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Abstract
Large temperature spatio-temporal gradients are a common feature of Mediterranean climates. The Portuguese complex 
topography and coastlines enhances such features, and in a small region large temperature gradients with high interannual 
variability is detected. In this study, the EURO-CORDEX high-resolution regional climate simulations (0.11° and 0.44° 
resolutions) are used to investigate the maximum and minimum temperature projections across the twenty-first century 
according to RCP4.5 and RCP8.5. An additional WRF simulation with even higher resolution (9 km) for RCP8.5 scenario 
is also examined. All simulations for the historical period (1971–2000) are evaluated against the available station observa-
tions and the EURO-CORDEX model results are ranked in order to build multi-model ensembles. In present climate models 
are able to reproduce the main topography/coast related temperature gradients. Although there are discernible differences 
between models, most present a cold bias. The multi-model ensembles improve the overall representation of the tempera-
ture. The ensembles project a significant increase of the maximum and minimum temperatures in all seasons and scenarios. 
Maximum increments of 8 °C in summer and autumn and between 2 and 4 °C in winter and spring are projected in RCP8.5. 
The temperature distributions for all models show a significant increase in the upper tails of the PDFs. In RCP8.5 more than 
half of the extended summer (MJJAS) has maximum temperatures exceeding the historical 90th percentile and, on average, 
60 tropical nights are projected for the end of the century, whilst there are only 7 tropical nights in the historical period. 
Conversely, the number of cold days almost disappears. The yearly average number of heat waves increases by seven to 
ninefold by 2100 and the most frequent length rises from 5 to 22 days throughout the twenty-first century. 5% of the longest 
events will last for more than one month. The amplitude is overwhelming larger, reaching values which are not observed in 
the historical period. More than half of the heat waves will be stronger than the extreme heat wave of 2003 by the end of the 
century. The future heatwaves will also enclose larger areas, approximately 100 events in the 2071–2100 period (more than 
3 per year) will cover the whole country. The RCP4.5 scenario has in general smaller magnitudes.

Keywords  Climate change · Regional climate modelling · Extreme temperatures · Heat waves · High resolution multi-
model ensembles

1  Introduction

Moist mild winters and dry warm/hot summers are a com-
mon feature which characterises the Mediterranean climate. 
The large spatio-temporal precipitation and temperature 
gradients observed in these climates render these regions 
very vulnerable to climate change, particularly in the late 
twenty-first century (Diffenbaugh and Giorgi 2012; Ales-
sandri et al. 2014). From 1880 to 2012 the global mean tem-
peratures have increased on average by 0.85 °C and the last 
30 year period was likely the warmest of the last 1400 years 
in the Northern Hemisphere (IPCC 2014), with each decade 
warmer than the preceding. In the recent decades, along with 
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the rise in the mean temperature, the extreme high tempera-
ture events have also intensified (Frich et al. 2002; Klein 
Tank et al. 2002, 2003; Alexander et al. 2006; Tebaldi et al. 
2006; Moberg et al. 2006; Della-Marta et al. 2007). From 
1880 to 2005 the intra-annual daily temperature range has 
increased by 6% in Western Europe along with a tripling 
of the frequency of hot days and doubling of the length of 
heat waves (Fischer and Schär 2010). Changes in minimum 
temperature extremes are expected to be more pronounced 
than maximum temperature extremes (Sillmann et al. 2013; 
Cattiaux et al. 2013) yet, models generally underestimate 
the temperature range and overestimate intra-seasonal vari-
ability, particularly in summer. In CMIP5 (Coupled Model 
Intercomparison Project) GCMs’ (Global Climate Models) 
future seasonal temperature changes are on average higher 
in summer. In winter the rise of the minimum temperatures 
is higher than the maximum, whereas in summer it is the 
maximum temperature which has the largest expansion. 
The reduction of the number of cold spells (days with mini-
mum temperature lower than the 10th percentile) during 
the twenty-first century occurs in the 13 GCMs analysed by 
Peings et al. (2013). All models, but one, also project less 
severe events and the intensity changes are in line with the 
mean temperature rise. Unlike the minimum temperature, 
maximum temperature extremes are enhanced far more than 
mean temperature (Meehl et al. 2007; Schär et al. 2004; Lau 
et al. 2014; Schoetter et al. 2015), i.e. the broadening of 
the pdf is also relevant for the occurrence of extreme maxi-
mum temperatures (Weisheimer and Palmer 2005; Lau et al. 
2014). However there isn’t a unanimity of this effect on the 
frequency and duration of extreme heat events (Weisheimer 
and Palmer 2005; Della-Marta et al. 2007; Lau et al. 2014). 
Heat waves, which are extreme phenomena within extreme 
heat events, are expected to last longer, be more intense and 
encompass larger areas at the end of the twenty-first century 
(Russo et al. 2014). According to Schoetter et al. (2015), 
the pdf broadening plays a smaller part than the shift of 
the median in the increase in heat wave severity, it is, how-
ever, still responsible for an amplification by a factor greater 
than 1.5 and is regional and seasonal specific, increasing the 
uncertainty associated to future projections.

At the current GCM resolutions, many processes that are 
responsible for regional to local climates are not accurately 
represented; thus, the scales where climate change will be 
mostly felt are poorly characterised. This is greatly amplified 
in areas where local thermal circulations play an important 
role, i.e. coastlines land heterogeneities and complex topog-
raphy (Frei et al. 2003; Soares et al. 2012a).

At the regional or local scale the assessment of the 
impact of climate change and the uncertainties associated 
to the climate change scenarios is usually achieved through 
an ensemble of dynamical or statistical regional climate 
downscaled projections. In recent years three multi-model 

ensemble projects have been dedicated to Europe: PRU-
DENCE (Christensen and Christensen 2007), ENSEMBLES 
(Hewitt 2005; van der Linden et al. 2009) and EURO-COR-
DEX (Giorgi et al. 2009). The latter represents the common 
European domain of the World Climate Research Program 
Coordinated Regional Downscaling Experiment (CORDEX) 
in which a large ensemble of continental scale simulations 
is performed for present and future climates based on the 
CMIP5 GCM projections. In CORDEX, all simulations were 
performed with a 0.44° horizontal resolution and, in EURO-
CORDEX an additional 0.11° resolution was also imple-
mented by some modelling groups. Three Representative 
Concentration Pathways (RCP) scenarios, RCP2.6, RCP4.5 
and RCP8.5 were considered as future greenhouse gases 
emissions scenarios, however not all modelling groups simu-
lated all of the scenarios. The less severe scenario (RCP2.6) 
assumes that the effect of the greenhouse gases will be 
equivalent to a radiative forcing increase of 2.6 W/m2 in the 
end of the twenty-first century relative to the pre-industrial 
era, associated to a peek of global emissions between 2010 
and 2020 (Moss et al. 2010; van Vuuren et al. 2011). Since 
it is the mildest scenario, it is also the least simulated. Con-
versely, RCP8.5 assumes that the emissions rise throughout 
the twenty-first century (Riahi et al. 2011) implying at its 
end a radiative forcing of 8.5 W/m2 relative to the pre-indus-
trial era. As the extreme severe scenario and since it repre-
sents the more credible forecast if no action is taken, it is 
the most simulated. In RCP4.5 emissions peak around 2040 
and its stabilisation until 2100, representing an increase of 
4.5 W/m2 in radiative forcing relative to the pre-industrial 
era. By the year 2100 the greenhouse gas concentrations will 
be greater than 650 and 1370 ppm CO2-e (Moss et al. 2010) 
and median global warming of 2.4 and 4.9 °C above the 
pre-industrial baseline is expected for RCP4.5 and RCP8.5 
respectively (Rogelj et al. 2012).

The EURO-CORDEX hindcast simulations, forced by 
ERA-Interim (Dee et al. 2011), display cold wet biases in 
most seasons over large areas of Europe, but some mod-
els exhibit warm dry biases over southern and southwest-
ern Europe (Kotlarski et al. 2014). These authors expose 
models’ ability to simulate the main seasonal characteristics 
of European climate indicating, however, that they usually 
overestimate the magnitude of the interannual temperature 
variability. A cold bias was also found by Katragkou et al. 
(2015) in their analysis of six hindcast WRF simulations 
for the EURO-CORDEX domain with different physical 
configurations. The EURO-CORDEX projections sce-
narios 2014(RCP8.5 and RCP4.5) are consistent with the 
ENSEMBLES SRES A1B results, however the higher reso-
lution provides important regional details (Jacob et al. ). 
The EURO-CORDEX scenarios show robust and significant 
changes in the annual mean temperature and the projections 
for RCP4.5 are milder than the ENSEMBLES SRES A1B, 
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while the changes in the RCP8.5 scenario are considerably 
more severe.

