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1.  INTRODUCTION

As is shown in several studies in this CR Special,
drought constitutes a potential threat to people’s
livelihoods and socioeconomic development, includ-
ing in the Central European region (e.g. Brázdil et al.
2016, this issue). Compared to hazards such as floods,
drought tends to occur less frequently. However,
when it does occur, it generally affects a broad region
for seasons or years at a time (UNISDR 2009). Drought
originates from a deficiency of precipitation over an

extended period of time, usually a season or more.
This deficiency can result in water shortage for some
activities, groups or environmental sectors. Drought is
different from other hazards in that it develops slowly,
sometimes over years, and its onset can be masked by
a number of factors. Drought is an issue concerning all
European Union (EU) countries. Ac cording to Spinioni
et al. (2016) the drought epi sodes affected, on
average, 15% of the EU territory and 17% of the EU
population from 2006 to 2010. This caused consider-
able damages and economic losses that were esti-
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mated at over €100 billion (e.g. Spinioni et al. 2016).
Water shortage in Europe is a serious problem in
many regions (Vogt & Somma 2013), and estimates for
the 21st century show an increasing chance of
drought across most of the European continent
(Stocker et al. 2013). However, the character of these
changes is important for adaptation options. For in-
stance, for a number of catchments in Central Europe,
the projected average annual changes in water level
are relatively small, despite considerable changes in
seasonal distribution, even for high-impact scenarios
(e.g. Hanel et al. 2012, 2013). This suggests that the
development of accumulation capa cities might be an
adaptation option. However, if the periods of drought
cover multiple years, this adaptation option may no
longer be efficient. As another example, the timing of
drought onset and the maximum deficit is important
for the impacts on agricultural production. In the stud-
ied region, more crops and larger areas are vulnerable
to drought in the first half of the growing season (es-
pecially April−June) than in July−September, with
the notable exception of maize, potatoes and sugar
beet (Hlavinka et al. 2009). The year-to-year variabil-
ity of drought can be related to circulation patterns, as
shown e.g. by Trnka et al. (2009) and Kingston et al.
(2015). There is evidence that the trends in soil mois-
ture anomalies in Central Europe are indeed linked to
the occurrence of atmospheric circulation patterns
that are condu cive to drought. It also appears that
long-term trends in the frequency of drought-con-
ducive circulation patterns have contributed to a
change in the duration and intensity of drought
episodes (Trnka et al. 2009). This phenomenon is par-
ticularly pronounced during the early vegetation pe-
riod (April−June), which is crucial both for the pro-
ductivity of managed ecosystems (e.g. rain-fed field
crops) as well as for the net primary production of cen-
tral European ecosystems as a whole. Recent studies
have introduced evidence of decreasing soil moisture
content since 1961 (Trnka et al. 2015), and attributed
it to increasing CO2 levels related to anthropogenic
forcing (Brázdil et al. 2015).

High-resolution information about future climate is
needed for proper adaptation and mitigation of the
impacts of climate change and variability. Driven by
a suite of IPCC assessment reports and accompanied
by increasing public awareness of ongoing climate
change, the past decades have seen rapid develop-
ment in the corresponding methods for climate sce-
nario generation (Kotlarski et al. 2014). The primary
tools used for this task are climate models. Unfortu-
nately, high-resolution climate simulations are still
not computationally affordable with global climate

models (GCMs). A coarse resolution also precludes
global models from providing an accurate descrip-
tion of extreme events, which are of fundamental im -
portance to users of climate information with respect
to the regional and local impacts of climate variabil-
ity and change (Giorgi et al. 2009). To obtain climate
change information at the regional to local scale,
diffe rent downscaling techniques are applied on
GCMs’ outputs. Dynamical downscaling (Giorgi &
Mearns 1991) using a regional climate model (RCM)
is an example of such a technique.

RCMs (Giorgi & Mearns 1999, Wang et al. 2004)
are widely used tools for providing regional climate
information over limited areas. The availability and
reliability of RCM simulations for Europe has in -
creased rapidly in recent years, thanks to projects
such as PRUDENCE (Christensen & Christensen
2007), STARDEX (Goodess et al. 2012), ENSEMBLES
(van der Linden & Mitchell 2009), and recently, NAR-
CCAP (Mearns et al. 2012) and CORDEX (Giorgi et
al. 2009). However, RCMs feature considerable sys-
tematic errors (see e.g. Frei et al. 2003, Suklitsch et
al. 2010), which hampers easy application of RCM
results in climate change impact research.

Since model outputs suffer from systematic errors
(due to a necessary simplification of complex real-
world processes: coarser spatial resolution, para -
meterizations, etc.), it is necessary to correct them to
obtain meaningful results on the simulated properties
of the climate system. Generally, when dealing with
mean values of meteorological elements (e.g. seasonal
and annual values), the changes given by the models
can be treated as they are, without any modi fications.
The problem occurs in the analysis of daily data and
extreme values (such as temperature maxi ma and
minima, precipitation values over given thresholds,
etc.), where incorrect statistical distribution simulated
by a model (in particular withregards to its tail parts)
for a given meteorological element may lead to incor-
rect conclusions. To cope with distorted statistical mo-
ments of different order, different model correcting
techniques are applied (a list of these is given in e.g.
Themessl et al. 2012). In the present work, the model
outputs were corrected using our own correction me -
thod (distribution adjusting by percentiles, or DAP)
that is based on the quantile mapping (QM) ap proach
of Déqué (2007) (see details in Section 2.3).

