
1 3

DOI 10.1007/s00382-016-3276-3
Clim Dyn (2017) 48:3425–3440

Separating climate change signals into thermodynamic, lapse-rate 

and circulation effects: theory and application to the European 

summer climate

Nico Kröner1 · Sven Kotlarski1 · Erich Fischer1 · Daniel Lüthi1 · Elias Zubler2 · 

Christoph Schär1 

Received: 18 December 2015 / Accepted: 14 July 2016 / Published online: 26 July 2016 
© The Author(s) 2016. This article is published with open access at Springerlink.com

first time in our study, leads to a stronger warming and 
some drying in southern Europe. It explains about 50 % of 
the warming amplification over the Iberian Peninsula, thus 
demonstrating the important role of lapse-rate changes. The 
effect is linked to an extending Hadley circulation. The CO 
effect as inherited from the driving GCM is shown to fur-
ther amplify the north-south temperature change gradient. 
In terms of mean summer precipitation the TD effect leads 
to a significant overall increase in precipitation all across 
Europe, which is compensated and regionally reversed by 
the LR and CO effects in particular in southern Europe.

Keywords Surrogate climate change · Regional climate 
modelling · Thermodynamic effects · Lapse-rate effects · 
Circulation effects

1 Introduction

The record-breaking summer heatwaves in 2003, 2006 and 
2010 have raised interest of the scientific community in 
the European summer climate (Schär et al. 2004; Rebetez 
et al. 2009; Barriopedro et al. 2011). Observational stud-
ies show that European summer temperatures were ris-
ing in the last decades, especially in the upper percentiles 
(Della-Marta et al. 2007; Parey et al. 2010). Model simu-
lations project that this trend will continue if greenhouse-
gas concentrations continue to rise (Kjellstrom et al. 2007; 
Fischer and Schär 2009, 2010; Orlowsky and Seneviratne 
2012; Kharin et al. 2013; Collins et al. 2013). Along with 
mean temperature changes, a strong drying for the Mediter-
ranean region (Rowell and Jones 2006, ROW06 henceforth; 
Sanchez-Gomez et al. 2009; Kendon et al. 2010, KEN10 
henceforth), changes of precipitation intensity and fre-
quency (Rajczak et al. 2013; Ban et al. 2015) and increased 

Abstract Climate models robustly project a strong overall 
summer warming across Europe showing a characteristic 
north-south gradient with enhanced warming and drying in 
southern Europe. However, the processes that are responsi-
ble for this pattern are not fully understood. We here employ 
an extended surrogate or pseudo-warming approach to dis-
entangle the contribution of different mechanisms to this 
response pattern. The basic idea of the surrogate technique 
is to use a regional climate model and apply a large-scale 
warming to the lateral boundary conditions of a present-day 
reference simulation, while maintaining the relative humid-
ity (and thus implicitly increasing the specific moisture 
content). In comparison to previous studies, our approach 
includes two important extensions: first, different verti-
cal warming profiles are applied in order to separate the 
effects of a mean warming from lapse-rate effects. Second, 
a twin-design is used, in which the climate change signals 
are not only added to present-day conditions, but also sub-
tracted from a scenario experiment. We demonstrate that 
these extensions provide an elegant way to separate the full 
climate change signal into contributions from large-scale 
thermodynamic (TD), lapse-rate (LR), and circulation and 
other remaining effects (CO). The latter in particular include 
changes in land-ocean contrast and spatial variations of the 
SST warming patterns. We find that the TD effect yields a 
large-scale warming across Europe with no distinct latitu-
dinal gradient. The LR effect, which is quantified for the 
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temperature variability (Schär et al. 2004; Fischer et al. 
2012; Cattiaux et al. 2015) are projected for many Euro-
pean regions. These changes are expected to have strong 
socio-economic and ecological impacts across Europe 
(Field et al. 2012; IPCC 2014).

Among the most peculiar characteristics of the European 
climate change signal is the pronounced north-south warm-
ing gradient, which includes a substantially stronger sum-
mer warming and drying in the Mediterranean and south-
ern Europe in comparison to Central and Northern Europe. 
This pattern is robust across the overwhelming majority of 
global climate simulations (IPCC 2013). Indeed, unlike most 
other mid-latitude regions and other seasons which are pro-
jected to see a stronger warming at high latitudes (referred 
to as polar amplification) and an associated reduction of the 
tropospheric north-south temperature contrast, the projected 
summer warming over Europe has the opposite gradient 
and exhibits a more pronounced warming in the south. This 
could also have strong implications for temperature variabil-
ity and extreme events (Schneider et al. 2015). The reasons 
for this anomalous latitudinal warming pattern have been 
investigated in a number of studies, but are still not fully 
understood. Some studies have invoked large-scale changes 
in circulation including an expansion of the Hadley cell and 
shift in storm tracks (Mbengue and Schneider 2013; Collins 
et al. 2013), some have addressed the thermodynamic effects 
of a generally warmer and moisture atmosphere (Rind 
et al. 1990; Manabe et al. 1992), some have pinpointed an 
enhanced land-sea contrast due to the delayed oceanic warm-
ing (Manabe et al. 1992; Gregory et al. 1997; Rowell and 
Jones 2006; Boe and Terray 2014), and others have argued 
with regional land-atmosphere feedback processes such as 
a stronger spring soil-moisture drying over southern Europe 
and/or regional soil-moisture atmosphere temperature and 
precipitation feedback processes (Schär et al. 1999; Senevi-
ratne et al. 2006; Vidale et al. 2007; Boe and Terray 2014).

