
Land–atmosphere coupling and climate change in
Europe
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Increasing greenhouse gas concentrations are expected to enhance
the interannual variability of summer climate in Europe1–3 and
other mid-latitude regions4,5, potentially causing more frequent
heatwaves1,3,5,6. Climate models consistently predict an increase in
the variability of summer temperatures in these areas, but the
underlying mechanisms responsible for this increase remain
uncertain. Here we explore these mechanisms using regional
simulations of recent and future climatic conditions with and
without land–atmosphere interactions. Our results indicate that
the increase in summer temperature variability predicted in
central and eastern Europe is mainly due to feedbacks between
the land surface and the atmosphere. Furthermore, they suggest
that land–atmosphere interactions increase climate variability in
this region because climatic regimes in Europe shift northwards in
response to increasing greenhouse gas concentrations, creating a
new transitional climate zone with strong land–atmosphere cou-
pling in central and eastern Europe. These findings emphasize the
importance of soil-moisture–temperature feedbacks (in addition
to soil-moisture–precipitation feedbacks7–10) in influencing sum-
mer climate variability and the potential migration of climate
zones with strong land–atmosphere coupling7,11 as a consequence
of global warming. This highlights the crucial role of land–
atmosphere interactions in future climate change.
Increases in climate variability have a greater effect on society than

do changes in mean climate because it is more difficult to adapt to
changes in extremes. Europe has experienced such extremes in recent
years: the continent was struck by an unprecedented heatwave and
serious drought in 2003 (refs 1, 12, 13), while cool summerswith heavy
precipitation and devastating floods occurred in 2002 (refs 14, 15) and
2005. In principle, these events are consistent with climate-change
projections for this region: simulations driven by increasing green-
house gas concentrations predict a considerable enhancement of
interannual (year-to-year) variability of theEuropean summer climate,
both for temperature and precipitation, associated with higher risks of
heatwaves1,5, droughts16 and heavy precipitation events14,17.
Here we focus on the projected increase in summer temperature

variability in Europe, and on the underlying mechanisms responsible
for it. Some studies have highlighted the role of interactions involv-
ing land-surface processes3,6 and changes in the radiation budget6,
while others have emphasized future modifications in the summer
atmospheric circulation5,15 and associated teleconnection pat-
terns18,19. In general, the latter hypothesis prevails, consistent with
recent results from the Global Land–Atmosphere Coupling Exper-
iment (GLACE)7,11, suggesting that on average state-of-the-art
atmospheric general circulation models (AGCMs) do not present
any significant soil-moisture–precipitation or soil-moisture–
temperature coupling in Europe. However, no similar analysis
was performed to investigate possible changes of land–atmosphere
coupling with increasing greenhouse gas concentrations.

The purpose of the present study was to isolate specifically the role
of land–atmosphere coupling in projected changes in interannual
climate variability during the extratropical summer season. The
experiments (see Methods for details) consist of four 30-year-long
climate experiments with a regional climate model (RCM), two for
recent (CTL and CTLuncoupled; 1960–1989) and two for future
climatic conditions (SCEN and SCENuncoupled; 2070–2099). The
CTL and SCEN experiments represent unperturbed simulations for
the two time periods considered. The two additional simulations,
CTLuncoupled and SCENuncoupled share the same set-up as CTL and
SCEN, except that their soil-moisture evolution at each time step is
replaced with the climatology of CTL and SCEN, respectively. This
removes the interannual variability of soil moisture and effectively
uncouples the land surface from the atmosphere20. To ensure that the
simulated soil-moisture fields are in balance with the large-scale
climate, the analysis is restricted to the last 20 years of the
simulations.
We first analyse how the uncoupling of the land–atmosphere

system affects summer temperature variability. Figure 1a–d displays
the temperature variability in the four experiments, expressed in
terms of the standard deviation of the summer (June–August) two-
metre temperature T2m (see Methods). Comparison shows that the
variability in the SCEN experiment is considerably enhanced, and
that the coupling explains a substantial fraction of the simulated
future temperature variability (compare Fig. 1b and Fig. 1d). Overall,
the effect of soil-moisture–temperature coupling in SCEN amounts
to about two-thirds of the climate-change signal (Fig. 1e, f). Figure 1g
and h displays a splitting of the total climate-change-induced
variability change (Fig. 1e) into respective contributions owing to
changes in external factors (atmospheric circulation, sea surface
temperatures; Fig. 1g) and changes in land–atmosphere coupling
(Fig. 1h; see Supplementary Discussion 2 for details). Disentangling
the two signals shows that external effects are mostly restricted to
France (Fig. 1g), while variability increases due to land–atmosphere
coupling dominate in central and eastern Europe (Fig. 1h). Thus,
changes in atmospheric circulation alone are unable to induce the
projected increase in temperature variability, and the role of land–
atmosphere coupling needs to be accounted for.
These results led us to ask why we find such a large impact of

