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Abstract We assess the statistics of different daily precipitation indices in ensembles of Med-CORDEX and EUROCORDEX experiments at high resolution (grid spacing
of ~0.11°, or RCM11) and medium resolution (grid spacing of ~0.44°, or RCM44) with regional climate models
(RCMs) driven by the ERA-Interim reanalysis of observations for the period 1989–2008. The assessment is carried
out by comparison with a set of high resolution observation
datasets for nine European subregions. The statistics analyzed include quantitative metrics for mean precipitation,
daily precipitation probability density functions (PDFs),
daily precipitation intensity, frequency, 95th percentile and
95th percentile of dry spell length. We assess an ensemble
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including all Med-CORDEX and EURO-CORDEX models together and others including the Med-CORDEX and
EURO-CORDEX separately. For the All Models ensembles, the RCM11 one shows a remarkable performance in
reproducing the spatial patterns and seasonal cycle of mean
precipitation over all regions, with a consistent and marked
improvement compared to the RCM44 ensemble and the
ERA-Interim reanalysis. A good consistency with observations by the RCM11 ensemble (and a substantial improvement compared to RCM44 and ERA-Interim) is found
also for the daily precipitation PDFs, mean intensity and,
to a lesser extent, the 95th percentile. A general improvement by the RCM11 models is also found when the data
are upscaled and intercompared at the 0.44° and 1.5° resolutions. For some regions the RCM11 ensemble overestimates the occurrence of very high intensity events while for
one region the models underestimate the occurrence of the
most intense extremes. The RCM11 ensemble still shows
a general tendency to underestimate the dry day frequency
and 95th percentile of dry spell length over wetter regions,
with only a marginal improvement compared to the lower
resolution models. This indicates that the problem of the
excessive production of low precipitation events found in
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many climate models persists also at relatively high resolutions, at least in wet climate regimes. Concerning the
Med-CORDEX and EURO-CORDEX ensembles we find
that their performance is of similar quality over the Mediterranean regions analyzed. Finally, we stress the need of
consistent and quality checked fine scale observation datasets for the assessment of RCMs run at increasingly high
horizontal resolutions.
Keywords Regional climate model · Daily precipitation ·
Med-CORDEX · EURO-CORDEX · Model validation ·
Extremes

1 Introduction
Med-CORDEX (Ruti et al. 2016) and EURO-CORDEX
(Jacob et al. 2013) are initiatives under the framework
of the COordinated Regional Downscaling EXperiment
(CORDEX, Giorgi et al. 2009; Jones et al. 2011), whose
mission is to advance and coordinate activities in regional
climate downscaling science and application. The CORDEX framework envisions two experiment streams: the
model assessment and the regional climate projection
streams (Giorgi et al. 2009; Jones et al. 2011). Specifically, under the model assessment stream, regional climate
models (RCMs) are driven by lateral boundary conditions
(LBC) from the ERA-Interim reanalysis of observations
(Dee et al. 2011), and are assessed against observations for
the ERA-Interim simulation period. Then, in the regional
projection stream the RCMs are driven by selected global
climate models for late twentieth century climate simulations and twenty-first century climate projections aimed
at providing information for use in impact and adaptation
studies.
The model assessment stream has been completed by
ensembles of both Med-CORDEX and EURO-CORDEX
atmospheric RCMs over the respective Mediterranean
and European domains. Two horizontal resolutions are
used, roughly corresponding to grid intervals of ~0.44° (or
~50 km) and ~0.11° (or ~12 km), and for both sets (hereafter referred to as “RCM44” and “RCM11”, respectively)
the participating RCMs are driven by ERA-Interim LBC
for the 20-year period 1989–2008. Some analyses of the
EURO-CORDEX ERA-Interim driven ensemble are presented by Vautard et al. (2013), Kotlarski et al. (2014),
Prein et al. (2015) and Casanueva et al. (2016). Specifically, Vautard et al. (2013) focused on the simulation of
heat waves over the European region, Kotlarski et al.
(2014) presented a basic evaluation of the precipitation
and temperature climatologies of the models, Prein et al.
(2015) examined extreme daily and sub-daily precipitation
via a comparison with high resolution regional observation
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datasets, and Casanueva et al. (2016) analyzed different
daily precipitation indices over the Iberian Peninsula and
the Alpine region.
Besides the identification and quantification of model
biases, these studies assessed the improvements in the
model performance by increasing the horizontal resolution from 0.44° to 0.11° and found that such improvements
depend on the variable under consideration. For example,
while substantial improvements were found in the simulation of daily and sub-daily precipitation frequency, intensity and extremes (Prein et al. 2015; Casanueva et al. 2016),
regional mean biases were not systematically reduced at
the higher resolution (Kotlarski et al. 2014). In addition,
the simulation of heat waves was not found to significantly
depend on model resolution, being rather related to large
scale processes (Vautard et al. 2013). These conclusions are
also generally in line with analyses of RCM simulations
over the whole European region conducted as part of previous projects (Jacob et al. 2007; Rauscher et al. 2010).
By comparison, to date no systematic assessments of the
ERA-Interim driven Med-CORDEX RCM ensemble are
available, although some individual simulations have been
analyzed for specific purposes (e.g. Di Luca et al. 2014;
Flaounas et al. 2013; Tramblay et al. 2013; Herrmann et al.
2011). In this paper we thus fill this gap by presenting an
evaluation of the ERA-Interim driven Med-CORDEX
ensemble. We assess this ensemble in conjunction with the
corresponding EURO-CORDEX one, since a good portion of the Med-CORDEX domain is common to EUROCORDEX, and in order to place the analysis in a broader
context. We only analyze models for which simulations are
available in the Med-CORDEX and EURO-CORDEX public archives at both the 0.44° and 0.11° resolutions, so as to
assess the effect of resolution on the model performance.
Our focus is on a range of precipitation metrics, and specifically mean model precipitation climatology, different daily
precipitation indices of relevance for impact studies and
daily precipitation probability density functions (PDFs).
Towards the goal of investigating the role of resolution, we
evaluate the models against high resolution gridded daily
precipitation datasets assembled for different European
sub-regions, as in Prein et al. (2015).
Our study extends previous work in several respects:
it includes both Med-CORDEX and EURO-CORDEX
ERA-Interim driven ensembles; it includes a larger set of
regional observation datasets, compared for example to
Prein et al. (2015) (we also include datasets for the UK
and Central-Southern Italy); and it considers a larger set
of daily precipitation indices and statistics. Note that in
regions common to the Med-CORDEX and EURO-CORDEX domains, the ensembles are analyzed both together
and separately (i.e. Med-CORDEX and EURO-CORDEX
only) in order to investigate whether there are systematic
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Table 1  List of the models analyzed in this work
Models

