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Motivations 1/2

I Europe is projected to warm, especially in summer.

Example of JJAS 2070–2099 vs. 1979–2008 in RCP8.5 (33 CMIP5 models):

Multi-model mean Inter-model spread Individual models

F
IO

IA
P

s
IC

H
E

C
IN

M
N

C
A

R
G

F
D

L
N

C
A

R
e

N
C

C
G

F
D

Lg
B

C
C

m
M

P
IM

m
M

P
IM

M
R

I
G

IS
S

C
S

IR
O

B
C

C
C

N
R

M
C

C
C

M
A

A
C

C
S

3
IA

P
IP

S
Lm

M
IR

O
C

M
O

H
C

A
C

C
S

0
G

F
D

Lc
M

IR
O

C
e

IN
G

V
s

M
IR

O
C

c
IN

G
V

e
IP

S
L

M
O

H
C

cc
IP

S
Lb

IN
G

V

2

4

6

8

10

K

c

F
IO

IN
M

G
IS

S
M

R
I

G
F

D
L

G
F

D
Lg

IC
H

E
C

IN
G

V
e

C
N

R
M

M
P

IM
m

M
P

IM
B

C
C

m
B

C
C IA

P
N

C
A

R
e

N
C

A
R

IN
G

V
N

C
C

IN
G

V
s

IP
S

Lb
M

IR
O

C IA
P

s
A

C
C

S
3

C
S

IR
O

IP
S

Lm
IP

S
L

C
C

C
M

A
A

C
C

S
0

M
IR

O
C

c
M

IR
O

C
e

M
O

H
C

cc
M

O
H

C
G

F
D

Lc

2

4

6

8

10

K

f

c© Cattiaux et al., 2013, Clim. Dyn., Fig. 2.
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Motivations 2/2

I Evidences for increase in intra-seasonal and/or inter-annual variability:
- in recent observations – Parey et al. 2010, Schär et al. 2004, Yiou et al. 2009;

- in regional climate projections – Fischer and Schär 2009, Kjellström et al. 2007;

- in CMIP3 global climate projections – Cattiaux et al. 2011.

I Soil drying and atmospheric circulation suggested as physical drivers.

I Both mean and variability contribute to warm extremes.

Our aim:
- document changes in intra-seasonal variability in CMIP5;
- identify physical drivers and understand the model discrepancies;

- quantify contributions of mean and variance to changes in heat waves;
- investigate observational constraints to reduce future uncertainties.

J. Cattiaux et al. - European summer temperature variability & extremes Riederalp Workshop - Mar 2015
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What we did E3P project

I Variability – focus on day-to-day and within-day variations:
- Inter-diurnal temperature variability:

ITV =
1

nd − 1

nd−1∑
d=1

|ITDd | =
1

nd − 1

nd−1∑
d=1

|Td+1 − Td |

- Diurnal temperature range:
DTRd = T x

d − T n
d .

I Heat waves – definition of events
- At least 3 days with T > T98 over at least 30% of our domain.

I Data:
- 34 CMIP5 models, historical and future simulations (3 RCPs);

- changes assessed as differences between 1979–2008 and 2070–2099;

- EOBS temperatures for evaluation over 1979–2008;

- 10 historical runs of CNRM-CM5 for internal variability.
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Why ITV?

I Day-to-day absolute variations are linked to the daily variance:

|ITDd | = |Td+1 − Td | =
√
2 σ(TJd ,d+1K)

I Contrarily to the variance, the ITV is not sensitive to long-term variations:
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Based on 1000 random simulations of white noises.
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ITV & DTR changes The mean

EOBS
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I Increase consistent with Kim et al. 2013, Lindvall & Svensson 2014 (global).
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ITV & DTR changes The pdf

I Widening of the ITV distribution vs. shift of the DTR distribution.
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Drivers of the variability increase

I Role of soil drying, circulation (ITV) and cloudiness (DTR).
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Circulation vs. other drivers Methodology

I For X the ITV or DTR: X =
∑

k fk · xk =
∑

k fk · Φ(zk).

fk →

zk

↓ Φ

xk

Data: Z500 NCEP2 & DTR EOBS | Methodology: Cattiaux et al., 2013, Clim. Dyn.
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Circulation vs. other drivers Results

I For X the ITV or DTR: X =
∑

k fk · xk =
∑

k fk · Φ(zk).

