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Abstract

A set of four regional climate change projections over the Iberian Peninsula has been performed. Simulations
were driven by two General Circulation Models (consisting of two versions of the same atmospheric model
coupled to two different ocean models) under two different SRES scenario. The XXI century has been
simulated following a full-transient approach with a climate version of the mesoscale model MMS5. An
Empirical Orthogonal Function analysis (EOF) is applied to the monthly mean series of daily maximum
and minimum 2-metre temperature to extract the warming signal. The first EOF is able to capture the spatial
structure of the warming. The obtained warming patterns are fairly dependent on the month, but hardly change
with the tested scenarios and GCM versions. Their shapes are related to geographical parameters, such as
distance to the sea and orography. The main differences among simulations mostly concern the temporal
evolution of the warming. The temperature trend is stronger for maximum temperatures and depends on the
scenario and the driving GCM. This asymmetry, as well as the different warming rates in summer and winter,
leads to a continentalization of the climate over the IP.

Zusammenfassung

Vier regionale Projektionen des Klimawandels im Bereich der Iberischen Halbinsel werden vorgestellt. Die
zu Grunde liegenden numerischen Simulationen wurden durch die Ergebnisse aus je zwei unterschiedlichen
globalen Zirkulationsmodellen (GCM) angetrieben, welche jeweils das identische Atmospharenmodul mit
unterschiedlichen Ozeanmodulen kombinieren. Dabei wurden fiir zwei SRES-Szenarios behandelt. Das XXI.
Jahrhundert wurde zeitabhingig mit einer klimatauglichen Version des urspriinglich mesoskaligen MM5-
Modells simuliert. Die resultierenden Zeitreihen der tdglichen Maximaltemperatur und Minimaltemperatur in
2 m Hohe wurden mit der Methode der empirischen orthogonalen Funktionen (EOF) analysiert, um das Signal
der Erwidrmung zu extrahieren. Die erste EOF gibt die rdumliche Struktur des Erwarmungsmusters wieder.
Diese Muster sind deutlich monatsabhingig, unterscheiden sich jedoch kaum fiir die beiden Szenarios und
die Versionen des antreibenden GCM. Ihre Eigenschaften hingen mit geographischen Parametern zusammen,
wie zum Beispiel dem Abstand zur Kiiste und der Orographie. Die wichtigsten Unterschiede zwischen
den Simulationen betreffen die zeitliche Entwicklung der Erwidrmung. Dieser Trend ist ausgeprigter fiir
die Maximaltemperaturen, und héngt von den Szenarios und den antreibenden GCM ab. Die zunehmenden
taglichen Differenzen in Kombination mit den unterschiedlichen Erwédrmungsraten in Sommer und Winter

bedeuten eine Kontinentalisierung des Klimas der Iberischen Halbinsel.

1 Introduction

Climate change is one of the problems of most concern,
as pointed out by the last report of the IPCC (IPCC,
2007). More specifically, the Iberian Peninsula (IP), as
part of the Mediterranean Region, has been identified as
one of the Hot-Spots of climate change (GIORGI, 2006;
DIFFENBAUGH et al., 2007).

Projections of future climate can be performed by
General Circulation Models (GCMs), whose external
forcings are based on the IPCC Special Report on Emis-
sion Scenarios (SRES) (HOUGHTON et al., 2001). These
models reproduce large-scale circulation, but their per-
formance in reproducing regional climate details is poor
due to their coarse resolution (RIND et al., 1990; VON
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STORCH, 1995). For this reason, downscaling tech-
niques are necessary in order to capture the fine scale
structure of climate change, especially in areas with
complex topography and great climatic diversity such as
the IP (FONT-TULLOT, 2000).

Several downscaling techniques exist, such as statis-
tical downscaling (WILBY et al., 1998; TRIGO and PA-
LUTIKOF, 2001; XOPLAKI et al., 2004), in which statis-
tical/empirical models link the large-scale fields with lo-
cal or regional variables, and dynamic downscaling, per-
formed by means of Regional Climate Models (RCMs)
nested to GCMs. The latter allows climate change pro-
jections at higher spatial resolution for a limited-area do-
main (GIORGI et al., 2004a,b; RAISANEN et al., 2004;
SOLMAN et al., 2008; NUNEZ et al., 2009, and many
others). The higher resolution and more complete phys-
ical representation reduce some driving GCM biases in
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the present climate and thus enhance the credibility of
future climate change projections (LIANG et al., 2008).

