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Abstract—Three different regional climate models (DMI-HIRHAMS5, HadRM3, and
KNMI-RACMO?2) driven by ERA-40 reanalysis and also driven by global climate models
(GCMs) obtained from the EU-Ensembles project have been compared to observed data
over the Iberian Peninsula (IP) to assess the accuracy of simulated precipitation and
temperature. KNMI-RACMO2 and DMI-HIRHAMS5 were the best models for accurately
simulating precipitation and temperature, respectively, although large uncertainties still
affect their simulations. The same RCM simulations driven by GCMs have been used to
project the seasonal expected changes in precipitation and temperature for the periods
2011-2050 and 2051-2090 relative to 1961-2000 under the A1B climate change
scenario. From the results, a clear decrease in mean precipitation is expected in most IP
for spring, summer, and autumn, but no clear signal was found in winter. Moreover,
future projections showed a large increase in mean temperatures in all seasons being more
evident in the interior of the IP especially in summer. The decrease in mean precipitation
and the increase in mean temperature projected for the IP, could worsen current drought
conditions especially for the second half of the 21st century.
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1. Introduction

Future climate will include simultaneous changes in temperature and
precipitation for many regions of the world. For example, in the Iberian
Peninsula (IP), the observed and projected increase in temperature is expected to
be accompanied by a decrease in precipitation (IPCC, 2007; Sousa et al., 2011;
IPCC, 2012). This combination would have a negative impact on water
availability.

Previous studies have confirmed a warming trend in the 20th century across
the IP using observed data (Brunet et al., 2006; Brunet et al., 2007), while
precipitation patterns showed a high inter-annual variability, but appreciable
changes have not still been identified in annual precipitation totals (Barrera-
Escoda, 2008; CLIVAR, 2010).

Being consistent with the observed trends, climate models project a large
increase in temperatures, but also a future decrease in precipitation of roughly
20% in southern Europe by the end of 21st century (IPCC, 2007) including the
whole IP (Sanchez, 2009; Gémez-Navarro et al., 2010; Rodriguez-Puebla and
Nieto, 2010; Vicente-Serrano et al., 2011; Jerez et al., 2012; Jerez and
Montavez, 2012). Again, this warming/drying combination implies an increase
of drought conditions over the wider Mediterranean region (Blenkinsop and
Fowler, 2007; Mariotti et al., 2008; Dai, 2011 and 2012; IPCC, 2012) and also
over the IP (Beniston et al., 2007; Rodriguez-Puebla and Nieto, 2010;; Sanchez
et al., 2012). These consistent results, obtained through the analysis of model
output, have to be put in the context of the large uncertainties related to the
reliability of model simulations affecting the projections of trends in
temperature, precipitation, and drought conditions for the coming century
(Blenkinsop and Fowler, 2007; Sheffield and Wood, 2008; Rammukainen, 2010;
Mishra and Singh, 2011; IPCC, 2012; Dai, 2012).

This article focuses on investigating the capability of three regional climate
models to correctly reproduce future temperature and precipitation in the IP. We
used the outputs from the RCMs driven by ERA-40 reanalysis for the period
1958-2002 to make comparisons with observed data and the same RCMs driven
by associated GCMs for future projections covering the period 1951-2100. We
approach this analysis by comparing climate model output belonging to the A1B
climate change scenario to an overlapping observational dataset of temperature
and precipitation.

2. Data

Monthly simulated temperature and precipitation data from three regional
climate models (RCMs) at 25 km resolution were obtained from the EU-
Ensembles project (available at http://www.ensembles-eu.org). DMI-HIRHAMb5
produced by the Danish Meteorological Institute (DMI) (Christensen and




