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Projections of climate change impacts over Europe are derived using a new
quantile–quantile adjustment method. E-OBS high-resolution gridded data sets of
daily observed precipitation and 2-m surface minimum and maximum temperatures
have been used as the current climate baseline. For projections, the same meteoro-
logical variables have been obtained from a set of regional climate models (RCMs)
integrated in the EURO-CORDEX project, and by considering the RCP4.5 and
RCP8.5 future emissions scenarios. To enhance the reliability of RCM data at local
scale, new developments of a previous quantile–quantile adjustment have been
applied to the simulated regional scenarios. This method focuses not only on the
bulk spectrum of the cumulative distribution functions but also on its tails. Results
show an overall improvement in reproducing the present climate baseline when
using calibrated series instead of raw RCM outputs. Next, we have used these
locally adjusted series to quantify the climate change signal through a number of
annual and seasonal indicators. A significant increase of the minimum and maxi-
mum temperatures in all seasons is projected over Europe, being more marked in
the Mediterranean for summer and autumn. Prospects on future seasonal and
annual changes in precipitation are more diverse, showing an overall decrease in
southern Europe and the Mediterranean, while precipitation is expected to increase
towards the north of the continent. With these sources of information at hand,
including and accounting for the identification of the most vulnerable geographical
areas, policy makers and stakeholders can respond more effectively to the future
challenges imposed by climate change.
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1 | INTRODUCTION

Climate change is one of the major challenges faced by
our societies owing to the potential implications on health,
environment and economy, among other sectors. Observa-
tions show that global mean surface air temperatures over
land and oceans have notably increased over the last
100 years. In fact, 1983–2012 was likely the warmest
30-year period of the last 1,400 years in the Northern
Hemisphere (Stocker et al., 2013). The average global

temperature increased by 0.85 �C from 1880 to 2012.
Associated with this global warming, a redistribution of
rainfall and other atmospheric variables (e.g., pressure,
cloudiness, wind) has been observed with even higher spa-
tial variability than for temperature. Europe emerges as an
especially responsive area to this temperature rise, particu-
larly during the warm season (Giorgi, 2006). Furthermore,
projections indicate that it is very likely that temperatures
will continue to increase throughout the 21st century over
all of Europe and the Mediterranean region, while
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precipitation will be more variable across subregions and
seasons (Stocker et al., 2013).

In terms of future projections, atmosphere–ocean general
circulation models (GCMs) have been widely used to study
global and continental changes. GCM simulations have been
run under a wide range of scenarios for greenhouse gas
emissions and aerosols (representative concentration path-
ways [RCPs] scenarios) (Moss et al., 2008). These scenarios
describe plausible evolutions of the emissions depending on
socioeconomic development and climate policy (Amengual
et al., 2012). Even though these models are adequate to pro-
vide future global climate scenarios, their current resolution
is not suitable to deal directly with local climates and
extreme phenomena. In addition, they poorly incorporate
local effects associated with complex topography and are
unable to explicitly resolve some of the responsible atmo-
spheric circulations. Therefore, different downscaling tech-
niques are applied on GCM’s outputs in order to obtain
reliable climate change information at regional to local
scales. Dynamical downscaling using a regional climate
model (RCM) is an example of such a technique.

RCMs (Giorgi and Mearns, 1999; Wang et al., 2004) are
widely used tools for providing regional climate information
over limited areas. In the last decade, there has been a rapid
growth in the availability and reliability of RCM simulations
for Europe, thanks to projects such as PRUDENCE
(Christensen and Christensen, 2007), ENSEMBLES (Van
der Linden and Mitchell, 2009), STARDEX (Goodess et al.,
2012), and more recently, CORDEX (Giorgi et al., 2009).
However, since RCM outputs suffer from systematic errors
(simple parameterizations, still too coarse spatial resolution,
etc.) it is advisable to correct them to obtain meaningful
results on the simulated properties of the climate system
(Štěpánek et al., 2016). The issue is aggravated when daily
data and extreme values are analysed, since incorrect statisti-
cal distributions simulated by a model for a given meteoro-
logical variable may lead to wrong conclusions. Although
RCMs often improve the performance of GCMs at regional
scales, their used spatial resolutions still remain inadequate
to address uncertainties emerging from different sources
(e.g., local topographic forcing, sea–land transition along
complex coasts, urban effects, etc.). We present an improve-
ment upon the statistical correction method of (Amengual
et al., 2012) that conducts a quantile–quantile (Q–Q) adjust-
ment of climate model outputs. The improved method is
applied to several projections of temperature and precipita-
tion by EURO-CORDEX RCMs to better assess climate
change impacts over Europe.

As a successor of past projects like ENSEMBLES and
PRUDENCE, the CORDEX (Coordinated Regional Climate
Downscaling Experiment) initiative (Giorgi et al., 2009)
aims to supply an internationally coordinated framework to
compare, enhance and standardize regional climate down-
scaling methods, covering both dynamical and empirical–

statistical approaches (Kotlarski et al., 2014). EURO-COR-
DEX, the European contribution to the CORDEX initiative
(Jacob et al., 2014), produces regional climate scenarios for
Europe at grid resolutions of about 12 and 50 km, which are
based on different RCPs (Moss et al., 2008). These scenarios
take radiative forcing (W/m2) as the characteristic driving
variable, instead of the concentration of the equivalent CO2

(ppm) (Štěpánek et al., 2016). The present work focuses on
the RCP4.5 and RCP8.5 scenarios since they represent an
intermediate stabilization pathway and the more pessimistic
pathway of greenhouse emissions, respectively. Emissions
in RCP4.5 are expected to reach the maximum around 2040,
and then decline, while in RCP8.5, emissions continue to
increase throughout the 21st century (Meinshausen
et al., 2011).

The structure of the paper is as follows: section 2
describes the observations and simulations databases, and
the proposed empirical correction method along with the
new improvements and validation test of the technique;
section 3 discusses the projected annual and seasonal mean
changes for the parameters of interest; finally, section 4 sum-
marizes the main results and conclusions, offering some
additional remarks for future work.