The expected changes in temperature extremes in the 
RCM ensembles is in line with the results from the GCM 
community, yet in some regions these are amplified. Model 
results show a larger discrepancy for the extremes than for 
the mean temperature and model spread of the forecasted 
changes is larger than natural variability (Kjellström et al. 
2007). The large changes in cold extremes are associated to 
the reduction of the areas covered by snow or ice, particu-
larly in northern Europe, whereas the soil moisture deficits 
play an important role in amplifying the warm extremes in 
southern Europe (Seneviratne et al. 2006; Jaeger and Senevi-
ratne 2011; Hirschi et al. 2011).

The extreme heat wave of the summer 2003 prompted 
an evaluation of the frequency of past and future extreme 
phenomena. Beniston (2004) found that in the most extreme 
PRUDENCE scenario, these types of heat waves would be 
more frequent by the end of the twenty-first century. Vau-
tard et al. (2015) analysed the EURO-CORDEX hindcast 
simulations ability to reproduce the summertime mean tem-
perature 90th percentile. The results show a large spread 
between simulations however, for most models, the increase 
in resolution leads to a reduction of biases particularly in the 
representation of heat waves along coastlines. Russo et al. 
(2015) proposed a new metric to evaluate the magnitude 
of heat waves and applied it to the EURO-CORDEX cli-
mate simulations. An increased probability of occurrence of 
heat waves with magnitudes, duration and extension greater 
than the 2010 heat wave is projected for the next two dec-
ades. The probability of larger (in magnitude, extension and 
duration) heat waves is greater in RCP8.5 than in RCP4.5, 
and internal variability across Europe may mask or amplify 
regional heat waves.

Climate model biases contribute to the overall uncertainty 
in the climate projections. Often bias adjustment methods 
are used to provide additional information to the local cli-
matic data however, even for current climate, the skill and 
use of bias adjustment methods is not without controversy. 
The skill is not only variable dependant but also contin-
gent on the quality of underlying predictor, region under 
analysis and temporal time-frame (Maraun 2013; Gutiér-
rez et al. 2018). In a recent assessment of bias adjustment 
methods these fragilities were particularly highlighted for 
temporal variability (Maraun et al. 2017b), ability to repre-
sent extremes (Hertig et al. 2017) and atmospheric circula-
tion processes (Soares et al. 2018). The application of such 
methods to climate change scenarios is even more question-
able (Ehret et al. 2012; Maraun et al. 2017a) since climate 
model biases are nonstationary depending on the climate 
state (Bellprat et al. 2013). Current bias adjustment tech-
nics do not incorporate physical processes in their method-
ologies and thus inconsistencies between variables develop 

and introduce another level of uncertainty in the climate 
change signal (Ho et al. 2012; Maraun 2016, 2017a). Ehret 
et al. (2012) advocates that bias reduction should be accom-
plished by the increase of model resolution to convection 
permitting scales with an ensemble of RCMs and GCMs in 
a similar methodology as the one employed in the CORDEX 
ensemble.

Recently, Soares et al. (2012b, 2017a) characterised the 
climate change signal for precipitation for Portugal, focusing 
on the end of the twenty-first century. A significant reduc-
tion in precipitation intensity is projected for spring and 
autumn as well as a significant reduction of wet days (days 
with precipitation above 1 mm). The ensuing reduction of 
soil moisture will have a significant impact on temperature 
through evapotranspiration (latent heat fluxes) anomalies 
(Seneviratne et al. 2010; Dosio 2017). A reduction of wind 
speed in winter, spring and autumn along with an increase 
of northerly flow during summer is also projected for the 
end of the twenty-first century (Cardoso et al. 2016; Soares 
et al. 2017b). Thus a decrease in the transport, from the 
Atlantic Ocean, of mild moist air during the cold seasons 
and cool moist air during the summer will exacerbate the 
effects of global temperature changes. The analysis of tem-
perature extremes for Portugal has been performed by either 
an analysis of one model and one scenario results (Miranda 
et al. 2002; Ramos et al. 2011 and; Pereira et al. 2017) or 
for mid-twenty-first century, with a multi-model ensemble 
form the ENSEMBLES A1B SRES scenario (Andrade et al. 
2014). All of the results point towards higher future mean 
temperatures and to an increase in frequency and intensity of 
heat extremes and a reduction in cold. However, no attempt 
has been made to quantify or reduce uncertainty or to ana-
lyse interannual variability. Here we quantify changes in 
maximum and minimum temperatures over Portugal for the 
end of the twenty-first century using two scenarios (RCP4.5 
and RCP8.5) based on the EURO-CORDEX simulations 
(15 at 0.11° resolution and 22 at 0.44°) as well as a high 
resolution WRF simulation (regular 9 km grid on a Lambert 
projection—~0.08o in latitude) for RCP8.5. The evolution 
of extreme heat and cold temperatures along the twenty-
first century is also focused as well as the interannual vari-
ability. In order to reduce the uncertainty associated to the 
climate change projections we propose an analysis based on 
multi-model ensembles. Firstly, the historical simulations 
(1971–2000) are carefully evaluated focusing on the models’ 
ability to represent the maximum and minimum tempera-
ture spatio-temporal characteristics and PDFs. This will be 
achieved with the use standard error statistics and distribu-
tion skill scores. Secondly, multi-model ensembles are built, 
for each variable, from the EURO-CORDEX simulations 
(8 ensembles in total per variable—maximum or minimum 
temperature). A summarized account of the simulations and 
observations along with the description of the methods is 
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given in Sect. 2. The historical simulations from the differ-
ent models and ensembles are analysed in Sect. 3. In Sect. 4 
the temperature changes for the end of the twenty-first cen-
tury are presented for the multi-model ensembles and the 
WRF simulations. The main conclusions are summarised 
in Sect. 5.

2 � Data and methods

With the purpose of quantifying the climate signal for the 
period 2071–2100 with respect to 1971–2000 which is 
already warmer than pre-industrial climate, we analyse a 
WRF high-resolution climate simulation for the CMIP5 
RCP8.5 scenario and the EURO-CORDEX RCM simula-
tions for the CMIP5 RCP8.5 and RCP4.5 scenarios.

2.1 � EURO‑CORDEX simulations

The EURO-CORDEX time periods analysed were 
1971–2000 for the historical and 2071–2100 for the future. 
Here two scenarios were used, i.e. RCP4.5 and RCP8.5. The 

common domain is displayed in Fig. 1a and an example of 
the topography at 0.11° and 0.44° is presented in Fig. 1c. 
The maximum and minimum daily temperatures at 0.11° 
and 0.44° resolution were retrieved from the ESGF1 portal 
(Earth System Grid Federation). When this analysis was ini-
tiated, 19 model datasets at 0.44° resolution and 15 at 0.11° 
resolution were available. A summary of the RCMs, their 
driving GCMs and the respective resolutions is supplied in 
Table 1. Kotlarski et al. (2014) and Katragkou et al. (2015) 
provide detailed descriptions of the different parametrisa-
tions. Regarding precipitation Prein et al. (2016) and Soares 
and Cardoso (2017d) found significant added value linked to 
the used of higher resolution within the EURO-CORDEX, 
especially for extremes. The ensemble herein used is an 
ensemble of opportunity, thus not all GCMs were used by 
individual RCMs to downscale the historical and future cli-
mate. Hence, uncertainty cannot be systematically evaluated 
due to the nonlinear interactions RCM/GCM which adds 
another layer of uncertainty (Collins et al. 2006; Déqué 

Fig. 1   a EURO-CORDEX common domain, b WRF 9 km simulation domain, c Portuguese Orography (m) according to Gtopo 30 dataset (30″ 
resolution), EURO-CORDEX RCMs topography (at 0.11° and 0.44° resolution), and d selected Portuguese stations

1  http://esg-dn1.nsc.liu.se/esgf-web-fe/live.

http://esg-dn1.nsc.liu.se/esgf-web-fe/live
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et al. 2007; Déqué 2010; Hawkins et al. 2009) Column 5 
of Table 1 provides the institute acronyms which were used 
in the figure captions. When more than one GCM is down-
scaled a number is added in order to differentiate between 
GCMs.

2.2 � WRF climate simulations

The WRF model was used to perform a set of high resolution 
climate simulations. All comprise two domains centred on 
the Iberian Peninsula (Fig. 1b) with 27 km and 9 km reso-
lutions, respectively. The higher resolution is nested in the 
27 km domain with one way nesting. Both domains share 
49 vertical levels up to 50 hPa and a high planetary bound-
ary layer discretisation (Cardoso et al. 2013). The large 
scale circulation in the 27 km domain is nudged towards 
the forcing boundary conditions with spectral nudging. Fur-
ther model set up description can be found in Soares et al. 
(2012a, 2017a) and Cardoso et al. (2013). This model set-
up was extensively validated for inland surface variables, 
namely, temperatures and precipitation in Portugal (Soares 

et al. 2012a), Iberian precipitation (Cardoso et al. 2013), and 
offshore winds in Soares et al. (2014, 2017b). Moreover, its 
results were used to investigate moisture recycling processes 
in Iberia (Rios-Entenza et al. 2014), and the coastal clouds 
diurnal cycle in western Iberia (Martins et al. 2016). Other 
examples, are the studies focused on the development of 
wildfires propagation models (Sá et al. 2017; Pinto et al. 
2016) and the characterization of the climatic cooling poten-
tial and energy savings for Iberia, using direct ventilation 
and evaporative cooling systems (Campaniço et al. 2016). 
The boundary conditions for the climate change assessment 
derive from an EC-EARTH v2.3 (Hazeleger et al. 2010) 
climate simulations for RCP8.5 scenario and encompass-
ing two periods: 1971–2000 and 2071–2100. EC-Earth is 
the ECMWF Integrated Forecast System (IFS), cycle 31r, 
with 62 vertical levels and a horizontal spectral resolution 
of T159 (~ 125 km) for the atmosphere and ~ 1° horizon-
tal resolution for the ocean. The 2-meters maximum and 
minimum daily temperatures are obtained directly from the 
WRF output.