In terms of their origins, climate change effects are often 
classified into thermodynamically and dynamically-driven 
features. Thermodynamic changes include the large-scale 
warming of the atmosphere (Stocker et al. 2013) as well 
as an increase of specific humidity following the Clau-
sius–Clapeyron relationship (Raval and Ramanthan 1989; 
DelGenio et al. 1991; Allen and Ingram 2002; Soden et al. 
2005). These thermodynamic changes vary depending on 
latitude, longitude and height (Woollings 2008; Collins 
et al. 2013). The dynamic changes manifest themselves in 
changes of the atmospheric circulation and are more uncer-
tain than the thermodynamic ones (Hall 2014; Shepherd 
2014). The most robust projected changes include a shift of 
the storm tracks and a general shift of the mass distribution 
in the atmosphere (Barnes and Polvani 2013; Collins et al. 
2013). Changes in temperature lapse-rates represent yet 
another factor, and these are usually categorized with either 

the thermodynamic or the dynamic effects. Models project 
that the warming in the tropics (and to a lesser extent in 
the mid-latitudes) proceeds faster in the upper than in the 
lower troposphere (Tett et al. 1996; Held and Soden 2000; 
Bony et al. 2006). This behaviour is due to convection (as 
the moist adiabatic lapse-rate decreases with temperature), 
and it implies a stabilization of the dry atmospheric strati-
fication. While lapse-rate changes are broadly discussed in 
relation to the tropics, they have received only little atten-
tion in the assessment of European climate change. Here 
we will address this gap and try to quantify the role of 
lapse-rate changes for European climate change.

Several studies have tried to objectively discriminate 
between thermodynamic effects, dynamic effects and local 
feedbacks (e.g. ROW06; KEN10). Such efforts are compli-
cated by the fact that all contributing factors are strongly 
interdependent. For instance, changes in the large-scale 
circulation may also cause changes in cloud cover and will 
therefore have strong influence on the surface radiative bal-
ance (van Ulden et al. 2007). Likewise, a recent analysis of 
the EURO-CORDEX (Jacob et al. 2014) experiments for 
example suggests that the occurrence of European summer 
heat waves results from complex interactions between soil 
moisture and large-scale circulation (Vautard et al. 2013).

In this study we exploit an extended version of the sur-
rogate climate change or pseudo-warming methodology 
(SCC hereafter) to disentangle the different factors. An 
early version of this approach was introduced by Schär 
et al. (1996). The SCC gives the possibility to modify a 
given synoptic-scale atmospheric evolution by applying 
vertical warming and moistening profiles. The method was 
used to study heavy precipitation over Europe at a time 
where no comprehensive ensembles of climate projections 
were available (Frei et al. 1998). SCC scenarios were fur-
ther used to investigate the processes behind summer dry-
ing in the mid-latitudes (Seneviratne et al. 2002, ROW06; 
KEN10). Im et al. (2010) used the method to quantify the 
role of thermodynamic feedbacks over the Alpine region. A 
surrogate approach was also employed by Rasmussen et al. 
(2011) to study the accelerated hydrological cycle over 
Colorado and by Sorland and Sorteberg (2015) to study 
monsoon low-pressure systems under climate change. This 
study will apply the SCC approach to systematically quan-
tify the influence of individual large-scale drivers on pro-
jected changes of the European summer climate. For this 
purpose, state-of-the-art climate models are employed and 
the SCC is extended to a larger domain compared to previ-
ous works and to climatological time scales.

Im et al. (2010) and Frei et al. (1998), for instance, used 
much smaller modelling domains covering only parts of the 
European continent. This study thereby complements the 
extensive works of ROW06 and KEN10 who also looked 
at the entire European continent over climatological time 
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scales using one individual atmospheric model at a com-
paratively low resolution. The generalisation of the results 
of such surrogate experiments is often limited because only 
one specific climate model was used. Therefore it is of 
great interest to perform similar studies with different cli-
mate models and this study contributes to this aim.

An very important methodological extensions with 
respect to previous work is, that we quantify the influence 
of large-scale lapse-rate changes by using the SCC meth-
odology with different vertical profiles. Also we extend the 
idea of ROW06 in which the climate change signal is not 
only added to present-day conditions, but the different con-
tributions are also systematically subtracted from the sce-
nario experiment representing future conditions. This twin-
design provides a very elegant way to separate the different 
effects.

The paper is structured as follows: in the second section 
a thorough explanation of the surrogate approach is given 
together with a description of the model setup. Section 3 
presents the results of the surrogate experiments including 
a validation of the approach. Section 4 discusses the results, 
before ending with conclusions and an outlook.

2  Methods

2.1  Introduction to surrogate climate change 

methodology

The basic idea of the surrogate approach is to apply a large-
scale temperature change to the lateral boundary conditions 
of a present-day reference simulation of a regional climate 
model (RCM), while maintaining the relative humidity and 
thus increasing the specific moisture content. The relative 
humidity is held constant because observations and model 
studies suggest it would behave like this in a warmer cli-
mate (Cess et al. 1990; Ross et al. 2002; Allen and Ingram 
2002; Soden et al. 2005). The mean temperature perturba-
tion is taken from a mean climate change signal of the driv-
ing GCM run. The resulting surrogate climate follows the 
large-scale circulation of the reference period but with a 
warmer and more humid climate. In principle the approach 
allows to study the regional and local climate response and 
feedbacks in response to a thermodynamic change of the 
atmosphere, whereas the more uncertain dynamic response 
to climate change is excluded.

Because of dynamical constraints, the specified tem-
perature change cannot be chosen arbitrarily. Schär et al. 
(1996) showed that by using ∆T = ∆T(p), i.e. the temper-
ature change is a function of pressure only, the equations of 
motions are not altered by this manipulation, and the flow 
remains unchanged except for implied changes and feed-
backs, such as latent heating or changes in cloud cover. It 

is important to note that changes in horizontal temperature 
gradients are not included, because following the adjust-
ment of the thermal wind relation the large-scale circula-
tion would be altered. Structures that entail changes in the 
horizontal temperature gradients are thus considered to be 
part of the dynamic rather than thermodynamic changes.