2 | DATABASE AND METHODS

2.1 | Input data

The observational references used in this study were
obtained from the E-OBS data set (Haylock et al., 2008) that
was developed within the EU-funded Project ENSEMBLES.
It is known for its extensive use in regional climate model
evaluation, among many other applications (Herrera et al.,
2016). E-OBS covers the entire European land surface and is
based on the European Climate Assessment and Dataset sta-
tion data set (ECA&D) with more than 2,000 stations from
different sources (Kotlarski et al., 2014). The observational
database has four different resolutions: here we use the high-
est available in E-OBS (0.22�), which corresponds to a hori-
zontal resolution of about 25 km and uses the same grid
rotation as most of the ENSEMBLES and EURO-CORDEX
simulations. According to recent studies, E-OBS tends to
underestimate mean precipitation in some regions of Europe
(e.g., south of Spain, the Alpine region), specially during
summer and winter (Kotlarski et al., 2017). Therefore, RCM
simulations calibrated using the E-OBS database as refer-
ence climate would also underestimate the future mean pre-
cipitation in these regions, but the general pattern of changes
should not be significantly affected.

In order to build our method to assess future climate
change, present-climate reference data consisting of daily
series of 2-m minimum and maximum temperatures and
accumulated daily precipitation for the 1981–2005 period
(25 years) have been used. Additionally, the same kind of
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data for the past period 1956–1980 was handled for the vali-
dation task of section 2.3.

Regarding the future projections, we use the regional
simulations available from the EURO-CORDEX project
(http://www.euro-cordex.net). A set of 14 RCM simulations
of daily series of 2-m minimum and maximum temperatures
and accumulated precipitation has been obtained (Table 1).
In total, we count on five RCMs at grid resolutions of about
12 km driven by different GCMs under the future scenarios
RCP4.5 and RCP8.5. All simulations cover the 1950–2100
period. From this, 1981–2005 has been selected as the pre-
sent period so as to apply the quantile–quantile adjustment.
The 2005–2100 interval is used to assess climate change
impacts. This future period has been divided in three succes-
sive 25-year time slices, from 2021 to 2095, in order to ana-
lyse the climate change signal in section 3.

2.2 | Quantile–quantile adjustment method

There are several procedures to correct RCM projections,
taking local forcings into consideration. Two simple correc-
tions are based on (a) adding the climatological difference
between the future and control climate scenario simulations
to an observed baseline (the “delta-change” method) and
(b) removing the bias from future simulations by applying
the climatological difference between the observed and con-
trol data (the un-biasing method; Déqué, 2007). There are
two important assumptions associated with these techniques;
in the former approach, the variability in the climate scenario
remains unchanged, and in the latter proposal, RCM vari-
ability is considered perfect (Amengual et al., 2012).

Adjustments of the whole climatic distribution through
quantile-mapping techniques have been widely used as they
allow to adjust not only the mean and variance but also any
quantile of the variable of interest. Therefore, several

methods have been proposed (e.g., Reichle and Koster,
2004; Wood et al., 2004; Boé et al., 2007; Déqué, 2007;
Dobler and Ahrens, 2008; Piani et al., 2010; Johnson and
Sharma, 2012; Suh et al., 2012; Teutschbein and Seibert,
2012; Themeßl et al., 2012; Ahmed et al., 2013; Tramblay
et al., 2013; Cannon et al., 2015; Vrac et al., 2016; Ivanov
and Kotlarski, 2017). The quantile–quantile correction meth-
odology has three main limitations to be considered (Boé
et al., 2007): the temporal autocorrelation properties of the
series are not corrected (e.g., wet spells in the RCM may still
exist after the correction); second, each variable is corrected
independently, whereas for instance, bias in precipitation
might not be independent of bias in temperature; finally, cli-
mate model outputs have a strong spatial autocorrelation
which may be biased. Recent studies deal with the character-
ization of the above limitations (Maraun et al., 2017), while
other authors address the need for methods adjusting not
only the marginal distributions of the climate simulations but
also their multivariate dependence structures (e.g., Ivanov
et al., 2018; Vrac, 2018).

Within this context, we devise a modified version of the
statistical method presented by Amengual et al. (2012), spe-
cifically focused to ameliorate the extremes of the distribu-
tion. This method is founded on a nonparametric function
that amends mean, variability, and shape errors in the simu-
lated cumulative distribution functions (CDFs) of the cli-
matic variables.

It can be expressed as the following relationship between
the ith ranked value pi (projected or future calibrated), oi
(control observed or baseline), sfi (raw future simulated), and
sci (raw control simulated), of the corresponding CDFs
(Figure 1),

pi = oi + α�Δ+ βΔ
0
i, ð1Þ

where

Δi = sfi − sci, ð2Þ

�Δ=
PN

i=1Δi

N
=

PN
i=1 sfi − sci

� �

N
= �Sf − �Sc, ð3Þ

Δ
0
i =Δi − �Δ, ð4Þ

α=

PN
i=1oi

� �
=N

PN
i=1sci

� �
=N

=
�O
�Sc
, ð5Þ

β=
σO
σSc

: ð6Þ

The σO and σSc in Equation 6 are the interquartile
ranges of the observed and raw control simulated data,
respectively, that is, the parametric difference between
75th (P75) and 25th (P25) percentiles for temperatures.
However, for precipitation we used the 90th (P90) and
10th (P10) percentiles due to the highly asymmetrical
gamma-type distribution of the variable, with a high

TABLE 1 List of RCM experiments performed within the
EURO-CORDEX project for the 1950–2100 period. Note that all models
have a spatial resolution of 12 km and have been run under the RCP4.5 and
RCP8.5 future scenarios