Our previous analyses of climate change for the
Czech Republic (Štěpánek et al. 2012, Brázdil &
Trnka 2015) were based only on the Special Report
on Emissions Scenarios (SRES) emissions scenario
A1B and 2 models, ALADIN-Climate/CZ, either in 25
or 10 km resolution (Farda et al. 2010), or RegCM (Pal
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et al. 2007). Here we present new results based on an
ensemble of 11 simulations of Euro-CORDEX RCMs
(described in Section 2.2). Euro-CORDEX simulations
are based on Representative Concentration Pathway
(RCP) scenarios (Moss et al. 2008). These scenarios
take radiative forcing (W m−2) as the characteristic
driving variable, instead of the concentration of the
equivalent CO2 (ppm). The RCPs are consistent with
a wide range of possible changes in future anthropo -
genic greenhouse gas emissions. RCP2.6 assumes
that global annual greenhouse gas emissions will peak
around 2010−2020, with emissions declining there-
after. Emissions in RCP4.5 are expected to peak
around 2040, and then decline. In RCP6 (not used in
the present study), emissions peak around 2080; in
RCP8.5, emissions continue to rise throughout the
21st century (Meinshausen et al. 2011). The differen -
ces between the older results (based on SRES scenar-
ios) and these new results are discussed in Section 4.

Since the volume of obtained results is enormous
and there is not enough space in this article to show
them all, only selected features of a combination of
all 11 experiments for the whole Czech Republic
(spatial aggregates) will be presented here (in Sec-
tion 3). Nonetheless, the obtained material will serve
for further analysis and be published on the web por-
tal designated for the exchange of information on cli-
mate change impacts, vulnerability and adaptation
measures on the territory of the Czech Republic
(www.klimatickazmena.cz/en/).

2.  METHODS

2.1.  Station data

For proper validation of the RCM outputs and their
later correction, station data of the highest quality
has to be used. First, the underlying raw station data
should be subject to thorough quality control. Data
quality control applicable to large datasets was de -
veloped by Štěpánek et al. (2009). Automation of the
process (preserving a good ratio of true and false
alarms) was achieved through a combination of sev-
eral methods of temporal and spatial analysis.

Once the erroneous data are removed from the
series during quality control, the series are the sub-
ject of homogenization, applying several statistical
tests for the detection of inhomogeneities, and found
discontinuities are corrected in the daily scale (again,
several methods are applied to decrease the uncer-
tainty of the correction estimates). Further details on
the homogenization can be found in e.g. Štěpánek et

al. (2013) or in the documentation of the software
(Štěpánek 2010). Quality control and correction of
inhomogeneities were performed on a daily (sub-
daily) basis for all key meteorological variables (air
temperature, precipitation, sunshine duration, rela-
tive humidity, wind speed) over the territory of the
Czech Republic since 1961 (as well as for neighbor-
ing countries, such as the Slovak Republic and Aus-
tria, within international projects).

After quality control and homogenization, missing
values were filled in. Calculation of the ‘new’ values
was based on geostatistical interpolation methods,
improved by standardization of neighboring stations’
values to the altitude of a given location by means of
regional regression analysis (Štěpánek et al. 2011).
Parameter settings of the calculation differ for each
meteorological element, and the optimal settings
were found by means of cross-validation.

Data quality control, homogenization and the fill-
ing in of missing values led to the creation of a so-
called ‘technical’ series for mean, maximum and
mini mum temperatures, precipitation totals, sums of
sunshine duration, relative humidity (mean water
vapor pressure) and wind speed. These were calcu-
lated for 268 climatological and 787 rain-gauge sta-
tions of the Czech Hydrometeorological Institute
(CHMI) network in the 1961−2009 period, and actual
values are continually being added. Despite the fact
that a smaller number of stations was available for
some of the studied characteristics (e.g. for sunshine
duration or water vapor pressure), the ‘technical’
series were completely calculated (both for arbitrary
station location and regular gridded network). In this
way, we have a complex set of meteorological vari-
ables for each position of a climatological station,
which could easily be applied in any climate analysis
or impact study in this territory.

2.2.  Model simulations

Our analysis of future climate conditions is based
on RCM simulations prepared within the European
part of the global Coordinated Regional Climate
Downscaling Experiment (CORDEX, www.cordex.
org). CORDEX is an international effort supported by
the World Climate Research Programme (WRCP),
aimed at producing a set of climate change projec-
tions covering individual world regions with multiple
RCMs and several emissions scenarios. Thus, the cli-
mate research community gets more reliable in -
formation on future climate parameters, including
information on related uncertainty. To account for
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green house gases and aerosol forcing,
RCP scenarios are used (van Vuuren et
al. 2011). The GCM output from the
Coupled Mo del Intercomparison Pro-
ject Phase 5 (CMIP5; Taylor et al.
2012) has been uti lized as the source of
driving data for the RCMs. Generally,
CORDEX mo dels follow a unified
model setup, in clu ding control, his-
toric (hindcast) and future climate pro-
jection experiments.

The European domain of CORDEX
is covered within the frame of the
 Euro-CORDEX sub-project (www. euro-
cordex. net). Model experiments are
performed here in 2 spatial resolutions:
0.44° and 0.11°. In total, 10 different RCMs and 13 driv-
ing GCMs have been em ployed. In our paper, we focus
only on the 0.11° resolution experiments forced by the
RCP2.6 (van Vuuren et al. 2007), RCP4.5 (Clarke et al.
2007) and RCP8.5 (Riahi et al. 2007) scenarios, respec-
tively. The following RCMs were used in our study:
ALADIN53, CCLM4-8-17, HIRHAM5, RAC MO22E
and RCA4. Two of the 5 RCMs were driven by
>1 GCM. The selection of the experiments was based
on their availability in July 2015, and is summarized in
Table 1. Also included in Table 1 is the identification
code of the particular simulation (e.g. r1i1p1) taken
from the CMIP5 GCM ensemble to drive an RCM.