∆X =
∑

k

∆fk · Φ(zk) +
∑

k

fk · Φ(∆zk)︸ ︷︷ ︸
Weather Regimes (WR)

+
∑

k

fk ·∆Φ(zk)︸ ︷︷ ︸
Non WR

+ε

c© Cattiaux et al., 2015, GRL, Fig. 3.
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Can we reduce future uncertainties?

I Emerging constraints in inter-annual present-day correlations.
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Heat waves
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Heat waves More details on the methodology

I Heat wave definition:
For each model, an event is at least 3 consecutive days with at least 30% of grid points
where Tmax exceeding the 98th percentile of the MJJASO 1979–2008 distribution.

I Heat wave characteristics:
Number, duration (days), intensity (K), extent (%), and severity (product of all).

Example : 7 events in EOBS 1979–2008, with August 2003 the most severe.R. Schoetter et al.

1 3

We evaluate the ensemble median of Q98 instead of the 
ensemble average in order to reduce the influence of large 
errors of single models. The ensemble median bias of Q98 
(Fig. 1, upper right panel) is about −1 K in the rather flat 
areas in western France, the Benelux countries and north-
ern Germany. Larger absolute values of the ensemble 
median bias are found for the Alpine ridge, the Pyrenees 
and some grid points close to the coast. Only in these areas, 
over 75 % of the models agree on the sign of the bias. The 
strong positive ensemble median bias over the Alpine ridge 
can be explained by the about 500 m higher elevation of the 
EOBS grid points compared to the CMIP5 grid points. At 

the grid points surrounding the Alpine ridge, the elevation is 
100–200 m higher for CMIP5 than for EOBS. This explains 
the relatively strong negative ensemble median bias in these 
areas. Since we are mainly interested in evaluation of the 
exceedances of Tmax over the simulated/observed Q98, we 
decide not to apply a height correction to the model results.

For RCP2.6 (Fig. 1, lower left panel), the ensemble 
median of Q98 increases rather homogeneously by 1–2 K. 
For RCP8.5 (Fig. 1, lower right panel), it increases by up to 
8.5 K in southeastern France and by down to 4.5 K in the 
areas close to the North Sea. For the intermediate RCP4.5 
(not shown), it increases by 2.5 K in the northern part of 

Fig. 1   Upper left panel Map of the 98th percentile of daily maxi-
mum temperature in MJJASO (Q98) for EOBS-V8.0. Upper right 
panel Ensemble median bias of Q98 for HIST. Lower left panel 
Ensemble median difference of Q98 between RCP2.6 and HIST. 

Lower right panel Ensemble median difference of Q98 between 
RCP8.5 and HIST. The stippling indicates the grid points for which 
more than 75 % of the models agree on the sign of the bias or the sign 
of the difference

R. Schoetter et al.

1 3

(6.1 heat waves in 30  years). The number of short 
(3–9  days) and weakly extended (30–50  %) heat waves 
increases from 5.6 (HIST) to 16.2 (RCP2.6), 25.1 (RCP4.5) 
and 30.8 (RCP8.5) heat waves in 30 years. Such heat waves 
become rather normal under future climate conditions.

The joint pdfs of heat wave duration and mean intensity 
are displayed in Fig. 6. The mean intensity is not increas-
ing with the duration. Short heat waves can be very intense. 
The results for HIST and CNRM-ENS correspond well to 
the results for EOBS. For HIST, one models simulates a 
heat wave with the same joint duration and mean intensity 
than the 2003 heat wave. The number of heat waves with 
higher or equal joint duration and intensity than the 2003 
heat wave is increasing from 1/19 (HIST) to 1.5 (RCP2.6), 
6.2 (RCP4.5) and 25.4 (RCP8.5) heat waves in 30  years. 
Such heat waves become rather normal for RCP4.5 and 
RCP8.5. The number of short (3–9   days) and medium 
intense (2–4 K) heat waves increases from 4.6 in HIST to 
18.9 (RCP2.6), 31.3 (RCP4.5) and 45 (RCP8.5) heat waves 
in 30  years. Such heat waves appear on a regular basis 
under future climate conditions.

