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Abstract

The increase in computational resources has enabled the emergence of multi-model ensembles of convection-permitting
regional climate model (CPRCM) simulations at very high horizontal resolutions. An example is the CORDEX Flagship Pilot
Study on “Convective phenomena at high resolution over Europe and the Mediterranean”, a set of kilometre-scale simula-
tions over an extended Alpine domain. This first-of-its-kind multi-model ensemble, forced by the ERA-Interim reanalysis,
can be considered a benchmark dataset. This study uses a recently proposed metric to determine the added value of all the
available Flagship Pilot Study hindcast kilometre-scale simulations for maximum and minimum temperature. The analysis is
performed using state-of-the-art gridded and station observations as ground truth. This approach directly assesses the added
value between the high-resolution CPRCMs against their driving global simulations and coarser resolution RCM counterparts.
Overall, models display some modest gains, but also considerable shortcomings are exhibited. In part, these deficiencies can
be attributed to the assimilation of temperature observations into ERA-Interim. Although the gains for the use of kilometre-
scale resolution for temperature are limited, the improvement of the spatial representation of local atmospheric circulations
and land—atmosphere interactions can ultimately lead to gains, particularly in coastal areas.

Keywords Regional climate modelling - Kilometre-scale resolution - Probability density functions - Maximum and
minimum temperature - Added value

1 Introduction

Kilometre-scale simulations have been increasingly used
to construct an improved representation of local weather
and climate (Hohenegger et al. 2009; Bauer et al. 2011;
Froidevaux et al. 2014; Imamovicet al. 2017; Kirshbaum
et al. 2018). In the last years, several studies have shown the
benefits of using regional climate models (RCMs) at spatial
resolutions of a few kilometres, often called convective per-
mitting or kilometre-scale simulations (Warrach-Sagi et al.
2013; Prein et al. 2015; Schir et al. 2020; Coppola et al.
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2020; Ban et al. 2021; Pichelli et al. 2021). At these scales,
models are expected to explicitly resolve deep convection,
without using error-prone deep-convection parametrisations
(Emanuel and Zivkovic-Rothman 1999) and thus to better
represent convection, precipitation and related processes
(Prein et al. 2017; Berthou et al. 2018; Fumiére et al. 2020;
Knist et al. 2020; Schir et al. 2020; Schwitalla et al. 2020;
Caillaud et al. 2021), as well as other key variables, such
as wind and temperature (Ban et al. 2014; Belusi¢ et al.
2018; Schwitalla et al. 2020) and land—atmosphere interac-
tions (Mooney et al. 2020a, b; Knist et al. 2020; Barlage
et al. 2021). The rapid growth of available computational
power has allowed the emergence of numerous kilometre-
scale experiments (CPRCMs hereafter), spanning ever larger
domains and longer periods (Prein et al. 2015; Leutwyler
et al. 2017; Schir et al. 2020; Schwitalla et al. 2020; Ban
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et al. 2021; Pichelli et al. 2021). However, an increase in
model horizontal resolution does not necessarily add value
in the sense of a better representation of reality by such
simulations. The experimental setup (nesting strategy), the
boundary forcing (spatial-temporal resolution), the com-
plexity of the region of interest (land-sea contrast, orog-
raphy), the coverage and quality of observations, interac-
tions between remaining parametrisations (Dirmeyer et al.
2012; Torma et al. 2015; Prein et al. 2015), and the temporal
scale (Kotlarski et al. 2014) are also highly relevant fac-
tors when ascertaining added value. The EURO-CORDEX,
the European domain of the Coordinated Regional Climate
Downscaling Experiment—CORDEX (Giorgi et al. 2009;
Gutowski et al. 2016; Jacob et al. 2020) with its two hori-
zontal resolutions (0.44° and 0.11°) ensembles provided a
wealth of simulations enabling extensive analysis of differ-
ent variables at various temporal and spatial scales (e.g.,
Vautard et al. 2013; Kotlarski et al. 2014; Jacob et al. 2014,
Katragkou et al. 2015; Casanueva et al. 2016; Prein and
Gobiet 2017; Cardoso et al. 2016, 2019; Knist et al. 2017;
Soares et al. 2017; Terzago et al. 2017; Frei et al. 2018).
Kotlarski et al. (2014) found that spatial averaging over large
areas along with temporal averaging to seasonal scales can-
cels any added value from the increase in resolution. While
the increase in resolution improved the representation of
the extreme temperatures in coastal and mountain areas, no
overarching benefit was determined by Vautard et al. (2013)
in their EURO-CORDEX analysis of mean temperature
above the 90th percentile. Nevertheless, Casanueva et al.
(2016) and Prein and Gobiet (2017) agree that increasing
the resolution decreases precipitation biases and improves
its spatial distribution.

Within CORDEX, several Flagship Pilot Studies (FPS)
were approved. One is devoted to the study of “Convec-
tive phenomena at high resolution over Europe and the
Mediterranean” (FPS-Convection) and is promoted by both
EURO-CORDEX and Med-CORDEX (Ruti et al. 2016).
FPS-Convection aimed at building the first multi-model
ensemble of kilometre-scale simulations over an Alpine
domain (Coppola et al. 2020) and embracing the scientific
challenge of a rigorous and quantitative assessment of the
added value of regional downscaling at kilometre-scale over
Central Europe. A set of hindcast simulations, forced by
the ERA-Interim (Dee et al. 2011) reanalysis, and histori-
cal and future climate scenario simulations were performed,
spanning time slices of at least 10 years each. These sim-
ulations were focused on the Alps and surrounding areas
due to their orographic complexity, precipitation extremes,
and exposure of nearby Mediterranean areas to other types
of climate extremes such as heat waves and droughts. The
region is also well-covered with high-density, high-resolu-
tion observational data. Almost all participating modelling
groups adopted a nesting downscaling strategy, composed of
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a European domain at either 12, 15 or 25 km resolution, and
an Alpine domain at 2-3 km spatial resolution. The hind-
cast simulations of the FPS-Convection were evaluated by
Ban et al. (2021) for precipitation. The results showed that
CPRCMs generate a more realistic representation of pre-
cipitation spatial distributions, intensities, and diurnal cycles
than the respective coarse resolution RCMs, while the most
significant improvements are found for heavy precipitation
and precipitation frequency on both daily and hourly time
scales in the summer season. These advances are linked to
improvements in orographic features or even interactions of
thermodynamically induced convective activity with orogra-
phy. The assessment of climate change effects on precipita-
tion by Pichelli et al. (2021) showed an enhancement of the
projected changes at convection-permitting scales compared
to the coarser resolution models and changes in the ampli-
tude of the summer diurnal cycle, frequency, and intensity of
the precipitation. However, the added value of temperature
remained objectively unexplored.

Added value assessments provide some indication
of the areas where a higher resolution model improves
agreement with observations for variables or processes
of interest compared to its coarser resolution counterpart.
These kinds of studies assess the relative skill of an RCM/
CPRCM relative to the respective driving data in the rep-
resentation of a variable or process (Birring and Laprise
2005; Rockel et al. 2010; Di Luca et al. 2012, 2013). In
this context, added value is the improvement of some sta-
tistics obtained by some higher resolutions, in contrast to
the driving simulations. Following Di Luca et al. (2012)
there are two types of sources for added value: the first can
be attributed to processes which are parameterized, i.e.,
not explicitly resolved by the large-scale forcing, and the
second one is attributable to the scales which are of the
same magnitude as the forcing simulation. Thus, higher-
resolution RCMs/CPRCMs are expected to add value at
small spatial and temporal scales. Yet, this is not con-
sistent among different variables, as topography, driving
simulation and the statistics considered in the assessment,
have an impact on the quantification of the added value
(Prommel et al. 2010; Feser et al. 2011; Di Luca et al.
2012, 2013, 2016; Vautard et al. 2013; Prein and Gob-
iet 2017; Soares and Cardoso 2018; Cardoso and Soares
2022). This information is then useful for the development
of downstream impact assessments, climate services and
model improvement. There are many ways to assess added
value. However, by itself, an added value assessment is not
sufficient to determine how well a simulation represents
reality (Giorgi et al. 1994, 2016; Kanamitsu and Kanamaru
2007; Kanamitsu and DeHaan 2011; Di Luca et al. 2012,
2013 2016; Torma et al. 2015; Lucas-Picher et al. 2017;
Soares and Cardoso 2018; Fantini et al. 2018; Cardoso and
Soares 2022; Ciarlo et al. 2020; Careto et al. 2022a, b).
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To quantify the added value of high-resolution simula-
tions with respect to the coarser resolution parent domains
or forcing simulations, Soares and Cardoso (2018) devel-
oped a metric based on the ability of models to reproduce
the observed probability density functions (PDF). This met-
ric may be applied to the full PDF or PDF sections only,
e.g., related to extremes. These distributional added value
(DAV) analyses were previously used to characterize the
added value of precipitation over Europe in the EURO-
CORDEX hindcast climate simulations at 0.11° and 0.44°
resolutions (Soares and Cardoso 2018), in comparison with
the European Climate Assessment & Dataset (ECA&D,
http://www.ECAD.eu) v11 local weather stations. They
demonstrate the gains related to the use of a higher reso-
lution RCM to capture precipitation, when compared with
ERA-Interim, namely for precipitation extremes. Soares
and Cardoso (2018) also showed that added value associ-
ated with the increase in resolution within RCM resolutions
is model, season and region dependent. Cardoso and Soares
(2022) applied the same methodology to EURO-CORDEX
maximum and minimum temperatures. The assimilation of
temperature observations in ERA-Interim perturbs the inter-
pretation of the results. Not all models displayed added value
through the increase in resolution and the results were, in
general, season and region dependent. Although no added
value is found for the Alpine region, the increase of resolu-
tion from 50 to 12 km improved the simulated DAV results.
The lack of added value in the Alps was mostly associated
with the higher altitudes, due to difficulties in the models to
correctly simulate snow accretion and the snow-albedo-tem-
perature-feedbacks, as well as temperature inversions and
cold drainage in the valleys. Another example is the use of
this metric in the Iberian Peninsula considering all available
EURO-CORDEX simulations at 12 km resolution in Careto
et al. (2022a) for precipitation and Careto et al. (2022b) for
maximum and minimum temperature. Again, the added
value is clearer for precipitation, and, as in Cardoso and
Soares (2022), near coastal sites for temperature. Another
example of the successful application of the DAV in the Ibe-
rian Peninsula is by Molina et al. (2022) for wind speed. The
authors consider the EURO-CORDEX at 12 km and 50 km
resolution from the hindcast and historical simulations and
found improvements with the increasing resolution, particu-
larly for wind extremes. Di Luca et al. (2013) also highlight
that added value in temperature downscaling is related to
the improved representation of local atmospheric circula-
tions such as sea breezes and small-scale topography. It is
thus imperative an added-value analysis of the impact of
increased resolution on the near-surface temperature down-
scaling for RCM/CPRCM.

In this study, the DAV metric is applied to near-sur-
face temperature to assess the added value of the FPS-
convections CPRCM and RCM hindcast simulations.

This assessment relies on state-of-the-art observations
from the recent regular gridded E-OBS v2le (Cornes
et al. 2018), the European Meteorological Observations
with a regular horizontal grid with 5 km horizontal reso-
lution (EMO-5: Thiemig et al. 2022), and ECA&D v18
datasets (Klein Tank et al. 2002; Klok and Klein Tank
2009), for the points within the high-resolution domain.
The main research questions are: (1) what is the added
value of dynamically downscaling ERA-Interim using
RCMs down to convective permitting scales? (2) Since
convective permitting resolutions approach local scales
what is the added value in considering local stations as a
reference? The full PDFs of both maximum and minimum
temperatures are analysed as well as their extreme tails.
In this way, we quantify the added value of kilometre-
scale runs focusing on the Alps, for temperatures and their
extremes. The following section introduces the data and a
description of the method used to diagnose added value.
Results are presented in Sect. 3. Finally, the main conclu-
sions are explained in Sect. 4.