Table 1   EURO-CORDEX regional climate models considered in the present study, along with the responsible institution, the forcing global cli-
mate model, the acronym for each model combination (RCM-GCM) and the used resolutions

Institution References Model Forcing model Acronym Resolution

Climate Limited-area Modelling Com-
munity

Rockel et al. (2008) CCLM4-8-17 ICHEC-EC-EARTH CLM1 0.11°
MOHC-HadGEM2-ES CLM2 0.11°
CNRM-CERFACS-CNRM-CM5 CLM3 0.11°
MPI-M-MPI-ESM-LR CLM4 0.11°/0.44°

Centre National de Recherches Mete-
orologiques

Colin et al. (2010) ALADIN53 CNRM-CERFACS-CNRM-CM5 CNRM 0.11°/0.44°

Danish Meteorological Institute Christensen et al. (2006) HIRHAM5 ICHEC-EC-EARTH DMI 0.11°/0.44°
Hungarian Meteorological Service Colin et al. (2010) ALADIN52 CNRM-CERFACS-CNRM-CM5 HMS 0.44°
Instituto Dom Luiz Skamarock et al. (2008) WRFV350D IDL-EC-Earth IDL 0.44°
Institut Pierre Simon Laplace and 

Institut National de l Environnement 
industriel et des RISques

Skamarock et al. (2008) WRF331F IPSL-IPSL-CM5A-MR IPSL 0.11°/0.44°

Koninklijk Nederlands
Meteorologisch Instituut

van Meijgaard et al. (2008) RACMO22E ICHEC-EC-EARTH KNMI1 0.11°/0.44°
MOHC-HadGEM2-ES KNMI2 0.11°/0.44°

Helmholtz-Zentrum Geesthacht, 
Climate Service Center, Max Planck 
Institute for Meteorology

Jacob et al. (2001) REMO2009 MPI-M-MPI-ESM-LR MPI 0.11°/0.44°

Swedish Meteorological and Hydro-
logical Institute

Samuelsson et al. (2011) RCA4 ICHEC-EC-EARTH SMHI1 0.11°/0.44°
MOHC-HadGEM2-ES SMHI2 0.11°/0.44°
CNRM-CERFACS-CNRM-CM5 SMHI3 0.11°/0.44°
MPI-M-MPI-ESM-LR SMHI4 0.11°/0.44°
IPSL-IPSL-CM5A-MR SMHI5 0.11°/0.44°
CCCma-CanESM2 SMHI6 0.44°
CSIRO-QCCCE-CSIRO-Mk3-6-0 SMHI7 0.44°
MIROC-MIROC5 SMHI8 0.44°
NCC-NorESM1-M SMHI9 0.44°
NOAA-GFDL-GFDL-ESM2M SMHI10 0.44°
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2.3 � Observations

Maximum and minimum daily temperatures, at 2 m AGL, 
were used from Instituto Português do Mar e Atmosfera 
(IPMA- Portuguese weather service). Only 42 stations with 
data from 1971 to 2000 were considered (Fig. 1d). The alti-
tude differences between the stations and the model grid points 
were mitigated through a temperature correction assuming a 
6.5 °C km−1 lapse rate. According to Zhang et al. (2009) the 
differences in the use of local lapse rates or the standard lapse 
rate in temperature corrections is very small.

2.4 � Methods

2.4.1 � Ensemble building

In order to evaluate the ability of each model to reproduce 
the historical period climate, the daily maximum and mini-
mum temperatures of each RCM were compared with IPMA’s 
42 station observations. As in Soares et al. (2017a), bias (1), 
normalized bias (2), mean absolute error (3), mean absolute 
percentage error (4), root mean square error (5), normalized 
standard deviation (6), spatial correlation (7) and Willmott-D 
score (8) (Willmott et al. 2012) were computed by merging 
time and space. The grid points considered were the nearest 
neighbours to the IPMA station.
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and m̄ represent the mean of observed and simulated values. 
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Following a similar reasoning for the Yule-Kendall, it 
becomes:

For each metric, the individual model ranks were obtained 
by dividing each value by the sum of all values from all of 
the models. In this way, the sum of the ranks for each metric 
is equal to 1. Weights were, then, constructed by either aver-
aging the ranks of all of the metrics or by multiplying the 
ranks. In the former the importance of each metric is aver-
aged while in the latter the metrics are considered as inde-
pendent of each other and a good performing model needs 
high scores in all metrics. Finally, each weight is divided by 
the sum of the weights so that the total sum of the weights 
is equal to 1. For each temperature (maximum or minimum), 
two multi-model ensembles were thus built (ENS_WM and 
ENS_WP). Additionally, another ensemble in which the 
weights are equal for all models ( 1∕

[
no. of models

]
 , ENS_F) 

was also considered.
For all of the ensembles, the ensemble temperature (max-

imum or minimum) is obtained from the ensemble of models 
through:

where Ti is the maximum or minimum temperature for 
model i, wi is the weight for model i, N is the number of 
models. The ensemble PDFs are obtained by:

The effective number of models in each ensemble can be 
assessed through (Xu et al. 2010):

Thus, for the ensembles with equal weighting Neff = N 
(ENS_F) and for non-uniform weights Neff < N (ENS_WM 
and ENS_WP). The four ensembles are subsequently evalu-
ated and ENS_F along with best performing ensemble are 
chosen to represent future climate. An assessment of the 
uncertainty in the climate change projections associated to 
the weighting is also achieved.

2.4.2 � Percentiles thresholds

The analysis of the changes in the tails of the temperature 
PDFs will be performed using percentiles to set the extreme 

(13)YKnew =

{
YK + 1 if YK < 0

1

YK+1
if YK > 0
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(15)PDF(T) =
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i=1

PDF(T)iwi

(16)
Neff =

1

∑ �
wi
�∑

wi

�2

thresholds. This minimises the impact of model biases on 
the results since each threshold is set for each grid point and 
model. This is a common approach in several studies with 
multiple models to investigate projected changes in the PDF 
tails, e.g. Meehl and Tebaldi (2004), Fischer and Schär (2010), 
Schoetter et al. (2015) and Argüeso et al. (2016). To avoid arti-
ficial discontinuities at the beginning and the end of the base 
period percentiles time series (historical), we follow Zhang’s 
et al. (2005) procedure, i.e.:

1.	 Each year under analysis was removed from the 30 year 
historical time series and its data was replaced by the 
data from the following year;

2.	 The percentiles from the preceding time series are deter-
mined, the data from year under analysis is compared 
with these thresholds and the exceedance rates are deter-
mined;

3.	 The procedure is repeated 28 times;
4.	 The percentiles for the analysis of the last year are deter-

mined by averaging the preceding 29 estimates from the 
previous steps;

5.	 The percentiles from step 4 are used for the future 
thresholds.

The percentiles are obtained for each day of the year 
centred on a 31 day window so that the percentile exceed-
ances would be consistent with the heat wave methodol-
ogy adopted by Russo et al. (2015). The heat temperature 
exceedances were obtained for an extended summer, from 
May to September (MJJAS) as current summer extremes 
are expected to occur in late spring and early autumn 
in the future. The cold exceedances refer to an extended 
winter from November to February (NDJF) since Novem-
bers’ cold extremes can already have an impact in human 
health.

2.4.3 � Heat waves

A heat wave usually refers to a consecutive number of days 
in which the temperature is excessively higher than normal 
(Perkins et al. 2012). However, several authors use differ-
ent definitions which may have significant influence on the 
assessment of the impact of climate change on this phe-
nomenon (Jacob et al. 2014). Here, we base our descrip-
tion on the World Meteorology Organisation’s definition 
(Frich et al. 2002). Heat waves are defined as periods of 
more than 5 consecutive days with maximum temperature 
above the historical period 90th percentile. The percentiles 
are computed as in the previous section. Here the magnitude 
of each individual heat wave is computed as the sum of the 
daily magnitudes of the consecutive days composing the 
heat wave. The daily magnitudes are calculated according 
to Russo et al. (2015):
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where Txd is the daily maximum temperature, P25 and P75 are 
25th and 75th percentiles, respectively, of the historical time 
series. The percentage of land area under a heat wave is the 
ratio of the number of grid points under the heat wave to the 
total number of grid points within the Portuguese borders.