Concerning the vertical dependency of ∆T(p), previous 
studies have shown that warming signals vary with height 
and are stronger at the tropopause than on the ground 
(Soden et al. 2005; Santer et al. 2008; Collins et al. 2013; 
Vallis et al. 2015). This is true for the tropics up to lati-
tudes of 60

◦ north. Nevertheless, some of the early surro-
gate studies mentioned before used a vertically constant 
temperature perturbation (Schär et al. 1996; Seneviratne 
et al. 2002; Im et al. 2010), ignoring the lapse-rate change, 
whereas other studies accounted for it (ROW06; KEN10). 
However, none of these studies actually tested whether this 
lapse-rate change has an important influence on the Euro-
pean climate change. In this study we will exploit a general 
form of the surrogate framework. First, consideration will 
be given to a height-dependent temperature perturbation, 
in order to assess the importance of lapse-rate effects for 
the projected climate change signal. Second, in addition 
to warming experiments we will also employ experiments 
that add some cooling and drying to scenario experiments. 
As will be seen, the combination of warming and cooling 
experiments yields some validation of the methodology.

2.2  Surrogate setup

Our ensemble of surrogate experiments consists of six 
members. Two of them are reference runs CTRL and 
SCEN, in which the regional climate model CCLM (see 
Sect. 2.4) is nested into the GCM MPI-ESM-LR in con-
ventional downscaling mode. The four other members 
are surrogate experiments. In order to make our surrogate 
experiments comparable to the reference runs, we calculate 
∆T(p) as the area mean climate change signal extracted 
from the reference simulations:

In a first step we omit the height dependence of the 
warming (i.e. we do not consider large-scale lapse-rate 
changes) and choose the warming at 850 hPa as repre-
sentative for the whole atmosphere. In a second step we 
consider ∆T  to be a function of height (as defined by the 
vertical model levels), explicitly accounting for changes in 
the large-scale lapse-rate. As the model considered doesn’t 
use pressure coordinates, we used ∆T(z) instead of ∆T(p) , 
but the associated violation of mass balance is negligible. 
Figure 1b shows ∆T(z) for both approaches. The variabil-
ity of ∆T  with the seasonal cycle is accounted for by cal-
culating a smoothed mean annual cycle of ∆T  (Fig. 1a). 

(1)∆T = TSCEN − TCTRL
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As a smoothing algorithm a spectral filter was used 
because of its superior performance compared to a mov-
ing mean (Bosshard et al. 2011). For ∆T(z) the smooth-
ing was done on every level separately. On the 13 model 
level corresponding roughly to the 850 hPa level the same 
annual cycle is used for both cases, i.e. for ∆T = const and 
∆T = ∆T(z). The horizontal averaging is performed over 
the whole computational domain.

In practical terms, the approach works as follows: at all 
grid points and levels of the atmospheric boundary data, 
∆T  is added and the specific moisture content is increased 
according to the Clausius Clapyeron relation. To main-
tain physical consistency also the pressure on every model 
level has to be adapted. This is achieved by integrating the 
hydrostatic balance

numerically from the bottom to the top of the atmosphere, 
using the surface pressure from the parent simulation 
(CTRL or SCEN, respectively).

All other variables in the lateral boundary data relaxa-
tion zone, in particular the horizontal wind, are used with-
out changes. To keep the atmosphere at the boundaries in 
balance with the ocean, the sea surface temperatures (SSTs) 
are increased by the same ∆T  as the lowest atmospheric 

(2)
dp(z)

dz
= −g ∗

p(z)

R ∗ T(z)

level. The same procedure was also applied by Schär 
et al. (1996) and Im et al. (2010). The soil moisture is left 
unchanged and can evolve freely during the simulation, as 
the present study was not aiming at separating the influence 
of soil moisture feedbacks on climate change. The atmos-
pheric concentrations of CO2 and further greenhouse gases 
are taken from the driving scenario representing RCP8.5. 
For all simulations (CTRL, SCEN and surrogate) the aero-
sol climatology from Tanré et al. (1984) is used. Through 
this method ∆T  was added to the lateral boundary condi-
tions of the CTRL period, but also subtracted from lateral 
boundary conditions of the SCEN period (twin-design). 
This provides a future circulation in a climate with the 
same mean temperature as today and, hence, an independ-
ent estimate of the large-scale thermodynamic effect. A 
similar approach was used by ROW06 and KEN10.

The four surrogate experiments are shown in Fig. 2 
and referred to as homogeneous warming (HW; applied to 
CTRL) and homogeneous cooling (HC; applied to SCEN) 
and the same for the vertically-dependent approach with 
vertically-dependent warming (VW; applied to CTRL) and 
vertically-dependent cooling (VC; applied to SCEN).

2.3  Arithmetics of the surrogate approach

The numerical experiments defined above enable the sep-
aration of the climate change signal into thermodynamic, 
lapse-rate and circulation plus other remaining effects. 

Fig. 1  a Mean annual cycle and b vertical structure of the warming 
signal SCEN–CTRL. The two cases ∆T = const and ∆T = ∆T(z) 
are shown by black and blue lines, respectively

Fig. 2  Schematic of the six simulations conducted. CTRL and SCEN 
refer to the two reference simulations for the periods 1971–2000 and 
2070–2099, respectively. The four surrogate experiments are homo-
geneous warming (HW), homogeneous cooling (HC), vertically-
dependent warming (VW) and vertically-dependent cooling (VC). 
Blue and red colors refer to present-day and future temperatures, 
respectively, whereas the grey scale encodes the state of the circula-
tion: light gray for present-day circulation and dark grey future cir-
culation. The arrows represent how the surrogate experiments were 
constructed
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Here we provide the respective definitions. A validation of 
the associated interpretations will follow a posteriori.

2.3.1  Large-scale thermodynamic effect (TD)

This effect is meant to represent changes that are related to 
the large-scale homogeneous warming of the atmosphere 
and the accompanying increase of specific moisture, also 
including the direct radiative effect of future changes in CO2 
and other greenhouse gases. Due to the twin design, there 
are two ways to quantify this effect. It can either be calcu-
lated as the difference HW − CTRL, or as the difference 
SCEN − HC. The temperature perturbations applied in these 
two experiments are the same but with opposite sign. Later 
we will investigate these two estimates and find that they are 
indeed similar. Following this reasoning, we define the ther-
modynamic effect as the average of the two estimates, i.e.