Christensen, 2007), HadRM3 using the HC-QO0 (normal sensitivity) developed
by the Hadley Centre for Climate Prediction and Research (HC) (Collins et al.,
2010), and KNMI-RACMO2 produced by the Royal Netherlands
Meteorological Institute (KNMI) (van Meijgaard et al., 2008) are the RCMs
selected to assess changes in precipitation and temperature over the IP along the
21st century. These RCMs were selected because they are regarded as the best-
performing models at handling precipitation variability in other European
regions, with RACMO?2 performing best overall for the UK (Simpson, 2011, van
der Linden and Mitchell, 2009; Christensen et al., 2010; Kjellstrom et al., 2010).
We used the outputs from the RCMs driven by ERA-40 reanalysis for the period
1958-2002 to make comparisons with observed data and the same RCMs driven
by associated global climate models (GCMs) for future projections covering the
period 1951-2100. The ERA-40 reanalysis is produced by the European Centre
for Medium-Range Weather Forecasting (ECMWF), and it is based on observed
data such as conventional observations or satellite data among others.
Temperature from the ERA-40 reanalysis is well simulated in the Northern
Hemisphere when compared with mean observed sea-level pressure and
geopotential 500hPa temperatures (ECMWF, 2004), and precipitation is well-
handled in the Northern Hemisphere continents (Bosilovich et al., 2008). In this
study, KNMI-RACMO2 and DMI-HIRHAMS5 are coupled with ECHAMS5-r3 as
a GCM, while HadRM3 is associated with HadCM3. The A1B climate change
scenario was chosen to project the expected changes in precipitation and
temperature over the IP as it represents a medium greenhouse gases forcing to
the climate system according to IPCC AR-4 (IPCC, 2007).

The observed data has been extracted from the Monthly Iberian
temperature and precipitation series (MITPS, Fig.1). The MITPS dataset
updates to 2010 the Spanish daily adjusted temperature/precipitation series
(SDATS/SDAPS) and adds to its 22 stations two new data points to represent
the western part of the IP (Portugal). The SDATS — and its MITPS update - was
guality controlled (QC) following Aguilar et al., (2002) and were homogenized
by the Centre for Climate Change (C3) (Brunet et al., 2006; Brunet et al., 2007)
applying the standard normal homogeneity test (SNHT) (Alexandersson and
Moberg, 1997). The two Portuguese series (Lisboa and Porto) have been
subjected to quality control procedure of raw data and tested using
homogenization procedure based on the standard normal homogeneity test, to
detect and adjust most prominent inhomogeneities on a monthly scale.



Fig. 1. MITPS station map: the closest city to each meteorological station is shown with
the elevation (in brackets) of the last segment of record.

3. Methodology

The closest RCM grid box to each meteorological station has been selected to
obtain the same geographical distribution of the Iberian simulated data
according to observed data (MITPS) (Fig. 1). Monthly simulated precipitation
and temperature data were obtained from DMI-HIRHAMS, HadRM3, and
KNMI-RACMO2 model outputs driven by ERA-40 reanalysis and those driven
by GCMs for each location. The RCMs outputs driven by ERA-40 reanalysis
and by GCMs have been compared with the observed MITPS for the 1961-2010
period. All RCMs are more consistent when they are driven by ERA-40
reanalysis than by GCMs regarding precipitation and temperature simulation in
the IP. Accumulated daily precipitation totals and mean temperature from
observed and simulated data were totaled for Northern Hemisphere winter
(DJF), spring (MAM), summer (JJA), and autumn (SON) seasons for the entire
period. Based on the procedure applied by Simpson (2011), we computed the
seasonal differences in precipitation totals, mean temperature, and the ratio
between the standard deviations of simulated and observed data. Modeled and
observed datasets have also been compared by computing the Pearson product-
moment correlation coefficient and the root mean square error (RMSE). Finally,
Kolmogorov-Smirnov test (K-S test) has been applied to evaluate the similarity
between both statistical distributions.

Once the performance of the three RCMs is evaluated, simulations of
seasonal precipitation and temperature from the RCMs driven by GCMs have
been used to project the mean expected changes in precipitation and temperature
over the IP for the periods 2011-2050 and 2051-2090 relative to 1961-2000 at
seasonal time-scales under the A1B climate change scenario.



4. Results
4.1. Validation of the accuracy of precipitation simulations

The analysis of temperature and precipitation simulations showed quite different
results, depending both on the model, the season of the year, and the different
regions of the IP.

