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Abstract The study examines climate change scenarios of
Central European heat waves with a focus on related uncer-
tainties in a large ensemble of regional climate model (RCM)
simulations from the EURO-CORDEX and ENSEMBLES
projects. Historical runs (1970—1999) driven by global climate
models (GCMs) are evaluated against the E-OBS gridded data
set in the first step. Although the RCMs are found to repro-
duce the frequency of heat waves quite well, those RCMs with
the coarser grid (25 and 50 km) considerably overestimate the
frequency of severe heat waves. This deficiency is improved
in higher-resolution (12.5 km) EURO-CORDEX RCMs. In
the near future (2020-2049), heat waves are projected to be
nearly twice as frequent in comparison to the modelled histor-
ical period, and the increase is even larger for severe heat
waves. Uncertainty originates mainly from the selection of
RCMs and GCMs because the increase is similar for all con-
centration scenarios. For the late twenty-first century (2070—
2099), a substantial increase in heat wave frequencies is
projected, the magnitude of which depends mainly upon con-
centration scenario. Three to four heat waves per summer are
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projected in this period (compared to less than one in the
recent climate), and severe heat waves are likely to become
aregular phenomenon. This increment is primarily driven by a
positive shift of temperature distribution, but changes in its
scale and enhanced temporal autocorrelation of temperature
also contribute to the projected increase in heat wave
frequencies.

1 Introduction

Heat waves are one of the main concerns in relation to the
ongoing climate change. The severity of heat waves has in-
creased across European regions in the recent decades (Della-
Marta et al. 2007; Kysely 2010; Valerianova et al. 2015). The
most notable events occurred in 2003 over Western Europe
(Fink et al. 2004) and in 2010 over Eastern Europe and Russia
(Schneidereit et al. 2012). Recently, Central Europe was af-
fected by several extraordinary heat waves in the summer of
2015, during which the highest historically recorded daily
maximum temperature (T.x, 40.3 °C) was measured in
Germany (DWD 2015), and majority of heat wave indices in
this summer exhibited record-breaking values over the region
(Hoy et al. 2016). Central Europe experienced severe heat
waves also in summer 2013, which ranked as the eighth most
extreme since 1951 at the continental scale, and the heat wave
severity broke historical records at several stations with long-
term measurement (Lhotka and Kysely 2015b). In 2013, the
highest historically recorded Ty, (40.5 °C) was reached in
Austria (ZAMG 2013), and the highest temperature for the
Czech Republic (40.4 °C) was observed 1 year earlier, in
August 2012, during a relatively short heat wave (Holtanova
et al. 2015). It is estimated that the probability of severe heat
waves such as the 2003 heat wave over Western Europe has
increased by a factor of 2—4 due to climate change (Coumou
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and Rahmstorf2012), and Fischer and Knutti (2015) conclud-
ed that about 75% of hot extremes over land areas worldwide
in the past six decades are attributable to the observed
warming.

Heat waves cause excess illness and mortality, losses in
agricultural production, forest fires, increased energy demand
for cooling and other related hazards (Beniston et al. 2007),
and there is growing evidence that the European agricultural
sector will need to adopt suitable adaptation strategies in rela-
tion to more frequent heat stress (Iglesias et al. 2012). The
2003 heat waves caused 70,000 excess deaths in Europe,
mainly in the elderly population (Robine et al. 2008), and
the 2010 heat wave in Russia was associated with a death toll
of 55,000 (Barriopedro et al. 2011). Bastos et al. (2014)
showed that both events led to a marked decrease of plant
productivity. In addition, numerous wildfires that occurred in
2010 caused continuous episodes of extreme air pollution in
several Russian cities (Konovalov et al. 2011).

In general, heat waves are expected to become more fre-
quent, more intense and longer lasting in a future climate
(Meehl and Tebaldi 2004; Lau and Nath 2014; Lemonsu
et al. 2014). More specifically, based on ENSEMBLES re-
gional climate models (RCMs) driven by global climate
models (GCMs) forced by the SRES A1B scenario, Fischer
and Schér (2010) showed that the occurrence of heat waves is
projected to increase substantially by the end of the twenty-
first century in most European regions and their peak temper-
ature may be enhanced by approximately 5 °C. These changes
are usually reported to be driven rather by higher mean tem-
perature than by larger temperature variability (Ballester et al.
2010). There is nevertheless a considerable spread among
individual climate models, causing substantial uncertainties
in future projections.

