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Abstract

Most of the nature-related economic costs and human losses in many

regions of Europe are due to extreme weather events such as heat waves,

cold spells, persistent droughts, heavy precipitation and intense cyclonic

wind-storms. Extreme precipitation events are projected by climatic models

to become more intense over the continent while droughts might last longer

by the end of the century. In dry regions as Southern Europe, soils are

predicted to dry out as temperatures and evapotranspiration rise and rain-

bearing atmospheric circulations become less frequent. Prospects on the

future of climate indices linked to extreme phenomena are herein derived

by using observed and model projected daily meteorological data. Specifi-

cally, E-OBS high resolution gridded datasets of observed precipitation and

surface minimum and maximum temperatures have been used as the

regional observed baseline. For projections, the same meteorological vari-

ables have been obtained from a set of regional climate models integrated

in the European EURO-CORDEX project, considering the RCP8.5 future

emissions scenario. A quantile–quantile adjustment has been applied to the

simulated regional scenarios to reduce biases in modelled extreme regimes.

Results suggest that warm days will substantially increase across Europe,

consistently with a decrease of cold nights. An increase in heat wave ampli-

tude is expected across the continent, with South Eastern Europe and the

Mediterranean as the most affected regions. In contrast, Northern Europe

will undergo the largest decrease in cold spell magnitude. An overall rise in

the frequency and volume of heavy precipitations is projected in all seasons,

even if the number of dry days is also expected to increase, except in the

Baltic countries. Regarding abnormally long dry periods (extreme

droughts), we find that the occurrence of episodes would reduce over

Europe as consequence of projected increases in length.
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1 | INTRODUCTION

Changes in extreme weather regimes are one of the major
concerns worldwide for being the cause of important
impacts on natural and anthropogenic systems. The Spe-
cial Report on Extreme Events (SREX) of the Intergov-
ernmental Panel on Climate Change shows evidences
that some changes in extreme phenomenology are as
result of the increased anthropogenic greenhouse gas
emissions (Field et al., 2012). The assessment of extremes
such as droughts, floods and heat waves is generally of
most relevance for society, economy and stakeholders
(Field et al., 2014). Europe is particularly vulnerable to
variations in the frequency and intensity of heat waves,
persistent droughts, severe convective storms and flash
flooding, and violent cyclonic wind-storms. The analysis
of past events provides an extensive number of extremes
that inflicted serious damage in the European countries
(e.g., Beniston, 2004; Schär et al., 2004 about 2003 heat
wave; James et al., 2004; Muchan et al., 2015 about heavy
precipitation and flood events). Anthropogenic influences
have probably led to an increase in temperature extremes
on global scale (Field et al., 2012). This tendency is pro-
jected to persist throughout the century (e.g., Kharin and
Zwiers, 2000). In the context of global warming, heavy
precipitation is likely to become more frequent and
intense over most of the mid-latitude land masses by the
end of the century (Stocker et al., 2013).

Regional climate models (RCMs) (Giorgi and Mearns,
1999; Wang et al., 2004) have been widely used to assess
future impacts of extreme phenomenology across Europe.
In the last decade, the availability and reliability of RCM
simulations have experienced a rapid growth, 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). There are
several studies about temperature extremes based on
RCM projections (Beniston et al., 2007; Fischer and
Schär, 2009; Jacob et al., 2014; Dosio, 2016). The assess-
ment of future precipitation extremes is also present
through numerous recent modelling studies (Casanueva
et al., 2016; Schär et al., 2016; Rajczak and Schär, 2017).
Climate indices from the Expert Team on Climate
Change Detection and Indices (ETCCDI; e.g., Sillmann
et al., 2013) and the WMO (Klein Tank et al., 2009) are
frequently used for the climate assessment of extreme
weather events. However, RCM projections still have
important systematic errors associated with too coarse
spatial resolution and model parametrizations. The
assessment of extreme values from daily climatic data is
challenging, since incorrect statistical distributions simu-
lated by a model for a given meteorological variable may

lead to misleading conclusions. Therefore, it is advisable
to correct them to obtain reliable results of the simulated
properties of the climate system (Stepanek et al., 2016).

In the present work, we assess future changes in mul-
tiple extreme events that are most likely to affect Europe
in forthcoming decades. A set of climatic indices have
been specifically designed to describe and encompass the
following extremes: warm days, heat waves, cold nights,
cold spells, heavy precipitation days, heavy precipitation
episodes, dry days and severe droughts. This set of cli-
matic indices has been derived for the present climate by
using the E-OBS gridded dataset so as to test its reliability
in describing the extremes of interest. Next, future trends
of the climate indices have been obtained from the
EURO-CORDEX simulations. On one hand, the novelty
of the work relies on the definition of climatic indices
specifically focused to characterize extreme phenomena
that can entail a high risk for European societies. The
idea is to highlight the most likely future vulnerable geo-
graphical areas in terms of the impacts of these extreme
events as the century progresses. On the other hand, we
have applied a statistical approach to correct biases pre-
sent in the regional climate models. Specifically, the
quantile–quantile adjustment by Cardell et al. (2019) will
be used to correct the errors found in the extremes of the
simulated cumulative distribution functions (CDFs).

The rest of the paper is structured as follows:
Section 2 describes the observed and simulated databases
used and the quantile–quantile correction method;
Section 3 introduces the climatic indices used for the defi-
nition and quantification of extreme events, and dis-
cusses the projected annual and seasonal mean changes
for the parameters of interest; finally, Section 4 summa-
rizes the main results and conclusions, offering some
additional remarks for future work.

2 | DATABASE AND METHODS

2.1 | Input data

The observational references come from the European
Climate Assessment and Dataset (ECA& D) project
which provides the gridded data set E-OBS (Haylock
et al., 2008; further information at www.ecad.eu). E-OBS
covers the entire European land surface and it is avail-
able at four different spatial resolutions. Here, we use the
highest resolution dataset of about 25 km. For the assess-
ment of future extremes of temperature and precipita-
tion, we adopt present climate reference data from E-
OBS of 2-m daily minimum and maximum temperatures
and accumulated precipitation for the 1981–2005 period
(25 years).
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Regarding future projections, the same meteorological
variables have been obtained from the EURO-CORDEX
project (http://www.euro-cordex.net). We used a set of
14 RCMs simulations with a spatial resolution of approxi-
mately 12 km. This ensemble is composed of 5 RCMs
(ALADIN53, CCLM4-8-17, HIRHAM5, RACMO22E, and
RCA4) driven by different GCMs under the future emission
scenarios RCP4.5 and RCP8.5. The 2021–2095 period was
selected for the study of future extreme phenomenology
over Europe. It was divided into three successive 25-year
time slices: 2021–2045 (early 21st century), 2046–2070 (mid
21st century), and 2071–2095 (late 21st century).

2.2 | The quantile–quantile adjustment

The assessment of future extremes of temperature and
precipitation requires reliable projections of climatic vari-
ables from RCMs. However, RCM outputs typically pre-
sent strong biases that need to be statistically corrected to
obtain meaningful results on the simulated properties of
the climate system (Stepanek et al., 2016). Adjustment
procedures have been widely used to amend these inac-
curacies and provide more reliable model outputs for cli-
mate change studies.