2 Data and methods
2.1 FPSCONV simulations

In this work, the added value of dynamical downscaling of
the 0.7° (~75 km) resolution of ERA-Interim, at 12-25 km
and 2-3 km, were assessed. An ensemble of twenty-one
simulations using eight different regional climate models
was used (Table 1). The modelling groups considering
the same model coordinated a different physics configu-
ration for each version, such as those using the Weather
and research forecasting (WRF) model (Skamarock et al.
2008). The experiment set a lower-resolution pan-Euro-
pean domain encompassing the entire EURO-CORDEX
region for most of the groups (Fig. l1a), and a nested
higher-resolution domain covering a region over the Alps
(Fig. 1b). Depending on the model, slightly different reso-
lutions are used in both domains, from 12 to25 km for the
outer domain and covering the whole EURO-CORDEX,
Med-CORDEX or an extended alpine domain, down to
the 2 to 3 km of the nested grids. The exceptions are the
simulations from MOHC and JLU, which did not adopt a
nesting strategy, and directly downscale ERA-Interim to
the kilometre-scale grid. The hindcast simulations span at
least 10 years, covering the 2000-2009 period, with 1999
as a spin-up year for most of the models. More details
of the model configurations are shown in Table 1. Ban
et al. (2021) provide additional information on each model
setup.
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Table 1 Short description of the FPS-Convection simulations driven by the ERA-Interim reanalysis for the RCMs covering the EURO-COR-
DEX, Med-CORDEX or an extended alpine domain and CPRCMs for an ALP domain (Fig. 1)

Acronym Institute name References RCM ID RCM-Europe (km) CPRCM-
ALP
(km)

AUTH Aristotle University of Thessalon-  Skamarock et al. (2008), Skama- WREF381BG 15 3
iki, Department of Meteorology rock and Klemp (2007)
& Climatology, Thessaloniki,
Greece

BCCR1 NORCE & Bjerknes Centre for Skamarock et al. (2008), Skama- WRF381BF 15 3
Climate Research, Bergen, rock and Klemp (2007)
Norway

BCCR1 NORCE & Bjerknes Centre for Skamarock et al. (2008), Skama- WRF381DA 15 3
Climate Research, Bergen, rock and Klemp (2007)
Norway

BTU Chair of Environmental Meteorol-  Keuler et al. (2016) CCLMS5-0-9 12 3
ogy, Brandenburg University
of Technology (BTU), Cottbus,
Germany

CICERO Center for International Climate Skamarock et al. (2008), Skama- WRF381BJ 15 3
Research, Oslo, Norway rock and Klemp (2007)

CMCC  Euro-Mediterranean Center on Steppeler et al. (2003), Doms and ~ CCLM5-0-9 12 3
Climate Change (CMCC Foun- Forstner (2004), Bohm et al.
dation) (2006), Rockel et al. 2008

CNRM  Centre National de Recherches Nabat et al. (2020), Caillaud et al. CNRM-AROME41t1 12 MED-CORDEX) 2.5
Météorologiques, Météo-France, (2021)
CNRS, Toulouse, France

ETHZ ETH Zurich, Institute for Atmos- Fuhrer et al. (2018), Leutwyler COSMO-crCLIM 12 2.2
pheric and Climate Science, et al. (2016, 2017), Schir et al.
Zurich, Switzerland (2020)

FZ] Institute of Bio- and Geosciences  Skamarock et al. (2008), Skama- WRF381BB 15 3
(Agrosphere, IBG-3), Research rock and Klemp (2007)
Centre Juelich, Juelich, Germany

GERICS Climate Service Center Germany  Jacob et al. (2012) REMO2015 12 3

HCLIM (DMI, MET-NORWAY, SMHI) Belusic et al. (2020) HCLIM38-AROME 12 (extended ALP) 3
HARMONIE Climate Com-
munity

ICTP Abdus Salam International Centre  Giorgi et al. (2012), Coppola et al. RegCM4-7 12 3
for Theoretical Physics, Trieste, (2021)
Italy

IDL Instituto Dom Luiz, Faculdade de ~ Skamarock et al. (2008), Skama- WRF381BH 15 3
Ciéncias Universidade de Lisboa,  rock and Klemp (2007)
Lisboa, Portugal

IPSL Institut Pierre Simon Laplace, Skamarock et al. (2008), Skama- WRF381BE 15 3
LATMOS, CIMA, CNRS, France rock and Klemp (2007)

KIT Institute of Meteorology and Doms (2011) CCLM5-0-14 25 (MiKlip) 2.5
Climate Research, Karlsruhe,
Germany

KNMI KNMI, Royal Netherlands Mete- Belusic¢ et al. (2020) HCLIM38hl-AROME 12 2.5
orological Institute, De Bilt,
Nederland

UCAN  Meteorology Group, Universidad  Skamarock et al. (2008), Skama- ~ WRF381BI 15 3
de Cantabria-CSIC, Santander, rock and Klemp (2007)
Spain

UHOH  Institute of Physics and Meteorol- ~ Skamarock et al. (2008), Skama- ~ WRF381BD 15 3

ogy, University of Hohenheim,
Stuttgart, Germany

rock and Klemp (2007)
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Table 1 (continued)

Acronym Institute name References RCM ID RCM-Europe (km) CPRCM-
ALP
(km)
WEGC  Wegener Center for Climate and Skamarock et al. (2008), Skama- WRF381BL 15 3
Global Change, University of rock and Klemp (2007)
Graz, Graz, Austria
JLU Justus-Liebig-University Giessen  Steppeler et al. (2003), Doms and ~CCLM5-0-10 - 3
Forstner (2004), Bohm et al.
(2006), Rockel et al. 2008
MOHC  Met Office Hadley Centre, Exeter, Berthou et al. (2018) HadREM3-RA-UM10.1 - 3

United Kingdom

Also, when different the source of the RCM simulations is also stated. All CPRCMs are driven by their respective counterparts, apart from

MOHC and JLU which directly downscaled ERA-Interim

Fig.1 a EURO-CORDEX full domain, taken from the WRF simula-
tions with the area delimited in blue as the common domain across
all datasets and where all computations were carried out. b E-OBS
orography over the common ALP domain. The Colour scale either

2.2 Observations

For the assessment of the new simulations’ added value, the
RCMs were compared against the E-OBS v21.0e regular
gridded dataset (Cornes et al. 2018) at 0.1° (~ 11 km) resolu-
tion. This is an ensemble of a daily dataset available from the
European Climate Assessment & Dataset (ECA&D; http://
www.ECAD.eu) on 0.1° (~11 km) and 0.25° (~25 km)
regular grids, covering the whole of Europe. The ensemble
was constructed from 100 members, through a conditional
simulation procedure. Each member of the ensemble uses
a spatially correlated random field, which considers a pre-
calculated spatial correlation function. The ensemble mem-
bers consider the ECA&D station data and other non-freely

1500
Elevation (m)

50°N

45°N 1

40°N

2000

represents the RCM or the E-OBS topography, where each cross cor-
responds to a single ECA&D station for maximum temperature and
the blue dots for minimum temperature

available station data in its formulation. If for a particular
point, there is no available data, the E-OBS uses the SYNOP
system as a replacement to provide near real-time data (for
more details refer to Cornes et al. 2018). The data covers
a period from 1950 to 2019 and the ensemble mean, and
spread is available for precipitation, daily mean, minimum
and maximum temperature, as well as sea level pressure
(the full ensemble can be available upon request). Here, the
added value evaluation was performed using the daily mini-
mum and maximum temperatures for the common domain
across datasets (outlined by a blue colour in Fig. 1a).
Another gridded dataset is also considered in this study,
the European Meteorological Observations with a regular
horizontal grid with 5 km horizontal resolution (EMO-5:
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Thiemig et al. 2022), covering the 1990-2019 period. This
dataset is built from historical and real-time observations
from a large number of ground weather stations, Era-
Interim/Land reanalysis and other high-resolution regional
observational datasets. The EMO-5 includes variables such
as precipitation, minimum and maximum temperature, solar
radiation, wind speed and water vapour pressure at a daily
time step. The authors considered a SHEREMAP interpola-
tion procedure to convert the quality-controlled station into
aregular grid with a 5 km resolution. The authors also per-
formed a quality check on the new dataset, which proved the
ability to capture most of the precipitation events.

Besides the gridded datasets, we also considered the
ECA&D weather station observations (Klein Tank et al.
2002; Klok and Klein Tank 2009), which is the basis of the
E-OBS dataset. The ECA&D dataset collects daily series
of observations from weather stations within Europe and
is updated at regular intervals. Basic quality control of the
station data is performed by the ECA&D team. Figure 1b
shows all the stations used for this study. It is important to
note that aside from southern Germany, the station cover-
age is quite sparse. This will have an impact on the gridded
product as well as the station-based product.

2.3 Distribution added values (DAVs)

SOARES and Cardoso (2018) proposed the DAV metric to
quantify the added value of higher versus lower-resolution
simulations, using observations as a baseline. This metric
relies on a probability distribution (PDF) skill score pro-
posed by Perkins et al. (2007) which compares the similarity
between two PDFs. The first step is to build an empirical
PDF for each dataset (RCMs, CPRCMs, E-OBS, ECA&D,
EMO-5 and ERA-Interim) by considering the relative fre-
quency of occurrence of a determined temperature value.
Each bin is composed of the sum of all occurrences within
a 0.5 °C width. We also performed a small-scale sensibil-
ity test on the bin width for the values of 1 °C, 0.5 °C and
0.25 °C. We found small differences between the 1 °C and
the 0.5 °C, while the PDF was too irregular at 0.25 °C. Thus,
we decided to choose a half-degree for bin width. Then,
the normalization was carried out by dividing the number
of occurrences in each bin by the sum of all bins. The use
of a normalized PDF metric allows for easier comparison
across seasons and regions, but also, one can more accu-
rately assess changes in the distributions (Gutowski et al.
2007). The evaluation is then carried out for both the maxi-
mum and minimum temperatures individually. Here, for both
temperatures the lower and upper limits are set to — 50 °C
and + 60 °C respectively, encompassing the maxima and
minima of all datasets. Following Perkins et al. (2007), the
matching score represents the common overlap between
the model’s PDF (RCMs CPRCM or reanalysis) and the
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observational PDF. It is computed by determining for each
bin (Z) which PDF, observations, or model, has the lower
value and by adding these values:

S = Z min (Zm[ 5 Zohx;) (1)
i=1

where 7 is the total number of bins and m denotes the simu-
lation for either the high-resolution RCM and CPRCM or the
low-resolution ERA-Interim. Thus, a score was computed
for each simulation. As the sum of the relative frequencies
ina PDF is 1, then S has a corresponding maximum value of
1 (perfect overlap) and a minimum of O (PDF inexistent or
further apart). Since the data is normalized, the contribution
of each bin to the overall score of a model decreases when
approaching the tails. Also, because of the normalization, if
a model displays improbably higher frequencies in one part
of the PDF, it will inevitably show lower frequencies in the
others, thus lowering the score. In the case where a model
does not have values within a bin, but the observations do,
then the contribution from this bin is zero and vice-versa.
Based on the scores for RCM or CPRCM (§,,) and ERA-
Interim (S,,), it is then possible to compute the DAV metric
as a relative difference between the two:

Shr - Slr
DAV = 100 x 5 )
Ir

DAV returns the fraction or percentage of added (posi-
tive) or lost (negative) value associated with the higher
resolution relative to the lower resolution. Moreover, this
metric can be computed either for the full PDF or focusing
only on segments of the PDF. Following Soares and Cardoso
(2018) the added value for the extreme section of maximum
(minimum) air temperature was also analysed considering
only the values above (below) the observational 90th (10th)
percentile.

For a fair comparison, simulations and observations must
be at the same resolution when comparing two gridded
datasets Hence, following the EURO-CORDEX guidelines,
the FPS-Convection models are conservatively remapped
(Schulzweida et al. 2006) to the 0.1° (~ 11 km) regular grid
of the observations so that degradation of the high resolution
1s minimized. For the same reason, the E-OBS is also con-
servatively remapped into the ERA-Interim 0.7° (~75 km)
resolution. In this approach, the interpolation to lower-res-
olution grids may degrade the PDF, particularly in the tails
(Prein and Gobiet 2017). Another option was to interpolate
all simulations into the 0.1° (~ 11 km) regular grid of the
observations. This form allows for a comparison with all
grids at the same resolution however, unrealistic values may
be generated through the interpolation (Ciarlo et al. 2020).
Concerning the EMO-5 dataset, all CPRCMs are interpo-
lated into the 5 km grid resolution of the observations. For
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the lower resolution RCMs and ERA-Interim, the EMO-5
dataset is interpolated into each model simulation native grid
resolution. Whenever an interpolation is carried out, an adia-
batic temperature correction was performed to ensure that all
comparisons are computed at the same height, i.e., before the
model interpolation, temperatures are adjusted to sea level
with a constant lapse rate of 6.5 °C/km and afterwards, they
are again corrected to the target grid orography assuming the
same lapse rate. For the ECA&D station data, only the near-
est neighbour grid point of each RCM/CPRCM and ERA-
Interim is considered. This method has the advantage of not
requiring an interpolation step, keeping the native resolution
of all simulations. Still, an orographic correction consider-
ing the same 6.5 °C/km lapse rate from the model grid to
the station is performed to ensure that temperature is always
compared at the same level. If station data for a certain day
is missing, the corresponding values for that day are then
removed from all the models. Hence the same number of
valid points and timesteps are used when building the PDFs
for added value computation. This approach pools together
all the information within the selected domain. First, the
entire ALP domain is considered when computing the DAV,
thus returning a representative value for the region. How-
ever, this approach does not allow for an analysis of spatial
variability. Hence, a second view is proposed to tackle this
issue. A PDF is built for the 0.7° (~75 km) grid box instead
(the original ERA-Interim resolution) by pooling together
only the information within each box, regardless of the reso-
lution of the simulations. Subsequently, the DAVs are inde-
pendently computed for each grid-boxes, thus obtaining a
spatial overview of the added value. All the approaches are
followed at annual and seasonal scales.