3 � Results

3.1 � Assessment of the historical simulations

The ability of the RCMs historical simulations to represent 
present climate is fundamental for climate change assess-
ment studies. Fig. S1a shows the daily mean maximum 
temperatures for the 42 IPMA stations, WRF and EURO-
CORDEX 0.11 from 1971 to 2000. In the IPMA stations, 
the lowest values are associated to altitude (stations above 
1000 m) followed by the coastal areas. The influence of 
the northern topography is mostly visible in the maximum 
temperatures were larger values (21–23 °C) occur in the 
valleys, whilst the higher stations are 2 to 3 °C cooler. 
South of the Tagus River, the low rolling hills display the 
highest temperatures, particularly near the Spanish border. 
An overview of model’s representation of the maximum 
mean temperature exposes their good ability to reproduce 
the major characteristics enumerated above, yet, some 
spread between models is noticeable. The individual grid 
point biases between the local observational stations and 
simulations (WRF and the 0.11 RCMs) are presented in 
Fig. 2a. It is evident, that all models underestimate the 
maximum temperatures and the differences between model 
skills is rather visible. The WRF forced by EC-EARTH 
simulation has very similar biases to the ones encoun-
tered in Soares et al. (2012a), where the same model setup 
was forced by ERA-Interim. The higher biases are mostly 
associated to altitude or steep terrain. In the 0.11 simula-
tions, the influence of the driving GCMs is apparent in 
the similitude between the CLM (1 to 4) and SMHI (1–4). 
The MOHC-HadGEM2-ES coupled with the RCMs is 
associated to the lowest biases in all of the domain. The 
second best tie is associated to the GCM MPI-M-MPI-
ESM-LR. This is in agrement with Brands et al. (2013) 
who found that when used as boundary conditions for a 
domain encompasing EURO-CORDEX, MPI-ESM-LR 
and HadGEM2-ES are among the best of the seven ana-
lysed models and, MIROC-ESM and IPSL-CM5-MR gen-
erally perform poorer. The lower maximum temperatures 

(17)Md
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can be attributed to an overestimated meridional pressure 
gradient during winter and spring which leads to wetter 
(see Soares et al. 2017) and milder seasons. In summer, 
the Sahara and Iberian heat lows are generally too weakly 
captured implying, once again, lower maximum daily 
temperatures. In the coarser resolution (0.44) the biases 
are slightly larger than the higher resolution (Fig. 3a). In 
general, the RCMs in the 0.44 resolution are colder than 
in the 0.11. Nevertheless, the results for the RCMs forced 
by HadGEM2-ES are very similar between resolutions 
(KNMI2 and SMHI2, vide Fig. S2a). These differences 
are summarised in Fig. 4a, where box plots with biases 
from all models are depicted (these biases are computed 
for each model by pulling together all the seasonal mean 
maximum temperatures for all stations—the individual 
model biases are illustrated in the supplemental Table S1). 
For both resolutions the median bias (~-1.35 °C) and the 
third quartile (~-0.65 °C) are similar. However, the infe-
rior end of the bias distribution of 0.44 resolution is lower 
than the 0.11, which reflects the higher negative values in 
Fig. 3a. Table S1 also shows that the low biases associ-
ated to the RCMs coupled with MOHC-HadGEM2-ES is 
obtained through the compensation between positive and 
negative biases within the stations due to the high MAE. 
The similitude between the absolute bias value and MAE 
also points to a systematic negative bias which could be 
due to the negative cold bias in the forcing GCMs. This 
is not surprising since the CMIP5 multi model GCM bias 
is around − 1 °C and MAE between 0.5 and 1.5 (chapter 
nine WG1AR5, IPCC 2013) well in line with the values 
found here.

Contrary to the maximum temperature, the mean mini-
mum has a northeast to southwest gradient. The lowest mini-
mum values are once again associated to the high altitude 
stations in the northwest, while the highest are observed in 
the southwest and southern coasts (Fig. S1b). All models 
are able to depict this gradient however a larger dispersion 
in results is observable. The biases are no longer consist-
ently negative (Fig. 2b). Now the RCMs internal model 
variability are believed to have a larger influence than in 
the maximum temperature, i.e., the similitude between the 
results from RCMs forced by the same GCM is no longer 
evident. While the minimum temperatures from the CLM/
HadGEM2-ES and CLM/ MPI-ESM-LR couples (CLM2 
and CLM4 respectively) are larger than the observations 
the SMHI2 and SMHI4 are colder. Similar differences are 
found between DMI and KNMI1 and IPSL and SMHI5. The 
WRF9km minimum temperature is particularly lower than 
the observations in the southern part of the country whilst, 
the biases in the northern coast are positive. Yet, the EURO-
44 IDL simulation, which is also performed with WRF and 
EC-EARTH has lower biases. This is in line with García-
Díez (2015) who found that differences in configurations 
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lead to large spread between ensemble members. The spread 
between the model biases is reflected in the large interquar-
tile range of the 0.11 resolution (Fig. 4a). Now one-third of 
the models have positive biases and only one-third have a 
systematic negative bias inherited from the GCM (Table S2). 
In the 0.44 models half of the models have positive biases 

while the other half have negative biases. Nevertheless, the 
biases and MAE are smaller for minimum temperature than 
for maximum temperature, for both resolutions.

The spatial–temporal variability of the observations is 
mostly overestimated by the majority of the models and 
all resolutions since the normalised standard deviation is 

nimTxamT

FRWFRW

EURO-CORDEX 0.11o EURO-CORDEX 0.11o

WRF9km

CLM1 CLM2 CLM3 CLM4

KNMI1 KNMI2 CNRM MPI

SMHI1 SMHI2 SMHI3 SMHI4

DMI IPSL SMHI5

CLM1 CLM2 CLM3 CLM4

KNMI1 KNMI2 CNRM MPI

SMHI1 SMHI2 SMHI3 SMHI4

DMI IPSL SMHI5

(a) (b)

Fig. 2   a Differences of mean maximum daily temperature between 0.11 RCMs control runs (1971–2000) and station observations and b differ-
ences of mean minimum daily temperature. Note that, whenever possible, RCMs forced by identical GCM are in the same column
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greater than one (Fig. 4b). Half of the models overestimate 
this feature by more than 10%. The similarity between the 
temperatures distributions are summarised by the S score 
(Fig. 4c). The distributions have a reasonable degree of 
overlap with Ss above 80%. Only CNRM at 0.44° resolu-
tion and IPSL maximum temperature distribution have Ss 
around 77%. The similitude between the observed distribu-
tions is greater for the minimum temperature, which might 
be due to the higher systematic negative bias of the maxi-
mum temperature, however shape of the PDFs is comparable 
(Fig. S3). The differences in skewness as measured by the 

Yule-Kendall difference score highlights this feature since 
the values for maximum temperature are near zero and one 
order of magnitude smaller than the observed Yule-Kendall 
(0.1837). In the case of the minimum temperature, the mod-
els’ PDFs have more Gaussian shape than the observations, 
thus lower Yule-Kendall scores than the observations. The 
median difference between the scores, although very small, 
is of the same order of magnitude as the observations Yule-
Kendall (− 0.0513).

The ranking of each model for the individual global 
measures, for the two variables, is presented in Fig. 5. It 

EURO-CORDEX 0.44o EURO-CORDEX 0.44o

KNMI1 KNMI2 CNRM CLM4

SMHI1 SMHI2 SMHI3 SMHI4

DMI IPSL HMS MPI

IDL SMHI5 SMHI6 SMHI7

SMHI8 SMHI9 SMHI10

KNMI1 KNMI2 CNRM CLM4

SMHI1 SMHI2 SMHI3 SMHI4

DMI IPSL HMS MPI

IDL SMHI5 SMHI6 SMHI7

SMHI8 SMHI9 SMHI10

Fig. 3   As Fig. 2 but for EURO-CORDEX-44
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highlights some models consistency across different meas-
ures. For the 0.11 resolution and in the case of minimum 
temperature, CLM1 and CLM3 have the highest ranking 
in the statistics measuring deviations from the mean (bias, 
MAE, RMSE, Wilmott D), however they do not represent 
the dispersion ( �n ) and the spatial correlation as well as 
other models. Although with lower ranking, the other CLM 
simulations have similar performances. SMHI2, SMHI4 and 
IPSL also have consistent rankings across these measures. 
IPSL stands out in the analysis of the PDFs ranking first in 
the S score and in the Anderson Darling measure. On the 
other end of the spectrum, CNRM is clearly the worst per-
forming model for almost all measures. The rankings for the 
maximum temperature are significantly different from the 
latter. Now, MPI and KNMI2 are undoubtedly the best per-
forming models and IPSL is the worst. In the 0.44 resolution 
three models stand out with consistent poor results, CNRM, 
DMI and HMS. As before, IPSL is able to represent very 
well the minimum temperature (rank 2), but it is the worst 
for maximum temperature. The inverse happens with MPI, 
17th and 2rd position for minimum and maximum tempera-
tures respectively. The best model for the minimum tempera-
ture is now SMHI8 while SMHI9 is the best for maximum.