We further calculate how often heat waves are simulated 
for which one characteristic exceeds the corresponding value 
for the 2003 heat wave. The number of heat waves with 
a duration higher or equal than for the 2003 heat wave is 

increasing from 4/19 (HIST) to 2.6 (RCP2.6), 10.2 (RCP4.5) 
and 31.2 (RCP8.5) heat waves in 30 years. The corresponding 
values for the mean extent are 1/19 (HIST), 4/19 (RCP2.6), 
1.2 (RCP4.5) and 8.4 (RCP8.5) heat waves in 30 years and for 
the mean intensity 1.2 (HIST), 10.1 (RCP2.6), 22.0 (RCP4.5) 
and 56.8 (RCP8.5) heat waves in 30 years. The spatial extent 
of the 2003 heat wave is the most exceptional characteristic. 
It is only exceeded frequently for RCP8.5. The intensity of 
the 2003 heat wave is the least exceptional characteristic. 
Heat waves with a higher intensity are simulated frequently 
for all 3 RCP scenarios. One reason for the underestimation 
of the frequency of heat waves with a high spatial extent over 
the western European domain might be the underestimation 
of the frequency of blocking situations by the CMIP5 models. 
However, this remains to be investigated.

For QFUT, there are no relevant changes of the joint 
pdfs of duration and mean extent as well as duration and 
mean intensity (not shown). This is consistent with the 
results of Sect. 3.2.

3.4 � Contributions to the change of cumulative heat wave 
severity

In this section, we use the relation given by Eq. (4) to 
investigate the contributions of the ratios of heat wave 
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Fig. 5   Joint pdfs of heat wave duration and mean extent for EOBS, 
historical and future climate. The ensemble average is displayed for 
the model results. The minimum probability density is 1/19 (1/10) 

heat waves in 30 years for the CMIP5 (CNRM-ENS) ensemble and 1 
heat wave in 30 years for EOBS. The bin corresponding to the char-
acteristics of the 2003 heat wave is marked with a white cross
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(6.1 heat waves in 30  years). The number of short 
(3–9  days) and weakly extended (30–50  %) heat waves 
increases from 5.6 (HIST) to 16.2 (RCP2.6), 25.1 (RCP4.5) 
and 30.8 (RCP8.5) heat waves in 30 years. Such heat waves 
become rather normal under future climate conditions.

The joint pdfs of heat wave duration and mean intensity 
are displayed in Fig. 6. The mean intensity is not increas-
ing with the duration. Short heat waves can be very intense. 
The results for HIST and CNRM-ENS correspond well to 
the results for EOBS. For HIST, one models simulates a 
heat wave with the same joint duration and mean intensity 
than the 2003 heat wave. The number of heat waves with 
higher or equal joint duration and intensity than the 2003 
heat wave is increasing from 1/19 (HIST) to 1.5 (RCP2.6), 
6.2 (RCP4.5) and 25.4 (RCP8.5) heat waves in 30  years. 
Such heat waves become rather normal for RCP4.5 and 
RCP8.5. The number of short (3–9   days) and medium 
intense (2–4 K) heat waves increases from 4.6 in HIST to 
18.9 (RCP2.6), 31.3 (RCP4.5) and 45 (RCP8.5) heat waves 
in 30  years. Such heat waves appear on a regular basis 
under future climate conditions.

We further calculate how often heat waves are simulated 
for which one characteristic exceeds the corresponding value 
for the 2003 heat wave. The number of heat waves with 
a duration higher or equal than for the 2003 heat wave is 

increasing from 4/19 (HIST) to 2.6 (RCP2.6), 10.2 (RCP4.5) 
and 31.2 (RCP8.5) heat waves in 30 years. The corresponding 
values for the mean extent are 1/19 (HIST), 4/19 (RCP2.6), 
1.2 (RCP4.5) and 8.4 (RCP8.5) heat waves in 30 years and for 
the mean intensity 1.2 (HIST), 10.1 (RCP2.6), 22.0 (RCP4.5) 
and 56.8 (RCP8.5) heat waves in 30 years. The spatial extent 
of the 2003 heat wave is the most exceptional characteristic. 
It is only exceeded frequently for RCP8.5. The intensity of 
the 2003 heat wave is the least exceptional characteristic. 
Heat waves with a higher intensity are simulated frequently 
for all 3 RCP scenarios. One reason for the underestimation 
of the frequency of heat waves with a high spatial extent over 
the western European domain might be the underestimation 
of the frequency of blocking situations by the CMIP5 models. 
However, this remains to be investigated.

