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Abstract. In the recent past, an increase in computa-
tion resources led to the development of regional climate
models with increasing domains and resolutions, spanning
larger temporal periods. A good example is the World Cli-
mate Research Program — Coordinated Regional Climate
Downscaling Experiment for the European domain (EURO-
CORDEX). This set of regional models encompasses the en-
tire European continent for a 130-year common period until
the end of the 21st century, while having a 12 km horizontal
resolution. Such simulations are computationally demand-
ing, while at the same time not always showing added value.
This study considers a recently proposed metric in order
to assess the added value of the EURO-CORDEX hindcast
(1989-2008) and historical (1971-2005) simulations for the
maximum and minimum temperature over the Iberian Penin-
sula. This approach allows an evaluation of the higher against
the driving lower resolutions relative to the performance of
the whole or partial probability density functions by having
an observational regular gridded dataset as a reference. Over-
all, the gains for maximum temperature are more relevant in
comparison to minimum temperature, partially due to known
problems derived from the snow—albedo—atmosphere feed-
back. For more local scales, areas near the coast reveal higher
added value in comparison with the interior, which displays
limited gains and sometimes notable detrimental effects with
values around —30 %. At the same time, the added value for
temperature extremes reveals a similar range, although with
larger gains in coastal regions and in locations from the in-
terior for maximum temperature, contrasting with the losses

for locations in the interior of the domain for the minimum
temperature.

1 Introduction

Climate change due to anthropogenic actions is one of the
major challenges for the 21st century. Over the years, with
increasing public attention and motivated by the Intergov-
ernmental Panel on Climate Change (IPCC), tools were de-
veloped for assessing past, present, and future climate con-
ditions: so-called global climate models (GCMs). However,
while GCMs can capture the decadal variability and the
overall large-scale circulations of the atmosphere and ocean
(Meehl et al., 2007; Randall et al., 2007; Stocker et al.,
2014), they reveal shortcomings, particularly at the local
scales. These uncertainties are usually derived from the GCM
low resolution, and thus there is a need for parameteriza-
tion of small-scale processes (Prein et al., 2015). Due to
these drawbacks, statistical and dynamical downscaling tech-
niques were developed (Giorgi and Bates, 1989; McGregor,
1997; Wilby et al., 1998; Khan et al., 2006; Christensen et
al., 2007; Rummukainen, 2010), thus establishing a new way
of assessing climate at smaller scales. The latter makes use
of regional climate models (RCMs), which are an impor-
tant tool in the representation of climate, since they are able
to produce physically consistent regional and local circula-
tions (Giorgi and Mearns, 1991, 1999; Leung et al., 2003;
Laprise, 2008; Soares et al., 2012a, b; Cardoso et al., 2013;
Rios-Entenza et al., 2014; Soares et al., 2014), nowadays
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with resolutions of tenths of kilometres down to convection-
permitting scales. The added value can be defined as the ca-
pability of a higher-resolution RCM to improve the represen-
tation of individual variables and processes in comparison
to the driving or lower-resolution simulations, with observa-
tions as a reference (Di Luca et al., 2012, 2013). Yet, increas-
ing resolutions also imply growing computational costs, and
these simulations do not always reveal added value (Prein
et al., 2013, 2015, 2016; Torma et al., 2015; Rummukainen,
2016; Soares and Cardoso, 2018; Cardoso and Soares, 2021;
Careto et al., 2022).

During the 21st century, the increase in computational re-
sources has enabled the emergence of higher resolutions,
higher temporal ranges, and larger domains for RCM simula-
tions (Prein et al., 2015). This evolution can be seen from the
50km of the PRUDENCE project (Christensen and Chris-
tensen 2007) down to 25 km from the ENSEMBLES project
(van der Linden and Mitchell, 2009) and the more recent
World Climate Research Program — Coordinated Regional
Climate Downscaling Experiment for the European domain
(EURO-CORDEX, Jacob et al., 2014, 2020) with its 12km
of horizontal resolution. Other examples are ideal case stud-
ies using high-resolution simulations at the kilometre scale
(Hohenegger et al., 2009; Froidevaux et al., 2014; Imamovic
et al., 2017; Kirshbaum et al., 2018) and the recent CORDEX
flagship pilot studies on convection (Coppola et al., 2020;
Ban et al., 2021; Pichelli et al., 2021). Nevertheless, the
EURO-CORDEX simulations are a benchmark, covering the
entire European continent, while spanning a large period and
with a relatively high resolution.

EURO-CORDEX simulations are composed of a hind-
cast driven by the ERA-Interim reanalysis (Dee et al., 2011)
and a GCM-RCM downscaling experiment, wherein mod-
els are forced by the IPCC Coupled Model Intercompar-
ison Project Phase 5 (CMIPS5) GCMs. Most studies fo-
cus their assessment on the precipitation variable. How-
ever, in the recent past, these simulations have been exten-
sively evaluated, and important gains were found for vari-
ables such as temperature (Vautard et al., 2013, 2020; Kot-
larski et al., 2014; Soares and Cardoso, 2018; Ciarlo et
al., 2020; Herrera et al., 2020; Cardoso and Soares, 2021;
Careto et al., 2022). Vautard et al. (2013) evaluated tem-
perature for the hindcast simulations, finding an overestima-
tion of extreme temperatures and heatwaves for summertime
over the Mediterranean and an underestimation over Scan-
dinavia. These differences were attributed to the convection
and microphysics schemes, which affect the flux partitioning
and consequently the temperature. Moreover, despite the im-
provements, namely over coastline areas, the use of higher
resolution did not show clear improvements in the repre-
sentation of heatwaves. More recently, Vautard et al. (2020)
assessed the historical EURO-CORDEX models, reporting
colder, humid, and more windy biases relative to observa-
tions, with joint liability across GCMs and RCMs. The au-
thors also reported that no model stands out for all met-
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rics considered. Also, Kotlarski et al. (2014) assessed the
summertime and wintertime temperature, precipitation, and
mean sea level pressure from the hindcast simulations for
the 12 and 50 km resolution, reporting a cold and humid bias
over most of Europe and most seasons, together with a sum-
mer dry and warm bias in southern Europe. Yet the models
were still able to capture the space—time variability of the
European climate. Herrera et al. (2020) assessed the hind-
cast models for the Iberian Peninsula against three observa-
tional datasets. While the models can reproduce the spatial
pattern and variability, there is a dependence on the obser-
vational dataset considered. Nevertheless, the results reveal
higher agreement for temperature than for precipitation, de-
creasing for the extremes. The historical period simulations
were also assessed for specific regions (Smiatek et al., 2016;
Lhotka, 2018; Cardoso et al., 2019). Smiatek et al. (2016)
assessed precipitation and temperature for an alpine region,
reporting a cold bias together with a more humid summer and
winter. The authors describe the models as revealing no sig-
nificant gains in comparison with previous experiments. On
the other hand, Lhotka (2018) investigated the capability of
EURO-CORDEX models to simulate heatwaves over central
Europe, reporting overall difficulty by models reproducing
these extremes. For Portugal, the temperature was evaluated
in Cardoso et al. (2019); models can correctly describe the
main orographic and coastal-related gradients, but a cold bias
is present for most RCMs. Nevertheless, the authors built a
multi-model ensemble, which was able to outperform the in-
dividual models.