3 Results
3.1 Maximum temperatures full PDFs

This section presents the results obtained by applying the
DAYV metric to the daily maximum and minimum tempera-
tures output for the FPS-Convection models, by considering
either the E-OBS regular gridded dataset, the EMO-5 high-
resolution gridded dataset or the ECA&D station dataset as
ground truth. For all datasets involved, the full PDFs shown
in the supplementary material Figures S1 and S2 are consid-
ered to build the DAV shown in Figs. 2 and 4.

Figure 2a displays the scores attained by the ERA-Interim
against all three datasets. The higher the score, the more dif-
ficult would be for the downscaled products to reveal added
value as the limit is a score of 1. Thus, small gains, even
in the situation where ERA-Interim shows scores close to
the unit, are relevant. The ERA-Interim results for all sea-
sons from the three observational datasets are close, apart

from summer and autumn. Under these circumstances,
similar DAV values among all three observational datasets
are expected. Moreover, with the higher score values for
the YEAR and SON, near neutral or negative DAV from
the downscaled products can be anticipated. Figure 2b dis-
plays the DAV for the annual scale. Indeed, from the score
obtained by the driving simulation, the RCMs and CPRCMs
reveal neutral or even a small detrimental effect, with the
values bounded between —5 and 5%. The results do not
deviate significantly among datasets. Only the DAV from the
ECAD for the RCMs reveals a slightly different behaviour
with negative values, with the minimum at approximately
—7%. For the CPRCMs, the DAV reveal a lower variability
across all simulations with a median close to 0%. As a result,
when comparing the RCMs with the CPRCMs, small gains
occur for the E-OBS and EMO-5 as a reference, but with
the ECA&D as the baseline, the higher resolution simula-
tions reveal positive DAV, with 75% of the models above
0%. For most cases, the CPRCMs partly correct the nega-
tive values from the RCMS by having more neutral values
and as revealed with positive DAV in CPRCMvVRCM. In
general, the use of kilometre-scale grids can add value to
the representation of maximum temperature when compared
to the RCM resolutions. These gains are more relevant in
simulations which displayed the lowest values at the RCM
resolution. The seasonal DAV (Fig. 2c—f) follows this trend,
but with different DAV ranges. Usually, the global values for
the RCMs are slightly lower in comparison to the CPRCMs.
For winter and spring, highlight the high RCM variability
with ECA&D as a reference, which is greatly reduced for
the CPRCMs. For summer and with the E-OBS and EMO-5
as references, most RCMs and CPRCMs reveal high DAV
values, with the maximum above 10% in some cases. For
this season, the CPRMs reveal a slightly detrimental effect
relative to their lower resolution RCMs counterparts, as
seen with the median below 0%. These higher values are
related mostly to the poorer performance of ERA-Interim
in comparison with the other seasons. For the ECA&D as a
reference, the score for the ERA-Interim is higher in com-
parison to the E-OBS or EMO-5. Nevertheless, the value
for summer is the minimum obtained among all seasons and
datasets. For SON, the DAV pattern attained by the down-
scaling products from ERA-Interim is similar to summer,
albeit with a smaller variability and values closer to 0%. In
some sense, the near absence of added value obtained in
almost all situations is not surprising since ERA-Interim
assimilates the observational weather data and RCMs and
CPRCMs do not. Figure S3 shows these results, but for the
individual models.

The similarity of the results obtained between E-OBS
and EMO-5 is relevant and shows that even if a higher
resolution dataset is considered, the DAV values would not
change significantly. As for the ECA&D station network,
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Fig.2 Maximum temperature a Yearly and seasonal Era-Interim Per-
kins skill score obtained with the E-OBS, EMO-5 and ECA&D sta-
tions as reference. The following panels show boxplots of the distri-
bution added value for b year, ¢ DJF or winter, d MAM or spring,
e JJA or summer and f) SON or autumn. In each boxplot, the low
whisker denotes the minimum DAYV, while the high whisker repre-
sents the maximum. The horizontal lines are, from bottom to top, the
25th, 50th and 75th percentiles of the data. From left to right within

the results reveal an increased variability across all mod-
els. Perhaps this increase might be related to the scarcity
of stations outside of Germany or since for this case an
interpolation is not required, as only the nearest neighbour
grid to the station point is considered. An advantage of
not using an interpolation step is related to the potential
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each section, each set of three boxplots represent the results against
E-OBS (red), EMO-5 (blue) and ECA&D stations (green). Within
each boxplot panel, the RCMVERA measures the DAV between the
RCM simulations against the ERA-Interim reanalysis. CPRCMvERA
measures the DAV between the CPRCM simulations against the
ERA-Interim reanalysis. CPRCMvVRCM measures the DAV between
the CPRCM and the RCM simulations

of not adding uncertainties to the final result. In this case,
the ability of the higher resolutions to converge to local
values is assessed, relying on local temperatures from sta-
tions instead of areal averages. Nonetheless, the sparsity of
the station distribution implies that not all regions of the
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domain are equally evaluated. This is particularly relevant
for the Mediterranean areas.

The gains or losses of the high versus low-resolution sim-
ulations are due to small deviations from the model PDF to
the observational PDF. In Figure S1 (left side) are all the
PDFs considered in the DAV from Fig. 2a. Although the
overall simulations PDF follow the behaviour of the obser-
vations, some differences still occur. These can be better
assessed by Figures S4-S6 which show the ratio between
the models and ERA-Interim mean bias, standard devia-
tion and root mean square error (RMSE). Thus, a value
of 1 implies no differences between the model and ERA-
Interim statistics and potentially results in a neutral DAV.
Values below 1 imply a better performance of the models,
for the mean bias and root mean square error and a positive
DAYV can be expected, while the opposite occurs for values
above 1. For the standard deviation, a value of 1 implies no
changes from ERA-Interim to the models. Although the very
high-resolution CPRCMs inherit the biases from the high-
resolution RCMs, the first are still able to improve, getting
closer and sometimes surpassing the driving ERA-Interim
performances.

A spatial representation of the added value for the maxi-
mum temperature full PDF is shown in Fig. 3, with the regu-
lar gridded E-OBS observation dataset as a reference. These
figures are built by considering each pixel of the native 0.7°
resolution from ERA-Interim as a subdomain and the DAV
is computed by pooling together all the information within
it. Thus, the sampling of each point is independent of the
other, even if the underlying variable is not spatially inde-
pendent. Each panel in Fig. 3 displays the 25th, 50th, and
75th percentiles of the DAV results obtained by each model.
Furthermore, Fig. 2 DAV values do not represent a spatial
mean from Fig. 3, since the DAVs are computed by pool-
ing together all data within the evaluation domain (ALPS in
Fig. 2 and Era-Interim grid box in Fig. 3). Nevertheless, the
spatial DAV in Fig. 3 should follow the values obtained from
Fig. 2. At the spatial level, most models reveal neutral DAV
values in the interior and some gains near the coastal sites as
given by the median. This result is not surprising due to the
small, near 0% percentages at the domain level (Fig. 2). At
the seasonal scale the percentages are similar, but with gains
on the Mediterranean coast above +30%. Yet, for winter and
spring, between 25 and 50% of models reveal some loss of
value in the interior, namely over the ALPs. The Alps are
characterized as an area of very complex terrain, where the
models struggle to adequately capture the local maximum
temperature PDFs, and reveal a generalized decrease of
value. This is a known problem associated with snow cover
and snow melt (Vautard et al. 2013; Frei et al. 2018; Terzago
et al. 2017; Varga and Breuer 2020). Summer follows the
same pattern, but with more evidence of the added value
near the coastal sites and with the top 25% of models also

revealing added value in the interior. Those higher values
also occurred in Fig. 2 for the domain assessment. Previous
studies such as Di Luca et al. (2013), Vautard et al. (2013),
Cardoso and Soares (2022) and Careto et al. (2022b) also
show added value at locations near the coast, namely for the
Mediterranean region. Although the CPRCMs and RCMs
use prescribed SSTs from the ERA-Interim, the higher
resolution of these downscaled simulations implies that the
models are better able to describe the coastal circulations,
breezes and land-sea boundary with the associated differ-
ential warming and thus outperform ERA-Interim. In the
interior, the impact of the land surface models is relevant in
the temperature distribution and allied to the assimilation of
temperature in ERA-Interim makes it difficult for the models
to reveal added value.

For the CPRCMs with the E-OBS as reference (Fig. 3b),
the overall pattern is similar to Fig. 3a, with a clear added
value in locations near the Mediterranean coast and more
limited gains or even losses in the interior. The added value
over the coast is more evident for the seasonal values.
However, in this case, the DAV percentages for the entire
domain are higher in comparison to Fig. 3a, particularly for
the summer. Thus, most locations emerge with a high per-
centage, above 5%. These higher gains for the kilometre-
scale simulations are highlighted in Fig. 3¢ which compares
the CPRCMs and RCMs. At least 25% of the models reveal
gains in favour of the higher resolution at the seasonal level.
On the contrary, for summer, half the models display losses
near the Po valley with at least 25% revealing widespread
losses over Italy and the Mediterranean.

The supplementary Figures S7 to S9 display the DAV
result with the E-OBS, EMO-5 and ECA&D datasets as ref-
erences, respectively. The results among the three datasets
are very similar even for the ECA&D stations, particularly
in Germany, where the station density is higher. Yet, among
the results for all observational datasets, the Mediterranean
coast displays added value, contrasting with the near-neutral
or even negative values in the interior. Furthermore, this
spatial assessment also allows one to evaluate the gains at
different height levels. Since the downscaled products are
evaluated at a higher resolution in comparison to ERA-
Interim, each grid cell would be associated with a certain
height range. Overall, for maximum temperature the FPS-
Convection simulations reveal gains near sea level, contrast-
ing with some difficulties over the complex terrain of the
ALPs and near neutral values over the rest of the domain.

3.2 Minimum temperatures full PDFs
Figure 4 shows the results for the minimum temperature
across the entire domain. The higher ERA-interim scores

(Fig. 4a), in comparison to the maximum temperature,
imply an added difficulty for models to reveal added value.
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Fig.3 Yearly and seasonal distribution added value (DAV) of the
daily maximum air temperature for the CORDEX FPS-Convection
simulations. The P25, P50 and P75 denote the 25th, 50th, and 75th
percentiles of the DAV results obtained by all simulations. a RCM-
VERA measures the DAV between the RCM simulations against

Indeed, the overall DAV values for minimum temperature
are lower than those from Fig. 2. At the annual scale, more
than 75% of the RCMs evaluated against the E-OBS and
EMO-5 reveal losses, while all models show negative DAV
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the ERA-Interim reanalysis, b CPRCMVERA measures the DAV
between the CPRCM simulations against the ERA-Interim reanalysis
and ¢ CPRCMvVRCM measures the DAV between the CPRCM and
the RCM simulations. All simulations are assessed with the E-OBS
as a reference

for the ECA&D as a reference. The performance in terms
of DAV for the CPRCMs is similar with a slight improve-
ment for simulations evaluated by the ECA&D stations.
The seasonal DAV follows a similar pattern, although with
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Fig.4 Minimum temperature a Yearly and seasonal Era-Interim Per-
kins skill score obtained with the E-OBS, EMO-5 and ECA&D sta-
tions as reference. The following panels show boxplots of the distri-
bution added value for b year, ¢ DJF or winter, d MAM or spring,
e JJA or summer and f SON or autumn. In each boxplot, the low
whisker denotes the minimum DAYV, while the high whisker repre-
sents the maximum. The horizontal lines are, from bottom to top, the
25th, 50th and 75th percentiles of the data. From left to right within

increased variability across all simulations. For winter and
with the E-OBS as a reference, 75% of the simulations reveal
a small detrimental effect, which is partially corrected by
the CPRCMs, with 75% of the models showing improve-
ments towards the higher resolutions. With the EMO-5 as a
baseline, the results are similar, albeit more than 50% of the

each section, each set of three boxplots represent the results against
E-OBS (red), EMO-5 (blue) and ECA&D stations (green). Within
each boxplot panel, the RCMVERA measures the DAV between the
RCM simulations against the ERA-Interim reanalysis. CPRCMvERA
measures the DAV between the CPRCM simulations against the
ERA-Interim reanalysis. CPRCMvRCM measures the DAV between
the CPRCM and the RCM simulations

RCMs reveal added value. For the ECA&D all FPS-Con-
vection simulations display losses. However, in this case,
the improvement for the CPRCMs is higher in comparison
with the other datasets reaching + 15%. For spring, the dif-
ference among datasets is similar, but with lower DAV for
E-OBS and EMO-5. As for summer, the improvement from
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the CPRCMs in comparison to RCMs is non-existent for the
E-OBS while for EMO-5 and ECA&D, approximately half
the model’s loose value at the higher kilometre-scale reso-
lutions. For autumn, the pattern of DAV values is similar,
albeit with a smaller variability among all the models. The
individual model results are displayed in Figure S10.

