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Abstract. Over the years, higher-resolution regional cli-
mate model simulations have emerged owing to the large
increase in computational resources. The 12km resolution
from the Coordinated Regional Climate Downscaling Exper-
iment for the European domain (EURO-CORDEX) is a ref-
erence, which includes a larger multi-model ensemble at a
continental scale while spanning at least a 130-year period.
These simulations are computationally demanding but do not
always reveal added value. In this study, a recently developed
regular gridded dataset and a new metric for added value
quantification, the distribution added value (DAV), are used
to assess the precipitation of all available EURO-CORDEX
hindcast (1989-2008) and historical (1971-2005) simula-
tions. This approach enables a direct comparison between the
higher-resolution regional model runs against their forcing
global model or ERA-Interim reanalysis with respect to their
probability density functions. This assessment is performed
for the Iberian Peninsula. Overall, important gains are found
for most cases, particularly in precipitation extremes. Most
hindcast models reveal gains above 15 %, namely for win-
tertime, while for precipitation extremes values above 20 %
are reached for the summer and autumn. As for the histori-
cal models, although most pairs display gains, regional mod-
els forced by two general circulation models (GCMs) reveal
losses, sometimes around —5 % or lower, for the entire year.
However, the spatialization of the DAV is clear in terms of
added value for precipitation, particularly for precipitation
extremes with gains well above 100 %.

1 Introduction

From the last decades of the 20th century up to today, cli-
mate change due to anthropogenic gas emissions has be-
come a major concern for mankind. General circulation mod-
els (GCMs) are the primary tool used by the IPCC (In-
tergovernmental Panel on Climate Change) to assess past,
present, and future climate conditions. Overall, GCMs can
capture the large-scale circulations of the atmosphere and
the ocean, together with their centennial to decadal vari-
ability and synoptic weather (Meehl et al., 2007; Randall et
al., 2007; Stocker et al., 2014). However, GCM coarse res-
olution does not allow for a good representation of orog-
raphy, land—ocean—atmosphere interactions, or sub-grid pro-
cesses (Randall et al., 2007; Rummunukainen, 2010; Soares
et al.,, 2012a, b). Instead, these local processes often rely
on parameterizations, resulting in a poor description of pro-
cesses such as convection and thermal circulations (Prein et
al., 2015). Therefore, to bridge the gap between large- and
local-scale climate, downscaling techniques were developed.
These include statistical downscaling (Wilby et al., 1998;
Khan et al., 2006) and dynamical downscaling (Giorgi and
Bates, 1989; McGregor, 1997; Christensen et al., 2007; Rum-
mukainen, 2010); the latter makes use of regional climate
models (RCMs). RCMs are run over a geographical domain
(continental, national, or regional) driven by a GCM, includ-
ing reanalysis, by means of the boundary conditions. RCMs
are an important tool for the representation of regional to lo-
cal climates, since they are run at much higher resolutions
(nowadays from tenths of kilometres down to convection-
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permitting scales) and can therefore capture physically con-
sistent regional to local processes and circulations (Giorgi
and Mearns, 1991, 1999; Leung et al., 2003; Laprise, 2008;
Heikkild et al., 2010; Soares et al., 2012a, b; Cardoso et
al., 2013; Rios-Entenza et al., 2014; Soares et al., 2014).
The gains for an individual variable or process of higher-
resolution RCM simulations against lower resolutions, given
by the GCM or reanalysis driving the RCM, relative to ob-
servations, are commonly known as added value (Di Luca
et al., 2012, 2013; Prein et al., 2013a, 2016; Torma et al.,
2015; Rummukainen, 2016; Soares and Cardoso, 2018; Car-
doso and Soares, 2021; Careto et al., 2022).

In recent years, the increase in computational resources
has allowed researchers to run simulations with larger do-
mains and resolutions (Prein et al., 2015; Soares et al., 2017,
Jacob et al., 2020; Coppola et al., 2020). These often en-
compass an entire continent, spanning larger periods from
a few decades to over a century: for instance, from the 20th
to the end of the 21st century or from the 50 km horizon-
tal resolution of the PRUDENCE project (Christensen and
Christensen, 2007) or the 25km from ENSEMBLES (van
der Linden and Mitchell, 2009) down to the 12 km resolu-
tion from the World Research Climate Program Coordinated
Regional Downscaling Experiment (WRCP-CORDEX, Ja-
cob et al., 2014, 2020) for the European domain (EURO-
CORDEX, hereafter). Moreover, other examples are ideal
case studies employing simulations at kilometre scale (Ho-
henegger et al., 2009; Kendon et al., 2012, 2014; Prein et al.,
2013b; Ban et al., 2014; Froidevaux et al., 2014; Fosser et
al., 2017; Imamovic et al., 2017; Leutwyler et al., 2017; Liu
et al., 2017; Kirshbaum et al., 2018; Fumiére et al., 2020;
Berthou et al., 2020) and the convection-permitting simu-
lations from the WRCP-CORDEX flagship pilot studies fo-
cused over the Alps (Coppola et al., 2020; Ban et al., 2021;
Pichelli et al., 2021).

The evaluation and added value of higher-resolution sim-
ulations constitute an important step to gauge their quality
and usefulness. Soares and Cardoso (2018) proposed a new
metric to quantify the added value of higher resolutions with
respect to their forcing or lower-resolution counterpart simu-
lations. This metric is based on the ability of models to rep-
resent the observed probability density functions (PDFs). It
relies on a distribution added value (DAV) which can be ap-
plied to either the full PDF or to PDF sections, thus enabling
an easy evaluation of extremes or any section of the PDF.