Precipitation simulations driven by ERA-40 tended to overestimate the
observed data in central and north-western IP and also in the Ebro basin,
especially in winter and spring (Fig. 2). Underestimated precipitation was found
In the south, south-western IP and in the Mediterranean coast during all seasons,
being more evident in summer and autumn. KNMI-RACMO2 showed the
smallest deviations compared to observed data over the IP during all seasons
except in summer, when it underestimated by between 20% and 40% of mean
precipitation over most of the IP. HadRM3 produced overestimates of around
20-40% of mean precipitation in central, north-western area and in the Ebro
basin, especially in spring and summer, and underestimated by 40% of mean
precipitation in south-western areas and in the Mediterranean region for summer
and autumn. DMI-HIRHAMS5 showed large overestimates greater than 60% of
mean precipitation in the Ebro basin and in the Sierra Nevada for winter and
summer, respectively, and large underestimates towards 20-60% of mean
precipitation for most of the IP, with higher anomalies located in the western
and south-western area during all seasons.

Precipitation simulations from DMI-HIRHAMS5 and KNMI-RACMO2
driven by ECHAMS5-r3 and HadRM3 coupled with HadCM3 have also been
compared with observed MITPS to check how the RCM simulations can be
altered when they are driven by GCMs (Fig. 3). Large differences have been
detected in mean seasonal precipitation from DMI-HIRHAMS5 and KNMI-
RACMO2 when they are driven by ERA-40 or by their associated GCMs
(Figs. 2 and 3), but the simulations are closer in the case of HadRM3 in all
seasons. All models have a tendency to overestimate mean precipitation in
winter, spring, and autumn, while underestimates were found in summer. DMI-
HIRHAMS produced large overestimates greater than 80% of mean
precipitation in central, north, and north-western IP for winter, spring, and
autumn, while underestimates towards 20-40% of mean precipitation were
focused in the south-western area and in the Mediterranean region for summer.
HadRM3 and KNMI-RACMO2 overestimated by between 40-80% of mean
precipitation in the Ebro basin and in the north-western IP mainly in winter and
spring while underestimates around 40% of mean precipitation were primarily
in the Mediterranean region for spring and summer. Note that large
underestimates of greater than 60% of mean precipitation have been identified
from KNMI-RACMO2 over most of the IP in summer.
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Fig. 2. Differences (in %) between simulated and observed mean seasonal precipitation totals
(MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); ¢), and autumn (SON);
d) using the common period 1961-2000. The model outputs are derived from DMI-HIRHAMS
(left), HadRM3 (middle), and KNMI-RACMO2 (right), all driven by ERA-40 reanalysis.
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Fig. 3. Differences (in %) between simulated and observed precipitation seasonal totals
(MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); ¢), and autumn
(SON); d) using the common period 1961-2000. The model outputs are derived from DMI-
HIRHAMS driven by ECHAMS5-r3 (left), HadRM3 driven by HadCM3 (middle), and
KNMI-RACMO?2 driven by ECHAMS5-r3 (right).



Simulated seasonal precipitation variability has been assessed from the
ratio of standard deviations between mean simulated and observed precipitation
from the three RCMs driven by ERA-40 reanalysis (Fig. 4). All RCMs exceeded
0.5 standard deviations for all seasons over most of the IP, while the ratio was
greater than 1 standard deviation in some regions located in the north and central
IP, especially for winter and spring. Otherwise, large differences in standard
deviations could be appreciated from all RCMs driven by GCMs during all
seasons (Fig.5). All RCMs exceeded 1 standard deviation between mean
simulated and observed precipitation over most of the IP, especially in spring
and autumn.

