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Abstract Anthropogenic greenhouse gas emissions are

expected to lead to more frequent and intense summer

temperature extremes, not only due to the mean warming

itself, but also due to changes in temperature variability. To

test this hypothesis, we analyse daily output of ten PRU-

DENCE regional climate model scenarios over Europe for

the 2071–2100 period. The models project more frequent

temperature extremes particularly over the Mediterranean

and the transitional climate zone (TCZ, between the

Mediterranean to the south and the Baltic Sea to the north).

The projected warming of the uppermost percentiles of

daily summer temperatures is found to be largest over

France (in the region of maximum variability increase)

rather than the Mediterranean (where the mean warming is

largest). The underlying changes in temperature variability

may arise from changes in (1) interannual temperature

variability, (2) intraseasonal variability, and (3) the sea-

sonal cycle. We present a methodology to decompose the

total daily variability into these three components. Over

France and depending upon the model, the total daily

summer temperature variability is projected to significantly

increase by 20–40% as a result of increases in all three

components: interannual variability (30–95%), seasonal

variability (35–105%), and intraseasonal variability (10–

30%). Variability changes in northern and southern Europe

are substantially smaller. Over France and parts of the

TCZ, the models simulate a progressive warming within

the summer season (corresponding to an increase in sea-

sonal variability), with the projected temperature change in

August exceeding that in June by 2–3 K. Thus, the most

distinct warming is superimposed upon the maximum of

the current seasonal cycle, leading to a higher intensity of

extremes and an extension of the summer period (enabling

extreme temperatures and heat waves even in September).

The processes driving the variability changes are different

for the three components but generally relate to enhanced

land–atmosphere coupling and/or increased variability of

surface net radiation, accompanied by a strong reduction of

cloudiness, atmospheric circulation changes and a pro-

gressive depletion of soil moisture within the summer

season. The relative contribution of these processes differs

substantially between models.
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1 Introduction

While summer 2003 was a highly anomalous event even on

a seasonal time scale (Schär et al. 2004), most previous

European heat waves occurred on substantially shorter

scales (e.g. Fischer et al. 2007a). Likewise most of the

societal, economical and ecological impacts of heat waves

act on daily to weekly time scales. Thus, there is a par-

ticular need to understand subseasonal temperature

extremes and their sensitivity to changes in mean and daily

variability.

Recent observational studies have demonstrated that the

frequency of hot summer days and heat waves over Europe

has increased in recent decades (e.g. Frich et al. 2002;

Klein Tank and Können 2003; Alexander et al. 2006; Te-

baldi et al. 2006; Moberg et al. 2006; Della-Marta et al.

2007) along with an enhanced variability of interannual

and daily summer temperatures (e.g. Klein Tank et al.
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2005; Della-Marta et al. 2007; Scherrer et al. 2008). Over

the period 1880 to 2005 the duration of summer heat wave

episodes has doubled, the frequency of hot days has almost

tripled and the variance of daily temperature has increased

by *6% over western Europe (Della-Marta et al. 2007).

Recent model studies (based on global and regional

climate models) have suggested that this trend towards

more frequent and intense temperature extremes is very

likely to continue and intensify during the 21st century

(IPCC 2007, and references therein). Several regional

studies found that particularly over a transitional climate

zone (TCZ) between the Mediterranean to the south and the

Baltic Sea to the north this projected trend is associated

with a substantial increase in interannual summer temper-

ature variability (Schär et al. 2004; Rowell 2005; Giorgi

and Bi 2005; Clark et al. 2006; Seneviratne et al. 2006;

Vidale et al. 2007; Lenderink et al. 2007).

The simulated increase in summer temperature vari-

ability also extends to daily time scales, especially over

central Europe, where the projected warming is larger for

the uppermost percentiles than for the median (Kjellström

et al. 2007).

An increase of total daily summer temperature vari-

ability may in principle arise from three different reasons:

(1) increase in interannual temperature variability, (2)

increase in intraseasonal day-to-day variability and (3)

increase of the amplitude of the seasonal cycle within

summer. The latter component, which will hereafter be

referred to as seasonal variability, is often neglected.

However, a non-uniform warming within the summer may

have a substantial effect on the variability and skewness of

the daily temperature distribution as will be shown below.

Note that in contrast to other studies our definition of in-

traseasonal variability excludes the seasonal cycle.

In this study we present a methodology to disentangle

the contribution of the aforementioned three components to

the total daily summer temperature variability and their

role for changes in temperature extremes. Daily output of

ten RCM scenario experiments performed within the

PRUDENCE project is analysed for the two time slices

1961–1990 and 2071–2100. Projected changes in total

daily temperature variability as well as the three contrib-

uting components are quantified.

Variability changes on different time scales may be

linked to different mechanisms. We investigate the role of

different mechanisms acting on interannual and intrasea-

sonal temporal scales with a focus on changes in the

surface energy and water budgets.

The mechanisms driving the changes in interannual

summer temperature variability relate to a combination of

(1) changes in large-scale atmospheric circulation (e.g.

Meehl and Tebaldi 2004), as well as small-scale physical

processes related to (2) land-surface processes determining

the partitioning of latent and sensible heat fluxes (e.g.

Seneviratne et al. 2006; Vidale et al. 2007) and (3) cloud

effects affecting the surface radiation budget. Land-surface

processes are of high importance for extreme events and

contributed strongly to the 2003 European heat wave

(Fischer et al. 2007b) as well as other recent heat waves

(Fischer et al. 2007a). The processes leading to the pro-

jected changes on intraseasonal time scales are only poorly

investigated.