In the past, the hindcast simulations from the EURO-
CORDEX were extensively evaluated, revealing gains for
the main meteorological variables (Kotlarski et al., 2014;
Casanueva et al., 2016a, b; Prein et al., 2016; Soares and Car-
doso, 2018; Herrera et al., 2020; Cardoso and Soares, 2021;
Careto et al., 2022). Kotlarski et al. (2014) assessed temper-
ature and precipitation at monthly and seasonal timescales
for the hindcast simulations, reporting slight improvements
from EURO-CORDEX relative to ENSEMBLES (Van der
Linden and Mitchell, 2009). Overall, the models showed
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ability to capture the space—time variability of the Euro-
pean climate. However, when considering averages over
large subdomains and at the seasonal timescale, the higher-
resolution simulations did not reveal noticeable improve-
ments. Prein et al. (2016) also assessed precipitation for both
resolutions of the hindcast EURO-CORDEX (50 and 12 km)
and found improvements, mostly in regions characterized
by complex terrain and in summertime precipitation due to
the better-resolved convective features. More recently, Her-
rera et al. (2020) performed an assessment for precipitation
and temperature for an ensemble of eight hindcast EURO-
CORDEX RCMs over the Iberian Peninsula. The authors re-
port good spatial agreement between models and observa-
tions, namely for temperature. On the other hand, this agree-
ment decreases when extremes are considered. Nevertheless,
the authors also report a larger uncertainty related to obser-
vations for precipitation relative to temperature.

The first to quantify the added value of the EURO-
CORDEX hindcast runs were Soares and Cardoso (2018),
evaluating five RCMs for precipitation at both resolutions
(50 and 12km) considering their probability density func-
tions with the station-based dataset ECAD (Klein Tank et
al., 2002; Klok and Klein Tank, 2009) as an observational
benchmark. This study reported relevant added value of the
RCMs against the driving ERA-Interim reanalysis (Dee et
al., 2011). Nonetheless, when comparing the two resolutions,
the improvements are not as significant, with the exception
of extreme precipitation. More recently, other studies such
as Cardoso and Soares (2021) and Careto et al. (2022) used
a similar DAV technique to assess the added value for other
variables, simulations, and domains.

The precipitation historical period EURO-CODEX sim-
ulations were also assessed for specific regions (Torma et
al., 2015; Soares et al., 2017; Ciarlo et al., 2020). For
instance, Torma et al. (2015) evaluated precipitation over
an alpine area, whereas Soares et al. (2017) assessed the
same variable but for Portugal. Both studies describe the
ability of the higher-resolution runs to simulate the mean
spatial and temporal patterns of precipitation, as well as
their distributions. More recently, Ciarlo et al. (2020) as-
sessed the added value of all available EURO-CORDEX and
CORDEX-CORE (Gutowski et al., 2016) simulations for
precipitation, also considering a probability density function
metric. The authors found added value, particularly at the tail
of the distributions; however, they also report a significant
uncertainty linked to the observational datasets in the results.

In this study, the DAV metric is used to assess the added
value of precipitation for all available 12 km resolution simu-
lations from the EURO-CORDEX hindcast (1989-2008) and
historical (1971-2005) set. The added value is then com-
puted by comparing the RCM precipitation results versus
their corresponding driver GCM or ERA-Interim reanalysis
with the recently developed Iberia Gridded Dataset (IGD;
Herrera et al., 2019) considered to be a baseline. The IGD is a
high-resolution dataset, with 0.1° resolution, and is based on
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a large number of weather stations covering the entire Iberian
Peninsula. Thus, a new and unprecedented assessment of the
added value in the high-resolution EURO-CORDEX regional
simulations is performed for this domain, with observations
at a similar resolution scale. The next section introduces the
data and a description of the methods considered. The results
and discussion are presented in the following section. Finally,
the main conclusions are drawn in the last section.

2 Data and methods
2.1 Iberian Gridded Dataset

A recently developed dataset, the Iberian Gridded Dataset at
0.1° resolution (IGD; Herrera et al., 2019a, b), is used as a
baseline for the added value assessment. This dataset was
built by considering an unprecedented number of weather
stations: 3486 (275) for precipitation (temperatures) over
the entire Iberian Peninsula for daily precipitation as well
as maximum, minimum, and mean temperatures spanning
45 years from 1971 until the end of 2015. The authors per-
formed a comparison with E-OBS v17 and v17e, confirm-
ing the ability of this new dataset to reproduce the mean
and extreme precipitation and also the temperature regimes.
The two datasets are comparable yet statistically different.
Since a large number of stations were considered, particu-
larly for precipitation, IGD should reproduce the climate of
the Iberian Peninsula more realistically.

2.2 EURO-CORDEX

The aim of CORDEX is to develop a coordinated ensem-
ble of high-resolution regional climate projections to pro-
vide detailed climate data for all land regions of the world,
at user-relevant scales, and support climate change impact
and adaptation research (Giorgi et al., 2009; Gutowski et
al., 2016). All model data are available at the Earth Sys-
tem Grid Federation portal (Williams et al., 2011). EURO-
CORDEX (Jacob et al., 2014, 2020) is a branch from the
international CORDEX initiative and consists of a multi-
model ensemble of simulations at 50, 25, or 12 km resolution
for the European domain. These simulations consist of hind-
cast for the 1989-2008 period forced by the ERA-Interim
reanalysis (Dee et al., 2011) and the historical and scenario
simulations driven by the Intergovernmental Panel on Cli-
mate Change Coupled Model Intercomparison Project Phase
5 (IPCC-CMIP5) GCMs covering the 1971-2100 period. All
simulations are available at the Earth System Grid Federa-
tion portal (Williams et al., 2011; https://esgf.llnl.gov/, last
access: 29 April 2021).

The information regarding the simulations used is summa-
rized in Table S1 in the Supplement for hindcast and Table S2
for the historical. For all models, the added value is com-
puted for the common Iberian Peninsula domain shown in
Fig. 1; prior to all computations, all RCM model data were
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Figure 1. Orography from the Iberian Gridded Dataset for the
Iberian Peninsula at 0.1° horizontal resolution

first conservatively interpolated (Schulzweida et al., 2021)
into this observational domain, while the observations were
interpolated into each low-resolution grid. Thus, the evalu-
ation of the EURO-CORDEX regional models is performed
at the 0.1° regular grid, while at the same time the GCMs or
ERA-Interim (0.75°) are evaluated at their native resolutions
(see Table S2 for each GCM resolution).