Institute

References

CCLM4-8-17
HIRHAM5
INERIS-WRF331F
RACMO22E
RCA4
ALADIN5.2*
RegCM4.3*
CCLM4-8-18*

CLMcom
DMI
IPSL
KNMI
SMHI
CNRM
ICTP
GUF

Rockel et al. (2008)
Christensen et al. (2006)
Vautard et al. (2013)
van Meijgaard et al. (2012)
Kupiainen et al. (2011)
Colin et al. (2010)
Giorgi et al. (2012)
Rockel et al. (2008)

PROMES*

UCLM

Castro et al. (1993)

Med-CORDEX models are those with the asterisk

differences between the two sets of models. The models,
data and analysis measures are described in the next section, while in Sect. 3 we discuss the model results and in
Sect. 4 we present our main conclusions.

2 Models, observations and performance metrics
2.1 Model ensembles
The Med-CORDEX and EURO-CORDEX ensembles of
RCMs analyzed here are reported in Table 1. The MedCORDEX ensemble includes four atmosphere only models (ALADIN, PROMES, RegCM4 and GUF-CCLM),

Fig. 1  Upper panels Analysis regions as defined by the availability of high resolution observation datasets (on the left) and the Med-CORDEX
domain (on the right). Lower panels European topography at 0.11° resolution (on the left) and at 0.44° resolution (on the right)
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while the EURO-CORDEX ensemble includes five RCMs
(CCLM, HIRHAM, RACMO22E, RCA4, WRF331F).
Note that the EURO-CORDEX ensemble is smaller than
that used by Prein et al. (2015) since these were the only
data available in the public archive. Figure 1 shows the
Med-CORDEX and EURO-CORDEX domains, along with
the sub-regions selected for analysis based on the availability of high resolution observation datasets (see Sect. 2.2).
Some of the regions lie within both the Med-CORDEX and
EURO-CORDEX domains (France, Alps, Spain, Italy, Carpathians), while others (Germany, UK, Norway, Sweden)
only lie entirely within the EURO-CORDEX domain. For
the southern European regions included in both ensembles
we analyze the full Med-CORDEX + EURO-CORDEX
ensemble (referred to as the “All Models” ensemble) along
with the two ensembles separately. All the simulations
cover the period 1989–2008 with LBC from the ERAinterim reanalysis (Dee et al. 2011) and use model horizontal grid spacings of 0.44° and 0.11°. We hereafter refer to
these two ensembles as RCM44 and RCM11, respectively.
In order to facilitate the intercomparison of models and
observations, the output of all the experiments is interpolated onto three common grids of 0.11°, 0.44° and 1.5° (i.e.
characteristic of the RCM simulations and a large scale
GCM resolution) using a distance-weighted method, as in
Torma et al. (2015), who showed that this method provides
a good conservation of the total field while not degrading its spatial structure. The data are then intercompared
across all resolution grids to measure the downscaling performance as well as the performance of the RCMs when
upscaled at the 1.5° grid resolution. The ERA-interim precipitation dataset is taken at its original resolution (0.8°)
and interpolated onto the three common grids for the comparison with the RCM models.
2.2 High resolution observation datasets
The assessment of RCMs in reproducing extreme indices and fine scale spatial and temporal precipitation patterns requires the use of high quality observation datasets
of comparable fine resolution. For this reason, we assembled a set of observational datasets consisting of gridded
regional high resolution observations available from different European institutions (see also Prein et al. 2015). Figure 1 shows the location and area coverage of each dataset.
Previous studies have also employed the European-wide
25 km resolution dataset E-OBS (Haylock et al., 2008),
however the resolution of this data is too coarse to evaluate the fine scale structure produced by the RCM11 models
(e.g. Prein et al. 2015). Table 2 lists the observation datasets used here and describes some of their characteristics.
They cover the Alpine region, Spain, France, UK, Norway,
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Sweden, the Carpathian region, Germany and central/
southern Italy (hereafter referred to as “Italy”). All datasets
are station-based except for France, which is a high resolution regional reanalysis. It should also be noted that the
datasets are characterized by different station densities (and
thus effective resolutions), highest in the Alps and UK and
lowest in the Carpathian and Swedish datasets (see corresponding references in Table 2).
For consistent comparison with the models, the observed
data are also regridded on the common 0.11°, 0.44° and
1.5° grids of the model data by using the same distance
weighted method. All the observation datasets cover the
simulation period 1989–2008, with the exception of the UK
dataset (1990–2008) and the Italian dataset (2000–2010).
For these two regions the analysis is carried out including
only the years of available observations. Also, the Italian
data were gridded onto the 0.11° grid from about 1500
stations via the distance weighted approach using all stations lying within the surrounding grid boxes. Data were
not available for the Marche and Puglia regions and thus
gridding was not carried out there. Although we carefully
checked the Italian dataset for internal consistency, we do
stress the preliminary nature of its use.
Finally, due to the well known problem of precipitation under-catch, especially under cold season snow-blowing conditions (Adam and Lettenmaier 2003; Adam et al.
2006), we added a gauge correction for the datasets that
do not include it, i.e. the Alps, Spain, Germany, Italy, UK
and the Carpathians. A location-dependent monthly gauge
under-catch correction was estimated from the data of Matsuura and Willmott (2010) (UDEL, version 3.01) following Torma et al. (2015). Since the correction is estimated at
the climatological monthly scale, it was applied only in the
validation of the precipitation means (i.e. not when calculating daily precipitation statistics). For the other regional
datasets, a similar correction was already included or was
implicit in the use of a reanalysis, as reported in the literature. Throughout the paper we will explicitly mention when
the under-catch gauge correction is used.
2.3 Performance metrics
Besides standard metrics of performance such as the mean
bias or the root mean square error (RMSE), we use additional targeted metrics to evaluate different aspects of model
performance. Spatial patterns are assessed through the use
of Taylor Diagrams (Taylor 2001), which include multiple
metrics consisting of spatial correlation, spatial standard
deviation and centered (or bias removed) RMSE. The model
skill in reproducing observed daily precipitation PDFs is
measured via the Kullback–Leibler divergence (KL, Kullback and Leibler 1951), which measures the departure
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Table 2  List of regional observational datasets used inthis work
Dataset