Changes in variability as well as changes in mean

temperature have strong implications for the occurrence of

extreme events (Katz and Brown 1992). Using RCM output

we demonstrate, how changes in daily statistics of extreme

temperatures can be attributed to the different components.

Moreover, we investigate how the role of these factors

varies between regions.

The paper is structured as follows: in Sect. 2 the PRU-

DENCE model experiment is summarised. The

methodology for the decomposition of the total daily var-

iability into its three components is detailed in Sect. 3. In

Sect. 4 the results on the following aspects are presented:

(1) variability changes of the different components and the

related mechanisms and (2) relevance of the different

components for changes in temperature extremes.

2 PRUDENCE multi-model experiment

We use daily output of an ensemble of ten RCM scenario

experiments performed within the PRUDENCE project

(including nine PRUDENCE standard RCMs and an

additional HIRHAM version of the Norwegian Met Office,

METNO; see also Jacob et al. 2007). The experiments

include control (CTL) simulations of contemporary (1961–

1990) climate and scenario (SCN) simulations of future

(2071–2100) climate conducted over the European conti-

nent. A detailed description of the exact design of the

PRUDENCE multi-model experiment is given in Chris-

tensen and Christensen (2007), Déqué et al. (2007) and

Rowell (2005).

The ten RCMs analysed here are detailed in Table 1.

Hereafter we will use the institution name to unambigu-

ously refer to a model version. It is important to note that

there are close relationships between some of the models.

The HIRHAM simulations conducted at DMI and METNO

are performed with the same model applied over different

model domains. The ETH and GKSS model share very

similar physical parameterisations (same for DMI and MPI

model). The ETH and MPI model include the same

dynamical core.

The simulations analysed here are all driven with lateral

boundary conditions from the HadAM3H atmospheric

general circulation model (GCM). In the CTL period the
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HadAM3H atmospheric GCM is forced with observed

monthly fields of sea–surface temperature (SST) and sea-

ice extent estimated from observations for current climate.

The SSTs for the SCN period are calculated by adding the

mean simulated SST changes (differences between 2071–

2100 and 1961–1990) to the SSTs of the CTL period

(Rowell 2005). These superimposed SST changes (SCN–

CTL) are derived from integrations of the coupled atmo-

sphere-ocean global model HadCM3 (Johns et al. 2003)

using the IPCC SRES A2 (high emission) scenario

(Nakı́cenovı́c et al. 2000).

Almost all RCM simulations analysed were driven with

exactly the same lateral boundary conditions and SSTs.

The SMHI model is an exception in terms of SSTs and sea

ice conditions, as it includes a coupled regional ocean

model for the Baltic Sea and Kattegat that internally gen-

erates its own SSTs in that area (Döscher et al. 2002;

Räisänen et al. 2004). The same SSTs have also been used

in the KNMI model. Note that with the ensemble setup

used here (one driving GCM) we do not cover the full

range of projection uncertainties using the PRUDENCE

ensemble, but we are able to isolate the regional response

of the surface energy and water budget given virtually

identical large-scale forcing.

All models use the same 360-day calendar with a con-

stant month length of 30 days. In general the model

domains cover the European continent and parts of the

North Atlantic, with some inter-model differences espe-

cially in the latitudinal extension (Scandinavia is excluded

in UCM and ICTP model, the Iberian Peninsula in MET-

NO). All spatial analyses of daily data were performed on

the different native model grids. Regional averages were

calculated from land-only gridpoints for the three regions

(highlighted in Fig. 2a) Scandinavia (hereafter SC: 55–

70�N, 5–30�W), France (FR: 44–50�N, 5�E–5�W), and

Iberian Peninsula (IP: 36–44�N, 10�E–3�W). These three

subdomains cover the largest differences in zonal charac-

teristics of the variability analysis. The subdomains vary

slightly between models because of different grids and

land–sea masks. However, given the size of the domains

considered, this effect has a negligible influence on the

results (see also Frei et al. 2006).

3 Methods

In this section we present a methodology to decompose

the total daily summer temperature variability into dif-

ferent components. A difficulty in the estimation of

variability is to separate intrinsic variability from trend-

induced variability (e.g. Scherrer et al. 2005). The pres-

ence of trends in the present temperature series may arise

from transient greenhouse-gas forcing or natural varia-

tions. Before conducting the decomposition, we thus

remove the linear 30-year seasonal summer temperature

trends at each grid box and for each 30-year period

individually. These linear trends are small during the CTL

period (typical range between -0.2 and ?0.4 K in

30 years), except for the UCM model, which shows large

trends of 1–2 K over some regions. In the SCN period the

trends in all models are much larger (typically 1.5–3.5 K

in 2071–2100), which results in an considerable trend-

induced inflation of the interannual variability (typical

inflation factor, ratio of non-detrended to linearly detr-

ended interannual standard deviation of 1.04–1.3). Note

that some RCMs show very strong regional trends in the

SCN period (e.g. ICTP 4.3 K over Mediterranean or HC

4 K over eastern Europe), which results in substantially

larger inflation factors.