The different rankings between models for the two vari-
ables imply that if only one ensemble is constructed for both 
temperatures, it will fail to best perform for either variable. 
Thus, a separate ensemble for each variable was produced. 
Since most models have very similar performances for bias, 
MAE, RMSE and Wilmott D and they all assess similar 
characteristics, only the latter two were considered for the 
ensemble weights. The Yule-Yendall score was also dis-
regarded. Different score combinations were also investi-
gated and the weights and ranks were very similar, thus only 
RMSE, �n , Wilmott D, spatial correlation, S and Anderson 
Darling contribute to the definition of the ensemble weights. 
The weights for each ensemble are illustrated in Table 2. As 
referred earlier, two types of ensembles were constructed. 
One where the individual scores are averaged (ENS_WM) 
and another where the scores are multiplied (ENS_WP). In 
the case of the 0.44 resolution, there are different ensembles 
for each scenario, since IDL, and HMS do not have results 
for RCP4.5.

The number of effective models in each ensemble is 
illustrated in the last row of each column. The number of 
effective models in the ensembles built through the score 
averages is almost the total model number. Thus, poor 
performing models have still a reasonable input into the 
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Fig. 4   Global error measures of WRF (9 km grids) and of EURO-CORDEX RCMs Tmax/Tmin against the observational stations for the Portu-
guese mainland. The error measures are a bias (°C), b normalised standard deviation, c S (Boberg et al. 2010) and d Yule-Kendall
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ensemble limiting the ability of the ensemble to reduce 
biases. The use of the product of the scores reduces sig-
nificantly the number of effective models to between 20% 
and 30% of the number of models, and in this case the 
differences between weights can be one or two orders of 
magnitude. The same measures employed for the indi-
vidual model performance were now applied to the three 
types of ensemble in order to assess which performs better 
(Table 3). The ensemble based on the product of model 
weights is the one which obtains better results for both 
variables and resolutions. Thus, this ensemble along with 
the ensemble in which all models have equal weights will 
be used to assess the climate change signal from here 
onwards.

The seasonal mean maximum and minimum tempera-
tures for both ensembles and resolutions for the historical 
period are depicted in Fig. 6a, b, respectively. Both ensem-
bles correctly display the southwest-northeast winter and 
autumn temperature gradients as well as the north–south 
spring and summer gradients. The strength of temperature 
gradients is the major difference between them. These are 
more pronounced in the weighted ensemble. The summer 
maximum temperature for the 0.11 resolution is a good 
example, wherein the topographic effects of the mountains 
in central Portugal are more evident. In the 0.44 resolution 
the orography is smoothed and thus the topographic effects 

visible in the 0.11 are no longer observed but still a differ-
ence in the north–south gradient is clear. The full ensemble 
is generally colder in all seasons for both resolutions and for 
both variables. The WRF9km seasonal temperatures are also 
presented and further highlight the impact of topography 
on the temperature distribution. The maximum temperature 
WRF9km results are closer to the 0.11 weighted ensemble, 
however the minimum temperature negative bias masks the 
resemblance.

3.2 � Climate change assessment for Portugal

The projected temperature changes over Portugal are rather 
severe, and are analysed in the current section. The focus 
will be on the RCP8.5 scenario and, in a briefer way, on the 
main differences according to the milder RCP4.5 scenario. 
In general, the warming projections for the end of the cen-
tury show larger values for maximum than for minimum 
temperature, for both scenarios, and for yearly mean daily 
and seasonal temperatures (Figs. 7, 8, 9). In RCP8.5 and 
in agreement with the different multi-model ensembles, the 
mean daily maximum temperature is expected to increase up 
to 4.5 °C in some inland regions, and in the range between 
3 and 4 °C near the coasts. The higher resolution WRF pro-
jections are milder, reaching maximum values around 4 °C. 
The yearly mean daily minimum temperature warming is 

EURO-CORDEX 0.11o EURO-CORDEX 0.44o

Fig. 5   Maximum and minimum temperatures, EURO-CORDEX models’ ranking positions, at 0.11 and 0.44 resolutions
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expected to be between 3 and 4 °C. The four multi-model 
ensembles share the same kind of signal, where the weighted 
ensembles project smaller changes. Both maximum and 
minimum temperatures increases obey a sharp west-east 
gradient. WRF minimum temperature changes is, how-
ever, an exception. The changes pattern is mostly linked to 

orography, and milder increases of around 3 °C are expected 
in most of the territory. In the case of the RCP4.5 scenario 
all the projections show augments in the range of 1.5 °C, 
near the coast, and 2.8 °C in the eastern border regions. 
Statistical significance was investigated following Tebaldi 
et al. (2011), i.e., Student-t tests were performed for each 

Table 2   Weighs for the different ensembles. Ensembles with 011 and 0.44 refers to the RCM resolution, and WP to product and WM averaged 
scores. The number of effective models in each ensemble is illustrated in the last row of each column

0.11 ENS_WP 0.11 ENS_WM

tmin tmax tmin tmax

CLM1 0.105 0.022 0.076 0.060
CLM2 0.032 0.037 0.062 0.065
CLM3 0.104 0.011 0.075 0.056
CLM4 0.059 0.026 0.068 0.062
CNRM 0.003 0.029 0.047 0.063
DMI 0.051 0.016 0.066 0.058
IPSL 0.458 0.006 0.129 0.053
KNMI1 0.007 0.020 0.053 0.060
KNMI2 0.027 0.058 0.061 0.070
MPI1 0.019 0.592 0.059 0.129
SMHI1 0.005 0.022 0.054 0.061
SMHI2 0.036 0.068 0.065 0.072
SMHI3 0.009 0.013 0.056 0.057
SMHI4 0.076 0.050 0.071 0.069
SMHI5 0.010 0.029 0.057 0.063
Neff 4.05 2.72 13.94 14.03

0.44 ENS_WP 0.44 ENS_WM

tmin tmax tmin tmax

RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5

CLM4 4.56E−02 5.19E−02 1.82E−02 1.97E−02 0.054 0.059 0.048 0.054
CNRM 4.42E−04 6.38E−04 4.30E−03 4.65E−03 0.033 0.037 0.039 0.044
DMI 5.80E−03 6.92E−03 1.37E−02 1.48E−02 0.044 0.048 0.046 0.052
HMS 7.50E−04 – 7.10E−03 – 0.034 – 0.042 –
IDL 4.77E−02 – 6.73E−02 – 0.054 – 0.061 –
IPSL 1.91E−01 2.05E−01 3.84E−03 4.14E−03 0.077 0.084 0.039 0.044
KNMI1 6.57E−03 7.78E−03 1.94E−02 2.10E−02 0.043 0.048 0.049 0.054
KNMI2 1.59E−02 2.11E−02 5.00E−02 5.40E−02 0.047 0.052 0.058 0.065
MPI1 4.43E−03 5.02E−03 1.57E−01 1.70E−01 0.043 0.047 0.074 0.083
SMHI1 1.62E−02 1.73E−02 2.44E−02 2.64E−02 0.049 0.053 0.051 0.057
SMHI2 4.88E−02 2.64E−02 5.34E−02 5.77E−02 0.055 0.060 0.060 0.059
SMHI3 1.02E−02 1.06E−02 6.60E−03 7.13E−03 0.047 0.051 0.041 0.046
SMHI4 6.91E−02 5.67E−02 3.93E−02 4.25E−02 0.058 0.064 0.056 0.066
SMHI5 2.39E−02 7.64E−02 2.82E−02 3.04E−02 0.050 0.055 0.053 0.062
SMHI6 2.74E−02 3.16E−02 9.11E−02 9.84E−02 0.051 0.056 0.067 0.075
SMHI7 1.28E−02 1.48E−02 4.12E−02 4.45E−02 0.047 0.051 0.057 0.063
SMHI8 2.58E−01 2.86E−01 4.18E−02 4.52E−02 0.085 0.092 0.056 0.062
SMHI9 7.23E−02 7.57E−02 3.32E−01 3.59E−01 0.058 0.064 0.104 0.115
SMHI10 1.43E−01 1.58E−01 1.93E−02 2.08E−02 0.071 0.077 0.048 0.053
Neff 7.01 6.00 6.43 5.74 17.94 15.1 16.78 14.89
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individual model and grid point, and the change was con-
sidered significant if and only if 50% or more of the mod-
els show statistical significant differences and 80% agree 
in the sign of the change. All models agree on the sign of 
the change and more than 50% of the models that compose 
the ensembles have statistical significant changes at a 95% 
confidence level for all grid points. Thus, the results for all 
ensembles and scenarios show statistical significant changes 
at a 95% confidence level.