2.3.  RCM bias correction

The climate simulated by numerical models shows
systematic deviations from reality (true observed cli-
mate), which limits their applicability for impact
models. Therefore, climate model outputs have to be
post-processed to match the observed climate (Chris-
tensen et al. 2008, Maraun 2013). One common way
of dealing with model errors in climate change
impact studies is the delta change approach (Räty et
al. 2014). Besides the delta approach, more sophisti-
cated RCM post-processing methods have been pro-
posed and evaluated, and their list is given in e.g.
Themessl et al. (2012). These approaches belong to
the family of model output statistics (MOS), a concept
developed in weather forecasting and now com-
monly used in climate science (Maraun et al. 2010).

In a comprehensive intercomparison study of 7 em-
pirical-statistical downscaling and error correction
methods (DECMs) for daily precipitation from a 10 km
resolved RCM, Themessl et al. (2011) conclude that
QM outperforms all other investigated DECMs. In ad-

dition, they also show — at least for daily precipitation
linear regression approaches, although optimized by
predictor transformation and randomization — that
RCM error characteristics are not systematically re-
ducedbythesemethods.Thedistributionmappingme -
thodwasrecommendedas thebest-performingcorrec-
tion method by Teutschbein & Seibert (2013), where
various bias correction techniques were compared
(delta change correction, linear transformation, local
intensity scaling [LOCI], power trans formation, vari-
ance scaling, distribution mapping), finding that QM
wasbestabletocopewithnon- stationaryconditions.

Based on the those results, QM was chosen for the
bias correction purposes in the present work. Our
method originates from an approach described in
e.g. Déqué (2007). It is applied as parameter-free
(using empirical cumulative density distributions,
rather than theoretical cumulative distribution func-
tions). An empirical method is recommended over
the parametric one, since the latter is not robust
enough, given the limited length of the time period
(Gutjahr & Heinemann 2013), and also, using theo-
retical distribution, QM becomes less flexible in its
application to different parameters and regions as a
priori information about the shape of the probability
density functions is needed (Themessl et al. 2012).

Based on validation of the QM method within
model control runs, we further adopted some settings
that best suit the purpose of bias correction of vari-
ous meteorological elements (including precipita-
tion, which is difficult to handle on both distribution
tails). For example, the final corrections (obtained for
individual percentiles) were smoothed with a low-
pass Gaussian filter (over 20 percentiles) to reduce
noise in the individual percentile values. Each month
was treated separately and a time window including
the previous and following month was applied: thus,
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RCM Driving GCM GCM ensemble Scenarios
member

ALADIN53 CNRM-CM5 r1i1p1 RCP4.5, RCP8.5
CCLM4-8-17 CNRM-CM5 r1i1p1 RCP4.5, RCP8.5

EC-EARTH r12i1p1 RCP4.5, RCP8.5
MPI-ESM-LR r1i1p1 RCP4.5, RCP8.5

HIRHAM5 EC-EARTH r3i1p1 RCP4.5, RCP8.5
RACMO22E EC-EARTH r1i1p1 RCP4.5, RCP8.5
RCA4 CNRM-CM5 r1i1p1 RCP4.5, RCP8.5

EC-EARTH r12i1p1 RCP2.6, RCP4.5, RCP8.5
HadGEM2-ES r1i1p1 RCP4.5, RCP8.5
IPSL-CM5A-MR r1i1p1 RCP4.5, RCP8.5
MPI-ESM-LR r1i1p1 RCP4.5, RCP8.5

Table 1. Selected Euro-CORDEX experiments of regional climate models 
(RCMs) and their driving global climate models (GCM)
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we get rid of the steps between the individual months
and at the same time comply with different bias sizes
in different parts of a year. To preserve reasonable
extrapolated values (in the tails of the distribution),
changes between individual values of the highest (or
lowest) percentiles (likely to be very noisy) were lim-
ited to certain values (such as a coefficient of 1.5 for
maximal extrapolated value compared to the last per-
centile, and a ratio of 3.0 as a change between the
last percentiles values).

The QM method was applied on a daily basis and
for each grid cell/location separately. To be suitable
for impact studies where station data are preferred
(and because these data are also available for the
current climate), the correction/localization was
done by finding the nearest grid points for a given
location (station) and applying the correction several
times, 5 times in the case of precipitation to 10 times
in the case of other elements. In practice, the first
(nearest) neighbor was applied as the final correc-
tion, but the other results were used to evaluate
uncertainty coming from the correction process.

We call this correction method DAP (distribution
adjusting by percentiles), simply to distinguish it
from other QM methods, since it differs by the above-
 mentioned parameters settings. For the data process-
ing, the software packages AnClim (Štěpánek 2008),
LoadData and ProClimDB (Štěpánek 2010) were cre-
ated. They offer a complex solution, from tools for
handling databases, through data quality control, to
homogenization of time series, as well as time series
analyses, extreme value evaluation and model out-
put verification and correction. The software is avail-
able on the webpage www.climahom.eu.

3.  RESULTS

3.1.  Bias in model data

Over the Czech Republic, we found bias patterns
similar to those discussed in Kotlarski et al. (2014)

and briefly described in Section 4 (the present study).
In this subsection we summarize our main findings
for some of the meteorological variables influencing
evapotranspiration and drought occurrence.

Biases between projection and reality were ana-
lyzed, in detail, mainly for 5 selected experiments. A
control run was compared with the real meteorologi-
cal data. For spatial comparison, individual maps
with values interpolated into 500 m resolution were
obtained for each data source (stations or model grid
points).

Air temperature is underestimated by uncorrected
models (Table 2). The greatest differences were ob -
served for the experiment EC-EARTH_RACMO for
which the average annual temperature is about 2.2°C
lower than reality. In spring, it is underestimated by
about 4°C. The lowest biases were achieved by
HadGEM2-ES_RCA, where the difference from real-
ity is only −0.2°C. Overall, for all 5 selected experi-
ments, the worst results were found in the spring sea-
son (Fig. 1).