Institution

Region

Period

Resolution Approximate maximum number of stations per 1000 km2

References

EURO4 M-APGD
Spain02
SAFRAN
UK gridded dataset
KLIMAGRID
PTHBV

MeteoSwiss
Santander meteorology group
Meteo-France
Met office
METNO
SMHI

Alps
Spain
France
UK
Norway
Sweden and part
of Finland

1971–2008
1971–2010
1958–2013
1990–2010
1957–2013
1961–2010

5 km
0.11°
8 km
0.11°
1 km
4 km

18
6
7
20
1 km
4

Isotta et al. (2014)
Herrera et al. (2015)
Vidal et al. (2010)
Perry et al. (2009)
Mohr (2009)
Johansson (2002)

CARPATCLIM

Hungarian Meteorological
Service

Carpathians

1961–2010 0.10°

2

Szalai et al. (2013)
Rauthe et al. (2013)

REGNIE

DWD

Germany

1961–2009 1 km

11

CETEMPS gridded
dataset

CETEMPS, University of
L’Aquila

Italy

2000–2014 0.11°

8

between two PDFs accounting for the whole range of the
distributions. In other words, the KL divergence is a metric of the mean difference between distributions, as opposed
to the Kolmogorov–Smirnov distance (used for example by
Torma et al. 2015) which measures the maximum distance
between two cumulative distributions.
For two random variables p(x) and q(x), the symmetrized
KL divergence was defined as follows:
symm KL =

1
2



∞

−∞

p(x) log

p(x)
dx +
q(x)



∞

−∞

q(x) log

q(x)
dx
p(x)



In order to assess the model performance in simulating different characteristics of daily precipitation, we consider
four hydroclimatic indices (or suitable variations of them)
widely used in previous studies (e.g. Sillmann et al. 2013;
Giorgi et al. 2014) and relevant for impact applications:
SDII Mean wet daily precipitation intensity (mm/day)
DDF Mean frequency of dry days (%)
CDD95 95th percentile of dry spell length (No. days)
Psum > R95obs Total precipitation above the reference
95th percentile of observed daily precipitation
In the calculation of these indices we assume that a
day is rainy when the daily precipitation is greater than or
equal to 1 mm/day, as for example in Sillmann et al. (2013)
and Giorgi et al. (2014). Note that we adopt two modified
indices compared to their standard meaning, CDD95 and
Psum > R95obs. CDD95 is used instead of the more common
CDD, the maximum dry spell length, in order to avoid the
possible dominant role of anomalous individual dry spells
within the relatively short simulation period. In the calculation of CDD95 we use the entire time sequence of events
within the full analysis periods. Psum > R95obs replaces the

commonly used R95p (fraction of precipitation above the
95th percentile of the respective distribution). In this index
definition, the 95th percentile of precipitation is first calculated from the observation data on the proper resolution
grid and is then used as a common reference threshold to
calculate the cumulative observed and simulated precipitation deriving from events of higher intensity. Therefore,
if the observed 95th percentile defines a threshold for
extremes, the index measures the amount of precipitation
accounted for by extreme events (i.e. events above this
threshold) in either observations or simulations. By using a
common threshold, this definition allows a more consistent
intercomparison of extreme precipitation amounts across
models and observations.