The total summer temperature variability rtot is defined

as the standard deviation of all summer daily mean tem-

peratures in a 30-year period, and the variability

components considered are: interannual variability (r0),
intraseasonal variability (ry

00), and variability induced by

the summer seasonal cycle ðr̂Þ: To proceed with the

decomposition, the daily mean temperature (Ty,d) on day d

Table 1 References and characteristics of the regional climate models used in this study

Acronym Model name Land surface scheme Model references

DMI HIRHAM ECHAM4 (Düemenil and Todini 1992) Christensen et al. (1996)

ETH CHRM BATS1e (Dickinson et al. 1993) Vidale et al. (2003)

GKSS CLM TERRA LM (Schrodin and Heise 2001) Steppeler et al. (2003)

HC HadRM3H MOSES (Cox et al. 1999) Buonomo et al. (2007), Jones et al. (1995)

ICTP RegCM BATS1e (Dickinson et al. 1993) Giorgi et al. (1999)

KNMI RACMO TESSEL (van den Hurk et al. 2000) Lenderink et al. (2003)

METNO HIRHAM-NO ECHAM4 (Dümenil and Todini 1992) Hanssen-Bauer et al. (2003)

MPI REMO ECHAM4 (Dümenil and Todini 1992) Jacob (2001)

SMHI RCAO RCA2 (Bringfelt et al. 2001) Döscher et al. (2002), Räisänen et al. (2004)

UCM PROMES SECHIBA (Ducoudré et al. 1993) Castro et al. (1993)
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(of a total of D = 90 days) and in year y (of Y = 30 years)

is expressed as:

Ty;d ¼ T þ T̂d þ T 0y þ T 00y;d; ð1Þ

where T denotes the 30-year mean summer (JJA)

temperature, T̂d the mean seasonal cycle relative to T ,

Ty
0 the mean summer temperature anomaly in year y, and

T 00y;d the residual daily anomaly with respect to T þ T̂d þ T 0y
(see Fig. 1 for illustration). The partitioning in Eq. 1 is

specifically defined by

T̂d :¼ 1

Y

XY

y¼1

ðTy;d � TÞ; ð2Þ

T 0y :¼ 1

D

XD

d¼1

ðTy;d � TÞ; ð3Þ

and implies
PD

d¼1 T̂d ¼ 0;
PY

y¼1 T 0y ¼ 0; and
PD

d¼1 T 00y;d ¼ 0 .

Using these three temperature components the total

daily variance can be written as

r2
tot ¼

1

YD

XY

y¼1

XD

d¼1

ðTy;d � TÞ2

¼ 1

YD

XY

y¼1

XD

d¼1

ðT̂d þ T 0y þ T 00y;dÞ
2:

ð4Þ

Similarly, the variance can be expressed for each time

component individually as follows: the interannual variance

as r
02 ¼ 1

Y

PY
y¼1 T

02
y , the variance induced by the seasonal

cycle as r̂2 ¼ 1
D

PD
d¼1 T̂2

d , and the intraseasonal variance in

year y as r
002
y ¼ 1

D

PD
d¼1 T

002
y;d . Using these relations, (4) can

be rewritten as

r2
tot ¼ r

02 þ r̂2 þ 1

Y

XY

y¼1

r
002
y : ð5Þ

Above we have used T̂d (see Eq. 2) to define the mean

seasonal cycle, which results in a very noisy signal (due to

the small sampling size and the large day-to-day

variability). For our analysis we thus use ~Td based on a

31-day moving average instead. It is defined as

~Td :¼ 1

31

Xdþ15

d�15

1

Y

XY

y¼1

ðTy;d � TÞ: ð6Þ

The use of ~Td instead of T̂d implies two additional terms in

(5), i.e.

r2
tot ¼ r

02 þ ~r2 þ 1

Y

XY

y¼1

r
002
y þ

2

Y

XY

y¼1

T 0y
1

D

XD

d¼1

~Td

 !

þ 2

D

XD

d¼1

~Td
1

Y

XY

y¼1

T 00y;d

 !
:

ð7Þ

Detailed analysis shows that the last two terms in (7) are

comparatively small (\0.01rtot
2 ). The terms are not

neglected in the calculation of the results but they are not

further discussed since their influence on the variance is

very small.

Note that the variance is only a robust measure of scale

if the distribution is normally distributed or at least sym-

metric. The intraseasonal and interannual temperature

variability is reasonably symmetric, while the seasonal

variability is skewed for some regions. Ferro et al. (2005)

have shown that for distributions described by large data

samples (e.g. intraseasonal variability) nonparametric

quantile-based estimators are more robust measures than

parametric approaches. However, for small data samples

(e.g. interannual variability) moment-based methods are

superior due to their higher statistical efficiency (Scherrer

et al. 2005). Here we use the concept of variance to esti-

mate the scale parameters of the individual distributions.

This scale estimate is less robust but easily allows us to

directly quantify the contribution of the different compo-

nents (see above). The analysis of the relative changes in

intraseasonal and total daily temperature variability (large

data samples) have been repeated using robust interquartile

range (IQR) estimators as well as skewness

ðdefined as 1
DY

PY
y¼1

PD
d¼1ðTy;d � TÞ3=r3

totÞ and have not

shown any significant sensitivity.