2.3 Distribution added value

The distribution added value (DAV) is a metric put forward
by Soares and Cardoso (2018), which allows assessing in a
direct way the gains or losses of using higher- against lower-
resolution models relying on their probability density func-
tions (PDFs) by having an observational dataset as a refer-
ence. DAV uses the PDF skill score proposed by Perkins et
al. (2007) to measure the similarity between two different
PDFs. In order to compute this metric, first, a PDF must be
built from the data. In this work, two slightly different meth-
ods are considered for building the PDFs to assess the daily
precipitation from the EURO-CORDEX models.

In the first method the precipitation values are accumu-
lated within each bin, thus returning a precipitation inten-
sity distribution, while the second one considers the num-
ber of events that fall into each bin, thus returning a precip-
itation frequency distribution. Then, a normalization is car-
ried out by dividing each bin by the sum of all data con-
sidered input for the PDF (Gutowski et al., 2007; Boberg
et al., 2009, 2010). With this normalization, one can more
accurately compare the results between seasons or regions
(Soares and Cardoso, 2018), but also, changes in PDF are
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identified more straightforwardly (Gutowski et al., 2007).
Each bin has a width of I mmd~" to avoid excessively fine
and potential noisy steps in both methodologies, thus satis-
fying the criteria proposed by Wilks (1995). All DAVs are
computed by only considering the wet days, i.e. days with
precipitation equal to or above to 1 mm, as models tend to
overestimate the days with very small precipitation amounts
(Boberg et al., 2009, 2010; Soares and Cardoso, 2018). For
either methodology, the score is given by the sum of the min-
imum value obtained at each bin between the model PDF and
the observational PDF:

S=Y "min (z'", ZObS) : (1)
where n is the number of bins for the PDFs, m denotes the
high- or low-resolution simulation, and obs is the observa-
tional PDF. For precipitation, the limits are bounded between
1 and 300 mm, roughly corresponding to the maximum pre-
cipitation rate in IGD. Subsequently, the DAV metric is then
computed as follows:

Shr - Slr
Ir

DAV = 100- 2
with the subscript hr depicting the high resolution and Ir the
low resolution. The DAVs return the fraction or percentage
of gains or losses of value by downscaling the low-resolution
runs. With the normalization of the PDFs, the contribution
from each bin to the overall score of a particular model is
more relevant for the lower bins, decreasing when approach-
ing the tails of the distribution. If for a specific bin there is no
model or observation data, then the contribution of that bin
would be 0. By definition, the maximum value for S is 1; if a
specific model overestimates the observable PDF in one sec-
tion, then it will inevitably underestimate in another section.
Both these scenarios lower the score of individual models.
DAV is a versatile metric with the advantage of being able to
be computed for PDF sections, which is useful for the added
value characterization of extremes. In this study, the added
value assessment is performed by considering not only the
whole PDF but also for an extreme precipitation PDF section,
with only values above the observational 95th percentile ac-
counted for. Since the resolution difference between observa-
tions and the high-resolution models is approximately 0.01°,
this threshold is computed from the observations at the orig-
inal resolution, while for the low-resolution driving models,
the percentile is obtained from the interpolated observations.
For the DAV assessment, firstly, a regional approach is
considered by pooling together all data from the Iberia Penin-
sula, thus computing the added value for the entire do-
main. Secondly, a spatial approach is performed, whereby
all data within each grid cell from the low-resolution simula-
tion are pooled together, returning a DAV’s spatial view in-
stead. Therefore, the Iberian overall value does not represent
a mean from the spatial DAVs. Although the results should
be similar, one must consider that different behaviour is ex-
pected, and care must be taken when comparing the results.
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3 Results and discussion
3.1 Hindcast (1989-2008)

This section presents the results for the EURO-CORDEX
hindcast (1989-2008) simulations by applying the DAV met-
ric to precipitation and precipitation extremes. All results
have the IGD as a reference. The precipitation PDFs are
shown in the Supplement. Figure 2 is derived from the results
obtained in Fig. S1. Two different approaches are performed:
one following a precipitation intensity PDF (left panels in
Fig. S1) and one following a precipitation frequency (right
panels in Fig. S1). Overall, the high-resolution RCM simula-
tions better capture the observable PDFs, contrary to their
lower-resolution counterparts. This behaviour suggests an
expected and overall added value of the high-resolution runs
relative to the coarser resolution over the Iberian Peninsula
domain for both the annual and seasonal timescales. Con-
trasts are visible for both methodologies; for precipitation in-
tensity, the differences between the low- and high-resolution
PDFs are more perceptible, particularly at bins below the
percentile thresholds. Thus, one can anticipate generalized
larger added value. On the other end, for precipitation fre-
quency and for the lower bins, the PDFs show a closer rep-
resentation, almost overlapping, resulting in lower DAVs.
Moreover, low-resolution runs tend to considerably overes-
timate the lower rainfall bins, and, as a consequence of the
normalization, the higher bins roughly above 15 mmd~" are
underestimated. The same occurs for the high-resolution runs
but at a lower degree, hence reproducing the observable PDF
more reliably.