3 Assessment of the Med‑CORDEX
and EURO‑CORDEX precipitation statistics
3.1 Mean precipitation
Prior to the evaluation of daily precipitation statistics, it is
important to provide an assessment of the model simulation of mean precipitation. Figure 2 compares the ERAInterim and observed (gauge corrected) mean precipitation
in December–January–February (DJF) and June–July–
August (JJA) with the ensemble average results at all
three resolutions (All Models ensembles). To complement this information, Fig. 3 shows the Taylor diagrams
of mean precipitation for all seasons, the Med-CORDEX
and EURO-CORDEX ensembles, while Fig. 4 presents the
mean bias (simulated minus observed seasonal precipitation) and RMSE for the different regions for the different
ensembles.
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Fig. 2  Ensemble mean precipitation over the analysis regions for
the ERA-Interim reanalysis, RCM44 and RCM11 All-Model ensembles (only EURO-CORDEX over regions outside the Med-CORDEX
domain) and regional observations on the 0.11°, 0.44° and 1.5° reso-

lution grids. Upper panels December–January–February (DJF); lower
panels June–July–August (JJA). The last column on the right shows
the precipitation bias at each resolution. Units are mm/day and the
mean is taken over the different regional analysis periods (see Sect. 2)

It is clear from Fig. 2 that the high resolution ensemble
captures the fine scale detail of the precipitation patterns
exhibited by the high resolution observations. This detail is
mostly driven by the topographical and coastline features
of the different regions, most noticeably the Alps, Pyrenees,
Carpathians and Apennines. Also captured are the precipitation gradients in flatter regions, e.g. over France, the central Iberian Peninsula, southern England, Germany and
Sweden. In addition, the improved representation of spatial
detail at the finest scale by the RCM11 ensemble compared
to the RCM44 and especially the ERA-Interim reanalysis is
visually evident, although it is important to notice that the

ERA-Interim captures quite well the observed broad spatial
precipitation gradients at the 1.5° scale. Also, the RCM44
models appear to somewhat underestimate the spatial variability shown by the observations on the 0.44° grid.
The Taylor diagrams of Fig. 3 provide a quantitative
measure of the models’ ability to capture the observed spatial patterns on the 0.11° and 1.5° grids (Supplementary
Figure S1 shows the corresponding Taylor diagrams for the
0.44° grid). Overall, at the 0.11° resolution (Fig. 3a), the
RCM11 ensemble exhibits the highest pattern correlations
(~0.7–0.95 in DJF, MAM and SON, ~0.8–0.95 in JJA),
while the ERA-Interim reanalysis mostly the lowest, with
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Fig. 2  continued

the RCM44 models showing intermediate results. Only
over the Italy region the correlations are relatively low,
although still better in RCM11 than RCM44 and ERAInterim, probably due to the sparse station coverage of the
Italian territory. Overall, the RCM11 models also exhibit
the best skill in reproducing the normalized spatial standard deviation as well as the centered RMSE. Figures 2 and
3 thus clearly illustrate the fine scale (downscaling) added
value provided by the high resolution in simulating the
European mean precipitation spatial patterns. In addition,
Fig. 3b shows that, overall, the RCM11 models exhibit a
somewhat (but not ubiquitous) better performance also
when upscaled on the 1.5° grid, confirming the conclusion
by Torma et al. (2015) that the added value of downscaling

is not simply due to a disaggregation of coarse scale data,
but to a better simulation of relevant processes (e.g. topographic forcing). Finally, Fig. 3 indicates that the MedCORDEX and EURO-CORDEX ensembles exhibit similar performances over the regions common to both sets of
models. For reference, supplementary figures S6 shows the
DJF and JJA mean precipitation over the Mediterranean
analysis regions in the Med-CORDEX ensembles and supplementary figures S7 the same as S6 but for the EUROCORDEX ensembles.
When looking at regional mean biases and RMSE, the
results are more mixed in terms of improvements associated to increased resolution. Figure 4 presents mean biases
and RMSE over the different regions for DJF and JJA
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◂Fig. 3  Taylor diagrams of the ensemble mean seasonal precipitation

in the different analysis regions for the ERA-Interim, RCM44 and
RCM11 (both EURO-CORDEX and Med-CORDEX models) ensembles with respect to the corresponding regional observation datasets,
at 0.11° (a) and 1.5° resolution (b). The distance from the point 1
measures the centered (bias removed) RMSE and the mean is taken
over the different regional analysis periods (see Sect. 2)

precipitation with respect to gauge corrected values. The
same metrics are shown in Figure S2 for uncorrected values. Both figures show that these metrics do not indicate
a systematic reduction of biases and RMSE for the high
resolution model configurations, although a slight tendency
for lower biases is found in the RCM11. This is mostly due
to the fact that the RCM11 ensemble produces generally
higher precipitation amounts than the ERA-Interim and
RCM44, and this can lead to both a decrease or increase in
the biases and RMSE for the different regions. An increase
in simulated precipitation with resolution over Europe was
also found by Rauscher et al. (2010) in a previous generation of models.
Figures 4 and S2 show that the ensemble mean regional
biases are mostly lower than 25%, therefore generally in
line with, or better than, the performance expected from
RCMs over Europe (Jacob et al. 2007; Rauscher et al.
2010). Instances of biases larger than 25% are found in
the UK (DJF) and Carpathians (DJF uncorrected) for the
RCM11, Italy (DJF and JJA), Norway (DJF) and Carpathians (DJF uncorrected) for RCM44, Spain (DJF, corrected),
Germany (DJF, corrected), Norway (DJF) and Italy (DJF)
for ERA-Interim. Finally, the biases and RMSE for the
Med-CORDEX ensemble are generally similar to those
found for the EURO-CORDEX ensemble.
Figure 5 shows the annual precipitation cycle in the
models (Med-CORDEX and EURO-CORDEX ensembles, mean and inter-model standard deviation), the ERAInterim reanalysis and the regional datasets. The models
capture the seasonal precipitation cycle in all sub-regions,
with two rainy seasons in spring and late fall over the Mediterranean regions (Spain, France and the Alps), a summer
maximum over the continental regions (Carpathians, Germany and Sweden), and a winter precipitation maximum
over England, Norway and Italy. Thus the models (as well
as the ERA-Interim) are able to describe the various precipitation regimes characterizing different European climates.
Some noticeable shortcomings in Fig. 5 are a shift of about
one month in the precipitation maximum over the Carpathians (not present in ERA-Interim) and an underestimate of
early fall precipitation over the Alps and winter precipitation over Norway and Italy. By and large, however, the
observed precipitation amounts are within the range of the
model data, and the higher RCM11 precipitation totals may
be closer or farther away from the corresponding observed
values than the RCM44 depending on region and season. In