2.3.2  Lapse-rate effect (LR)

The lapse-rate effect is defined as the difference of the two 
surrogate approaches with homogeneous and vertically-
dependent warming or cooling. In the homogeneous sur-
rogate experiments, the mean change in the lapse-rate 
is excluded, whereas it is accounted for in the vertically-
dependent experiments. There are again two options to 
diagnose the effect, either as VW − HW or as HC − VC, 
and following (3) we define it as the average:

2.3.3  Large-scale circulation and other remaining effects 

(CO)

This effect is indirectly defined by the large-scale atmos-
pheric and ocean features not covered in the vertically 
dependent surrogate experiments, i.e. as the residual 
between a full and a surrogate scenario. Note that thereby it 
is not possible to separate a circulation response to external 
forcing from internal variability. As above, there are two 
ways to calculate the CO, and the average of the two effects 
is considered:

2.3.4  Full climate change (FCC)

Adding up the three contributions as defined above implies 
a large number of cancellations and yields:

(3)TD :=
(HW − CTRL) + (SCEN − HC)

2

(4)LR :=
(VW − HW) + (HC − VC)

2

(5)CO :=
(SCEN − VW) + (VC − CTRL)

2

(6)SCEN − CTRL = TD + LR + CO

This is one of the key results of this study. It demon-
strates that the climate change signal SCEN − CTRL as 
simulated in the full downscaling mode can be split into 
large-scale thermodynamic (TD), lapse-rate (LR), and 
circulation plus other remaining (CO) effects. Within the 
framework considered, the splitting is exact by design and 
does not involve any approximations. This attractive prop-
erty is achieved by using both cooling and warming surro-
gate experiments. This set-up is responsible for the cancel-
lations that ultimately yield the simple result (6).

It is important to note that the plausibility of the above 
definitions needs to be checked a posteriori. In practice we 
will do so by comparing the two possible definitions. For 
instance, the identification of LR as a lapse-rate effect is 
only justified provided the two definitions, i.e. VW − HW 
and HC − VC yield a qualitatively similar estimate. If the 
two definitions were to differ substantially, it would mean 
that a simple additive separation into the three effects as in 
(6) is not feasible.

2.4  Model and setup

We here use the regional climate model Consortium for 
Small-Scale Modelling in Climate Mode (COSMO-CLM), 
hereafter referred to as CCLM. CCLM is a non-hydrostatic 
and fully-compressible regional climate model, based on the 
numerical weather prediction model COSMO (Baldauf et al. 
2011). Here we use model version 4.8_clm17 (Rockel et al. 
2008), which has also been heavily tested and applied in the 
framework of EURO-CORDEX. A more detailed descrip-
tion of the model and its parameterization schemes can be 
found in Vautard et al. (2013) and Kotlarski et al. (2014). 
We do not present a validation for our CTRL simulations, 
since the good performance of CCLM over the European 
continent was demonstrated in previous studies (Jaeger 
et al. 2008; Bellprat et al. 2012; Montesarchio et al. 2014; 
Ban et al. 2014; Kotlarski et al. 2014). The CCLM model 
domain corresponds to the EURO-CORDEX domain. Using 
a rotated latitude-longitude grid, it approximately covers the 
area from 27N–72N, and 33W–45E, which covers the larger 
European area including the North-Atlantic, parts of Green-
land and Northern Africa. The resolution is 0.44

◦ (50 km).
In all experiments CCLM is driven by the global climate 

model (GCM) MPI-ESM-LR (Stevens et al. 2013) at the 
lateral boundaries. The driving GCM is forced with his-
torical radiative forcing until 2005, and the Representative 
Concentration Pathway (RCP) 8.5 thereafter (Moss et al. 
2010). To maximize the signal to noise ratio, our analy-
sis focuses on the time slices 1971–2000 and 2070–2099. 
These 30-year-long simulation periods are referred to as 
CTRL and SCEN, respectively. The two CTRL and SCEN 
simulations are standard CORDEX experiments and part of 
a transient simulation covering the time period 1950–2100. 
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The other simulations, i.e. HW, VW, HC and VC, are 
31-year long time slices specifically conducted for the cur-
rent paper. These simulations use a modified restart file of 
the respective reference simulations as initial conditions. 
As mentioned above the soil moisture is not changed, but 
the soil temperatures are adjusted by a ∆T  representing the 
actual difference between the two start dates. The first year 
is than used as spin up.

3  Results

In the following section the influences of large-scale 
thermodynamic, lapse-rate and large-scale circulation 
changes plus other remaining changes on the mean Euro-
pean summer climate are presented. Figure 3 shows the 
main results which will be presented in the following 
subsections.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 3  Separation of the JJA climate change signal. The first three 

rows show a–c the large scale thermodynamic effect (TD), d–f the 
lapse-rate effect (LR) and g–i the large-scale circulation plus other 
remaining effects (CO), respectively. The fourth row shows the full 
climate change signal (FCC = SCEN − CTRL). The left and the mid-

dle column show changes in 2 m seasonal mean temperature, abso-

lute and as anomalies to the domain mean respectively. The right 

column shows relative changes in total precipitation (in the southern 
regions over the Sahara the absolute precipitation amounts are very 
low (<0.2 mm/day) therefore relative changes can become very high 
and are not robust)
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3.1  The thermodynamic effect

The large-scale thermodynamic effect leads to a rather 
homogeneous warming over the European continent 
(Fig. 3a). Over eastern Europe the warming signal is 
weaker, whereas parts of northern Africa show a slightly 
stronger temperature increase than the domain mean 
(Fig. 3b). In general warming over sea surfaces reflects the 
prescribed boundary forcing of 4.1

◦
C and is stronger than 

over land. It seems that there is a process in place which 
dampens the warming applied at the boundaries over the 
land areas (see end of this section). Precipitation is increas-
ing over most of Europe (Fig. 3c). The strongest increase is 
seen at the western boundaries and over the North Atlantic. 
While absolute precipitation changes over the Mediterra-
nean are small, relative changes are substantial but some-
what poorly defined due to the small reference precipita-
tion amounts. The large-scale precipitation increase over 
Europe relates to the prescribed increase of specific humid-
ity q at the lateral boundaries. The same behaviour was also 
found by KEN10.