Climate change projections are nevertheless affected
by three sources of uncertainty: emission scenario un-
certainty, internal variability and model uncertainty. The
first is caused mostly by external-to-climate factors such
as the evolution of economy and technology. The sec-
ond is inherent to the climate system, and its importance
decreases at multidecadal time scales (HAWKINS and
SUTTON, 2009). The last source, model uncertainty, is
due to the misrepresentation in the models of some im-
portant physical processes. In regional climate change
projections, model uncertainty arises from uncertainties
in the GCM driving the simulation and from the RCM
itself (GIORGI, 2005). These uncertainties can be evalu-
ated through the spread in ensembles of equivalent sim-
ulations (DEQUE et al., 2007; JACOB et al., 2007).

In the case of the European Continent, several stud-
ies have focused on assessing the accuracy on differ-
ent RCMs in reproducing the climatology observed for a
control period (usually 1960-1990) (DEQUE et al., 2005;
JACOB et al., 2007), as well as on evaluating the spread
among climate change projections (DEQUE et al., 2007).
Many of these works lie within the context of the PRU-
DENCE and ENSEMBLES projects (5Th and 6Th EU
Framework Programme, respectively).

The most frequent approach adopted for the evalua-
tion of projected warming is the future-minus-present
method, which is based on the assumption that biases
in simulated present-day and future climates will tend to
cancel each other, and thus their difference captures the
climate change signal. Although supported by intercom-
parisons between climate models (KITTEL et al., 1998),
this approach is very sensitive to the chosen periods due
to the inherent internal variability of the climate mod-
els, especially at regional scales (RAISANEN, 2001). Al-
though computationally expensive, full transient simu-
lations minimise the internal variability uncertainty due
to the longer time series obtained.

The aim of this work is to check whether the pro-
jected warming over the IP is dependent, and to what
extent, on the SRES scenario and the GCM version driv-
ing the regional simulation. For this purpose a set of four
full transient regional climate change projections for the
XXI century has been carried out using a climate ver-
sion of the mesoscale model MM5 (FERNANDEZ et al.,
2007; MONTAVEZ et al., 2006, 2008) driven by two ver-
sions of the atmospheric model ECHAM coupled to two
different ocean models, and two SRES scenarios. The
physical configuration and domain setup is the same in
all the experiments, as a study of the uncertainty linked
to the RCM itself is not the aim of this work. In order
to capture the warming signal, an Empirical Orthogo-
nal Functions analysis is applied, following an approach
similar to ZORITA et al. (2005). This methodology, not
previously employed in RCM studies, tries to overcome
the problem linked to the internal variability of RCMs.
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The study focuses on the evolution of monthly mean se-
ries of daily maximum and minimum 2-metre tempera-
tures separately.

2 Methodology

2.1 Experiment description

The regional climate model used for the present study is
a climate version of the Fifth-generation Pennsylvania-
State University — National Center for Atmospheric Re-
search Mesoscale Model (DUDHIA, 1993; GRELL et al.,
1994; MONTAVEZ et al., 2006). Some other versions
have been widely used in other regional climate change
projections (B0OO et al., 2004; NUNEZ et al., 2009)

Figure 1 depicts the two two-way nested domains with
aresolution of 90 km and 30 km, respectively, employed
in all the simulations. The mother domain covers Europe
and the Mediterranean Sea, which has been shown to
strongly influence the climate of the eastern part of the
Iberian Peninsula (FONT-TULLOT, 2000). The second
domain covers the IP with higher resolution. 24 sigma
levels are considered in the vertical, with the top at 100
hPa. A blending area of five grid points, shown in grey
squares in Figure 1, is excluded from the analysis here-
after.