For QFUT, there are no relevant changes of the joint 
pdfs of duration and mean extent as well as duration and 
mean intensity (not shown). This is consistent with the 
results of Sect. 3.2.

3.4 � Contributions to the change of cumulative heat wave 
severity

In this section, we use the relation given by Eq. (4) to 
investigate the contributions of the ratios of heat wave 
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Fig. 5   Joint pdfs of heat wave duration and mean extent for EOBS, 
historical and future climate. The ensemble average is displayed for 
the model results. The minimum probability density is 1/19 (1/10) 

heat waves in 30 years for the CMIP5 (CNRM-ENS) ensemble and 1 
heat wave in 30 years for EOBS. The bin corresponding to the char-
acteristics of the 2003 heat wave is marked with a white cross

c© Schoetter et al., 2015, Clim. Dyn., Figs. 1 & 5.
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(6.1 heat waves in 30  years). The number of short 
(3–9  days) and weakly extended (30–50  %) heat waves 
increases from 5.6 (HIST) to 16.2 (RCP2.6), 25.1 (RCP4.5) 
and 30.8 (RCP8.5) heat waves in 30 years. Such heat waves 
become rather normal under future climate conditions.

The joint pdfs of heat wave duration and mean intensity 
are displayed in Fig. 6. The mean intensity is not increas-
ing with the duration. Short heat waves can be very intense. 
The results for HIST and CNRM-ENS correspond well to 
the results for EOBS. For HIST, one models simulates a 
heat wave with the same joint duration and mean intensity 
than the 2003 heat wave. The number of heat waves with 
higher or equal joint duration and intensity than the 2003 
heat wave is increasing from 1/19 (HIST) to 1.5 (RCP2.6), 
6.2 (RCP4.5) and 25.4 (RCP8.5) heat waves in 30  years. 
Such heat waves become rather normal for RCP4.5 and 
RCP8.5. The number of short (3–9   days) and medium 
intense (2–4 K) heat waves increases from 4.6 in HIST to 
18.9 (RCP2.6), 31.3 (RCP4.5) and 45 (RCP8.5) heat waves 
in 30  years. Such heat waves appear on a regular basis 
under future climate conditions.

We further calculate how often heat waves are simulated 
for which one characteristic exceeds the corresponding value 
for the 2003 heat wave. The number of heat waves with 
a duration higher or equal than for the 2003 heat wave is 

increasing from 4/19 (HIST) to 2.6 (RCP2.6), 10.2 (RCP4.5) 
and 31.2 (RCP8.5) heat waves in 30 years. The corresponding 
values for the mean extent are 1/19 (HIST), 4/19 (RCP2.6), 
1.2 (RCP4.5) and 8.4 (RCP8.5) heat waves in 30 years and for 
the mean intensity 1.2 (HIST), 10.1 (RCP2.6), 22.0 (RCP4.5) 
and 56.8 (RCP8.5) heat waves in 30 years. The spatial extent 
of the 2003 heat wave is the most exceptional characteristic. 
It is only exceeded frequently for RCP8.5. The intensity of 
the 2003 heat wave is the least exceptional characteristic. 
Heat waves with a higher intensity are simulated frequently 
for all 3 RCP scenarios. One reason for the underestimation 
of the frequency of heat waves with a high spatial extent over 
the western European domain might be the underestimation 
of the frequency of blocking situations by the CMIP5 models. 
However, this remains to be investigated.

For QFUT, there are no relevant changes of the joint 
pdfs of duration and mean extent as well as duration and 
mean intensity (not shown). This is consistent with the 
results of Sect. 3.2.

3.4 � Contributions to the change of cumulative heat wave 
severity

In this section, we use the relation given by Eq. (4) to 
investigate the contributions of the ratios of heat wave 
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Fig. 5   Joint pdfs of heat wave duration and mean extent for EOBS, 
historical and future climate. The ensemble average is displayed for 
the model results. The minimum probability density is 1/19 (1/10) 

heat waves in 30 years for the CMIP5 (CNRM-ENS) ensemble and 1 
heat wave in 30 years for EOBS. The bin corresponding to the char-
acteristics of the 2003 heat wave is marked with a white cross

c© Schoetter et al., 2015, Clim. Dyn., Fig. 5.
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I Increase in all statistics of heat waves.
I Uncertainties due to scenario, model and internal variability.
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(RCP2.6), 99 % (RCP4.5) and 100 % (RCP8.5). All models 
simulate heat waves covering nearly the entire domain for 
all 3 RCP scenarios.