4 Results

4.1 Changes in total daily variability

In this subsection we analyse simulated changes in the total

daily summer temperature variability rtot, expressed as

standard deviations of all summer (JJA) days in 30 years

(Fig. 2). The simulated variability in the CTL period is

compared to observed variability derived from series of the

European Climate Assessment and Dataset project (ECAD)

T
em

pe
ra

tu
re

 [°
C

]

Mean (T)

Seasonal mean (T + Ty’)

Mean Cycle (T + T
~

d)

Daily temp (Tyd = T + Ty’+ T
~

d + Tyd’’)

12
14

16
18

20
22

24
26

Jun Jul Aug

Ty’

T
~

d

Fig. 1 Illustration of different temperature components used in Eq. 1.

See Sect. 3 for details
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(Klein Tank et al. 2002) and from the gridded ENSEM-

BLES observational data set (Haylock et al. 2008) for the

period 1961–1990. Note that the variability in the model

and in ENSEMBLES observational data set is calculated

from grid boxes, whereas the variability in the ECAD data

is derived from station series. Typically the spatial

aggregation over a grid box leads to a somewhat lower

variability.

While the majority of the RCMs capture the observed

total variability patterns relatively well (Fig. 6a), the HC,

ICTP and UCM models overestimated the observed values

substantially over the IP, FR and the whole transitional

Fig. 2 a Total daily temperature variability (K) during summer (JJA)

in CTL climate (1961–1990) simulated by ten different regional

climate models and derived from the observational ENSEMBLES

gridded data and ECAD station series. b Simulated change in total

daily temperature variability (K) in SCN (2071–2100) wrt CTL
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climate zone (TCZ). The TCZ is defined as the region

between the dry Mediterranean climate to the south and the

wet climate in the north and refers to the zonal area where

evaporation is limited by soil moisture in one summer and

not limited in another (see also Seneviratne et al. 2006). At

the end of the 21st century all RCMs project strongly

enhanced total variability over the TCZ with a pronounced

maximum over western Europe (Fig. 2b). Only few models

simulate a weak variability decrease over northern Europe

and the southern Iberian Peninsula. The pronounced vari-

ability increase over western Europe implies more intense

temperature extremes over that area. It is remarkable that

all RCMs project the strongest increase of the 95th per-

centile (not shown) over the region of maximum variability

increase (mostly France) rather than where the mean

warming is largest (southern Europe).

4.2 Changes in interannual variability

The interannual summer temperature variability r0, the

standard deviation of the summer (JJA) means, as simu-

lated by the ten PRUDENCE RCMs is depicted in Fig. 3.

The comparison against observational data (Fig. 3a)

reveals that most models tend to overestimate the inter-

annual summer temperature variability over central and

southern parts of Europe. The overestimation is largest

over southeastern Europe (too high variability in all

RCMs). This may to some extent relate to the summer

drying problem of most RCMs (Hagemann et al. 2004) or

to circulation biases of the driving GCM HadAM3H (van

Ulden et al. 2007). Note the large inter-model differences,

especially over central and southern Europe. Over northern

Europe all models, except METNO, underestimate the

interannual variability.

As regards projected changes in interannual variability

(SCN–CTL), Vidale et al. (2007) have shown that in the

PRUDENCE ensemble mean, pronounced changes are

limited to the boreal summer (JJA), when all ensemble

members simulate distinct increases over some portions of

the European continent (Fig. 3b). As discussed in Schär

et al. (2004), Seneviratne et al. (2006) and Vidale et al.

(2007), there are relatively large latitudinal differences in

the variability changes. All RCMs show weak variability

changes over southern and northern Europe, and almost all

RCMs show a very strong increase in the TCZ, which

collocates with the strongest gradient in mean summer

warming over Europe. Note the considerable inter-model

differences in the variability projections over western

Europe (largest increase in HC, SMHI and METNO model,

smallest in MPI).

Several studies have investigated the mechanisms

underlying the increase in summer year-to-year variability

in response to greenhouse-gas forcing. Some studies have

highlighted the importance of changes in the summer

atmospheric circulation (e.g. Meehl and Tebaldi 2004),

while others have emphasised the role of land–atmosphere

interactions (e.g. Seneviratne et al. 2006; Vidale et al.

2007; Rowell 2005) associated with changes in the surface

water and energy budget (Lenderink et al. 2007).

The latter mechanism is related to the projected decrease

of the soil water availability over European land regions in

response to greenhouse-gas forcing (Wetherald and Man-

abe 1999; Seneviratne et al. 2002; Rowell and Jones 2006).

This effect is also reflected in the PRUDENCE RCMs,

which show that in the SCN period the soil moisture res-

ervoirs are accessed earlier in spring (Vidale et al. 2007).

This leads to an increased probability of reaching the

wilting point and a strong soil moisture control on evapo-

transpiration (strong land–atmosphere coupling).

Using the ETH model, Seneviratne et al. (2006) iden-

tified that soil moisture feedbacks are most relevant for

interannual temperature variability in the Mediterranean

during the CTL period, but may become a primary driver

of the projected variability increase in central and eastern

Europe in the SCN period. The role of land–atmosphere

coupling for interannual temperature variability is largest

in areas where soil moisture is abundant in some summers

and strongly limited in others. If soil moisture is strongly

limited in every summer (semi-arid climate) or in no

summer (wet climate), land–atmosphere interactions play a

minor role for interannual variability.

Given abundant soil moisture availability, evapotrans-

piration and temperature tend to correlate positively, since

they both depend on net radiation. However, over regions

where the evapotranspiration is controlled by soil moisture

availability, there is typically a negative relationship

between evapotranspiration and surface temperature

(Seneviratne et al. 2006). We here use this relation to

identify regions of strong land–atmosphere coupling,

where the land surface tends to control the evapotranspi-

ration and thereby affects interannual temperature

variability.