fact, the annual precipitation means are closer to observations in the RCM11 than the RCM44 in seven out of nine
regions.
The results found in this Section are generally in line
with previous analyses (e.g. Jacob et al. 2007; Rauscher
et al. 2010; Kotlarski et al. 2014; Prein et al. 2015). We also
note that the ERA-Interim reanalysis consistently underestimates precipitation, yielding the largest errors in most
regions and that the Med-CORDEX and EURO-CORDEX
ensembles show a comparable level of performance.
3.2 Daily precipitation intensity PDFs
Figure 6 shows daily precipitation intensity PDFs over
all regions at the 0.11° resolution, for the ERA-Interim,
RCM11 and RCM44 ensembles, and the regional observation datasets. The PDFs are calculated on an annual basis,
i.e. they include all days in the respective records, and are
presented for all individual models (circles) as well as the
multi-model mean (i.e. for each bin the value in the continuous line represents the average of the corresponding circles). Based on observations, the Alps, France, Spain, Italy,
Germany and Norway show the longest tails, with events
exceeding 250 mm/day. Over the other regions, the PDFs
drop sharply to events of maximum intensity lower than
200 mm/day. In all regions, except the Carpathians, the
RCM11 models show PDFs closest to observations. The
ERA-Interim cannot capture the high intensity event tails
in all cases, a result evidently due to the relatively coarse
resolution of this data. The RCM44 models improve upon
the ERA-Interim, but still fall short of representing the
observed high intensity events.
The agreement between the RCM11 and observed
PDFs is remarkably good over the Alps, England, France
and Germany, although in these cases the models produce
occasional events of higher intensity than the observed
maximum. This could be due to the occurrence of numerical point storms (Giorgi 1991) or more simply to the larger
ensemble size in the models. Over Norway the RCM11
models tend to underestimate the frequency of medium
intensity events and overestimate the occurrence of extreme
events, while over Spain, Sweden and especially the Carpathians, the high resolution models appear to overestimate
the occurrence of medium to high events, and in fact in the
latter two regions the RCM44 runs are closer to observations. In this regard, it is likely that for the Carpathians
region the station density (Table 2) is too low to accurately
represent the 0.11° resolution.
Figures S3 and S4 show corresponding PDFs at the
0.44° and 1.5° resolution grids. As expected, the tails of the
distributions become shorter, but we still find, in agreement
with Torma et al. (2015) that over most regions the RCM11
PDFs are closest to the observations even when the data
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Fig. 4  Mean precipitation Bias (model minus observations, % of
observed values, upper panels) and RMSE (mm/day, lower panels)
for December–January–February (DJF, on the left) and June–July–
August (JJA, on the right) for the different analysis regions, the ERA-

Interim, and the RCM44 and RCM11 ensemble average (EUROCORDEX Models and Med-CORDEX models). The observations
include the under-catch gauge correction (see text)

are upscaled at the coarser resolution grids, i.e. that some
added value by the high resolution is also transferred to the
coarser scales.
Noticeably different from the other regional cases is that
of Italy, in which the models underestimate the frequency
of occurrence of the most intense extremes, especially at
the 0.11° scale. These extremes are often produced in the
southern Italian regions, especially Calabria, and can lead
to devastating floods such as that of Soverato in September 2000 (Montani et al. 2003). Sometimes they are associated with intense tropical-like cyclones, often referred to
as “medicanes” (Lagouvardos et al. 1999; Pytharoulis et al.

2000; Fita et al. 2007; Tous and Romero 2013), for which
air–sea interactions are a key factor. Although previous
studies have shown that RCMs can produce medicane-like
cyclones (Gaertner et al. 2007, 2011; Lionello et al. 2008;
Walsh et al. 2014; Akhtar et al. 2014), our results suggest
that their intensity is still underestimated even at the high
resolution of the RCM11 ensemble.
A quantitative measure of the model skill in reproducing
observed PDFs is the KL divergence described in Sect. 2.
Figure 7 shows the KL divergence for each region and all
the three resolutions for the ERA-Interim reanalysis and the
Med-CORDEX and EURO-CORDEX ensembles. It clearly
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Alps

Carpathians
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Yearly mean:
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3.7

3.2
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2
0
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Fig. 5  Annual cycle of ensemble mean precipitation over the different analysis regions for the RCM44 and RCM11 ensembles (EUROCORDEX and Med-CORDEX models), along with the ERA-Interim
and observed precipitation. For the models ensembles, both the mean