A common issue across all RCMs is related to the snow—
albedo—temperature feedback through a misrepresentation of
the surface energy balance (Garcia-Diez et al., 2015; Minder
et al., 2016; Terzago et al., 2017). Uncertainties in the snow
depth, melt, and cover could have a potential impact on sur-
face air temperatures around 0 °C. Biases in the albedo rep-
resentation lead to positive feedback, thus enhancing overly
cold temperatures during winter.

To assess the added value of the EURO-CORDEX high-
resolution models against their forcing counterparts, Soares
and Cardoso (2018) were the first to propose a new metric
in order to gauge the quality of a simulation relative to the
probability density functions (PDFs). They used a distribu-
tion added value (DAV) to characterize the gains or losses
of higher-resolution simulations for precipitation for several
hindcast simulations by comparing the high 12km and the
low 50 km resolutions with the station-based dataset ECAD
(Klein Tank et al., 2002; Klok and Klein Tank, 2009) as a
reference. The added value was shown, particularly for ex-
treme precipitation, although the highest resolution did not
always display the most significant gains. Ciarlo et al. (2020)
used a similar probability-density-function-based metric to
assess the added value of all available EURO-CORDEX and
CORDEX-CORE (Gutowski et al., 2016) simulations for
precipitation. Although added value of the high-resolution
simulations is found, particularly for the tail end of the
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distributions, the authors also reported a significant uncer-
tainty derived from the observational datasets. More re-
cently, Careto et al. (2022) revisited the added value from
EURO-CORDEX by implementing a methodology similar
to this work over the Iberian Peninsula, considering the
highest-resolution observational dataset to date. In Di Luca
et al. (2013), sites located near the coast showed relevant
gains. Cardoso and Soares (2021) assessed the temperature
with the DAV metric for the lower- (50km) and higher-
resolution (12 km) hindcast simulations, with the E-OBS reg-
ular dataset as a reference. The authors reported difficulty
obtaining added value, partly due to the assimilation of ob-
servations into the ERA-Interim. Still, gains are reported for
the Mediterranean and British Isles, while losses are found
for regions of complex terrain. Nevertheless, the authors
found added value, particularly for maximum temperature
extremes.

The DAV metric relies on comparisons from high- and
low-resolution models with observations regarding their
PDFs, thus evaluating the gains or losses of RCMs against
their driving ERA-Interim or GCM counterparts. DAVs is a
versatile metric able to be applied to either the entire PDF
or to PDF sections, such as those related to extremes. In
this study, DAVs will be used to assess the performance of
maximum and minimum temperature for the Iberia Peninsula
for all available hindcast (1989-2008) and historical (1971-
2005) EURO-CODEX simulations. This assessment uses the
Iberian Gridded Dataset (IGD, Herrera et al., 2019b) as a ref-
erence. The IGD is a high-resolution dataset built from an
extensive station network, covering the Iberian Peninsula for
the 1971-2015 period. Here, a new and unprecedented way
of assessing the EURO-CORDEX simulations against obser-
vations at a similar scale is considered. The next section in-
troduces the data and a description of the methods consid-
ered. The results and discussion are presented in the follow-
ing section. Finally, the main conclusions are drawn in the
last section.

2 Data and methods
2.1 Iberian Gridded Dataset

Recently, Herrera et al. (2019a, b) proposed a new regu-
lar gridded dataset, with a spatial resolution of 0.1°, based
on a quality-controlled observational network for the Iberian
Peninsula. It includes 3486 and 275 stations for precipita-
tion and temperatures, respectively. This dataset was built for
the variables daily precipitation as well as maximum, mini-
mum, and mean temperature, spanning a total of 45 years
from 1971 until the end of 2015. The authors compared this
new dataset with version 17 of the E-OBS, reporting its abil-
ity to reproduce the mean and extreme precipitation and tem-
perature regimes more realistically. Moreover, for tempera-
ture, the two observational datasets are comparable. The au-
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thors also compared the IGD with the ensemble version of
the E-OBS (v17e) with a new probabilistic intercomparison
analysis, concluding that both datasets are statistically differ-
ent, i.e. fall outside the observational uncertainty of E-OBS
as given by the standard deviation of the ensemble.

2.2 EURO-CORDEX

The main objective from CORDEX is to generate a coordi-
nated ensemble of high-resolution regional climate projec-
tions to provide, at a user-relevant scales, climate data for
all regions from the world, supporting climate change im-
pact and adaptation research (Giorgi et al., 2009; Gutowski
et al., 2016). EURO-CORDEX (Jacob et al., 2014, 2020) is
a branch from the international CORDEX initiative and con-
sists of producing simulations at three different resolutions
(50, 25, 12km) covering all of Europe. Two types of simu-
lations were produced. First, a hindcast was performed for
the 1989-2008 period driven by the ERA-Interim reanaly-
sis (Dee et al., 2011). Second, a historical scenario simula-
tion was performed, driven by the Intergovernmental Panel
on Climate Change Coupled Model Intercomparison Project
Phase 5 (IPCC-CMIP5) GCMs covering the 1971-2100 pe-
riod. Of these, only the historical (1971-2005) will be con-
sidered. All simulations are available at the Earth System
Grid Federation portal (Williams et al., 2011; https://esgf.
IInl.gov/, last access: 29 April 2021).