The best correlations from the three RCMs driven by ERA-40 reanalysis
between simulated and observed data were found in winter (Fig. 6), and the
worst ones in summer with KNMI-RACMO?2 the best-performing and DMI-
HIRHAMS second. The correlations were lower in the Mediterranean region
than for the rest of the IP, especially in winter, summer, and autumn. Finally, the
results from RMSE and K-S test (Tables 1 and 2) showed better fits between
simulated and observed data using KNMI-RACMO?2 during all seasons over
most of the IP than DMI-HIRHAMDS, which fitted better in the Mediterranean
region.
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Fig. 4. Ratio of standard deviations between simulated and observed seasonal precipitation
totals (MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); ¢), and autumn
(SON); d) using the common period 1961-2000. The model outputs are derived from DMI-
HIRHAMS (left), HadRM3 (middle), and KNMI-RACMO2 (right), all driven by ERA-40
reanalysis.
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Fig. 5. Ratio of standard deviations between simulated and observed seasonal precipitation totals
(MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); ¢), and autumn
(SON); d) using the common period 1961-2000. The model outputs are derived from DMI-
HIRHAMS5 driven by ECHAMS5-r3 (left), HadRM3 driven by HadCM3 (middle), and KNMI-
RACMO?2 driven by ECHAMb5-r3 (right).
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Fig. 6. Pearson Product-Moment Correlation coefficient between simulated and observed
seasonal precipitation totals (MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer
(JJA); ¢), and autumn (SON); d) using the common period 1961-2000. The model outputs are
derived from DMI-HIRHAMS (left), HadRM3 (middle), and KNMI-RACMO?2 (right), all driven
by ERA-40 reanalysis. Correlations greater than 0.41 are statistically significant at the 99% level.



Table 1. Number of the best fitted RMSE values and K-S distances between simulated
and observed precipitation and temperature for each season using the common period
1961-2000 for the 23 locations spread over the IP. The model outputs are derived from
DMI-HIRHAMS, HadRM3, and KNMI-RACMO?2, all driven by ERA-40 reanalysis.
Values in bold refer to the maximum number of the best fitted values for each goodness
of fit test and for the three RCMs assessed

DMI-HIRHAMS HadRM3 KNMI-RACMO2
Seasons N° N°K-S N° N° K-S N N° K-S

RMSE distances @ RMSE distances RMSE distances

g Winter (DJF) 4 10 3 3 16 10

£ spring (MAM) 10 0 6 13 10

S Summer (JJA) 4 5 6 7 13 11

&  Autumn (SON) 3 4 15 14

£ Winter (DJF) 14 14 3 3 6

§ Spring (MAM) 15 14 4 6

g- Summer (JJA) 4 6 5 13 14

& Autumn (SON) 11 7 11 5 4

Table 2. Averaged RMSE values and averaged K-S distances between simulated and
observed precipitation and temperature over the whole IP for each season using the
common period 1961-2000. The model outputs are derived from DMI-HIRHAMS,
HadRM3, and KNMI-RACMO?2, all driven by ERA-40 reanalysis. Values in bold refer to
the best fitted values for each goodness of fit test and for the three RCMs assessed

DMI-HIRHAMS HadRM3 KNMI-RACMO2
Seasons rRMsg K-S rRMsg K-S RMSE K-S
distances distances distances
Winter (DJF) 92.69 0.29 81.45 0.28 67.25 0.23
é Spring (MAM)  69.33 0.35 77.63 0.32 59.19 0.26
% Summer (JJA)  46.02 0.35 48.91 0.33 43.83 0.31
g Autumn (SON) 97.19 0.33 90.85 0.31 78.40 0.25
Winter (DJF) 1.37 0.50 1.65 0.58 1.76 0.58
E Spring (MAM)  1.05 0.40 1.27 0.46 1.52 0.57
g Summer (JJA)  1.65 0.59 1.88 0.59 1.34 0.49
E) Autumn (SON) 1.13 0.43 1.25 0.42 1.57 0.61




From the results obtained above, KNMI-RACMO?2 is the most suitable
RCM for simulating precipitation in the IP when driven by ERA-40 data and by
GCMs, although large uncertainties in mean precipitation should be appreciated
for summer. All RCMs, including KNMI-RACMOQ?2, are still affected by
uncertainties in mean precipitation that have to be taken into account for future
projections especially when the RCMs are driven by GCMs.

4.2. Validation of the accuracy of temperature simulations

The outputs from the RCMs driven by ERA-40 reanalysis and driven by GCMs
for temperature were also compared with observed MITPS for each location
applying the methodology described earlier for the common period 1961-2000
at seasonal time-scale.

