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Abstract We evaluate the impact of a new five-layer soil-hydrology scheme on seasonal hindcast skill
of 2 m temperatures over Europe obtained with the Max Planck Institute Earth System Model (MPI-ESM).
Assimilation experiments from 1981 to 2010 and 10-member seasonal hindcasts initialized on 1 May each
year are performed with MPI-ESM in two soil configurations, one using a bucket scheme and one a new
five-layer soil-hydrology scheme. We find the seasonal hindcast skill for European summer temperatures
to improve with the five-layer scheme compared to the bucket scheme and investigate possible causes
for these improvements. First, improved indirect soil moisture assimilation allows for enhanced soil
moisture-temperature feedbacks in the hindcasts. Additionally, this leads to improved prediction of
anomalies in the 500 hPa geopotential height surface, reflecting more realistic atmospheric circulation
patterns over Europe.

1. Introduction

In the past decades European summer temperature anomalies have impacted human society in many ways.
During heat waves, such as in summer 2003, an extraordinarily large number of heat-related deaths was
reported in central Europe (Hémon & Jougla, 2004); crop failure and forest fires have led to severe financial
losses and damages of the environment (Heck et al., 2004). However, state-of-the-art coupled climate mod-
els show only moderate skill in predicting European summer temperature anomalies and extreme cases such
as the summer 2003 (e.g., Weisheimer et al., 2011). Among the many contributing effects, previous studies
showed that land-atmosphere coupling in particular plays an important role for amplifying summer climate
conditions (Seneviratne et al., 2010), and improvements in the representation of land-surface uncertainty
can affect the forecast skill of predictions of European summer conditions (MacLeod et al., 2016). Here we
use the Max Planck Institute Earth System Model (MPI-ESM, Giorgetta et al., 2013) with the newly developed
five-layer soil-hydrology scheme (Hagemann & Stacke, 2015) and examine the impact of the improved soil
representation on the hindcast skill of European summer temperatures.

The variability of European surface climate is controlled by a combination of mechanisms, comprising
land-atmosphere coupling (Fischer et al., 2007), large-scale atmospheric circulation patterns such as the
occurrence of blocking regimes (Reinhold & Pierrehumbert, 1982), and teleconnections with other variabil-
ity modes of the Earth System (e.g., Behera et al., 2013; Saeed et al., 2014). In land-atmosphere coupling soil
moisture is a crucial variable, as it partitions the incoming radiative energy into latent and sensible heat fluxes
and, thus, invokes a soil moisture-temperature feedback (Seneviratne et al., 2010). This mechanism distin-
guishes two soil states, a dry state where evapotranspiration is limited by the available soil moisture, and a wet
state where evapotranspiration is limited by the available energy. In the wet state, the dissipation of incom-
ing energy into latent heat fluxes leads to a dampening of surface warming. In the dry state, less evaporation
allows for more energy being available for surface warming and, thus, increased sensible heat fluxes.

In order to account for a more realistic soil moisture-temperature feedback, soil moisture was incorporated
in the initialization of seasonal prediction experiments in recent studies. Some studies, such as the Global
Land-Atmosphere Coupling Experiment Intercomparison Project, did not find a significant improvement of
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seasonal temperature predictions over Europe (Koster et al., 2011). Other recent studies, however, found sig-
nificant improvements at least in some regions of Europe (Ardilouze et al., 2017; Prodhomme et al., 2016). For
instance, Prodhomme et al. (2016) found the 2010 Russian heat wave to be predictable only with realistic soil
moisture initialization, but the predictability of the 2003 European heat wave did not improve with soil mois-
ture initialization. Other studies suggest that the origin of the 2003 heat wave rather lies in the large-scale
pattern of atmospheric circulation (e.g., Black et al., 2004).

Previous studies on the impact of land-atmosphere coupling on the seasonal hindcast skill of European sum-
mer temperatures were based on different models, each using its own soil scheme. While simple bucket soil
schemes capture relatively well the soil moisture limitation on evapotranspiration in climate models, they
yield deficiencies in the limitation of the plants’ transpiration (Seneviratne et al., 2010) and, thus, cause an
overestimation of evapotranspiration compared to other soil schemes (Henderson-Sellers et al., 1996). Addi-
tionally, the soil moisture data set used for model initialization varies among studies. While some studies
(e.g., Douville, 2010) use a soil moisture climatology compiled from sparse observational data (Dirmeyer et al.,
2002), other studies (e.g., Prodhomme et al., 2016) use European Centre for Medium-Range Weather Forecast
(ECMWF) Re-Analysis Land (ERA-Land) data (Balsamo et al., 2015).