Consistent with the ETH model results presented in

Seneviratne et al. (2006), most models show a strong an-

ticorrelation of summer mean temperature and

evapotranspiration over southern Europe in the CTL period

(Fig. 4a). There is a tendency for RCMs with high inter-

annual variability in the CTL period (DMI, HC, MPI,

SMHI) to show relatively strong negative correlations.

Over northern Europe where evapotranspiration is usually

not limited by soil moisture, most RCMs simulate weak

positive evapotranspiration-temperature correlations.

In contrast to most of the other RCMs, the UCM model

simulates positive correlations over the entire domain,

which suggests that temperature in this model is largely

controlled by radiation. The fact that the UCM model is
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rather insensitive to soil drying has been discussed in

previous studies, which suggest that it may be linked to too

low mean evapotranspiration (Lenderink et al. 2007) and a

strong underestimation of the seasonal soil-moisture cycle

(Hirschi et al. 2007).

As regards climate change most RCMs predict a sub-

stantial northward shift of the region with strongest land–

atmosphere coupling in the SCN period (Fig. 4b). In the

majority of the analysed RCMs the anticorrelations in SCN

period are enhanced especially over the TCZ (area of

largest temperature variability increase). Four RCMs show

a somewhat different behaviour. The MPI and UCM

models, which project only a weak interannual temperature

variability increase, show only a moderate (MPI) or no

Fig. 3 a Interannual summer temperature variability (K) in CTL

climate (1961–1990) simulated by ten different regional climate

models and derived from the observational ENSEMBLES gridded

data and ECAD station series. b Simulated change in interannual

summer temperature variability (K) in SCN (2071–2100) wrt CTL
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Fig. 4 Gridpoint correlation of mean summer temperature and evapotranspiration in a CTL (1961–1990) and b SCN period (2071–2100) in

different regional climate models
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change (UCM) of land–atmosphere coupling. However,

also the KNMI and GKSS model, which both project a

strong increase of interannual variability, show only a weak

intensification of land–atmosphere coupling. This suggests

that different mechanisms may partly control the variability

increase in these two models.

Figure 5 shows that KNMI and GKSS simulate a strong

increase in interannual surface net radiation variability,

which collocates with the enhanced interannual tempera-

ture variability. This suggests that in contrast to the other

models, the increase in net radiation variability is the main

driving mechanism in these two RCMs. Thus, depending

on the model the interannual temperature variability

increase is mainly driven by land–atmosphere coupling or

radiative processes (associated with atmospheric circula-

tion variability and cloud processes) or a combination of

the two, with differing contributions depending on the

region.

These findings are consistent with Lenderink et al.

(2007) who suggest that the short-wave radiation is the

dominant factor in some RCMs, whereas in others the

effect of evapotranspiration is most important. In the for-

mer case cloud feedbacks are essential, whereas in the

latter soil-moisture feedbacks are the crucial processes.

Over the southern IP, where the interannual temperature

variability is projected to remain unchanged or to decrease,

all RCMs except the ICTP model simulate a substantial

weakening of the land–atmosphere coupling (Fig. 4b). We

suggest that over this region, the soil moisture regularly

reaches the wilting point under greenhouse-gas induced

summer drying, as also reflected by the absence of any

significant interannual summer soil-moisture variability in

the SCN period (not shown). Consequently, summer tem-

peratures are no longer sensitive to soil moisture.

4.3 Changes in intraseasonal variability

The intraseasonal summer temperature variability (ry

002, see

definition in Sect. 3) is a measure of the amplitude of daily

variations around the seasonal cycle ð ~TÞ: Generally the

intraseasonal variability is small over oceans and along

coasts, and comparatively large over land regions (Fig. 6a).

In order to validate the simulated intraseasonal vari-

ability, the ten CTL simulations are compared against

observations from ECAD station data and the gridded

ENSEMBLES data set (Haylock et al. 2008). Most of the

RCMs are in relatively good agreement with observed

values across Europe (Fig. 6a). As for the total variability,

the HC, ICTP and UCM models tend to overestimate the

intraseasonal variability over the northern IP and the TCZ.

According to Fig. 6b all RCMs show a general tendency

towards higher intraseasonal variability in the SCN period

Fig. 5 Percentage change in interannual variability of mean summer net surface radiation between CTL (1961–1990) and SCN (2071–2100)

period
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(2071–2100) in particular over the TCZ. Most RCMs

simulate the maximum increase over FR (0.5–1.5 K), fur-

ther west than in the case of interannual variability. Over

northern Europe and the southern IP, some models project

a small reduction of intraseasonal variability. A detailed

analysis of the latter region revealed that in the SCN period

the intraseasonal temperature distribution has a very short-

tailed maximum (see later in Fig. 10), in contrast to most

other regions. The distinct upper bound of the distribution

is presumably constrained by the temperature maximum

reached, when virtually all of the available net radiation is

converted into sensible heat due to lack of soil moisture.