Within this context, we apply a Q–Q adjustment spe-
cifically focused on the amelioration of the extremes of
the distribution. The statistical approach is based on a

non parametric function that corrects mean, variability
and shape errors in the simulated CDFs. It can be
expressed as the following relationship between the ith
quantiles (Figure 1): pi (projected or future calibrated), oi
(control observed or baseline), sfi (raw future simulated)
and sci (raw control simulated).

pi=oi+α�Δ+βiΔ
0
i, ð1Þ

where

�Δ=

PN
i=1

Δi

N
=

PN
i=1

sfi−scið Þ
N

= �Sf − �Sc, ð2Þ

Δ0
i=Δi− �Δ, ð3Þ

and
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=
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Temperature : α=1 ð4Þ
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s0ci

=
oi− �O
sci − �Sc

ð5Þ

The oi0 and sci0 in Equation (5) are the parametric dif-
ferences between the observed ith quantile and its mean
(Ō), and the simulated ith quantile and its mean ( �Sc),
respectively. 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 (Δ̄) plus the corresponding deviation Δi

0

from this shift (Equations (2) and (3)).
The variation in the mean state Δ̄ is modulated by α

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

0. The α
and β parameters are used to fit the RCM in the control
period with the observed climate, taking into account the
different nature of temperature and precipitation vari-
ables (see Cardell et al., 2019 for details).

To build the present climate CDFs, climatic variables
from the 25-year observed (E-OBS) and simulated
(EURO-CORDEX) baselines (1981–2005) are considered,
while future distributions are based on simulated inter-
vals of the same length (i.e., 2021–2045, 2046–2070 and
2071–2095). These future periods were subjected to the
Q–Q adjustment approach to build the future calibrated
climate change scenarios.

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 2071–2095) 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]
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It should be noted that the performance of the cali-
bration method was successfully tested by Cardell et al.
(2019) through a validation process. Table 1 contains a
comparison between ensemble-mean calibrated and raw
distributions of daily accumulated precipitation, 2-m
minimum and maximum temperatures historical runs
against observed CDFs for the 1956–1980 independent
period. The Perkins skill score metric (PSS; Perkins et al.,
2007) was applied to measure the overlap between raw
and calibrated probability density functions (PDFs). Par-
ticularly, the PSS associated to the tails of the distribu-
tions (i.e., under fifth and over 95th percentiles) was
computed to evaluate the performance for extreme
regimes. Results show an overall improvement (i.e., PSS
closer to 1) of the calibrated versus uncalibrated PDFs
(Table 1). In addition, inter-model spread is reduced after
calibration.

3 | RESULTS

3.1 | Temperature extremes

Changes in extreme temperatures over long observed
time series have been described by different authors
using data from European stations (e.g., Yan et al., 2002;
Klein Tank and Können, 2003; Alexander et al., 2006;
Donat et al., 2013; Fonseca et al., 2016). Warm extremes
have been increasing and cold extremes decreasing

during the last decades, in agreement with the observed
global warming attributed to the human-induced green-
house gases by the Intergovernmental Panel on Climate
Change (Stocker et al., 2013). Several studies evidence an
increased occurrence of summer heat waves along the
21st century (e.g., Frich et al., 2002; Beniston and
Stephenson, 2004; Schär et al., 2004; Poumadere et al.,
2005; Grumm, 2011). These observed tendencies are
expected to persist throughout the century according
to modelling studies about temperature extremes
(Kjellström, 2004; Beniston et al., 2007; Kjellström et al.,
2007; Nikulin et al., 2011; Vautard, 2013; Amengual
et al., 2014). On the other hand, cold spells are projected
to become less intense and frequent in Western Europe,
having a significant climate impact (de Vries et al., 2012;
Peings et al., 2013).

This section assesses changes in the frequency of very
warm days and in the amplitude of heatwaves over
Europe. These changes have been computed by compar-
ing the present (1981–2005) and late future (2071–2095)
periods under the RCP8.5 emissions scenario. Future
European changes in the frequency of very cold nights
and the amplitude of cold spells are also inspected. Cer-
tainly, RCP8.5 seems to be the most likely emission sce-
nario in the forthcoming decades, unless greenhouse gas
mitigation strategies are fully implemented and effective.
Future changes have been expressed in terms of the
multi-model ensemble mean, while the SD among the
models quantifies the inter-model variability.

TABLE 1 Multi-model mean areal average PSS (%) for the 1956–1980 raw and calibrated PDFs for the indicated atmospheric

parameters

Precipitation (mm) Annual Winter Spring Summer Autumn

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

Calibrated 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

Calibrated 73.4 ± 9.0 58.6 ± 14.7 60.1 ± 14.1 – 59.8 ± 14.2

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

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

Calibrated 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

Calibrated 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

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

Calibrated 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

Calibrated 77.4 ± 9.8 63.5 ± 23.5 69.6 ± 12.6 66.6 ± 14.9 71.4 ± 12.7

Note: Largest values are emphasized in bold. Also shown as ± the SD between models. Note that summer results for precipitation are not
considered since this season is fully dry in many zones of the domain.
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All figures in Section 3 are complemented by sum-
mary tables that illustrate the multi-model regional aver-
ages and the interannual SD of each extreme index for
the different European/Mediterranean regions (Figure 2).
These tables consider the 25-year present (1981–2005)
and the early (2021–2045), mid (2046–2070) and late
(2071–2095) future time slices. In addition, the statistical
significance of the future changes in the distribution of
each extreme indicator has been assessed by applying the
Kolmogorov–Smirnov test (Smirnov, 1948) at the 95%
level of confidence.

3.1.1 | Warm days

A warm day has been defined as the day in which the
maximum temperature (Tmax) is above the 95th percen-
tile (Tmax95) calculated from summer days of 1981–2005
baseline (Table 2). In the present work, this definition of
warm day is also used as the corresponding threshold in
spring and autumn, thus highlighting the severity of
these episodes in the shoulder seasons.

In agreement with Kjellström et al. (2007), countries
of Southern Europe such as Spain, Portugal, France and
Italy present the highest 95th percentiles for Tmax in the
present (up to 44�C; Figure 3a), while in Central and
Northern Europe, the observed percentiles are within
14–32�C. The former countries suffer an important soil
moisture deficit in summer that significantly reduces the
latent heat exchange between the soil and the lower
atmosphere as an effective mechanism for cooling high
surface temperatures. The land-atmosphere energy bud-
get interaction is mainly via sensible heat exchanges that
promote an increase in air surface temperatures and

extremes (Hirschi et al., 2011). Future trends in summer
show that maximum temperatures will exceed the pre-
sent Tmax95 more than 10% of days throughout the
domain by the late 21st century (Figure 3b; Table 3). The
most affected regions by the thermal increase will be
South Eastern Europe and the Mediterranean. This
strong regional signal would be favoured by an intensifi-
cation of the anticyclonic circulation over Western and
Central Mediterranean (Barcikowska et al., 2019). In
addition, the warming tendency over Eastern Europe
might be associated with a weakening trend of the north-
westerly cool Etesian winds (Saaroni et al., 2003). Nota-
bly, the fraction of warm days could reach 59% of the
whole summer in Central Spain and north-western Italy,
and 80% in North Africa and the Middle East countries.
Results present a good certainty given the low inter-
model SD (less than 15% in SD, Figure 3c).

Concerning the spring temperature extremes, the
largest fraction of days under severe warm conditions are
found over North-Eastern Europe (about 1% of days; not
shown). At least, this could partially be in response to a
reduction in the snow cover (Giorgi and Lionello, 2008).
An increased warming of days is expected over all the
continent by the late century, being particularly notable
in the Scandinavian countries, Russia and Israel (more
than 5% of days, Figure 3d; Table 2). Model's uncer-
tainties associated with these shifts are higher in the
regions with largest increases (not shown).