The information regarding the simulations for the hindcast
is summarized in Table S1 in the Supplement and for the his-
torical in Table S2. For all the simulations, the added value
is computed for a common Iberian Peninsula domain, shown
in Fig. 1, where a conservative interpolation (Schulzweida et
al., 2021) of RCMs into the regular resolution of observations
is first carried out. On the other hand, the observations were
interpolated into each low-resolution GCM (see Table S2 for
each GCM resolution) or ERA-Interim grid (0.75°). For tem-
perature, a constant lapse rate of —6.5°Ckm~! was consid-
ered for the interpolation. First, for each dataset, the effect of
orography was removed by adiabatically adjusting the tem-
peratures to mean sea level. After the horizontal interpola-
tions, the temperature is adiabatically adjusted once again
to the orography from the target resolution, considering the
same lapse rate.

2.3 Distribution added value (DAV)

Soares and Cardoso (2018) recently proposed a distribution
added value (DAV) metric, which allows one to assess the
performance of downscaling low-resolution GCMs or re-
analysis in terms of Probability density functions (PDFs).
The DAV metric is based on a PDF skill score proposed by
Perkins et al. (2007), which measures the similarity between
two PDFs. The first step is to build a PDF for each dataset.
For maximum and minimum temperature, bins with a width
of 1°C were chosen, and the number of events is added for
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Figure 1. Orography from the Iberian Gridded Dataset for the
Iberian Peninsula at 0.1° horizontal resolution.

each bin. Next, each bin is divided by the sum of all events,
thus resulting in an empirical relative frequency distribution.
With this approach, one can more accurately compare the
results across the different datasets as changes are more di-
rectly identified (Gutowski et al., 2007). Next, the Perkins
score is given by the sum of the minimum bin value between
the model and the observational PDF:

S=Y "min (z'", ZObS) : (1)

where n is the PDF’s number of bins, m denotes the high- or
the low-resolution model, and obs is the observational PDF.
For both temperatures, the limits are bounded between —50
and 60 °C, encompassing all of the observational tempera-
ture range. With the scores for all simulations, the DAVs
are given by the normalized difference between the high-
resolution model Perkins skill score and the lower-resolution
GCM or reanalysis Perkins skill score:

Shr - Slr
Sir '

DAV = 100- @

with the subscript hr depicting the high resolution (RCM)
and Ir the low resolution (GCM or reanalysis). Thus, DAV
represents the percentage of gains or losses with respect to
PDFs between the high- and low-resolutions models. If for a
particular bin there are no data from either model or obser-
vations, then by definition the contribution of that bin would
be 0. Moreover, an advantage of this metric is its ability to
be computed not only for the entire PDF but also for PDF
sections, thus enabling an assessment for extremes. In this
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work, the extremes are also evaluated; for maximum temper-
ature, values above the observational 90th percentile are con-
sidered, while for minimum temperature, values below the
observational 10th percentile are taken into account. There-
fore, a new relative frequency PDF is built only from the ex-
tremes.

For the assessment of the DAVs of temperatures, two ap-
proaches are considered. A first regional approach is for the
entire Iberian Peninsula, whereby the PDFs are built by pool-
ing together all data, thus returning a representative result
for the whole domain. The second approach is composed of
a spatialization of the DAVs, whereby all data from within
each individual low-resolution grid cell are pooled together,
thus computing individual percentiles and PDF sets.

3 Results
3.1 Hindcast simulations (1989-2008)

All PDFs shown in Fig. S1, either at the regular 0.1° reso-
lution or ERA-Interim resolution, reveal similarities to ob-
servations, anticipating the overall difficulty of the RCMs to
obtain added value. The temperature PDF approximately fol-
lows a Gaussian normal distribution, and thus small changes
in the mean or standard deviation could have major impacts
on the DAV results. This effect is particularly relevant for
TASMIN, wherein all PDFs overlap more reasonably than in
comparison to TASMAX.