Institute Driving GCM RCM

CNRM CNRM-CM5-LR ALADIN53

CLMcom CNRM-CM5-LR CCLM4-8-17

CLMcom EC-EARTH CCLM4-8-17

CLMcom HadGEM2-ES CCLM4-8-17

CLMcom CNRM-CM5-LR CCLM4-8-17

DMI EC-EARTH HIRHAM5

DMI NorESM1-M HIRHAM5

KNMI EC-EARTH RACMO22E

KNMI EC-EARTH RACMO22E

SMHI CNRM-CM5-LR RCA4

SMHI EC-EARTH RCA4

SMHI HasGEM2-ES RCA4

SMHI MPI-ESM-LR RCA4

SMHI IPSL-CM5A-MR RCA4
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proportion of non-rainy days. In the equations, Δi is the
difference between future and control raw ith quantiles
(Figure 1). Accordingly, it can be written as the sum of

the mean regime shift (�Δ) plus the corresponding deviation
Δ0

i from this shift (Equations 2–4).
The variation in the mean state �Δ is modulated by α (the

scale factor), while β (the form factor) calibrates the change
in variability and shape expressed by Δ0

i. The α and β

parameters are used to reconcile the RCM in the control
period with the observed climate: a parameter value greater
(smaller) than 1 would act to inflate (deflate) an otherwise
too low (high) contribution to the change of the correspond-
ing climate attribute. The form factor is used for all variables
(minimum temperature, maximum temperature, and precipi-
tation) while the scale factor is not applied for temperatures
(i.e., α = 1). This means that changes in the modelled tem-
peratures mean states are counted in absolute terms (�Δ),
while for the precipitation, relative changes are employed
instead, as widely applied in the climate literature (see
Amengual et al., 2012, appendix).

This previous method, hereinafter the global calibration
approach, has been slightly adapted to focus not only on the
gross features of the distributions (as described by σO and
σSc in Equation 6) but on all ranges of values, including the
tails of the distributions. Specifically, β that determines the
adjustment of variability and shape of the distribution has
been modified to acquire a local character (βi). The new
method is labelled as local calibration since now the form

FIGURE 1 Graphical sketch of the Q–Q adjustment. The CDFs of the
mean temperatures are shown for the observed control (OBS 1981–2005),
raw control (RCM 1981–2005), and future simulated (RCM 2071–95) and
calibrated or projected (PRJ 2071–2095) data. The statistical correction is
illustrated between the 25-year past (1981–2005) and future (2071–2095)
periods. Vertical lines denote mean values for raw control ( �Sc) and future
( �Sf ) simulated periods [Colour figure can be viewed at
wileyonlinelibrary.com]

[0,9]
(9,18]
(18,27]
(27,36]
(36,45]
(45,54]
(54,63]
(63,72]
(72,81]
(81,90]

PSS(%)

[0,9]
(9,18]
(18,27]
(27,36]
(36,45]
(45,54]
(54,63]
(63,72]
(72,81]
(81,90]

PSS(%)

[−10,−8]
(−8,−6]
(−6,−4]
(−4,−2]
(−2,0]
(0,2]
(2,4]
(4,6]
(6,8]
(8,10]

PSS(%)

(a) (b)

(c)

FIGURE 2 PSS (%, model’s ensemble mean) under fifth percentile for minimum temperature in winter between (a) the raw and observed PDFs and (b) the
global calibrated and observed PDFs. (c) Difference between the PSS (%, model’s ensemble mean) of local-observed PDFs and global-observed PDFs [Colour
figure can be viewed at wileyonlinelibrary.com]
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factor changes in every part of the distribution, rather than
being a constant extracted from the general spectrum of the

CDF. In the following expression, o
0
i and s

0
ci are the paramet-

ric differences between the observed ith quantile and its
mean ( �O), and the simulated ith quantile and its mean ( �Sc),
respectively,

βi =
o
0
i

s0ci
=

oi − �O
sci − �Sc

: ð7Þ

Additionally, the probability of precipitation in the simu-
lations would be unrealistic since RCMs tend to overesti-
mate the number of days with trace values, but also to
underestimate the number of non-rainy days. To overcome
this problem, a further restriction is imposed when applying
the Q–Q correction to daily precipitation: the ratio of non-
rainy days between future and control simulated raw data is
imposed for the calibrated versus observed series, that is,

nzp =
nzsf
nzsc

nzo, ð8Þ

where nzp, nzo, nzsc , and nzsf are the number of zero-
precipitation in the projected, observed, simulated control,
and simulated future series, respectively.

2.3 | Validation of the local quantile–quantile
adjustment technique

A validation of the new local Q–Q adjustment has been car-
ried out so as to test the benefits of the statistical approach to
enhance the representativity of the RCM data at local scale.
The Q–Q adjustment consists of calculating the changes,
quantile by quantile, in the CDFs of daily RCM outputs
between a 25-year control period and successive 25-year
future time slices (Figure 1). These changes are rescaled on
the basis of the observed CDF for the same control period,
and then added, quantile by quantile, to these observations
to obtain new calibrated future CDFs that convey the climate
change signal. Periods of 25-year have been chosen owing
to the temporal limitation of the observed database
(50 year): we have divided the daily series into an early

TABLE 2 Multi-model mean areal average PSS (%) for the 1956–1980 raw, global, and local calibrated PDFs for the indicated atmospheric parameters
(largest value emphasized in bold). Also shown the standard deviation between models. Note that summer results for precipitation are not considered since
this season is fully dry in many zones of the domain

