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Abstract The complex topography and high climatic variability of the North Western
Mediterranean Basin (NWMB) require a detailed assessment of climate change projections at
high resolution. ECHAM5/MPIOM global climate projections for mid-21st century and three
different emission scenarios are downscaled at 10 km resolution over the NWMB, using the
WRF-ARW regional model. High resolution improves the spatial distribution of temperature
and precipitation climatologies, with Pearson's correlation against observation being higher for
WRF-ARW (0.98 for temperature and 0.81 for precipitation) when compared to the ERA40
reanalysis (0.69 and 0.53, respectively). However, downscaled results slightly underestimate
mean temperature (≈1.3 K) and overestimate the precipitation field (≈400 mm/year).
Temperature is expected to raise in the NWMB in all considered scenarios (up to 1.4 K for
the annual mean), and particularly during summertime and at high altitude areas. Annual mean
precipitation is likely to decrease (around −5 % to −13 % for the most extreme
scenarios). The climate signal for seasonal precipitation is not so clear, as it is highly
influenced by the driving GCM simulation. All scenarios suggest statistically signif-
icant decreases of precipitation for mountain ranges in winter and autumn. High
resolution simulations of regional climate are potentially useful to decision makers.
Nevertheless, uncertainties related to seasonal precipitation projections still persist and have
to be addressed.
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1 Introduction

Mediterranean region is particularly vulnerable to climate change (Giorgi 2006). Global
projections suggest changes in temperature and precipitation which would yield drier condi-
tions and increased drought risk in the area (Christensen et al. 2007a).

General Circulation Models (GCMs) resolution leaves several local-to-regional key features
unsolved, i.e. orographic derived rain or convective phenomena, which are commonly param-
eterized or not resolved adequately (Rummukainen 2010). Downscaling techniques have being
applied since the early 1990s to provide detailed results over vulnerable or complex regions
(Giorgi and Mearns 1991). Among them, dynamical downscaling approaches rely on limited-
area models, based on the description of the physical processes occurring in the atmosphere,
which solve regional climate features and are forced by GCMs or reanalysis data. Projects such
as PRUDENCE (Christensen et al. 2007b), ENSEMBLES (van der Linden and Mitchell
2009), or more recently CORDEX (http://cordex.dmi.dk/joomla), have developed and
improved dynamical downscaling techniques, reaching resolutions up to 25 km
(ENSEMBLES). CORDEX project aims to push this resolution further and explore down-
scaling results at 12.5 km. In the context of the Iberian Peninsula, the ESCENA initiative
(Jiménez-Guerrero et al. 2011) uses different Regional Climate Models (RCMs), emission
scenarios and a wide range of GCMs to provide climate projections at 25 km.

The North Western Mediterranean Basin (NWMB) is characterized by a complex topog-
raphy (Fig. 1). In the northern area two mountainous ranges, parallel to the coastline, affect the
influence of the Mediterranean Sea on the climatology of the inland region, which is also
conditioned by the presence of the Pyrenees (with peaks above 3,000 m) and the Iberian
System mountains. The Ebro Valley acts as an important channel for wind flows. Balearic
Islands arise around 200 km far from the continent, in the Mediterranean. As a result, high
climatic contrasts occur in neighboring areas (Martín-Vide 1992). Therefore, it is believed that
climate modeling studies covering the NWMB could benefit from resolutions higher than

Fig. 1 Domains defined for the WRF-ARW simulations. D01 - left- over Europe and North Africa at 30 km of
horizontal resolution (100×100 cells), centered at 41°N 0°E, and D02 - right- over the NWMB at 10 km of
horizontal resolution (76×76 cells), centered at 41°N 0°E. Terrain height (m asl) as representedwithinWRF-ARW

244 Climatic Change (2014) 122:243–256

http://cordex.dmi.dk/joomla


25 km. Increasing horizontal resolution has been proved positive, particularly in complex
regions characterized by large interannual and spatial variability in precipitation amounts
(Heikkilä et al. 2010; Argüeso et al. 2012a; Cardoso et al. 2012).