Figure 2a displays the results for the TASMAX consid-
ering the whole PDF. At the annual scale, all models ex-
cept DHMZ reveal positive DAVs. GERICS, IPSL, and MPI
reveal percentages above 7.8 %. In fact, in Cardoso and
Soares (2021) the IPSL model also has higher gains for the
Iberian Peninsula. The same models which display smaller
DAVs below 3 % at the annual scale also reveal lower per-
centages for winter, with four RCMs having a small detri-
mental effect. These negative values for winter are enough
to condition the yearly DAVs, since in spring and summer
there is a higher added value for six and nine models, respec-
tively. From these, GERICS, IPSL, and MPI stand out with
gains above 19 % for both seasons, which is reflected in more
noticeable DAVs at the annual scale. As for autumn, almost
all models reveal some added value, although not as large
as for spring or summer. For ICTP, this RCM also displays
a performance similar to the driving simulation. In fact, this
model also revealed neutral DAVs for spring, although with
gains around 10 % for summer and small losses for winter.
Another model with limited gains, but throughout the year, is
the DHMZ, which despite the positive seasonal DAV, shows
a small detrimental effect at the annual scale. The PDFs in
Fig. S1 from the high-resolution models have a close repre-
sentation relative to the IGD. Particularly for the winter sea-
son, the already tightly packed PDFs reveal more difficulty
for the higher resolution to obtain added value in comparison
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to the other seasons. These results are in line with Herrera et
al. (2020), who evaluated the annual and seasonal means as
well as variability for a set of hindcast simulations. For tem-
perature, the authors obtained small spatial biases and small
standard deviation ratios between the models and the IGD.
In the opposite sense, TASMIN displays an overall loss
of value for the high-resolution simulations against the driv-
ing ERA-Interim reanalysis (Fig. 2b). The results here are a
reflection of the smaller differences between the reanalysis
and the IGD due to the incorporation of temperature obser-
vations into ERA-Interim (Prommel et al., 2010), together
with the overestimation of the temperature bins around 0 °C
for the RCMs (Fig. S1 right side). The RCMs reveal issues
related to the snow cover, depth, and melt, which impacts the
snow—albedo feedback and consequently the flux partitioning
at the surface (Garcia-Diez et al., 2015; Minder et al., 2016;
Terzago et al., 2017). The higher resolutions are able to repre-
sent the mountain ridges and valleys in more detail. However,
this causes an overestimation of the snow depth in high alti-
tudes and an underestimation at the lower altitudes (Tergazo
et al., 2017). These biases, through the snow-albedo feed-
back, cause an underestimation (overestimation) of tempera-
ture at higher (lower) altitudes, not only for winter, but also
for springtime due to an extended (reduced) snowmelt period
(Minder et al., 2016). In the Iberian Peninsula there are not
many locations with a significant amount of snow. In fact,
the PDFs of the RCMs for TASMIN in Fig. S2 reveal a slight
shift to the right for all seasons, indicating an overestima-
tion of minimum temperature. Therefore, the issues related
to snow and the smaller differences between all PDFs at the
low resolution anticipate overall difficulty obtaining added
value for the minimum temperature. Accordingly, 8 out of
13 RCMs in Fig. 2b for the annual scale reveal some losses,
especially CNRMS3 with —6.9 %. These detrimental effects
come from the losses of the individual seasons. While for
TASMAX, summer had some of the highest scores in Fig. 2a,
only three models show added value in Fig. 2b. The other 10
RCMs reveal detrimental effects; of these, five reveal losses
up to —11 %. For the other seasons, the values are not so
different, with the majority of RCMs displaying losses up
to —11.7 % for CNRM53 in winter. In fact, this RCM, to-
gether with ETHZ, GERICS, and MPI, reveals the worst per-
formance throughout the year in comparison to the driving
simulation. Despite the overall lower values for TASMIN,
five models are still able to display at least two seasons with
added value. Only DHMZ reveals a different result by ob-
taining positive percentages at the annual and seasonal scale.
Figure 2c shows the TASMAX extremes; only data above
the observational 90th percentile set for the maximum tem-
peratures are considered. The overall picture is different from
Fig. 2a. At the annual scale five RCMs display DAV ranging
from —3.3 % to 1.1 %, while the other eight models reveal
added value, particularly DMI, KNMI, and SMHI. For win-
ter, nine models show very noticeable added value, with per-
centages above 17.8 %. As before, the ICTP RCM stands out
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due to the negative DAVs of —6.6 %. Similar to winter, the
summer also shows higher gains for seven RCMs, ranging
from 14.1 % to 23.3 %. For this season, the land—atmosphere
feedback plays a major role, affecting the representation of
convective clouds, since these are more locally driven for this
time of the year, thus possibly affecting TASMAX (Kanist et
al., 2020). Therefore, high-resolution simulations, together
with improvements in the representation of convection activ-
ity, result in added value for temperature and for precipitation
(Careto et al., 2022), since most precipitation during this sea-
son is convective (Azorin-Molina et al., 2014). The DAVs for
spring and autumn are, however, more limited, ranging from
—4.9 % 10 9.6 %; five RCMs for spring and three for autumn
reveal neutral DAVs, representing a performance similar to
the driving ERA-Interim in terms of the Perkins skill score.
ETHZ and CNRM63 RCMs display negative DAV for both
spring and autumn.

Similar to Fig. 2c, the TASMIN extreme DAVs are com-
puted only from the values below the 10th observational per-
centile from minimum temperatures, which revealed notable
losses. In this case, four RCMs display detrimental effects,
namely GERICS and MPI with losses higher than —22 %. In
fact, these two RCMs, together with SMHI, also reveal nega-
tive DAV for the individual seasons, particularly spring and
autumn. From all seasons, only winter has a somewhat high
added value for eight RCMs, with values around 10 % up to
14 %. For this season, the 10th percentile threshold is well
below 0 °C, implying a limited influence from the problems
related to snowmelt in the models. For the other seasons and
models, the performance of the RCMs is close to the driv-
ing simulations, hence the nearly neutral percentages. The
exception is CNRMS53 for summer with —11.1 %. For spring
and autumn, the 10th percentile threshold is positive and near
0°C, which means a strong influence from these problematic
bins. On the other hand, for summer the cut-off threshold is
well above 0 °C, but at the same time there is little to no snow
within the domain during this season.

Figure S2 in the Supplement shows a similar metric, with
all RCM and driving ERA-Interim data first interpolated into
the IGD resolution. The same orographic correction was im-
plemented together with the interpolation procedures. The
results shown in Fig. S2 reveal overall negative DAVs in
comparison to Fig. 2. Despite the differences, the RCMs still
display similar inter-model variability, particularly for both
TASMAX and TASMAX extremes (Fig. S2a and b). The
main differences between the two approaches occur for TAS-
MIN (Fig. S2b), with the vast majority of RCMs and seasons
displaying more evidently detrimental effects with this sec-
ond methodology. As for the TASMIN extremes, while in
Fig. 2d winter had most models showing noteworthy gains,
in Fig. S2d the annual scale and all the seasons either display
neutral DAVs or high losses. With this approach the high-
resolution orography is incorporated into ERA-Interim. This
fact results in substantially improving the low-resolution
PDF, hence the lower values. However, since ERA-Interim
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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) maximum
daily temperature considering the whole PDF, (b) minimum daily temperature considering the whole PDF, (¢) maximum daily temperature
extremes only considering the values above the observational 90th percentile from maximum temperatures, and (d) minimum temperature
extremes only considering the values below the observational 10th percentile from minimum temperatures. All RCM data were previously
interpolated to 0.1° regular resolution from the observations, while the observations were interpolated into the ERA-Interim resolution.