Precipitation (mm) Annual Winter Spring Summer Autumn

Whole PDF Raw 86.5 ± 3.0 84.6 ± 4.5 81.9 ± 5.7 78.2 ± 5.2

Global 85.8 ± 2.7 81.8 ± 3.8 79.3 ± 4.1 79.0 ± 4.5

Local 85.7 ± 2.4 81.7 ± 3.8 79.2 ± 4.0 79.0 ± 4.4

Over P95 Raw 75.2 ± 9.1 66.3 ± 12.6 68.1 ± 11.0 72.2 ± 10.2

Global 83.2 ± 5.1 74.2 ± 8.8 75.4 ± 9.6 75.2 ± 9.3

Local 84.1 ± 3.8 75.1 ± 7.9 76.6 ± 7.4 77.1 ± 7.3

Over P99 Raw 62.0 ± 15.5 51.1 ± 16.8 50.3 ± 15.6 55.4 ± 15.6

Global 71.3 ± 8.7 57.6 ± 15.6 58.4 ± 16.2 57.2 ± 16.2

Local 73.4 ± 9.0 58.6 ± 14.7 60.1 ± 14.1 59.8 ± 14.2

Min. temperature (�C) Annual Winter Spring Summer Autumn

Whole PDF Raw 83.3 ± 8.1 78.2 ± 14.5 78.8 ± 12.2 75.1 ± 7.3 83.6 ± 8.5

Global 93.6 ± 2.0 86.8 ± 11.2 89.8 ± 3.3 91.3 ± 3.4 91.5 ± 2.4

Local 93.6 ± 1.9 86.8 ± 11.2 89.8 ± 3.2 91.4 ± 3.3 91.4 ± 2.5

Under P5 Raw 60.9 ± 19.7 49.5 ± 22.9 52.0 ± 22.4 36 ± 27.9 57.2 ± 18.8

Global 75.9 ± 10.1 62.4 ± 18.6 64.8 ± 15.7 71.2 ± 14.1 68.5 ± 12.3

Local 76.5 ± 9.6 63.6 ± 17.0 65.0 ± 15.2 71.2 ± 14.0 68.0 ± 12.6

Over P95 Raw 46.1 ± 26.4 47.2 ± 26.3 43.4 ± 28.0 35.4 ± 26.9 50.4 ± 23.7

Global 77.1 ± 9.8 64.8 ± 22.7 70.3 ± 13.5 65.8 ± 14.7 71.4 ± 12.6

Local 77.5 ± 9.6 65.7 ± 21.0 71.0 ± 12.7 66.8 ± 14.1 72.0 ± 12.1

Max. temperature (�C) Annual Winter Spring Summer Autumn

Whole PDF Raw 85.1 ± 5.8 76.9 ± 15.4 81.0 ± 9.0 75.5 ± 15.3 85.9 ± 5.6

Global 94.4 ± 1.7 85.5 ± 14.7 91.2 ± 3.0 90.9 ± 3.3 91.9 ± 2.6

Local 94.5 ± 1.7 85.6 ± 14.6 91.2 ± 3.0 90.9 ± 3.3 91.8 ± 2.5

Under P5 Raw 62.5 ± 15.4 51.8 ± 19.6 49.9 ± 21.2 44.8 ± 23.7 53.2 ± 16.7

Global 77.3 ± 9.3 62.8 ± 17.7 62.8 ± 17.3 71.7 ± 13.2 66.1 ± 13.2

Local 77.9 ± 8.8 64.1 ± 16.3 64.6 ± 15.4 71.9 ± 13.0 66.4 ± 13.0

Over P95 Raw 44.4 ± 22.3 38.0 ± 23.5 39.7 ± 23.0 33.5 ± 23.3 51.2 ± 21.9

Global 76.9 ± 9.9 63.3 ± 23.7 69.1 ± 13.0 65.6 ± 15.5 70.6 ± 13.4

Local 77.4 ± 9.8 63.5 ± 23.5 69.6 ± 12.6 66.6 ± 14.9 71.4 ± 12.7
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period for the validation purposes (1956–1980) and a later
interval for the calibration task (1981–2005; control or
baseline).

For the validation process, we first evaluated the perfor-
mance of the multi-model for the above 25-year period
(1956–1980) by comparing the raw and calibrated data per-
centiles against the observations. A second validation of the
technique was performed, this time for a period of 25 alter-
nate years from 1956 to 2004, with the goal to mitigate the
effects of the climate change signal, already present through-
out the historical study period. In this study, we are inter-
ested in analysing not only the annual changes in mean
regimes but also the seasonal shifts, which may present sin-
gular behaviours in particular zones compared to annual ten-
dencies. For this purpose, the statistical correction approach
was carried out seasonally and subsequently an aggregation
was made to analyse the results at annual scale.

The method followed to achieve the validation task con-
sists of evaluating the Perkins skill score (PSS; Perkins
et al., 2007), a very simple but rather useful measure of the
overlap between two probability density functions (PDFs).
This measure of the common area between two PDFs,

provides a skill score that will equal 1 when the modelled
and observed PDFs are identical and 0 when there is not
overlap at all. We analyse for the validation periods (contin-
uous years and alternate years) the PSS between the raw and
observed PDFs, as well as the PSS between the calibrated
and observed PDFs.

Figure 2 shows an example of the ensemble mean PSS
under the fifth percentile for the minimum temperature in
winter and for the period of 25 alternate years from 1956 to
2004. There is an overall enhancement in the similarity
between the models and the observations when we use the
calibrated versus the uncalibrated data. The PSS spatial
mean reveals a 50.2% overlap between the observed and raw
simulated PDFs, with the highest values of PSS in the cen-
tral part of Europe (Figure 2a). The PSS is significantly bet-
ter if the calibrated (global method) and observed PDFs are
compared (67.2%; Figure 2b) and slightly higher (68.3%) if
the local method is used (Figure 2c). Note how the PSS
notably increases in some regions (northern countries and
Turkey) when the Q–Q adjustment is performed, although
some deterioration can be also produced by the calibration in
limited areas (e.g., northern France). Therefore, we expect