land–atmosphere coupling for future temperature variability in
Europe, when the GLACE study (for present climate) did not11.
Could this be related to climate-change-induced modifications in
land–atmosphere coupling characteristics? To address this question,
we investigate the land–atmosphere coupling strength in CTL and
SCENusing two differentmeasures displayed in Fig. 2 (seeMethods).
The results obtained for these two measures are qualitatively similar
and present two interesting features: (1) there is a shift of the region
of highest soil-moisture–temperature coupling from the Mediterra-
nean (CTL) to central and eastern Europe (SCEN); and (2) although
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the absolute impact of land–atmosphere coupling on temperature
variability is substantially larger in SCEN (Fig. 1b versus Fig. 1a), the
fraction of variance explained by land–atmosphere coupling in the
Mediterranean, and in central and eastern Europe, respectively,
increases only slightly from CTL to SCEN (about two-thirds of the
total summer temperature variance in both cases).
We considered possible reasons for the differences in soil-moisture–

temperature coupling in the Mediterranean region compared to the
GLACE experiment. Such differences could be due to: (1) the higher
resolution of our experiments (56 km compared to 1.88–3.88 or
,100–400 km); (2) representation of interannual variations in sea
surface temperatures (SSTs; see Methods); (3) differences in model
sensitivity, presumably due to parameter choices21.
Further analysis based on a large set of RCM and GCM exper-

iments from the European project PRUDENCE22 and the Intergo-
vernmental Panel on Climate Change (IPCC) Fourth Assessment
Report (AR4)’s database, respectively, suggests that our model
simulations are consistent with other RCM and GCM experiments
(see Supplementary Discussion 1 and Supplementary Figures 1–3). To
investigate this further, in Fig. 3 we compare the correlation between

evapotranspiration and temperature (rET, T2m) in our simulations and
in the investigatedGCMs. This can be seen as a reversemeasure of soil-
moisture–temperature coupling, as negative correlations point to a
strong control of soil moisture upon evapotranspiration and tempera-
ture (while positive correlations generally point to a strong atmos-
pheric control on evapotranspiration; see Methods). The values of
rET, T2m for our RCM experiments show (Fig. 3a, b) an excellent
agreement with the measures of soil-moisture–temperature coupling
strength (Fig. 2). Figure 3d–i displays rET, T2m for all GCMs (Fig. 3g–i),
and for three GCMs (Fig. 3d–f) found to have high-quality circulation
patterns in Europe23. For the CTL time period, the large bands of
negative rET, T2m in theGCMs show patterns clearly similar to those of
the ‘hotspots’ of land–atmosphere coupling of the GLACE exper-
iment7,11. However, unlike the GLACE experiment but like our CTL
experiment, they include the Mediterranean region (Fig. 2). Thus, it
appears that thepresence of interannual SST variations is thedominant
mechanismexplaining the difference betweenourCTLand theGLACE
experiments. (This result is nevertheless qualitatively consistent with
the GLACE experiment, because the Mediterranean region is a transi-
tional zone between dry and wet climates).

Figure 1 | Effects of land–atmosphere coupling on
greenhouse-gas induced changes in interannual
variability of summer two-metre temperature.
a–d, Standard deviation of summer (June–August)
temperature in CTL (a), SCEN (b), CTLuncoupled (c), and
SCENuncoupled experiments (d). e, f, Differences between
SCENand CTL (e) and between SCENand SCENuncoupled

(f) experiments. g, h, Relative contributions to the
climate-change signal of changes in external factors
(circulation, sea surface temperatures), computed as
SCENuncoupled 2CTLuncoupled (g), and changes in
land–atmosphere coupling, computed as
ðSCEN2 SCENuncoupledÞ2 ðCTL2CTLuncoupledÞ (h).
(See text and Supplementary Discussion 2 for more
details).
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Concerning the changes in rET, T2m between present and future
climate (Fig. 3c, f, i), a clear shift towards a more soil-moisture-
controlled evapotranspiration regime in central Europe can be
identified in the simulations. Figure 3 also shows that there are
significant differences between GCMs regarding the magnitude of
the effect (Fig. 3f, i), and that the RCM experiment (Fig. 3a, b)
shows more geographical detail and on average a somewhat lower

atmospheric control on evapotranspiration than the GCM experi-
ments (possibly owing to the models’ resolution in the Alpine region).
However, overall the analyses in Figs 2 and 3 are consistent and suggest
that our findings are—at least qualitatively—not model specific.
Land–atmosphere coupling affects not only summer temperature

variability, but also the whole water cycle in the simulations. Figure
4a–d presents a similar analysis to that of Fig. 1e–h, but for summer

Figure 2 | Importance of soil-moisture–temperature
coupling in present and future climate in terms of
two different coupling diagnostics. a, b, Percentage
of interannual summer temperature variance due to
land–atmosphere coupling. c, d, Land–atmosphere
coupling parameter for temperature computed in
analogy to the GLACE experiment. (See Methods
for a description of the coupling diagnostics).