Following this direction, this work derives present time (1971–2000) and future (2001–
2050) surface air temperature and precipitation trends for the NWMB using dynamical
downscaling techniques at high resolution, 10 km. Simulations use the Advanced Research
Weather Research and Forecasting (WRF-ARW) model version 3.2.1 (Skamarock and Klemp
2008) and include three different emissions scenarios: B1, A1B and A2, from those defined in
the IPCC-SRES (Nakićenović et al. 2000). Studies covering such large period, 80 years, at that
resolution have no precedent for the NWMB.

2 Methodology

2.1 Modeling system

WRF-ARW is forced by the simulations of the ECHAM5/MPIOM atmosphere–ocean coupled
GCM (Roeckner et al. 2003; Marsland et al. 2003). The ECHAM5/MPIOM constitutes one of
the GCMs used in AR4 (Randall et al. 2007) with a better performance over Europe below the
known radiative forcing for the 20th century (van Ulden and van Oldenborgh 2006), and
particularly in the Western Mediterranean (Nieto and Rodríguez-Puebla 2006). GCM data
cover three different emission scenarios from the IPCC-SRES (B1, A1B and A2) with two
different initializations (simulation 1 and 3).

WRF-ARW model configuration is selected according to previous studies for the area
(Jorba et al. 2008; Mercader et al. 2010). Two one-way nested domains are defined over the
area of interest (Fig. 1), avoiding discontinuities in the main topographic features. D01 covers
partially Europe and North Africa at 30 km resolution. The inner domain (D02) covers the
region of interest at 10 km resolution. 33 vertical sigma layers are defined up to the top of the
atmosphere, at 10 hPa, to adequately capture the troposphere-stratosphere transport phenom-
ena. A slight spectral nudging above the PBL for the coarsest domain is applied, as it is
believed to improve the representation of large scale flows inside the integration area and to
avoid the regional model from developing internal states conflicting with the large scale state
(von Storch et al. 2000; Heikkilä et al. 2010; Argüeso et al. 2012a). To assess the confidence of
the modeling system a control period over the 20th century is selected (1971–2000) and the
WRF-ARW is forced by the ERA40 reanalysis (Uppala et al. 2005). Table 1 summarizes the
main characteristics of the 9 simulations performed within this work.

For computational purposes, simulations are split into 5-year periods and a 4-month spin-up
is applied to minimize the initial conditions effect. The ECHAM5/MPIOM model does not
provide the necessary soil variables to run the Noah LSM, therefore they are initialized using
values from ERA40 and assumed to reach the equilibrium state after the spin-up.

2.2 Observational data and model assessment metrics

Modeling system validation is a key point to provide a level of confidence on future modeling
projections. Gridded observational datasets are usually assumed as the best approaches to
reality. However, they present non negligible differences over the same region and these
uncertainties have to be considered (Gómez-Navarro et al. 2012). For this work, Spain02
(SP02) is selected (Herrera et al. 2012) due to the high density of the observational network
included. SP02 provides daily surface air temperature and accumulated precipitation for Spain
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over a regular grid of 0.2° resolution. The coarser resolution compared to the 10 km of WRF
simulations introduces an additional source of uncertainty, but reliable gridded datasets at more
suitable resolutions are not currently available. For spatial comparisons, modeled fields are bi-
linearly interpolated from the different grids to the 0.2° SP02 grid.

Additionally, the model performance at high resolution is assessed against high quality data
from 20 meteorological stations (SMC 2012). Model results are bi-linearly interpolated to the
stations location. Modeled temperature is corrected with altitude according to the standard
lapse rate (−6.5 K/km). Although more complex methods have shown improvements in
coarser models (Gao et al. 2012), comparison of different techniques at high resolution
suggests that further correction is not needed (Soares et al. 2012).