A bias analysis was also performed in regard to dif-
ferent altitudes (since model orography differs from
actual orography). We chose 5 levels: up to 300 m,
301−600 m, 601−900 m, 901−1200 m and >1200 m.
The results are surprising. The highest model biases
are observed within the lower altitudes (up to 300 m);
in contrast, the model simulations for mountain
regions are relatively non-biased. Two of the experi-
ments are different, HadGEM2-ES_RCA and MPI-
ESM-LR_ CCLM, which have quite accurate results.
These 2 experiments did, however, overestimate the
temperature in the highest mountains (Fig. 2).

For a selected experiment (EC-EARTH_RACM O22,
whose values are, after bias correction, in the middle
of a value spread of other models), we tested whether
the bias is constant or changes over time. Spatial bi-
ases for different decades of the control run are shown
in Fig. S1 (in the Supplement at www.int-res.com/
articles/  suppl/c070p179_supp.pdf). The biggest under -
estimation is observed in the case of older values (first
decades of the control run period). A bias of about
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Altitude (m) CNRM-CM5_ EC-EARTH_R EC-EARTH_ HadGEM2-ES_ MPI-ESM-LR_
ALADIN ACMO RCA RCA CCLM

0−300 −2 −2.46 −1.81 −0.3 −0.7
300−600 −1.92 −2.21 −1.76 −0.24 −0.66
600−900 −1.39 −1.92 −1.6 −0.06 −0.43
900−1200 −0.51 −1.42 −1.19 0.34 0.18
Above 1200 0.37 −0.4 −0.32 1.23 1.23
Whole Czech Republic −1.83 −2.21 −1.74 −0.21 −0.62

Table 2. Model bias for air temperature (°C) as difference between original (uncorrected) model and reality, areal averages 
for different altitudes

http://www.int-res.com/articles/suppl/c070p179_supp.pdf
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−2.5°C is found for the pe riod 1961−1970 (Table 3),
while a bias of only −2°C is found in the last years of
the control run (1991− 2005). This means that the mod-
eled air temperature in crease in the current climate is
more rapid than it is in reality.

Precipitation sums are overestimated by the uncor-
rected model outputs (Fig. 3). From the 5 selected ex-
periments, the wettest conditions are modeled by
MPI-ESM-LR_CCLM; its average daily precipitation
is higher by about 0.65 mm (Table 4). In contrast, al-
most bias-free precipitations are simulated by the EC-
EARTH_RACMO experiment. The remaining 3 mod-
els overestimated the precipitation by about 0.35 mm
d−1. Spring is wetter compared to the other seasons.

More precipitation is simulated for the Bohemia
(west) region than for Moravia (east) (Fig. 4). Spatial
differences of biases by altitude are not as evident as
in the case of the air temperature. The precipitation
sums in lowlands are overestimated, especially by

the CNRM-CM5_ALADIN and MPI-ESM-LR_CCLM
experiments (Table 4). Mountain regions are mod-
eled with a higher amount of precipitation in the case
of the EC-EARTH_RCA and HadGEM2-ES_RCA
 ex periments. In contrast, the EC-EARTH_RACMO
experiment predicts lower precipitation sums than
the reality for altitudes above 600 m.

184

Period Average Minimum Maximum

1961−1970 −2.46 −4.18 0.38
1971−1980 −2.27 −4.11 0.66
1981−1990 −2.1 −3.89 0.84
1991−2000 −2.09 −3.8 0.97
2001−2005 −1.9 −3.69 1.28

Table 3. Model bias for air temperature (°C) as difference
between original (uncorrected) EC-EARTH_RACMO22 and 

reality, areal averages for the Czech Republic

Fig. 1. Temperature bias, difference between original (uncorrected) model and reality, for 5 experiments, by month (left panel)
and by season (right panel): (a) CNRM-CM5_ALADIN (1961−2005), (b) EC-EARTH_RACMO (1961−2005), (c) EC-
EARTH_RCA (1970−2005), (d) HadGEM2-ES_RCA (1970−2005), (e) MPI-ESM-LR_CCLM (1961−2005). Boxplots— central 

line: median; box: interquartile range (IQR); whiskers: outlier limits (1.5 × the IQR)

Fig. 2. Temperature spatial bias for 5 experiments across the Czech Republic: (a) CNRM-CM5_ALADIN (1961−2005), (b) EC-
EARTH_RACMO (1961−2005), (c) EC-EARTH_RCA (1970−2005), (d) HadGEM2-ES_RCA (1970−2005), (e) MPI-ESM-

LR_CCLM (1961−2005)
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The number of days with precipitation ≥1 mm are
overestimated by RCMs (Fig. 5, left), the same as with
precipitation sums. The overestimation ends with
number of days with ≥10 mm (with underestimation
for JJA and overestimation for MAM). For 20 mm, JJA
and DJF are underestimated (re sulting in the whole
year being underestimated). For 50 mm, all seasons
are underestimated (more JJA and DJF). Some exam-
ples are given in the Section 3.2.

The initially large differences among the individ-
ual experiments (as seen e.g. on Fig. 5) become more
consistent after the bias correction. From this, we can
conclude that for impact studies in which absolute
values play an important role (compared to climato-
logical analysis, which are usually based only on
value changes between various periods), bias correc-
tion is necessary to obtain meaningful results compa-
rable with the current station (baseline) period.

3.2.  Future climate for the Czech Republic

We analyse future climate in this study based on
bias-corrected data. To comprehensibly estimate

change in climate for the whole area of the Czech Re-
public, simple means over all possible grid points
were calculated (in the Discussion section, we give
information about comparison of various ways of
areal averaging). For time series analysis, the values
of the individual experiments were smoothed with a
10 yr low-pass Gaussian filter to get rid of incompara-
ble individual yearly values. To better assess possible
change based on all the available experiments, an
ensemble mean was created from the individual cor-
rected model outputs (see Figs. S2 & S3 in the Supple-
ment), and is further used in this study.