Figure 3 | Correlation of summer (June–August) evapotranspiration and
temperature (rET,T2m) in the RCM and IPCC AR4 GCM experiments.
The three columns display (from left to right) the CTL period (a, d, g),
the SCEN period (b, e, h), and the change between the two periods (c, f, i).

The three rows show (from top to bottom): RCM results (a–c); mean of
ECHAM5, HADGEM1 and GFDL2.1 GCMs (d–f); mean of all GCMs (g–i).
(See Methods for a description of the analysed GCMs and the computation
of rET,T2m).
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precipitation variability. This comparison indicates that in most
regions where an increase of precipitation variability is simulated
(in particular in the Alpine region), the signal is at least partly caused
by land–atmosphere coupling (see Supplementary Discussion 2 for
more details). A computation similar to the one presented in Fig. 2b
for temperature reveals that land–atmosphere coupling accounts
again for about two-thirds of the total summer precipitation variance
of the SCEN simulations in regions where increases of sizeable
magnitude are simulated. Although there is generally more model
uncertainty with regard to changes in precipitation than in tempera-
ture variability3, this result indicates another possibly key effect of
land–atmosphere coupling.
In conclusion, the most striking result of our analysis is that land–

atmosphere coupling is significantly affected by global warming and
is itself a key player for climate change. Enhanced greenhouse gas
concentrations lead to a northwards shift of climatic zones within the
European continent. As a consequence, central and eastern Europe
becomes a new transitional zone between dry and wet climates
(similar to the Mediterranean region in the present climate), and
thereby becomes susceptible to the effects of land–atmosphere
coupling7,11. These mechanisms can be identified both in our RCM
experiment and in the analysed GCM simulations.
With regards to temperature variability (and associated heat-

waves), our study does not contradict earlier reports that emphasized
the role of atmospheric circulation changes5,15,18. Rather, our results
show that changes in both circulation and land-surface processes are
necessary to explain the projected increase in variability. Here the
impact of the circulation changes may be indirect, by imposing
changes in the seasonal cycle of soil moisture24,25, which in turn can
lead tomodified soil-moisture–temperature coupling characteristics.
Finally, this investigation reveals how profoundly greenhouse gas
forcing may affect the functioning of the regional climate system and
the role of land-surface processes. At present, measurements of soil
moisture26 and evapotranspiration are extremely scarce (particularly
in Europe) and do not allow an accurate assessment of these gradual
changes. Therefore, a better monitoring of the terrestrial water and
energy cycles in mid-latitude regions would be invaluable to further

our understanding of these processes and changes. Ultimately, it
could also contribute to improved seasonal forecasting, and thereby
help us to cope with the consequences of climate change.

METHODS
RCM climate-change experiments. The climate-change scenario is based on the
SRES A2 transient greenhouse gas scenario as specified by the IPCC31. The
scenario computations involve three numerical models: the low-resolution
HadCM3 global coupled atmosphere–ocean GCM27, the intermediate-
resolution HadAM3H atmospheric GCM28, and the CHRM limited-area high-
resolution RCM29. For details please refer to previous publications1,3. A summary
of the experimental set-up is given in Supplementary Table 1.
GCM climate-change experiments. The simulations are taken from the IPCC
AR4 PCMDI data bank (http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php;
20C3M for present-climate and SRES A2 for future-climate experiments). A
total of 12 GCM experiments with corresponding variables for the two periods
are analysed: ECHAM5*, HADGEM1*, GFDL2.1*, CCCMA_T47, MIR-
OC_MED, GISS, HADCM3, INM-CM, IPSL, MRI, NCAR_CCSM,
NCAR_PCM. The models with asterisks (*) were recently identified as
effectively representing circulation patterns in the northern mid- and high
latitudes and in Europe23 (the GCMs MIROC_HI and CCCMA_T63 are not
available for the SRES A2 scenario period). Some of the analysis in Fig. 3 and
the Supplementary Information refers to these three GCMs.
Computation of interannual summer variability of climate variables. The
interannual summer variability of temperature and precipitation (Figs 1, 4)—
and other climate variables presented in the Supplementary Information—is
defined here as the standard deviation of the June–August mean values. Trend-
induced inflation of the standard deviation (and variance, Fig. 2a, b) is removed
using linear detrending30. The detrending has some quantitative effect on the
results but no significant qualitative impact.
Computation of soil-moisture–temperature coupling parameters. The coup-
ling parameters we used are: the variance analysis, the GLACE-type coupling
strength parameter, and the correlation between summer temperature and
evapotranspiration.
Variance analysis. Figure 2a and b displays (for CTL and SCEN) the percentage of
the interannual variance of June–August mean summer temperature that can be
explained by land–atmosphere coupling, estimated as:

j2TðcoupledÞ 2 j2TðuncoupledÞ

j2TðcoupledÞ

Figure 4 | Effects of land–atmosphere coupling on greenhouse-gas-induced
changes in interannual variability of summer precipitation.
a, b, Differences in standard deviation of summer (June–August)
precipitation: SCEN 2 CTL (a), SCEN 2 SCENuncoupled (b). c, d, Relative
contributions to climate-change signal of changes in external factors

(circulation, sea surface temperatures), computed as
SCENuncoupled 2 CTLuncoupled (c), and changes in land–atmosphere
coupling, computed as (SCEN2 SCENuncoupledÞ2 ðCTL2CTLuncoupled) (d).
(See text and Supplementary Discussion 2 for more details).
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GLACE-type coupling strength parameter. The soil-moisture–temperature
coupling strength parameter for present-day (Q

CTLuncoupled
T 2QCTL

T ) and future-
climate (Q

SCENuncoupled

T 2Q SCEN
T ) conditions displayed in Fig. 2c and d is computed

in analogy to the approach followed in the GLACE experiment7,11, with
adaptations for a 20-year analysis sample.We consider here detrended timeseries
of 6-day mean temperature values for June–August (neglecting the first 6-day
interval to account for the same period as GLACE, that is, 14 values per summer)
for 20 summers (corresponding to the 20 years of simulations considered). First
the QCTL

T ; Q
CTLuncoupled
T ; Q SCEN

T ; and Q
SCENuncoupled

T ; values are computed as follows:

QT ¼
20j2

T̂
2 j2T

19j2T

where j2T is the standard deviation of 6-day mean temperature computed from
all values available within the respective simulations (that is, 280 values in total)
and j2

T̂
is the standard deviation of the 6-day mean temperature in the 20-year-

average time series (that is, 14 values in total). The QT values are estimates of
the degree of interannual similarity in each experiment, so the values
(Q

CTLuncoupled
T 2QCTL

T ) and (Q
SCENuncoupled

T 2Q SCEN
T ) represent the extent to which

the removal of interannual variability of soil moisture increases the interannual
similarity (or decreases the interannual variability) of the simulations. For more
details please refer to refs 7 and 11.

We note a few significant differences in the set-up of the present study
compared to these earlier analyses7,11. First, our ‘ensemble members’ are
simulations for 20 individual summers corresponding to differing SST and
atmospheric conditions, whereas the GLACE ensemble members are 16 simu-
lations corresponding to one set of SST conditions (1994) but differing
atmospheric conditions. Second, our ‘uncoupled’ simulations investigate the
impact of prescribing soil moisture to the climatology, that is, two effects are
included: (1) it implies the same soil moisture evolution for each year (or each
‘ensemble member’), which induces a zero interannual variation of soil moist-
ure; (2) the use of the climatological soil-moisture evolution in each summer
induces a damped intra-annual variation of soil moisture. In comparison, the
GLACE experiment uses the soil-moisture evolution of one ensemblemember in
the ‘uncoupled’ simulations, which thus only investigates the impact of zero
inter-member differences in soil-moisture evolution but does not damp the
intra-annual evolution of soilmoisture. The first point is relevant for the possible
combination of SST-induced circulation changes with local amplification
through land–atmosphere feedbacks; the second point may be more relevant
for soil-moisture–precipitation rather than soil-moisture–temperature feed-
backs, because increases in precipitation variability are expected to be related
to increases in both intra-annual as well as interannual climate variability, while
increases in temperature variability (in particular, linked to more frequent
heatwaves) are expected to be more typically associated with increases in
interannual climate variability.

Correlation between summer temperature and evapotranspiration. Figure 3a,
b, d, e, g and h shows for the analysed RCM and GCM experiments the
correlation between June–August mean summer temperature and evapotran-
spiration rET, T2m for the 20 years considered of the CTL and SCEN time periods
(computed from detrended timeseries). We note that this measure of coupling is
only meaningful in regions where evapotranspiration is not exceedingly small
(for example, the Sahara in the GCM simulations or Spain in the RCM SCEN
experiment).
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