In this study, we evaluate the seasonal hindcast skill in two sets of 10-member seasonal hindcast experi-
ments performed with MPI-ESM using the same initialization setup and model configuration but different
soil schemes. For one hindcast set the MPI-ESM bucket soil scheme (Roeckner et al., 2003) is used; for the
other set the new five-layer soil-hydrology scheme (Hagemann & Stacke, 2015) is used. Both hindcast sets
are initialized from fully coupled assimilation experiments performed with the respective soil setup. In these
experiments different atmospheric and oceanic variables are nudged, but no direct assimilation of soil mois-
ture data is performed. We find significant seasonal hindcast skill for summer temperatures over large parts
of the European continent only if the five-layer soil-hydrology scheme is switched on. In this configuration
MPI-ESM already showed significant hindcast skill for European summer temperatures comparable to other
model systems evaluated within a multimodel study for the period 1992–2010 (Ardilouze et al., 2017). To
investigate the exact cause for the improved skill obtained with the five-layer scheme, we evaluate here in
both hindcast sets the direct impact of land-atmosphere coupling on temperature predictions, and possible
indirect skill improvements through improved predictions of anomalies in the 500 hPa geopotential height,
the “steering” level of synoptic features (e.g., Carlson, 1991), such as atmospheric blocking regimes (Scherrer
et al., 2006). Additionally, we evaluate a longer time period (1981–2010) and show that significant hindcast
skill for European summer temperatures is only obtained for the second half of this period.

2. Model Description and Experimental Setup

All simulations analyzed in this study were performed with the MPI-ESM seasonal prediction system (Baehr
et al., 2015). MPI-ESM was used in its low-resolution configuration (MPI-ESM-LR) where the atmosphere com-
ponent ECHAM6 has a horizontal resolution of T63 (∼1.9∘ × 1.9∘) and 47 levels between the surface and
0.01 hPa (Stevens et al., 2013). The atmospheric mean state and variability are realistically simulated in this
setup (Stevens et al., 2013). The soil scheme is implemented in the land-surface model JSBACH, a subcom-
ponent of ECHAM6 (Raddatz et al., 2007). The bucket soil scheme is described in Roeckner et al. (2003); the
new five-layer soil-hydrology scheme is described in Hagemann and Stacke (2015). With the new five-layer
scheme not all of the water in a grid cell is available for plants’ transpiration, since water can be stored below
the root zone. Soil moisture anomalies and memory are both simulated more appropriately with the five-layer
soil scheme (Stacke & Hagemann, 2016). Its level of complexity is similar to other multilayer soil schemes, for
example, H-TESSEL (Balsamo et al., 2009) or SECHIBA (Guimberteau et al., 2014). It explicitly simulates gravi-
tational drainage and soil water diffusion between the separate layers and accounts for spatial heterogeneity
of soil parameters (Hagemann & Stacke, 2015).

The ocean component of MPI-ESM is the Max Planck Institute Ocean Model (MPIOM), which in the applied
configuration has a nominal resolution of 1.5∘ with poles located in South Greenland and in Antarctica
(Jungclaus et al., 2013). This corresponds with a horizontal resolution of 15 km near Greenland and 185 km in
the tropical Pacific. In the vertical, the ocean is resolved with 40 levels. The distance between the centers of
two levels ranges from 10 to 250 m. The sea ice component of MPIOM consists of a dynamic/thermodynamic
sea-ice model based on Hibler (1979).
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The two assimilation experiments, differing only in the employed soil setup, cover the period 1979–2010.
They are started from a climate state which has undergone a 1,000 year preindustrial control simulation fol-
lowed by a historical simulation forced with increasing greenhouse gas concentrations from 1860 to 1979.
The applied assimilation technique is Newtonian relaxation (or “nudging”). Atmospheric and oceanic reanal-
yses and observations are nudged into the model using full-field data assimilation in all atmospheric and
oceanic levels. In order to cover the main sources of predictability we carefully select variables and associated
relaxation times for assimilating the observed state of the Earth System into the model. In the atmosphere,
different relaxation times are used for assimilation of vorticity (6 h), divergence (2 days), temperature (1 day),
and surface pressure (1 day), while salinity and temperature in the ocean are nudged with a relaxation time
of 10 days. For assimilation of atmospheric quantities, the European Centre for Medium-Range Weather Fore-
casts (ECMWF) Re-Analyses ERA-Interim (Dee et al., 2011) is used. Assimilating its dry thermodynamic variables
causes an indirect assimilation of soil moisture. In the ocean model component, temperature and salinity are
nudged toward Ocean Re-Analysis System 4 data (Balmaseda et al., 2013). Sea-ice concentrations from the
National Snow and Ice Data Center Bootstrap data set (Comiso, 2000) are assimilated into the model with an
effective relaxation time of 20 days (Tietsche et al., 2013). Relaxation times differ among model components
according to the different response times of the components.