In autumn, almost 1% of the present days are warm
days in the Mediterranean (not shown). Future trends
show that hot extremes will be more frequent by the
2071–2095, especially in Western Europe and the Medi-
terranean (Figure 3e; Table 3). For most of Spain, Middle
East countries and Africa, more than 5% of autumn days

FIGURE 2 Selected regions of the

European/Mediterranean domain:

Iceland (IC), Western Europe (WE),

Western Mediterranean (WM),

Scandinavia (SC), Central Europe (CE),

Central Mediterranean (CM), Eastern

Europe (EE), Eastern Mediterranean

(EM), North-Eastern Europe (NE)

[Colour figure can be viewed at

wileyonlinelibrary.com]

4804 CARDELL ET AL.

http://wileyonlinelibrary.com


will be considered warm with a good agreement among
models given the low inter-model SD (less than 3% in SD,
not shown). It must be noted that the observed 95th per-
centile for Tmax in summer are considerably high in these
regions, that is, maximum temperatures of even 44�C in
some scattered areas. It is also noting that the projected
results differ from the present with a 95% level of confi-
dence throughout the European/Mediterranean regions
and seasons (Table 3). These changes would be signifi-
cant for the three future time slices under the RCP 8.5
scenario. Moreover, the assessment of the interannual
variations of warm days across seasons shows that there
is a warming trend along the three future periods; the
larger the expected changes the greater the interannual
variations.

3.1.2 | Heat waves

Since heat waves can have different features and effects
over a wide range of exposed human groups and areas, it
is difficult to stipulate a standard definition. Heat waves
have been characterized using several indices, commonly
based on a certain period of consecutive days in which
weather conditions are excessively warm (e.g., Meehl and
Tebaldi, 2004; Beniston et al., 2007; Perkins and
Alexander, 2013; Amengual et al., 2014). Adopting abso-
lute thresholds ensures the assessment of extreme events

of a fixed intensity, while geographically relative thresh-
olds guarantee that indices measure episodes of a fixed
rarity. Percentile-based thresholds for temperatures are
more commonly used since they consider local differ-
ences in climatology relative to the area of interest
(Beniston et al., 2007; Fischer and Schär, 2010).

In the present work, we consider a heat wave to be an
event of at least three consecutive days (dth ≥ 3) with
daily mean temperatures (Tmean) exceeding the observed
summer 90th percentile (Tmean90; Table 10). The most
severe health-related risks results from multi-day heat
waves associated with warm nights. Night-time excessive
temperatures do not allow the human body to recover
from daytime extreme heat stress and aggravate the
impact through sleep deprivation (Fischer and Schär,
2010). As a better approach to take into account this type
of heat waves, the daily mean temperature has been con-
sidered. Heat wave attributes have been characterized
with the amplitude exceedance parameter (HWA,
Amengual et al., 2014). This attribute is the most relevant
to the heat-related risk assessment because it integrates
the accumulated stress excess over the entire period
under heat wave conditions. Thus, the HWA is the accu-
mulated heat stress exceedance for all days under warm
conditions in a given period (Figure 4; Table 2). It is
expressed in degrees-day and is specifically defined as:

HWA=HWT−Tmean90�HWF ð6Þ

HWT in Equation (6) denotes the integral of the mean
daily temperatures for the whole duration of each indi-
vidual heat wave, and accumulated for all the heat waves
in that period. HWF represents the heat wave day fre-
quency, that is, the number of days under heat wave con-
ditions in the period. Future multi-model mean changes
in HWA, compared against the observed time slice
(1981–2005), have been analysed for spring, summer and
autumn by the late century. Additional results about
HWF are also commented, but not displayed.

In the present climate, North-Eastern Europe shows
higher summer values of HWA than the Mediterranean
(Figure 5; Table 4). Moreover, the observed values of
HWF are also higher in North-Eastern Europe (not
shown). This fact suggests that there are more consecu-
tive days where Tmean exceeds the observed Tmean90.
However, the impact of heat wave amplitude is less seri-
ous in terms of human health since the percentiles are
quite lower in North-Eastern Europe, ranging from 11 to
23�C instead of 23 to 36�C in the Mediterranean
(Figure 5a). That is, heat waves in Northern Europe are
characterized by longer periods of relative warm temper-
atures. In Southern Europe, heat waves are shorter, but
more acute and dangerous.

TABLE 2 Extreme temperature index definitions

Name Definition Units

Warm days Seasonal count when daily max
temperature > summer 95th
percentile

day

Heat wave Episode of at least three
consecutive days with daily
mean temperature > summer
90th percentile

–

Heat wave
amplitude

Accumulated heat stress
exceedance for all days under
heat wave conditions in a
given time interval

�C day

Cold nights Seasonal count when daily min
temperature < winter 5th
percentile

day

Cold spell Episode of at least three
consecutive days with daily
mean temperature < 10th
winter percentile

–

Cold spell
amplitude

Accumulated cold stress
exceedance for all days under
cold spell conditions in a given
time interval

�C day
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In line with previous findings (Beniston et al., 2007;
Fischer and Schär, 2010; Amengual et al., 2014), general
increases in the frequency, duration and amplitude of
heat waves are expected for all seasons by 2071–2095.
South Eastern Europe and the Mediterranean will suffer
the largest growth of HWA in summer. This increase
may be so disproportionate in response to the combina-
tion of anticyclonic weather and amplifying land–
atmosphere feedbacks (Vautard, 2013). Indeed, Spain,
Northern Africa and some scattered areas of Italy, Greece
and Turkey will experience a strong increase of up to
230�C day during the entire summer (Figure 5c). The SD
for the HWA pattern shows a moderate agreement in this

signal among the 14 models, especially in Spain (less
than 85�C day in SD; Figure 5d). A steady future increase
in amplitude exceedance is also projected in North-
Eastern Europe and the Scandinavian countries (about
90�C day in average; Table 4), although this result is not
very consistent across models (SD is about 65�C day).

Future changes in heat wave attributes would
respond to a different spatial pattern in spring and
autumn. In fact, a higher increase in the frequency, dura-
tion and amplitude of heat waves might be expected in
Northern Europe during spring and in South Eastern
Europe and the Mediterranean during autumn. Concerning
the spring, some areas of Northern Europe, Italy and
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FIGURE 3 (a) Present observed 95th percentile of daily maximum temperature in summer (Tmax95; 1981–2005) used to define a warm

day; (b) future projected percentage of warm days in summer and (c) the corresponding inter-model SD. Also shown future projected

percentage of warm days in (d) spring and (e) autumn [Colour figure can be viewed at wileyonlinelibrary.com]
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Turkey will suffer an enhanced HWA increase by the late
century (up to 60�C day; Figure 5e). In Italy, largest positive
changes of HWA occur in the Alps and might be linked to
a reduction in the snow cover and the snow-albedo effect
(Gobiet et al., 2014). Likewise, Russia and the Middle East
will experience amplitude rises between 15 and 30�C day.
However, multi-model uncertainties are relatively high in
these regions (more than 15�C day in SD, not shown).
Finally, it must be noted an important growth rate of HWA
along Europe's western coastline and the Mediterranean
during the fall (Figure 5f; Table 4). For example, HWA will
increase more than 30�C day in Spain, France and United
Kingdom coastlines. According to the inter-model SD (not
shown), projected results in this case are quite uncertain.
Additionally, the analysis of future changes by means of the
significance test also points out that projected HWA will dif-
fer significantly from the present in all seasons and future
periods (Table 4).