The general response in the thermodynamic surrogate 
experiment is similar to previous experiments. Like Senevi-
ratne et al. (2002) we see a strong increase in downward 
longwave radiation at the surface, which is primarily asso-
ciated with the strong increase of atmospheric water vapour 
and increased tropospheric temperatures. Incoming surface 
shortwave radiation is strongly reduced due to increased 
cloud cover and evaporation because of higher atmospheric 
demand. Overall it is evident that a thermodynamic change 
of the atmosphere alone cannot reproduce the distinct 
change patterns of the reference scenario (Fig. 3j–l). There 
is no summer drying in southern Europe, and no north-
south gradient in temperature change (Fig. 3a–c). Thus the 
distinct spatial patterns projected in the full climate change 
scenario must be caused by other mechanisms, such as 
large-scale circulation changes, lapse-rate changes, and/or 
effects due to land-ocean contrast. The TD effect also con-
tains the influence of changes in CO2 and other greenhouse 
gas concentrations the influence of these changes is dis-
cussed in Sect. 4.3.

For the TD effect the imposed temperature change sig-
nal is obviously dampened over the continent (Fig. 3b). The 
responsible process can be identified by looking at the ver-
tical change profile which is prescribed at the boundaries 
in comparison to the one simulated in the model domain. 
Figure 4a–c show that the vertically homogeneous change 
profile is not preserved in the domain but also tends to 
become stratified with a stronger warming higher up and a 
weaker warming at the ground. Only profiles for the regions 
Mid-Europe (ME), Eastern Europe (EA) and France (FR) 

(see e.g. Christensen and Christensen 2007) are shown but 
this result is also true for the other regions. The stratifica-
tion increase can be explained by a strong increase in con-
vective activity for the TD which leads to an increase of 
latent heating in the higher troposphere and a cooling at the 
ground. Figure 4d shows that the share of convective pre-
cipitation on total precipitation increases strongly.

3.2  The lapse-rate effect

Comparing the results of the vertically homogeneous and 
the vertically dependent surrogate experiments (see Eq. 4) 
allows us to quantify the effect of a lapse-rate change on 
future temperature (Fig. 3d, e) and precipitation (Fig. 3f) 
changes, respectively. The results will also be compared 
with the results of ROW06 and KEN10, who also used a 
vertically-dependent surrogate approach. The temperature 
change pattern shows a clear north-south gradient with an 
amplified warming in the Mediterranean region and eastern 
Europe. ROW06 found a similar pattern with an amplifi-
cation of the warming in the Mediterranean region. In our 
case the amplification is especially strong over the Iberian 
Peninsula and western North Africa around the Atlas moun-
tains (Fig. 3e). The simulated temperature change also 
exhibits some land-sea contrast, which is mainly caused by 
differences in the prescribed atmospheric and sea-surface 
∆T  (Fig. 3d, e). Recall that the SSTs have the same ∆T  as 
the lowest atmospheric level and that the homogeneous and 
vertically dependent experiments have a different warming 
at these levels (Fig. 1b).

Also the precipitation signal shows a distinct north-south 
gradient (Fig. 3f). Unlike the thermodynamic response TD 
which showed precipitation increases almost throughout 
the domain, the lapse-rate effect causes a reduction in pre-
cipitation over most of Europe, and in particular over the 
Mediterranean. The Mediterranean drying is further associ-
ated with a decrease in soil moisture and evaporative frac-
tion, along with reduced cloud cover and increased short 
wave radiation for the warming regions (not shown). In 
comparison to ROW06 and KEN10 the amplitude of the 
precipitation decrease over continental Europe (41N–50N, 
0E–31E) is much weaker. ROW06 estimated that their 
warming effect (which includes also some circulation 
effects and the lapse-rate changes) accounts for 42.5 % of 
the precipitation decrease seen in the full climate change 
signal for this area. Over the same area the lapse-rate effect 
in our experiments accounts for 12.5 % of the precipitation 
decrease.

Overall the results show that the lapse-rate effect can 
reproduce parts of the distinct change pattern as projected 
by the full climate change simulations. In particular, a 
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north-south temperature change gradient is simulated, 
which accounts for about 30 % of the total change in gra-
dient. Over the Iberian peninsula the lapse-rate effect 
accounts for more than half of the warming seen in the full 
climate change signal (Fig. 3j). This shows that lapse-rate 
changes can significantly alter the climate change signal 
over Europe.

3.3  The circulation and other remaining effects

The combined effect of the large-scale circulation change 
and other remaining changes is shown in Fig. 3g–i. The 
temperature changes show a strong land-ocean contrast as 
well as a strong north-south gradient. The Atlantic, espe-
cially in the north, shows a weaker warming than the Medi-
terranean. This SST pattern is part of CO by design. The 
Mediterranean land areas show a clear amplification of 
the warming. Part of this warming amplification reflects 
the northward shift of the storm tracks predicted by most 
GCMs (Collins et al. 2013), which brings warmer air to 
southern Europe. Also precipitation changes show a dis-
tinct north-south pattern. The general effect of CO is a 
decrease in precipitation over most of Europe, with strong 

reductions in southern Europe and slight increases in Scan-
dinavia (Fig. 3i). ROW06 and KEN10 isolated a European-
scale reduction in precipitation due to circulation changes. 
For continental Europe they report circulation changes 
accounting for less than 10 % of the precipitation decrease. 
We find that the combined effect of changes in circulation 
and the land-ocean contrast accounts for more than 80 % 
of the full change. The difference between the two stud-
ies highlights an important role of the modified land-ocean 
contrast: Because the Atlantic warms substantially slower 
than the continent, air that is advected from sea to land 
experiences considerable warming and drying. This process 
evidently explains a significant fraction of the reduction in 
southern European precipitation.