The same physical configuration is used in all sim-
ulations. It has been chosen in order to minimise the
computational cost, since none of the tested configu-
rations provides the best performance for all kinds of
synoptic events and regions (FERNANDEZ et al., 2007).
The physical options implemented are: Grell cumu-
lus parametrisation (GRELL, 1993), Simple Ice for mi-
crophysics (DUDHIA, 1989), RRTM radiation scheme
(MLAWER et al., 1997) and MRF for planetary boundary
layer (HONG and PAN, 1996). The Noah Land-Surface
model (CHEN and DUDHIA, 2001a,b) has been used, as
it simulates more accurately the climate in dry areas,
especially in summer over the southern part of the IP
(MONTAVEZ et al., 2008)

Four experiments have been carried out using two
versions of the atmospheric model ECHAM coupled
to two different ocean models (hereafter denominated
ECHO-G and ECHAMS, respectively) as boundary con-
ditions under two different SRES scenarios. Table 1
summarises the four experiments, with the GCM em-
ployed, the scenario and the period covered. It should be
noted that the only difference between the chosen sce-
narios is the Green House Gas (GHG) concentrations.

The ECHO-G model driving the EGA2 and EGB2
experiments consists of the spectral atmospheric model
ECHAM4 coupled to the ocean model HOPE-G
(LEGUTKE and VoSS, 1999). The model ECHAM4 is
used with a horizontal resolution T30 (~ 3.75° x 3.75°).
The horizontal resolution of the ocean model is approxi-
mately 2.8° x 2.8°, with a grid refinement in the tropical
regions. A flux adjustment constant in time was applied
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Figure 1: Nested domains D1 and D2 with 90 km and 30 km grid sizes, respectively, used in the simulations. The grey scale represents the
orography seen by the model and grey rectangles indicate the blending area used for both domains.

Table 1: Experiment alias, GCM used, SRES scenario and time
period covered by the four experiments.

Experiment GCM Scenario Period
EGA2 ECHO-G A2 1991-2099
EGB2 ECHO-G B2 1991-2099
E5A2 ECHAMS A2 2002-2099
E5B1 ECHAMS Bl 2002-2099

to avoid climate drift. A more detailed description of the
model can be found in (ZORITA et al., 2005) and ref-
erences herein. Boundary conditions are updated in the
boundaries of the regional model every 12 hours.

The ECHAMS model drives the ESA2 and E5B1
experiments. This consists of the atmospheric model
ECHAMS coupled to the Max Plank Institute Ocean
Model (MPI/OM) (JUNGCLAUS et al., 2006). The at-
mospheric model is used with a resolution T63 (~ 1.875°
x 1.875°), while the ocean resolution is about 1.5° x
1.5°. Boundary conditions were updated every 6 hours.

2.2 EOF analysis

In order to investigate the warming signal along the
XXI century an Empirical Orthogonal Function (EOF)
analysis was used (LORENZ, 1956; VON STORCH and
ZWIERS, 2007; HANNACHI et al., 2007). This method-
ology reduces the high dimensionality of complex phe-
nomena by decomposing a space-time field into spatial
patterns and associated time indices:

T(t,s) = %PCi(t)EOFi(s),

where N is the number of modes contained in the field,
EOF;(s) are a set of functions defined for space and
PC;(t) their temporal coefficients, usually called Prin-
cipal Components. The difference between the original
field and the first member of the summation is the resid-
ual,

Res(t,s) = T(ts) — PCy(t)EOF;(s)
- %PCi(t)EOFi(s).
=2

Therefore the analysis of the residual series has to be
performed in order to evaluate whether the EOF analysis
is able to filter out the warming signal trend.

To illustrate the methodology, the monthly series of
daily maximum 2-m temperature for July in the EGA2
experiment (Table 1) is studied herein in detail. Similar
results are produced for the rest of the months in eve-
ry experiment. Figure 2 depicts the time evolution of
the domain-averaged anomalies of maximum 2-m tem-
perature for July, the corresponding PC; and the resid-
ual. The correlation between the average 2-m tempera-
ture and the first PC is nearly one. The residual presents
no trend and its variance is much smaller. The residual,
which is dominated by EOFs (not shown), has a bipolar
structure, so the domain-averaged series is not sufficient
to test the robustness of the methodology. For this rea-
son, Figure 3 shows the complementary picture in the
spatial domain for the same data set. The correspond-
ing EOF; is shown in the bottom-left panel of Figure 4.
The original data set exhibits trends up to 1 K/decade in
some central-west areas of the IP, decreasing in ampli-
tude to the coast, while the residual trends are roughly
one order of magnitude smaller. These two facts, plus
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Table 2: Percentage of the total variance explained by the first EOF of the associated series. Information is split into variables, model runs

and months (by rows).