Simulations of the RCMs driven by ERA-40 showed a bias in mean
seasonal temperature relative to observed MITPS towards overestimates in
north-eastern IP for winter and autumn and central IP, especially in summer
(Fig. 7). Additionally, underestimates were detected in the north and north-
western IP, especially in winter, spring, and autumn and in the south-eastern IP
in summer. DMI-HIRHAMS showed the smallest anomalies of 1°C of mean
simulated temperature in most of the IP during all seasons with HadRM3 the
second best. DMI-HIRHAMS overestimated between 2-3°C of mean
temperature mainly in north-eastern IP for winter and autumn and greater than
3°C in central IP for summer. Underestimates of between 2-3°C of mean
temperature were focused in the north and north-western area in winter, spring,
and autumn, while in the south-eastern IP, similar underestimates were found for
summer. HadRM3 produced overestimates of between 3-4°C of mean
temperature in the central and in north-eastern corner of the IP (around 2 °C) in
winter and summer, respectively, while underestimates of between 1-3 °C were
identified in the central, north, and north-western areas during winter, spring,
and autumn. KNMI-RACMO?2 showed overestimates of around 2 °C for mean
temperature in the central IP only for summer, but underestimates were detected
in the most of the IP, but were more prominent (between 3-4 °C) in the north-
western area in winter, spring, and autumn.

Additionally, temperature simulations from the RCMs coupled with
associated GCMs were compared with observed MITPS in order to see whether
RCM simulations are affected when they are driven by GCMs (Fig. 8). Some
differences have been detected in mean seasonal temperature from DMI-
HIRHAMS5 and HadRM3 when they are driven by ERA-40 or by their
associated GCMs (Figs. 7 and 8), but the simulations fitted better in the case of
KNMI-RACMO?2 driven by the associated GCM than those driven by ERA-40
in all seasons. All models have a tendency to overestimate by between 1-2 °C of
mean temperature in the Mediterranean region in winter, while underestimates
of between 1-2 °C for mean temperature were found in most of the IP, but were
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more prominent in the north-western area during winter, spring, and autumn.
DMI-HIRHAMS showed overestimates of around 2-3 °C in the Mediterranean
region for winter and autumn, while the underestimates of 2-3 °C were located
in the central, north, and north-western parts of the IP in spring and summer.
HadRM3 and KNMI-RACMO?2 produced similar underestimates of 2—-3 °C over
most of the IP, mainly located in the north-western corner during winter, spring,
and autumn.

Seasonal temperature variability has been figured out from the ratio of
standard deviations between simulated and observed average temperatures from
the three RCMs driven by ERA-40 reanalysis (Fig.9). All RCMs exceeded
0.5 standard deviations over the IP for all seasons being greater than 1 standard
deviation over most of the IP according to HadRM3. The seasonal temperature
variability between simulated and observed data from the RCMs driven by
GCMs produced similar differences than the simulations driven by ERA-40
(Fig. 10). All RCMs exceeded 0.5 standard deviations over the whole IP during
all seasons with a ratio greater than 1 standard deviation for spring, summer, and
autumn according to HadRM3.
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Fig. 7. Differences (in°C) between simulated and observed seasonal average
temperatures (MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer (JJA);
¢), and autumn (SON); d) using the common period 1961-2000. The model outputs are
derived from DMI-HIRHAMS (left), HadRM3 (middle), and KNMI-RACMO?2 (right),
all driven by ERA-40 reanalysis.
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Fig. 8. Differences (in °C) between simulated and observed seasonal average temperatures
(MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); ¢), and autumn
(SON); d) using the common period 1961-2000. The model outputs are derived from DMI-
HIRHAMS driven by ECHAMS-r3 (left), HadRM3 driven by HadCM3 (middle), and
KNMI-RACMO?2 driven by ECHAMS5-r3 (right).
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Fig. 9. Ratio of standard deviations between simulated and observed seasonal average
temperatures (MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); c¢),
and autumn (SON); d) using the common period 1961-2000. The model outputs are
derived from DMI-HIRHAMS (left), HadRM3 (middle), and KNMI-RACMO?2 (right), all
driven by ERA-40 reanalysis.