The definitions of interannual and intraseasonal vari-

ability are independent (cf. Sect. 3). Nevertheless there is a

Fig. 6 a Intraseasonal summer temperature variability (K) in CTL

(1961–1990) simulated by ten different regional climate models and

derived from the observational ENSEMBLES gridded data and

ECAD station series. b Simulated change in intraseasonal summer

temperature variability (K) in SCN (2071–2100) wrt CTL

926 E. M. Fischer, C. Schär: Future changes in daily summer temperature variability

123



tendency for RCMs with high (low) intraseasonal vari-

ability to simulate high (low) interannual variability,

especially over central and southern Europe. This may be

related to similar processes, parameterisations and model

characteristics, which are relevant for variability on both

time scales (see following discussion of mechanisms).

In all RCMs the intraseasonal day-to-day variations are

highly dependent on synoptic variability and associated

cloud cover, and are highly correlated with surface short-

wave and net radiation. However, the models do not

simulate any future increase in shortwave and total net

radiation variability, which would explain the increase in

intraseasonal temperature variability. In contrary there is

even a slight decrease in intraseasonal net radiation vari-

ability primarily over southern Europe (not shown).

Soil moisture variations have a comparatively low fre-

quency and hence cannot directly account for day-to-day

temperature variations. However, the enhanced future

summer drying results in a general reduction of evapo-

transpiration (found to be strongest over western Europe)

and this implies enhanced sensible heat fluxes in most

RCMs. The efficacy of this indirect effect is confirmed by

the fact that some RCMs show a tendency to higher in-

traseasonal variability in warm and dry years. In addition,

the soil drying implies a lower heat capacity of the soil,

such that the day-to-day temperature variations become

more susceptible to intraseasonal net radiation variability.

4.4 Changes in seasonal cycle and implied variability

In this subsection we analyse the temperature variability

induced by the seasonal cycle ð ~TÞ and its future changes. A

more pronounced seasonal cycle, which implies larger

temperature contrasts within the summer, would enhance

the seasonal variability ~r and thereby also rtot. Further-

more, changes in the seasonal cycle may also affect the

shape (skewness) of the daily temperature distribution.

Over the IP (Fig. 7a) and SC (Fig. 7c) the greenhouse-

gas induced warming is rather uniform within the summer

(JJA). However, over FR (Fig. 7b) and other areas within

the TCZ, the warming differs substantially between early

and late summer (typically 2–3 K more warming in August

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 7 Changes in mean seasonal cycle ðTSCN þ ~TSCNÞ � ðTCTL þ
~TCTLÞ of (a–c) temperature, (d–f) shortwave net surface radiation, and

(g–i) evapotranspiration simulated by ten different regional climate

models for the regions (a, d, g) Iberian Peninsula, (b, e, h) France,

and (c, f, i) Scandinavia. The seasonal cycle is defined as a 31-day

moving average
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than in June). The future increase in the associated standard

deviation ~r amounts to typically 30–100% (ensemble mean

change 53%) over FR (Fig. 8d).

A progressive warming within the summer may also

shift the timing of the maximum temperature of the sea-

sonal cycle and favour heat waves to occur earlier or later

than in the CTL period. Under current climatic conditions

the maximum temperatures are reached between mid-July

(northern Europe) and early August (southern Europe).

In FR, the maximum warming is simulated for early to

mid-August and is thereby superimposed to almost the

hottest period in the current summer climate. This implies

particularly pronounced summer peak temperatures in the

future, a tendency to postponed culmination of the seasonal

temperature cycle, and also an elongation of the summer

period into the autumn. Over FR, September temperatures

in SCN reach values around or higher than July tempera-

tures in CTL. This suggests that in the future, heat waves of

(a) (b)

(c) (d)

(e) (f)

Fig. 8 a, c, e Contribution (%) of the three components to the total

daily variance rtot
2 in CTL as simulated by ten different regional

climate models and the ensemble mean (ENS). The rightmost bar and

the dashed/dotted lines depict the same percentages calculated from

the ENSEMBLES gridded observational data set. b, d, f Percentage

change in the total daily standard deviations and its three components

computed as [(SCN–CTL)/CTL]. Ensemble mean change is shown in

rightmost section
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the magnitude as they currently occur in July may become

possible even during early September.

We suggest that the mechanism causing the aforemen-

tioned progressive summer warming is mainly related to

land-surface processes. The warming at the end of summer

is amplified by the progressive soil drying. This effect is

also reflected in the reduced evapotranspiration in late

summer, which shows the largest negative difference

(SCN–CTL) during the same period as the maximum

warming (Fig. 7h). Note that there are very large differ-

ences between RCMs, which are mainly related to different

soil properties and land surface parameterisations (cf dis-

cussion in Sect. 4.2). Moreover, van Ulden et al. (2007)

revealed a tendency towards more easterly circulation

types during summer in SCN. The frequency of easterlies,

which is correlated with higher summer temperatures,

increases particularly in late summer, which adds to the

progressive summer warming. The projected increase in

shortwave net radiation is relatively uniform within the

summer (Fig. 7e) and cannot explain the progressive

warming within summer.

Over the IP, the warming (SCN–CTL) reaches a maxi-

mum already in May and remains uniform thereafter

(Fig. 7a). We suggest that this is due to the anomalously

strong net radiation in early summer and due to the earlier

start of the soil-moisture controlled limitation of

evapotranspiration.

Over SC, the projected summer warming is relatively

uniform and smaller than during the other seasons. The

summer warming in SC is mainly controlled by radiative

processes and advection, whereas changes in land–atmo-

sphere feedbacks are expected to play a minor role.