Based on all available experiments, air tempera-
ture in the Czech Republic will increase by 2.0°C
annually by the end of the 21st century using RCP4.5,
or by 4.1°C in the case of the RCP8.5 scenario com-
pared to the reference period (1981−2010). As can be
seen in Fig. S2 (in the Supplement), the air tempera-
ture will increase similarly to the year 2050 irrespec-
tive of the emissions scenarios. The temperature will
be about 1°C higher in the period 2021−2040 com-
pared to 1981−2010. We see growing differences
between emissions scenarios after the year 2050.
Temperatures predicted by RCP8.5 rise steeply, and,
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Altitude (m) CNRM-CM5_ EC-EARTH_ EC-EARTH_ HadGEM2-ES_ MPI-ESM-LR_
ALADIN RACMO RCA RCA CCLM

0−300 0.41 0.11 0.18 0.12 0.51
300−600 0.36 0.07 0.33 0.29 0.68
600−900 0.22 −0.01 0.68 0.67 0.78
900−1200 0 −0.25 0.97 0.97 0.66
Above 1200 −0.1 −0.48 0.98 0.98 0.27
Whole Czech Republic 0.34 0.06 0.36 0.32 0.65

Table 4. Model bias for precipitation (mm d−1) as difference between original (uncorrected) model and reality, areal averages 
for different altitudes

Fig. 3. Precipitation bias, difference of original (uncorrected) model and reality, for 5 experiments, by month (left panel) and by
season (right panel): (a) CNRM-CM5_ALADIN (1961−2005), (b) EC-EARTH_RACMO (1961−2005), (c) EC-EARTH_RCA
(1970− 2005), (d) HadGEM2-ES_RCA (1970−2005), (e) MPI-ESM-LR_CCLM (1961−2005). Boxplots— central line: median; 

box: interquartile range (IQR); whiskers: outlier limits (1.5 × the IQR)
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for example, the HadGEM2-ES_RCA experiment
(having one of the highest trend values) gives, by the
end of this century, climate warming of about 5°C
compared with the reference period 1981−2010
(Fig. S4 in the Supplement). In contrast, RCP4.5
maintains a practically stable climate from 2061, with
a temperature higher by about 2°C compared to the
present. According to RCP2.6, the trend will even
become negative (and still statistically significant, p =
0.05) by the end of the 21st century. Of the individual
seasons, the highest increase in air temperature is
modeled for winter. By the end of the 21st century,
winter temperature should be higher by about 4.9°C
(RCP8.5) (Table 5).

Maximum temperature is to increase mainly in
winter, and the least in spring. Absolute maxima
reach values of 2.3°C for the year and 3.4°C for win-
ter (RCP4.5) and 4.6°C for the year and 6.0°C for win-
ter (RCP8.5), respectively. Minima are expected to
in crease even more, again mainly in winter (4.5°C)
and then in spring (3.5°C) for RCP4.5 and by 8.3°C
(winter) and 8.3°C (spring) for RCP8.5. The minima
increase in annual values is similar to those of winter.

Precipitation sums are distinguished by high spatial
and temporal variability. This is determined mainly by
atmospheric circulation; the amount of precipitation
depends on the type of synoptic situation. The com-
plex orography of the Czech Republic has a significant

influence as well. Long- term changes in
rainfall are not detected. The annual
variability is stronger than the trend.

Projection of the precipitation sums
based on all 11 experiments shows a
slight increase of about 7−13% for
RCP4.5 and 6−16% for RCP8.5. Higher
amounts of precipitation are observed
by the end of the 21st century (Fig. S3
in the Supplement). A statistically sig-
nificant trend (8.3 mm per 10 yr, p =
0.05) is found for RCP4.5 for the period
2061− 2100. The RCP8.5 emissions sce-
narios give a statistically significant
trend of 16 mm per 10 yr in the period
2021− 2060 and 13 mm per 10 yr in
2061− 2100. RCP2.6 supposes an in -
crease in precipitation only in the first
period, 2021− 2060 (14.7 mm per 10 yr).
The biggest difference is observed for
winter precipitation, where the in -
crease could be up by 35% by the end
of the 21st century (Table 6). In con-
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Fig. 4. Precipitation spatial bias for 5 experiments across the Czech Republic: (a) CNRM-CM5_ALADIN (1961−2005), (b) EC-
EARTH_RACMO (1961−2005), (c) EC-EARTH_RCA (1970−2005), (d) HadGEM2-ES_RCA (1970−2005), (e) MPI-ESM-

LR_CCLM (1961−2005)

Fig. 5. Boxplots over all 11 experiments for number of days with precipita-
tion ≥1.0 mm (corr: bias-corrected model outputs; model: original model val-
ues), for 30 yr (1981−2010) and future 20 yr periods (beginning of periods
given on x-axis), and 2 scenarios: RCP4.5 and RCP8.5. Boxplots— central
line: median; box: interquartile range (IQR); whiskers: outlier limits (1.5 ×
the IQR); small circles: outlier values (values beyond the outliers limit). 

Colours show different decades
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trast, the smallest change can be expected in summer
precipitation.

As can be seen in Fig. S5 (in the Supplement), the
changes in the precipitation sums are not spatially
consistent. Again using the example of the Had
GEM2-ES_RCA experiment, it is shown that the
smallest increase should occur in South Moravia,
which is among the most important agri cultural
regions. The differences between the periods and the
emissions scenarios are large. Quite a large diffe -
rence can be observed be tween the periods 2041−
2060 (RCP4.5) and 2061− 2080 (RCP8.5). In the first
case, similar precipitation sums as for the present are
predicted, but with the latter case, significantly
higher precipitation sums of >20% are modeled.