3.1.3 | Cold nights

Regarding cold temperature extremes, a cold night has
been defined as the event in which daily minimum

temperature (Tmin) is below the observed winter 5th per-
centile (Tmin5; Table 2) from the baseline period
(1981–2005). Future trends about cold nights under the
RCP8.5 scenario and the SD among models have been
displayed for winter in Figure 6.

In agreement with Kjellström et al. (2007), present
Tmin5 are the lowest in North-Eastern Europe with

TABLE 3 Multi-model regional average of warm days (in %) over the European/Mediterranean regions (Figure 2) for present observed

(1981–2005) and early (2021–2045), mid (2046–2070) and late (2071–2095) future projected periods

Spring Summer Autumn
Present Early Mid Late Present Early Mid Late Present Early Mid Late

IC 0.09 0.56 1.58 4.79 5.00 13.36 24.48 43.37 0.20 0.71 2.29 4.97

± 0.34 0.55 0.91 1.53 4.30 3.46 7.48 6.60 0.43 0.42 1.36 1.72

WE 0.10 0.25 0.64 1.47 5.00 9.10 15.68 26.79 0.17 0.73 2.00 4.04

± 0.27 0.25 0.42 0.80 5.32 2.99 4.09 5.54 0.51 0.74 1.03 1.80

WM 0.04 0.14 0.47 1.38 5.00 13.68 26.05 44.82 0.26 0.90 2.51 5.97

± 0.15 0.19 0.43 0.82 4.62 3.31 5.95 6.83 0.71 0.50 1.30 1.87

SC 0.14 0.50 1.04 2.22 5.00 8.23 11.98 19.69 0.01 0.10 0.22 0.50

± 0.42 0.46 0.60 1.05 4.93 2.86 3.26 4.17 0.06 0.16 0.26 0.47

CE 0.06 0.32 0.75 2.25 5.00 11.15 18.44 31.49 0.03 0.36 1.19 3.09

± 0.24 0.34 0.52 1.09 5.69 3.01 4.61 5.89 0.13 0.35 0.79 1.41

CM 0.01 0.15 0.37 1.96 5.00 13.09 25.24 43.44 0.10 0.56 1.13 3.56

± 0.05 0.20 0.31 1.04 5.27 3.07 6.07 7.19 0.33 0.53 0.69 1.34

EE 0.13 0.50 0.96 2.40 5.00 11.08 18.61 32.86 0.05 0.49 0.86 1.95

± 0.39 0.44 0.64 1.16 5.66 3.14 4.13 6.36 0.18 0.52 0.66 0.97

EM 0.19 0.55 1.37 3.68 5.00 15.96 33.06 52.74 0.30 1.48 3.08 7.97

± 0.26 0.32 0.74 1.25 5.48 4.36 6.88 7.47 0.63 1.07 1.42 2.30

NE 0.19 0.66 1.33 2.91 5.00 8.18 11.97 21.72 0.01 0.09 0.17 0.40

± 0.59 0.61 0.79 1.06 5.31 2.38 3.91 4.76 0.07 1.15 0.20 0.38

Note: Significant changes in the future distribution of warm days with respect to the present period, at 95% level of confidence, are empha-
sized in bold. Also shown as ± the associated interannual SD.

FIGURE 4 Graphical sketch of heat wave amplitude (HWA,

grey shading) exceedances. Note that Tmean90 is expressed in
�
C

and dth in days
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temperatures well below −30�C, while 5th percentiles are
close to 0�C in western maritime and the Mediterranean
climates (Figure 6a). Extremely cold temperatures in the
former region are usually associated with conditions of
clear skies, lands covered with snow and the freezing of
soil moisture (Viterbo et al., 1999). Projections would evi-
dence an overall decrease in the percentage of cold nights
by the end of 21st century, being particularly intense in
Northern Europe. Indeed, hardly 0.2% of the days in win-
ter will be considered as cold nights in the Scandinavian
countries and North-Eastern Europe (Figure 6b; Table 5).

The reduction of cold extremes is not so pronounced in
Central Europe and the Mediterranean, exhibiting a
future percentage of cold nights between 0.4 and 2%.
Cold extreme decreases along Western Europe might be
favoured by an increase of temperate westerly inflows
from the Atlantic ocean (Meehl et al., 2004). Some
scattered areas of Spain, Italy, United Kingdom and Tur-
key will also undergo a strong decrease in the number of
cold nights, passing from 5% of days in the present to
0.2% by the late future. It is worth noting that projected
results indicate high confidence in these signals
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FIGURE 5 (a) Present observed 90th percentile of daily mean temperature in summer (Tmean90; 1981–2005), considered for the definition

of heat wave amplitude; (b) present observed heat wave amplitude in summer, (c) future change and (d) the corresponding inter-model SD. Also

shown future change of heat wave amplitude in (e) spring and (f) autumn [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 4 As in Table 3, but for heat wave amplitude (in �C day)

Spring Summer Autumn
Present Early Mid Late Present Early Mid Late Present Early Mid Late

IC 0.01 0.37 1.45 6.58 5.51 23.88 60.76 139.42 0.24 1.14 5.35 15.06

± 0.03 0.60 1.45 3.15 7.83 8.30 23.84 27.20 0.96 0.84 4.04 5.69

WE 0.01 0.22 0.97 3.37 9.51 30.49 62.61 130.16 0.16 2.00 6.94 18.55

± 0.05 0.38 0.93 2.80 14.24 11.86 19.01 33.39 0.64 2.25 4.06 8.83

WM 0.01 0.10 0.63 2.97 8.04 37.66 90.36 193.89 0.27 2.42 8.84 25.26

± 0.07 0.24 0.87 2.29 10.85 11.57 26.88 40.39 0.92 1.46 4.71 8.56

SC 0.04 0.60 1.81 5.95 10.75 25.96 48.04 102.03 0.00 0.22 0.67 2.42

± 0.17 0.98 1.79 4.15 13.44 10.40 16.09 25.16 0.01 0.46 1.01 2.42

CE 0.02 0.45 1.16 6.00 9.06 32.84 65.20 145.20 0.04 0.74 3.06 10.81

± 0.07 0.70 1.23 4.35 13.78 11.27 19.50 35.66 0.18 0.84 2.41 5.44

CM 0.00 0.20 0.66 5.35 9.64 39.37 92.51 194.13 0.02 1.35 3.83 14.61

± 0.00 0.37 0.71 3.25 12.33 11.44 27.05 42.82 0.10 1.43 2.49 5.56

EE 0.06 0.65 1.79 6.51 10.18 32.93 67.30 147.49 0.00 0.73 1.88 5.77

± 0.23 0.84 1.71 4.16 13.47 11.22 18.49 35.96 0.02 1.04 1.88 3.26

EM 0.07 0.47 2.06 8.63 8.60 43.16 109.29 215.58 0.16 2.59 7.03 23.18

± 0.21 0.54 1.74 3.87 11.52 13.93 29.42 44.59 0.48 2.50 4.32 8.46

NE 0.07 1.07 3.01 8.20 11.74 24.60 45.72 104.65 0.00 0.12 0.35 1.42

± 0.32 1.55 3.35 4.97 14.26 7.96 18.35 29.02 0.00 0.31 0.61 1.47
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FIGURE 6 (a) Present observed 5th percentile of daily minimum temperature in winter (Tmin5; 1981–2005) used to define a cold

night; (b) future projected percentage of cold nights in winter and (c) the corresponding inter-model SD [Colour figure can be viewed at

wileyonlinelibrary.com]
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according to the low inter-model SD, especially in the
regions where the largest decreases are found (Figure 6c).
Note that the future percentage of cold nights would be
significantly different with respect to the present over all
the regions from mid century (Table 5). In addition, the
interannual variability is predicted to decrease, despite the
large expected change in the percentage of cold nights.