The evaluation of uncertainties is fundamental for any ap-
plication (Déqué et al. 2012) and presents a key challenge for
adaptation planning. Uncertainties in climate projections orig-
inate from three main sources: the choice of emission/
concentration scenario, internal variability of climate and
model uncertainties (Hawkins and Sutton 2009).
Concentration scenarios represent possible ways of human
society’s development that alter a radiative forcing on climate
(Moss et al. 2010), mainly through a modification of atmo-
spheric chemistry and land-cover changes. In the extratropics,
the uncertainty based on internal climate variability is mainly
associated with atmospheric dynamics, dominated by
teleconnection modes (Deser et al. 2012), such as the North
Atlantic Oscillation (Hurrell and Deser 2010). The model un-
certainty arises from the nature of model design, as different
RCMs exhibit various internal behaviours and their
simulations are driven by different GCMs.

Identifying typical features of individual models related to
heat waves in the historical climate are crucial for credible
interpretation of their projections. Kjellstrom et al. (2007)
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demonstrated that RCMs tend to underestimate high summer
temperatures over Scandinavia and the British Isles, while an
overestimation was found over Eastern Europe, the
Mediterranean and the Iberian Peninsula. Kjellstrom et al.
(2011) attributed the negative temperature bias in the northern
parts of the European domain to improper simulation of sea
surface temperature and ice condition in the North Atlantic,
while the positive temperature bias in the south was triggered
by too-dry model climate in the spring and summer in the
Mediterranean. In Central Europe, a negative bias of daily
maximum temperature is often reported (Nikulin et al. 2011;
Plavcova and Kysely 2011), but Kjellstrom et al. (2010)
showed that this bias is one of the smallest across the
European domain. Reproduction of heat waves nevertheless
requires not only a good simulation of the right tail of a tem-
perature distribution but also the persistence of high tempera-
tures. The capability of RCMs to simulate heat waves over
Europe was evaluated by Vautard et al. (2013), who found that
biases in modelled temperature influenced characteristics of
heat waves that were too persistent and severe. A different
approach to defining heat waves was adopted by Lhotka and
Kysely (2015c), who took into account their temperature mag-
nitude, length and spatial extent. Simulated heat waves were
then shorter but more frequent, and their peak temperatures
were substantially overestimated.

Previous studies on climate change scenarios have not
evaluated in detail the aforementioned uncertainties when
analysing heat waves in a future climate. The focus of the
present study is on uncertainties connected with the choice
of emission/concentration scenario (RCP 4.5, RCP 8.5 and
SRES A1B), model resolution (12.5, 25 and 50 km) and the
climate model (31 RCM x GCM combinations). The changes
and uncertainties are assessed for the near future (2020-2049)
and the late twenty-first century (2070-2099). An evaluation
of the RCMs is performed against the E-OBS gridded data set
over the 1970-1999 historical period. Since the study involves
a large ensemble of RCMs with various characteristics, this
approach allows analysing magnitude of projected changes
with respect to the related uncertainties.

2 Data and methods
2.1 Area of interest and observed data

Heat waves are analysed over Central Europe that is situated
approximately between 47 and 53° N and 8 and 22° E (Fig. 1).
The area contains 4160 (80 x 52), 1040 (40 x 26) or 260
(20 x 13) grid points, depending on horizontal grid spacing
of a particular data (12.5, 25 or 50 km, respectively). This
region’s location is designed for the most common rotated
pole grid and is identical for observed data and all three hor-
izontal grid spacings of the RCMs. It is analogous to that used
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in the previous study focused on evaluation of heat waves in
RCM simulations (Lhotka and Kysely 2015c). The E-OBS
11.0 gridded data set (0.22 rotated grid, Haylock et al. 2008)
is used as a source of observations. This data set covers whole
continental Europe over the 1950-2014 period, but the eval-
uation of model simulations is performed during the shorter
1970-1999 period due to the limited time span of modelled
data.

2.2 Climate model simulations

Modelled data are taken from the EURO-CORDEX (Jacob
et al. 2014) and ENSEMBLES (van der Linden and Mitchell
2009) projects. While EURO-CORDEX provides RCM simu-
lations in 50 and 12.5 km resolutions driven by Representative
Concentration Pathways (RCP) scenarios (van Vuuren et al.
2011), the ENSEMBLES project is valuable in that it provides
RCMs in the 25 km resolution forced by the SRES AIB sce-
nario (Arnell et al. 2004). Individual RCMs had been subjected
to various upgrades during the time period between the
ENSEMBLES project phase and the EURO-CORDEX simu-
lations. The EURO-CORDEX models investigated in this
study had improved their respective sets of physical parameter-
izations while keeping their basic principles from the
ENSEMBLES stage. Another change is the use of more recent
surface property data sets and improved restart techniques, for
example, in RCA4 (Strandberg et al. 2014) and CLM RCMs
(Davin et al. 2011). The majority of the model simulations are
available up to the end of the twenty-first century (Table 1), and
all simulations have available their historical runs (1970-1999)
driven by the same GCM.