A rationale for this general decrease of value from the
FPS-Convection models is mostly due to two factors which
complement each other. First, the ERA-Interim incorporates
2-m temperature observations from weather stations and also
in situ measurements of upper-air variables from satellite
data, radiosondes, pilot balloons, and aircraft, among others
(Prommel et al. 2010; Dee et al. 2011). Whilst the maximum
and minimum temperatures are derived from forecasts, these
variables should still converge to the observed data, which
by itself makes it difficult for the downscaling products to
reveal added value, hence the high scores (Figs. 2a and 4a).
Another factor is related to the overestimation of the tem-
perature bins around 0 °C (Figure S2), particularly evident
for the annual PDFs and the winter PDFs. This poorer per-
formance for minimum temperature can be associated with
the simulation of snow accretion, temperature inversions due
to the discretization of steep slopes and cold drainage in the
valleys. An even finer resolution is required for the correct
simulation of the latter phenomena. Overall, the higher-res-
olution RCMs can better depict the mountain ridges and val-
leys, while at the same time they reveal an inability to ade-
quately represent snow cover, depth and melt. These issues
impact the snow-albedo temperature feedback through the
balance between latent and sensible heat fluxes leading to a
misrepresentation of temperature around 0 °C (Garcia-Diez
et al. 2015; Minder et al. 2016; Terzago et al. 2017). This
causes an underestimation of snow depth at lower altitudes
and an overestimation at higher elevations. Given the topo-
graphic complexity of the Alps region, these issues play an
important role, especially at higher resolutions and altitudes.

Figure S11 to S13 display the mean bias, standard devia-
tion and RMSE respectively, from all simulations against
all considered observational datasets, complementing the
PDFs shown in Figure S2. Indeed, the Era-Interim reanaly-
sis reveals a remarkably good performance with smaller
biases and a close variability to the E-OBS dataset. Thus, it
is expected an added difficulty for the downscaling products
to reveal a better performance than the driving reanalysis. In
comparison to maximum temperature (Figure S3), the mod-
els reveal a systematic poorer performance than Era-Interim
hence the overall loss of value. Nevertheless, the range of
RMSE differences is similar to the maximum temperature,
particularly for E-OBS and EMO-5. However, the standard
deviation reveals a distinct perspective. Indeed, for mini-
mum temperature (Figure S12) the variability of the FPS-
Convection models relative to observations is much higher.
The lower DAV percentages for minimum temperature in
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comparison to the maximum temperature were also found
in Careto et al. (2022b) for the EURO-CORDEX hindcast
simulations over the Iberian Peninsula. Furthermore, when
analysing the added value for the greater Alpine region,
Prommel et al. (2010) obtained comparable results.

Figure 5 displays the spatialization of the DAV results
for minimum temperature. From the negative DAVs across
the seasons and at the yearly timescale (Fig. 4a) one could
expect losses in the entire domain in Fig. 5a. However, as
with maximum temperature, some points located primar-
ily over Italy and particularly over the Mediterranean coast
show improvements for all seasons, except summer. Once
again, the better representation of the land-sea contrast
implies added value. Conversely, it is hard for the RCMs
to add value over flat terrain far from the coastlines, espe-
cially against ERA-Interim, which assimilates temperature
observations, or over complex terrain due to the snow-
albedo-temperature feedback and other uncertainties from
land surface models. For all seasons, apart from summer,
more than 50% of the models reveal neutral values in the
interior and gains on the Mediterranean coast, namely for
winter over Italy. For summer albeit the high gains near the
coast, with values above + 30%, at least 25% of the models
reveal relevant losses in the order of -20% or below across
the entire domain.

The CPRCMs shown in Fig. 4b reveal a comparable
behaviour relative to the RCMs. Still, some differences exist,
with 25% of the models displaying higher gains near the
shore. Moreover, for winter, 25% of the models also reveal
gains over the ALPs. Indeed, the benefit of the CPRCM is
precisely over regions of complex topography, and near the
shore. On the contrary, in summer, at least 25% of the kil-
ometre-scale models have poorer performance in compari-
son to the respective RCMs counterparts. Those lower DAV
occur over central Italy. Figures S14 to S16 show the results
for the individual models against all three observational
datasets. Nevertheless, the values obtained with the ECA&D
should be viewed with care as the low station coverage out-
side of Germany can add uncertainty to the analysis. Still,
as with maximum temperature, the values are similar across
the E-OBS, EMO-5 and ECA&D as reference.

3.3 Maximum and minimum temperature tails (or
extremes)

Figures 6 and 7 display the added values regarding the
extreme tails of maximum and minimum temperature,
respectively. In this case, the PDFs are built considering
only the maximum (minimum) temperatures above (below)
the 90th (10th) observational percentiles given in Figure S1
(S2). The versatility of DAVs, being able to be applied to
PDF sections, allows for an assessment of the added value
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Fig.5 Yearly and seasonal distribution added value (DAV) of the
daily minimum air temperature for the CORDEX FPS-Convection
simulations. The P25, P50 and P75 denote the 25th, 50th, and 75th
percentiles of the DAV results obtained by all simulations. a RCM-
VERA measures the DAV between the RCM simulations against

related to a segment, which may not stand out when consid-
ering the entire PDF.

The maximum temperature extremes added value, shown
in Fig. 6 where the E-OBS dataset is the baseline, displays

the ERA-Interim reanalysis, b CPRCMVERA measures the DAV
between the CPRCM simulations against the ERA-Interim reanalysis
and ¢ CPRCMvVRCM measures the DAV between the CPRCM and
the RCM simulations. All simulations are assessed with the E-OBS
as a reference

a different pattern when compared to Fig. 2. First the score
attained by the ERA-Interim is lower when compared with
Fig. 2a, particularly for the winter season. At the annual
scale (Fig. 6b), the DAVs from at least half the RCMs are
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Fig.6 Maximum temperature extremes, only considering the temper-
atures above the 90th percentile of maximum temperature observa-
tions a Yearly and seasonal Era-Interim Perkins skill score obtained
with the E-OBS, EMO-5 and ECA&D stations as reference. The fol-
lowing panels show boxplots of the distribution added value for b
year, ¢ DJF or winter, d MAM or spring, e JJA or summer and f SON
or autumn. In each boxplot, the low whisker denotes the minimum
DAYV, while the high whisker represents the maximum. The horizon-
tal lines are, from bottom to top, the 25th, 50th and 75th percentiles

negative for all observational datasets, with a significant dif-
ference between the minimum value and the 25th percen-
tile, displaying —25% and — 5% respectively. In this case,
the CPRCMs are not able to correct those losses, and most
models reveal a loss of value. For winter, the panorama
differs. The lower ERA-Interim score provides room for
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of the data. From left to right within each section, each set of three
boxplots represents the results against E-OBS (red), EMO-5 (blue)
and ECA&D stations (green). Within each boxplot panel, the RCM-
VERA measures the DAV between the RCM simulations against the
ERA-Interim reanalysis. CPRCMVERA measures the DAV between
the CPRCM simulations against the ERA-Interim reanalysis. CPRC-
MvRCM measures the DAV between the CPRCM and the RCM sim-
ulations

improvements from the FPS-Convection models. Indeed, all
simulations evaluated against E-OBS, and EMO-5 display
higher gains, surpassing +20% and more than half the RCMs
display DAV above + 15%. For the ECA&D, the results are
more neutral for the RCMs with the kilometre-scale showing
improved performance. For spring, the results obtained are
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Fig.7 Minimum temperature extremes, only considering the temper-
atures below the 10th percentile of maximum temperature observa-
tions a Yearly and seasonal Era-Interim Perkins skill score obtained
with the E-OBS, EMO-5 and ECA&D stations as reference. The fol-
lowing panels show boxplots of the distribution added value for b
year, ¢ DJF or winter, d MAM or spring, e JJA or summer and f SON
or autumn. In each boxplot, the low whisker denotes the minimum
DAYV, while the high whisker represents the maximum. The horizon-
tal lines are, from bottom to top, the 25th, 50th and 75th percentiles

closer to those from Fig. 2d, although with lower or even
negative values. In contrast with winter, summer displays the
exact opposite with lower and negative values for all models
with the E-OBS and EMO-5 as references while ECA&D
reveal higher DAV percentages, still below 0 for more than
half the RCMs. This significant detrimental effect is in line

of the data. From left to right within each section, each set of three
boxplots represents the results against E-OBS (red), EMO-5 (blue)
and ECA&D stations (green). Within each boxplot panel, the RCM-
VERA measures the DAV between the RCM simulations against the
ERA-Interim reanalysis. CPRCMVERA measures the DAV between
the CPRCM simulations against the ERA-Interim reanalysis. CPRC-
MvRCM measures the DAV between the CPRCM and the RCM sim-
ulations

with Vautard et al. (2013) and can also be associated with
a strong dry bias all models exhibit in summer (Ban et al.
2021). On the contrary, for autumn, most simulations have
an added value, albeit not as evident compared to winter.
Overall, for the extreme maximum temperature, apart from
the results from the ECA&D stations, the kilometre-scale
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simulations tend to lose value relative to the respective forc-
ing RCMs.

The cold extremes DAV are shown in Fig. 7. Among all
cases previously assessed (Figs. 2a, 3a and 6a), the score
for the ERA-Interim from all three datasets is higher. The
exception is for summer and with the ECA&D as a refer-
ence. Also, as expected from Figs. 7a and S2 a general
loss of value occurs for all simulations at the annual scale
(Fig. 7b). Still, the CPRCM are able to add value, partly
correcting the results from the RCMs. Yet this improvement
is not sufficient as almost all FPS-Convection simulations
display detrimental effects. At the seasonal scale, the results
for winter, spring and autumn are similar to the annual scale.
For winter, the models reveal the worst performance. The
10" percentile threshold of the observations is well below
0 °C, the temperature at which the issues related to the
snow-albedo-feedback occur. Still, models display a loss
of value possibly owed to the good performance of ERA-
Interim (Fig. 7a). On the other hand, for the intermediate
seasons, the percentile threshold is close to 0 °C, particu-
larly for autumn. In this case, the loss of value could be
associated with the issues related to snow cover, melt and
depth. For summer the PDFs in Figure S2 do not reveal these
issues, albeit negative percentages still occur. In this case,
the score of ERA-Interim is higher for the E-OBS, lower
for the EMO-5 and considerably lower for the ECA&D sta-
tions. These differences are relevant in the added value of the
summer season as FPS-Convection models reveal positive
gains for the ECA&D and negative DAV with the E-OBS
as a reference.

The spatial structure of the hot extreme DAV is shown
in Fig. 8. The evaluation for the RCMs with the E-OBS as
a reference is shown in Fig. 8a. Most models exhibit grid
points where the RCMs perform better than ERA-Interim,
namely in winter, and as expected from Fig. 6a. Moreover,
the gains are focused on the Mediterranean coastal areas for
all seasons, identical to the evaluation by considering the
entire PDF (Fig. 4). While only winter displays the larg-
est positive values in Fig. 6, all seasons in Fig. 8a reveal
most locations with added value. For instance, regions of
France for spring, summer, and autumn. Following Fig. 6a,
summer is the season where models have more difficulty in
obtaining added value. The losses are particularly evident
over the Po valley and around the Adriatic Sea. This is a
known hotspot for convective activity during the warmer
seasons. Thus, since deep convection is parametrized in the
RCMs larger uncertainties are expected for precipitation,
which in the end can feedback into the temperature values.
Similarly, the kilometre-scale simulations shown in Fig. 8b
reveal a very similar pattern to the previous domain assess-
ment. As in Fig. 6a, the winter season is by far the best
performing, with gains for almost all models and regions.
As for the intermediate seasons, all RCMs display similar
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inter-model behaviour in comparison to winter. The different
performances across RCMs and CPRCMs are highlighted
in Fig. 8c, which shows a slight detrimental impact when
considering the highest resolution. These losses occur for
more than half the models, mostly for the summer season.
Nevertheless, the improvement found for the FPS-Convec-
tion models near the coast surpasses the DAV obtained for
the full PDF (Fig. 3). All gains in the tail distribution of
maximum temperature are especially relevant, due to a pos-
sible better characterization of extremes of temperature and
the related heat waves. As before, Figures S19, S20 and S21
display the spatial DAV against all three respective obser-
vational datasets for the individual models.