TABLE 3 As in Table 2, but for alternate years 1956–2005

Precipitation (mm) Annual Winter Spring Summer Autumn

Whole PDF Raw 86.4 ± 4 24.1 ± 4.5 80.8 ± 6.2 78.5 ± 5.3

Global 86.5 ± 3.2 82.5 ± 3.2 79.2 ± 4.7 79.0 ± 4.6

Local 86.5 ± 2.0 82.2 ± 3.4 79.1 ± 3.0 79.0 ± 4.2

Over P95 Raw 75.4 ± 9.1 67.9 ± 12.1 67.5 ± 11.1 71.9 ± 10.0

Global 78.8 ± 5.1 78.2 ± 7.8 76.2 ± 9.1 75.6 ± 9.6

Local 86.0 ± 3.2 78.9 ± 7.0 77.4 ± 7.1 77.3 ± 7.1

Over P99 Raw 62.5 ± 12.7 51.8 ± 16.4 50.0 ± 15.1 55.6 ± 15.1

Global 68.5 ± 10.0 60.9 ± 14.8 58.8 ± 15.8 58.7 ± 16.1

Local 76.0 ± 7.4 61.9 ± 13.8 60.5 ± 14.0 60.9 ± 14.1

Min. temperature (�C) Annual Winter Spring Summer Autumn

Whole PDF Raw 83.7 ± 8.0 80.4 ± 11.0 79.7 ± 11.9 75.7 ± 15.0 83.9 ± 8.1

Global 95.0 ± 1.5 90.8 ± 3.2 91.1 ± 2.6 93.1 ± 2.4 91.7 ± 2.8

Local 95.1 ± 1.5 91.0 ± 3.0 91.0 ± 2.6 93.0 ± 2.4 91.7 ± 2.7

Under P5 Raw 61.4 ± 19.7 50.2 ± 21.5 50.5 ± 23.0 35.7 ± 27.8 56.5 ± 19.5

Global 82.4 ± 8.1 67.2 ± 14.2 72.9 ± 11 75.0 ± 12.3 67.3 ± 13.3

Local 82.7 ± 7.5 68.3 ± 13.2 72.7 ± 10.7 75.2 ± 11.9 67.0 ± 12.9

Over P95 Raw 51.2 ± 26.6 51.4 ± 22.8 46.0 ± 26.7 36.6 ± 27.1 51.0 ± 23.6

Global 82.1 ± 7.7 72.7 ± 11.1 69.4 ± 12.6 72.0 ± 12.7 75.0 ± 11.0

Local 82.5 ± 7.5 73.9 ± 10.2 70.0 ± 12.1 73.0 ± 12.0 75.7 ± 10.3

Max. temperature (�C) Annual Winter Spring Summer Autumn

Whole PDF Raw 83.3 ± 5.6 79.6 ± 7.8 81.1 ± 8.6 76.2 ± 11.3 86.8 ± 5.8

Global 95.1 ± 1.5 87.1 ± 15.1 91.6 ± 2.8 92.9 ± 2.4 92.1 ± 2.9

Local 95.1 ± 1.5 90.8 ± 2.9 91.7 ± 2.8 92.8 ± 2.4 92.2 ± 3.0

Under P5 Raw 61.5 ± 15.4 50.8 ± 20.0 44.2 ± 21.8 45.1 ± 23.7 54.2 ± 16.1

Global 83.3 ± 8.1 67.9 ± 13.9 68.5 ± 13.4 75.1 ± 11.9 65.3 ± 16.1

Local 83.0 ± 7.7 69.0 ± 13.1 69.4 ± 12.5 75.3 ± 11.7 66.1 ± 15.0

Over P95 Raw 49.9 ± 22.3 39.6 ± 20.8 40.9 ± 23.6 35.1 ± 24.3 53.0 ± 21.9

Global 81.4 ± 8.1 66.7 ± 22.2 69.5 ± 13.4 70.7 ± 13.2 73.1 ± 12.4

Local 81.6 ± 7.9 72.2 ± 10.4 69.9 ± 13.0 71.5 ± 12.6 74.0 ± 11.6
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that our method generally corrects some of the systematic
errors within RCMs and provides more meaningful results
on the simulated climatic variables.

The PSS ensemble mean corresponding to the whole
PDFs for daily precipitation, minimum and maximum daily
temperature has been calculated to assess the overall perfor-
mance of the method in both validation periods. The PSS
associated to the tails of the distributions has also been com-
puted (i.e., under 5th and over 95th percentiles) to evaluate
the performance for extreme regimes. As the representation
of very low intensity precipitation events in E-OBS is uncer-
tain and does not allow a clear definition of rainy days
(Kotlarski et al., 2017), the whole distribution has been used
to define the precipitation extremes. This choice could ques-
tion the definition of an extreme based on the 95th percentile
over dry areas (Schär et al., 2016). To alleviate this misrepre-
sentation, we will also include the 99th percentile value in
the case of precipitation. In addition to the annual computa-
tions, the same validation procedure has been applied to win-
ter (DJF), spring (MAM), summer (JJA), and autumn (SON).

Tables 2 and 3 display the results of the areal average
Perkins skill score (multi-model mean) comparing the raw
and calibrated PDFs against the observations for the valida-
tion periods. The results of the PSS using an interval of con-
tinuous years (1956–1980) has been analysed in Table 2,

while those corresponding to the validation with alternate
years (1956–2005) are shown in Table 3. In both cases, PSS
reveals an evident improvement of the calibrated versus un-
calibrated PDFs for all the atmospheric parameters, with the
occasional exception of the precipitation for the whole PDF,
where the PSS index between the raw and the observed dis-
tributions is slightly higher than the PSS of the calibrated
and observed PDFs.

In summary, the net result of applying the calibration is
clearly beneficial and the expected value of the PSS is gener-
ally higher when applying the new local adjustment. Specifi-
cally, the application of the local quantile–quantile
adjustment clearly amends the errors found in the statistical
distributions of the extreme values. The validation with
alternate years (Table 3) also reveals a slightly better over-
lap between the calibrated and observed PDFs for all vari-
ables, both annually and seasonally. Therefore, it should be
expected a certain level of degradation of the benefits of the
Q–Q corrections if a significant climate change signal is
accumulated between historical and future periods, as it is
expected under high emission scenarios. Finally, the uncer-
tainty range associated with the inter-model differences is
also reduced by the adjustment, with the minimum standard
deviation (SD) obtained when applying the local calibration
adjustment.
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FIGURE 3 (a) Observed average annual precipitation, (b) future change (in %, multi-model mean, 2071–2095, RCP8.5), and (c) the inter-model SD of the
change (in %) [Colour figure can be viewed at wileyonlinelibrary.com]
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Additional standard metrics like the quantile-wise mean
absolute (MAE) and root mean square (RMSE) errors have
been calculated for both the continuous and alternate valida-
tion samples, leading to the same conclusions pointed out by
the PSS metric. Specifically, MAE and RMSE scores reveal
an overall improvement for both mean and extreme regimes
of the calibrated versus uncalibrated CDFs, and both indices
are generally lowered when applying the local adjustment
(tables not shown).