Individual model simulations from the EURO-CORDEX
project are listed in Online Resource 1. These models have
0.11° (12.5 km) or 0.44° (50 km) horizontal grid spacing and
are forced by the RCP 4.5 or RCP 8.5 scenarios. The RCP 4.5
scenario represents stabilization of concentrations without

overshooting effective radiative forcing (ERF) of 4.5 W/m?
relative to pre-industrial values (~650 ppm CO, equivalent).
This is achieved by implementing mitigation policies
(Thomson et al. 2011). The total ERF is 2.3 W/m? in year
2020, 3.4 W/m® in 2050, 3.8 W/m® in 2070 and 3.9 W/m®
in 2100 (Prather et al. 2013). By contrast, the RCP 8.5 scenar-
io represents a long-term large energy demand without imple-
mentation of mitigation policies, thus leading to high green-
house gas emissions (Riahi et al. 2011). This scenario is pre-
sumed to reach an ERF of 8.5 W/m? (~1370 ppm CO, equiv-
alent) and the total anthropogenic ERF is 2.3 W/m® in the year
2020, 4.4 W/m® in 2050, 5.9 W/m® in 2070 and 8.0 W/m” in
2100 (Prather et al. 2013). It should be mentioned that the
EURO-CORDEX ensemble may be unbalanced due to the
majority of RCA4 RCM simulations (especially in the 0.44°
grid), which has to be taken into account when interpreting the
model outputs.

Sixteen RCM simulations that use rotated grid and the 0.22°
(25 km) horizontal grid spacing were taken from the
ENSEMBLES project (Online Resource 2). These simulations
are forced by the SRES A 1B concentration scenario that repre-
sents rapid economic growth with increasing globalization, fast

Table1 Number of model simulations from the EURO-CORDEX and
ENSEMBLES projects for the near future and the late twenty-first
century

2020-2049 2070-2099
CORDEX—0.11°—RCP 4.5 W m 2 10 10
CORDEX—0.11°—RCP 8.5 W m 2 10 10
CORDEX—0.44°—RCP 4.5 W m 2 13 13
CORDEX—0.44°—RCP 8.5 W m 2 13 13
ENSEMBLES—0.22°SRES A1B 16 13
Total 62 59

Decimal numbers represent the horizontal grid spacing; ‘RCP’ or ‘SRES’
denote the concentration scenario
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technological change and low population increase (Arnell et al.
2004). The total anthropogenic ERF is 2.2 W/m® in the year
2020, 4.2 W/m® in 2050, 5.3 W/m” in 2070 and 6.0 W/m” in
2100 (Prather et al. 2013).

In some studies, a relatively large numbers of gaps in
RCM x GCM matrices were completed using statistical
methods for data reconstruction. Nevertheless, Heinrich
et al. (2014) showed that seasonal mean climate change of
the ENSEMBLES RCM projections is not significantly biased
due to the lack of driving GCMs. This technique is therefore
not employed in the present study, and we analyse only the
available simulations.

2.3 Definition of heat wave

Heat waves are defined with respect to their temperature magni-
tude, length and spatial extent. First, all data are recalculated to
the 0.44° (50 km) grid through averaging four (16) respective
grid cells when transforming the original 25 km (12.5 km) grid.
Inasmuch as a sensitivity study had shown the occurrence of heat
waves to be identical in selected 0.22° (25 km) data sets and in
their recalculated 0.44° versions, we found this approach useful
for direct comparison of heat wave characteristics among all data
sets involved. An analogous procedure was applied by Kotlarski
et al. (2014) when comparing the performance of EURO-
CORDEX and ENSEMBLES models driven by reanalyses.
We note that some heat wave characteristics (e.g. temperature
amplitude) cannot be directly compared between different reso-
lutions, and this approach also overcomes the issue with the
missing observed 0.11° (12.5 km) grid data for the evaluation
of historical runs.

The definition of heat waves is based on the occurrence of
hot days over Central Europe and is similar to that proposed
by Lhotka and Kysely (2015a). A heat wave is defined by at
least three consecutive hot days. A hot day occurs when the
average of T« deviations from the 90th percentile of their
summer distribution is positive over Central Europe (calculat-
ed in the 1970-1999 period). The percentiles are calculated
individually for observed data and each model simulation in
order to remove the influence of a T, bias. This approach is
suitable when focusing rather on the behaviour of the right tail
of the T, distribution and the spatial and temporal structure
of daily temperatures (which are essential for heat waves) than
on the T, bias itself. The use of the respective percentiles
has already been employed in previous studies (Ballester et al.
2010; Fischer and Schéir 2010; Vautard et al. 2013). We note
that although simulated values of T, are affected by eleva-
tion differences among their original grids (0.11°, 0.22° and
0.44°), it is not necessary to perform a T, elevation correc-
tion since the percentiles are calculated separately for each
RCM simulation.