Absolute biases for temperature and relative biases for precipitation allow quantifying
model deviations from observations on average for the NWMB and for each grid cell at
different temporal scales. Spatial spread and temporal variability are measured through
standard deviation (σ) for temperature and the coefficient of variation (CV) for precipitation.
Temporal matching between model and observations is measured through the Pearson’s
correlation coefficient (r). Data are previously normalized by its corresponding seasonal or
monthly mean and σ for the control period (to remove the autocorrelation due to intra-annual
variability). A Fisher’s z transformation of correlation coefficients together with a two-tailed
Student’s t-test provides the statistical significance of the correlations. Temporal trends are
derived from a linear regression and its statistical significance is calculated by a Monte Carlo
technique at a 95 % confidence level (Livezey and Chen 1983). Monthly mean temperature
(MMT) and precipitation (MMP) probability density functions (PDFs) are also estimated. A
quantitative assessment of the matching between modelled and observed PDFs is provided via
a Kolmogorov-Smirnov (KS) test (Wilks 2006).

Model skills to reproduce observed spatial patterns of temperature and precipitation are
assessed by estimating normalized root mean square error (NRMSE), correlation and normal-
ized σ. These parameters for different models and model configurations are compared via
Taylor diagrams (Taylor 2001).

2.3 Temperature patterns and variability assessment

Observed Annual Mean Temperature Climatology -AMTC- (1971–2000) for the NWMB
(Online Resource 1) peaks along the coast line and the Ebro Valley (292.5 K). Minimum
temperatures occur in mountain ranges, the Pyrenees and the Iberian System (275.0 K).

WRF-ERA40 tends to underestimate the surface air temperature (on average −1.3 K,
Online Resource 2). For some areas, i.e. the southern Mediterranean coast or specific spots
in the Pyrenees, biases can be larger (around −2.5 K). WRF-ERA40 PDF for MMT also
reflects the cold bias, showing a probability displacement towards lower values than observa-
tions. Nonetheless, WRF-ERA40 and SP02 PDFs are statistically consistent at a 99 %
confidence level, whereas ERA40 and SP02 PDFs are statistically independent, as derived
from a KS test (Online Resource 3).

WRF-ERA40 reproduces the geographical pattern of AMTC outstandingly (r=0.97) and
biases are overall improved from coarser resolutions (Online Resource 1). Figure 2 compares
the spatial performance of 17 RCMs included in ENSEMBLES (van der Linden and Mitchell
2009), WRF-ERA40 simulations at 30 and 10 km and the ERA40 reanalysis against SP02.
RCMs show good skills in reproducing the AMTC patterns: being spatial correlation above
0.9 for a majority of models, NRMSE below 0.4 and σ close to the observed value (1.0),
clearly improving the coarse reanalysis performance. The gain is smaller from 30 to 10 km
resolution, but the refinement still has an effect on AMTC patterns (Fig. 2a). Moreover, 10-km
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WRF-ERA40 compared to meteorological stations series presents maximum biases for AMTC
up to −2.5 K (Online Resource 1). Inter and intra-annual variability of temperature are also
well captured at local scale, showing high temporal correlations for the annual (monthly)
means, r above 0.7 (0.8) respect to stations data (Online Resource 1).

The NWMB is characterized by a Mediterranean climate, warmer in summer, particularly
in inland flat areas and in the coast. Minimum temperatures are registered in wintertime,
especially over the highest mountain ranges. WRF-ERA40 correctly reproduces the temper-
ature variability along the year, presenting a cold bias for all seasons, which is larger in
summertime, up to −2.5 K on average. Differences are amplified by WRF-ERA40 respect to
the reanalysis itself, however seasonal temperature spread (σ) is comparable to SP02 and
ERA40 values. Seasonal correlations are above 0.9, except for wintertime (r=0.87, Online
Resource 2).

2.4 Precipitation patterns and variability assessment

Observed Annual Mean Precipitation Climatology (AMPC) for 1971–2000 over the NWMB
peaks at the highest mountain areas (above 1,400 mm/year). Some coastal areas are also
characterized by large precipitation amounts, above 800 mm/year. The flat inland region
constitutes the driest area, with AMPC around 400 mm/year (Fig. 3a and e).