We have also carried out an inter-comparison between
the local Q–Q adjustment presented in this work and the
classical scheme used by Boé et al. (2007), denoted herein
as qmap method, so as to test the benefits of the proposed
approach. To illustrate the differences between both
approaches, we computed for qmap the same PSS-based
products as those shown in Tables 2 and 3. The validation
with alternate years shows that the scores are practically
equivalent between the local adjustment and the classic
qmap for all seasons and daily atmospheric variables (tables
not shown). Results for continuous years are quite similar in
many cases but when the qmap PSS is worse than the local
approach, the performance is clearly lower, especially for
extreme values (e.g., PSS above P95 in winter). This behav-
iour may be a consequence of the use of a simple

extrapolation of the qmap method when daily variables in
the simulated climate scenario exceed the greatest value
found in the reference period (Boé et al., 2007).

3 | RESULTS AND DISCUSSION

3.1 | Future changes in annual precipitation

Once RCM raw outputs have been statistically adjusted
within the European domain, the climate change signal has
been analysed by studying changes obtained from
1981–2005 (observed time slice, present) and the multi-
model ensemble means of three future 25-year time slices:
2021–2045 (early 21st century), 2046–2070 (mid-21st cen-
tury), 2071–2095 (late 21st century). For the sake of brevity,
we will focus the discussion and graphical displays on the
expected changes during the late 21st century under the
RCP8.5 emission scenario. Undoubtedly, this seems to be
the most likely emissions pathway in the next decades,
unless strict greenhouse gas mitigation policies are
implemented.

Figure 3a,b depicts the observed mean annual precipita-
tion and the future change (multi-model mean) respectively,
together with the associated uncertainty (Figure 3c). An
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FIGURE 4 (a) Observed annual number of rainy days, (b) future change (in %, multi-model mean, 2071–2095, RCP8.5), and (c) the inter-model SD of the
change (in %) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 (a) Observed mean winter precipitation, (b) future change (in %, multi-model mean, 2071–2095, RCP8.5), and (c) the inter-model SD of the
change (in %) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 As in Figure 5, but for spring [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 As in Figure 5, but for summer. Note that grey dots indicate precipitations <0.1 mm in (b) [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 As in Figure 5, but for autumn [Colour figure can be viewed at wileyonlinelibrary.com]
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overall decrease of precipitation in southern Europe and the
Mediterranean (SEM) region can be expected during the late
century (between −20 and −50%), while annual precipita-
tion is supposed to increase in the north of Europe
(Figure 3b). The pattern of the changes is very similar for
RCP4.5, but less pronounced (not shown). Jacob et al.
(2014) pointed out, using EURO-CORDEX RCP8.5 scenar-
ios, a statistically significant rise in mean precipitation over
large parts of central and northern Europe up to about 25%,
and a decrease in southern Europe within the period
2071–2100 with respect to the present. Accordingly, the
same substantial changes have been found but with increases
up to 30% in the Nordic countries (NC) and decreases down
to −50% in the south of the Iberian Peninsula (IP) and north
of Africa (NA). Regarding the inter-model SD (Figure 3c),
the maximum uncertainties are located in the SEM, probably
because a large fraction of the annual rainfall is of convec-
tive nature. Also, note the important reduction of rainfall in
the north of the IP (−20%) with a very high agreement
among models (less than 12% in SD, Figure 3c).

Next, the future change in the annual number of precipi-
tation days has been analysed. We define as precipitation
days those in which daily values are in excess of 0.1 mm.
With regard to the future change, there is an overall reduc-
tion in daily events except in north Europe, where a small

rise is noted in the NC (up to +6%; Figure 4b). Models’
uncertainties associated with these shifts are normally higher
in the regions where the largest changes are found, and in
those where convective rains represent a greater fraction of
the total annual accumulated rainfall (Figure 4c).

Nevertheless, a significant decrease in the number of
rainy days is observed in the central part of the IP and the
south of France, with a high consensus among models. Since
fewer annual precipitation days come in combination with a
larger annual amounts over central Europe, an increase in
mean daily precipitation can be expected in these zones.

3.2 | Future changes in seasonal regimes

3.2.1 | Precipitation

Regarding the projected seasonal trends, the change in mean
annual precipitation at the end of the century would show an
overall rise in central and northern Europe and a decrease in
the SEM for all seasons, while the area of declining rainfall
extends further north in summer. This dipole pattern is less
pronounced under the RCP4.5 scenario. The observed mean
precipitation, the multi-model mean projected changes and
the associated standard deviation for the 2071–2095 period
under that scenario, are depicted in Figures 5–8 for each
season.
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FIGURE 9 (a) Observed number of rainy days in winter, (b) future change (in %, multi-model mean, 2071–2095, RCP8.5), and (c) the inter-model SD of the
change (in %) [Colour figure can be viewed at wileyonlinelibrary.com]
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Jacob et al. (2014) pointed out that the zone between
regions in which precipitation increases northern and
decreases southern, shifts southwards in winter and north-
wards in summer by the end of the century. In our results,
the precipitation increases in winter in the center, north, and
southeast of Europe owing to the projected enhancement of
Atlantic storm activity (Gao et al., 2006), with values up to
approximately +30% in the NC and Russia. Then, it
decreases in most of the Mediterranean, with more than 40%
less rainfall in NA and a high consensus between models
(Figure 5b,c). This reduction would be associated to a future
rise of sea level pressure over the central Mediterranean in
winter. Therefore, a climate with enhanced anticyclonic con-
ditions would generally lead to greater stability and an envi-
ronment less frequently conducive to storm generation
(Giorgi and Lionello, 2008). The transition zone of precipita-
tion between regions also shifts northwards in summer in the
expected trends (Figure 7b). Nevertheless, these results
depend on both the scenario emission and the time slice con-
sidered. For instance, mean winter precipitation would
increase up to +10% in the north of the IP at the beginning
of the century under the RCP4.5 scenario, with a very high
certainty (not shown).

Concerning the spring contribution, the area of precipita-
tion decrease expands further northwards to the extent of
covering the entire Iberian, Italian, Balkan Peninsulas, as

well as western France (Gao et al., 2006). A reduction of
down to −20% is expected in the north of the IP, while pre-
cipitation will decrease up till −40% in the north of Morocco
and south of Iberia. Note how the increments in the NC are
more remarkable in this season, with the maximum positive
signal of rainfall in Sweden (up to +30% Figure 6b). Per-
centage changes in precipitation amounts also present a high
certainty for spring in the whole domain (Figure 6c).