A 10-member ensemble of 6 month hindcast simulations is started every year on 1 May from each of
the two assimilation experiments. Ensemble members are generated by small disturbances of oceanic and
atmospheric states. Bred vectors are used to add small disturbances to the global three-dimensional ocean
temperature and salinity fields (Baehr & Piontek, 2014), and the diffusion is slightly disturbed in the uppermost
model layer at 0.01 hPa.

In the following, the hindcast skill for European summer temperatures is evaluated. It is computed from
ensemble means of the two hindcast sets with ERA-Interim (Dee et al., 2011) used as reference data.

3. Hindcast Skill for European Summer Temperatures

We compare the hindcast skill obtained for European 2 m summer temperature from the two hindcast sets
performed with MPI-ESM using the bucket soil scheme and the five-layer soil-hydrology scheme, respectively.
The anomaly correlation coefficient (ACC, e.g., Siegert et al., 2017, equation (1)) between simulated and rean-
alyzed European June-July-August (JJA) mean 2 m air temperatures within 1981–2010 is used as a measure
for the hindcast skill in the two hindcast sets.

We find significant skill over large parts of the European continent only when the five-layer soil-hydrology
scheme is used (Figures 1a and 1b). While in a few regions, such as Spain, the Alpine region, and western Russia
the skill does not change substantially or even shows a slight decrease with increasing complexity of the soil
scheme, the hindcast skill improves particularly over France, Great Britain, Scandinavia, and the Balkan region
(Figure 1c). This is on the one hand due to the trend of the European 2 m summer temperature which is more
realistically simulated with the five-layer soil scheme (Figure 1d). On the other hand, also, extreme events, such
as the central and southern European heat wave in 2003, are better predicted with the increased complexity
in the soil setup. When ACCs are computed from the detrended time series of 2 m temperatures, regions
with significant hindcast skill are limited (Figure S1 in the supporting information). This shows that in order to
obtain good hindcast skill, it is important to capture the underlying warming trend in hindcast simulations.
While Liniger et al. (2007) showed that the warming trend induced by anthropogenic climate change is lost by
up to 70% 2 months after initialization in their seasonal forecast system, we find the trend in European summer
temperature to be persistent in the MPI-ESM seasonal prediction system when the five-layer soil scheme is
used (Figure 1d).

To investigate the temporal and regional origin of the obtained hindcast skill, we split the 30 year period of
hindcast start dates (1981–2010) into an early period (1981–1995) and a late period (1996–2010) and inves-
tigate two different regions with large hindcast skill, the Balkans and Scandinavia. These regions were found
by Ardilouze et al. (2017) to show high predictive skill in several climate models over the period 1992–2010,
and the Balkans were identified as a “hot spot” for soil moisture-atmosphere coupling (Seneviratne et al.,
2006). We find no significant skill in any of the two hindcast sets and regions for the early period, while sig-
nificant skill is obtained with the five-layer soil scheme in all investigated regions in the late period (Table S1).
For the entire period significant hindcast skill is found also for the 2 m temperature averaged over the entire
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Figure 1. Anomaly correlation coefficients (ACCs) for JJA-mean 2 m temperature over Europe, computed from the ensemble mean of hindcasts using (a) the
bucket soil scheme and (b) the five-layer soil-hydrology scheme. ERA-Interim was used as reference data. Dotted regions indicate significant ACCs at the 95%
level obtained from a bootstrap significance test (Goddard et al., 2013). (c) The ACC difference is depicted with significance computed after the modified Fisher
transformation described by Siegert et al. (2017). (d) Time series of European summer temperature, averaged over all land grid boxes within −10∘ to 30∘ E, 38∘ to
70∘ N, are also shown. ACC values in the plot are followed by its standard deviation computed after Goddard et al. (2013). ACCs obtained from detrended time
series are indicated in brackets.

European continent. The obtained skill is higher when the five-layer soil scheme is used, reflecting the high
skill found particularly in the late period. Indeed, in large parts of central Europe negative ACCs found for
the early period appear to cause decreased skill derived from the entire period (Figure S2). Thus, the hind-
cast skill obtained for the different regions clearly originates from the more recent years and from the higher
complexity of the soil scheme.