WRF-ERA40 enhances the precipitation field respect to ERA40 reanalysis (Fig. 3b to d),
which results in an overestimation of AMPC compared to SP02. Relative biases are generally
below 30 %, but peak at the Pyrenees (deviations up to 120 %). The assessment against
meteorological stations data suggests local underestimations of precipitation along the coast

Fig. 2 Taylor diagram comparing AMTC (a) and AMPC (b) for different ENSEMBLES models (≈25 km
resolution), WRF-ERA40 at 10 km (WRF-ERA40) and 30 km (WRF30-ERA40) and ERA40 reanalysis vs the
SP02 observations database (0.2°≈20 km resolution) for 1971–2000. Spatial Pearson’s correlation is shown in
the radial axis, standard deviation (σ) in the xy axis and Root Mean Square Error (RMSE) in the arcs within the
panel. RMSE and σ for all models are normalized dividing them by the σ of observations. SP02 reference
conditions are represented by a black dot in the x axis (1.0 for σ and correlation and 0.0 for RMSE)

248 Climatic Change (2014) 122:243–256



and confirms the overestimation for the mountains, particularly the western Pyrenees (Fig. 3f).
Also, MMP PDFs show a probability displacement towards higher values for WRF-ERA40
compared to SP02. Consequently, both PDFs are statistically independent at a 99 % confidence
level, assessed through a KS test. Anyway, WRF-ERA40 has a better performance than
ERA40 with a PDF statistically closer to SP02 than ERA40 (The KS statistic computed for
WRF-ERA, d=0.26, and for ERA40, d=0.39).

Despite these deviations, the high resolution simulations correctly reproduce the spatial
precipitation patterns, r above 0.8 for all cases, improving the ERA40 reanalysis and the 30-km
WRF-ERA40 (both showing r≈0.5). 10-km WRF-ERA40 correlation is on the same order of
magnitude than the best performing models from ENSEMBLES, i.e. KNMI-RACMO2,
UCLM-PROMES or ETHZ-CLM (Fig. 2b). However, 10-km WRF-ERA40 AMPC projec-
tions present lower accuracy (NRMSE≈0.75) respect to some models in ENSEMBLES
(NRMSE≈0.60, for UCML-PROMES and MPI-M-REMO) and its spatial variability is
slightly larger (normalized σ is 1.3 for 10-km WRF-ERA40 vs. 0.98 for KNMI-RACMO2).
The spread and correlation improve when increasing the resolution from ERA40, but accuracy
of RCMs is on the same order of the reanalysis data.

Year-to-year variability for precipitation is well defined by WRF-ERA40 simulations
(r above 0.5 for large areas of the domain, Fig. 3g). Correlations along the Mediterranean coast
and the Iberian System are high, with values above 0.7 and up to 0.9, which are confirmed by
the assessment against meteorological station series (i.e. r=0.83 for AMP at coastal stations,
Online Resource 4). Previous works highlighted the difficulties of RCMs to reproduce precip-
itation in the Mediterranean basin (Jiménez-Guerrero et al. 2011), showing correlations around
0.6. WRF-ERA40 lowest annual correlation values are found above the driest areas, charac-
terized by long dry periods and scarce heavy precipitation events (Romero et al. 1998a). Model
schemes have difficulties to reproduce these convective processes adequately (Romero et al.
1998b; Martin et al. 2007) even at high resolution (Heikkilä et al. 2010; Cardoso et al. 2012),
which could be in the origin of the low temporal correlation and the biases already discussed
(Fig. 3g and Online Resource 4). Some mountain areas show also a poor performance (i.e.
western Pyrenees, Fig. 3g andOnline Resource 4), suggesting that even with the high resolution

Fig. 3 a AMPC (1971–2000) in mm for the NWMB based on SP02 observations. Relative bias of AMPC (%)
between bWRF-ERA40 at 10 km, cWRF-ERA40 at 30 km, d ERA40 and SP02. Values for r correspond to the
spatial correlation between model and observations. e AMPC (1971–2000) in mm as derived from meteorolog-
ical stations data. f Relative bias of AMPC (%) between WRF-ERA40 at 10 km and meteorological stations data.
Temporal Pearson’s correlation for WRF-ERA40 versus SP02 in an g annual and h monthly basis. Shaded areas
represent non statistically significant correlations at a 95 % confidence level
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used, some features of the orographically enhanced precipitation and processes involved in the
hydrological cycle in mountains are not well captured by the model (Beninston 2003).

