution for the
annual-mean surface solar downward radiation. Note that the ECEARTH r1 et r3 simulations have been
replaced by ECEARTHr12 to compute the GCM median bias, as rsds data are not available for these two
simulations.

The RCM median bias map shows an overall good behavior, with low maximum positive biases (typically
between +10 and 4+20 W/m?) in the northeast of the domain and maximum negative biases in the southwest
(typically between —10 and —20 W/m?). The southwest biases cover a region with few clouds but large dust
aerosol optical depth (AOD). This suggests that the models have too much cloudiness or too strong dust aero-
sol effects. Note that most RCMs do not include aerosols, and the annual-mean aerosol direct radiative for-
cing at the surface has been evaluated to [-19; —15] W/m? over Northern Africa and to [-15; —10] W/m?
over southern Europe (Nabat et al., 2012, 2015).

The RCM median bias map is consistent with the GCM median bias map except for some specific areas.
Indeed, the RCM ensemble degrades the behavior with respect to the GCM ensemble above some mountain
ranges (Alps, Turkish mountains, southwest Norway, and Iceland) but improves it near the northern coast of
Europe and the United Kingdom. The southwestern negative bias is also more pronounced in the RCM
ensemble. The explanation of the RCM strong positive biases over the mountains remains unclear and
may be also due to limitations of the HELIOSAT reference data set. Overall, there is no obvious improve-
ment in the Euro-CORDEX ensemble compared to the driving CMIP5 ensemble for the bias in
annual-mean surface solar downward radiation.

Looking at individual RCM biases, we conclude that, at the first order, biases in surface solar downward
radiation in RCM simulations are related to the choice of the RCMs. We notice only a weak influence of
the forcing GCM contrary to most of the other variables. Moreover, the influence of the member choice
for a given GCM is not detectable. This individual model analysis is confirmed by Figure 3 in which the posi-
tion of the yellow circle clearly shows that the variance of the rsds bias is dominated by the RCM choice.
Supporting information Figure S2 shows that such is the case for all regions. The rsds variable indeed shows
the minimum WRNV among all other analyzed variables.

Two RCMs (WRF381P and REGCM) present particularly strong positive biases over land regardless of the
geographical area and the driving GCM, suggesting a lack of low-level clouds or too weak aerosol effects.
RCAA4 also exhibits mainly positive biases. REMO and HIRHAMS5 have mainly negative biases, clearly
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Figure 8. Distribution of mean sea level pressure spatial correlation between RCMs and driving GCMs, for simulation in
the historical period (1976-2005). (top panel) Winter (DJF) and (bottom panel) summer (JJA). X axis lists the RCM
name, and GCMs are identified by different colors, reported in the legend. The boxes are constructed from the 25th and
the 75th percentiles, with the median shown as a line inside it, while the whiskers extend to data up a distance of 1.5
times the interquartile range. All the correlations outside the whiskers are shown as points. Note that the WRF361H
simulations are included here using a simplified calculation of the sea level pressure from the surface pressure and
temperature.

stronger over the southern Europe and the Mediterranean area (even stronger than —40 W/m?).
RACMO22E, ALADIN53, ALADIN63, and CCLM show no strong domain-average bias but a north-south
contrast with positive biases in the north and negative in the south close to the median feature in
Figure 9. It is noticeable that RCA4 and REGCM show a land-sea contrast in their biases (not shown),
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Figure 9. Same as Figure 1 for the annual-mean surface solar downward radiation (rsds) (six panels). White-colored
areas (—5.5 to +5.5 W/mz) correspond to areas where the mean bias is lower than the mean absolute monthly
observational error (Miiller, Pfeifroth, Tréger-Chatterjee, Trentmann, et al., 2015).

which remains to be explained. For the Mediterranean Sea, we can compare the current model evaluation
with the work by Sanchez-Gomez et al. (2011) for the ENSEMBLES RCMs (ERA40-driven runs). Since this
assessment, HIRHAM and REMO did not improve, as they were already showing strong negative biases,
REGCM degraded its bias whereas RACMO and CCLM improved and ALADIN and RCA kept their good
behavior over the area.

Over continental Europe, the biases obtained here are difficult to compare with previous RCM assessments
(Bartok et al., 2017; Nabat et al., 2015) because of different methodologies but the order of magnitude of the
RCM biases are similar. It is worth mentioning that Bartok et al. (2017) found that RCMs have generally lar-
ger biases than their driving GCMs, which is not true in our evaluation. Besides, evaluation of the past trend
of surface solar downward radiation has not been conducted here. However, a clear underestimation of the
observed past trend from the 1980s has been reported in the literature for RCMs not taking into account the
aerosol past evolution over Europe (Bartok et al., 2017; Boé et al., 2020; Nabat et al., 2014). Finally, an incon-
sistency in the GCM and RCM future responses for the surface shortwave downward radiation has been
described recently (Bartok et al., 2017; Boé et al., 2020; Gutiérrez et al., 2020). This aspect is specifically dis-
cussed in the companion paper (Coppola et al., 2021) dedicated to the RCM future projections.