In future time slices, the calculated percentiles from the
historical period are kept. Although future society may regard
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heat waves that are considered severe in the present climate as
ordinary under climate change conditions due to its adapta-
tion, we found this approach useful to illustrate possible
changes of heat waves relative to historical climate.
Moreover, heat waves pose a threat also for ecosystems,
which ability to adapt may be limited.

2.4 Heat wave characteristics

Four characteristics of a heat wave are calculated so that each
event is described by (i) temperature amplitude, (ii) length,
(iii) spatial extent and (iv) extremity index. Temperature am-
plitude is the highest daily T,,., excess above the 90th percen-
tile of the summer T,,,,, distribution during a heat wave (at any
grid point in Central Europe) and represents the temperature
anomaly of its peak. Length is the number of consecutive hot
days that form a heat wave (minimum of three hot days).
Spatial extent is represented by an area where T, deviations
above the 90th percentile of summer T,,,c distribution are
positive for at least three successive days, and it is given as a
ratio (1.0 means that whole Central Europe is affected by a
heat wave). The extremity index is adopted from Lhotka and
Kysely (2015a) and is defined as a sum of positive T, de-
viations in all Central European grid points during a heat
wave, scaled by the total number of (recalculated) grid points
over Central Europe (260). This index captures joint effects of
temperature, length and spatial extent of heat waves. An ex-
ample of the heat wave definition and calculation of its char-
acteristics is given in Fig. 2.

2.5 Temporal autocorrelation and statistical testing

Analogously to Lhotka and Kysely (2015¢), persistence of
Tmax over Central Europe, which is an important aspect for
heat wave development, is analysed by temporal autocorrela-
tion computed as the Pearson product moment coefficients for
lagged data pairs. For each day in the summer, T,,,, values
across 260 grid points over Central Europe are averaged into a

Day 1
110 3|5 2|3 2|4 1|4 2|2
2 (-3 2|2 110 101 2|3 -2 | -4

Day 2 Day 3 Day 4 Day 5 Day 6

—--1.0 —+3.0 —-+15 —H>+15 —H>+20 515
| ]
Heat wave
Temperature amplitude = 5°C Length = 4 days
7|16
Spatial extent = =0.5 Extremity index = =34/4 =8.5°C
0|0 56

Fig.2 Theoretical example of the heat wave definition and calculation of
heat wave characteristics over a hypothetical area represented by four grid
points. Positive (red), negative (blue) and zero (black) deviations from the
90th percentile of summer T, distribution are shown
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regionally averaged T,,.x, which is used to compute correla-
tion coefficients. Since the summer T, series is not contin-
uous, we calculated correlation coefficients (r) individually
for each summer. Because a simple arithmetic mean of
(seasonal) correlation coefficients may be underestimated
due to a skewed distribution (Silver and Dunlap 1987),
Fisher’s z transformation was applied before averaging with
the following equation:

1
z=0.5log, (g)

The mean of z values was then back transformed using an
inverse function to the Fisher’s transformation. Statistical sig-
nificance of changes in temporal autocorrelation was assessed
using the two-sided Wilcoxon rank sum test. This non-
parametric test is chosen because the criterion of data normal-
ity is not always met.

3 Observed heat waves and evaluation of historical
RCM simulations

Because the study includes evaluating performance of the
RCMs’ historical simulations, observed heat wave character-
istics are analysed first. In the E-OBS data, 22 heat waves are
found in the 1970-1999 period (7.3 heat waves per decade).
Their temperature amplitude ranges from 4.1 to 9.8 °C, the
length varies from 3 days (by definition) to 16 days, the spatial
extent ranges from 0.24 to 1 and the extremity index varies
from 2.5 to 51.4 °C. Median values of heat wave characteris-
tics are 5.7 °C (temperature amplitude), 4 days (length), 0.64

Fig. 3 Histograms of heat wave
characteristics (temperature
amplitude, length, spatial extent,
extremity index) for observed
heat waves in the 1970-1999
period. Green vertical lines
represent median values and red
vertical lines indicate values for

Number of events
012345678910

(spatial extent) and 7.4 °C (extremity index, Fig. 3). Hereafter,
a heat wave is considered ‘severe’ when all its characteristics
are equal to or exceed these median values.