E5A2 E5B1 EGA2 EGB2
Month | Tmax Tmin | Tmax Tmin | Tmax 7Tmin | Tmax 7T'min
Jan 8496 84.88 | 8343 83.26 | 87.10 8585 | 80.13 76.13
Feb 84.31 83.85 | 81.76 80.60 | 85.69 87.90 | 83.07 82.51
Mar 84.41 85.71 | 76.18 7795 | 84.36 86.05 | 82.40 81.67
Apr 82.01 81.97 | 7540 73.29 | 86.69 86.60 | 82.60 82.33
May 81.58 79.03 | 7145 71.03 | 87.09 85.08 | 81.28 79.17
Jun 81.12 79.84 | 70.60 73.26 | 89.69 88.88 | 78.17 76.64
Jul 81.88 81.89 | 73.51 7579 | 89.63 90.04 | 80.67 82.10
Aug 83.41 84.88 | 7421 79.08 | 88.32 89.77 | 78.22 81.67
Sep 8498 86.16 | 78.10 8299 | 85.82 89.13 | 79.66 82.92
Oct 84.18 84.00 | 72.86 77.55 | 88.68 89.69 | 81.40 84.01
Nov 89.16 88.05 | 79.17 80.74 | 87.21 8572 | 84.79 84.95
Dec 86.03 84.95 | 84.46 8479 | 8698 84.89 | 83.40 82.67

o o~

ATIK
©w

2020 2040 2060 2080 2100

2000

Figure 2: Anomalies in the spatial averaged maximum temperature
versus PC; and the residual. The series correspond to July monthly
means for the EGA2 experiment.

the large amount of variance explained by EOF; (89 %
of the total, Table 2), imply that this pattern contains the
spatial structure of the warming pattern, as obtained by
other authors for GCMs (ZORITA et al., 2005).

3 Results

The EOF methodology presented in the previous section
was applied independently to the monthly mean series
of daily maximum and minimum 2-m temperatures for
the four experiments. Table 2 depicts the amount of
total variance explained by just the first EOF in each
scenario, variable, and month, which is greater than 70
% 1in all cases. Moreover the EOF; is able to filter out
the warming trend, and, for this reason, only the first
EOF will be studied, below-referred to as the warming
pattern.

45N |

39N

seN fi \§
oW W 3w 0 3E
e see——

0.0 01 020304 0506 07 08091.0
trend (K/dec.)

Figure 3: Trends of the monthly mean series for July for the whole
simulation period in the EGA2 experiment (grey shaded) and trends
for the corresponding residual series (white contours). Both data sets
are expressed in Kelvin per decade.

3.1 Warming patterns

Figure 4 (Figure 5) depicts the first EOF obtained for
the ESA2 experiment for maximum (minimum) temper-
atures for January, April, July and October (one repre-
sentative month per season). The rest of the months (not
shown) present an intermediate behaviour. In general,
warming patterns associated to maximum and minimum
temperatures present some similarities, although there
are important differences (discussed below).

In order to check whether the warming patterns de-
pend on the SRES scenario, the spatial correlations be-
tween warming patterns in the ESA2 and ESB1 experi-
ments for maximum and minimum temperatures in each
month have been calculated (Table 3 first and second
columns). In all cases the correlation is above 0.9. Sim-
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Figure 4: First EOF obtained from maximum 2-m temperature monthly series for the ESA2 experiment. Only one representative month per
season is presented: January (top left), April (top right), July (bottom left) and October (bottom right). Other months present an intermediate

behaviour.

Table 3: Spatial correlation coefficient for each month between the
warming patterns corresponding to different experiments. Only land
points have been considered.