In summertime, most of the European region, leaving
out the northern part, shows a noticeable precipitation reduc-
tion (down to −50% in Portugal and north of the IP,
Figure 7b). This fact has been attributed to the intensification
of the anticyclonic ridge over the western Europe and north-
eastern Atlantic (Pal et al., 2004). It should be also noted
that the projected changes in summer indicate, with a good
confidence, an important decrease in the Alps and United
Kingdom (−20%; Figure 7b,c).

The autumn contribution to the water resources is
expected to decline in the Western and Eastern Mediterra-
nean but not in the central part. The heterogeneous changes
in the Mediterranean show a relevant decrease over Portugal,
south of Iberia, and Turkey (−40%; Figure 8b). Regarding
the positive signal of precipitation in the fall, it is also found
a meaningful increase in the NC and Russia (up till +20%),
with a very high confidence given the low inter-model SD
(Figure 8c).
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FIGURE 10 As in Figure 9, but for spring [Colour figure can be viewed at wileyonlinelibrary.com]
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If we analyse the future change in the seasonal number
of precipitation days, a significant decrease in the Mediterra-
nean is found for all seasons, together with an increase in the
NC (Figure 9b). The pattern of changes for the late century
is very similar under the RCP4.5, but less pronounced (not
shown). An important reduction up to −30% is obtained in
the north of Russia and NC, except in summer. Nevertheless,
the projected changes in the central, west, and northeast
Europe has a different pattern depending on the season.

In winter, the results under the RCP8.5 indicate a posi-
tive change in the number of rainy days in some countries of
central Europe (Czech Republic and Germany) and the NC
(+20%; Figure 9b). Largest decreases will take place in the
south of Spain and NA (down to −60%), with a good confi-
dence in these results according to the low multi-model SD
(Figure 9c). However, the future changes at the beginning of
the century reveal a small positive signal in the north of
Spain, France, and central Europe, being more remarkable
for the RCP4.5 scenario.

Concerning the spring results, similar changes are found
in the Mediterranean, but larger decreases have been
obtained in the central part of Spain (down to −75%;
Figure 10b). Similar decreasing trend is expected in the NA
and south of Italy but with a low consensus among models
(Figure 10c). The pattern of changes in the number of rainy

days reveals a considerable increase in the north of Polonia
and the south of the NC, but presents a low certainty in these
results according to the low SD.

In summer, we can only await a small rise in the NC and
the north of Russia (up to +20%), while it is observed an over-
all diminution in the rest of the domain (Figure 11b). It should
be noted a decrease up till −100% in regions such as northwest
of Africa, Turkey, south of Spain, and south of Italy, where it
hardly rains more than 5 days in summer. An important dimi-
nution down to approximately −50% is also expected in the
southern part of United Kingdom. Note that in this country
currently rains more than 30 days per summer (Figure 11a)
with mean seasonal amounts of 200 mm. The change in the
number of summer precipitation days exhibits good agreement
among models in the SEM and northern Europe (Figure 11c).

In autumn, the projections only show a slight rise in Nor-
way and Iceland, with medium agreement among models
(Figure 12b,c). However, the same reduction pattern found
in summer is observed in United Kingdom, northern Spain,
France, and Italy, with a lower percentage of decrease
(−30%) and a high certainty as measured by the inter-model
differences. Finally, it is meaningful that the largest diminu-
tions in the number of rainy days in autumn will occur in the
central part of Spain, NA, and Turkey, as in spring and
summer.
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FIGURE 11 As in Figure 9, but for summer. Note that grey dots indicate precipitations <0.1 mm in (b) [Colour figure can be viewed at
wileyonlinelibrary.com]
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3.2.2 | Temperature

With regard to the projected seasonal results for temperature,
the change in mean regimes would evidence an overall rise
of the minimum temperature for all seasons at the end of the
century, being more remarkable in summer and autumn for
the Mediterranean (up to 6.5 and 5�C, respectively, for the
late 21st century; Figure 13e,g). Winter and spring projec-
tions reveal the largest increases in north Europe, at least par-
tially in response to reduced snow cover there (Giorgi and
Lionello, 2008). The pattern of changes is very much alike
under the RCP4.5 scenario but less pronounced (not shown).

In winter, the projected changes of minimum temperature
show increases between 2 and 3.5 �C in the SEM and United
Kingdom, while a significant rise is expected in northwestern
Spain, the Alps, and Turkey (4.5 �C; Figure 13a). The multi-
model mean also projects a positive signal in central and
northern Europe that ranges from 2.5 to 5 �C and from 5 to
8 �C, respectively, with higher uncertainty the greater are the
expected multi-model mean changes (Figure 13b).

The same warming geographical pattern has been identi-
fied in spring, except in central Europe, where the positive
changes only reach 4 �C, and in the Mediterranean, where
notable increases up to 4 �C are also detected in south Spain
and the NA (Figure 13c).

In summertime, the projections point out the largest
increases in the SEM and the lowest in central and north

Europe. It is also noticeable that the most positive changes
in SEM are revealed in the center of Spain and Turkey
(up to 6.5 �C; Figure 13e), with a robust agreement among
models (less than 1.25 �C in SD; Figure 13f).

However, the multi-model mean in autumn projects a
different geographical warming pattern, being more marked
in north Europe and the Mediterranean and less pronounced
in United Kingdom and central Europe (between 2.5 and
4 �C; Figure 13g).

The pattern of warming for the maximum temperatures is
very similar to that of the minimum temperature for all sea-
sons, but showing larger increases in all the domain. There-
fore, we also expect an overall rise under the RCP8.5
scenario, being more pronounced in the Mediterranean for
spring, summer, and autumn (up to 6.5, 8, and 5 �C, respec-
tively; at the end of the century, Figure 14c,e,g). The seasonal
maximum temperatures in winter and spring show again the
largest growth rate in the northern countries and Turkey,
albeit with low certainty attending to the large inter-model
SD in the signal (more than 2 �C in SD; Figure 14b,d).