Figure 9 displays the spatialization of the DAV results for
the cold extremes, i.e., only for values below the observa-
tional 10th percentile. While for the whole PDF, the DAV
are mostly negative, when assessing the results at a more
local scale, the situation differs. Overall, more than 50%
of the RCMs reveal added value for most of the domain. In
contrast, at the annual and winter season scales, at least 25%
of the models display a generalized loss of value, except near
the Mediterranean shore. For the CPRCMs, the DAYV values
are similar (Fig. 9b). This similarity is proved in Fig. 9c
which compares the CPRCMs against the respective driving
RCMs. These values contrast with those attained in Fig. 7.
In fact, for all cases, the spatial DAV, i.e., the evaluation
at a more local scale is able to achieve higher DAV values.

4 Discussion and conclusions

Overall, the gains from running higher-resolution simula-
tions for maximum and minimum temperatures are limited,
across the participating FPS-Convection simulations against
the ERA-Interim reanalysis. For instance, greater Alpine
domain added value displays a loss of value, particularly
for minimum temperature, with exception of some isolated
models or seasons, similar to the results from Cardoso and
Soares (2022). In this case, since the entire domain is being
considered, locations, where the models reveal an added
or loss of value, are mixed, affecting the PDFs. A possible
explanation for the lower performances of the FPS-Convec-
tion models could be in part attributed to the interpolation
and the subsequent orographic correction with a constant
lapse rate. Temperature lapse rates in complex terrain have
significant deviations, from the climatic lapse rate, on a
daily to seasonal basis and are not uniform with altitude
(Minder et al. 2010; Sheridan et al. 2010). The assumption
of a constant lapse rate can induce errors of the order of ~ 1
to 2 °C (Sheridan et al. 2010). Thus, a more accurate lapse
rate would improve all the orographic adjustments. A simple
method using data from neighbouring grid points to esti-
mate each grid point’s daily lapse rate could be pursued in a
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Fig.8 Yearly and seasonal distribution added value (DAV) of the daily
maximum air temperature only considering the values above the obser-
vational 90th percentile for the CORDEX FPS-Convection simulations.
The P25, P50 and P75 denote the 25th, 50th, and 75th percentiles of the
DAV results obtained by all simulations. a RCMVERA measures the
DAV between the RCM simulations against the ERA-Interim reanalysis,

future analysis to alleviate the problem. Nevertheless, for a
fair assessment, the comparison must be performed always
at the same height, either for gridded data or local stations.

b CPRCMVERA measures the DAV between the CPRCM simulations
against the ERA-Interim reanalysis and ¢ CPRCMVRCM measures the
DAYV between the CPRCM and the RCM simulations. All simulations are
assessed with the E-OBS as a reference

However, one must also consider that the high resolution is
interpolated from kilometre-scale to 0.1° and is not evalu-
ated at its native high resolution, thus some discrepancies
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Fig.9 Yearly and seasonal distribution added value (DAV) of the daily
minimum air temperature only considering the values above the obser-
vational 10th percentile for the CORDEX FPS-Convection simulations.
The P25, P50 and P75 denote the 25th, 50th, and 75th percentiles of the
DAV results obtained by all simulations. a RCMVERA measures the
DAV between the RCM simulations against the ERA-Interim reanalysis,

are expected, particularly in the tails since some smooth-
ing of the fields is expected, leading to the loss of relevant
details. This is supported by the slightly different results of
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b CPRCMVERA measures the DAV between the CPRCM simulations
against the ERA-Interim reanalysis and ¢ CPRCMVRCM measures the
DAYV between the CPRCM and the RCM simulations. All simulations are
assessed with the E-OBS as a reference

the models obtained with the ECA&D stations as a refer-
ence, namely in the extremes. It is also worth noting that
the E-OBS gridded dataset is mostly based on the ECA&D
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stations which are sparsely distributed across the domain,
namely in the highest peaks and in Mediterranean regions.
Large uncertainty is thus associated with the E-OBS tem-
peratures in the Alpine region and its surroundings since it is
primarily conditioned by station density. Thus, a kilometre-
scale gridded dataset covering the entire Alpine domain at
5 km resolution was also considered. However, the obtained
results are similar to those from the E-OBS as a reference.
This similarity in the end could imply a small impact of the
interpolations onto the final DAV value.

The description of maximum temperature is considerably
better than minimum temperature, this can be related to the mis-
representations of snow depth, melt and cover (Terzago et al.
2017; Kotlarski et al. 2014) and the interactions between the
snow and the atmosphere. Misrepresentation of this feedback
affects the albedo (snow-albedo feedback) and the energy bal-
ance at the land surface, and consequently calculation of the
near-surface temperature in the models which is especially
evident in winter in mountain regions (Minder et al. 2016).
Although using different versions of the models evaluated here,
Terzago et al. (2017) found an overestimation of snow depth on
the ridges inducing lower temperatures which can extend beyond
the winter months. In summer, the development of convective
clouds is a common occurrence due to land—atmosphere feed-
backs. Ban et al. (2021) found that although CPRCMs improve
the representation of precipitation, almost all models have a dry
bias which is larger than the RCM. The lack of soil moisture not
only contributes to a lower frequency of convective precipitation
but also an overestimation of the higher temperature extremes.
Hence the negative added value in maximum temperature above
the 90th percentile.

When looking from a spatial perspective, the finer resolution
of CPRCMs allows a higher spatial detail of temperature and
other variables, often correcting the negative impact of inter-
mediate resolutions and could in the end add value, even when
interpolated to the 0.1° (~ 11 km) resolution of the E-OBS or the
5 km from the EMO-5 gridded datasets. Although one can see
a loss in most regions and models, there is added value in e.g.,
southern European coastal regions. These consistent gains over
the Mediterranean coasts hint at improved coastal dynamics,
derived from the increase of resolution, either from a better-
resolved topography near the coast or by a better representa-
tion of the ocean-land contrasts on atmospheric flow. Although
the very high-resolution CPRCMs inherit the biases from the
high-resolution RCMs, those are still able to improve, getting
closer and sometimes surpassing the driving ERA-Interim per-
formances. The gains for the use of kilometre-scale resolution
for temperature are limited in this context, which highlights the
need for an assessment of the applicability of parametrizations,
designed for coarser resolutions, to kilometre scales. Never-
theless, other variables such as precipitation, usually reveal an
important added value for the higher resolutions, particularly
relevant for the precipitation extremes (Bauer et al. 2011; Prein

et al. 2013; Warrach-Sagi et al. 2013; Torma et al. 2015; Rum-
mukainen 2016; Soares and Cardoso 2018; Ciarlo et al. 2020;
Lind et al. 2020; Schwitalla et al. 2020; Ban et al. 2021; Careto
et al. 2022a). The improvement of the representation of convec-
tive cells in tandem with a better description of snow accretion,
soil moisture and groundwater would enhance our understand-
ing of the processes that would contribute to the development
of better parameterisations and enhance the reliability of the
simulations. Notwithstanding, the improvement of the spatial
representation of local terrain, atmospheric circulations and
land—ocean-atmosphere interactions suggests that the ambi-
tion to use increasingly higher-resolution simulations is worth
pursuing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-022-06593-7.

Acknowledgements We acknowledge the E-OBS dataset from the
EU-FP6 project UERRA (http://www.uerra.eu) and the Copernicus
Climate Change Service, and the data providers in the ECA&D pro-
ject (https:// www.ECAD.eu). The authors acknowledge the WCRP-
CORDEX-FPS on Convective phenomena at high resolution over
Europe and the Mediterranean (FPSCONV-ALP-3) and the research
data exchange infrastructure and services provided by the Jiilich Super-
computing Centre, Germany, as part of the Helmholtz Data Federation
initiative. Pedro MM Soares and Rita M Cardoso were supported by
national funds (PIDDAC) through FCT (Fundacio para a Ciéncia e a
Tecnologia, I.P/MCTES, Portugal) under project LEADING (PTDC/
CTA-MET/28914/2017), and project UIDB/50019/2020. Jodo Careto
is supported by the Portuguese Foundation for Science and Technology
(FCT) with the Doctoral Grant SFRH/BD/139227/2018 financed by
national funds from the MCTES, within the Faculty of Sciences, Uni-
versity of Lisbon. The ICTP acknowledges the Consorzio Interuniver-
sitario per il Calcolo Automatico dell'Italia Nord Orientale (CINECA)
center (Bologna, Italy) for super-computing support. UHOH simula-
tions were carried out at the supercomputing center HLRS in Stuttgart,
Germany. UCAN simulations have been carried out on the Altamira
Supercomputer at the Instituto de Fisica de Cantabria (IFCA-CSIC),
a member of the Spanish Supercomputing Network, and supported by
the Spanish R&D Program through project INSIGNIA (CGL2016-
79210-R), co-funded by the European Regional Development Fund
(ERDF/FEDER). AUTH acknowledges the support of the Greek
Research 603 and Technology Network (GRNET) High Performance
Computing (HPC) infrastructure for providing the computational
resources of AUTH simulations (under project ID pr009020_thin)
and the AUTH Scientific Computing Center for technical support.
CICERO simulations were performed using the NN9188K project
account on resources provided by UNINETT Sigma2 — the National
Infrastructure for High Performance Computing and Data Storage in
Norway. BCCR simulations were performed on resources provided
by UNINETT Sigma2—the National Infrastructure for High Perfor-
mance Computing and Data Storage in Norway (project NN9280K).
The HCLIM simulations were supported by resources from the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) and the
Swedish National Infrastructure for Computing (SNIC) at the Swed-
ish National Supercomputing Centre (NSC) at Linkdping University.
FZJ and WEGC acknowledge the computational resources granted by
the John von Neumann Institute for Computing (NIC) and provided
on the supercomputer JURECA at JSC through the grant JJSC39.
WEGC additionally acknowledges the Vienna Scientific Cluster (VSC)
projects 70992 and 71193, the cooperation project GEOCLIM Data
Infrastructure Austria, funded by the Austrian Education, Science
and Research Ministry (BMBWF) as well as the Austrian Climate

@ Springer


https://doi.org/10.1007/s00382-022-06593-7
http://www.uerra.eu
https://www.ECAD.eu

P. M. M. Soares et al.

Research Programme (ACRP) of the Klima- und Energiefonds pro-
jects HighEnd: Extremes, EASICLIM, and reclip: convex (nos.
B368608, KR16ACOK 13160, and B769999, respectively). SMHI and
KNMI acknowledge support from the EU Horizon 2020 EUCP project
(grant no. 776613) and SMHI acknowledges also support from the
Formas EDUCAS project (grant no. 2019-00829). UIBK and ETH
acknowledge PRACE for awarding access to Piz Daint at the Swiss
National Supercomputing Center (CSCS, Switzerland), and the Fed-
eral Office for Meteorology and Climatology MeteoSwiss, the Swiss
National Supercomputing Centre (CSCS), and ETH Ziirich for their
contributions to the development of the GPU-accelerated version of
COSMO. @ivind Hodnebrog acknowledges funding from the Research
Council of Norway (grant no. 275589). Kevin Sieck, Klaus Keuler
and Hendrik Feldmann thank for the funding by the German BMBF
Project NUKLEUS (FKZ: 01LR2002A-G). Hendrik Feldmann also
acknowledges the funding by the BMBF project ClimXtreme (FKZ:
01LP1901A). The CCLM-KIT simulations were performed by Hans-
Jiirgen Panitz at the HLRS Stuttgart (Project HRCM; ACID 12801).

Funding Open access funding provided by FCTIFCCN (b-on).