4.5 Contribution of variability components to daily

total variability

In the previous subsections we have shown that the total

daily temperature variability and its three components—

interannual, intraseasonal and seasonal variability—are

projected to increase over most of the regions. In order to

quantify the relative contribution of the components, the

total daily variance is expressed as

r
02

r2
tot

þ ~r2

r2
tot

þ
1
Y

PY
y¼1 r

002

r2
tot

’ 1: ð8Þ

Since we here calculate the seasonal cycle ~T based on a

moving time window ðand not on daily basis; T̂Þ; this

expression does not exactly equal 1 (see Sect. 3).

However, the difference corresponds to generally less

than 0.01. In the CTL period the intraseasonal variance

explains by far the largest portion of the total variance

(about 50–80%, see left-hand panels of Fig. 8). The

interannual variance corresponds to typically 8–10% and

the seasonal variance to 10–40%. These percentages

compare well with observations (ENSEMBLES gridded

data) shown in the rightmost bar.

As regards climate change, the relative increase of total

daily standard deviation rtot [(SCN–CTL)/CTL] varies

between the different regions (ensemble mean change 6%

over IP, 30% over FR, 2% over SC; see black triangles in

Fig. 8 right-hand panels). Note that given the large sample

size the total variability changes larger than 5% are sig-

nificant at the 99% confidence level. While the changes in

all variability components are rather small over SC and IP,

they are highly significant over FR (Fig. 8d) and the entire

TCZ (not shown). Note that in the case of interannual

variability, not all RCMs project changes that are signifi-

cant (too small sample size of 30 years). Over FR,

interannual and seasonal variability increase substantially

stronger than intraseasonal variability (Fig. 8d). The mag-

nitude of the simulated changes differs between RCMs,

especially for ~r and r0, while the changes in rtot and r00 are

relatively robust.

These findings indicate a growing relative contribution

of interannual variance over FR, associated with larger

differences between individual summers. The increased

contribution of the seasonal cycle points to a more

important role of the differences between the beginning of

the summer and the hottest period in late July/early August.

However, overall the intraseasonal variance confirms to

have a dominant contribution in all regions even in the

future. Note that an analysis of the variability changes

based on IQR instead of r, which is not documented in this

paper for brevity, led to virtually the same results, except

for the interannual temperature distribution (IQR non-

robust due to small sample size).

4.6 Sensitivity of extremes to changes in variability

components

We have shown that greenhouse-gas induced climate

change is expected to enhance the total summer tempera-

ture variability over large parts of Europe. Here, we discuss

the implications of these variability changes for the fre-

quency and intensity of summer temperature extremes. In

order to quantify changes in temperature extremes, we

analyse the widely used extreme indices T90f and T95f,

which are defined as the frequency of exceedance of the

90th/95th percentile of the daily climatology (CTL). For

validation the CTL distribution is compared against the

observed distribution (ENSEMBLES data set). While the

general shape of the daily temperature distribution in FR

(Fig. 9) and IP (Fig. 10) is well captured, there are con-

siderable mean biases in some RCMs. The IQR is
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overestimated in all RCMs in FR and relatively well cap-

tured over the IP.

T90f and T95f are projected to increase over all

European regions, with strong (weak) changes over

southern (northern) Europe. Over FR, T95f amounts to

typically 30–50% in SCN compared to 5% in CTL

(Fig. 9). Thus for the SRES scenario considered, at least

every second to third summer day exceeds the 95th per-

centile, and a considerable number of days even the

maximum values of the CTL period. T90f and T95f

would be even higher, if May and September were

included in the analysis of SCN. Note that the strongest

increase in T90f and T95f is not simulated by those

RCMs that show the largest mean warming.

In the following, we illustrate the contribution of the

mean warming and variability increase to changes in

temperature extremes over FR (Fig. 11) using the example

of the ETH model, which in CTL shows good agreement

with the observed temperature distribution.

Figure 11b visualises the consequences of mean warm-

ing only on T90f and T95f. The fact that T90f amounts to

55.5% and T95f to 39.2% in the absence of any change in

variability, manifests the dominant role of the change in the

mean. As pointed out by Barnett et al. (2006) and Clark

et al. (2006), the change in mean principally captures most

of the change in the percentile exceedance. However, it is

important to note that in most RCMs the warming of the

uppermost percentiles is largest over FR (strongest vari-

ability increase) and not over the IP (strongest mean

warming), which points to an important role of variability

changes for the most extreme values.

The variability changes have strong implications par-

ticularly near the tails of the distribution. In the absence of

a mean change, T90f and T95f would amount to 15.7 and

8%, respectively (Fig. 11c). Note that the changes are more

apparent in the cold tail because the CTL distribution is

strongly positively skewed. The influence of interannual

variability alone is illustrated in Fig. 11d by upscaling of

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =
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∆ =
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∆ =

∆ =

∆ =
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Fig. 9 Daily temperature distribution in CTL (1961–1990, blue) and

SCN (2071–2100, red) simulations over France (number of summer

days in a 30-year period). The observed temperature distribution

(1961–1990) from the ENSEMBLES observational data set is shown

in the last panel in green. The 90th and 95th percentiles relative to the

respective CTL distributions are marked by dotted and dashed lines,

respectively
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the seasonal mean anomalies of CTL such as to reach the

same interannual standard deviation as in SCN. This results

in a moderate increase of T90f and T95f and a pronounced

change at the tails of the distribution. Changes in intra-

seasonal variability have a very strong effect on the IQR

and result in a substantial increase of T90f (Fig. 11e).