is downscaled, not only are spurious values introduced, but
they are also enhanced due to the orography change, increas-
ing the uncertainty associated with this second approach.
Figure 3 shows the same DAV metric as in Fig. 2, but in-
stead of pooling together all values from the Iberian Penin-
sula, only the data within each low-resolution grid cell are
considered, thus having its own independent percentile set
and PDFs. The spatial DAVs for TASMAX considering the
whole PDF are shown in Fig. 3a; the gains are mostly fo-
cused on coastal sites, particularly over the Mediterranean.
Previous works such as Di Luca et al. (2013), Vautard et
al. (2013), and Cardoso and Soares (2021) also show added
value at coastal sites, namely for the Mediterranean coast,
mostly due to a better representation of the land—sea bound-
ary and associated differential warming, as well as due to
improvements in the representation of breezes. The overall
results correlate well with those shown in Fig. 2a; i.e. models
with the most points with added value will inevitably reveal
gains at the Iberian Peninsula scale and vice versa. At the an-
nual scale, relevant gains of about 25 %, particularly in the
Balearic Islands, are shown in coastal areas, while the gains

Geosci. Model Dev., 15, 2653-2671, 2022

are limited in points of the interior, where, for instance, the
negative values for DHMZ dictate the losses found in Fig. 2a.
RCMs such as GERICS, IPSL, or MPI, which reveal slightly
positive DAV for most points, have the highest score for the
entire Iberian Peninsula (Fig. 2a). Seasonally the picture is
different. Summer is revealed to have the largest differences
between the coast side and the interior. Still, all models have
notable gains over central Spain and losses over Portugal.
Winter shows six models with negative DAV's throughout the
domain, namely DMI and ICTP. In the opposite sense, the
other RCMs for winter display higher added value through-
out the entire domain. Spring also emerges with some gains
for 10 RCMs, contrasting with autumn, when models reveal a
performance similar to the driving simulation. The exception
for autumn is Gibraltar due to a relevant detrimental effect.
In fact, in the other seasons and at the annual scale, Gibraltar
has a large negative DAV.

While the maximum temperature revealed some
widespread gains, the picture for TASMIN in Fig. 3b
is quite different, still correlating well with the results for
the regional overview (Fig. 2b). The DAVs for minimum

https://doi.org/10.5194/gmd-15-2653-2022
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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) maximum daily temperature considering the whole PDF, (b) minimum daily temperature considering the whole PDF, (¢) maximum daily
temperature extremes only considering the values above the observational 90th percentile from maximum temperatures for each ERA-Interim
grid point, and (d) minimum daily temperature extremes only considering the values below the observational 10th percentile from minimum
temperatures for 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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temperature reveal losses in the interior for all timescales,
while a positive added value occurs at coastal sites. At the
seasonal scale, RCMs such as CCLM and CNRM63 DMI for
summer or CNRMS53 for winter, which reveals detrimental
effects in locations from the interior, also show noteworthy
losses in Fig. 2b. An exception is the MOHC RCM for
summer; despite the high losses for the southern region of
the peninsula, the larger gains in points over the north and
Balearic Islands are able to even out the results obtained at a
regional scale.

The TASMAX extremes (Fig. 3c) reveal more variabil-
ity in comparison to Fig. 3a. Still, good agreement with the
Iberian Peninsula DAVs (Fig. 2¢) is found for almost all sea-
sons. At the annual scale, the lower values for the five RCMs
identified in Fig. 2c are due to losses located over Portu-
gal and northern Spain, while the other models reveal larger
gains in the central regions of Spain. For winter, Fig. 2¢
reveals most models with maximum DAVs, except in four
RCMs. This high added value for this season comes from the
widespread positive percentages over the domain and some
coastal points (Fig. 3c). The models with lower values in the
regional overview reveal a detrimental effect for most of the
peninsula, masking the added value for points located near
the coast. For spring, although there is widespread positive
added value for the entire domain, the results show the op-
posite in Fig. 2c. These differences highlight the fact that the
results in Fig. 2 are not a spatial mean from the DAVs in
Fig. 3, and care must be taken in the comparison. For sum-
mer, the spatial variability for all RCMs is higher in com-
parison to winter and spring. For this case, larger added val-
ues are found over a north—south stripe located at the centre
of the peninsula, surrounded by a mix of negative and pos-
itive DAVs. The same pattern can be seen for autumn for
nine RCMs, although it is limited to the southern half of the
domain. Similar to spring, autumn also shows lower DAVs
in Fig. 2c. These lower values in the regional DAV are de-
rived from the losses over Portugal and northern Spain. How-
ever, the other RCMs, apart from ICTP, all reveal added value
throughout the domain, corroborating the results in Fig. 2c.

The next panel shows the results for the TASMIN extremes
(Fig. 3d). In Fig. 2d, the annual, spring, summer, and autumn
values reveal losses. However, in Fig. 3d, the models do not
reveal such detrimental effects, with neutral DAV in the inte-
rior and larger gains for locations near the coast. The excep-
tions are GERICS, MPI, and SMHI with noteworthy losses at
the annual scale and in winter and autumn, in agreement with
Fig. 2d. As for winter, eight RCMs reveal noticeable added
value not only for coastal sites but also for points scattered in
the interior. In fact, these same eight RCMs also show larger
gains for the Iberian Peninsula DAVs in Fig. 2d.

3.2 Historical (1971-2005)

This section presents the results obtained by applying the
DAVs to all available historical simulations from EURO-
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CORDEX for the same Iberian Peninsula domain. In the Sup-
plement Figs. S3 and S4 show the PDFs for all considered
high- and low-resolution simulations. Although with a longer
time span relative to the hindcast simulations, all PDFs still
reveal a representation close to each other and to the obser-
vations in terms of location and shape parameters, indicating
a good overlapping of all PDFs. Once again, this fact could
anticipate an overall difficulty of models displaying added
value. Moreover, the same issues found in the hindcast sim-
ulations due to snowmelt, snow cover, and snow depth are
still present in this case, not only for the high resolution but
also for the driving GCMs as well. However, for the lower
resolutions, these uncertainties are not as pronounced as in
the higher resolutions, since the ability of GCMs to repro-
duce the orographic features is reduced. Moreover, as with
precipitation (Careto et al., 2022), the GCM-RCM pairs re-
veal higher variability in comparison with the ERA-Interim-
driven models.