Only 5 of the 22 heat waves (in 1971, 1974, 1976, 1992
and 1994) meet this severe heat wave criterion (1.7 severe heat
waves per decade). The heat wave of 1994 is exceptional due
to its length (16 days) and a very high extremity index. This
long-lasting event affected whole Central Europe, but its tem-
perature amplitude is not extremely pronounced (Fig. 3).
Larger-scale temperature patterns associated with each severe
heat wave are shown in Fig. 4.

Evaluation of simulated frequencies of heat waves and se-
vere heat waves is performed individually for (i) EURO-
CORDEX RCMs with the 0.11° grid, (i) EURO-CORDEX
RCMs with the 0.44° grid and (iii) ENSEMBLES RCMs with
the 0.22° grid. These groups are hereafter referred to as COR11,
COR44 and ENS22, respectively. In all three groups, frequen-
cies of ‘all’ heat waves are reproduced considerably better com-
pared to severe heat waves. Although a large variance is present
in ENS22, the observed frequency of heat waves (7.3/decade)
fits into the simulated interquartile range (IQR). The IQR in
CORI11 and COR44 is beyond the observed frequency, but
the variance is smaller and no substantial outliers are present
in COR11. For severe heat waves, a large overestimation of
their frequencies is found, which is mainly linked to substantial
overestimation of median temperature amplitude in the RCMs.
Although the observed frequency of severe heat waves (1.7/
decade) is located in the lower quartile in all three RCM groups
(Fig. 5a—c), the higher-resolution COR11 performed best, be-
cause the RCMs in this group are able to capture median spatial
extent of heat waves reasonably well. On the other hand, an
event with equal or higher characteristics compared to the
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Fig. 4 Severe heat waves over 0° 10°F 20°E 30E . sooN
Central Europe during the 1970—
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Changes in temporal autocorrelation of regionally averaged
Thax (hereafter simply referred as autocorrelation) are
assessed for lags from 1 to 10 days. In E-OBS, the autocorre-
lation for lag 1 is 0.86 and then it decreases exponentially to
0.06 for lag 10. COR11 and COR44 (historical simulations)
significantly underestimate the autocorrelation for the first two
lags (Table 2). This underestimation is particularly pro-
nounced and highly significant for the lag of 1 day (at the
1% significance level). By contrast, the autocorrelation was
overestimated from lag 5 compared to E-OBS, but these
changes are found to be insignificant. In ENS22, the autocor-
relation is significantly enhanced for lags 4-9, while the un-
derestimation for lag 1 is small and insignificant (Table 2).

In order to investigate an effect of model resolution on the
simulation of heat wave and severe heat wave frequencies, eight
models from the EURO-CORDEX project which are available
in both grids (Online Resource 1) were selected (Fig. 5d, e). The
overall patterns of probability density functions (PDFs) are sim-
ilar to those in Fig. 5a, b, which means that the differences be-
tween COR11 and COR44 are related to different model resolu-
tions rather than different composition of ensembles in these

groups.

4 Heat wave scenarios and uncertainties for near
future and late twenty-first century

In the near future time slice (2020-2049), both heat waves and
severe heat waves are projected to become more frequent in
comparison to the modelled historical climate (1970-1999).
Relatively large uncertainty was found, inasmuch as the IQRs
for frequencies of these events are considerably widened com-
pared to the historical simulations. The largest increment of
the heat wave frequency is present in EURO-CORDEX
groups forced by the ‘low concentration’” RCP 4.5 scenario;
however, it should be noted that differences among scenarios
are small in this period. There is no clear dependence on
model resolution because in both COR11 and COR44 groups,

Table 2 Temporal autocorrelation of summer daily maximum
temperature for the historical period (1970-1999)

L1 L2 L3 L[4 L5 Le L7 L8 L9 LI10

E-OBS 086 0.62 042 031 022 0.18 0.15 0.11 0.09 0.06
CORI11 080 0.55 040 031 025 020 0.16 0.13 0.11 0.10
COR44 0.80 0.55 039 030 024 0.19 0.16 0.13 0.11 0.09
ENS22 0.85 0.63 047 038 033 027 0.22 0.19 0.16 0.11

COR11 (COR44) represents EURO-CORDEX models with 0.11° (0.44°)
grids and ENS22 denotes ENSEMBLES models with 0.22° grid. L1-L10
represents lags from 1 to 10 days, italicised (bolded) values are signifi-
cantly different from E-OBS at the 5% (1%) significance level

heat waves and severe heat waves are projected to be more
enhanced under RCP 4.5 (Fig. 6).