E5A2 vs. E5B1 | EGA2 vs. EGB2 | E5A2 vs. EGA2

Month | Tmax T'min | 7'max T'min T'max T'min
Jan 0.98 0.99 0.94 0.97 0.79 0.88
Feb 0.98 0.98 0.94 0.91 0.82 0.83
Mar 0.95 0.93 0.96 0.97 0.85 0.81
Apr 0.99 0.97 0.96 0.94 0.89 0.80
May 0.98 0.98 0.98 0.96 0.89 0.78
Jun 0.84 0.90 0.98 0.97 0.88 0.83
Jul 0.93 0.93 0.98 0.96 0.90 0.88
Aug 0.92 0.90 0.92 0.86 0.81 0.79
Sep 0.97 0.95 0.92 0.77 0.79 0.73
Oct 0.95 0.95 0.89 0.61 0.75 0.66
Nov 0.85 0.93 0.94 0.84 0.66 0.61
Dec 0.95 0.97 0.84 0.96 0.74 0.89

ilarly, the correlations between EGA2 and EGB2 exper-
iments are shown in the third and fourth columns for
maximum and minimum warming patterns, respectively.
Again, the spatial correlation is very high, albeit there
are some months showing some differences (correlation

in October for minimum temperatures is 0.61). Hence,
the spatial warming patterns hardly change under differ-
ent SRES scenarios, and thus, given the same GCM, the
effect of changing GHG concentrations has to be sought
in the intensity of the warming, rather than in the spatial
structure of the warming patterns. Similar results have
been found by NUNEZ et al. (2009) for southern South
America using the future-minus-present method.

The question of whether the warming patterns depend
on the GCM version driving the simulation may be ex-
plored through comparing the ESA2 and EGA2 simu-
lations, corresponding to the same SRES scenario, A2.
The correlations between warming patterns associated
to these experiments are shown in Table 3 in columns 5
and 6. In this case, correlations are in general slightly
lower than in former cases, reaching 0.61 in Novem-
ber for minimum temperatures. Nevertheless, the aver-
age correlation is still around 0.8, and more than 0.85
for several months. The fact that correlation between
different GCM versions is lower than between different
SRES scenarios means than there is more resemblance
between warming patterns associated to same GCM un-
der different scenarios than to the same scenario with
different GCM. It should be emphasised that the two
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Figure 5: First EOF obtained from minimum 2-m temperature monthly series for the ESA2 experiment. Only one representative month per
season is presented: January (top left), April (top right), July (bottom left) and October (bottom right). Other months present an intermediate

behaviour.

tested GCM were implemented with two versions of the
same atmospheric model, ECHAM. This aspect will be
discussed further in the final discussion.

The shapes of the warming patterns seem to be related
with several geographical parameters, such as altitude
and distance to the sea. Figures 4 and 5 indicate a pattern
linked to the distance to the sea in the first EOF for July,
meanwhile for April they seem to be related to orogra-
phy. The annual cycle of these relationships is further
explored in Figure 6. Figure 6a depicts the correlation
between the warming pattern for each month for maxi-
mum and minimum temperature in the ESA2 experiment
and distance to the sea, defined as the minimum dis-
tance from the grid point to the sea. In summertime the
warming patterns are mostly related with the distance to
the sea, with a correlation above 0.6 for maximum and
minimum temperatures. This signal disappears and even
becomes negative in wintertime for maximum tempera-
tures, but remains significant for minimum temperatures
in the first months of winter, clearly showing the dis-
crepancies between the maximum and minimum tem-
peratures mentioned above. On the other hand, Figure
6b shows the correlation between patterns and altitude
with respect to sea level. The relationship between them

seems to be stronger in the principal mountain systems.
For this reason, only grid points above 800 metres were
taken into account in the calculations. This explicitly re-
moves the IP Central Plateau, where the orographic sig-
nal is weaker. This figure shows a complementary be-
haviour with the former: warming patterns in the colder
months are related to altitude, with correlations up to 0.5
for maximum (0.3 for minimum) temperatures in Febru-
ary, while in summer correlations are low or negative,
giving way to the influence of the distance-to-sea pat-
tern. Again the differences in the behaviour of the max-
imum and minimum patterns may be easily identified in
this figure in January and December, where the corre-
lations between maximum and minimum warming pat-
terns and the orography are 0.3 and —0.2, respectively.
Although there is no completely satisfactory expla-
nation for the physical processes governing the shape
of the warming patterns, the distance-to-sea pattern in
the warmest months may be linked with the larger ther-
mal capacity of oceans, which smoothes trends near
coast lines. As regards the orography, it has been ar-
gued (GIORGI et al., 1997) that a positive feedback be-
tween melting snow cover on summits and albedo may
be responsible for the increase of warming with altitude.
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Figure 6: Annual cycle of correlation coefficients between maxi-
mum (black boxes) and minimum (grey boxes) warming patterns
with: a) continentality, b) altitude referred to the sea level for the
E5A2 experiment.