Figure 4a shows the results of DAVs for TASMAX by
considering the whole PDF. At the annual scale, there is
some added value, particularly for models driven by IPSL,
MPI1, NCC, and NOAA GCMs, peaking at 21.5 % for NCC—
GERICS. Regarding the seasonal added value, 21 GCM-
RCM pairs, namely models forced by ICHEC, IPSL, and
MPI, reveal noteworthy added value for either summer or
winter, with gains well above 30 %. At the same time, for
the same models, if summer reveals positive values, winter
reveals some losses or neutral values and vice-versa. These
losses can be noticeable, almost reaching —10 %. Other
pairs, such as IPSL_MR-IPSL, MPI1-ICTP, and MPII1-
DM, also reveal this behaviour, although with more limited
gains. Nevertheless, for the intermediate seasons, the same
GCM-RCM pairs mostly display added value, particularly
for spring. On the other hand, RCMs driven by the CNRM
GCM reveal an absence of added value. Apart from isolated
gains, only GERICS displays gains throughout the year. The
other 14 pairs also show relevant gains for all seasons, with
ICHEC2-IPSL, IPSL_-GERICS, and MPI1-MPI standing
out with values above 25 %. For the MOHC-driven models,
only the autumn displays lower values in comparison with
the other seasons. In a similar sense, all models driven by
the NCC GCM reveal high added values for the first half of
the year, yet the second half shows limited gains, particularly
summer.

The overall results for RCMs driven by the same GCM
are similar for most cases, while no connection is found be-
tween models forced by different GCMs. This lack of con-
nection was also reported in Careto et al. (2022) for the
EURO-CORDEX precipitation. Still, the lower DAVs for
some GCM groups might be related to the quality of the
driving simulation itself, namely across the lateral bound-
ary forcing zone. Following Brands et al. (2013), from all
GCMs considered, MPI and MOHC outperform the others
for these regions. However, RCMs driven by either GCM
still exhibit higher added value in some cases, while CNRM-
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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) maximum
daily temperature considering the whole PDF shown in the left panels of Fig. S3, (b) minimum daily temperature considering the whole
PDF shown in the right panels of Fig. S3, (¢) maximum daily temperature extremes only considering the values above the observational 90th
percentile from maximum temperatures, and (d) minimum daily temperature extremes only considering the values below the observational
10th percentile from minimum temperatures. All RCM data were previously interpolated to 0.1° regular resolution from the observations,
while the observations were interpolated into each CMIS GCM resolution. The thick blue lines separate the RCMs driven by a different
GCM.

driven models have losses. In fact, the CNRM GCM in Mc- with a poorer performance. Also, Jury et al. (2015) identify

Sweeney et al. (2015) reveals a good performance, together
with NOAA, MOHC, and MPIL. Yet, most RCMs driven by
the last three GCMs have notable added value. Moreover, the
same authors state that IPSL_MR and NCC have an inter-
mediate performance, while ICHEC and IPSL_LR stand out

https://doi.org/10.5194/gmd-15-2653-2022

IPSL_MR GCM as having a poor performance, particularly
for upper-air variables over the forcing region of the EURO-
CORDEX RCMs.

For temperature, the effect of the orographic correction
with a constant lapse rate in the interpolation may also be

Geosci. Model Dev., 15, 2653-2671, 2022
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a relevant factor affecting the individual DAV. In the end,
the scores obtained for the low resolution might dictate the
ability of RCMs to improve the signal. For instance, at the
annual scale, the RCMs driven by GCMs with a high Perkins
skill score, such as CNRM with 0.84, reveal lower DAVs in
comparison with other pairs. At the same time, RCMs forced
by GCMs also with high scores, such as MOHC with 0.85
or NCC with 0.86, still reveal noteworthy added value. This
suggests that other factors may play a relevant role, such as
how well the low resolutions depict storm tracks. An RCM
driven by a low resolution, which reveals such biases, will
not be able to correct this signal. In fact, following Zappa et
al. (2013) ICHEC and MOHC GCMs reveal a correct place-
ment of the storm tracks relative to the ERA-Interim reanal-
ysis. On the other hand, CNRM has a placement that is too
far southward, while the other models tend to have a storm
track that is too zonal.

Contrary to the results shown in the hindcast, TASMIN for
the EURO-CORDEX historical simulations mostly reveals
positive values (Fig. 4b). For this case, both the low- and
high-resolution models are affected by the same problems re-
lated to snow (Garcia-Diez et al., 2015; Terzago et al., 2017),
namely at the annual scale and in the colder seasons. The
inter-model variability for TASMIN is higher in comparison
to TASMAX in Fig. 4a, with values ranging from —17.3 % to
66 %. At the annual scale, most models reveal added value,
except for CNRM-driven RCMs and some models forced by
ICHEC2, IPSL_LR, and MOHC. Seasonally, the pairs with
notable gains for the annual scale also show higher added val-
ues. From these, NCC-driven models are highlighted, with
larger gains for spring and summer, although winter and au-
tumn also reveal added value around 20 %. Moreover, four
GCM groups display added value for at least one season,
with percentages above 30 %. On the other hand, three RCMs
forced by CNRM and another three by ICHEC2 have notice-
able losses, namely CNRM—-CNRMS53 for winter and spring
and ICHEC2-MOHC for summer.

From the PDFs in Fig. S4, one can infer the large gains
found for TASMIN and for TASMAX in Fig. 4. In Fig. S4,
the GCMs tend to underestimate maximum temperature,
while minimum temperature is overestimated. Moreover, the
variability from the GCMs is lower in comparison to the ob-
servations. For the high-resolution models, these issues are
partly corrected, hence the added value (Fig. S3). However,
for maximum temperature, the RCMs still tend to underesti-
mate TASMAX. As for TASMIN, the issues related to snow—
albedo feedback are more evident for the high-resolution
models (Minder et al., 2016), enhanced by the higher defini-
tion of topographic features. On the contrary, the RCMs re-
veal a closer mean and standard deviation relative to the IGD.
Nevertheless, these issues might cause an overall underesti-
mation of the mean for TASMIN. Cardoso et al. (2019) for
Portugal and Vautard et al. (2020) for the Iberian Peninsula
also found a cold bias for mean temperature from the his-

Geosci. Model Dev., 15, 2653-2671, 2022

torical RCMs. These biases were also present in the forcing
models, matching the results found here.