The maximum heat wave intensity is 8.1 K in EOBS 
and well represented by HIST (ensemble median value 
of 8.5 K). The ensemble spread for HIST is very large 
(4.8–12.2 K) and cannot be explained by the internal cli-
mate variability simulated by CNRM-CM5. The ensemble 
median of the maximum heat wave intensity is strongly 
increasing to 10.9 K (RCP2.6), 12.4 K (RCP4.5) and 16.0 
K (RCP8.5). On the lower bound, no heat wave with a 
maximum intensity much higher than for the 2003 heat 
wave is simulated. However, on the upper bound, heat 
waves with maximum intensities of about a factor of 2 
more than for the 2003 heat wave are simulated even for 
RCP2.6.

For HIST, the ensemble median of the maximum heat 
wave severity is 13.9 K days [3.1–28.5]. No CMIP5 model 
simulates a heat wave of the same severity as the 2003 heat 
wave (33.7 K days). The CMIP5 models simulate in the 
ensemble median heat waves of similar severity (RCP2.6), 
slightly higher severity (RCP4.5) and an about a factor of 
5 higher severity (RCP8.5) than the 2003 heat wave. The 
ensemble spread is very large. On the lower bound, the 
severity of the 2003 heat wave is not exceeded for all 3 
RCP scenarios. On the upper bound, heat waves with about 
13 times the severity of the 2003 heat wave are simulated 
for RCP8.5.

In summary, the ensemble median of the mean heat 
wave characteristics for HIST corresponds well to the val-
ues found for EOBS. The values for the maximum duration, 

extent and severity are underestimated by HIST which is 
due to the exceptional 2003 heat wave in EOBS. For our 
domain of investigation, the heat wave of 2003 might have 
a very large return period such that for the HIST simula-
tions consisting of 19 times 30 years no such a severe heat 
wave is simulated. It may also illustrate the inability of the 
CMIP5 models to trigger heat waves as severe as 2003. 
However, a detailed analysis of the 2003 heat wave and the 
reasons for the missing of a similarly severe heat wave in 
the CMIP5 output is beyond the scope of this study.

On the lower bound, smaller values of all mean and 
maximum heat wave characteristics are simulated for 
RCP8.5 than on the upper bound for RCP2.6. The com-
bined uncertainty of climate model and internal climate 
variability is therefore larger the uncertainty of the sce-
nario. However, 18–19 out of the 19 models simulate larger 
values of the heat wave characteristics for RCP8.5 than for 
RCP2.6, showing the importance of the scenario.

When using the threshold QFUT instead of QHIS, the 
changes of the mean and maximum heat wave character-
istics are much smaller (not shown). We apply the Wil-
coxon test (function wilcox.test of the R software) to test 
the null hypothesis that the distributions of the heat wave 
characteristics simulated by the CMIP5 ensemble for HIST 
and for the RCP scenarios are equal against the alternative 
that they differ by a shift of the mean. In the following, the 
distributions simulated for HIST and RCP will be called 
significantly different if the p value of the Wilcoxon test 
is smaller than 0.1. The ensemble median heat wave num-
ber is unchanged for RCP2.6 (8) and increasing to 9 days 
(RCP4.5) and 10  days (RCP8.5). The distributions are 
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Fig. 3   Heat wave number as well as geometric mean and maximum 
values of heat wave duration, extent, intensity and severity. The val-
ues obtained for EOBS are depicted with the black dot. The grey 
box indicates the range simulated by CNRM-ENS. The results for 

the CMIP5 ensemble are displayed as box-whisker plots. The streak 
indicates the ensemble median, the box the interquartile range, the 
whisker the full ensemble spread

c© Schoetter et al., 2015, Clim. Dyn., Fig. 3.
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Contribution of mean and variability

Contribution of mean: threshold QSHIFT = Q98FUT −∆Q50
Contribution of variability: threshold QBROAD = Q98FUT −∆(Q98−Q50)R. Schoetter et al.
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3.7 � Contributions of the shift and broadening of the Tmax 
pdf to the change of cumulative heat wave severity