3.4  Verification of the approach

The applied surrogate approach relies on two main assump-
tions, which need to be verified. First, the approach 
assumes that the changes in the boundary conditions are 
imposed onto the RCM in such a way that the large-scale 
circulation does not significantly change. In Fig. 5b it can 
be seen that the differences in the mean geopotential height 

(a) (b)

(c) (d)

Fig. 4  TD effect on convective precipitation. a–c Vertical profile of 
temperature change for a Mid-Europe (ME), b Eastern Europe (EA) 
and c France (FR) (see e.g. Christensen and Christensen 2007). The 
solid line represents the actual temperature change simulated over 
the region, the dashed line represents the change profile prescribed 
at the lateral boundaries in the homogeneous warming case, d rela-

tive change in the ratio of convective to grid scale precipitation in 
comparison to CTRL for the same three regions ME, EA and FR. The 
mean change in the region is shown as red line, the spatial variability 
is represented, by the boxes containing all values between the 0.25 
and 0.75 percentile and by the whiskers containing all values between 
0.05 and 0.95 percentile
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at 500 hPa are small between the VW experiment and its 
reference simulation CTRL, and the same is true for the 
HW experiment (Fig. 5c). The change from CTRL to the 
future circulation of SCEN is much stronger (Fig. 5a). In 
Fig. 5a 50 % of the points show a significant difference, 
whereas in Fig. 5b–c only around 5 % of the points are sig-
nificant. In addition, the differences in Fig. 5b, c exhibit a 
large-scale pattern that can be linked to large-scale differ-
ences in low-level atmospheric temperature. This is also 
true for the difference in mean geopotential height between 
SCEN and the cooling surrogate experiments HC and VC 
(not shown). These results suggest that the large-scale cir-
culation is only slightly altered by the thermodynamic 
changes to the boundaries. It confirms our assumption of 
largely unchanged flow condition between references simu-
lation and surrogate experiment.

Second, the surrogate approach assumes that TD, LR 
and CO are separable and no important interactions occur. 
Note, however, that the averaged terms of the twin design 
(Eqs. 3–5) cannot be used to verify this assumption, as 
combining these equations exactly yields the SCEN-CTRL 
climate change signal by design. As mentioned in Sect. 2.3 
there is another way to verify the approach: The two pos-
sibilities to quantify each individual effect should lead to 
similar results, that is:

Figure 6) shows both options of (7–9) for 2 m temperatures, 
and Fig. 7) for precipitation changes. For temperature the 
spatial change patterns are very similar (spatial correlation 
of at least 0.95) but the amplitude differs slightly (Fig. 6). 
Over most parts of Europe the lapse-rate effect is stronger 

(7)TD ≈ HW − CTRL ≈ SCEN − HC

(8)LR ≈ VW − HW ≈ HC − VC

(9)CO ≈ SCEN − VW ≈ VC − CTRL

for HC–VC in comparison to VW–HW (Fig. 6c, d), sug-
gesting that the lapse-rate effect is stronger for a future 
circulation. For total precipitation the spatial correlation is 

Fig. 5  Differences in 500 hPa geopotential height anomalies; Gridpoints where the difference is significant at the 5 % level are shaded. a 
SCEN-CTRL, b VW-CTRL and c HW-CTRL

(a) (b)

(c) (d)

(e) (f)

Fig. 6  Changes in 2 m temperature for JJA; the two columns repre-
sent the two different ways to calculate the different effects according 
to (7–9). The first row shows the thermodynamic effect (as anomalies 
to the domain mean change) as a HW–CTRL and b SCEN–HC, the 
second row the lapse-rate effect as c VW–HW and d HC–VC, and the 
third row the large-scale circulation plus other remaining effects as e 
SCEN–VW and f VC–CTRL
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smaller but still acceptable (at least 0.85) (Fig. 7). In gen-
eral the analysis yields a good agreement between the two 
ways of quantifying the three effects. This is true for JJA, 
but also for the other seasons (not shown). These results 
indicate that interactions are overall too weak to distort the 
separation of the effects with the surrogate method, and 
that the method—as such—is well applicable.

4  Discussion and further analysis

4.1  Interpretation of the lapse-rate effect and the 

Mediterranean warming amplification

Concerning the amplification of the warming in the Medi-
terranean region, ROW06 found a similar pattern as in the 
current study (Fig. 3d). They argue that the extra warm-
ing over the Mediterranean is caused by less advection of 
cold maritime air, which increases the influence of radiative 
effects. In our study we see a similar behaviour, but we can 
attribute these changes to the lapse-rate effect, which was 
implicitly also included by ROW06.

The role of the lapse-rate effect is consistent with the 
existing literature. It is well understood that the projected 
large-scale warming and moistening will lead to increases 

in the moist-adiabatic lapse rate, which in turn implies 
changes in stratification. This is critical as theoretical and 
modelling studies suggest that large-scale stratification 
determines the extent of the Hadley circulation. In par-
ticular the Hadley circulation is believed to extend pole-
wards up to the latitude where the vertical shear becomes 
baroclinically unstable (Lu et al. 2007; Levine and Sch-
neider 2015), and thus is expected to expand in response 
to increasing stratification and an increasing depth of the 
extratropical troposphere. As a result of the extension, the 
Mediterranean and southern Europe would become more 
strongly affected by subsidence in the descending branch of 
the Hadley circulation, which would tend to suppress con-
vection and lead to less precipitation, stronger inversions, 
and warmer surface temperatures (in response to decreased 
vertical exchange).

Studies in the literature also show that there is a further 
amplification by positive feedbacks that involve reduced 
relative humidity, decreased cloud cover, increased incom-
ing short-wave radiation, ampflified subsidence, and 
reduced soil moisture.

The role of the ensuing feedback processes is appar-
ent from studies of European heat waves. In particular, the 
linkage between soil moisture deficits and heatwaves has 
been well established (e.g. Fischer et al. 2007), and also a 
strengthening of inversions due to increased subsidence has 
been documented (Miralles et al. 2014). The current study 
includes these amplification effects and raises attention to 
the role of lapse-rate changes, but we do not attempt to 
quantify the ensuing feedback processes.

Overall our results show that including the lapse-rate 
change into the thermodynamic effect more realistically 
replicates the behaviour seen in scenario simulations. For 
further surrogate experiments it is hence an important deci-
sion whether to include the lapse-rate change or not.