3.1.4 | Cold spells

Changes in cold spells could have a significant impact
over Europe. An interesting point is to determine
whether these episodes will suppose such a cold-related
risk as the present-day. We consider a cold spell to be an
event of at least three consecutive days (dth ≥ 3) with
mean temperatures under the observed winter 10th per-
centiles (Tmean; Table 2). Analogously to the heat wave
definition, mean temperature is used to define cold spells
as it represents thermal exposure throughout the whole
day, while minimum and maximum temperatures only
reflect the exposure for a short time period. In addition,
mean temperatures give the best model fit with respect to
their effects on cause-specific mortality as judged by
quasi-Poisson Akaike Information Criterion (Q-AIC; Guo
et al., 2012). Again, cold spells have been characterized
by the amplitude exceedance. That is, the cold spell

amplitude (CSA) represents the accumulated cold stress
exceedance for all days under extreme conditions in a
given period (Table 2). It is expressed in degrees-day and
specifically defined as:

CSA=Tmean10�CSF−CST ð7Þ

CST denotes the integral of the mean daily tempera-
tures over the duration of each individual cold spell, and
accumulated for all the cold spells in that period. CSF
represents the cold spell frequency expressed as the
number of days under cold spell conditions in this
interval.

In the present climate, the cold spells of higher ampli-
tude occur in the Scandinavian countries and North-
Eastern Europe (Figure 7; Table 6). These cold spells are
more persistent since they present more continuous days
with mean temperatures below the Tmean10. In the
Mediterranean, cold spells are not so persistent and they
are associated with occasional cold polar intrusions, last-
ing only a few days. Generally, they do not feature a
strong impact on health, since Tmean10s are much
higher than in Northern Europe (Figure 7a).

Cold spells are projected to be less frequent and
severe in Western Europe by the late century (Peings
et al., 2013). According to our results, models

TABLE 5 As in Table 3, but for cold nights (in %)

Winter
Present Early Mid Late

IC 5.00 1.44 0.64 0.06

± 3.65 0.70 0.55 0.08

WE 5.00 2.64 1.46 0.67

± 5.74 1.43 0.98 0.52

WM 5.00 2.74 1.42 0.71

± 5.10 1.28 0.89 0.47

SC 5.00 2.09 0.90 0.28

± 6.46 1.28 0.63 0.28

CE 5.00 2.75 1.30 0.56

± 5.79 1.52 0.87 0.52

CM 5.00 2.63 1.10 0.49

± 4.88 1.25 0.69 0.41

EE 5.00 2.80 1.10 0.39

± 5.92 1.53 0.83 0.47

EM 5.00 2.76 1.41 0.80

± 5.45 1.23 0.89 0.65

NE 5.00 2.00 0.71 0.21

± 5.86 1.35 0.68 0.28

TABLE 6 As in Table 3, but for cold spell amplitude

(in �C day)

Winter
Present Early Mid Late

IC 9.79 2.19 0.96 0.08

± 11.93 1.47 1.12 0.19

WE 17.09 10.35 6.81 2.39

± 26.57 6.07 7.22 2.15

WM 10.85 7.63 3.78 1.33

± 13.43 4.65 3.47 1.18

SC 26.54 11.02 4.74 1.26

± 41.57 7.97 4.10 1.50

CE 19.97 11.74 6.63 2.18

± 29.54 7.28 7.31 2.33

CM 12.82 8.45 3.33 1.19

± 15.21 4.44 3.07 1.26

EE 22.93 14.05 6.15 1.79

± 32.57 7.99 6.32 2.21

EM 15.06 8.98 3.72 1.71

± 18.52 4.86 2.88 1.93

NE 30.48 13.98 5.80 1.64

± 44.49 10.34 5.79 2.15
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consistently project an overall decrease of the CSF
and CSA, which is particularly strong in Northern
Europe. It must be noted that Tmean10s are between
−20 and − 30�C in the Scandinavian countries and
North-Eastern Europe (Figure 7a), while present CSA
is up to 30�C day (Figure 7b; Table 6). Indeed, CSA of
these regions will considerably decrease by an amount
in excess of 30�C day (Figure 7c), with a high consis-
tency among models (less than 1.5�C day in SD;
Figure 7d). Likewise, Central Europe, the Balkans and
the interior of Turkey will suffer a significant decrease
around 20�C day by 2071–2095. This result is not so
consistent across models. A possible contribution to
the expected decrease of CSA over Western and Cen-
tral Europe would be a weakening of the responsible
circulation pattern in winter; in addition, a stronger
anticyclonic anomaly over the Mediterranean Sea
could also enhance the advection of warm air from
north Africa and south Atlantic towards Western
Europe (Peings et al., 2013). The robustness test of
future changes in CSA evidences that the projected
average results would be only significant by late cen-
tury (Table 6).

3.2 | Precipitation extremes

Changes in the European hydrological cycle may have
substantial impacts on environmental and anthropo-
genic systems. Modelling studies indicate an intensifi-
cation of heavy and extreme precipitation events across
the continent, while dry days and droughts are projec-
ted to increase in Southern Europe throughout the 21st
century (Giannakopoulos et al., 2009; Rajczak and
Schär, 2017). The climatology of heavy precipitation
events and its changes has been described through
numerous indices recommended by several initiatives
(e.g., WMO; Klein Tank et al., 2009 and ETCCDI
(Zhang et al., 2011)). All/wet-day percentiles and mean
annual maximum 1–5 days aggregated precipitation
are some examples used for the assessment of potential
changes in heavy rainfall (Rajczak et al., 2013; Kendon
et al., 2014; Ban et al., 2015; Schär et al., 2016; Rajczak
and Schär, 2017).

In the present section, several diagnostics of precipita-
tion extremes have been applied across Europe. Projected
shifts in heavy precipitation and dry days have been
analysed seasonally by means of wet day percentiles and
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FIGURE 7 (a) Present observed 10th percentile of daily mean temperature in winter (Tmean10; 1981–2005) considered for the

definition of cold spell amplitude; (b) present observed cold spell amplitude in winter, (c) future change and (d) the corresponding inter-

model SD [Colour figure can be viewed at wileyonlinelibrary.com]
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thresholds. Likewise, the study of heavy precipitation epi-
sodes and droughts has been carried out by using differ-
ent quantitative indicators.

3.2.1 | Heavy precipitation days

A heavy precipitation day (HPD) has been defined as
an event in which daily accumulated precipitation
values are in excess of the observed annual 95th per-
centile (Precip95; Table 7). Therefore, HPD quantifies
extreme rainfall which can be directly responsible for
floods and soil erosion. Note that Precip95 has been
computed considering only the total number of days
with daily accumulated precipitation ≥0.1 mm
(i.e., wet days). Present HPDs are displayed as the sea-
sonal percentage distribution (i.e., with the four sea-
sons adding up to 5%) rather than through the
absolute number of days per season. Future changes
have been correspondingly expressed as the shifts in
these percentages.