During the last decade (in the
current climate in the Czech
Republic), we have observed a
change in precipitation patterns
but with no similar change in the
average. To capture such behav-
ior, other precipitation character-
istics also need to be investi-
gated. We analyzed the number
of days with precipitation equal

or higher than 1, 10, 20 and 50 mm. No
statistically significant trends (for p =
0.05) are observed for the number of days
with 1 mm and higher, but for 10, 20 or
50 mm, positive statistically significant (p
= 0.05) linear trends were found. The
increase of these intense rainfalls is
mainly predicted by emissions scenario
RCP8.5. For example, the number of days
above 10 mm will increase in RCP8.5 by
about 0.6 d per 10 yr in the period
2021−2060 and by about 0.5 d per 10 yr in
2061−2100. As can be seen in Table 7, the
differences between the individual mod-
els are not so large. In the future, there
will be about 1 additional day of intense
rainfall of ≥20 mm compared to the pres-
ent.

3.3.  Drought in the future

Drought is becoming a very important
phenomenon in our region, as it has been
more and more frequent in recent years
(drought occurred in the Czech Republic
in 2012, 2013, 2014 and 2015). The reason
for the droughts in the Czech Republic is

below- normal amounts of precipitation and/or very
high temperatures. The new Euro-CORDEX experi-
ments predict slight ly higher sums of precipitation,
but, in connection with increased air temperature and
a change in the precipitation pattern (change in rain
frequency), we can expect an increase in evapotran-
spiration; thus, conditions will likely favour drought
more in the future (Zahradní<ek et al. 2015). The
drought in 2015 was one of the worst in the last 20 yr,
and can be considered an example of how such peri-
ods could look in the future. The drought in 2015
started inconspicuously and then quickly escalated
dramatically due to the high temperatures during the
summer months (a record number of tropical days).
This caused a significant drought across the whole
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Period RCP EC-EARTH_ HadGEM2-ES_ MPI-ESM-LR_ Czech 
RACMO RCA CCLM Republic

1981−2010 4.6
2021−2040 RCP4.5 4.7 5.2 5.5

RCP8.5 4.5 5.4 5.0
2081−2100 RCP4.5 5.3 5.8 5.7

RCP8.5 6.2 5.9 5.9

Table 7. Number of days with precipitation >20 mm for 3 experiments

Emissions scenario Period Year DJF MAM JJA SON

RCP4.5 2021−2040 0.9 1.1 0.8 0.7 0.8
2041−2060 1.3 1.4 1.3 1.3 1.1
2061−2080 1.8 2.2 1.8 1.7 1.5
2081−2100 2.0 2.4 1.9 1.7 1.7

RCP8.5 2021−2040 1.0 1.1 1.1 0.9 0.9
2041−2060 1.8 2.1 1.8 1.6 1.8
2061−2080 2.8 3.3 2.8 2.6 2.6
2081−2100 4.1 4.9 3.8 3.8 3.9

Table 5. Difference in air temperature (°C) calculated from 11 experiments
for individual periods and seasons (DJF: winter, MAM: spring, JJA: 

summer, SON: autumn) compared with reference period 1981−2010

Emissions scenario Period Year DJF MAM JJA SON

RCP4.5 2021−2040 106.6 109.3 105.9 105.0 107.4
2041−2060 107.0 110.5 111.5 100.9 108.7
2061−2080 110.3 115.9 115.1 104.4 109.5
2081−2100 112.7 114.0 119.3 107.5 112.4

RCP8.5 2021−2040 106.5 110.6 109.3 103.4 106.2
2041−2060 112.2 120.4 115.4 105.8 112.3
2061−2080 113.7 126.1 118.7 104.3 113.8
2081−2100 116.3 135.1 123.5 102.4 115.9

Table 6. Ratio of precipitation sums calculated from 11 experiments for
individual periods and seasons (DJF: winter, MAM: spring, JJA: summer, 

SON: autumn) compared with reference period 1981−2010 (100%)
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country. It is for this reason we focus mainly on tem-
perature extremes in this section.

Several consecutive days with high temperatures
cause heat waves, which have the potential to deepen
the drought. As a threshold for defining a heat wave
for our analysis, we used 3 d with temperatures above
30°C. The results are presented in the example of the
3 experiment outputs (Table S1 in the Supplement). In
the 1981−2010 period, 3.7 d yr−1 with heat waves oc-
curred. No significant difference be tween RCP4.5
and RCP8.5 is predicted for the near future. The EC-
EARTH_RACMO experiment gives an even higher
number of days in heat waves for RCP4.5. In any case,
the number of days nearly doubles. The large
increase in the number of such days and also the in-
crease in the difference between both emissions sce-
narios occur during the last period of 2081−2100.
Compared to the other 2 experiments, HadGEM2-
ES_RCA models a significantly higher number of days
in heat waves. This experiment predicts 1 mo (33 d) in
heat waves for emissions scenario RCP8.5, which is 10
times more than in the baseline period.

A tropical day occurs when the maximum air tem-
perature reaches or exceeds the limit of 30°C. The
number of tropical days occurs only a few times a
year, but, in the last 2 decades, the number has sig-
nificantly in creased. Such days can be described as
uncomfortable for both people and nature. It causes
an increase in eva potranspiration and quicker drying
of the landscape. If we compare the number of tropi-
cal days in the 1960s with the beginning of the 21st
century, it is occurring almost twice as often. The
number of tropical days has increased mainly in the
Moravian lowlands and lowlands around the river
Elbe, which are places of importance for agricultural
activity (Rožnovský & Zahradní<ek 2014).