NWMB precipitation shows a high intra-annual and spatial variability (Fig. 4 and Online
Resource 5).Wintertime precipitation peaks at high altitude locations (above 400mm). However,
flat inland areas are much drier (below 100 mm). Rain is more abundant in those regions in
autumn and spring, frequently above 150 mm. The Mediterranean coast is also characterized by
values of accumulated precipitation around 150 mm. Summertime constitutes the driest season,
with maximum precipitation amounts registered on the Pyrenees below 350 mm.

WRF-ERA40 is able to reproduce the annual precipitation cycle, although it overestimates
precipitation for all seasons (Fig. 4 and Online Resource 5). Biases are below 50% for winter and
autumn. The poorest performance is found on summertime. WRF-ERA40 overestimates the
convective processes characteristic of this season, which are responsible for up to 80 % of total
simulated precipitation. This may be due to the physical parameterizations chosen and to the
topography representation within the model (Fig. 1), which has deviations respect to reality.
Temporal variability is also poorly captured for summer, showing no statistically significant
correlations for the driest areas and along the coast. Seasonal variability is however well
represented in winter, spring and autumn, with large areas of the domain showing r above 0.7
(Online Resource 5).

Global forcing influences the ability of WRF-ARW model to reproduce the seasonal precip-
itation. WRF-EH5OM simulations show the largest positive biases over the Pyrenees and the
Iberian System. Contrarily, seasonal precipitation in coastal areas is underestimated by 10 to
30 % (not shown). Summertime precipitation representation improves when WRF-EH5OM is
applied with respect to WRF-ERA40 simulations, owing to its drier behavior (Fig. 4).

Summarizing, WRF-ERA40 shows the lowest deviations from SP02 for wintertime and
autumn, it overestimates springtime precipitation and it largely enhances summertime precip-
itation. The best correlation between modeled and observed annual cycle (Fig. 4) is provided
by the WRF-EH5OMs3 simulations (0.9). WRF-ERA40 shows lower correlation values,
attributed to difficulties in reproducing the driest months. However, the intra-annual variability

Fig. 4 Annual cycle of precipitation as obtained from SP02 observations, WRF-ERA40, WRF-EH5OMs1,
WRF-EH5OMs3, ERA40 reanalysis and the EH5OMs1 and s3 for 1971–2000 on average for the NWMB
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is relatively well captured for the whole domain. Month-to-month correlation values are above
0.5 (Fig. 3f). When the integrated values for the NWMB are considered (Online Resource 2),
WRF-ERA40 shows a precipitation spread closer to SP02 than ERA40 itself. However,
temporal correlation values are on the same order of magnitude for ERA40 than for the
WRF-ERA40 on the different time scales, except for autumn, when a clear improvement is
shown in high resolution results.

3 Temperature projections for the NWMB

Annual Mean Temperature (AMT) in the mid-21st century is expected to rise respect to 1971–
2000 mean independently of the emissions scenario considered (Fig. 5a). All scenarios present
statistically significant linear trends ranging from 0.4 K to 1.4 K in 50 years. AMT variability
would be larger in the first half of the 21st century for the A2 (σ=0.67(0.65) K) and
A1B (σ=0.76(0.71) K) scenarios, respect to 1971–2000 (σ=0.39(0.59) K) according to WRF-
EH5OMs1 (s3)), particularly from 2030 onwards. Results are consistent with the GCMs
projections, but variability is slightly enhanced by the RCM. This amplification is also
evidenced by comparing RCMs projected variability for 2001–2008 (σ up to 0.68 K) and the
observed value (σ=0.37 K).

Geographically, temperature projections are quite consistent among all scenarios (Online
Resource 6). AMTwould increase in 2021–2050 with respect to the 1971–2000 mean in 0.6 to
2.0 K. There is a latitudinal and altitudinal gradient in temperature variations, being larger at
higher altitudes and northern areas. The Pyrenees would be the most affected area, indepen-
dently of the considered scenario. This is consistent with previous studies showing a depen-
dency of the climate signal with elevation (Giorgi et al. 1997; Beninston 2003). Projected
temperature raise for A1B and A2 is similar (up to 2.0 K), according to the almost equivalent