It is worth noting that annual precipitation extremes
are particularly significant in Southern Europe with
values above 40 mm in some spots of areas of the Iberian
Peninsula, the Alpine region and the European Mediter-
ranean coastal areas (Figure 8a). Annual precipitation
extremes are not so intense in North-Eastern Europe,
with amounts ranging from 8 to 20 mm. The former

regions are characterized by deep convection during the
extended warm season that results in heavy precipitation
lasting for a few hours. These heavy rainfalls account for
an important fraction of the total annual amounts.
North-Eastern regions are generally more affected by
stratiform-like systems, which are characterized by light
to moderate rainfall rates lasting over longer time
periods.

In the present climate, heavy precipitation days
respond to a characteristic geographical distribution
depending on the season. In winter, HPDs are more fre-
quent in Southern and western maritime Europe due to
the impinging of moist flows associated to Atlantic lows
(Figure 8b). In summer, the storm track shifts north-
wards, mainly affecting the northernmost part of the con-
tinent, while in the central countries convective
precipitation events are frequent (Figure 8d). In spring
and autumn, HPDs are more evenly distributed through-
out the domain, being more frequents during the fall
(Figure 8c, e). In this season, the Western and Central
Mediterranean coastal areas are under the influence of
cold air intrusions at upper levels combined with relative
warm sea surface temperatures, resulting in deep convec-
tion and heavy precipitation.

Models consistently project an increase of precipita-
tion extremes in Central and Northern Europe, while
decreasing in some areas of the Mediterranean through-
out all the seasons (Figure 9; Table 8). In line with
Rajczak and Schär, 2017, the largest positive changes of
HPDs are projected in winter and autumn across large
parts of Europe by 2071–2095 (Figure 9). This increase
might be related to an intensification of the hydrological
cycle associated with a growth of atmospheric moisture
content (Schmidli et al., 2007). The statistical assessment
indicates that projected increases in northern Europe
might be significant throughout all the seasons from mid
century, while the expected decreases in the Mediterra-
nean would be only significant in summer and autumn
(Table 8).

In winter, projections point out an increase of HPDs
across most of the domain which is similar to the pattern
of change for mean precipitation (e.g., Jones et al., 2001;
Cardell et al., 2019). It must be noted a positive growth
up to 1.5% in United Kingdom, northern France and
countries of middle-west Europe (Figure 9a). However,
results include a possible decrease in HPDs between
1 and 2% over Southern Spain, the Atlas and Middle East
countries, accompanied by regional increases in parts of
Spain and Portugal. The geographical location of the Ibe-
rian Peninsula, between tropical and middle latitudes,
may be one of the causes of its vulnerability as it could be
affected by less frequent Atlantic front passages and more
persistent Azores anticyclonic conditions (Casanueva

TABLE 7 Extreme precipitation index definitions

Name Definition Units

Heavy precipitation
days

Seasonal count when daily
precipitation > annual
95th percentile

day

Heavy precipitation
episode

Episode of at least two
consecutive days with
daily
precipitation > annual
95th percentile

–

Heavy precipitation
amplitude

Accumulated rainfall stress
exceedance for all heavy
precipitation days

mm day

Dry days Annual and seasonal count
when daily
precipitation < 0.1 mm

day

Dry spell Episode of at least three
consecutive days with
daily
precipitation < 0.1 mm

–

Drought Dry spell of length > 95th
length percentile of all
identified dry spells in the
present climate

–
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et al., 2014). Model's uncertainties associated with these
shifts are small in all the domain, showing a robust
agreement among models (less than 1% in SD, not
shown).

Concerning spring, future changes of HPDs present a
similar geographical distribution to winter, but these
changes are significantly higher in north Europe
(Figure 9b; Table 8). For example, HPDs will increase up
to 1% in Sweden, Finland and the Baltic countries. In the
Mediterranean, projected decrease will be less pro-
nounced. Indeed, HPDs will reduce in about 1% in Spain,
Atlas and Middle East countries. The low inter-model SD

(less than 0.6%; Figure 9b) suggests that models project a
similar change, which provides a good certainty for this
estimate.

In summer, heavy rainfall is projected to increase in
North-Eastern Europe and decrease in the south in agree-
ment with Beniston et al. (2007). Atlantic lows are projec-
ted to shift their paths northwards during summer
(Giorgi and Lionello, 2008). Together with warmer air
holding more moisture, precipitation will increase. The
highest positive changes in HPDs will take place in
North-Eastern Europe and the Scandinavian countries
(up to 1.5%; Figure 9c; Table 8) with a medium
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FIGURE 8 (a) Present observed 95th percentile of daily precipitation, considering the whole year and only wet days (Precip95;

1981–2005). This threshold is used to define a heavy precipitation day. Present percentage of observed heavy precipitation days in (b) winter,

(c) spring, (d) summer and (e) autumn [Colour figure can be viewed at wileyonlinelibrary.com]
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confidence among models (up to 1% in SD; not shown).
An interesting rise of this estimate up to 0.5% is expected
in United Kingdom, Germany and the Check republic
despite the pronounced decrease in mean precipitation
reported by Christensen and Christensen (2003). On the
other hand, results include a possible reduction in heavy
summer precipitation in South Eastern Europe and the
Mediterranean, in agreement with Jacob et al. (2014).
This drying might be associated with increased anticy-
clonic circulations over the region causing a northward
shift of the mid-latitude storm track (Giorgi and Lionello,
2008). Central-eastern Europe and Southern Europe will
suffer a significant decrease in HPDs of 1.5%. These
results present a high confidence given the low inter-
model SD (less than 0.6%).

Finally, it should be noted that future change of
HPDs in autumn will be similar in distribution to
that projected for spring but generally stronger,
except in some areas of Germany, Poland, Ukraine
and Belarus (Figure 9d; Table 8). That is, positive
changes between 0.5 and 1.5% in large parts of
Europe are foreseen. Models consistently project an
increase of HPDs in countries of Central Europe, due
to the joint combination of less precipitation days,
but larger daily rainfall accumulations (Cardell et al.,

2019). These results are consistent across models (not
shown). However, HPDs might decrease about 1.5%
in the Atlas and Spain owing to the extension of the
summery high pressures towards early autumn. These
results present a low certainty given the high inter-
model SD (up to 1.7%).

3.2.2 | Heavy precipitation episodes

In Europe, impacts from heavy precipitation are gener-
ally due to short-period rainfalls of localized convective
activity in summer, and multi-day episodes of persistent
large-scale precipitation in winter (Frei et al., 2006). Both
kinds of events are projected to become more frequent
and intense in large parts of Europe by the end of the
century (Ban et al., 2015). In the present work, we con-
sider a heavy precipitation episode (HPE) to be an event
of at least two consecutive days (dth ≥ 2) with daily accu-
mulated precipitation above the observed annual
Precip95 (Table 7). Recall that 95th percentiles are com-
puted by only considering wet days. HPEs have been
characterized by their amplitude to determine whether
these events will suppose a flood-related risk in the
future. Therefore, heavy precipitation amplitude (HPA) is

FIGURE 9 Future change in the percentage of heavy precipitation days in (a) winter, (b) spring, (c) summer and (d) autumn [Colour

figure can be viewed at wileyonlinelibrary.com]
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defined as the accumulated rainfall stress exceedance for
all the days under extreme wet conditions in a given time
interval. It is expressed in mm day and is specifically
defined as:

HPA=THP−Precip95�HPF ð8Þ

Total heavy precipitation (THP) in Equation (8) is
defined as the integral of the daily rainfall over the dura-
tion of each individual heavy precipitation episode, and
accumulated for all HPEs in the time interval. HPF repre-
sents the heavy precipitation day frequency (in days).