fw/zf
: w
,_/

2,5

b) 20
15

= 10
= [ 0.5

0 0.0
az f—/
0 . (

d)

Fig. 10. Ratio of standard deviations between simulated and observed seasonal average
temperatures (MITPS) in the IP for winter (DJF); a), spring (MAM); b), summer (JJA);
¢), and autumn (SON); d) using the common period 1961-2000. The model outputs are
derived from DMI-HIRHAMS driven by ECHAMS-r3 (left), HadRM3 driven by
HadCM3 (middle), and KNMI-RACMO?2 driven by ECHAMb5-r3 (right).

The three RCMs driven by ERA-40 reanalysis showed very high
correlations between simulated and observed data during all seasons with DMI-
HIRHAMS the best-performing overall, although the correlations are lower in
the Mediterranean region than in the rest of the IP, especially in summer and
autumn (Fig. 11). Finally, the results from RMSE and K-S test showed a better
fit between simulated and observed data using DMI-HIRHAMS during winter
and spring over most IP, while KNMI-RACMO?2 fitted better in summer (see
Tables 1 and 2).
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Fig. 11. Pearson product-moment correlation coefficient between simulated and observed
seasonal average temperatures (MITPS) in the IP for winter (DJF); a), spring (MAM); b),
summer (JJA); ¢), and autumn (SON); d) using the common period 1961-2000. The
model outputs are derived from DMI-HIRHAMS5 (left), HadRM3 (middle), and KNMI-
RACMO?2 (right), all driven by ERA-40 reanalysis. Correlations greater than 0.34 are
statistically significant at the 99% level.

From the measures considered above, DMI-HIRHAMS is the best RCM of
the three tested for the IP for simulating temperature, although large
uncertainties are affecting RCMs, especially when they are driven by GCMs.
These uncertainties should be considered when projecting temperature over the
IP along the 21st century.

4.3. Projected changes in mean seasonal precipitation

The outputs from DMI-HIRHAMS5 and KNMI-RACMO?2 driven by ECHAMS5-
r3 and HadRM3 driven by HadCM3 were used to assess the projected changes
In mean seasonal precipitation in the IP for the periods 2011-2050 (Fig. 12) and
2051-2090 (Fig. 13) relative to 1961-2000 under the A1B climate change
scenario.

14



- a -y
. o

- LA -

i 4 -

-I Loy . | =
a) 4 4 - 2 L] H ] 4 4 4 2 L) ¥ L a 4 - 1 L] H

| 20
- - -
| 10
- » ) » ! | o
= = e 3 | 10
13 JRSE T S N B R BT B TN TS T TN S B B TR R T R
—— . . — -20
1 ]
( = 30
@ \ ta{ 8
= ’ -40
» |- 50
» ) | sel 50
_— - - -To0
(‘) - J *H - I' O i l i 4 d_ - : ] ] ) . 4 . 2 ‘.
[H ] and -
» ; ™ -l
i | .
»y any -
) J T e T S T T e S T e S S S S S T S S

Fig. 12. Seasonal precipitation change (in %) projected for the period 2011-2050 relative to
1961-2000 in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); c), and autumn
(SON); d) using the model outputs derived from DMI-HIRHAMS driven by ECHAMS5-r3 (left),
HadRM3 driven by HadCM3 (middle), and KNMI-RACMO2 driven by ECHAMS5-r3 (right).
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Fig. 13. Seasonal precipitation change (in %) projected for the period 2051-2090 relative to
1961-2000 in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); ¢), and autumn
(SON); d) using the model outputs derived from DMI-HIRHAMS driven by ECHAMS5-r3 (left),
HadRM3 driven by HadCM3 (middle), and KNMI-RACMO?2 driven by ECHAM5-r3 (right).