The inspection of the projected changes for the seasonal 
maximum temperatures reveal a strong seasonality. For 
the RCP8.5, the multi-model ensembles predict maximum 
temperature increases in the range of 2 and 4 °C for winter 
and spring, but for summer and autumn the changes may 
reach values from 3 °C, near the coast, up to more than 8 °C 
in large areas inland. Interesting, is the almost absence of 
annual cycle of these changes in some coastal regions, where 
the maximum temperature seasonal increases are always 
around 2–3 °C. This rather small annual cycle is linked to 
the typical northerly wind present offshore the Portuguese 
coast, that aloft is a coastal-low level jet. These winds are 
predicted to increase strongly in its frequency in the end of 
the century (Soares et al. 2017a, b, c), advecting cooler air 
from the north and counteracting the climate change local 
warming. The seasonal patterns changes are quite consistent 
from ensemble to ensemble or model, with the exception of 
the autumn when some noticeable differences are present. 
For example, the inland maximum temperatures increases 
projected by the ENS_F_0.44 are around 8 °C, by the ENS_
WP_0.44 or ENS_F_0.11 are around 4.5 °C and by WRF 
the changes are seldom above 4 °C.

In the framework of the RCP4.5 the expected changes 
obey roughly to the same logic, i.e. similar annual cycle 
and spatial patterns of changes, but much less intense: for 

winter and spring the changes are between 1 and 2 °C, and 
for summer and autumn 1.5 and 3 °C.

The projected changes for the minimum temperature 
for the end of the century, according to both the RCP4.5 
and RPC8.5 scenarios, are similar to the changes of the 
maximum temperature, but with mitigated properties: the 
changes in the annual cycle is less sharp, the coastal inland 
contrasts are smaller, the large inland warmings are also less 
intense and finally the multi-model ensembles projections 
are less consistent in summer and autumn. The inland maxi-
mum values of warming for summer are around 5.5 °C in 
the case of the two full multi-model ensembles, but around 
4.5 °C for the others. The WRF orographic signature in the 
changes pattern is rather strong, since it’s a single model and 
not a multi-model ensemble. Again, WRF projects smaller 
increases for minimum temperature than the multi-model 
ensembles, only reaching 4 °C in some localised regions.

The individual RCM temperature delta changes, com-
paring the overall warming in Portugal, (Fig. 10) are fully 
consistent in their seasonal signal; i.e. all models project 
temperature increases in all seasons. This coherency is rather 
high when looking at the delta changes given by the dif-
ferent multi-model ensembles for both variables and RCP 
scenarios. However, there is a significant model spread in 
the degree of warming. For maximum temperature, the 
multi-model ensembles project changes, in agreement to the 
RCP8.5 (RCP4.5) scenario, of ~ 3 °C (~ 1.5 °C) for winter 
and spring, and of ~ 5 °C (~ 3 °C) for autumn and summer. 
The maximum temperature model spread is nevertheless sig-
nificant, especially for summer amounting to almost 5 °C, 
i.e. the average warming is between 2 and 7 °C. For the other 
three seasons the spread ranges between 2 and 3 °C. For 
the minimum temperature, the changes are similar and as 
consistent as for the maximum, but smaller in summer and 

Table 3   Global statistical 
errors and skill scores for the 
EURO-CORDEX multi-model 
ensembles

The errors are: seasonal bias, MAE, Normalized Standard Deviation and Wilmott-D score, the yearly spa-
tial correlation and daily pdf matching skill score S

Ensemble Bias MAE Norm. standard 
deviation

Spatial cor-
relation

Wilmott-D S

Tmax ENS_F_0.44 − 1.70 1.95 1.02 0.90 0.78 85.61
ENS_WM_0.44 − 1.46 1.79 1.03 0.90 0.80 90.74
ENS_WP_0.44 − 1.26 1.57 1.02 0.89 0.82 89.33
ENS_F_0.11 − 1.45 1.67 1.10 0.94 0.81 86.34
ENS_WM_0.11 − 1.39 1.61 1.09 0.94 0.81 86.29
ENS_WP_0.11 − 0.84 1.09 1.06 0.96 0.88 90.69

Tmin ENS_F_0.44 − 0.30 1.25 1.06 0.82 0.81 93.21
ENS_WM_0.44 − 0.16 1.17 1.06 0.83 0.82 93.72
ENS_WP_0.44 0.06 1.09 1.04 0.86 0.84 94.43
ENS_F_0.11 − 0.58 1.11 1.09 0.88 0.83 90.98
ENS_WM_0.11 − 0.61 1.11 1.07 0.88 0.83 91.03
ENS_WP_0.11 − 0.36 1.08 1.05 0.87 0.84 92.60
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Fig. 6   Seasonal a maximum and b minimum temperatures of station observations, WRF9km, EURO-CORDEX 0.44 and 0.11 ensembles, for the 
historical runs (period 1971–2000)
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autumn by about 1 °C. In general, the full set of RCMs dis-
play a delta change spread for minimum temperature ranges 
from around 6 °C in summer and autumn, according to the 
RCP8.5, to 1 °C in spring for RCP4.5. The larger values of 

spread are due to a single model that projects little warming, 
otherwise the larger spreads are of ~ 3 °C.

The PDFs for maximum and minimum temperature are 
plotted in Fig. 11. The historical maximum temperature 
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Fig. 7   WRF9km, EURO-CORDEX 0.44 and 0.11 ensembles climate change signal for daily temperatures a maximum, and b minimum, (2071–
2100 minus 1971–2000). Areas with dots specify changes not statistically significant using a Student’s t-test at the 95% confidence level
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multi-model ensembles are rather coherent, presenting an 
almost Gaussian shape with mode around 14 °C. For future 
climate, the projected warming is reflected in the PDFs by a 
marked shift for higher temperatures, being the mode around 
16 °C for the RCP8.5 scenario, and more importantly by 
much higher frequencies above 30 °C. In fact, this augment 
introduces an extra non-Gaussian character to the PDF and 
can probably be attributed to an increase in sensible heat flux 
due to a reduction of soil moisture/evapotranspiration. The 
expected reduction of 10–30% in precipitation in the inter-
mediate seasons, 30–50% in summer and up to 10% in win-
ter (Soares et al. 2017a) leads to a reduction in soil moisture 

and thus a greater availability of sensible heat flux which 
heats the atmosphere. Additionally, maximum temperatures 
below 2 °C are almost non-existent and temperatures above 
40 °C are much more common. For the RCP4.5, the same 
PDF changes can be seen but in a milder manner. The WRF 
simulation is roughly in agreement with the ensembles. An 
analysis of the differences in several percentiles reveals 
an increase of 3.5–4 °C in the median and circa 2.5 °C of 
expansion of the interquartile range (not shown).

In the case of minimum temperature PDFs, the multi-
model ensembles have a consistent shape, but the WRF 
results are substantially different. As aforementioned, 
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Fig. 8   As Fig. 7a but for seasons
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WRF underpredicts present climate minimum tempera-
tures. The PDF changes for future climate, according to 
RCP8.5, are notorious. Similarly to the maximum tem-
perature, there is a pronounced shift for larger minimum 
temperature values (increase around 3–3.5  °C in the 
median). The present climate PDF asymmetry, related to 
values around 0 °C almost disappears, and, in future cli-
mate, the asymmetry is linked to an increase of frequen-
cies above 20 °C. In fact, minimum temperatures above 
this threshold are projected to be much more common 
in future climate. Unlike the maximum temperature, the 
interquartile range increases by less than 10% (~ 1 °C) and 

the changes in shape of the future PDFs can be attributed 
to changes in location (median) and shape (asymmetry), 
in accordance with Eq. 3 from Ferro et al. (2005).

3.3 � Changes in extremes

The RCP8.5 30 year mean number of days in which the 
maximum temperature exceeds the historical 90th percen-
tile is presented in Fig. 12a. The box-plots show the spatial 
distribution of the mean exceedances for 30 year overlap-
ping intervals. During the historical period (1971–2000) 
circa 15 days per year have maximum temperatures above 
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Fig. 9   As Fig. 7b but for seasons
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the 90th percentile in all ensembles and WRF9km. The 
interannual variability as measured by the standard devia-
tion (std) is however quite different (Fig. 12d). In the 0.44 
ensembles and ENS_F_0.11 the interannual variability is 
very similar across the country (std ~ 3 for ENS_F_0.44 
and 4 for ENS_WP_0.44 and ENS_F_0.11) however, for 
the ENS_WP_0.11 and WRF9km it is 8 days on average, 
which is more than half the mean exceedance days. In the 
latter results there is also a noticeable difference between 
the coastal areas (lower standard deviation) and the inland 
regions (standard deviation differences larger than 3) and 
there are years during which the maximum temperature does 
not exceed the 90th percentile (not shown). The projection 
number of exceedances increases steadily until the end of 
the twenty-first century and the differences between coastal 
and inland regions become larger. For the last 30 years of the 
twenty-first century (2071–2100), the exceedances are four 
to fivefold larger than the historical (circa 0.5 of the number 

of days in MJJAS, ~ 80 days, exceed the 90th percentile). 
The anomaly between the historical and the 2071–2100 
exceedances (Fig. 13b) displays a large west-east gradient 
highlighting the lower warming in the coastal areas and the 
opposite near the border with Spain. The west coast regions 
in the higher resolution ensembles and WRF9km show a 
remarkable lower rise in exceedances accentuating the 
importance of the resolution in the representation of local 
sea-breeze circulations. The latter are responsible for the 
transport of cooler and moisture air inland, thus mitigating 
the effects of climate change.