In Fig. 2, the DAVs for the entire Iberian Peninsula are
shown, revealing important gains of the EURO-CORDEX
hindcast high-resolution simulations in comparison to the
driving ERA-Interim. Figure 2a displays the DAVs for pre-
cipitation intensity considering the whole PDF with larger
gains at the annual scale for 11 models, which have a
DAV equal to or above to 10 %. From these CCLM, ETHZ,
CNRM63, and SMHI models stand out as surpassing 18 %.
CNRMS53, ICTP, and IPSL RCMs show lower gains rang-
ing from ~5 % to 10 %. In winter, spring, and autumn the
models roughly reproduce similar DAV values seen at the
annual scale; however, this is not the case for summer. Of all
seasons, summer has the lowest performances, particularly
CNRMS53, DHMZ, and IPSL, showing a detrimental effect
ranging from —0.2 % to —6 %. In fact, summer is the season
when models display more difficulty in capturing the pre-
cipitation features, since it is the driest season for the en-
tire Iberian Peninsula and precipitation is mostly associated
with water recycling through soil moisture—atmosphere feed-
backs (Rios-Entenza et al., 2014). In addition to the added
importance of lower precipitation rates, which models over-
estimate (Boberg et al., 2009, 2010; Soares and Cardoso,
2018), the representation of soil moisture in any model is
still very challenging, and thus the weaker performance of
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Figure 2. Yearly and seasonal distribution added values (DAVs) of the Iberian Peninsula between the RCMs and the ERA-Interim reanalysis
for the 1989-2008 period taken from the hindcast EURO-CORDEX simulations, with the IGD regular dataset as a reference for (a) daily
precipitation intensity considering the whole PDF shown in the left panels of Fig. S1, (b) daily precipitation frequency considering the whole
PDF shown in the right panels of Fig. S1, (¢) daily precipitation intensity extremes only considering the values above the observational
95th percentile shown in Fig. S1 on the left side, and (d) daily precipitation frequency extremes only considering the values above the
observational 95th percentile shown on the right side of Fig. S1. All RCM data were previously interpolated to 0.1° regular resolution from
the observations, while the observations were interpolated into the ERA-Interim resolution.

the RCMs is not surprising. In fact, the summer PDF for the
precipitation intensity (Fig. S1), in comparison with the other
seasons, reveals a higher overestimation for the lowest bins
and an underestimation in the tails, thus reducing the down-
scaling added value. Additionally, ERA-Interim assimilates
soil moisture and temperature, near-surface temperature, and
humidity, thus constraining the local land—atmosphere feed-
backs and improving its added value.

While Fig. 2a shows the added value for the precipitation
intensities, Fig. 2b considers the precipitation frequencies.
The overall DAVs are lower, yet the models reveal similar
differences, with the same models showing maximum DAVs
in Fig. 2a also present in Fig. 2b. In this case, four models re-
veal some detrimental effects associated with the downscal-
ing of ERA-Interim at the annual scale. For instance, the un-
derperformance of the downscaling ICTP is highlighted with
the negative values at the yearly scale derived from the poorer
performance for winter and autumn. Similar to the precipita-
tion intensity, summer has the lowest DAV values, but in this
case 11 out of 13 models reveal losses, in particular DHMZ,
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KNMI, and MOHC with negative DAVs higher than —7 %.
In fact, Herrera et al. (2020) reported a bad performance for
the DHMZ RCM for all the metrics. In the opposite sense for
most RCMs, winter and to some extent spring and autumn
reveal gains, particularly winter with DAVs above 7 % for
four RCMs. In Herrera et al. (2020), all regional models as-
sessed against the same IGD still reveal strong biases for pre-
cipitation. Nevertheless, the gains found here for precipita-
tion intensities (Fig. 2a) and frequencies (Fig. 2b) still reveal
improvements in comparison to the driving ERA-Interim re-
analysis. Moreover, in Soares and Cardoso (2018) Iberia dis-
played larger added value in comparison to the other regions
analysed.

The next panel shows the DAV metric but applied only
for values above the observational 95th percentile, with the
normalization carried out considering just the bins above this
threshold, thus only inspecting the added value related to the
extreme precipitation tail. Previous studies such as Soares
and Cardoso (2018) and Ciarlo et al. (2020) reported more
relevant gains when looking into extremes, with a few excep-

Geosci. Model Dev., 15, 2635-2652, 2022
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tions. Instead, results from Fig. 2c reveal lower DAVs com-
pared to the whole PDF case (Fig. 2a), yet this is noteworthy.
The same was reported by Soares and Cardoso (2018) for
the Iberia Peninsula; despite the low station density consid-
ered, the DAVs reveal smaller values for the extremes and
higher values for the PDF as a whole. At the annual scale,
four RCMs reveal similar performances in comparison to the
driving simulation, while the other RCMs have added value
above ~ 10 %. From all seasons, winter reveals four RCMs
with slight detrimental effects, contrasting with the results
obtained from the other seasons and against Fig. 2a. The
downscaling shows a better performance, i.e. larger added
value, for the summer and autumn season for more than half
of the RCMs, which display gains equal to or higher than
15 %. The gains for the summer season when most precipita-
tion is convective (Azorin-Molina et al., 2014) are relevant,
as low-resolution models have trouble capturing these highly
spatial and temporal heterogeneities due to shortcomings as-
sociated with the parameterization of convection (Prein et al.,
2015). Spring also revealed high added value for almost all
RCMs, ranging from 7.4 % to 16.6 %. The exception is for
the DMI model, which has limited to no added value through-
out the year, apart from autumn. In fact, this RCM is the only
one showing a performance similar to the driving simulation
for three seasons. In Herrera et al. (2020) most models over-
estimate the 50-year return period for precipitation extremes
for a large part of the domain, which is in line with the re-
sults shown in Fig. S1. However, the low-resolution models
cannot reproduce such high precipitation rates, which in the
end results in added value despite the overestimation.

For the precipitation frequency extremes (Fig. 2d), the
DAVs are almost always slightly lower in comparison to pre-
cipitation intensity (Fig. 2c) but larger than Fig. 2b. The sim-
ilarity across the two methodologies at the yearly and sea-
sonal scale is clear, with summer and autumn revealing larger
gains, while for spring and winter most RCMs display gains
close to 10 %. The exceptions are DMI, GERICS, MPI, and
MOHC, namely for winter and autumn with more limited
DAVs.