Furthermore, there is a pronounced change in the skewness

of the distribution, which is also affected by the change in

the cycle (Fig. 11f). Moreover, changes in the seasonal

cycle result in a moderate increase of T90f and T95f. Note

that the exact contribution of the variability components

differs significantly between regions and is considerably

larger for some RCMs.

Over IP the increase of T90f and T95f is substantially

larger (Fig. 10) with T95f reaching 50–75% in the SCN

period. This is mainly due to the larger mean warming over

IP compared to FR. The change in variability is rather

small over IP and hence plays a secondary role for the

changes in T90f and T95f. However, due the pronounced

negative skewness in both the CTL and SCN period (see

also observed temperatures), the same mean shift has a

much stronger effect on the threshold exceedance than in

other regions.

As mentioned above, the short upper tail (negative

skewness) is mainly the result of the seasonal cycle with

relatively cool temperatures in early June and constantly

high temperatures in July and August. However, even if the

seasonal cycle is removed, there is a tendency to a nega-

tively skewed temperature distribution over the IP. We

suggest that the distinct upper bound is determined by the

available net radiation on clear-sky days, when converted

into sensible heating under conditions of dry soils.

5 Summary and conclusions

We have analysed daily output of ensemble scenario

experiments performed with ten regional climate models

over Europe for the periods 1961–1990 and 2071–2100

driven by an SRES A2 greenhouse-gas scenario. All

models predict a strong warming as well as considerable

changes in the variability of daily summer temperatures.

The projected changes in total daily temperature variability

(standard deviation of all summer days in 30-year period)

differ substantially between RCMs and show a character-

istic latitudinal dependence. A pronounced variability

∆ =
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∆ =
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Fig. 10 Same as Fig. 9 but for Iberian Peninsula
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increase is simulated over the TCZ between the Baltic Sea

to the north and the Mediterranean to the south. Over

France and depending upon the model, the total daily

temperature variability increases by 20–40%. Changes in

northern and southern Europe are substantially smaller.

The projected changes in daily temperature variability

arise from changes of its three time components: interan-

nual, intraseasonal and seasonal variability. We have

presented a method to decompose the total variability into

its three components. Note that in contrast to other studies

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =

∆ =

(a) (b)

(c) (d)

(e) (f)

Fig. 11 Role of different components for the daily temperature

distribution changes over France between CTL (1961–1990) and SCN

(2071–2100) as simulated by the ETH model: a total simulated

change, b simulated change due to mean warming only, c variability

change only (without mean warming), d due to changes in interannual

variability only, e due to changes in intraseasonal variability only, f
due to changes in seasonal variability only. For the definition of

skewness see Sect. 3
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the intraseasonal variability does not include variability

induced by the seasonal cycle, which is analysed separately

as seasonal variability.

The variability of all three components increases par-

ticularly over the aforementioned TCZ. Over France and

depending upon the model, the interannual variability

increases by 30–95%, the seasonal variability by 35–105%,

and the intraseasonal variability by 10–30%. As a result of

these changes, the relative importance of interannual and

seasonal variability grows at the expense of intraseasonal

variability.

The seasonal variability increases due to a non-uniform

warming within the summer. Over France, there is a pro-

gressive summer warming, which is typically 2–3 K larger

in August than in June. This suggests that the strongest

warming within summer is superimposed upon the highest

temperatures of the current climate, with a slight tendency

to a postponed culmination of the temperature cycle.

Likewise, our simulations suggest an elongated summer

period, with September temperatures (SCN) reaching val-

ues around or higher than July temperatures in CTL. This

indicates that in the future, heat waves of the magnitude as

they currently occur in July may become possible even

during early September.

As regards the driving processes, the non-uniform

warming arises mainly from the amplifying effect of dry

soils in late summer. The mechanism underlying the

increase in interannual variability is to a large extent due to

the growing importance of land–atmosphere coupling and

enhanced net surface radiation variability. The roles of

these two mechanisms varies substantially between models

and regions. The projected intraseasonal variability

increase mainly relates to the strong soil drying, which

limits latent cooling and reduces the surface heat capacity.

Thus, the same intraseasonal net radiation variability

translates into larger intraseasonal temperature variability.

The aforementioned changes have strong implications

for the frequency and intensity of temperature extremes.

Maximum changes are projected for southern Europe,

where the frequency of hot summer days (defined using a

local 95-percentile CTL threshold) increases from 5% in

CTL to about 65% in SCN. In the TCZ between the

Mediterranean to the south and the Baltic Sea to the north,

the frequency of hot summer days increases from 5 to

about 40%. A large portion of the increased frequency of

hot days arises from the strong mean summer warming,

especially over southern Europe. However, in addition the

increase in total daily temperature variability strongly

affects the tails of the distribution. This is supported by the

fact that in most RCMs the warming of the uppermost

percentiles is largest over France (strongest variability

increase) and not over the Iberian Peninsula (strongest

mean warming).

This study suggests an increasing risk of summer tem-

perature extremes along with a mean warming and

enhanced temperature variability on interannual, seasonal

and daily time scales. In particular the changes in short-

term temperature variations deserve close attention, since

most of the societal, economical and ecological impacts of

heat waves act on daily and weekly time scales.
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