The surge in temperature is nonetheless associated to lim-
ited rises in interannual variability of the 0.44 ensembles 
and ENS_F_0.11 until the end of the century and a small 
increase in coastal/inland variability. In ENS_WP_0.11, 
however, large variances and contrast between coastal and 
inland regions occur in the beginning of the century but 
these decrease significantly along the century until the last 
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Fig. 10   Temperature delta values (a, b—maximum; c, d—minimum) 
averaged over Portugal for the period 2071–2100 with respect to 
1971–2000. The delta values calculated for the mean daily values in 

each season in winter (DJF, X axis) and summer (JJA, Y axis) and in 
spring (MAM, X axis) and autumn (SON, Y axis)
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two 30 year periods when the variability grows once again. 
By the end of the century the standard deviation is only ~ 15 
days, now the 90th percentile is exceeded every year in every 
region during several days. The WRF9km results are simi-
lar to the 0.11 weighted ensemble, however the interannual 
variability is larger by about 2 days and the increments are 
similar for all regions. An analysis of the extremely hot days, 
exceedances of the 97.5th percentile, reveals that although 
these were rare events in the historical period (1 day per 
year), by the end of the twenty-first century these represent 
more than half of the days when the maximum temperature 
is above the 90th percentile (not shown). In the milder sce-
nario (RCP4.5) the projections point to a slower expansion 
of the trend of the exceedances by mid-twenty-first century. 
Nonetheless, between 35 and 45 days in the extended sum-
mer will have temperatures surpassing the historical 90th 
percentile value (Fig. S4 and 13b).

Frequently very hot days are accompanied by warm 
nights, or tropical nights, which can pose a hazard to human 
health when the body is not able to recover from the diurnal 
excess of heat. Usually a tropical night occurs when the min-
imum temperature is above 20 °C. In Portugal this occurs, on 
average, during 10 nights over the extended summer in pre-
sent climate (Fig. S5). Thus the 95th minimum temperature 

percentile was used to set the exceedance threshold for these 
types of nights (Fig. 12b). Up to mid-twenty-first century the 
number of tropical nights for all ensembles is very similar 
between regions (Fig. 13c); from then onwards the differ-
ences between the coastal areas and inland become more 
substantial. By the end of the century differences of 10 to 20 
nights are projected, i.e. the coastal regions have, on average, 
10 to 20 tropical nights less than the inland areas (Figs. 12b, 
13c). The number of nights increases significantly along the 
century and, on average, 60 tropical nights are projected 
for the end of the century. Only ENS_WP_0.11 projects a 
slightly lower exceedances (50 nights on average). The inter-
annual variability during the historical period is small for all 
of the ensembles (2 to 3 nights) and similar for all regions. 
WRF9km has higher variability (5 nights on average) and 
differences between the coastal and inland areas are apparent 
(1–2 nights). The standard deviation increases up to mid-
century, reaching values of 8–10 nights, and then stabilises. 
The projections also show differences of 2–3 nights between 
the coast and inland. At the end of the century, WRF9km’s 
standard deviation doubles the EURO-CORDEX’s ensem-
ble. In the RCP4.5 the number of exceedances are half of the 
projected by RCP8.5.
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Fig. 11   EURO-CORDEX 0.44 and 0.11 ensembles and WRF9km frequency distributions, for present and future climate, of a Tmax and b Tmin
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The number of very cold nights is, here, represented by 
the 10th percentile are shown in Fig. 12c as a boxplot for 
all the grid-points and in Fig. 13d as a map. A significant 
reduction of the cold nights occurs throughout the century 
and by its end the number of cold nights is decreased to 
only 1 night per year. There are no significant differences 
between regions in the EURO-CORDEX ensembles. The 
anomalies between 2071 and 2100 and 1971–2000 time 
intervals (Fig. 13d) clearly portray the homogenous spatial 
decline in the number of exceedances in the EURO-COR-
DEX ensembles. The lower warming of the WRF9km simu-
lation is reflected in the higher exceedance number, still a 
sixfold reduction is projected in the northwestern coasts and 
a 4 to threefold reduction is projected in the southern half 
of the country and inland northeast (Fig. 13d). The small 
interannual variability is reduced even further as the century 
progresses and indicates that by the end of the century some 
years will not have extreme cold days since it is the same 
order of magnitude as the exceedances.

3.4 � Heat waves

The most frequent heat wave amplitudes for all of the 
EURO-CORDEX ensembles and WRF9km are between 9 
and 11 for all time intervals (Fig. 14). Only the results for 

the weighted ensemble for each resolution are presented 
here, since the full ensemble has very similar results. In 
the historical period, the median amplitude is between 11 
and 12 and 80% of heat waves have amplitudes smaller than 
16 (amplitude of the 2003 heat wave, Russo et al. 2015). 
As the century progresses, the amplitude pdf broadens 
(becomes more positively skewed) and more intense heat 
waves become more frequent. The frequency of its highest 
peak is reduced in half at the end of the century. Now the 
median is 17, i.e. more than half of the projected heat waves 
will be stronger than the 2003 heat wave. 80% of the events 
have amplitudes less than 32, a value that does not exist in 
the historical period of most of the models which form the 
ensembles (its probability is 0.997), nor in WRF9km. Dur-
ing the historical period 5 days heat waves are the most fre-
quent. In the 0.44 ensembles these represent between 27.5 to 
30% and 17.5 and 20% in the 0.11 ensembles. In WRF9km 
5 day heat waves occurs 35% of the time. 95% of the heat 
waves during the historical period have less than 13 days 
in the full ensembles, i.e. less than 10 days in the weighted 
0.44 ensemble and WRF9km and less than 14 days in the 
weighted 0.11 ensemble. As the century progresses these 
short heat waves disappear and the more frequent heat wave 
lasts 22 days by the end of the century. Half of the heat wave 
events in the EURO-CORDEX ensemble are projected to 
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Fig. 12   Decadal tendency in the twenty-first century of: mean tri-dec-
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CORDEX 0.44 and 0.11 RCP8.5 ensembles
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persist for more than 22 days at the end of the century. The 
5% longest heat waves prevail for more than one month to 
one and half months, i.e. 38 days in ENS_WP_0.44, 43 days 
in ENS_F_0.44, 45 days in ENS_F_0.11 and 48 days in 
ENS_WP_0.11. In WRF9km the 5 day heat waves are still 
the most frequent events in the future projections. Never-
theless 20% of the projected heat waves prevail for longer 
periods than the ones in the historical period. In WRF9km 
95% of the events last less than 28 days. The land area under 

a heat wave is resolution dependant for phenomena which 
cover small areas of the terrain (less than 25%) or for phe-
nomena which occur in most of the country (areas larger 
than 90%). For the latter and in the historical period, the 
frequency of heat waves occupying 5% or less of the area 
is between 0.3 and 0.35 in the 0.11 resolution and half of 
that in the 0.44. At the end of the century, these values are 
reduced to half of these values. In the 0.11 ensembles, 55% 
of the events occupy less than 15% of the area the historical 
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Fig. 13   WRF9km, EURO-CORDEX ENSEMBLE 0.44, and EURO-
CORDEX ENSEMBLE 0.11 end of the twenty-first century cli-
mate change signal for number of days (future—historical) with a 

Tmax > 97.5th percentile, b Tmax > 90th percentile, c Tmin > 95th 
percentile and d Tmin < 10th percentile (2071–2100 minus 1971–
2000)
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period whilst only 27% of heat waves cover this area by the 
end of the century. From this threshold (15%)onwards, as 
the area under a heat wave increase the frequency decreases 
steadily to 1% in the historical period, while it remains con-
stant, at 4%, at the end of the twenty-first century, except 
for situations in which the whole country is under a heat 
wave. The projections envisage that 7% of the heat waves 
will occur over the whole country, i.e. ~100 events in the 
2071–2100 period, which is more than 3 events per year on 
average. In the 0.44 ensembles 52% of the events have areas 
less than 25% of the domain whereas only 28% percent have 
this extent by the end of the century. The absolute number 
of heat waves which cover the whole country by the end of 
the twenty-first century is very similar to the 0.11 ensembles 

(~ 100) however this represents between 11 and 13% of the 
occurrences of the 0.44 ensembles.