Model outputs agree on a future decrease in precipitation over most of the
IP during the 21st century for spring, summer, and autumn, although no clear
signal was found for winter. All RCM simulations projected a clear decrease of
10-20% in mean precipitation for spring, summer, and autumn across most of
the IP for the period 2011-2050 relative to 1961-2000 (Fig.12). DMI-
HIRHAMS5 and KNMI-RACMO2 outputs projected similar decrease in mean
precipitation of 30-50% for spring and summer over most of the IP by the
2051-2090 period, while a decline of 20-30% was detected in autumn (Fig. 13).
HadRM3 simulations showed smaller decreases in mean precipitation of 10-
20% in spring and autumn, and around 20-30% increases in summer for the
mid-late century. No clear signal was found in mean winter precipitation from
all the RCM outputs for both time-periods (Figs. 12 and 13).

In particular, DMI-HIRHAMS5 and KNMI-RACMO2 outputs agree on an
Increase in mean winter precipitation of 5-10% in central, north, and north-
western IP, and a decrease of 10% in the south, south-eastern, and in the
Mediterranean region for the period 2011-2050 declining by between 10-20%
by the 2051-2090 period (Figs. 12 and 13, respectively). All RCM outputs
showed a decrease in mean spring precipitation of 10-20% for most of the IP
for the period 2011-2050, although HadRM3 and KNMI-RACMO2 produced
precipitation increases of 10% in some areas of the Mediterranean and south-
eastern coasts of the IP. An evident spring precipitation decrease of 20-40%
has been projected from all RCMs for the whole IP by the 2051-2090 period
being more extreme in the south and south-western areas than in the central
and in the north. DMI-HIRHAMS5 produced a clear decrease of 10-20% of
mean summer precipitation over most of the IP for the period 2011-2050, but
declining to 20-50% by the 2051-2090 period, especially in the west and south-
western area. HadRM3 showed a decline of 10-30% (2011-2050) and of 20-
60% in mean summer precipitation more evident in the north and north-western
IP than in the south-eastern and south-western areas. KNMI-RACMO?2
projected a decrease of 10-40% in summer precipitation (2011-2050) in the
west and south-western area becoming 20-70% over most IP by the 2051-2090
period. Despite this, precipitation increases were found from KNMI-RACMO2
outputs in the south-eastern area of 10-60% (2011-2050) and of 5% (2051
2090). Finally, all RCM simulations showed a clear decline in mean autumn
precipitation of 10-20% (2011-2050) and of 10-40% (2051-2090) for the
whole IP being more extreme in the southern than in the northern area.

4.4. Projected changes in mean seasonal temperature

The model outputs associated with their GCMs were also used to assess the
projected changes in mean seasonal temperature for the IP using the periods
2011-2050 (Fig. 14) and 2051-2090 (Fig. 15) relative to 1961-2000 under the
A1B climate change scenario.
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Fig. 14. Seasonal temperature change (in °C) projected for the period 2011-2050 relative to
1961-2000 in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); ¢), and autumn
(SON); d) using the model outputs derived from DMI-HIRHAMS driven by ECHAMS5-r3 (left),
HadRM3 driven by HadCM3 (middle), and KNMI-RACMO?2 driven by ECHAMS5-r3 (right).
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Fig. 15. Seasonal temperature change (in °C) projected for the period 2051-2090 relative to
1961-2000 in the IP for winter (DJF); a), spring (MAM); b), summer (JJA); ¢), and autumn
(SON); d) using the model outputs derived from DMI-HIRHAMS driven by ECHAMS5-r3 (left),
HadRM3 driven by HadCM3 (middle), and KNMI-RACMO2 driven by ECHAMS5-r3 (right).
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A clear increase in mean seasonal temperature has been projected from all
RCM simulations over the whole IP along the year for the periods 2011-2050
and 2051-2090 relative to 1961-2000 (Figs 14 and 15). The highest rates were
focused in summer and autumn in both time-periods, and the lowest rates were
found in winter and spring. DMI-HIRHAMS and KNMI-RACMO2 outputs
showed a 0.5 °C increase in mean temperatures for winter and spring using the
period 2011-2050 with higher rates of 1.5-2 °C by the 2051-2090 period for the
whole IP. Both RCMs produced an increase of 1-1.5°C in summer and of 1 °C
in autumn for the period 2011-2050, while they projected an increase of 3-5°C
in summer and of 2.5-3.5°C in autumn by the 2051-2090 period. HadRM3
simulations showed increases of 1.5°C for winter, of 1.5-2 °C for spring and
autumn, and of 2-2.5°C in summer for the period 2011-2050, while by the
2051-2090 period the increases reached 3 °C in winter, 3—4 °C in spring and
autumn, and 3.5-4.5 °C in summer.