The results obtained for QHIS and QFUT in Sects. 3.1–3.6 
indicate that �Q98 contributes by far more to the change of 
the heat wave characteristics than the changes of the spatio-
temporal characteristics of Tmax exceedances over Q98. In 
this subsection we investigate the contributions of shift and 
broadening of the pdf on the changes of the cumulative heat 
wave severity (CS). The relative changes of CS between the 
RCP scenarios and HIST are displayed in Fig. 10 for the 
four thresholds QHIS, QSHIFT, QBROAD and QFUT, the 
values for the ensemble median and the ensemble spread (as 
factor) are given in Table 4. One needs to consider that due 
to the non-linearity of the heat wave definition, the changes 
of CS obtained for the different thresholds do not necessar-
ily follow the relations in the Eqs. (5) and (6). For RCP2.6, 
the ensemble median change of CS obtained for QSHIFT 
is the same as obtained for QHIS. The shift of the median 
is therefore responsible for the entire change. For RCP4.5 
and RCP8.5, the shift of the median does not explain the 
entire change of CS. The effect of the broadening leads to 
an amplification of CS by a factor of 1.7 for RCP4.5 and 
1.5 for RCP8.5. However, the shift is more important than 
the broadening. The change of CS is about a factor of 5 
times higher if only the shift is considered than if only the 
broadening is considered. This compares well to the result 
obtained by Lau and Nath (2014). The ensemble spread 
of CS does not follow the relations that could be expected 
based on the ensemble spread for �Q50 and �Q98 (Table 
2). The highest values are found for QSHIFT although here 
the uncertainty related to the broadening is not included. 
This result shows that the selection of the heat waves and 
the definition of CS introduce a strong non-linearity. As a 
consequence, the ensemble spread of CS obtained for dif-
ferent thresholds and scenarios is not consistent with the 
ensemble spread of �Q50, �Q98 and �Q98−�Q50. 

4 � Conclusions and outlook

We have determined the characteristics of heat waves that 
might impact the western European electricity supply sim-
ulated by the CMIP5 ensemble for historical and future 
climate. Only heat waves affecting at least 30 % of west-
ern Europe for at least 3 consecutive days have been con-
sidered. The mean heat wave characteristics are well simu-
lated by CMIP5. However, no model simulates a heat wave 
as severe as the heat wave observed in August 2003. Two 
reasons are possible. The 2003 heat wave might have been 
an event with a very high return period (e.g. Schär et  al. 
2004), and/or the CMIP5 models have shortcomings in 
simulating such large temperature anomalies. The method 
for heat wave detection and characterisation developed in 
this study should be applied to a variety of regions in the 
mid-latitudes in order to check whether the CMIP5 mod-
els generally underestimate the frequency of the strong-
est observed heat wave. Further, it should be analysed 
whether an underestimation of atmospheric blocking by 
the CMIP5 models is the reason for the underestimation of 
the frequency of events like the 2003 heat wave in western 
Europe.

In the ensemble median, there is a strong increase of 
the number of heat waves under future climate conditions. 

Fig. 10   Relative difference 
of the cumulative heat wave 
severity for QHIS, QSHIFT, 
QBROAD and QFUT. The 
streak indicates the ensemble 
median, the box the interquartile 
range and the whisker the full 
ensemble spread
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Table 4   Ensemble median [ensemble spread] of the relative differ-
ence of CS for different thresholds

The ensemble spread is given as the factor between the ensemble 
maximum and minimum of the relative difference

RCP2.6 RCP4.5 RCP8.5

QFUT 0.9 [14] 1.1 [12] 1.2 [12]

QBROAD 1.5 [12] 2.1 [9] 5.1 [16]

QSHIFT 4.2 [73] 8.9 [77] 27.2 [45]

QHIS 4.2 [60] 15.5 [37] 41.4 [27]

c© Schoetter et al., 2015, Clim. Dyn., Fig. 10.
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Summary

X Increase in short-term European summer temperature variability,

X Associated with soil drying, circulation changes (ITV) and cloudiness reduction
(DTR).

X Contributes to the increase in heat wave severity.

X Emerging constraints in inter-annual present-day correlations.

−→ Detection and attribution of present-day trends?
−→ Sensitivity experiments to quantify the contributions of the different drivers (+
explore others, e.g. changes in horizontal temperature gradients)?
−→ Life-cycle analysis of heat waves? Schoetter et al., in revision for GRL.
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