5. Extreme and Impact-Oriented Indices

In this section we assess the biases of impact-oriented indices, as defined in Table 2, organized by broad
categories of hazards or involved sectors. The observation mean over the 30-year reference period,
together with the median ensemble bias and extreme biases (5% and 95% of the bias distribution), is
shown as maps in Figure 10. The detailed information per region and index is provided in supporting
information Figures S4-S16.

For the maximum annual temperature (TXx), as well as for mean summer temperature, a general cold bias is
found across Europe, except in a few areas in southeastern Europe, but large biases exceeding 5°C in abso-
lute values are found in some cases. Cold biases below —5°C are found for several simulations made by RCA
over Scandinavia, HIRHAM over France and central Europe, and IPSLr1-WRF381P over the Iberian
Peninsula. Large positive biases are found in eastern Europe for two simulations of CCLM. The number
of days with maximum temperature exceeding 35°C (TX35) has a median low bias over the Iberian
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Figure 10. Distribution of biases for the indices described in Table 2; each row includes from left to right: mean observation, median bias and 5-95% biases. Each
row stands for an index, and indices are presented in the same order as in Table 2.

Peninsula. In contrast, over the Eastern Mediterranean areas and eastern Europe, general positive biases are
found for TX35, sometimes very strong (more than 10 days) such as for REMO or CCLM simulations. WBGT
exceeds 31°C only in southern Europe on a substantial number of days each year, particularly in the regions
around the Mediterranean and Black Sea. Median WBGT31 exceedances in RCMs are lower than in ERAS
everywhere, except for some coastal regions, indicating that RCMs systematically underestimate health
effects due to extreme heat. Some RCM simulations (particularly REMO) overestimate the WBGT occur-
rence and show exceedances over a much bigger area than ERAS, including a large part of central Europe.
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Figure 11. Same as Figure 3 (variance analysis) but for the extreme and ,p,o51y1¢e values. Only the REMO, RACMO, and RCA simulations produce

impact-oriented indices.

cold biases with amplitudes larger than 5°, and CCLM, COSMOcrCLIM,

and REMO produce warm biases of the same amplitude or more over
AL, MD, and EA, while large warm biases are found for several CCLM and COSMOcrCLIM simulations.
FD and HDD indices are largely overestimated in northern and eastern Europe as a consequence of the gen-
eral cold bias (see Figure 1). For Frost days, large positive biases (>50 days) are found over the BI with
ALADINS53, RACMO, and IPSLr1-WRF381P.

For the two heavy precipitation indices we find a general wet bias following the mean precipitation. This bias
is for some regions quasi-systematic, especially in Mediterranean areas where even the low tail of the distri-
bution is positive. When the gridded high-resolution data sets are used instead of the E-OBS data, the effect
on the indices in all PRUDENCE regions is positive, as we saw for seasonal mean precipitation. Relative
increases are in the same order for SC, IP, and EA, but considerably larger for AL and BI. For RX1d the abso-
lute/relative increases in mm/day/% are as follows: 13/24 (AL), 4.8/16 (SC), 6.5/20 (BI), 9.1/27 (IP), and 2.0/
6.8 (EA). Compared to RX1d, the increases in R99a are slightly smaller: 5.3/16 (AL), 3.0/17 (SC), 3.3/16 (BI),
4.6/23 (IP), and 1.0/6.1 (EA). These numbers indicate that the substantial model overestimation of heavy
precipitation indices when assessed with E-OBS data can be reduced by resorting to high-resolution precipi-
tation data sets, which have a denser station network, especially in topographically complex regions. The
issue of undercatch gauge correction in observations also needs to be considered when interpreting the
biases in precipitation-based indices.

Drought frequency, as measured by a dry spell frequency exceeding 6 months (DF6), exhibits a median dry
bias in northern Europe (too many spells) and a wet bias (too few spells) in southern Europe. Large dry
biases of more than 1 spell/decade are found over Scandinavia for about 10 simulations, especially from
the driving GCMs HADGEMr1, ECEARTHr12, CNRMrl, and NORESEMTr1, and wet bias of less than —1
spells/decade are limited to IPSLr1-WRF381P.

Regarding storm conditions as measured by the maximum daily maximum wind speed (SWXXx), we find, as
for the mean surface wind, general positive biases, especially over mountainous and Mediterranean areas.
The WRF381P simulations have particularly high biases exceeding 10 m/s over the Alps and the
Mediterranean, reaching a factor of about 2 as compared to ERAS5 climatological values. Other simulations
(from RCA, REGCM, and HIRHAM) also have large biases. The least biased simulations are those using
ALADING63, CCLM, COSMOcrCLIM, and REMO.