Figure S2 from the Supplement displays a slightly differ-
ent approach than in Fig. 2. In this case, all model data were
previously interpolated to the 0.1° resolution from the obser-
vations. A conservative remapping of precipitation was con-
sidered (Schuzweida et al., 2009), resulting in a smoothing
of the precipitation field, which does not significantly impact
the PDFs from ERA-Interim. On the other hand, by upscal-
ing the IGD, part of the original variability is conserved, thus
changing the intensity or frequency within each bin. These
differences result in larger gains for Fig. S2 in comparison
to Fig. 2. Nevertheless, the overall inter-model variability is
close between these two metrics.

Figure 3 displays the same metric used in Fig. 2, but from
a spatial overview. Here a different approach is implemented,
whereby the percentiles and PDFs are computed by pooling
together all information only within each grid cell from the
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low-resolution driving model. Figure 3a displays a spatial-
ization of the added value for the full precipitation intensity
PDF, revealing notable added value for most of the domain,
as expected from the results obtained from Fig. 2a.

In general, the gains are larger for the coastal areas and the
Pyrenees throughout the year due to a better representation
by the higher resolutions of the land—sea and topographically
induced circulations. The more expressive gains for coastal
areas, particularly for the Mediterranean, were also observed
in Careto et al. (2022) for maximum and minimum temper-
atures. Similar to Fig. 2a, most models for winter, spring,
and autumn mostly display locations with large added value.
For summer, the gains are more focused in the southern part
of the peninsula, although most models still reveal notewor-
thy percentages for the central and northern locations. RCMs
such as CNRMS53, ICTP, and to some extent IPSL reveal sites
in the Iberian interior with low or even negative added values.
Those have a clear impact on the results shown in Fig. 2a.
Moreover, DHMZ, which was revealed to have the minimum
value in the summer regional overview, displays some points
in Fig. 3a having a slightly detrimental effect of ~ —10 %.

In contrast with Fig. 3a and following the results from rel-
ative precipitation frequency in Fig. 2b, Fig. 3b shows an
overall smaller added value, following a very similar inter-
model difference. While for precipitation intensity, values
easily surpassed 50 %, namely near the coast, here the gains
are more limited, going up to 30 % at some coastal sites.
Moreover, for the same models which had a lower perfor-
mance in the regional overview, particularly over the sum-
mer season, locations emerge having DAVs of ~ —10% to
—15 % in comparison with the driving simulation. Neverthe-
less, for the same season, all models reveal large added value
for the southern peninsula, mirroring Fig. 3a. However, these
positive values are not enough to reverse the losses found for
the entire domain in Fig. 2b. The regional overview of the
DAVs is not a mean from the spatializations, and thus care
must be taken when comparing the two figures. For instance,
the ICTP model in Fig. 2b had the worst overall performance
with negative values for all timescales, while in Fig. 3b the
picture is different. ICTP only shows negative percentages
at the annual scale and for the winter and autumn seasons.
On the other hand, DHMZ, which had the minimum DAYV in
Fig. 2b, still reveals locations with large gains.

The picture for the extreme precipitation intensity and
frequencies is completely different (Fig. 3c and d). Here
the gains of the high resolution relative to the ERA-Interim
reanalysis are evident when moving to more local scales.
Moreover, the contrast of values with the extremes shown
in Fig. 2 highlights the difference in both methodologies. For
the spatialization, each point of the low resolution only con-
siders the amount of information available within, whereas,
in Fig. 2, all data are considered. In the former, there are
fewer values above the observational percentiles and even
fewer for the seasons, contrasting with the high resolution.
This fact highlights the difficulty in the representation of ex-
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Figure 3. Yearly and seasonal spatial distribution added values (DAVs) of the Iberian Peninsula between the RCMs and the ERA-Interim
reanalysis for the 1989-2008 period taken from the hindcast EURO-CORDEX simulations, with the IGD regular dataset as a reference
for (a) daily precipitation intensity considering the whole PDF, (b) daily precipitation frequency considering the whole PDF, (¢) daily
precipitation intensity extremes, only considering the values above the observational 95th percentile from each ERA-Interim grid point, and
(d) daily precipitation frequency extremes only considering the values above the observational 95th percentile from each ERA-Interim grid
point. All RCM data were previously interpolated to 0.1° regular resolution from the observations, while the observations were interpolated
into the ERA-Interim resolution.
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tremes by the lower-resolution models, resulting in added
value. Moreover, in Fig. 2, precipitation intensity showed
higher DAVs, while the results in Fig. 3c and d are similar
to each other, with points revealing gains above 250 %. Still,
at the annual scale, in comparison to the individual seasons, it
is possible to see lower percentages over the centre of Iberia,
highlighting the improvements near the coast.

3.2 Historical (1971-2005)

This section displays the same metric, but applied to the his-
torical simulation, covering the 1971-2005 period. For this
case, the same RCM could be forced by different GCMs;
however, the results do not necessarily have to agree. In fact,
following the values from Fig. 4, the different performances
are more closely related to the different GCMs themselves
than across the same high-resolution models. This enforces a
weak or even no relationship between a single RCM forced
by different GCMs. Moreover, any comparison with the pre-
vious hindcast (Figs. 2 and 3) is hindered, not only owing
to these differences, but also due to different time periods.
Nevertheless, the range of DAV for the historical is consid-
erably higher. Figures S3 and S4 display the PDFs of mod-
els and observations. In the first all model data were previ-
ously interpolated to the 0.1° resolution of the IGD obser-
vations. For the last, the PDFs from the GCMs are kept at
their original resolutions, while the observations were inter-
polated into each GCM grid. Thus, the PDFs for the RCMs
in Fig. S3, together with the PDFs in Fig. S4, represent the
base to derive the DAVs shown in Fig. 4. Following the re-
sults from the hindcast simulations, there is stronger agree-
ment between all PDFs for precipitation frequency (right side
of Figs. S3 and S4) in comparison to precipitation intensity
(left side of Figs. S3 and S4), namely for the lower bins, an-
ticipating more difficulty obtaining added value for the first.