In the following, we investigate why the hindcast skill increases in MPI-ESM with the new five-layer
soil-hydrology scheme. First the direct impact of the more realistic soil scheme on land-atmosphere coupling
is investigated; then we evaluate possible improvements in predicting large-scale atmospheric circulation
patterns by analyzing the 500 hPa geopotential height surface, which may provide feedbacks for surface
temperature predictions.

We start with the examination of the two assimilation experiments which provide the initial conditions for the
hindcast sets. In the two experiments from which hindcasts are started soil moisture is assimilated indirectly
by nudging divergence, vorticity, temperature, and surface pressure in the atmospheric model component.
In order to evaluate the performance of this indirect soil moisture assimilation we compute the correlation
between simulated root-zone soil moisture and ERA-Land soil moisture (Balsamo et al., 2015) averaged for
each month over southern Europe, the region which was extensively studied in the context of the European
heat wave 2003 (e.g., Weisheimer et al., 2011). In spring the indirect soil moisture assimilation performs only
fairly realistic when the bucket scheme is used (ACC≈ 0.75), while the ACC for root-zone soil moisture exceeds
0.85 in April when the five-layer soil-hydrology scheme is used (Figure 2). This ACC increase is at least partly
due to the extreme year 2003. While a negative soil moisture anomaly during spring 2003 can be simulated
with the five-layer soil-hydrology scheme, the model fails to reproduce this anomaly when the bucket scheme
is used (Figure S3). This implies that in the latter setup MPI-ESM is not suited to investigate possible link-
ages between spring soil moisture and summer near-surface air temperature during the 2003 summer heat
wave period.
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Figure 2. The correlation coefficient for southern European root-zone soil
moisture (0∘ to 25∘ E, 42∘ to 52∘ N) computed over each month within
1981–2010 from the two assimilation runs performed with MPI-ESM
differing only in the employed soil configuration. ERA-Land reanalysis data
were used as reference data.

In order to evaluate the impact of the soil scheme on soil moisture-

atmosphere coupling we investigate the correlation between 2 m tem-

perature and evapotranspiration (transpiration plus bare soil evaporation)

as a measure for the soil state. Consistent with previous studies (e.g.,

Seneviratne et al., 2006) we find that the border between wet and dry

soil states separates southern Europe from central and northern Europe

(Figures 3a and 3b). While in southern Europe the correlation is negative,

implying that evapotranspiration is limited here by the available soil mois-

ture, the positive correlation in central and northern Europe shows that

evapotranspiration is limited by the available energy here. This general

pattern is found to be independent of the soil scheme used in hindcasts.

However, in a few regions, such as Scandinavia and parts of central Europe,

hindcasts with different soil schemes show significantly different soil states

(Figure 3c). Large parts of these regions match with regions where signif-

icant hindcast skill for 2 m summer temperature is obtained only with the

five-layer scheme (Figures 1a and 1b).

In order to investigate whether the skill improvement can be linked to

improved land-atmosphere coupling obtained with higher complexity of

the soil scheme, we further analyze the correlation between 2 m tem-

perature and transpiration, the plants’ contribution to evapotranspiration

(Figures 3d and 3e). We indeed find differences between the two soil schemes primarily in regions where sig-

nificant hindcast skill for 2 m temperature is obtained only with the five-layer scheme (Figure 3f ). With the

bucket scheme more water is available for the plants’ transpiration in parts of central Europe and Scandinavia

compared to the five-layer scheme. The remaining part of the evapotranspiration, the bare soil evaporation,

also significantly varies with the soil configuration of the model (Figures 3g and 3h). While the strength of

the positive correlation between 2 m temperature and bare soil evaporation differs in central and northern

Europe, the correlation even reverses in southern Europe (Figure 3i). Here the bare soil evaporation is limited

by the available water in the soil when the bucket scheme is used, whereas enough water for bare soil evap-

oration is available when the five-layer scheme is used. This shows that the soil state in a grid cell can differ

substantially among the two soil schemes, since the plants can access the entire water supply of a grid cell in

the bucket scheme, while the five-layer soil scheme allows for water to exist below the root zone generating

soil moisture memory. This different behavior of the two soil schemes in southern Europe may cause the skill

improvement particularly in the Balkan region.

Reanalysis data covering Europe from 1981 to 2010 is available only for evapotranspiration; however, the

amount of actual measurements that were used to generate the reanalysis is limited. Nevertheless, we find the

five-layer scheme to show higher agreement with ERA-Land reanalysis than the bucket scheme, particularly

in parts of central Europe and Scandinavia (Figure S4) which match with regions where significant hindcast

skill for 2 m temperature is obtained only with the five-layer scheme (Figures 1a and 1b).