In order to assess the contribution of the driving GCM versus RCM in the indices biases, we performed the
same analysis as for the previous variables and present the results in Figure 11 for the overall average and
supporting information Figure S3 for average over each PRUDENCE region. For GDD, HDD, CDD, and
DF6, which are indices depending on seasonal or long-duration, large-scale phenomena, the contribution
of the GCMs to the biases is dominant, although this occurs systematically over all individual regions only
for DF6. For indices depending on cold conditions (LFFP, FD, and TNn), and for extreme precipitation,
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the contribution of RCMs to the biases is dominant over all regions (except for TNn in ME), probably due to
the strong dependence on physical parameterizations. The effect of RCM physics schemes is also large for
the storm index, which depends on surface and boundary layer parameterizations.

6. Synthesis and Discussion

We have analyzed the performance of the large EURO-CORDEX ensemble that was recently developed in
order to provide a large set of GCM-RCM simulations for use in climate change research and climate ser-
vices. This ensemble consists of 55 simulations combining 8 GCMs and 11 RCMs. We focused on biases
for the most important climate variables (temperature, precipitation, wind, radiation, and sea level pressure)
and a variety of extreme and impact-oriented indices.

6.1. Synthesis of Results

Results show, above all, that for many climatological aspects, simulations reproduce fairly well the recent
past climate despite some biases. Simulations can have both small biases for a set of variables and large
biases for others. The same diversity of skill holds across different regions. In particular, it seems pointless
to try to determine the overall best or worst GCM-RCM pair as the skills strongly depend on the region
and on the variable. Based on the above simulation evaluations, we judge that none of the driving GCMs,
Euro-CORDEX RCMs, or GCM-RCM pairs can be flagged as being implausible. However, there are general
systematic biases in the ensemble, and simulations have collective deviations from observations. The median
of the simulations is generally colder and wetter than observed across Europe, except over southeastern
Europe, but deviations from observations are mostly within observational uncertainties, although some
models present significant biases. In general, RCMs do not improve significantly over GCMs in terms of
mean biases, but the added value of RCM downscaling was not the focus of this study and hence it was
not examined in detail.

Simulations also generally have a systematic negative sea level pressure bias over western Europe and are
systematically too windy close to the surface. The latter could be a consequence of the former, but
near-surface wind speeds depend strongly on the surface parameterization and resolution in both models
and reanalyses used for reference, so that robust conclusions are difficult to draw. For radiation, simulations
can have substantial biases reaching 30-50 W/m? in absolute values, but the median biases in most regions
(except mountains) are within 10 W/m?, as for the GCMs.

Each GCM-RCM combination has its own bias, and the contribution of GCMs and RCMs to the biases is
examined through an analysis of variance of the bias spread for each variable and index. The GCM and
RCM contributions depend on the variable and season, and in particular for some variables, such as radia-
tion and surface wind, the RCM internal physics represents the main source of bias. For other variables, for
example, long-term drought frequency biases are essentially driven by the large-scale boundary conditions of
the model.

6.2. Questions Raised by This Analysis and Pending Issues

A few questions are raised by this study. First of all, a few key variables still have unexplained systematic
biases. For example, sea level pressure shows up to 5-hPa underestimation in the central regions of the
domain (see Figure 7), which induces slightly too cyclonic weather over western Europe, and could also
partly explain the excessively cold, wet and windy weather. There are contributions from both RCMs and
GCMs in the variability of sea level pressure biases (see Figure 3). Systematic positive precipitation and wind
speed biases also remain largely unexplained, with potentially large contributions from observation or rea-
nalysis errors.

In many cases, a major difficulty arises from uncertainties in the observations or reanalyses used for model
assessment. For example, gridded observations suffer from large uncertainties due to the gridding scheme,
station density, scale of variability, and measurement errors such as the gauge undercatch of precipitation.
Similarly, reanalyses suffer from model biases or low spatial resolution. These shortcomings are not new but
are of particular importance when evaluating high-resolution ensemble climatologies.

Our study itself remains relatively limited in scope, mostly focusing on mean biases. Further studies could
investigate other simulation aspects, such as historical trends, higher-order statistics or specific processes,
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where in fact the added value of downscaling can be better explored. Our study also does not assess the cov-
erage by the EURO-CORDEX ensemble of the uncertainty related to the full GCM-RCM matrix. The present
GCM-RCM matrix remains largely incomplete, and some RCMs and GCMs are overrepresented compared
to others. The limited number of GCMs and difference in representation may bias the potential response
to anthropogenic forcing. Despite this, we note the potential of the ensemble to further elucidate aspects
of GCM-RCM matrix design as the current matrix does contain large completely filled sub-matrices that
can be used for testing sampling strategies (Christensen & Kjellstrom, 2020).