The precipitation intensity with respect to the whole PDF
is shown in Fig. 4a. For most cases, there is some added value
or even larger added value. From those, models forced by
the NCC GCM are highlighted as having the highest added
values for all timescales, namely at the annual scale, with
values above 30 %. For this GCM group, only the winter sea-
son displays slightly lower gains for some RCMs, yet this
is still noteworthy. IPSL-LR-GERICS also displays large
gains at the annual scale, reaching 28 %, contrasting with the
slightly lower results for the individual seasons. The other
GCM groups do not reveal such relevant added value, namely
models forced by CNRM, ICHEC1, ICHEC2, IPSL-MR, and
NOAA ,with gains ranging 5 % to 20 %. Despite the over-
all gains, some models driven by CNRM for winter, spring,
and summer reveal an absence of added value. Moreover, all
ICHEC]1-driven RCMs for winter, ICHEC1-DMI for spring,
and some RCMs driven by ICHEC2, particularly for sum-
mer, reveal small and sometimes slightly negative percent-
ages bounded between —5.7 % and 0.4 %. While the previ-
ous pairs still reveal some gains, MPI1 mostly shows neutral

Geosci. Model Dev., 15, 2635-2652, 2022

percentages oscillating between —6.9 % and 8 %, indicating
a closer performance between low and high resolutions in
comparison with the cases mentioned before. As for MPI2
and MPI3, the RCMs driven by these two GCMs also re-
veal neutral percentages for almost all timescales, with val-
ues up to 9.5 % for MPI2-ETHZ for autumn. Following the
previous results, the MOHC-driven RCMs also show lower
gains, but in this case also some detrimental effects in seven
RCMs at the annual scale, thus having the worst results
amongst all GCM-RCM pairs. From these same RCMs, at
least one season also displays losses up to —13.8 %. Nev-
ertheless, MOHC-CCLM and MOHC-ETHZ reveal values
close to 0 % throughout the year.

The different behaviour across the downscaling of each
GCM group may be related not only to their resolution but
also to the performance and quality of the GCM itself, mainly
within the lateral boundary forcing zone and also on the
storm-track positioning. For instance, Brands et al. (2013)
describe the MPI and MOHC as the best-performing GCMs
over these regions. This implies a more correct representa-
tion of the circulation in comparison with other GCMs. In
fact, Zappa et al. (2013) described the MOHC GCM as hav-
ing a correct placement of storm tracks. However, a good-
performing GCM in terms of circulation, which the RCMs
inherit, does not translate into added value for the down-
scaling products. In fact, the Perkins skill score of these
lower-resolution models is higher, with 0.95 for MOHC, for
instance. This high score value implies an added difficulty
for the downscaling RCMs in revealing added value. On
the other hand, Jury et al. (2015) refer to the IPSL_MR as
having a poor performance for upper-air variables over the
same forcing region. Moreover, Table 6 from McSweeney et
al. (2015) displays the overall performance for the individ-
ual GCMs, with CNRM, NOAA, MOHC, and MPI having
a good performance, IPSL_MR and NCC with an interme-
diate performance, and ICHEC and IPSL_LR with a poorer
performance. In fact, the RCMs driven by either the MOHC
or MPI GCMs have difficulty obtaining added value, whereas
the models driven by NCC or IPSL_LR clearly display added
value. The resolution of the GCMs can also play a major role
in the added value of precipitation. For instance, although
the NOAA GCM reveals a good performance (McSweeney
et al., 2015), at the same time it has one of the lowest res-
olutions, which may be a possible reason behind the gains
found in Fig. 4a for the NOAA-GERICS pair. An important
note is the fact that the precipitation variable is not directly
linked between the GCMs and RCMs, as only the circulation
information is passed for the dynamical downscaling models.

The next panel displays the precipitation frequency rela-
tive to the whole PDF (Fig. 4b). As with the hindcast sim-
ulation (Fig. 2), the frequency reveals limited gains but with
similar inter-model differences, correlating well with the pre-
cipitation intensity approach. Thus, the overall results for
precipitation frequency are lower and closer to 0 %. In other
words, the negative values are not as expressive; for instance,
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Figure 4. Yearly and seasonal distribution added values (DAVs) of the Iberian Peninsula between the RCMs and the CMIP5 GCMs for
the 1989-2008 period taken from the historical EURO-CORDEX simulations, with the IGD regular dataset as a reference for (a) daily
precipitation intensity considering the whole PDF shown in the left panels of Fig. S3, (b) daily precipitation frequency considering the whole
PDF shown in the right panels of Fig. S3, (¢) daily precipitation intensity extremes only considering the values above the observational
95th percentile shown in Fig. S3 on the left side, and (d) daily precipitation frequency extremes only considering the values above the
observational 95th percentile shown on the right side of Fig. S1. All RCM data were previously interpolated to 0.1° regular resolution from
the observations, while the observations were interpolated into each CMI5S GCM resolution. The thick blue lines separate the RCMs driven

by a different GCM.

the losses for the MOHC-driven RCMs are slightly less no-
table in comparison to Fig. 4a. At the other end of the spec-
trum, models forced by the NCC GCM still reveal some of
the largest added value, although it is lower when compared
to precipitation intensity. The exception is for winter when
six RCMs display minor and slightly negative DAVs. Follow-
ing this reasoning, the other GCM—-RCM pairs reveal similar
inter-model variability across Fig. 4a and b. The main rea-

https://doi.org/10.5194/gmd-15-2635-2022

son for the similar behaviour, yet lower results, comes from
the closer PDFs seen for precipitation frequency in compar-
ison to precipitation intensity (Figs. S3 and S4) and higher
Perkins skill score obtained for the lower resolutions.