Fig. 5 Anomaly of annual mean a temperature and b precipitation in the NWMB for 1971–2050 as derived from
SP02, WRF-ERA40, WRF-EH5OMs1 and WRF-EH5OMs3, considering 1971–2000 as the reference period in
the control period, A2, A1B and B1 scenarios (top to bottom)
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GHG emissions evolution until mid-21st century (Nakićenović et al. 2000). B1, a more
optimistic scenario, is associated with lower AMT changes (up to 1.4 K). Seasonally, sum-
mertime temperature would increase the most (up to 2.0–2.5 K at the Pyrenees for
A1B and A2). Projected wintertime changes are lower, but still significant in the
northern area (increases up to 1.6 K). These results are consistent with previous findings
for the region at 15-km resolution (Barrera-Escoda and Cunillera 2011) for A2 and B1
scenarios, and coherent with the ENSEMBLES results (van der Linden and Mitchell 2009)
for the A1B scenario.

4 Precipitation projections for the NWMB

Inter-annual variability of Annual Mean Precipitation (AMP) is projected to increase until
2050 in all scenarios, except WRF-EH5OMs1-A2 (Fig. 5b), particularly from 2030 on (CV=
17–19 % for 1971–2000; CV=18–23 % for 2031–2050). However, projections may be
enhancing this variability, as it is suggested when comparing WRF-EH5OMs1 and s3 (CV
up to 26 %) respect to SP02 (CV=14 %) for 2001–2008. Regional projections are highly
influenced by boundary conditions, as AMP interannual changes depend not only on the
emissions scenario, but also on the EH5OM simulation, following on average the GCM
projections.

A1B scenario and WRF-EH5OMs3-A2 present a statistically significant reduction of AMP
(up to −13 % in 50 years), consistent with the climate signal identified in previous works for
southern Europe in the A1B scenario (van der Linden and Mitchell 2009). However, WRF-
EH5OMs1-B1 shows an opposite trend (9.5 % in 50 years). No significant trends are found in
WRF-EH5OMs1-A2 and WRF-EH5OMs3-B1.

Geographically, AMP would most certainly decrease from −10 % to −25 % in 2021–2050
with respect to 1971–2000 in the Pyrenees and the Iberian System, independently of the GHG
emissions scenario (Fig. 6). Precipitation change in mountains may be related to changes in
circulation patterns (Giorgi et al. 1997; Gao et al. 2006). More stable conditions are found for
instance in WRF-EH5OMs3-A2 projections of wind field and geopotential height at 850 hPa.
Inland areas show no statistically significant differences at a 95 % confidence level, as assessed
by a two-tailed Student’s t-test, between 2021–2050 and 1971–2000.

Seasonal precipitation projections are quite uncertain (Online Resource 7). Reductions of
precipitation for 2021–2050 respect to 1971–2000 are consistently shown among scenarios for
winter and autumn over high mountain ranges. The Pyrenees could be up to 35 % drier,
although the geographical extent of the affected area is highly dependent on the scenario.
Inland areas could be also drier in spring (up to −30 %), but the signal of change is weak (only
two of the six different simulations show statistically significant reductions). Summertime
projections present non statistically significant changes, except for the north face of the
Pyrenees, which could be affected by reductions up to 20 %.

Previous works (Barrera-Escoda and Cunillera 2011) projected similar changes for seasonal
precipitation in case of B1 and A2 scenarios. Moreover, long term projections (2071–2100) for
the A1B scenario seem to confirm these trends. The ENSEMBLES project suggests a decrease
of the seasonal precipitation in the NWMB in all seasons except for wintertime, when slight
increases are projected inland. Argüeso et al. (2012b) using WRF-ARW at high resolution
shows decreases of wintertime precipitation for the western Pyrenees, in agreement with the
signals detected in this work. ESCENA (http://proyectoescena.uclm.es/) results for 2021–2050
detect also the largest dispersion in summertime precipitation, together with a high influence of
the GCM driving model on RCM projections.
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5 Conclusions