The frequency of heat waves is projected to be nearly twice
higher compared to the modelled historical period. The largest
increase is found for COR44 forced by RCP 4.5, which relates
to the largest change in the scale parameter (i.e. the largest
increment in variance) of the T,,,, distribution and also en-
hanced temporal autocorrelation (Table 3). Although the in-
crease in median T, is comparable across all model groups,
the location of the 90th percentile is particularly shifted in
CORA44 forced by RCP 4.5. The lowest increment of the heat
wave frequency was present in ENSEMBLES simulations,
which corresponds with generally negative changes in tempo-
ral autocorrelation of T ,,,« and only a small positive change of
the scale. A link between the increment of heat waves and
changes in temporal autocorrelation is poorly expressed in this
period, compared to the shift of the 90th percentile (Online
Resource 3).

In general, severe heat waves are expected to be more en-
hanced than heat waves (by a factor of 2—-3 compared to his-
torical simulations) and their frequency is projected to become
comparable to the frequency of all heat waves in the 1970—
1999 period. It should be emphasized, however, that the mod-
el simulations considerably overestimated the severe heat
wave frequencies in the recent climate, and thus, this projec-
tion might be biased. Analogously to the historical period, the
frequency of exceptional events with magnitude equal to or
higher than the 1994 heat wave is analysed. In the 30-year
period 2020-2049, 29 of the 62 model simulations project at
least one such event and six RCM simulations project this type
of event to occur at least once per decade. These exceptional
heat waves are found in all model groups, and they are not
linked to specific concentration scenarios. Despite the sub-
stantial increment of these events compared to the historical
simulations, they are still rather rare in the near future
projections.

Changes of heat wave and severe heat wave frequencies are
clearly linked to the concentration scenarios in the late twenty-
first century time slice (2070-2099). The largest increases of
these events are found in COR11 and COR44 driven by RCP
8.5. In these groups, the frequency of heat waves is projected
to be enhanced by a factor of 4-5 compared to the historical
simulations, indicating 3—4 heat waves per year on average at
the end of the twenty-first century. By contrast, the increase in
the heat wave occurrence is roughly halved under the RCP 4.5
scenario (about two heat waves per year on average). ENS22,
with the SRES A 1B scenario, projects an increase between the
two RCP scenarios, which is in line with the average effective
radiative forcing for 2070-2099 (Fig. 7). The largest incre-
ment under RCP 8.5 is related to a large shift of the T«
distribution and positive significant changes in temporal auto-
correlation of T, (Table 4). A relationship between the in-
crement of heat waves and changes in temporal
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Fig. 6 Probability density functions (PDFs) of heat waves (orange) and
severe heat waves (red) frequencies for a, b COR11 and COR44 forced
by the RCP 4.5 scenario, ¢ ENS22 forced by the SRES A1B scenario and
d, e COR11 and COR44 forced by the RCP 8.5 scenario (shaded curves).

autocorrelation is tighter in this period compared to near fu-
ture, but still relatively weak (Online Resource 4).

A similar pattern is found also when assessing the changes
in severe heat wave frequencies. Under RCP 8.5, the frequen-
cy of severe heat waves is projected to be enhanced by a factor
of 67 compared to the modelled historical period, which
corresponds to more than two events per year. The severe heat
waves are projected to occur regularly (at least once per year
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Unshaded curves represent historical simulations. Solid vertical lines
delimit the interquartile ranges of model simulations for the near future
while dashed vertical lines represent the interquartile ranges of model
simulations for the historical runs

on average) also in the other scenarios. Nevertheless, a possi-
ble bias resulting from the overestimated severe heat wave
frequencies in the historical simulations should be considered.
For 2070-2099, an event with an equal or a higher magnitude
than the observed 1994 heat wave is projected in a large ma-
jority (50 of 59) of model simulations. Moreover, in 30 model
simulations, such an event occurs at least once per decade,
indicating a considerable increase compared to the near future.

Table 3  Projected changes in shift and scale of summer daily maximum temperature distributions and temporal autocorrelation for the near future

(2020-2049) compared to their respective historical runs

MED P90 %o L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
CORI11—RCP 4.5 +1.1 +1.5 73 +0.01 +0.02 +0.02 +0.02  +0.03 +0.03 +0.03 +0.03 +0.02  +0.02
COR44—RCP 4.5 +1.3 +19 68 +0.05 +0.04 +0.04 +0.04 +0.04 +0.04 +0.04 +0.04 +004 +0.03
CORI11—RCP 8.5 +1.2 +1.5 80 +0.01 +0.01 +0.01 +0.01 +0.01 +0.02  +0.02  +0.03 +0.02  +0.02
COR44—RCP 8.5 +1.3 +1.7 76 +0.04 +0.03 +0.03 +0.02  +0.03 +0.02  +0.02  +0.02 +0.03 +0.03
ENS22—SRES A1B  +1.3 +14 93 000 -0.01 -0.02 -0.02 -0.02 -0.02 -0.02 -0.01 —-0.01 0.00