In the present climate, the accumulated rainfall stress
exceedance over Europe responds to a similar spatial pat-
tern to that of HPD (Figure 10; Table 9). We find a
remarkable geographical dipole between north and south
Europe in winter and summer. HPA is higher (lower)
in south-western maritime (North-Eastern) Europe in
winter which is between 2–20 (up to 2) mm day. Summer
presents a stronger (lower) HPA up to 25 (below 3)
mm day in middle and North-Eastern (South-Western)
Europe. In spring, HPA is only significant on much del-
imited regions such as the highlands, Southern Germany,
Austria and northern Norway. The accumulated rainfall
stress exceedance distributes uniformly throughout the
domain in autumn, but is quite pronounced in the

Mediterranean. This higher exceedance is attributed to
the leading role of moist convection associated with the
presence of relative warm sea surface temperatures, act-
ing as source of high moisture at low levels, combined
with the upper-level intrusion of cold air from the north
over the Mediterranean.

Projections point out an overall HPA rise across sea-
sons by 2071–2095, except in some limited areas of Spain,
Scandinavia, United Kingdom, the Alps and Turkey
(Figure 11; Table 9). In winter, the positive signal will be
considerable in numerous regions of South Eastern
Europe and the Mediterranean (between 3–15 mm day;
Figure 11a). However, the projected decrease of the HPDs
combined with the HPA rise in Southern Spain and Tur-
key suggests that heavy precipitation might increasingly
concentrate in less but more severe wintry episodes. The
vulnerability of the Iberian Peninsula, associated with its
transition from more arid to wetter climates to the south
and north of its geographical position, respectively, is also
present for this estimate. Indeed, northern Spain and Por-
tugal will suffer a significant decrease of 15 mm day with
a broad agreement among models. Likewise, HPA will
substantially reduce in about 15 mm day in some areas of
United Kingdom, the Alps, Nordic countries and Middle
East countries. These results present a medium confidence
among models (between 3–7 mm day in SD; not shown).
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FIGURE 10 Present observed heavy precipitation amplitude in (a) winter, (b) spring, (c) summer and (d) autumn [Colour figure can

be viewed at wileyonlinelibrary.com]
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Concerning the spring contribution, only west Swe-
den, and some dispersed areas of United Kingdom and
the Alps will experience HPA decreases. Intensification
of the heavy precipitation amplitude might be consider-
able in countries of Western and Central Europe
(Figure 11b; Table 9). Results are in agreement with the
mean rainfall and HPDs increase projected for these
regions (Cardell et al., 2019). For example, a positive sig-
nal of HPA up to 15 mm day might be expected in South-
ern France, northern Italy, Serbia and Hungary, among
others. A comparable change for this estimate seems to
be projected among models, according to the low values
of inter-model SD (less than 7 mm day; not shown). Note
that the expected changes for the late future period
would be significant at 95% level of confidence for most
European/Mediterranean regions (Table 9).

While the intensification of HPA is robust across
models in winter and spring, increases in middle and
north Europe are subject to large uncertainty in summer.
HPA might increase up to 15 mm day in these areas
(Figure 11c) but with a low agreement among models
(above 7 mm day in SD; not shown). The expected
increase over these regions would be a consequence of
the enhancement of atmospheric instability and

convective activity associated with a warmer and more
humid lower troposphere. In Southern Europe, models
tend to project a slight intensification of HPA; despite
important decreases of mean rainfall and rainy days in
South Eastern Europe and the Mediterranean as well
(Cardell et al., 2019).

In autumn, Southern France and northern Italy could
suffer important positive changes of HPA by the late 21st
century (up to 30 mm day; Figure 11d). However, the
high inter-model SD suggests poor confidence in this
result (above 15 mm day; not shown). In the Mediterra-
nean, although the frequency of HPDs will decrease, pre-
cipitations are expected to be more extreme due to an
intensification of the HPA. This change in extreme rain-
fall regimes would be also associated with more atmo-
spheric instability. Warmer and more humid air at low
levels together with fewer upper-air cold air intrusions
from the north will produce less but more violent convec-
tion in this region. Projections also show considerable
HPA increases in other countries of South
Eastern Europe and the Mediterranean, where present
Precip95 in annual rainfall amounts are extremely high
(above 40 mm). For example, Iberian Peninsula, France,
United Kingdom and western coast of Nordic countries

FIGURE 11 Future change in heavy precipitation amplitude for (a) winter, (b) spring, (c) summer and (d) autumn [Colour figure can

be viewed at wileyonlinelibrary.com]
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will experience an intensification up to 15 mm day with
a general agreement among models.

3.2.3 | Dry days

Reduced precipitation is a facet of climate change that can
particularly affect societies and ecosystems in some regions
of Europe. Among other sectors, tourism and agriculture
may be potentially influenced by changes in the frequency
of days without rainfall. In the present work, a dry day has
been defined as an event in which daily precipitation values
are below 0.1 mm (Table 7). The present section analyses
future changes in the frequency of dry days and have been
expressed as percentage shifts relative to the total amount
of dry days in the present.

Projections point out an overall increase in the
annual number of dry days over Europe, except in some
areas of Scandinavia. Dry day increases will be particu-
larly pronounced around the Mediterranean Sea in line
with Polade et al. (2014). Recall that most of Europe will
be exposed to an intensification of HPA. However, the
Mediterranean might be dominated by an increase in dry
days rather than by changes in precipitation owing to a

northward deflection of the Atlantic storm track (Giorgi
and Lionello, 2008). Increased anticyclonic conditions
over the Mediterranean may generally lead to higher
atmospheric stability and less favourable conditions to
storm generation. According to our results, dry days will
also intensify in south-western maritime Europe. The
Iberian Peninsula and the Balkans feature the largest
increases in the number of dry days (above 24%; not
shown). Likewise, France and United Kingdom will suf-
fer a substantial increase (above 12%), with a good confi-
dence among models (less than 10% in SD; not shown). It
must be noted that in these regions approximately
230 days per year are considered dry in the present.

The assessment of dry days across seasons shows a
significant increase in dryness by 2071–2095, except in
some areas of Scandinavia, north Germany and the Baltic
countries during spring and summer. According to the
Kolmogorov–Smirnov test, the expected increase would
be statistically significant in the Mediterranean regions
throughout seasons (Table 10). Recall that in the present,
between 20–52 days are considered dry in Central and
Northern Europe, while in Southern countries the num-
ber of dry days varies between 52–92 depending on the
season (Figure 12). Indeed, the largest increases of dry
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FIGURE 12 Present observed number of dry days in (a) winter, (b) spring, (c) summer and (d) autumn [Colour figure can be viewed at

wileyonlinelibrary.com]
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days will be expected in south-western maritime Europe
in summer and spring by 2071–2095 (above 20%), while
reducing by 9% in some areas of Northern Europe and
Baltic countries (Figure 13). Precipitation deficit during
spring would play an important role in enhancing sum-
mery heat wave episodes over the Mediterranean owing
to the associated depletion of soil moisture and the subse-
quent reduced cooling effect via latent heat exchange
(Fischer et al., 2007). In winter and autumn, increases in
the number of dry days are not so dramatic over the for-
mer regions, while reducing in some scattered areas of
Scandinavia. Positive changes are quite consistent across
models, while decreases present a low certainty according
to the high SD (not shown).