This possibility has been ruled out over the IP by using
two different land soil models to perform the same sim-
ulation, one of which is capable to dynamically model
the snow cover while the other uses prefixed values de-
pending on the season. The resulting warming patterns
in both experiments exhibit a similar correlation with
altitude (GOMEZ-NAVARRO et al., 2009). Further re-
search should be devoted to identifying the reasons for
increased warming with altitude, which may be related
with changes in the large-scale circulation.

The asymmetry in the spatial structure of the warm-
ing patterns for maximum and minimum temperatures
may have important implications for the projected evo-
lution of the daily temperature range (DTR). In particu-
lar, zones where maximum temperatures rise more than
minimum temperatures tend to develop a higher DTR.

3.2 Temporal evolution

As stated in the previous section, the scenarios and GCM
versions driving the regional simulations tested in this
work do not strongly modify the spatial structure of the
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warming, which seems to be an inherent feature of the
regional model configuration and the chosen domains.
The effect of these factors is to modify the amplitude
of the warming trend. Figure 7 shows the first PCs of
the monthly mean of daily maximum and minimum 2-
m temperature series for the ESA2 and E5B1 experi-
ments, while Figure 8 depicts the same results for EGA2
and EGB2. Generally, the stronger the GHG forcing, the
larger the trend associated to maximum and minimum
temperatures, as is to be expected. A difference up to 2
K in the maximum 2-m temperature series exists at the
end of the XXI century for July when comparing ESA2
and E5B1 experiments, as shown in Figure 7. Similar re-
sults can be found for EGA2 and EGB2 experiments in
Figure 8.

Nevertheless, this difference between scenarios de-
pends strongly on the month, reaching just 1 K of dif-
ference in January for the ECHO-G-driven experiments,
and showing negligible difference for those driven by
ECHAMS. The internal variability plays an important
role here. Although a 31 year running mean has been
performed to the RCM data, the GCM has its own vari-
ability, which is passed to the RCM through the bound-
ary conditions. This GCM natural variability explains
why the model response in the ESB1 simulation for Jan-
uary is even greater than in the ESA2 until 2050 (top
left panel in Figure 7). In general, given a GCM, the dif-
ferences between scenarios follow an annual cycle (not
shown), in which warmer months tend to be more sen-
sitive to stronger GHG forcings. This suggests than the
model projects not only warming, but also an increased
difference between summer and winter.

Although the trends are positive in every case, except
for April in the ESB1 experiment until 2040 (top right
panel of Figure 7), which may be attributable to internal
variability of the GCM, maximum temperatures, in gen-
eral, show a more pronounced trend than the minima.
This behaviour is more noticeable in warm months, as
well as in the scenarios where GHG forcing is more in-
tense, as can be appreciated in both figures. In the EGA2
experiment the difference between maximum and min-
imum PC anomalies at the end of the XXI century is
around 1 K for July, while it is nearly 0 K for January.
Similar results, although less intense, are found in the
other experiments. These different trends imply a coher-
ent increase in the DTR in this ensemble of regional pro-
jections for the XXI century, being more intense in the
more pessimistic scenarios. This behaviour has been fur-
ther explored by JEREZ et al. (2009), who pointed to a
relationship between the intensification of the DTR and
the projected decrease of available moisture over the IP.

The increased DTR, as well as the differences between
summer and winter, would suggest a continentalization
of the climate over the IP. It should be highlighted that
the only effect of imposing different SRES scenarios and
GCMs is to modify the intensity and the moment when
these changes occur. That is, the continentalization of
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Figure 7: First PC anomalies, referred to its mean in the first 31 years, of maximum and minimum (red and blue lines, respectively) 2-
m temperatures for ESA2 (dark colours) and E5B1 (light colours) experiments. Thick lines represent a 31-year running mean. Only one
representative month per season is represented: January (top left), April (top right), July (bottom left) and October (bottom right).

the IP is a common feature of all the climate change pro-
jections discussed in this paper.