The next panel shows the results for the TASMAX ex-
tremes (Fig. 4c). The added value is limited in comparison to
Fig. 4a, with more models revealing detrimental effects at the
annual scale and for at least three seasons. In fact, 12 GCM-
RCM pairs reveal this pattern, sometimes with losses sur-
passing —10 %, which is capped at —24.7 % for IPSL_MR-
IPSL at the summer season. Yet, 26 pairs reveal positive
DAV s for at least three seasons, with a focus on either winter
or summer, whose values range from approximately 5 % to
30 %. For the hindcast simulations (Fig. 2c), only the winter
and summer seasons have added value, whereas the values
for spring and summer were limited and sometimes nega-
tive. MOHC-driven models also reveal large gains for sum-
mer that are well above 20 % in most cases. Moreover, in
some cases, the results for the TASMAX extremes differ; no-
ticeable added value occurs for seasons whose models had a
worse performance in Fig. 4a. This behaviour is particularly
evident for models driven by ICHEC or NCC GCMs. Also,
pairs that have higher gains in Fig. 4a reveal either an ab-
sence or a loss of value, occurring namely for MPI1- and
MPI3-driven models for the winter and summer season for
RCMs forced by MPI2.

Contrary to the previous cases, there is an overall detri-
mental effect for the cold extremes (Fig. 4d), in line with
the results shown in the hindcast simulations (Fig. 2d).
These losses are associated with the known problems de-
rived from the snow—albedo—atmosphere feedback; however,
in this case, the low-resolution GCMs are also somewhat af-
fected. Still, 15 out of 53 GCM-RCM pairs reveal losses at
the annual scale higher than —10 %, whose effects are also
extended for the individual seasons. Only a few RCMs still
display added values on the order of 10 %. From these, mod-
els forced by CNRM for the summer season are highlighted,
as are models driven by NCC for winter.

As with the hindcast simulations and in Careto et
al. (2022) for the EURO-CORDEX precipitation variable, a
second method was implemented (Fig. S5), whereby all high-
and low-resolution models are interpolated into the IGD res-
olution. The interpolation of the IGD reduces the variabil-
ity, and thus the probability of extremes is lower. By inter-
polating the low-resolution GCMs with an orography cor-
rection, the results are substantially improved, thus increas-
ing the score of the GCMs and reducing the DAVs. In fact,
this is precisely what occurs for TASMAX and TASMIN
in Fig. S5a and b, where the overall DAVs are lower, al-
though still agreeing with Fig. 4 for the most part. As for
the extremes (Fig. S5c and d), the results reveal a range
similar to Fig. 4, but some differences arise. For instance,
for the TASMAX extremes, despite revealing lower gain in
comparison to Fig. 4c, IPSL_LR-GERICS clearly displays
large added value throughout the year. As for the TASMIN
extremes, the results correlate well with those displayed in
Fig. 4d, although with more pronounced losses. Similar to
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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 maximum daily temperature, 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.

ERA-Interim, downscaling the GCMs this way causes spu-
rious values, increasing the uncertainty associated with the
DAVs.

The next set of figures displays the DAV results from Fig. 4
but extended for a spatial overview (Figs. 5 to 8). Overall, as
with the hindcast (Fig. 3), the added value is more focused
over the coastal regions, primarily due to the better represen-
tation of land—ocean boundaries (Di Luca et al., 2013; Vau-
tard et al., 2013; Cardoso and Soares, 2021). Still, all figures
reveal good agreement with the DAVs shown in Fig. 4 by
considering the entire Iberian Peninsula. Moreover, as with

https://doi.org/10.5194/gmd-15-2653-2022

hindcast, the results from Fig. 4 are not a mean obtained from
the spatial DAVs in Figs. 5 to 8 but a result of pooling to-
gether all the information from within each low-resolution
grid point instead of pooling together the information from
the entire domain.

Figure 5 displays the results for TASMAX. For CNRM,
the gains are more focused on spring and summer and are
particularly evident near the coast. However, notable losses
still occur for most of the interior of the Iberian Peninsula for
all seasons, namely for winter and summer. As for [CHEC-
driven RCMs, both reveal very high added value in the

Geosci. Model Dev., 15, 2653-2671, 2022
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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 minimum daily temperature, 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 CMI5 GCM resolution.

northern half of the domain. From this group, the ICHEC2-
IPSL RCM is highlighted, which reveals positive added value
throughout the year and for the entire domain, resulting in
an overall good performance in Fig. 4a. IPSL-LR-GERICS
also reveals a noteworthy added value, apart from a point lo-
cated over Gibraltar, correlating well with the results shown
in Fig. 4a. On the other hand, IPSL_MR, MPI, and MOHC-
driven RCMs reveal similar behaviours among themselves,
with gains focused in coastal areas. This occurs primarily
for spring and summer, resembling the DAVs for the mod-
els forced by CNRM, although with a higher amplitude. Dif-

Geosci. Model Dev., 15, 2653-2671, 2022

ferently to most of the previous cases, the models driven by
NCC display gains for the entire domain, with losses over
Gibraltar, like IPSL-LR-GERICS.

The spatialization of TASMIN is shown in Fig. 6, reveal-
ing a similar pattern as in Fig. 5, with gains at the coast
and detrimental effects in the interior, although displaying
a stronger contrast. Depending on the strength of these detri-
mental effects, the results for Fig. 4b might reveal neutral
effects or even losses. For instance, the large losses found for
CNRM-CNRMS53 for all timescales or IPSL-MR-IPSL for
spring effectively impacted the regional overview.

https://doi.org/10.5194/gmd-15-2653-2022
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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 maximum daily temperature, only considering the values above the observational 90th percentile
from maximum temperatures for each GCM grid box. All RCM data were previously interpolated to 0.1° regular resolution from the
observations, while the observations were interpolated into each CMI5 GCM resolution.