In the next subsections we provide further analysis and 
investigate additional factors that may contribute to the 
Mediterranean drying.

4.2  Mediterranean drying and the land-ocean contrast

In Sect. 3.2 it was shown that the lapse-rate effect yields 
a distinct drying and warming pattern over the Mediterra-
nean. We define the Mediterranean area to include the two 
regions Iberian Peninsula (IP) and Mediterranean (MD) 
(see Christensen and Christensen 2007). When comparing 
our results to existing studies, certain differences are found 
that partly relate to the setup. ROW06 and KEN10 identi-
fied, what they call the thermodynamic effect to be domi-
nating the Mediterranean summer drying. In contrast we 
identified the large-scale circulation plus other remaining 
effects to be the dominating factor (Fig. 3i). A fully quan-
titative comparison is not possible as no domain averages 

(a) (b)

(c) (d)

(e) (f)

Fig. 7  Same as in Fig. 6, but for relative changes in precipitation
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are given by ROW06 and KEN10 beside for an area in con-
tinental Europe by ROW06 and we are restricted to quali-
tatively compare area plots. As alluded to above, beside 
similarities in the design (all three studies use a vertically 
dependent ∆T), there are also important differences in the 
surrogate setup, regarding how the lateral and lower bound-
ary conditions are imposed. In the design of ROW06 and 
KEN10, changes in land-ocean temperature contrast as 
well as horizontal temperature gradients were included into 
the large-scale thermodynamic change effect. The SSTs in 
the surrogate experiment where taken from the scenario 
and ∆T  was not just a function of height but also of longi-
tude and latitude ∆T(x, y, z). In the present study the land-
sea contrast as well as the horizontal temperature gradient 
are not included in the large-scale thermodynamic effect. 
∆T  is a function of height only and the SSTs are raised by 
the same amount as the temperature on the lowest atmos-
pheric level.

Especially the difference in the treatment of the land-
ocean warming contrast appears important. In the literature 
there is a growing number of studies which argue that the 
land-ocean warming contrast has an important contribution 
to the projected Mediterranean drying (Fasullo 2010; Boe 
and Terray 2014; Sherwood and Fu 2014). The differences 
between the present study and ROW06 and KEN10 do not 
contradict this hypothesis. In the present work the land-
ocean warming contrast is not included in the large-scale 
thermodynamic effect (TD), and as a consequence the asso-
ciated Mediterranean drying is much weaker than in the 
study of ROW06 and KEN10, who included this feature in 
their thermodynamic effect. In the present study the land-
ocean warming contrast is part of the large-scale circulation 
and other remaining effects (CO). Hence the associated 
simulations show a strong drying over the Mediterranean as 
well as the Central European region (Fig. 3i). This confirms 
that the land-ocean warming contrast is likely an important 
factor for the Mediterranean drying. The question remains 
whether the general land-ocean warming contrast or the 
specific geographical pattern of SST changes (less warm-
ing in the North Atlantic and stronger warming in the Med-
iterranean) is the more important factor.

To investigate this question, two additional surrogate 
experiments were carried out. One is based on the VW 
experiment (VW_SST) one on the VC experiment (VC_
SST). In these experiments the SSTs are not increased/
decreased by the same amount as the lowest atmospheric 
level, but by the domain mean SST difference between 
SCEN and CTRL. This translates to a ∼1 K smaller SST 
increase/decrease for JJA and a stronger land-ocean warm-
ing contrast. The lateral boundary variables are exactly 
the same as in VW or VC respectively. With those two 
additional surrogate experiments the effect of a mean 

land-ocean contrast (LOC) can be calculated in the same 
fashion as the other three effects:

Figure 8 shows that the LOC is mainly decreasing tem-
perature through out the domain but has almost no influ-
ence on the spatial change pattern and can not explain the 
Mediterranean warming amplification. In contrast to tem-
perature the influence on precipitation especially over the 

(10)LOC :=
(VW_SST − VW) + (VC − VC_SST)

2

(a)

(b)

(c)

Fig. 8  Effect of the land-ocean contrast (LOC) on a 2 m temperature, 
b total precipitation (%) and c soil moisture (%). Soil moisture inte-
grated over the seven topmost layers (corresponding to the top 1.5 m 
of the soil)
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Mediterranean is stronger although not as strong as for the 
lapse-rate effect. Nevertheless one can conclude that the 
mean land-ocean contrast contributes to the Mediterranean 
drying. We argued before that the land-ocean contrast could 
explain part of the contrasting results between our study 
and ROW06 but the question remains whether the gen-
eral land-ocean warming (tested in Fig. 8) or spatial SST 
changes are more important. The presented results suggests 
that the spatial change pattern in the SST (i.e. the warming 
minima over the North Atlantic) makes an important contri-
bution to the Mediterranean drying. However, the influence 
of these changes is more difficult to quantify because they 
are coupled to changes in the atmospheric circulation via 
the thermal wind relation.

Another important conceptual difference in the setup 
concerns soil moisture effects. ROW06 and KEN10 con-
ducted specific experiments to test the role of spring and 
summer soil moisture feedbacks. In those experiments they 
showed that soil moisture changes are a significant com-
ponent of the reduction in summer precipitation. We did 
not conduct such experiments, but use the soil-moisture 
to diagnose the Mediterranean drying. To this end, Fig. 9 
shows the JJA soil moisture signal for our experiments. The 
figure shows that most of the summer soil moisture change 
shows up in the large-scale circulation and other remaining 
effects (CO), with some minor imprints also in the lapse-
rate experiment (LR). This shows that in our setting the soil 
moisture effect on summer drying is implicitly included in 
the CO effect. Note that additional experiment would be 
needed to further disentangle the regional feedbacks caused 
by the CO effect.

4.3  Role of greenhouse gases

The TD effect also contains the influence of changes in 
CO2 and other greenhouse gas concentrations following 
the RCP8.5 scenario. To quantify the influence of these 
concentration changes we performed an additional verti-
cal warming experiment (VW_GHG) in which atmospheric 
greenhouse gas concentrations are prescribed according to 
the CTRL simulation. Influence of CO2 and other green-
house gases is than calculated as the difference between 
VW and (VW_GHG). Figure 10 shows that the influence of 
these changes on our regional climate simulation are very 
weak. These results confirm the findings of earlier surro-
gate experiments (Seneviratne et al. 2002).