(thick line) and intermodel standard deviations range (shaded area)
are shown. Units are mm/day and the mean is taken over the different
regional analysis periods (see Sect. 2)

illustrates the consistent improvement (smaller KL divergence) obtained by the RCM11 runs compared to RCM44
and ERA-Interim, especially over Norway, UK, Italy, the
Alps and France, an improvement that is retained also at
the lower resolutions. In particular, in all cases and resolutions both RCM ensembles show better performance than
the ERA-Interim, whose KL divergence is mostly outside
the inter-model standard deviation range. Some overlap
between the inter-model ranges of the RCM44 and RCM11
ensembles is instead found for most regions (except Norway and UK). For the Alps and Italy region we notice that
the Med-CORDEX ensemble has slightly higher values of
KL divergence and intermodel standard deviation, compared to the EURO-CORDEX one.
In summary, the analysis presented in this Section
clearly shows the substantial improvement deriving from
the high resolution RCMs in the simulation of daily precipitation PDFs, an improvement that is found across all scales
analyzed here.

3.3 Daily precipitation indices
Figure 8 shows examples of model performance for the
four precipitation indices described in Sect. 2 over selected
regions and all the three resolutions. For a given region
and index, the figure compares ERA-Interim, RCM44 and
RCM11 data (ALL, Med-CORDEX and EURO-CORDEX
ensembles) with the corresponding regional observations.
Examples are selected in Fig. 8 which are illustrative of the
general behavior of the models. We recall that all the indices are calculated on an annual basis.
Looking at the indices of precipitation amount, the
strong signature of the morphology of the Alpine and
Italian region on the Intensity index (SDII) is evident
from Fig. 8a. Main centers of high intensity precipitation are found in the northern and southern flanks of the
Alpine chain, the upwind side of the Jura mountains, the
coastal mountainous regions of Croatia and along the Gulf
of Genoa and southern Italian Tyrrhenian coasts, which
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Fig. 6  Probability density function (PDF) of daily precipitation intensity (mm/day) over the different analysis regions in the
ERA-Interim reanalysis, regional observation datasets, RCM44
and RCM11 ensembles (All Models). For the RCM44 and RCM11
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ensembles both the individual model values (circles) and their ensemble mean (continuous line) are shown. The PDFs include daily data
for the different regional analysis periods (see Sect. 2)
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Fig. 7  Kullback–Leibler (KL) divergence (see Sect. 2) between simulated and observed regional daily precipitation PDFs for the ERAInterim, RCM44 and RCM11 (both EURO-CORDEX and MedCORDEX ensembles) at 0.11° (a), 0.44° (b) and 1.5° resolution (c).
For the models, both the ensemble mean (continuous line) and intermodel standard deviation (vertical bars) of the KL divergence are
shown. Lower KL values indicate closer agreement with observations

are well known areas of strong cyclogenesis (Porcú et al.
2003). The high resolution model ensemble captures these
patterns remarkably well, while both the ERA-Interim and
RCM44 models miss them. Similar considerations are valid
for France (Fig. 8a). The Taylor diagrams of Fig. 9 confirm
these conclusions, showing that the high resolution models

of both Med-CORDEX and EURO-CORDEX ensembles are predominantly characterized by smaller centered
RMSE for the SDII index compared to the corresponding
ERA-Interim and RCM44 experiments on the 0.11° grid
(panel a). Also note that the correlations between RCM11
and observed SDII are high, mostly between 0.7 and 0.9.
The exception is the Carpathian region, for which the models produce substantially higher SDII than observed, again
probably as a result of the low station density there. For the
Italian peninsula, due to the model underestimation of the
observed SDII along all the Tyrrhenian coast and Calabria
region the correlation is not higher than 0.5. On the coarser
resolution grids, the models (and ERA-Interim) appear to
underestimate the areas of largest SDII values, and Fig. 9
indicates that a slight improvement in the RCM11 ensemble is found also in this metric.
Moving to the extreme index Psum > R95Obs, the illustrative example of Fig. 8b (UK) indicates a similar improvement induced by the fine scale representation of the morphological features of the regions. The improvement in the
simulation of the spatial patterns in Psum > R95Obs at high
resolution is also clear from the Taylor diagram of Fig. 9.
Although in this case the correlations are lower than for
SDII, mostly between 0.3 and 0.6 for the RCM11 on the
0.11° grid (panel a) they are overall higher than for ERAInterim and the RCM44 ensemble, which show many
instances of even negative spatial correlations. In fact,
Fig. 8b shows that both the ERA-Interim and RCM44 models underestimate the peak values of Psum > R95Obs at the
respective resolution grids much more than the RCM11
ensemble. In summary, both the precipitation intensity and
extreme indices analyzed here show clear added value by
the high resolution of the RCM11 ensemble, with the MedCORDEX models being generally in line with the EUROCORDEX models.
The conclusions are somewhat different for the dry day
indices DDF and CDD95 as seen in Fig. 8c, d. For these
statistics the improvement achieved by the high resolution runs, compared to both ERA-Interim and RCM44, is
not as marked, or is even negligible, for most regions. All
the model ensembles tend to underestimate the number of
dry days over regions characterized by wet climates, such
as UK, Germany, the Alps, northern France and Scandinavia (see Fig. 8d). As a consequence, the length of severe
dry spells, as measured by the CDD95, is also underestimated over these regions. This is a well known deficiency
in climate models, known as the “drizzle” problem (Sun
et al. 2006), which has been attributed to the coarse model
resolution or to limitations in the precipitation parameterizations. The important message deriving from Fig. 8d is
that increasing resolution does not improve substantially
this systematic error, implying that the error is not to be
reconducted to a simple spatial scaling issue, but needs to
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(a)
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◂Fig. 8  a SDII mean regional patterns over the Alps, Italy and