Figure 4c displays the results for the precipitation inten-
sity extremes by considering only the values above the obser-
vational 95th percentile. Compared with the hindcast results
from Fig. 2, some GCM-RCM pairs do display larger added
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values, while at the same time showing higher DAV variabil-
ity. Mirroring Fig. 4a, the NCC-forced RCMs reveal a very
noticeable added value at the annual scale, derived from the
strong signal found seasonally, particularly for winter. At the
same time, four RCMs from this group are highlighted for
having gains above 30 % for almost all seasons. The other
GCM-RCM pairs do not reveal such expressive added value.
Nevertheless, two RCMs driven by ICHEC], six by ICHEC2,
and all models forced by the IPSL. GCMs display at least
one season with percentages above 20 %. From these, three
GCM-RCM pairs reveal gains higher than 30 % for a single
season. In contrast, the DMI RCM forced by ICHEC reveals
lower gains, namely for spring and summer. Moreover, the
IPSL-MR RCMs display small percentages for spring and
even losses for winter, which overshadows the gains found
in summer and autumn. The CNRM-driven RCMs reveal five
models with similar percentages found in Fig. 4a. However,
CNRM-DMI and CNRM-GERICS display losses at the an-
nual scale derived from a noticeable detrimental effect for
summer and winter, respectively. The losses found in ex-
tremes hint towards lower accuracy for the RCMs in repre-
senting the higher bins. On the other hand, the models forced
by MPI1 show an overall intensification of either gains or
losses found in Fig. 4a, meaning that the gains for the whole
PDF are possibly derived from the gains obtained for the ex-
tremes. The same occurs for the NOAA—-GERICS pair. As
for models driven by MPI2 or MPI3, while in the whole PDF
the DAV for the high resolution are more neutral, for Fig. 4c
the values are more expressive, surpassing 20 % in two sit-
uations. Finally, six RCMs driven by MOHC reveal added
value for the second half of the year, but with more modest
values for winter and spring. From all pairs, MOHC-DMI
reveals the lowest DAV, particularly for the winter season,
having repercussions at the annual scale.

The last panel in Fig. 4 shows the precipitation frequency.
In this case, the similarity across precipitation intensity and
precipitation frequency is evident as there is good agreement
between Fig. 4c and d, although as expected from before,
with more limited DAVSs; the negative values are not as nega-
tive, e.g. winter season in MOHC-DMI, and the positive val-
ues are not as expressive, e.g. annual scale and winter season
for models driven by the NCC GCM.

Similar to the hindcast simulations, a second metric was
implemented, whereby all data were interpolated to the 0.1°
resolution from the observations (Fig. S5). The results here
reveal an overall higher added value due to the stronger effect
in upscaling the observations in comparison to the downscal-
ing of the low resolution. The gains are even more evident
for both precipitation intensity and frequency extremes, with
percentages well above 100 % for models forced by the NCC
GCM at the annual scale and in the winter season. Never-
theless, the DAVs in Fig. S5 correlate well with the results
obtained in Fig. 4.

The next set of figures shows a spatialization of the DAV
metric, with individual PDFs and percentile thresholds con-
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sidered for each low-resolution grid point. As with the hind-
cast in Fig. 3, the spatialization of the technique allows the
emergence of points with either high positive added value or
losses, which would be masked otherwise. Figure 5 displays
the results for precipitation intensity, and overall, important
gains are found for all models, even for those which under-
performed at the Iberia Peninsula scale in Fig. 4a. Neverthe-
less, it is possible to verify higher added value in coastal areas
relative to inland points. This situation also occurred for the
hindcast simulations and is owed mainly to a better represen-
tation of the land—sea circulations. Moreover, RCMs forced
by IPSL-LR, NCC, and NOAA reveal most grid points with
large positive gains, corroborating the results from Fig. 4a.
In contrast, the GCM—-RCM pairs that displayed gains not
as relevant as those listed before all display points with lim-
ited values and sometimes small losses for sites in the in-
terior, thus lowering the joint performance. Nevertheless,
these pairs reveal substantial added value, in particular on
the Mediterranean coast. Similar to the previous cases, mod-
els forced by all three MPI GCM versions reveal a similar
behaviour, with higher gains in coastal areas and lower val-
ues in the interior. However, these results contrast with the
DAVs found in Fig. 4a, namely for models forced by MPI2,
i.e. when assessing the precipitation at a more local scale, the
gains become even more evident.

Lastly, models forced by the MOHC GCM still reveal rel-
evance for the most part, namely for summer in coastal ar-
eas, contrasting with the lower values in the other seasons.
MOHC-ICTP had the overall worst performance, yet some
added value is still shown for points located on the Atlantic
coast for winter, spring, and autumn.

Figure 6 displays the same results, but for precipitation
frequency instead. As expected from the previous cases, the
overall gains are more limited for both the positive and neg-
ative percentages. Still, good agreement with Figs. 4b and
5 is found. From all GCM-RCM pairs, 36 models reveal a
better performance for most points within the domain for the
summer season. Although a good performance is revealed
for most locations for the ICHEC-driven GCMs in Fig. 5,
widespread small DAVs occur for precipitation frequency.
IPSL-driven RCMs also show relevant gains at the annual
and seasonal scales, namely over Portugal and on the At-
lantic coast. As for the models forced by the NCC GCM,
precipitation frequency revealed smaller DAVs in compari-
son to Fig. 5. Only a single point located over Gibraltar dis-
plays very large added value of above 30 % for all seasons
but summer.