In the first future period (2021−2040), we do not
observe a significant increase in the number of tropi-
cal days. The values correspond with those in the
2000s and 2010s. Greater variance in the projections
between the models and even different emissions
scenarios is observed for the end of the century.
Emissions scenario RCP4.5 predicts twice the num-
ber of tropical days than observed in the period
1981−2010. The EC- EARTH_RACMO experiment
predicts about 20% fewer tropical days than the
other 2 models (Table S2 in the Supplement). Big dif-
ferences are modeled by RCP8.5 (Fig. 6). Model
HadGEM2-ES_ RCA calculated about 50% higher
number of tropical days than the other studied exper-
iments. Such a significant increase in these hot days
may cause major problems, not only in terms of
drought, but also in the population’s health, the

energy sector, etc. Interestingly, in 2015, we meas-
ured 35−40 tropical days in the Czech Republic,
which was higher than the projections of most mod-
els for the end of the 21st century.

4.  DISCUSSION AND COMPARISON WITH
PREVIOUS RCM RESULTS

As mentioned in the Introduction and Section 2.3,
the models suffer from biases. Given our knowledge
about physical proces ses in the atmosphere, compu-
tational possibilities, etc., results within the same
group of models usually have similar problems. Kot-
larski et al. (2014) summarizes some of these biases
evaluated from the ERA-Interim- driven (Dee et al.
2011) Euro-CORDEX RCMs. They point to a predom-
inant cold and wet bias in most seasons and over most
parts of Europe and a warm and dry summer bias
over southern and southeastern Europe. The other
well-known issue with RCMs is, for instance, system-
atic underestimation of the dry-day frequency and,
on the other hand, overestimation of light (between
0.1 and 1 mm d−1) and heavy precipitation frequency
(Themessl et al. 2012). As has been shown in Sec-
tion 3, we confirm similar bias patterns in our results
for the Czech Republic.

In Section 3.2, we presented results based on bias-
corrected results and spatial aggregation over all
available grid-points. To answer a possible question
about the role of location density in the estimation of
such an areal average for the Czech Republic, we
analyzed averaging based on several versions of
input datasets. The datasets are: the simple average
of the values of 523 grid points of Euro-CORDEX
simulations, and averages over 268 (air temperature)
in respect to 787 (precipitation) station locations. We
compared several characteristics for a 30 yr period
(1981−2010): air temperature, number of tropical
days, precipitation sum and number of days with
 precipitation ≥1 mm. As a reference dataset, we used
an areal average based on a 500 m resolution grid
layer ob tained through geostatistical interpolation,
namely, regression kriging ap plying the dependence
of input station data (268 for temperature, 787 for
precipitation) on altitude, longitude, slope, exposi-
tion and roughness. When comparing the results
from these 4 data sources, they are practically the
same, with the differences being a maximum of 0.1°C
for air temperature and 4% in the case of precipita-
tion or number of days. To conclude, the density of
the Euro-CORDEX grid points does not have much
effect on the results; it is comparable with other ver-
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sions of national mean average with a different num-
ber of points used for the calculation.

The previous studies of future climate in the Czech
Republic were mostly based on 3 simulations of 2
RCMs: ALADIN-Climate/CZ in 10 km and 25 km res-
olutions (ALADIN-10 and ALADIN-25), and RegCM3
in 10 km resolution (RegCM-10). Since these results
are still widely used (at least within the Czech
Republic), we decided to discuss the differences
between the new findings presented in Section 3 of
the present paper and the previous studies. Both
 simulations at 10 km resolution (ALADIN-10 and
RegCM-10) were originally prepared within EU FP6

CECILIA (www.cecilia-eu.org/), covered 2 future
periods, 2021−2050 and 2071−2100, and followed the
path of greenhouse gas emissions according to the
IPCC A1B (SRES) emissions scenario. The same
emissions scenario was also chosen for the ALADIN-
25 km transient simulation, covering the period
1961− 2100. The ALADIN-Climate/CZ simulations
were directly driven by the stretched version of the
ARPEGE GCM. The GCM stretching technique
increases the resolution of a GCM over a selected
region (to ca. 50 km in the case of ARPEGE) and
reduces it on the opposite side of the globe. Thus,
GCM stretching reduces the jump in spatial resolu-
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Fig. 6. Spatial differences in number of tropical days between future periods (2021−2040 and 2081−2100) and the present
(1981−2010), for 3 experiments (EC-EARTH_RACMO, HadGEM2-ES_RCA, and MPI-ESM-LR_CCLM), and 2 scenarios 

(RCP4.5 and RCP8.5) across the Czech Republic



Clim Res 70: 179–193, 2016

tion between the driving GCM and the downscaling
RCM. In the case of the RegCM-10 experiment, a
double nesting from ECHAM GCM via 25 km
RegCM3 simulation was used. According to all 3
experiments, air temperature will climb in the future.
In the near future, 2021−2050, air temperature in the
Czech Republic will rise by about 1.2−1.5°C. This in -
crease is within the range of warming calculated for
the RCP4.5 and RCP8.5 emissions scenarios from the
Euro-CORDEX models. For the periods 2021−2041
and 2041−2061, the Euro-CORDEX models expect a
warming of 0.9−1.3°C for RCP4.5 and 1.0−1.8°C for
RCP8.5. For the last 30 yr of the 21st century (2071−
2100), older experiments (with the A1B scenario)
indicated an air temperature rise of 3.2−3.3°C. This
temperature change is close to what simulations
based on the RCP8.5 scenario expect (2.8−4.1°C).
RCP4.5-based simulations envisage rather milder
warming (1.8−2.0°C). The older and newer genera-
tions of RCM experiments differ in seasonal temper-
ature change. A slightly higher increase in the tem-
perature is predicted in winter and summer by
ALADIN-10 in the period 2021−2050. In contrast,
RegCM-10 calculated the change in temperatures
during the summer to be significantly smaller than in
other seasons. The ALADIN-25 model gives a rela-
tively similar increase for all seasons; the only lower
trend is predicted for spring. Both models based on
ALADIN-Climate/CZ calculated a higher increase
in the temperatures in summer for the distant fu -
ture (2071−2100). In contrast, RegCM-10 predicts a
higher increase in the winter temperature for the
period 2071−2100. For both emissions scenarios, the
climate models based on Euro-CORDEX calculated a
higher growth rate in air temperatures in the winter
season for both the near and distant future. The
changes in the seasons’ air temperatures calculated
by Euro-CORDEX are probably closest to the projec-
tions of the former RegCM-10 model.