Data availability The datasets generated during and/or analysed during
the current study are not publicly available but will be published in the
near future. Still, the data are available from the corresponding author
upon reasonable request.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ban N, Schmidli J, Schir C (2014) Evaluation of the convection-resolv-
ing regional climate modeling approach in dECA&De-long simu-
lations. J Geophys Res Atmos 119:7889-7907. https://doi.org/10.
1002/2014JD021478

Ban N, Brisson E, Caillaud C et al (2021) The first multi-model ensem-
ble of regional climate simulations at kilometer-scale resolution,
part I: evaluation of precipitation. Clim Dyn 57:275-302

Barlage M, Chen F, Rasmussen R, Zhang Z, Miguez-Macho G (2021)
The importance of scale-dependent groundwater processes in
land-atmosphere interactions over the central United States.
Geophys Res Lett 48:¢2020GL092171. https://doi.org/10.1029/
2020GL092171

Birring L, Laprise R (2005) High-resolution climate modelling: assess-
ment, added value and applications. In: Extended abstracts of a
WMO/WCRP-sponsored regional-scale climate modelling work-
shop, 29 March—2 April 2004. Lund University electronic reports
in physical geography, Lund (Sweden)

Bauer H-S, Weusthoff T, Dorninger M, Wulfmeyer V, Schwitalla T,
Gorgas T, Arpagaus M, Warrach-Sagi K (2011) Predictive skill
of a subset of the D-PHASE multi-model ensemble in the COPS
region. Q J R Meteorol Soc 137:287-305

Belusic A, Prtenjak MT, Giittler I, Ban N, Leutwyler D, Schir C (2018)
Near-surface wind variability over the broader Adriatic region:

@ Springer

insights from an ensemble of regional climate models. Clim Dyn
50:4455-4480. https://doi.org/10.1007/s00382-017-3885-5

Belusi¢ D, Vries HD, Dobler A, Landgren O, Lind P, Lindstedt D et al
(2020) HCLIM38: a flexible regional climate model applicable
for different climate zones from coarse to convection-permitting
scales. Geosci Model Dev 13:1311-1333. https://doi.org/10.5194/
gmd-13-1311-2020

Berthou S, Kendon EJ, Chan SC, Ban N, Leutwyler D, Schaer C, Fos-
ser G (2020) Pan-European climate at convection-permitting
scale: a model intercomparison study. Clim Dyn 55:35-59. https://
doi.org/10.1007/s00382-018-4114-6

Bohm U, Kiicken M, Ahrens W, Block A, Hauffe D, Keuler K, Rockel
B, Will A (2006) CLM—the climate version of LM: brief descrip-
tion and long-term applications. COSMO Newsl 6:225-235

Caillaud C, Somot S, Alias A et al (2021) Modelling Mediterranean
heavy precipitation events at climate scale: an object-oriented
evaluation of the CNRM-AROME convection-permitting regional
climate model. Clim Dyn 56:1717-1752. https://doi.org/10.1007/
500382-020-05558-y

Cardoso RM, Soares PM (2022) Is there added value in the EURO-
CORDEX hindcast temperature simulations? Assessing the
added value using climate distributions in Europe. Int J Climatol
42:4024-4039. https://doi.org/10.1002/joc.7472

Cardoso RM, Soares PMM, Lima DCA, Semedo A (2016) The impact
of climate change on the Iberian low-level wind jet: EURO-COR-
DEX regional climate simulation. Tellus Ser A Dyn Meteorol
Oceanogr 68:1. https://doi.org/10.3402/tellusa.v68.29005

Cardoso RM, Soares PMM, Lima DCA, Miranda PMA (2019) Mean
and extreme temperatures in a warming climate: EURO COR-
DEX and WRF regional climate high-resolution projections
for Portugal. Clim Dyn 52:129-157. https://doi.org/10.1007/
s00382-018-4124-4

Careto JAM, Soares PMM, Cardoso RM, Herrera S, Gutiérrez JM
(2022a) Added value of EURO-CORDEX high-resolution down-
scaling over the Iberian Peninsula revisited—part 1: precipita-
tion. Geosci Model Dev 15:2635-2652. https://doi.org/10.5194/
gmd-15-2635-2022

Careto JAM, Soares PMM, Cardoso RM, Herrera S, Gutiérrez JM
(2022b) Added value of EURO-CORDEX high-resolution down-
scaling over the Iberian Peninsula revisited—part 2: max and min
temperature. Geosci Model Dev 15:2653-2671. https://doi.org/10.
5194/gmd-15-2653-2022

Casanueva A, Kotlarski S, Herrera S, Fernandez J, Gutiérrez JM,
Boberg F, Colette A, Christensen OB, Goergen K, Jacob D, Keuler
K, Nikulin G, Teichmann C, Vautard R (2016) Daily precipita-
tion statistics in a EURO-CORDEX RCM ensemble: added value
of raw and bias-corrected high-resolution simulations. Clim Dyn
47:719-737. https://doi.org/10.1007/s00382-015-2865-x

Ciarlo JM, Coppola E, Fantini A et al (2020) A new spatially distrib-
uted added value index for regional climate models: the EURO-
CORDEX and the CORDEX-CORE highest resolution ensembles.
Clim Dyn. https://doi.org/10.1007/s00382-020-05400-5

Coppola E, Sobolowski S, Pichelli E, Raffaele F, Ahrens B, Anders I
et al (2020) A first-of-its-kind multi-model convection permitting
ensemble for investigating convective phenomena over Europe
and the Mediterranean. Clim Dyn 55:3-34. https://doi.org/10.
1007/s00382-018-4521-8

Coppola E, Stocchi P, Pichelli E, Torres Alavez JA, Glazer R, Giuliani
G, Di Sante F, Nogherotto R, Giorgi F (2021) Non-hydrostatic
RegCM4 (RegCM4-NH): model description and case studies over
multiple domains. Geosci Model Dev 14:7705-7723. https://doi.
org/10.5194/gmd-14-7705-2021

Cornes RC, van der Schrier G, van den Besselaar EJ, Jones PD (2018)
An ensemble version of the E-OBS temperature and precipitation
data sets. J Geophys Res Atmos 123:9391-9409. https://doi.org/
10.1029/2017JD028200


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/2014JD021478
https://doi.org/10.1002/2014JD021478
https://doi.org/10.1029/2020GL092171
https://doi.org/10.1029/2020GL092171
https://doi.org/10.1007/s00382-017-3885-5
https://doi.org/10.5194/gmd-13-1311-2020
https://doi.org/10.5194/gmd-13-1311-2020
https://doi.org/10.1007/s00382-018-4114-6
https://doi.org/10.1007/s00382-018-4114-6
https://doi.org/10.1007/s00382-020-05558-y
https://doi.org/10.1007/s00382-020-05558-y
https://doi.org/10.1002/joc.7472
https://doi.org/10.3402/tellusa.v68.29005
https://doi.org/10.1007/s00382-018-4124-4
https://doi.org/10.1007/s00382-018-4124-4
https://doi.org/10.5194/gmd-15-2635-2022
https://doi.org/10.5194/gmd-15-2635-2022
https://doi.org/10.5194/gmd-15-2653-2022
https://doi.org/10.5194/gmd-15-2653-2022
https://doi.org/10.1007/s00382-015-2865-x
https://doi.org/10.1007/s00382-020-05400-5
https://doi.org/10.1007/s00382-018-4521-8
https://doi.org/10.1007/s00382-018-4521-8
https://doi.org/10.5194/gmd-14-7705-2021
https://doi.org/10.5194/gmd-14-7705-2021
https://doi.org/10.1029/2017JD028200
https://doi.org/10.1029/2017JD028200

The added value of km-scale simulations to describe temperature over complex orography: the...

Dee DP, Uppala SM, Simmons AJ et al (2011) The ERA-Interim rea-
nalysis: configuration and performance of the data assimilation
system. Q J R Meteorol Soc 137:553-597. https://doi.org/10.1002/
qj.828

Di Luca A, de Elia R, Laprise R (2012) Potential for added value in
precipitation simulated by high-resolution nested regional climate
models and observations. Clim Dyn 38:1229-1247. https://doi.
org/10.1007/s00382-011-1068-3

Di Luca A, de Elia R, Laprise R (2013) Potential for added value in
temperature simulated by high-resolution nested RCMs in present
climate and in the climate change signal. Clim Dyn 40:443-464.
https://doi.org/10.1007/s00382-012-1384-2

Di Luca A, Argiieso D, Evans JP, de Elia R, Laprise R (2016) Quanti-
fying the overall added value of dynamical downscaling and the
contribution from different spatial scales. ] Geophys Res Atmos
121:1575-1590. https://doi.org/10.1002/2015JD024009

Dirmeyer PA, Cash BA, Kinter JL, Jung T, Marx L, Satoh M et al
(2012) Simulating the diurnal cycle of rainfall in global climate
models: resolution versus parameterization. Clim Dyn 39:399-418

Doms G (2011) A description of the nonhydrostatic regional COSMO
model part 1: dynamics and numerics. DWD, Offenbach, Ger-
many. http://www.cosmo-model.org/content/model/documentat
ion/core/default.htm

Doms G, Forstner J (2004) Development of a kilometer-scale NWP-
system: LMK. COSMO News 4:159-167

Emanuel KA, Zivkovic-Rothman M (1999) Development and evalu-
ation of a convection scheme for use in climate models. J Atmos
Sci 56:1766-1782. https://doi.org/10.1175/1520-0469(1999)056%
3¢1766:DAEOAC%3¢2.0.CO;2

Fantini A, Raffaele F, Torma C, Bacer S, Coppola E, Giorgi F, Ahrens
B, Dubois C, Sanchez E, Verdecchia M (2018) Assessment of
multiple daily precipitation statistics in ERA-interim driven Med-
CORDEX and EURO-CORDEX experiments against high reso-
lution observations. Clim Dyn 51:877. https://doi.org/10.1007/
s00382-016-3453-4

Feser F, Rockel B, von Storch H, Winterfeldt J, Zahn M (2011)
Regional climate models add value to global model data: a review
and selected examples. Bull Am Meteorol Soc 92:1181-1192.
https://doi.org/10.1175/2011BAMS3061.1

Frei P, Kotlarski S, Liniger MA, Schir C (2018) Future snowfall in
the Alps: projections based on the EURO-CORDEX regional
climate models. Cryosphere 12:1-24. https://doi.org/10.5194/
tc-12-1-2018

Froidevaux P, Schlemmer L, Schmidli J, Langhans W, Schir C (2014)
Influence of the background wind on the local soil moisture—pre-
cipitation feedback. J Atmos Sci 71:782-799. https://doi.org/10.
1175/JAS-D-13-0180.1

Fuhrer O, Chadha T, Hoefler T, Kwasniewski G, Lapillonne X,
Leutwyler D et al (2018) Near-global climate simulation at 1 km
resolution: establishing a performance baseline on 4888 GPUs
with COSMO 5.0. Geosci Model Dev 11:1665-1681. https://doi.
org/10.5194/gmd-11-1665-2018

Fumiere Q, Déqué M, Nuissier O, Somot S, Alias A, Caillaud C et al
(2020) Extreme rainfall in Mediterranean France during the
fall: added value of the CNRM-AROME convection-permitting
regional climate model. Clim Dyn 55:77-91. https://doi.org/10.
1007/500382-019-04898-8

Giorgi F, Shields-Brodeur C, Bates GT (1994) Regional climate change
scenarios over the United States produced with a nested regional
climate model. J Clim 7:375-399. https://doi.org/10.1175/1520-
0442(1994)007%3c0375:RCCSOT%3¢2.0.CO;2

Giorgi F, Jones C, Asrar G (2009) Addressing climate information
needs at the regional level: the CORDEX framework. World Mete-
orol Org (WMO) Bull 58:175-183

Giorgi F, Coppola E, Solmon F, Mariotti L, Sylla MB, Bi X et al (2012)
RegCM4: model description and preliminary tests over multiple

CORDEX domains. Climate Res 52:7-29. https://doi.org/10.3354/
cr01018

Giorgi F, Torma C, Coppola E, Ban N, Schir C, Somot S (2016)
Enhanced summer convective rainfall at Alpine high elevations
in response to climate warming. Nat Geosci 9:584-589. https://
doi.org/10.1038/nge02761

Gutowski W] Jr, Takle ES, Kozak KA, Patton JC, Arritt RW, Chris-
tensen JH (2007) A possible constraint on regional precipita-
tion intensity changes under global warming. J Hydrometeorol
8(6):1382-1396

Gutowski WIJ Jr, Giorgi F, Timbal B, Frigon A, Jacob D, Kang HS et al
(2016) WCRP COordinated Regional Downscaling EXperiment
(CORDEX): a diagnostic MIP for CMIP6. Geosci Model Dev
9:4087-4095

Hohenegger C, Brockhaus P, Bretherton CS, Schir C (2009) The soil
moisture—precipitation feedback in simulations with explicit and
parameterized convection. J Clim 22:5003-5020. https://doi.org/
10.1175/2009JCLI2604.1

Imamovic A, Schlemmer L, Schir C (2017) Collective impacts of
orography and soil moisture on the soil moisture-precipitation
feedback. Geophys Res Lett 44:11-682. https://doi.org/10.1002/
2017GL075657