The next figures show the results for precipitation inten-
sity extremes (Fig. 7) and precipitation frequency extremes
(Fig. 8). In comparison to the hindcast simulations, the re-
sults here reveal more spatial variability. Nevertheless, the
added value is more noteworthy for the DAV spatialization
than for the whole domain (Fig. 4), particularly for precip-
itation extremes due to the fact that this variable is highly
localized. In contrast, between Figs. 5 and 6, where some
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Figure 5. Yearly and seasonal distribution added values (DAVs) of the Iberian Peninsula for the historical (1971-2005) EURO-CORDEX
RCMs, with the IGD as a reference for the daily precipitation intensity, considering the whole PDF. All RCM data were previously interpo-
lated to 0.1° regular resolution from the observations, while the observations were interpolated into each CMIS GCM resolution.

differences arose, the precipitation intensity and frequency
extremes (Figs. 7 and 8) reveal a closer behaviour. Similar to
the previous cases, since the data are further split up when
assessing the seasons, the DAVs at the annual scale are usu-
ally slightly lower. In fact, all models in Figs. 7 and 8 clearly
reveal this nature. Moreover, from all model pairs, only the
MOHC, NCC, and NOAA groups display smaller DAVs for
points in the interior, while the other pairs mostly show large
gains throughout the entire domain.

https://doi.org/10.5194/gmd-15-2635-2022

4 Summary and conclusions

In this study, the performance of RCMs from the hindcast
(1989-2008) and historical (1971-2005) simulations is as-
sessed relative to their PDFs by using a distribution added
value metric proposed by Soares and Cardoso (2018). This
assessment has the IGD regular gridded dataset observations
as a reference, covering the entire Iberian Peninsula. To this
end, all RCM information was first interpolated to the 0.1°
resolution from the observations, while the low resolution
is assessed at native resolution. Two slightly different ap-
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Figure 6. Yearly and seasonal distribution added values (DAVs) of the Iberian Peninsula for the historical (1971-2005) EURO-CORDEX
RCMs, with the IGD as a reference for the daily precipitation frequency, considering the whole PDF. All RCM data were previously inter-
polated to 0.1° regular resolution from the observations, while the observations were interpolated into each CMI5 GCM resolution.

proaches were considered here, one following a precipita-
tion intensity PDF and the other a precipitation frequency.
Between the two, the results reveal very similar inter-model
differences; however, a stronger signal is found for precipi-
tation intensity. Nevertheless, all RCMs reveal notable added
value, particularly in the representation of extremes, with the
global models having more difficulty describing the higher
precipitation rates. This result is expected and shows the im-
portance of considering regional models with higher reso-
lution. However, in some isolated cases, the RCMs instead
display a neutral effect or even a slight deterioration effect.

Geosci. Model Dev., 15, 2635-2652, 2022

On the other hand, by considering a more local scale in the
spatialization of the DAVs, in particular for extreme precipi-
tation, very large added values within the entire Iberia Penin-
sula are revealed. These gains are more relevant for coastal
sites, possibly due to the better representation of the land—sea
boundary.

Previous works included warnings about the uncertainty
due to interpolation procedures (Ciarlo et al., 2020). In a way,
interpolating the GCMs to higher resolutions could generate
unrealistic values, whereas upscaling the high resolution de-
grades the spatial information, primarily affecting the tail end

https://doi.org/10.5194/gmd-15-2635-2022
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Figure 7. Yearly and seasonal distribution added values (DAVs) of the Iberian Peninsula for the historical (1971-2005) EURO-CORDEX
RCMs, with the IGD as a reference for the daily precipitation intensity, only considering the values above the observational 95th percentile.
All RCM data were previously interpolated to 0.1° regular resolution from the observations, while the observations were interpolated into

each CMI5 GCM resolution.

of the distributions (Torma et al., 2015; Prein et al., 2016).
To gauge these differences a second methodology was inves-
tigated, whereby all data were interpolated to the 0.1° reso-
lution from the observations. In this case, the overall DAVs
revealed higher added value. These results hint towards a
stronger effect in the upscaling of the high-resolution PDF
against the effect of the generation of spurious values when
interpolating lower-resolution datasets, not considering local
feedback systems and the effect that higher-resolution topog-
raphy has on precipitation. Nonetheless, since unrealistic val-

https://doi.org/10.5194/gmd-15-2635-2022

ues may be created, the uncertainty associated with this sec-
ond approach is higher.

While the DAV metric allows for quantification of the
gains or losses by the downscaling of the global models, no
relationship is found when the same RCM is forced by mul-
tiple GCMs. More importantly, a strong connection is ob-
served for high-resolution models driven by the same GCM.
The performance of the GCM along the regions of lateral
forcing for EURO-CORDEX plays an important role in the
ability of the RCMs to downscale precipitation. This study

Geosci. Model Dev., 15, 2635-2652, 2022
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Figure 8. Yearly and seasonal distribution added values (DAVs) of the Iberian Peninsula for the historical (1971-2005) EURO-CORDEX
RCMs, with the IGD as a reference for the daily precipitation frequency, only considering the values above the observational 95th percentile.
All RCM data were previously interpolated to 0.1° regular resolution from the observations, while the observations were interpolated into

each CMI5 GCM resolution.

clearly shows that the gains obtained from the use of higher-
resolution RCMs are paramount, not only due to finer de-
tails in the representation of variables by itself, but also due
to the increased description of orography and land—ocean—
atmosphere feedbacks, which all have important impacts on
precipitation. The added value associated with the higher
resolution gives credence to the growing effort to perform
increasingly higher-resolution simulations up to convection-
permitting scales. However, the inter-model variability sup-
ports the need for a coordinated ensemble of simulations sim-

Geosci. Model Dev., 15, 2635-2652, 2022

ilar to the one of the CORDEX flagship pilot study: “Con-
vective phenomena at high resolution over Europe and the
Mediterranean”. Increasing resolution implies higher com-
putational costs; thus, in the last years the CORDEX commu-
nity has identified the objective quantification of RCM added
value with respect to the GCM forcing as a major challenge.
Added value assessments will allow the detection of future
model development needs.
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