Figures 7 and 8 show the results for the extremes for TAS-
MAX and TASMIN, respectively. For the maximum tem-
perature extremes related to heatwaves, the gains over the
coastal regions are even more relevant than in Fig. 5. Nev-
ertheless, the losses found for the interior are able to even
out these gains, leading to the limited added value in Fig. 4c.
In a way, these limited DAVs in the interior of the domain
are the values that determine if a specific model shows added
value in the DAVs considering all of Iberia. This is partic-
ularly relevant for the TASMIN extremes. Fig. 4d displays

https://doi.org/10.5194/gmd-15-2653-2022

most pairs with a detrimental effect for the entire domain.
However, higher gains are still found for the coastal regions
in almost all cases. The importance of the spatial overview is
highlighted here. While a particular model reveals losses for
the whole domain, this fact might not be true at a more local
scale.

Geosci. Model Dev., 15, 2653-2671, 2022



2666

J. A. M. Careto et al.: Added value of EURO-CORDEX high-resolution downscaling — Part 2

Min temperature Frequency 0-10

DO DR

e 45

40

35

30

25

20

15

10

5
0 R

-5

-10

=15

.- : I_ZD

{::-E-i;m:a A AIAIL A I
zﬁ@ﬂﬁﬁ@@ﬁa.rw»ﬁsgﬁ -
AL PCHTRCATACHT ACAEA A AAAAF S |
TALACATACAEAT A ACAC I It |-

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 minimum daily temperature, only considering the values below the observational 10th percentile
from maximum temperatures for each GCM grid box. All RCM data were previously interpolated to 0.1° regular resolution from the
observations, while the observations were interpolated into each CMI5 GCM resolution.

4 Summary and conclusions

In this work a distribution added value metric proposed
by Soares and Cardoso (2018) is used to gauge the added
value of higher-resolution simulations confronting each low-
resolution driving GCM or ERA-Interim, with the IGD ob-
servations over the Iberian Peninsula as a baseline. The DAVs
were applied to the EURO-CORDEX hindcast (1989-2008)
and historical (1971-2005) simulations for the variables
maximum and minimum temperatures. Overall, the high-

Geosci. Model Dev., 15, 2653-2671, 2022

resolution models are able to provide some added value, par-
ticularly for TASMAX. On the other hand, minimum temper-
ature reveals some difficulties obtaining added value for the
hindcast simulations, mainly when the whole PDF is consid-
ered and also for the extremes in the historical simulations,
partly due to problems associated with the snow-albedo—
atmosphere feedback, derived from uncertainties related to
snow cover, depth, and melt (Garcia-Diez et al., 2015; Min-
der et al., 2016; Terzago et al., 2017). These uncertainties
substantially affect the PDFs from the RCMs around 0 °C by

https://doi.org/10.5194/gmd-15-2653-2022



J. A. ML. Careto et al.: Added value of EURO-CORDEX high-resolution downscaling — Part 2

overestimating the frequency of events in comparison with
the observations. This poor representation has a more signifi-
cant impact on the hindcast simulations; the ERA-Interim re-
analysis does not reveal these kinds of issues due to the incor-
poration of temperature observations (Prommel et al., 2010).
Nevertheless, the finer details from the downscaling allow
more spatial variability of temperature, which in the end
could result in added value. This fact is particularly relevant
for coastal regions, where the improvements of the bound-
ary between ocean and land result in larger gains in compar-
ison to points located in the interior. For the maximum and
minimum temperature extremes, the results are more limited.
Still, for the TASMAX extremes, winter and summer reveal
evident added value, contrasting with the neutral or negative
DAVs for spring and autumn. As for the TASMIN extremes,
depending on the season, the DAVs depend more on the sea-
son. For instance, the 10th percentile for winter is too low,
not incorporating the problems around 0 °C, thus revealing
some added value. The opposite occurs for spring and au-
tumn, which revealed more neutral values. As for summer
the temperatures are too high for snow in most parts of the
territory, yet the models still revealed losses.

For the historical simulations, no connection is found be-
tween each GCM downscaling group, while the results for
multiple RCMs forced by the same GCM reveal a similar
range. Each driving simulation has its own resolution and
performance, which could impact the added value from the
higher resolution as in Careto et al. (2022) for precipitation.
However, the interpolation with the orographic correction
considering a constant lapse rate might in the end have a
more significant impact on the performance of the individ-
ual GCMs and RCMs. Moreover, other factors such as the
parameterizations of smaller-scale processes and the repre-
sentation of feedback systems can have a major impact on
how a variable represents reality. Another factor that may
play a major role is related to how well GCMs represent
storm tracks. If a GCM is not able to properly represent storm
tracks, then the downscaling RCMs will inherent these is-
sues.

Similar to the hindcast simulations, the gains of the histor-
ical spatial DAVs are also more focused in coastal regions.
Models which reveal more substantial gains and neutral or
slightly positive DAVs in the interior tend to have higher
values at the Iberian Peninsula scale, although care must be
taken when comparing the spatial and regional DAVs as both
follow slightly different approaches. Still, the two methods
correlate well, primarily for the whole PDF case. As for the
extremes, the different thresholds for each individual point
make a direct comparison difficult.

A second methodology was also implemented, following
the secondary results in Careto et al. (2022). In this case,
all data are interpolated with an orographic correction to the
resolution from the observations. The interpolation from the
high-resolution observations to each of the low-resolution
model grids degrades the observational PDF. However, by
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downscaling the driving low resolution with an orographic
correction considering a constant lapse rate, unrealistic val-
ues can be generated, not only due to the interpolation,
but also derived from the higher-resolution orography. This
method substantially improves the representation of temper-
ature at the cost of not considering land—atmosphere feed-
backs, thus resulting in a larger uncertainty. In fact, for this
case, the low-resolution scores are improved, resulting in an
overall lower DAV.

The higher-resolution EURO-CORDEX models do reveal
some added value for temperature. In many situations the
RCMs can improve the lower-resolution signal, all relative
to the observational dataset considered. For instance, in the
historical simulations, the high resolution mitigates the an-
nual and seasonal biases from the GCMs due to a better rep-
resentation of the observable PDF. On the other hand, the
problems found for the RCMs, particularly for the hindcast
simulations, do affect the DAVs negatively, as revealed by
the negative values found. Nevertheless, the higher resolu-
tion, together with a finer representation of the local topogra-
phy, improved coastal resolution and consequently land—sea
contrasts and local feedback systems, which ultimately leads
to added value.
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