COR11 (COR44) represents EURO-CORDEX models with 0.11° (0.44°) grids and ENS22 denotes ENSEMBLES models with 0.22° grid. MED (P90)
represents changes in median and the 90th percentile of summer daily maximum temperature (°C) over Central Europe. L1-L10 represents lags from 1 to
10 days, italicised values are significant at the 5% significance level. % represents percentage of the 90th percentile increase that is explained by the shift

of median
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Fig. 7 Same as Fig. 6, but for the late twenty-first century. Note the different scale of the x-axis

Alongside the substantial increase of heat wave frequencies,
considerable uncertainties represented by wide IQRs and flat
PDFs (Fig. 7) must be taken into account. The width of the
IQRs increased roughly by a factor of 2 compared to the near
future, thus indicating a large variance among the individual
model simulations.

5 Discussion

In the observed (E-OBS) data, 5 of the 22 heat waves are
regarded as ‘severe’ and may represent a type of events having
particularly pronounced impacts on society and ecosystems.
The 1994 heat wave is found to be the most distinctive during

the 1970-1999 period, and it was associated with large excess
mortality in the Czech Republic (Kysely and Huth 2004),
Poland (Kuchcik 2001) and other Central European countries.
Lhotka and Kysely (2015a) ranked this heat wave as the most
severe in Central Europe over the whole 1950-2012 period. In
addition to Central Europe, this event was extraordinary also
in Western Ukraine (Shevchenko et al. 2014) where it was
more pronounced than the well-known 2010 heat wave.
Extreme weather conditions during the summer of 1994 were
also present over Western Europe (Della-Marta et al. 2007).
In the historical period, EURO-CORDEX models with the
coarser 50 km grid substantially overestimated the frequency of
severe heat waves, while this behaviour was improved when
using their higher-resolution versions. This is in accordance

Table 4 Same as Table 3, but for the late twenty-first century

MED P90 % L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
COR11—RCP 4.5 +1.9 +23 83 +40.01 +0.02 +0.03 +0.03 +0.04 +0.04 +0.03 +0.03  +0.03  +0.03
COR44—RCP 4.5 +2.1 +27 78 +40.05 +0.04 +0.03 +0.03  +0.04 +0.03  +0.03 +0.03  +0.04  +0.04
COR11—RCP 8.5 +3.8 +46 83  +40.02 +0.03 +0.03 +0.04 +0.04 +0.04 +0.04 +0.03  +0.03  +0.02
COR44—RCP 8.5 +4.2 +56 75 4006 +0.05 +0.05 +0.05 +0.06 +0.05 +0.06 +0.05 +0.06 +0.05
ENS22—SRES A1B  +3.5 +40 88 0.00 —-0.01 -0.01 0.00  —0.01 —0.01 —0.01 0.00  +0.01  +0.02

The italicised values are significant at the 1% significance level; the bolded values are significant at the 5% significance level
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with Vautard et al. (2013), who showed that the number of heat
waves persisting more than a few days is overestimated in the
EURO-CORDEX models, but this feature is improved using
the 12.5 km version of the RCMs. Vautard et al. (2013) sup-
posed this characteristic to be linked to the simulation of pre-
cipitation. This is in line with Kotlarski et al. (2014), who dem-
onstrated that majority of EURO-CORDEX models with the
50 km grid exhibit drier summer conditions compared to their
higher-resolution versions. A possible mechanism may be re-
lated to a better representation of orography in COR11, which is
important for proper function of convective schemes in the
relatively complex terrain of Central Europe. Smoothed eleva-
tion in the coarser (50 km) grid in COR44 provides less occa-
sions for orographic convection (Im et al. 2010) and may con-
tribute to more frequent precipitation deficits that amplify a heat
wave’s severity (e.g. Fischer et al. 2007). In addition, RCMs
with the coarser grid have lower proportion of resolved precip-
itation compared to higher-resolution models (Rauscher et al.
2010), and thus, more precipitable water is processed through
their convective scheme and they are more prone to errors orig-
inating from these sub-grid processes.

Another possible mechanism contributing to the
overestimated frequency of severe heat waves relates to atmo-
spheric circulation. Plavcova and Kysely (2016) concluded
that overly persistent circulation in ENSEMBLES RCMs
(driven by reanalysis) contributes to the overestimated fre-
quency of long heat waves. The pronounced persistence of
circulation patterns might be present also in our study, because
the overestimated temporal autocorrelation of T, for lags of
5 days and longer was found in all model groups. Although an
event comparable to the most severe 1994 heat wave was
simulated only in few RCMs in the historical period, it is
nevertheless necessary to consider to what extent such ex-
treme events are typical for the recent climate and thus wheth-
er they should be simulated in RCMs driven by GCMs.