France in ERA-Interim, Ensemble mean RCM-ALL, EURO-CORDEX (RCM-EURO) and Med-CORDEX ensemble (RCM-MED) at
0.11° and 0.44° resolution. Regional observations at all the resolutions are shown. Units are mm/day. b Same as a but for the index
Psum > R95Obs over UK. Units are mm/year. c Same as a but for DDF
(% days/year) over Spain. d Same as a but for CDD95 (No days) over
the Scandinavian region

be improved by enhancing the model representation of the
precipitation process. By contrast, the models exhibit a better performance in dry environments, such as Spain and
southern France (Fig. 8c).

It should be noted that, when the mean bias is removed
(Taylor diagrams of Figs. 9 and S5) the improvement associated with the high resolution becomes more evident, as
in most regional cases the correlations are higher, and the
centered RMSE lower, for the RCM11 ensemble than the
RCM44 and ERA-Interim. Therefore, also for the dry day
statistics the high resolution improves the simulation of fine
scale spatial patterns, this is less the case for the coarser
resolution grids.
In Fig. 10 the ratio between the 0.11° and 0.44° resolution bias and RMSE is reported for each model and for
each region for all the four indices. As a general tendency
the single model behaviors are in line with the results

(b)

Fig. 8  continued
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(c)

Fig. 8  continued

shown in Figs. 8 and 9. Most of the models have a lower
bias and RMSE at 0.11° resolution and this is more evident
for the wet indices (R95 and SDII) and less for the dry indices bias. Also in this case the region that shows the worst
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performance is the Carpathians for both bias and RMSE.
The Italian region is not scoring well only for the RMSE of
the R95 index (but not for bias) and this is again due probably to the underestimation of extreme events in the region
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(d)

Fig. 8  continued

as explained before. Some problems are shown also for the
bias and RMSE of the dry CDD95 index.
Figures 11, 12 and 13 show the annual cycle over
the different regions for three indices, SDII, DDF and
Psum > R95Obs (CDD95 cannot be calculated for individual
months because it requires use of the entire continuous
time series of events), for both the Med-CORDEX and
EURO-CORDEX ensembles on the 0.11° grid (both mean
and inter-model standard deviation range are shown). SDII
and Psum > R95Obs are maximum in the fall over the Mediterranean regions (Spain, Italy, Alps and France), where,
as mentioned, strong events in the fall are associated with
local cyclogenetic processes induced by the Mediterranean
waters and the Alpine topography (Porcú et al. 2003). Conversely, they peak in the summer over the more continental regions (Carpathians, Germany and Sweden), where
summer convection dominates, and in the winter over the
regions most affected by cold season Atlantic storms (UK

and Norway). Despite the presence of regional biases in
different months, by and large the model ensembles reproduce this seasonality, indicating that they can successfully
simulate these underlying dominant precipitation regimes.
Despite the general underestimate, the models also
reproduce well the seasonal cycle of dry day frequency
over the different regions, with summer maxima in the
Mediterranean regions (France, Italy, Spain) along with
England and the Alps, a spring minimum and spring maximum over the Carpathian and Norway, respectively, and a
double peaked seasonal structure over Germany and Sweden. Again, this is an indication of a good simulation of
underlying circulations and processes.
A comparison across different ensembles shows that,
for SDII and Psum > R95Obs (Figs. 11, 12), ERA-Interim
produces the lowest values with the greatest systematic
error compared to observations, while the RCM11 shows
the highest values and closest to observations. In fact, in
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◂Fig. 9  Taylor diagrams of the ensemble mean values of the four

all regions (except the Carpathians) the higher resolution of
the RCM11 ensemble leads to an improvement of SDII and
Psum > R95Obs compared to the RCM44, and although there
is still a tendency to underestimate the observed values,
in almost all cases the observations are within the intermodel standard deviation range of the RCM11 ensemble.
The most noticeable exceptions are Norway, where both

indices described in Sect. 2 in the different analysis regions for the
ERA-Interim, RCM44 and RCM11 (both EURO-CORDEX and
Med-CORDEX models) ensembles with respect to the corresponding
regional observation datasets, at the 0.11° (a) and 1.5° (b) resolution.
The distance from the point 1 measures the centered (bias removed)
RMSE, the indices are calculated on an annual basis, and the mean is
taken over the different regional analysis periods (see Sect. 2)
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Fig. 11  Annual cycle of ensemble mean value of the SDII index over
the different analysis regions for the RCM44 and RCM11 ensembles
(EURO-CORDEX and Med-CORDEX models), along with the ERAInterim and observed SDII, at the 0.11° resolution. For the model

ensembles, both the mean (thick line) and intermodel standard deviations range (shaded area) are shown. Units are mm/day and the mean
is taken over the different analysis periods (see Sect. 2)