Jacob D, Elizalde A, Haensler A, Hagemann S, Kumar P, Podzun R,
Rechid D, Remedio AR, Saeed F, Sieck K, Teichmann C, Wil-
helm C (2012) Assessing the transferability of the regional climate
model REMO to different coordinated regional climate downs-
caling experiment (CORDEX) regions. Atmosphere 3:181-199.
https://doi.org/10.3390/atmos3010181

Jacob D, Petersen J, Eggert B, Alias A, Christensen OB, Bouwer
LM, Braun A, Colette A, Déqué M, Georgievski G, Georgopou-
lou E, Gobiet A, Nikulin G, Haensler A, Hempelmann N, Jones
C, Keuler K, Kovats S, Kroner N, Kotlarski S, Kriegsmann A,
Martin E, van Meijgaard E, Moseley C, Pfeifer S, Preuschmann
S, Radtke K, Rechid D, Rounsevell M, Samuelsson P, Somot S,
Soussana J-F, Teichmann C, Valentini R, Vautard R, Weber B
(2014) EURO-CORDEX: New high-resolution climate change
projections for European impact research. Reg Environ Change
14:563-578. https://doi.org/10.1007/s10113-013-0499-2

Jacob D, Teichmann C, Sobolowski S, Katragkou E, Anders I, Belda
M, Benestad R, Boberg F, Buonomo E, Cardoso RM, Casanueva
A, Christensen OB, Christensen JH, Coppola E, De Cruz L, Davin
EL, Dobler A, Dominguez M, Fealy R, Fernandez J, Gaertner
MA, Garcia-Diez M, Giorgi F, Gobiet A, Goergen K, Gémez-
Navarro JJ, Aleman JIG, Gutiérrez C, Gutiérrez JM, Giittler I,
Haensler A, Halenka T, Jerez S, Jiménez-Guerrero P, Jones RG,
Keuler K, Kjellstrom E, Knist S, Kotlarski S, Maraun D, van Mei-
jgaard E, Mercogliano P, Montévez JP, Navarra A, Nikulin G,
Noblet-Ducoudré N, Panitz HJ, Pfeifer S, Piazza M, Pichelli E,
Pietikdinen JP, Prein AF, Preuschmann S, Rechid D, Rockel B,
Romera R, Sanchez E, Sieck K, Soares PMM, Somot S, Srnec L,
Sgrland SL, Termonia P, Truhetz H, Vautard R, Warrach-Sagi K,
Waulfmeyer V (2020) Regional climate downscaling over Europe:
perspectives from the EURO-CORDEX community. Reg Environ
Change 20:51. https://doi.org/10.1007/s10113-020-01606-9

Kanamitsu M, DeHaan L (2011) The added value index: a new metric
to quantify the added value of regional models. J] Geophys Res
116:1-10. https://doi.org/10.1029/2011JD015597

Kanamitsu M, Kanamaru H (2007) Fifty-seven-year California rea-
nalysis downscaling at 10 km (CaRD10). Part I: system detail and
validation with observations. J Clim 20:5553-5571. https://doi.
org/10.1175/2007JCLI1482.1

Katragkou E, Garcia-Diez M, Vautard R, Sobolowski S, Zanis P, Alex-
andri G, Cardoso RM, Colette A, Fernandez J, Gobiet A, Goergen
K, Karacostas T, Knist S, Mayer S, Soares PMM, Pytharoulis I,
Tegoulias I, Tsikerdekis A, Jacob D (2015) Regional climate hind-
cast simulations within EURO-CORDEX: evaluation of a WRF

@ Springer


https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1007/s00382-011-1068-3
https://doi.org/10.1007/s00382-011-1068-3
https://doi.org/10.1007/s00382-012-1384-2
https://doi.org/10.1002/2015JD024009
http://www.cosmo-model.org/content/model/documentation/core/default.htm
http://www.cosmo-model.org/content/model/documentation/core/default.htm
https://doi.org/10.1175/1520-0469(1999)056%3c1766:DAEOAC%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)056%3c1766:DAEOAC%3e2.0.CO;2
https://doi.org/10.1007/s00382-016-3453-4
https://doi.org/10.1007/s00382-016-3453-4
https://doi.org/10.1175/2011BAMS3061.1
https://doi.org/10.5194/tc-12-1-2018
https://doi.org/10.5194/tc-12-1-2018
https://doi.org/10.1175/JAS-D-13-0180.1
https://doi.org/10.1175/JAS-D-13-0180.1
https://doi.org/10.5194/gmd-11-1665-2018
https://doi.org/10.5194/gmd-11-1665-2018
https://doi.org/10.1007/s00382-019-04898-8
https://doi.org/10.1007/s00382-019-04898-8
https://doi.org/10.1175/1520-0442(1994)007%3c0375:RCCSOT%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1994)007%3c0375:RCCSOT%3e2.0.CO;2
https://doi.org/10.3354/cr01018
https://doi.org/10.3354/cr01018
https://doi.org/10.1038/ngeo2761
https://doi.org/10.1038/ngeo2761
https://doi.org/10.1175/2009JCLI2604.1
https://doi.org/10.1175/2009JCLI2604.1
https://doi.org/10.1002/2017GL075657
https://doi.org/10.1002/2017GL075657
https://doi.org/10.3390/atmos3010181
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1007/s10113-020-01606-9
https://doi.org/10.1029/2011JD015597
https://doi.org/10.1175/2007JCLI1482.1
https://doi.org/10.1175/2007JCLI1482.1

P. M. M. Soares et al.

multi-physics ensemble. Geosci Model Dev 8:603-618. https://
doi.org/10.5194/gmd-8-603-2015

Keuler K, Radtke K, Kotlarski S, Liithi D (2016) Regional climate
change over Europe in COSMO-CLM: Influence of emission sce-
nario and driving global model. Meteorol Z 25:121-136. https://
doi.org/10.1127/metz/2016/0662

Kirshbaum DJ, Adler B, Kalthoff N, Barthlott C, Serafin S (2018)
Moist orographic convection: physical mechanisms and links to
surface-exchange processes. Atmosphere 9:80. https://doi.org/10.
3390/atmos9030080

Klein Tank AMG et al (2002) Daily dataset of 20"-century surface
air temperature and precipitation series for the European Climate
Assessment. Int J Climatol 22:1441-1453. https://doi.org/10.
1002/joc.773

Klok E, Klein Tank A (2009) Updated and extended European data-
set of daily climate observations. Int J Climatol 29:1182-1191.
https://doi.org/10.1002/joc.1779

Knist S, Goergen K, Keune J, Poorthuis L, Colette A, Cardoso RM,
Fealy R, Fernandez J, Garcia-Diez M, Katragkou E, Mayer
S, Soares PMM, Sobolowski S, Vautard R, Warrach-Sagi K,
Wulfmeyer K, Simmer C (2017) Land-atmosphere coupling in
EURO-CORDEX evaluation experiments. ] Geophys Res Atmos
122:79-123. https://doi.org/10.1002/2016JD025476

Knist S, Goergen K, Simmer C (2020) Evaluation and projected
changes of precipitation statistics in convection-permitting WRF
climate simulations over Central Europe. Clim Dyn 55:325-341.
https://doi.org/10.1007/s00382-018-4147-x

Kotlarski S, Keuler K, Christensen OB, Colette A, Déqué M, Gobiet A
et al (2014) Regional climate modeling on European scales: a joint
standard evaluation of the EURO-CORDEX RCM ensemble. Geosci
Model Dev 7:1297-1333. https://doi.org/10.5194/gmd-7-1297-2014

Leutwyler D, Fuhrer O, Lapillonne X, Liithi D, Schiar C (2016)
Towards European-scale convection-resolving climate simula-
tions with GPUs: A study with COSMO 4.19. Geosci Model Dev
9:3393-3412. https://doi.org/10.5194/gmd-9-3393-2016

Leutwyler D, Liithi D, Ban N, Fuhrer O, Schir C (2017) Evaluation
of the convection-resolving climate modeling approach on conti-
nental scales. J] Geophys Res Atmos 122:5237-5258. https://doi.
org/10.1002/2016JD026013

Lind P, Belusi¢ D, Christensen OB, Dobler A, Kjellstrom E et al (2020)
Benefits and added value of convection-permitting climate mod-
eling over Fenno-Scandinavia. Clim Dyn 55:1893-1912. https://
doi.org/10.1007/s00382-020-05359-3

Lucas-Picher P, Laprise R, Winger K (2017) Evidence of added value
in North American regional climate model hindcast simulations
using ever-increasing horizontal resolutions. Clim Dyn 48:2611—
2633. https://doi.org/10.1007/300382-016-3227-z

Minder JR, Mote PW, Lundquist JD (2010) Surface temperature lapse
rates over terrain: lessons from the Cascade Mountains. J Geophys
Res Atmos 115:D14122. https://doi.org/10.1029/2009JD013493

Minder JR, Letcher TW, Skiles SM (2016) An evaluation of high-
resolution regional climate modelsimulations of snow cover and
albedo over the Rocky Mountains, with implications for the simu-
lated snow-albedo feedback. J Geophys Res Atmos 121:9069—
9088. https://doi.org/10.1002/2016JD024995

Molina MO, Careto JAM, Gutiérrez C, Sanchez E, Soares PMM (2022)
The added value of high-resolution EURO-CORDEX simulations
to describe daily wind speed over Europe. Int J Climatol. https://
doi.org/10.1002/joc.7877

Mooney PA, Sobolowski S, Lee H (2020a) Designing and evaluating
regional climate simulations for high latitude land use land cover
change studies. Tellus a Dyn Meteorol Oceanogr 72:1-17. https://
doi.org/10.1080/16000870.2020.1853437

Mooney PA, Lee H, Sobolowski S (2020b) Impact of quasi-idealized future
land cover scenarios at high latitudes in complex terrain. Earth’s
Future 9:e2020EF001838. https://doi.org/10.1029/2020EF001838

@ Springer

Nabat P, Somot S, Cassou C, Mallet M, Michou M, Bouniol D,
Decharme B, Drugé T, Roehrig R, Saint-Martin D (2020) Modu-
lation of radiative aerosols effects by atmospheric circulation over
the Euro-Mediterranean region. Atmos Chem Phys 20:8315-8349.
https://doi.org/10.5194/acp-20-8315-2020

Perkins SE, Pitman AJ, Holbrook NJ, McAneney J (2007) Evaluation
of the AR4 climate models’ simulated daily maximum tempera-
ture, minimum temperature, and precipitation over Australia using
probability density functions. J Clim 20:4356-4376. https://doi.
org/10.1175/JCLI14253.1

Pichelli E, Coppola E, Sobolowski S et al (2021) The first multi-model
ensemble of regional climate simulations at kilometer-scale resolution
part 2: historical and future simulations of precipitation. Clim Dyn
56:3581-3602. https://doi.org/10.1007/s00382-021-05657-4

Prein AF, Gobiet A (2017) Impacts of uncertainties in European grid-
ded precipitation observations on regional climate analysis. Int J
Climatol 37:305-327. https://doi.org/10.1002/joc.4706

Prein AF, Langhans W, Fosser G, Ferrone A, Ban N, Goergen K et al
(2015) A review on regional convection-permitting climate mod-
eling: Demonstrations, prospects, and challenges. Rev Geophys
53:323-361. https://doi.org/10.1002/2014RG000475

Prein AF, Rasmussen RM, Ikeda K, Liu C, Clark MP, Holland GJ
(2017) The future intensification of hourly precipitation extremes.
Nat Clim Chang 7:48-52. https://doi.org/10.1038/nclimate3168

Prommel K, Geyer B, Jones JM, Widmann M (2010) Evaluation of the
skill and added value of a reanalysis-driven regional simulation
for Alpine temperature. Int J Climatol 30:760-773. https://doi.
org/10.1002/joc.1916

Rockel B, Will A, Hense A (2008) Special issue on regional climate
modelling with COSMO-CLM (CCLM). Meteorol Z 17:477-485

Rockel B, Arritt R, Rummukainen M, Hense A (2010) The 2nd
Lund regional-scale climate modelling workshop. Meteorol Z
19(3):223-224. https://doi.org/10.1127/0941-2948/2010/0462

Ruti PM, Somot S, Giorgi F, Dubois C, Flaounas E, Obermann A et al
(2016) MED-CORDEX initiative for Mediterranean climate stud-
ies. Bull Am Meteor Soc 97:1187-1208. https://doi.org/10.1175/
BAMS-D-14-00176.1

Schir C, Fuhrer O, Arteaga A, Ban N, Charpilloz C, Di Girolamo S
et al (2020) Kilometer-scale climate models: prospects and chal-
lenges. Bull Am Meteorol Soc 101:ES67-E587. https://doi.org/
10.1175/BAMS-D-18-0167.1

Schulzweida U, Kornblueh L, Quast R (2006) CDO user’s guide. Cli-
mate data operators, version 1, p 205-209