4 Discussion

The usual approach in this kind of study is to calcu-
late the differences between averages of each variable
for two periods of time, as reference (usually several
years in the past) and for the future. Instead, this work
focuses on an EOF analysis, which is able to account for
the warming signal, the first EOF capturing the temper-
ature trends along the simulated period. This methodol-
ogy, not used so far in RCM studies, tries to overcome
the problem linked to the internal variability of RCMs,
as it employ the whole transient simulation to calculate
the warming patterns.

The spatial structure of the warming patterns has a
marked annual cycle. In addition, there is an important
asymmetry between maximum and minimum 2-m tem-
peratures. Nevertheless, these patterns depend neither on
the SRES scenario nor on the GCM version used to drive
the regional simulations. They are, rather, an inherent

feature of the considered domains. It is nevertheless im-
portant to note that these conclusions could be modi-
fied if different RCM configurations or a larger set of
GCMs are employed. In particular, the two GCM em-
ployed were implemented with two versions of the at-
mospheric model ECHAM. Thus, although two differ-
ent ocean models were used in the GCM setup, they are
not completely independent. It would be interesting to
check whether these patterns remain similar under other
completely independent GCMs. Such an analysis will be
performed in future studies.

The warming patterns seem to be associated to several
geographical parameters such as distance to the sea or
altitude. The positive feedback between the melting of
snow cover on summits and albedo as being responsible
for the relationship between orography and warming has
been ruled out in previous communications (GOMEZ-
NAVARRO et al., 2009). In addition, the distance-to-sea
pattern may be related with the larger thermal capacity
of oceans. Nevertheless, there is no completely satisfac-
tory explanation of the physical mechanisms underlying
this behaviour, and further research should be devoted to
an attempt to fully understand.



Meteorol. Z., 19, 2010

J.J. Gomez-Navarro et al.: Warming patterns over the Iberian Peninsula

283

ATIK

AT/K

L 1 1

2000 2020

2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
Tmax A2 ——  Tmin A2 ———
TmaxB2 —— TminB2 ——

Figure 8: First PC anomalies, referred to its mean in the first 31 years, of maximum and minimum (red and blue lines, respectively) 2-m
temperatures for EGA2 (dark colours) and EGB2 (light colours) experiments. Thick lines represent a 31-year running mean. Only one
representative month per season is represented: January (top left), April (top right), July (bottom left) and October (bottom right).

Maximum temperature trends are more pronounced
than minimum ones. These differences also depend on
the month, being stronger in summer. This asymmetry
yields a continentalization of the climate over the IP for
the projected period. One important result is that these
projections are consistent in all the scenarios studied.
The effect of changing the forcing conditions (i.e. the
GHG concentrations) is to modulate the global trends
over the IP, not to modify the spatial structure of the pro-
jected warming or the continentalization of the climate.

Internal variability plays an important role in the
simulations, adding an important uncertainty factor to
the results. Trying to overcome this problem, long full-
transient simulations have been performed, and tempo-
ral series have been filtered out by means of a 31 year
running mean. Nevertheless, the internal variability of
the GCM is passed through the boundaries to the RCM,
leading to some unexpected results, like the cooling
trends seen in several months in the the ESB1 simula-
tion. The internal variability problem can be faced by
downscaling a larger set of GCM runs. For this reason,
and due to the similarities between the two GCMs em-
ployed in this study, in future works a more complete set

of simulations will be performed, using completely in-
dependent GCMs and different SRES scenarios in order
to reinforce the present results.

It should be highlighted that the aforementioned re-
sults depend on the fact that the physics and the configu-
ration of the domain are equal in all simulations. Further
simulations should be performed modifying these fac-
tors. Such sensitivity studies would be helpful for assess-
ing the uncertainties linked to the dynamic downscaling
process itself. Analogously, different RCMs could be
employed for checking differences and similarities be-
tween models. On the other hand, it would also be inter-
esting to check whether the patterns found are present in
the pre-industrial climate, as obtained by other authors
in GCM experiments (ZORITA et al., 2005).
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