All RCM simulations concurred in producing higher rates of change in
mean temperatures over the continental IP including the Ebro basin, the Central
System, the North and South Plateaus, and the south-western area for all
seasons, but especially in summer and autumn. Otherwise, the smallest
anomalies were found along the coastline, but especially in the north and north-
western coast. In this way, RCM simulations suggested that the continental
effect in temperatures will play a major role over the IP along the 21st century
reaching extreme temperature increases in the interior area, especially in
summer.

5. Discussion and conclusions

In this study, three regional climate models obtained from the EU-Ensembles
project have been used to assess projected changes in mean seasonal
precipitation and temperature over the whole IP under the A1B climate change
scenario for the 21st century. These RCMs were the best-performing models for
simulating precipitation and temperature for Europe according to van der Linden
and Mitchell (2009), Christensen et al., (2010), and Kjellstrom et al., (2010).

The RCM outputs driven by ERA-40 reanalysis have been compared
directly with observed MITPS to test the reliability of the simulations.
According to the measures tested in this study, KNMI-RACMO?2 is the best
RCM for simulating precipitation in the IP being consistent with the results
obtained by Simpson (2011) for UK precipitation, although some problems in
summer precipitation should be appreciated. DMI-HIRHAMS is the best
regional climate model for simulation of temperature in the IP. The RCM
comparisons with observed data are a necessary, but not sufficient condition to
test the accuracy of the models, because current climate change can modify the
original basis for a reliable simulation of past climate conditions.

18



Simulations of seasonal precipitation and temperature from the RCMs
driven by GCMs have been used to project the mean expected changes for the
periods 2011-2050 and 2051-2090 relative to 1961-2000. Large differences
have been detected between RCM outputs coupled with associated GCMs and
the observed MITPS. This produces large uncertainties in the results, and these
have to be taken into account when assessing model outputs (Blenkinsop et al.,
2007; Sheffield and Wood, 2008; Rammukainen, 2010; Mishra, 2011; IPCC,
2012). Despite, all RCM simulations are projecting a clear decrease of 10% in
mean precipitation for spring, summer, and autumn in most IP for the period
2011-2050, it is more evident in the southern than in the northern area. A
significant decrease of 20-40% in mean precipitation is expected by the
2051-2090 period for the same seasons, while no clear signal was found in
mean winter precipitation from all the RCM outputs and for both time-
periods. Model outputs have also shown an increase in mean temperatures
between 0.5-1.5°C for winter and spring for the period 2011-2050 with
higher rates of 1.5-2.5°C and 1.5-3 °C, respectively, by the 2051-2090
period. An increase of between 1-2 °C was found in summer and 1-1.5°C in
autumn for the period 2011-2050 being higher by the 2051-2090 period (3-4 °C
in summer and 2.5-3.5°C in autumn). Moreover, all RCM simulations
concurred by finding higher rates of change in mean temperatures over the
continental IP, and the smallest anomalies were found along the coastline, but
especially in the north and north-western coasts. In this way, RCM simulations
suggested that the continental effect in temperatures will be enhanced and will
play a major role in producing extreme temperature increases in the interior area,
especially in summer. These findings are consistent with the results obtained by
Gbmez-Navarro et al., (2010), Rodriguez-Puebla and Nieto, (2010), and Jerez et
al., (2012), and Jerez and Montavez (2012) for the IP along the 21st century.

The decrease in mean precipitation and the increase in mean temperature
projected from the model outputs in the IP could worse current drought
conditions for the second half of the 21st century, especially in summer.
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