3.2.4 | Droughts

Once changes in the frequency of dry days have been
assessed, a major concern arises in how droughts are
expected to change under human-induced climate
change. That is, whether individual future dry days could
reorganize to give place to more extended consecutive
periods without rain, resulting in longer droughts. To

answer this question, we first define a dry spell as a
period of at least three consecutive dry days. The 95th
percentile of the length of all identified dry spells in the
present period is used as the threshold to define a
drought: any consecutive period of dry days longer than
this threshold is considered a drought (Table 7).

Hence, it is possible to encompass the distinct impacts
of droughts depending on the regional climatology. Impacts
differ among the different European climates. For instance,
the Mediterranean faces inherent long periods of summer
droughts. Ecosystems and populations are well adapted to
these periods. In temperate climates, less persistent
droughts can result in substantial impacts on population
and environment. The present occurrence of persistent
droughts is considerable across Europe. Nearly two
droughts per year longer than 8 days are found in countries
of Central Europe such as Germany, Austria and Czech
Republic (Figure 14a,b; Table 11). Some scattered areas of
Scandinavia present more than two droughts per year last-
ing from 8 to 18 consecutive days. In contrast, the fre-
quency of droughts is lower in the Mediterranean, owing to
their extremely extended length. As an example, Southern
Iberian Peninsula presents approximately one drought per
year with a duration up to 100 consecutive days.

FIGURE 13 Future percentage change in the number of dry days for (a) winter, (b) spring, (c) summer and (d) autumn [Colour figure

can be viewed at wileyonlinelibrary.com]
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Future changes in the annual pattern of droughts
indicate an increase in occurrence and severity over the
Mediterranean by 2071–2095 in line with previous stud-
ies (Dubrovský et al., 2014; Hertig and Tramblay, 2017).
According to our definition, patterns of the annual
drought occurrence are quite different depending on the
region, showing positive or negative changes even in
the same country. For example, North-Eastern Spain,
south-eastern France and some areas of Italy and Bal-
kans will present one drought more per year with a
length up to 28 additional days (Figure 14c,d). In con-
trast, number of droughts will likely reduce in the

remaining parts of these countries, but their duration
will notably increase more than 3 months. These results
present a high inter-model variability. Finally, models
consistently project that the number of droughts will
also reduce in Central and Northern Europe (between
−0.5 and −1.5), despite the large increase in length
(up to 66 days). It is important to note that the esti-
mated decrease in the number of droughts would be sig-
nificant for the early future (Table 11). Conversely, all
the projected increases in drought length would be
notable at 95% level of significance over all the conti-
nent from early future.

FIGURE 14 (a) Present observed 95th percentile of dry spell lengths (1981–2005) used to define a drought; (b) present observed

number of droughts and (c) future change in the number of droughts. Also shown: (d) present observed mean drought length and (e) future

change of this length [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | CONCLUSIONS AND FURTHER
REMARKS

This paper analyses human-induced future shifts in
European temperature and precipitation extremes by
using a combination of dynamical and statistical proce-
dures. Future changes have been discussed by means of
several diagnostics applied to daily observed and projec-
ted temperatures and accumulated precipitation. A Q–Q
adjustment method was applied to the simulated meteo-
rological variables to correct possible biases in the RCMs
representations of local climates. The design of a set of
novel climatic indices permits to properly encompass
extreme regimes. The main conclusions of this
study are:

• Warm extremes will dramatically increase in all sea-
sons over the entire Europe. Summer will be the most
affected season, particularly in the southern countries.
Northern regions project the largest increase in the
number of warm days during spring. Conversely,
autumn would entail the biggest increments in the
southern areas of the continent.

• The Mediterranean countries might be especially
vulnerable due to the important increase in sum-
mery heat wave amplitude. In the shoulder seasons,
positive changes in this estimate will resemble the

same geographical pattern than the number of warm
days.

• The presence of cold nights will likely reduce across
Europe consistently with the diminution in warm day
frequency. The most affected regions might be Scandi-
navia and Northern-Eastern Europe.

• Cold spells are coherently projected to be less frequent
and severe across Europe with a notably decrease in
cold spell amplitude over Northern Europe.

• Heavy precipitation days are expected to increase in
Central and Northern Europe across seasons, while
decreasing in some regions of the Mediterranean.
Interestingly enough, a rise in summery heavy precipi-
tation days is projected in United Kingdom, Germany
and Czech republic, despite the significant decrease of
mean precipitation. Summery and autumnal growths
will be associated with less rainy days, but with larger
rainfall amounts.

• Heavy precipitation amplitude will feature an overall
rise across seasons. Wintery increments will be more
significant in Southern Europe, while in summer are
predicted to be larger in central and northern regions.
Western and Central Mediterranean would suffer the
more severe intensification in the hydrological cycle.

• Despite the projected increment in heavy precipitation
days and amplitude, future dry periods are expected to
exacerbate in Europe. Only some northern regions and

TABLE 11 As in Table 3, but for

the number of annual droughts and

drought length (in days)

Number Length
Present Early Mid Late Present Early Mid Late

IC 1.56 0.47 0.49 0.54 10.47 12.99 12.02 13.81

± 1.34 0.49 0.51 0.49 6.50 22.14 20.11 20.38

WE 1.50 0.61 0.78 0.98 15.20 41.84 49.79 58.84

± 1.06 0.52 0.49 0.45 7.41 49.66 50.72 51.41

WM 1.44 1.13 1.27 1.39 52.51 158.83 172.72 190.16

± 0.81 0.28 0.24 0.25 21.77 84.14 81.31 80.35

SC 1.59 0.63 0.65 0.70 13.92 30.94 30.10 30.96

± 1.15 0.51 0.50 0.49 7.19 43.48 42.14 42.55

CE 1.72 0.78 0.90 1.11 16.31 51.14 57.03 64.88

± 1.18 0.56 0.57 0.51 7.49 63.57 64.87 66.33

CM 1.65 1.24 1.33 1.49 36.56 130.26 144.53 159.10

± 0.97 0.33 0.30 0.30 16.12 81.52 82.30 82.08

EE 1.74 0.95 1.00 1.17 17.41 72.58 78.52 85.37

± 1.24 0.54 0.55 0.50 8.22 77.10 78.87 79.46

EM 1.42 1.14 1.21 1.30 73.87 151.85 164.65 173.53

± 0.72 0.28 0.25 0.24 21.18 74.79 75.36 75.68

NE 1.52 0.61 0.62 0.73 12.78 28.75 28.10 30.95

± 1.09 0.49 0.49 0.49 6.95 39.39 38.93 41.45
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the Baltic countries might exhibit an increase in the
number of rainy days.

• Shifts in drought pattern strengthen the projected dry-
ness over the Mediterranean owing to the occurrence
of more persistent droughts. In general, the number of
droughts will reduce over Europe as consequence of
projected increases in length.

The information here provided can be useful for
future climate research and impact assessment. More-
over, policy makers and stakeholders could establish
new adaptation procedures to face with the challenges
imposed by changes in the extreme weather regimes.
In view of the important projected increases in heat
wave amplitude, not only in summer but also in the
shoulder seasons, we plan as future work to explore
heat wave impacts on human health across the
European and Mediterranean countries by considering
thermal stress indices derived from energy budget
models of the human body.
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