6.3. Consequences for Impact Studies and Climate Services

This article was mostly designed to assess the main characteristics of the EURO-CORDEX ensemble for the
recent climate period, and the emphasis was to investigate a range of variables and impact-relevant indices
to provide a relatively exhaustive view of the model performance in relation to potential applications.
However, our results should be complemented by further targeted studies in order to derive recommenda-
tions for climate services. Yet, our results can inform applications in several ways.

First, generic sectoral indicators are analyzed here, which give a broad idea of the range of uncertainty to
expect for specific applications before fine-tuning the analysis with more specific indices. In some cases,
users can be reassured at a glance that models do not have systematic biases, such as for cold extremes
(e.g., TNn, FD, and HDD in central Europe), which are of relevance to the electricity production and trans-
mission. In others, users can be alerted by the presence of significant differences with observations, such as
for wind speed, so that appropriate processing of the data is carried out (e.g., bias correction). Also, the range
of biases and uncertainties can be used as a reference for comparison in more specific applications.

The ensemble also offers a large number of simulations, providing more opportunities to identify simula-
tions with realistic behavior for the region or application considered or at least eliminate unrealistic ones.
However, too strict criteria or a too narrow ensemble of indices could lead to either undersampling poten-
tial responses to climate change or to select simulations that would overfit these criteria and remain unrea-
listic in other aspects. Hence, it is important that the selection of models covers a range of aspects (for
instance, both means and extremes, several variables). In practice, climate projections sometimes need to
be bias adjusted. However, bias adjustment can in principle only be applied when biases are not too large.
The evaluation provided here and a quasi-objective sub-ensemble selection can be a first step to bias
adjustment.

As an example of how simulations can be ranked for specific applications, we use all the 13 indices consid-
ered here for all variables, which yields 24 metrics to evaluate model biases and rank the models. Based on
these 24 metrics, rank models based on two criteria: (i) The counts of indices x regions for which each simu-
lation is in the “best half” of the simulations ensemble in terms of absolute bias and (ii) the count of indices x
regions for which each model is in the “worst 5%” of the ensemble. The first criterion describes the ability of
the model to broadly simulate with success most indices and regions while the second describes the number
of low-tail rankings of the simulation. The results are shown in Figure 12.

For the “best half” criterion, we do not see any specific deficiency of individual RCMs or GCMs. The
HADGEM GCM is often found in the upper part of the distribution and ECEARTH in the lower part,
but RCMs have a well-distributed ranking, although RCA, HIRHAM, and WRF361H are often found in
the lower part of the ranking, and CCLM and COSMOcrCLIM in the upper part. This is due to their
biases on temperature and related indices which have a large weight in the selection of indices. For
the “worst 5%” criterion, a fairly different ranking is obtained (ranking has to be taken in reverse order),
with a group of simulations having relatively frequently their biases among the highest two values (5%) of
the ensemble. Such is the case of some simulations using WRF381P (systematically larger bias on wind
speed and storm index as well as a larger MSLP and radiation bias). The ranking uses a somewhat arbi-
trary but large, spectrum of indices, selection of seasons, and regions. The result should therefore be taken
as illustrative and not universal. The lack of universality of such ranking can be clearly seen if a specific
region is selected.

6.4. Concluding Remarks

Our analysis provides a robust assessment of the present EURO-CORDEX regional climate simulations
ensemble. Given the large size of the ensemble, our conclusions are unlikely to change until a new
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Figure 12. (a) (upper panel) Counts of the number of times among 8 regions and 24 indices for which each model is
ranked in the “best half.” (b) (lower panel) Same as (a) but for the number of times where each model is in the worst 5%.

generation of models are in place, such as convection-permitting models (Coppola et al., 2018) or
fully-coupled Regional Climate System Models (Ruti et al., 2016; Somot et al., 2018). The EURO-CORDEX
ensemble will continue to increase in size, including more GCMs or RCMs, but our results will most
probably persist. Although this would deserve a dedicated investigation, it is unlikely that CMIP6
boundary conditions will significantly alter our results concerning recent past climate. Therefore, our
work can be considered as an assessment of state-of-the-art RCMs for the European region and a
reference for users of this ensemble.

A companion paper (Coppola et al., 2021) is providing an analysis of future projections, including compar-
ison between EURO-CORDEX, CMIP5, and CMIP6 ensembles. This ensemble will generally provide one of
the key resources for the European Vulnerability, Impacts and Adaptation (VIA) research community and
for climate service activities. It is therefore important that users understand not only the value of this
resource but also the limitations inherent to this ensemble, as identified in our bias analysis. Further work
should investigate a wider range of variables and statistics for targeted applications.
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