Further, previous experiments calculated a slightly
higher annual amount of precipitation on average for
the whole Czech Republic for the period 2021−2050.
The increase in rainfall was modeled between 4 and
7%. This is relatively consistent with the new results,
which predict an increase in annual precipitation of
between 7 and 12%. Differences are observed in the
projections for seasonal changes. A significant de -
crease in winter precipitation was indicated by the
ALADIN-10 and ALADIN-25 experiments. The de -
crease in winter precipitation was about 15%. Similar
phenomena occurred in the present climate, with the
last 5 winters having a lower amount of precipitation
and snow. A decrease in winter precipitation is not

modeled by RegCM-10, however. The new re sults of
the Euro-CORDEX experiments do not show a de-
crease in winter precipitation; on the contrary, they
indicate an amount higher by about 9−20%. Previous
experiments expected an increase of about 20% in
autumn precipitation and about 10% for summer.
Conversely, the new results show only a slight in-
crease in summer precipitation, which could be very
dangerous in connection with the higher temperature
(significantly higher evaporation). Autumn precipita-
tion is predicted by the new models to be higher by
only about 7−12%, which is lower than the assumption
of previous experiments. The differences between the
previous and current versions of the climate models
are pronounced in the case of precipitation in the dis-
tant future (2071−2100). ALADIN-10 and ALADIN-25
predicted slight decreases in annual precipitation
(2−3%). Conversely, new models in ac cordance with
older model outputs RegCM-10 gives annual precipi-
tation increasing by about 10−16%. The ALADIN-Cli-
mate/CZ model (ALADIN-10, ALA DIN- 25), unlike
during the first period, did not predict such decline in
winter precipitation (4%), while there is a visible
modeled decline in summer precipi tation (10−12%).
The RegCM-10 models an increase in winter, autumn
and spring rainfall of up to 20%, but does not predict
any significant change in summer precipitation. The
outputs of the new experiments predict an ongoing
increase in winter precipitation in the distant future,
as opposed to the older model outputs by ALADIN-
Climate/CZ. Winter precipitation is modeled to be
higher by an amount of about 26−35%, especially for
emissions scenario RCP8.5. A decline in summer pre-
cipitation is not observed in the new model outputs.

5.  CONCLUSIONS

In the case of the original (uncorrected) model out-
puts, the differences between the individual models
are large. After bias correction, the absolute values
for future climate became more stable and suitable
for ongoing analysis within impact studies.

All 11 available Euro-CORDEX experiments were
bias-corrected. Most experiments underestimated
temperature by up to 2.5°C. Conversely, the increase
in air temperature is greater than in reality (for the
control run). The found biases are not spatially iden-
tical; they vary significantly with altitude. The pre-
cipitation sums are overestimated by uncorrected
experiments by up to 0.65 mm d−1, but the differ-
ences between models are large. The spatial differ-
ences of the model biases are not the same for all the
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experiments, and their analysis by altitude level does
not show clear results. Uncorrected RCM outputs
would be useless for an impact study of a regional
character, since uncorrected RCMs do not capture
the conditions for the Czech Republic well.

Air temperature will increase similarly up to 2050
irrespective of the emissions scenario. Temperature
will be higher by about 1°C in the period 2021−2040
compared to 1981−2010. After the year 2050, we
observe growing differences between the emissions
scenarios. For the whole Czech Republic, based on
all 11 available experiments, air temperature will
increase by 2.0°C (RCP4.5) to 4.1°C (RCP8.5) for the
whole year and for the end of the 21st century com-
pared to the reference period (1981−2010). In con-
trast, RCP2.6 predicts the halting of growth in air
temperature by 2060, and even indicates a slow
decline. Looking at individual seasons, the highest
increase in temperature is modeled in winter. The
projections for precipitation gives a slight increase of
about 7% (2021−2040) to 13% (the end of the 21st
century) for RCP4.5, and 6% to 16% for RCP8.5. The
changes are mostly statistically significant (p = 0.05).
A stronger trend can be found in the outputs for
emissions scenario RCP8.5. The biggest difference is
observed in winter precipitation, which could end up
with an increase of 35% by the end of the 21st cen-
tury, whereas the smallest change can be expected in
summer precipitation.

Climate change is also reflected in the climatic
indices. The experiments predict an increase in the
number of tropical days, which is also manifested in
the growing number of heat waves. Alarming results
by the end of the 21st century are predicated mainly
with emissions scenario RCP8.5. These results are
not unrealistic, as a similar number of tropical days as
predicted by RCP8.5 for the period of 2081−2100
occurred in the year 2015 in the Czech Republic.
Higher temperatures can lead to more intense rains
from thunderstorms. Significant trends were found in
the number of days with precipitation of 10, 20 and
50 mm and higher.

Considering the simulated changes in air tempera-
ture and changes in the precipitation regime for the
future, we can expect more frequent and severe
drought occurrences. In this article, the conclusions
are based solely on the climate variables that induce
drought, but special drought indices were calculated
as well, and we will follow up with articles devoted to
their analysis.
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