Nevertheless, future projections of maximum temperature
in United Kingdom and the western Mediterranean present
increases between 2 and 4 �C, with a very high consensus
among models, being the positive signal more remarkable for
spring (Figure 14c). A steady rise of the maximum tempera-
ture in summer is identified from north to south of Europe,
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FIGURE 12 As in Figure 9, but for autumn [Colour figure can be viewed at wileyonlinelibrary.com]
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with the highest growth rate in Turkey, NA, and south of
Spain (up to 6.5, 8, and 6.5 �C, respectively; Figure 14e).
Mind also the significant change of maximum temperature
over these regions for the last decades of the century in the
fall, with a rise up to 5 �C and a high certainty as measured
by the inter-model differences (Figure 14g,h).

4 | CONCLUSIONS AND FURTHER
REMARKS

A study of the future changes in temperature and precipita-
tion at annual and seasonal scales over Europe has been

carried out in this work. The assessment of climate change
impacts and the identification of the most vulnerable zones
of the continent is an issue of major concern. Availability of
quantitative projections should be considered a useful tool to
European policy makers and stakeholders to enhance their
capacity to respond more effectively to the impacts of cli-
mate change at local, regional, national, and continental
levels. For these purposes, observed and simulated daily
series of 2-m minimum and maximum temperatures and pre-
cipitation have been analysed. For the future projections,
several RCMs from the EURO-CORDEX project have been
used to deal with the uncertainties arising from the model
errors and the imperfect GCM-derived boundary conditions.
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FIGURE 13 Future change of minimum temperature (in �C, multi-model mean, 2071–2095, RCP8.5) and inter-model SD of the change for: winter (a, b),
spring (c, d), summer (e, f), and autumn (g, h) [Colour figure can be viewed at wileyonlinelibrary.com]
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Simulations using the RCP4.5 and RCP8.5 scenarios have
been considered. Results from RCP8.5 (a high emission sce-
nario) have been analysed and presented in detail.

We have developed a modification of the quantile–
quantile adjustment, previously presented in Amengual et al.
(2012), in order to alleviate RCMs’ outputs biases. The skill
of the global and local adjustments has been checked for
two different 25-year validation periods. Our modified
quantile–quantile adjustment focus on better handling the
statistical distribution of extremes. First, the verification has
been carried out for a continuous 1956–1980 period, annu-
ally and seasonally, to better assess the advantages of using
the technique. Second, a verification of the method for a
period of 25 alternate years (from 1956 to 2005) has been

performed in order to isolate the effects of the climate
change signal on the training of the adjustment method.

Results show an overall improvement in reproducing the
present climate (e.g., 1956–1980) when using calibrated series
instead of raw RCM outputs, as well as the benefits of the local
adjustment compared to the “global calibrated” RCM outputs.
Specifically, the application of the local approach clearly
reduces the errors found in the statistical distributions of the
extreme values. The validation with alternate years also reveals
a general improvement when the Q–Q adjustment is used, and
the results are even better than those for the continuous valida-
tion period (1956–1980). Nevertheless, the PSS ensemble mean
of the whole PDFs does not exhibit a clear improvement for
daily precipitation when applying the statistical correction.
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FIGURE 14 As in Figure 13 but for maximum temperature [Colour figure can be viewed at wileyonlinelibrary.com]

2916 CARDELL ET AL.

http://wileyonlinelibrary.com


Once RCM daily series were calibrated against the
European observational database, the projected climate
change signal has been analysed. The signal has been dis-
cussed in terms of changes in annual and seasonal mean
regimes at the end of the 21st century. A significant warming
has been obtained for all seasons and the entire Europe, being
more marked in the Mediterranean for summers and autumns
with a high level of confidence, as measured by the amplitude
of inter-model SD. The highest increments of minimum and
maximum temperatures in summer occur in central Spain and
Turkey, with values of up to 6.5 and 8 �C, respectively. In
winter and spring, the largest positive changes are expected
in northern Europe (above 6.5 and 5.5 �C, respectively) with
higher uncertainty range associated with the inter-model dif-
ferences. However, in terms of magnitude, the inter-model
SD is generally quite small compared with the multi-model
average warming signals, confirming the robustness of the
obtained temperature tendencies.

Prospects on future annual and seasonal changes in pre-
cipitation are more variable across the different European
subregions. Annual changes show an overall decrease in
SEM during the late 21st century, while in north Europe the
precipitation is expected to increase. In addition, a general
diminution in the number of annual precipitation days is pro-
jected, except for north Europe where an important rise has
been observed (+30%). Therefore, an increase in mean daily
precipitation intensities over central Europe is expected, as
there will be less annual precipitation days but a positive
change in mean annual rainfall.

Regarding the projected seasonal regimes in precipitation,
the results reveal an overall rise in central and northern Europe
and a decrease in the SEM for all seasons, while the area of
declining rainfall extends further north in summer. This dipole
pattern is less pronounced under the RCP4.5 scenario. Finally,
it is also detected a significant reduction in the number of
annual precipitation days in the Mediterranean for all seasons,
while in the NC and the north-west part of Russia is expected
to increase. A significant decrease of down to −30% is also
obtained in the northern sector of Russia and the NC, except
in summer. Nevertheless, the projected tendencies in central,
west and northeast Europe depicts a different geographical
pattern of average rainfall depending on the season. Addition-
ally, the multi-model SD of annual and seasonal precipitation
is generally smaller than the mean signal by the late century.

Changes in many extreme weather events (e.g., heat
waves, persistent droughts, heavy precipitation, severe con-
vective storms, etc.) have been observed since about 1950. It
is very likely that the number of cold days and nights has
decreased and the number of warm days and nights has
increased on the global scale. In addition, there are likely
more land regions where the number of heavy precipitation
events has increased than where it has decreased (Stocker
et al., 2013). In future work, we plan to exploit these daily
precipitation and temperature projections to analyse in detail

the future changes in extreme weather events over Europe.
Recall that extreme events are responsible for most of natu-
ral, human and economic costs in many European regions,
including the Mediterranean zone.
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