The RCMs used in this study, as well as other commonly used models analyzed, show good
skills in reproducing mean temperature patterns, evolution and variability, both in an annual
and seasonal basis. However, the ERA40 itself proves equivalent skills for geographically
averaged values over the NWMB. The shift from GCMs to RCMs has a clear positive impact
on AMTC reproduction, when measured in terms of spatial Pearson’s correlation, standard
deviation and root mean square error. The improvement in spatial correlation from the increase
of horizontal resolution above a certain threshold (30 to 10 km) is comparable to this obtained
by using different physical parameterizations within the models. The benefits of the increased
resolution may be masked because the gridded observational database, SP02, has also a
coarser resolution (0.2°≈20 km) than the WRF-ERA40 model (10 km). Validation against
data from meteorological stations yields low biases (below 2.5 K in all cases) and a good
reproducibility of the inter and intra-annual variability (r above 0.7).

Mean temperature projections are consistent for a variety of models over the NWMB
region. AMT is projected to raise up to 1.4 K for 2021–2050. Seasonally, summertime
temperatures would increase the most, particularly at high altitude areas, being up to 2.5 K
larger than for 1971–2000 at the most intensive emission scenarios.

The spatial definition and spread of AMPC clearly improves in RCMs respect to the raw
reanalysis data, and further when increasing resolution from 30 to 10 km. Even in complex
terrains, the large scale patterns have an important influence on simulated precipitation, being

Fig. 6 Differences in annual precipitation (%) between 2021–2050 and 1971–2000 for the NWMB as projected
by WRF-EH5OMs1 (upper panels) and WRF-EH5OMs3 (lower panels) for the B1, A1B and A2 emissions
scenarios (from left to right). Shaded areas represent the grid points where the differences are not statistically
significant considering a two-tailed Student’s t-test at a 95 % confidence level. Contour lines represent terrain
height every 200 m
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WRF-EH5OM spatial variability larger than WRF-ERA40. Seasonally, WRF-ERA40 highly
overestimates precipitation field in summertime, mostly associated with convective processes,
probably due to the physical parameterizations applied. Biases of precipitation for winter, autumn
and even spring are lower. Year-to-year variability for precipitation is well captured by the
simulations on average for the NWMB (r=0.62). Specific areas, like the Mediterranean Coast
or the Iberian System, show temporal correlations higher than 0.7. The highest biases and lower
correlations are related to dry inland areas, which are usually characterized by long dry periods
followed by heavy precipitation events. State-of-the-art mesoscale models still have problems to
capture precipitation behavior in such conditions at 10 km or equivalent resolutions.

AMP projections suggest an enhancement of interannual variability, especially for A1B and A2
scenarios and in coastal areas. Overall, the AMP would most likely decrease in a 5–13 % in the
NWMB. However, the signal would be different depending on the specific area. Almost all
scenarios suggest a decrease of AMP amount in the Pyrenees and Iberian System, some of them
showing also reductions inland, while non statistically significant changes are found along the coast.

Seasonal changes are quite uncertain, as they are highly influenced both by the emissions
scenario and the GCM forcing applied. Winter and autumn precipitation would most certainly
decrease at high altitude locations (up to −30 %). Summertime would be drier in localized
areas of the Pyrenees, particularly the north face (up to −20 %). Non statistically significant
changes are detected for coastal areas.

In summary, increasing the resolution by itself improves the representation of spatial patterns
of AMP and yields high year-to-year correlations with observations. But it is still insufficient to
solve specific problems related to the reproduction of seasonal precipitation and intra-annual
variability. Despite its limitations, climate simulations at high resolution (10 km) provide an
added value for climate analysis, which justifies the computational effort for regions with
complex topography and large climate variability. They allow us to provide a better definition of
local details of the variation of temperature and precipitation fields which are fundamental for
decision makers. They enable to identify particularly vulnerable areas to climate change, as they
could be the Pyrenees, where all scenarios consistently project the highest increases in mean
temperature and the largest reductions in precipitation. Consequences could be of great concern,
as they could affect the load of the main freshwater reservoirs in the area.

It is fundamental to continue improving the projections of regional climate, and to do so not
only increasing models resolution or improving physical parameterizations within RCMs, but
also increasing the quality and availability of the observational databases for model validation
and providing reliable GCM results in order to reduce uncertainties.
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