4.4  Assessing projection uncertainties

Projected changes in the atmospheric circulation in 
response to greenhouse gas forcing are considered 
rather uncertain (Christensen et al. 2013; Shepherd 
2014; Hall 2014). Therefore the discrimination between 

thermodynamic and dynamic effects is often used to dis-
criminate between more and less reliable aspects of the 
projections.

The surrogate approach offers a direct possibility to 
address this discrimination in comparison to other more 
statistical analyses, such as studies using climate analogues 
(Cattiaux et al. 2013). The surrogate approach provides an 
opportunity to separate thermodynamic (TD), lapse-rate 
(LR) and circulation plus other remaining (CO) effects, and 
thereby assess projection uncertainties in climate change 
scenarios. A problem of this approach is that the CO effect 
combines effects with different associated uncertainties, the 
two most important are the large-scale circulation changes 
and the land-ocean contrast. The change in large-scale cir-
culation as already mentioned above is regarded as rather 

(a)

(b)

(c)

(d)

Fig. 9  Same as in Fig. 3, but for relative changes in soil moisture 
integrated over the seven topmost layers (corresponding to the top 
1.5 m of the soil)
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uncertain, whereas the general land-ocean warming con-
trast is a very robust feature of climate change projections 
(Joshi et al. 2008; Lambert et al. 2011). However, in sec-
tion 4.2 we show that the general land-ocean contrast is 
not such an important driver which suggests that the spatial 
change pattern in the SST is very important and this pat-
tern as well as the associated circulation changes are more 
uncertain. These arguments justify to assess the CO effect 
as more uncertain than the TD and LR effects.

Our results (see Fig. 3) show that the general warming is 
driven primarily by thermodynamic effects (TD). Still large 
parts of the spatial temperature change pattern are strongly 
influenced by the CO and the LR.

Following the argumentation of Hawkins and Sut-
ton (2011) and Shepherd (2014), precipitation is strongly 
influenced by dynamic and thermodynamic effects, and the 
dependence upon dynamic effects thus implies consider-
able uncertainties. Studies of large ensembles, for example 
Cattiaux et al. (2013), show that the precipitation signal for 
the summer season over mid Europe is strongly depend-
ing on the GCM considered. The transition line between 

precipitation increases in the north and decreases in the 
south depends significantly on the selected model.

Our study indicates that this uncertainty in response pat-
tern of precipitation results from the opposing influence of 
thermodynamic, lapse-rate and dynamic effects. In North-
ern Europe, TD and CO effects lead to an increase in pre-
cipitation, while in southern Europe LR and CO (and to a 
lesser extent TD) effects lead to a precipitation decrease, 
whereas in Central Europe TD and CO have opposing 
signs. Our study adds LR effects to this discussion. In par-
ticular, we consider the LR effects as less uncertain than 
the CO effects, as the temperature-dependence of the moist 
adiabatic lapse-rate can be considered a fundamental prop-
erty. That said, we are not aware of a detailed analysis of 
changes in lapse-rates over Europe in the CMIP5 ensemble.

4.5  Limitations

Our study has a number of limitations. First of all, we con-
sidered only one realization of one RCM and its driving 
GCM. To some extent this limitation is counteracted by the 
special twin-design, which allows assessing the robustness 
of the effects relative to two different background circula-
tions. In addition, we did not aim at separating the large-
scale circulation changes in a forced response of circulation 
and internal variability. Internal variability has been found 
to play an important role for trends in circulation even at 
multi-decadal time scales. Note however, that the role of 
internal variability is particularly dominant in near-term 
climate change whereas we here look at long-term changes 
by the end of the century (Hawkins and Sutton 2011).

5  Conclusions and outlook

In this study the surrogate (or pseudo-warming) approach 
was extended in a European-scale study. The primary 
research question was to quantify the contributions of 
large-scale thermodynamic, lapse-rate and dynamical 
changes to the European summer climate.

We have applied both warming and cooling profiles to 
the CTRL and SCEN simulations, respectively. Results 
show that this twin design allows for a clear separation 
of three main effects: large-scale thermodynamic, lapse-
rate and dynamical effects. More specifically, we find 
that applying a warming to CTRL has a similar effect as 
applying a cooling to SCEN. This demonstrates that the 
basic response to large-scale climate changes is not overly 
dependent upon the reference climatology.

We find that the thermodynamic effect alone, which 
manifests itself in an overall warmer and moister summer 
climate, cannot reproduce the typical north-south warming 
gradient and Mediterranean drying of climate simulations. 

(a)

(b)

Fig. 10  Effect of CO2 and other greenhouses gas concentrations on 
surrogate simulations for the summer season JJA. Calculated as the 
difference between the vertical warming experiment (VW) with a 
greenhouse gas forcing according to the RCP8.5 scenario and a VW 
experiment with historical greenhouse gas forcing. a 2 m temperature 
and b total precipitation %. Note that (a) uses a finer color scale than 
other figures
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When accounting for a lapse-rate change some fraction of 
the typical southern European summer drying and ampli-
fied warming can be reproduced, even though the pre-
scribed lapse-rate change is horizontally homogeneous. 
About half of the amplified warming over the Iberian Pen-
insula can be explained by the lapse-rate effect. The influ-
ence of the lapse-rate effect is linked to an extending Had-
ley circulation. Large-scale circulation changes and other 
remaining effects make a further important contribution 
to the Mediterranean amplification, i.e. they amplify the 
warming and drying over southern Europe.

After establishing the current methodology for mean cli-
mate changes, it would be of interest to consider changes 
in temperature variability and climate extremes. Especially 
for those phenomena, the possibility to disentangle thermo-
dynamic, lapse-rate and dynamic effects could give valu-
able insights into the processes dominating the changes in 
higher order statistics. For a better estimate of the reliabil-
ity of the described effects, a similar study with a different 
RCM would be very helpful.
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