In the near future, the largest increase in variance of the T,y
distribution was found in EURO-CORDEX models forced by
the ‘low” RCP 4.5 concentration scenario. In general, the in-
creased variance of the T, distribution might originate from
changes in surface energy budget, soil moisture and atmospheric
circulation (Fischer and Schir 2009). It is possible that extreme
temperatures might be enhanced in models forced by the RCP
4.5 scenario due to drier summer conditions and suppressed la-
tent cooling, thus resulting in a longer upper tail of the T,
distribution compared to RCP 8.5. The lowest increment of the
heat wave frequency was present in ENSEMBLES simulations,
which corresponds with only a small positive change of the scale
parameter. This little change in spread of the T, distribution for
the ENSEMBLES RCMs was found also by Fischer and Schar
(2010), who showed only a small increase of standard deviation
in the mid-twenty-first century.

The late twenty-first century is characterized by a substan-
tial increase in heat wave frequencies, which is linked to ERF

@ Springer

and is the largest under the RCP 8.5 scenario. Analogous
results were obtained by Jacob et al. (2014) using EURO-
CORDEX models forced by both RCP 4.5 and 8.5 scenarios.
The scale parameter is less important in this period compared
to the near future, which corresponds to Ballester et al. (2010),
who concluded that future changes in Central European heat
waves are expected mostly to follow summer mean warming.
Using ENSEMBLES models forced by the SRES A1B con-
centration scenario, Fischer and Schir (2010) projected 13
heat waves per decade over Central Europe at the end of the
twenty-first century. Because their definition of heat waves
was based on six-day temporal criteria, this frequency is rather
comparable to severe heat waves in our study and matches our
results quite well.

6 Summary and conclusions

We analysed 62 regional climate model simulations from the
ENSEMBLES and EURO-CORDEX projects in order to assess
possible changes in Central European heat waves under climate
change scenarios for the late twenty-first century along with related
uncertainties. The main results can be summarized as follows:

In the historical period (1970-1999), all model groups simu-
late better the frequency of all heat waves compared to severe
heat waves. The observed frequency of heat waves is close to or
within IQRs of simulations in individual model groups, while the
frequency of severe heat waves in RCMs is considerably
overestimated. The EURO-CORDEX RCMs with the 12.5 km
grid perform better with respect to the simulation of severe heat
waves than their low resolution (50 km grid) versions.

In the near future (2020-2049) simulations, the frequency
of heat waves is projected to be nearly twice higher compared
to the historical period, while the frequency of severe heat
waves increases by a factor of 2-3. The largest uncertainty
originates from the selection of models. Differences between
the concentration scenarios are small in this period, and the
largest effective radiative forcing in RCP 8.5 is not associated
with the highest frequency of heat waves.

The largest increase of heat wave frequency in the EURO-
CORDEX RCMs under the RCP 4.5 scenario in the near future
is related to positive changes in temporal autocorrelation and
relatively large change in the scale parameter of the T, distri-
bution, while the smallest increment in the ENSEMBLES RCMs
under SRES AIB is linked to negative changes in temporal
autocorrelation of Ty, and only a small positive change in the
scale parameter of the T, distribution.

For the late twenty-first century (2070-2099), the largest
uncertainty relates to the concentration scenario. Under RCP
8.5, 3—4 heat waves per summer are projected, compared to
about two heat waves under RCP 4.5. Roughly two severe
heat waves per summer are found on average for the RCP
8.5 simulations, and they are projected to become a regular



Climate change scenarios of heat waves in Central Europe

1053

phenomenon (once per summer on average) also under the
other scenarios.

The substantial increase of heat waves under RCP 8.5 is con-
nected not only with the largest shift of the T, distribution but
also with significant positive changes in temporal autocorrelation
of Ty, especially for lags of 5 days and more. Changes in the
scale parameter of the T, distribution are less important than in
the near future.

Extraordinary heat waves such as the one that occurred in
1994 are projected to be still rather rare in the near future, but
the large majority of RCMs simulate at least one event per
decade in the late twenty-first century.

The enhanced occurrence of heat waves in a future climate is
robust and was found under all concentration scenarios. This
emphasizes an importance to implement suitable adaptation strat-
egies, such as those recommended by the European Climate
Adaptation Platform (http://climate-adapt.eea.europa.eu).
Designing green spaces and corridors in urban areas,
supporting urban farming and gardening, performing agro-
forestry and crop diversification, improving water retention in
agricultural areas and establishing early warning systems would
mitigate impacts of heat waves in a changing climate.
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