SDII and Psum > R95Obs are substantially underestimated in
the cold months, and Italy, where SDII is underestimated
throughout the year. On the other hand, the models overestimate the Psum > R95Obs over the Carpathians, Alps in the
cold season and France. Concerning the dry day frequency,
the general underestimation by the models, along with
the low sensitivity to resolution, are evident from Fig. 13.
Again, the models mostly produce higher values than the
ERA-Interim, which places them closer to observations.
The largest underestimation of dry day frequency occurs
over the wetter regions, Alps, Norway and Germany.
The results are similar also at the 0.44° (not shown
because very similar to the 0.11° ones) and 1.5° resolution
as shown in Figs S8–S10 where the annual cycles of the
three indices are reported.
Summarizing the results of this section, the high resolution RCM11 ensemble shows an excellent performance in
reproducing daily precipitation intensity, both in terms of
spatial patterns and seasonal cycle. For this precipitation

statistics the higher resolution of the RCM11 models
yields a substantial improvement compared to the RCM44
and the ERA-Interim and this is also evident at lower resolution grids. A similar, albeit less marked, improvement
is found for the related statistics of Psum > R95Obs, where
in some cases the models show a tendency for overestimation with respect to observations. Different indications
are found for the dry day statistics (DDF and CDD95), for
which the models capture the seasonal cycle but over wet
regions show a systematic tendency to underestimate the
number of dry days and little sensitivity to model resolution. This is because the models, even at the highest resolution analyzed, tend to produce too many small intensity
events that do not contribute much to the mean precipitation (which does not show a systematic bias) but are sufficient to cause a systematic bias in dry day occurrence.
When this bias is removed, the high resolution still yields
an improvement in the simulation of the spatial patterns of
dry day statistics.
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Fig. 12  Same as Fig. 11, but for the index Psum > R95Obs. Units are mm/year

4 Summary and discussion
In this paper we analyze different daily precipitation statistics in medium (RCM44) and high-resolution (RCM11)
ensembles of Med-CORDEX and EURO-CORDEX experiments driven by the ERA-Interim reanalysis of observations. The model data are assessed against gridded high
resolution observation datasets assembled for different
European subregions. Quantitative performance metrics
are used to validate statistics ranging from multi-decadal
means to daily precipitation intensity PDFs and different
daily precipitation indices.
Overall, the model ensembles show a remarkable performance in simulating the spatial patterns and annual cycle of
all metrics analyzed, with a substantial improvement going
from the low resolution of the ERA-interim data to the
medium resolution RCM44 ensemble and the high resolution RCM11. This improvement is generally found not only
at the finest 0.11° scale but also when the data are upscaled
at the 0.44° and 1.5° scales, which adds robustness to the
information provided by the fine resolution models. The
performance of the models appears improved compared

to previous generation RCMs (Jacob et al. 2007; Rauscher
et al. 2010), at least for the daily precipitation indices considered here and for the high resolution configurations. The
only metrics for which a marked improvement with resolution is not found are related to the frequency of dry days
in wet climate regimes, which is generally underestimated
even in the RCM11 models. This points towards the key
role of the model’s description of the precipitation process
in determining an excessive number of small precipitation
events. Experiments with very high resolution models,
down to the cloud-permitting scale, provide indications
that this problem might be ameliorated when moving to the
sub-10 km scale in which cloud and convection processes
are explicitly described (Kendon et al. 2012; Prein et al.
2013; Ban et al. 2014), but further work with larger ensembles is needed to confirm this conclusion.
Comparison between the Med-CORDEX and EUROCORDEX ensembles over common sub-regions indicates
that the two ensembles are characterized by similar performances and resolution-dependent behavior, despite
the differences in domain size. Our results thus indicate
that, at least in terms of daily precipitation statistics and
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Fig. 13  Same as Fig. 11, but for the index DDF. Units are % days/year

climatologies, both the Med-CORDEX and EURO-CORDEX ensembles are of sufficient quality to be applied in
climate projections, as done in the respective CORDEX
frameworks. Also, our conclusions are mostly consistent
with those of Kotlarski et al. (2014) and Prein et al. (2015),
albeit some differences are found. For example, while Prein
et al. (2015) report an improvement of dry day statistics at
high resolution, we find this improvement to be only marginal, as shown also in Sanchez et al. (2011). Prein et al.
(2015) also report a decrease of the model bias over large
portions of the domain. This improvement in bias, however,
depends on whether the models tend to underestimate or
overestimate precipitation in a given region, since a consistent effect of increased resolution is the increase of precipitation amounts (as also found by Rauscher et al. 2010). We
thus cannot conclude that increased resolution yields a systematic improvement of regional mean biases and RMSE.
A final consideration concerns the issue of observations.
Clearly, the ever increasing resolution reached by RCMs
will require the availability of high quality, high resolution
observations for the assessment of the models. In this work
we have assembled a set of gridded observations datasets
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which we used for model validation. However, this set only
partially covers Europe, and it is characterized by products derived from widely different station densities (and
thus effective resolution) and methodological approaches
(some are purely based on station data while some make
use of high resolution reanalysis). For example, the station density of the Alpine region is much larger than that
of the Carpathians, and over central-southern Italy only a
partial cover of the region was available. In fact, in some
instances the results for the Carpathians and Italy were
diverging from those in other regions. This diversity in the
quality of observed data makes a rigorous and consistent
model assessment rather difficult. While some Europeanwide datasets, such as E-Obs (Haylock et al. 2008), CRU
(Mitchell and Jones 2005) and UDEL (Matsuura and Willmott 2010) are available, they are still based on relatively
sparse station networks and coarse effective resolution. Our
study thus calls for the need to develop a homogeneous
and internally consistent high resolution, quality checked,
observation dataset for the entire European territory which
can be used for future development of very high resolution,
European-wide models.
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