Schwitalla T, Warrach-Sagi K, Wulfmeyer V, Resch M (2020)
Near-global-scale high-resolution seasonal simulations with
WRF-Noah-MP vol 3.8.1. Geosci Model Dev 13:1959-1974.
https://doi.org/10.5194/gmd-13-1959-2020

Sheridan P, Smith S, Brown A, Vosper S (2010) A simple height-based
correction for temperature downscaling in complex terrain. Mete-
orol Appl 17:329-339. https://doi.org/10.1002/met.177

Skamarock WC, Klemp JB (2007) A time-split nonhydrostatic atmos-
pheric model for research and NWP applications. J Comput Phys
Spec Issue Environ Model 227:3465-3485. https://doi.org/10.
1016/j.jcp.2007.01.037

Skamarock WC, Klemp JB, Dudhia J, Gill DO, Barker D, Duda MG
et al (2008) A Description of the advanced research WRF version
3. Univ Corp Atmos Res. https://doi.org/10.5065/D68S4MVH

Soares PMM, Cardoso RM (2018) A simple method to assess the added
value using high-resolution climate distributions: application to
the EURO-CORDEX daily precipitation. Int J Climatol 38:1484—
1498. https://doi.org/10.1002/joc.5261

Soares PMM, Cardoso RM, Lima DCA, Miranda PMA (2017) Future
precipitation in Portugal: high-resolution projections using WRF
model and EURO-CORDEX multi-model ensembles. Clim Dyn
49:2503-2530. https://doi.org/10.1007/s00382-016-3455-2


https://doi.org/10.5194/gmd-8-603-2015
https://doi.org/10.5194/gmd-8-603-2015
https://doi.org/10.1127/metz/2016/0662
https://doi.org/10.1127/metz/2016/0662
https://doi.org/10.3390/atmos9030080
https://doi.org/10.3390/atmos9030080
https://doi.org/10.1002/joc.773
https://doi.org/10.1002/joc.773
https://doi.org/10.1002/joc.1779
https://doi.org/10.1002/2016JD025476
https://doi.org/10.1007/s00382-018-4147-x
https://doi.org/10.5194/gmd-7-1297-2014
https://doi.org/10.5194/gmd-9-3393-2016
https://doi.org/10.1002/2016JD026013
https://doi.org/10.1002/2016JD026013
https://doi.org/10.1007/s00382-020-05359-3
https://doi.org/10.1007/s00382-020-05359-3
https://doi.org/10.1007/s00382-016-3227-z
https://doi.org/10.1029/2009JD013493
https://doi.org/10.1002/2016JD024995
https://doi.org/10.1002/joc.7877
https://doi.org/10.1002/joc.7877
https://doi.org/10.1080/16000870.2020.1853437
https://doi.org/10.1080/16000870.2020.1853437
https://doi.org/10.1029/2020EF001838
https://doi.org/10.5194/acp-20-8315-2020
https://doi.org/10.1175/JCLI4253.1
https://doi.org/10.1175/JCLI4253.1
https://doi.org/10.1007/s00382-021-05657-4
https://doi.org/10.1002/joc.4706
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1038/nclimate3168
https://doi.org/10.1002/joc.1916
https://doi.org/10.1002/joc.1916
https://doi.org/10.1127/0941-2948/2010/0462
https://doi.org/10.1175/BAMS-D-14-00176.1
https://doi.org/10.1175/BAMS-D-14-00176.1
https://doi.org/10.1175/BAMS-D-18-0167.1
https://doi.org/10.1175/BAMS-D-18-0167.1
https://doi.org/10.5194/gmd-13-1959-2020
https://doi.org/10.1002/met.177
https://doi.org/10.1016/j.jcp.2007.01.037
https://doi.org/10.1016/j.jcp.2007.01.037
https://doi.org/10.5065/D68S4MVH
https://doi.org/10.1002/joc.5261
https://doi.org/10.1007/s00382-016-3455-2

The added value of km-scale simulations to describe temperature over complex orography: the...

Steppeler J, Doms G, Schittler U, Bitzer HW, Gassmann A, Damrath
U, Gregoric G (2003) Meso-gamma scale forecasts using the non-
hydrostatic model LM. Meteorol Atmos Phys 82:75-96. https://
doi.org/10.1007/s00703-001-0592-9

Terzago S, von Hardenberg J, Palazzi E, Provenzale A (2017) Snow
water equivalent in the Alps as seen by gridded data sets, CMIP5
and CORDEX climate models. Cryosphere 11:1625-1645. https://
doi.org/10.5194/tc-11-1625

Thiemig V, Gomes GN, Skgien JO, Ziese M, Rauthe-Schoch A, Ruste-
meier E, Rehfelt K, Walawender JP, Kolbe C, Pichon D, Schweim
C, Salamon P (2022) EMO-5: a high-resolution multi-variable
gridded meteorological dataset for Europe. Earth Syst Sci Data
14:3249-3272. https://doi.org/10.5194/essd-14-3249-2022

Torma C, Giorgi F, Coppola E (2015) Added value of regional climate
modeling over areas characterized by complex terrain—precipita-
tion over the Alps. J Geophys Res Atmos 120:3957-3972. https://
doi.org/10.1002/2014JD022781

Varga AJ, Breuer H (2020) Sensitivity of simulated temperature, pre-
cipitation, and global radiation to different WRF configurations

Authors and Affiliations

P. M. M. Soares'-?

over the Carpathian Basin for regional climate applications. Clim
Dyn 55:2849-2866. https://doi.org/10.1007/s00382-020-05416-x
Vautard R, Gobiet A, Jacob D, Belda M, Colette A, Déqué M, Fernan-
dez J, Garcia-Diez M, Goergen K, Giittler I, Halenka T, Karacos-
tas T, Katragkou E, Keuler K, Kotlarski S, Mayer S, van Meijgaard
E, Nikulin G, Patar¢i¢ M, Scinocca J, Sobolowski S, Suklitsch M,
Teichmann C, Warrach-Sagi K, Wulfmeyer V, Yiou P (2013) The
simulation of European heat waves from an ensemble of regional
climate models within the EURO-CORDEX project. Clim Dyn
41:2555-2575. https://doi.org/10.1007/s00382-013-1714-z
Warrach-Sagi K, Schwitalla T, Wulfmeyer V et al (2013) Evaluation of
a climate simulation in Europe based on the WRF-NOAH model
system: precipitation in Germany. Clim Dyn 41:755-774. https://
doi.org/10.1007/s00382-013-1727-7

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

-J.A. M. Careto' - Rita M. Cardoso'2 - Klaus Goergen>* - Eleni Katragkou® - Stefan Sobolowski® -

Erika Coppola’ - Nikolina Ban® - Danijel Belusi¢®'° - Ségoléne Berthou'' - Cécile Caillaud' - Andreas Dobler'3.
@ivind Hodnebrog'* - Stergios Kartsios® - Geert Lenderink'® - T. Lorenz® - Josipa Milovac'® - Hendrik Feldmann'” .
Emanuela Pichelli’ - Heimo Truhetz'® - Marie Estelle Demory'® - Hylke de Vries'® - Kirsten Warrach-Sagi®® -

Klaus Keuler?' - Mario Raffa?? - Merja Tolle?® . Kevin Sieck?* - Sophie Bastin?®

J. A. M. Careto
jacareto@fc.ul.pt

Rita M. Cardoso
rmcardoso@fc.ul.pt

Klaus Goergen
k.goergen @{z-juelich.de

Eleni Katragkou
katragou@geo.auth.gr

Stefan Sobolowski
stso@norceresearch.no

Erika Coppola
coppolae @ictp.it

Nikolina Ban
nikolina.ban @uibk.ac.at
Danijel Belusi¢
danijel.belusic @smbhi.se

Ségoléne Berthou
segolene.berthou @metoffice.gov.uk

Cécile Caillaud
cecile.caillaud @meteo.fr

Andreas Dobler
andreasd @met.no

@ivind Hodnebrog
oivind.hodnebrog @cicero.oslo.no

Stergios Kartsios
kartsios @geo.auth.gr

Geert Lenderink
geert.lenderink @knmi.nl

T. Lorenz
tolo@norceresearch.no

Josipa Milovac
milovacj@unican.es

Hendrik Feldmann
hendrik.feldmann @kit.edu

Emanuela Pichelli
epichell @ictp.it

Heimo Truhetz
heimo.truhetz@uni-graz.at

Marie Estelle Demory
marie-estelle.demory @env.ethz.ch

Hylke de Vries
hylke.de.vries @knmi.nl

Kirsten Warrach-Sagi
kirsten.warrach-sagi @uni-hohenheim.de

Klaus Keuler
keuler @b-tu.de

Mario Raffa
mario.raffa@cmcc.it

Merja Tolle
merja.toelle @uni-kassel.de

Kevin Sieck
kevin.sieck@hzg.de

Sophie Bastin
sophie.bastin@latmos.ipsl.fr

Institute Dom Luiz, Faculty of Sciences, University
of Lisbon, 1749-016 Lisbon, Portugal

@ Springer


https://doi.org/10.1007/s00703-001-0592-9
https://doi.org/10.1007/s00703-001-0592-9
https://doi.org/10.5194/tc-11-1625
https://doi.org/10.5194/tc-11-1625
https://doi.org/10.5194/essd-14-3249-2022
https://doi.org/10.1002/2014JD022781
https://doi.org/10.1002/2014JD022781
https://doi.org/10.1007/s00382-020-05416-x
https://doi.org/10.1007/s00382-013-1714-z
https://doi.org/10.1007/s00382-013-1727-7
https://doi.org/10.1007/s00382-013-1727-7
http://orcid.org/0000-0002-9155-5874

P. M. M. Soares et al.

University of Lisbon, Faculty of Sciences, 1749-016 Lisbon,
Portugal

Research Centre Juelich, Institute of Bio- and Geosciences
(IBG-3, Agrosphere), 52425 Juelich, Germany

Centre for High-Performance Scientific Computing
in Terrestrial Systems, Geoverbund ABC/J, 52425 Jiilich,
Germany

Department of Meteorology and Climatology, School
of Geology, Aristotle University of Thessaloniki,
Thessaloniki, Greece

NORCE Norwegian Research Centre, Bjerknes Centre
for Climate Research, Bergen, Norway

Earth System Physics Section, The Abdus Salam
International Centre for Theoretical Physics (ICTP), Trieste,
Italy

Department of Atmospheric and Cryospheric Sciences
(ACINN), University of Innsbruck, Innsbruck, Austria

Swedish Meteorological and Hydrological Institute (SMHI),
Norrkoping, Sweden

Department of Geophysics, University of Zagreb, Zagreb,
Croatia

Met Office Hadley Centre, Fitzroy Road, Exeter EX1 3PB,
UK

CNRM, Université de Toulouse, Météo-France, CNRS,
Toulouse, France

Norwegian Meteorological Institute, Oslo, Norway

Center for International Climate Research (CICERO), Oslo,
Norway

@ Springer

20

21

22

23

24

25

Royal Netherlands Meteorological Institute (KNMI), De Bilt,
Netherlands

Meteorology Group, Instituto de Fisica de Cantabria (IFCA),
CSIC-Universidad de Cantabria, Santander, Spain

Institute of Meteorology and Climate Research (IMK-TRO),
Karlsruhe Institute of Technology (KIT), Karlsruhe,
Germany

Wegener Center for Climate and Global Change, University
of Graz, Graz, Austria

Institute for Atmospheric and Climate Sciences, ETH Ziirich,
Ziirich, Switzerland

Institute of Physics and Meteorology, University
of Hohenheim, Stuttgart, Germany

Chair of Environmental Meteorology, Brandenburg
University of Technology (BTU), Cottbus, Germany

Fondazione Centro Euro-Mediterraneo sui Cambiamenti
Climatici, Regional Model and Geo-Hydrological Impacts
(REMHI) Division, Via Thomas Alva Edison, 81100 Caserta,
Italy

Center for Environmental Systems Research (CESR),
University of Kassel, Kassel, Germany

Climate Service Center Germany (GERICS),
Helmholtz-Zentrum Hereon, 20095 Hamburg, Germany

LATMOS/IPSL, UVSQ Université Paris-Saclay, UPMC
University, Paris, France



	The added value of km-scale simulations to describe temperature over complex orography: the CORDEX FPS-Convection multi-model ensemble runs over the Alps
	Abstract
	1 Introduction
	2 Data and methods
	2.1 FPSCONV simulations
	2.2 Observations
	2.3 Distribution added values (DAVs)

	3 Results
	3.1 Maximum temperatures full PDFs
	3.2 Minimum temperatures full PDFs
	3.3 Maximum and minimum temperature tails (or extremes)

	4 Discussion and conclusions
	Acknowledgements 
	References