The anomaly (2071–2100–1971–2000) of 30 year mean 
number of heat waves per grid point is depicted in Fig. 15a. 
Note that the average number of heat waves, lasting more 
than five days, in the historical period is approximately 1 
(0.7–0.9), thus this anomaly can be also seen as the average 
number of heat waves, minus one, of the 2071–2100 period 
(see Fig. S6). For all ensemble and scenarios the rise in the 
number of heat waves is larger near the Spanish border than 
near the coast. The average number of heat waves per year 
in the vicinity of the northwestern coast is between 4 and 5 
per year in the 0.44 resolution ensembles. As in the maxi-
mum temperature 90th percentiles exceedances, the effects 
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of the resolution is clear near the coast, since the 0.11 have 
on average one less heat wave per year. Near the border, 5 to 
6 events are projected to occur on average in all ensembles. 
The WRF9km projection is for an occurrence of 6 to seven 
heat waves per year. Since the 90th percentile projections 
of exceedances between WRF9km and ENS_WP_0.11 is 
very similar and the shape of the duration pdfs for the end 
the century is different, this might be the result of the meth-
odology. No attempt was made to consider as a unique heat 
wave the cases when two consecutive events are separated by 
just one day and the maximum temperature is only slightly 
below the 90th percentile. For RCP4.5 the increases in the 
number of heat waves is milder, but even in this scenario, 
an average of 5 heat waves are projected for the end of the 
twenty-first century.

The average length of the heat waves increases consid-
erably near the Spanish border, where these phenomena 
last 12 to 18 days longer on average in future climate. The 
areas near the coast have smaller rises of less than 6 days. 
In RCP4.5, there isn’t a marked east–west gradient, but still 
increases of 9–15 days can be expected.

4 � Conclusions

Mediterranean climates are prone to large spatio-temporal 
precipitation and temperature gradients rendering these 
regions very vulnerable to climate change, particularly by 

the end of the twenty-first century (Diffenbaugh and Giorgi 
2012; Alessandri et al. 2014). Moist mild winters and dry 
warm/hot summers are a common feature which character-
ises the Portuguese climate.

In this study, the EURO-CORDEX high resolution 
regional climate simulations (0.11° and 0.44° resolutions) 
are used to investigate the maximum and minimum tem-
perature projections for the end of the twenty-first century 
according to RCP4.5 and RCP8.5 greenhouse gases emission 
scenarios. An additional WRF simulation with even higher 
resolution (9 km) for RCP8.5 scenario is also examined. 
All simulations for the historical period (1971–2000) were 
evaluated against the available station observations.

The simulations are able to reproduce the main topog-
raphy related temperature gradients, however, there are 
discernible differences between model skills. In the case of 
maximum temperature, all models have a cold bias and some 
of this bias are clearly inherited from the forcing GCM, 
since different RCMs, forced by the same GCM, have simi-
lar bias. This is not the case for the minimum temperature 
where the internal model variability plays a stronger role and 
models forced by the same GCM have distinct bias. Positive 
or negative bias are model dependant. The spatial–temporal 
variability is overestimated for both resolutions and for the 
majority of the RCMs, nonetheless, there is a large similar-
ity between the observed and simulation distributions. The 
ranking of the models for each temperature (maximum and 
minimum) relying on the skill scores allowed the construc-
tion of multi-model ensembles. Two types score aggregation 
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Fig. 15   WRF9km, EURO-CORDEX ENSEMBLE 0.44, and EURO-CORDEX ENSEMBLE 0.11 end of the twenty-first century climate change 
signal for a average number of heat waves, b average length
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were investigated; averaging or multiplication. The latter 
produced better results and was chosen to perform future 
projections for temperatures. An ensemble in which all 
models have equal weights was also considered in order to 
assess the uncertainty associated to the ensemble construc-
tion. Both ensembles are able to correctly depict the seasonal 
temperature gradients, which are more pronounced in the 
weighted ensemble. The full ensemble is generally colder in 
all seasons for both resolutions and for both variables. The 
seasonal maximum temperatures from WRF9km are closer 
to the 0.11 weighted ensemble, however the minimum tem-
perature negative bias masks the resemblance.

The projected temperature changes over Portugal are 
rather severe and significant. In general, the warming projec-
tions for the end of the century show larger values for maxi-
mum than for minimum temperature, for both scenarios. The 
maximum temperature rise is largest in summer and autumn 
with maximum increments of 8 °C in some areas inland 
whereas in winter and spring it is between 2 and 4 °C. The 
projected changes for the minimum temperature for the end 
of the century, according to both the RCP4.5 and RPC8.5 
scenarios, are similar to the changes of the maximum tem-
perature, but with lower values. But, the multi-model ensem-
bles projections are less consistent in summer and autumn. 
The temperature delta changes for the individual RCMs 
are consistent in sign, i.e. all models project temperature 
increases in all seasons, yet there is considerable spread in 
the degree of warming projected by individual models.

The multi-model ensembles temperature PDFs are rather 
coherent within each time frame and scenario. The projected 
warming is reflected in the PDFs by a strong shift for higher 
temperatures. In the maximum temperature and for RCP8.5, 
the median increases by 3.5–4 °C and an expansion of the 
interquartile range by circa 2.5 °C is indicative of higher 
variability. More importantly, a largeincrease in frequen-
cies above 30 °C is projected. Similarly to the maximum 
temperature, there is a pronounced shift for larger minimum 
temperature by 3–3.5 °C in the median. Unlike the maxi-
mum temperature the variability is not projected to change 
significantly, the interquartile range increases by less than 
~ 1 °C. By the end of the twenty-first century, a consider-
able reduction in the lower tail of the PDF is estimated and 
conversely, a substantial enlargement of the frequencies of 
temperatures above 20 °C. The projection of the 30 year 
mean number of days in which the maximum temperature 
exceeds the historical 90th percentile number increases 
steadily until the end of the twenty-first century. For the 
last 30 years of the twenty-first century (2071–2100), the 
exceedances are four to fivefold larger than the historical 
(circa 0.5 of the number of days in MJJAS, ~ 80 days, exceed 
the 90th percentile). The anomaly between the historical and 
the 2071–2100 exceedances displays a large west-east gradi-
ent highlighting the lower warming in the coastal areas and 

the opposite near the border with Spain. The inter-annual 
variability is not uniform across ensembles. In the lower 
resolution ensembles and ENS_F_0.11 a limited rise until 
the end of the century and a small increase in coastal/inland 
variability is projected. In ENS_WP_0.11, however, a sig-
nificant reduction in the differences in variability between 
the coastal and inland areas and by the end of the century 
the 90th percentile is exceeded every year in every region 
during several days. The WRF9km results are similar to the 
0.11 weighted ensemble. Up to mid-twenty-first century the 
number of tropical nights for all ensembles is very similar 
between regions from then onwards the differences between 
the coastal areas and inland become more substantial. The 
number of nights increases significantly along the century, 
from an average of 7 to 60, and the variability increases 
moderately only until mid-century. As expected, the num-
ber of cold nights almost disappear to one night per year in 
RCP8.5.

For all ensemble and scenarios the rise in the number 
of heat waves is overwhelming and larger near the Spanish 
border than near the coast. Near the border, 5 to 6 events are 
projected to occur on average in all ensembles by the end 
of the century, when compared to less than one in present 
climate, i.e., a seven to ninefold increase. For RCP4.5 the 
increases in the number of heat waves is milder, but even in 
this scenario, an average of 5 heat waves are projected for 
the end of the twenty-first century.

The distribution of the heat waves amplitudes is projected 
to become more positively skewed and more intense heat 
waves become more frequent. By the end of the twenty-first 
century, more than half of the heat waves will be stronger 
than the 2003 extreme heat wave. Amplitudes which did not 
exist in the historical period become more common. This is 
also a consequence of the increased duration of these events, 
since the most common duration was 5 days in the historical 
period and by the end of the century it becomes 19–22 days 
(similar to the June 2003 duration). 5% of the longest events 
last for more than 1 month. The average length of the heat 
waves increases considerably near the Spanish border, where 
these phenomena last 12 to 18 days longer on average in 
future climate. The areas near the coast have smaller rises of 
less than 6 days. In RCP4.5, there isn’t a marked east–west 
gradient, but still increases of 9–15 days can be expected. 
The projections envisage that by the end of the century, 7% 
(in the 0.11 ensembles) and 11 to 13% (in the 0.44 ensem-
bles) of the heat waves will occur over the whole country, 
i.e. ~100 events in the 2071–2100 period, which is more than 
3 events per year on average.

These extreme heat events will have massive health, 
environmental and economic impacts. The 2003 heat wave 
was responsible for a 3.5% increase in mortality in Portugal 
and more than half of the projections are for heat waves 
stronger than this. It is imperative to reference that, along 
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with theses heat extremes, an extension of the dry period and 
a significant reduction of precipitation is projected (Soares 
et al. 2012b, 2017a). This will increase significantly the 
hydro-meteorological hazards, like droughts, which will 
have severe impacts in river water quality, agriculture and 
forests. An amplified risk of increased aridity and large for-
est fires is thus foreseeable.
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