The direct improvement of land-atmosphere coupling is one possible source of the hindcast skill improve-

ment of 2 m summer temperatures over Europe obtained with the introduction of the five-layer soil-hydrology

scheme. In order to investigate whether an indirect improvement of the large-scale atmospheric circulation

may also be a source for the improved 2 m temperature hindcast skill, we analyze the JJA-mean 500 hPa

geopotential height surface in the two hindcast sets (Figures 4a and 4b). The definition of large-scale cir-

culation patterns, such as atmospheric blocking regimes, is based on the 500 hPa surface. Our evaluation

shows a significant improvement of the predicted anomaly in 500 hPa geopotential height in parts of cen-

tral Europe and Scandinavia when the five-layer scheme is used (Figure 4c). Also, the atmospheric blocking

frequency itself shows improved hindcast skill with the five-layer soil scheme (Figure S5). However, the occur-

rence frequency and amplitude of blocking events might be too irregular to allow for a robust skill evaluation

(Figure S7). In fact, when summers with extreme atmospheric blocking regimes are excluded from the analy-

sis, the obtained hindcast skill for blocking frequency and 500 hPa geopotential height drops substantially in
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Figure 3. Correlation coefficients between JJA-mean 2 m temperature and evapotranspiration computed from hindcasts using (a) the bucket soil scheme and
(b) the five-layer soil scheme. (d, e) The correlation between 2 m temperature and the plants’ transpiration and (g,h) the bare soil evaporation are also shown.
Differences are depicted in the right column (Figures 3c, 3f, and 3i). Dotted regions indicate significant correlation coefficients at the 95% level obtained from a
bootstrap significance test (Goddard et al., 2013).

the respective region (Figures S8 and S9) and further indicates that the improved soil scheme affects extreme
years and associated atmospheric circulation.

In summary, we find that with increased complexity of the soil scheme also large-scale atmospheric circulation
patterns are predicted more realistically in parts of central Europe and Scandinavia, providing a feedback
mechanism that potentially contributes to the improvement found for 2 m temperature predictions.

Figure 4. Anomaly correlation coefficients (ACCs) for ensemble mean 500 hPa geopotential height over Europe as computed from hindcasts using (a) the bucket
soil scheme and (b) the five-layer soil scheme. ERA-Interim was used as reference data. Dotted regions indicate significant ACCs at the 95% level obtained from a
bootstrap significance test (Goddard et al., 2013). (c) The ACC difference is depicted with significance computed after the modified Fisher transformation
described by Siegert et al. (2017).
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4. Summary and Conclusions

State-of-the-art seasonal prediction systems with different complexities and initialization strategies show only
moderate skill for the prediction of European summer temperatures. A recent multimodel study showed, how-
ever, that climate models are capable to significantly predict detrended summer temperature anomalies at
least in certain European regions over the period 1992–2010 (Ardilouze et al., 2017). Here we use one of the
models evaluated within this multimodel study, the MPI-ESM model, with two different soil configurations,
a bucket and a five-layer configuration. In this way, we investigate the impact of a more realistic soil model
component on the hindcast skill for European 2 m temperatures obtained from 10-member hindcast sets sim-
ulated with the two different soil configurations. We find substantial regions with significant hindcast skill over
the European continent only with the five-layer soil scheme. The obtained skill originates from the second
half (1996–2010) of the entire period of hindcasts (1981–2010) and is primarily due to a better representation
of extreme events, which is consistent with the results of Ardilouze et al. (2017). Furthermore, we investigate
whether the increase in hindcast skill is caused by the direct improvement of land-atmosphere coupling or
by the indirect improvement of the large-scale atmospheric circulation in the model.

The role of soil moisture is crucial for land-atmosphere coupling. In spring, soil moisture anomalies turn out to
be more realistically simulated if the five-layer soil scheme is used. Consequently, the behavior of the plants’
transpiration differs among the model setups, although the distribution of regions with wet and dry soil
states is in both model setups generally comparable to other studies (e.g., Seneviratne et al., 2006). Previous
studies showed that the bucket soil scheme tends to overestimate evapotranspiration due to deficiencies in
the simulation of the plants’ transpiration (Henderson-Sellers et al., 1996). With the new five-layer scheme a
part of the soil water is located below the root zone and hence inaccessible for the plants. In parts of cen-
tral Europe and Scandinavia the behavior of the plants’ transpiration differs significantly among the model
setups, and the evaluation of land-atmosphere coupling in reanalysis data shows higher agreement here with
results obtained with the five-layer scheme compared to the bucket scheme. Thus, we conclude that improved
land-atmosphere coupling is one possible source of the improvement in European summer temperature
hindcast skill.

Additionally, we also find the hindcast skill of the 500 hPa geopotential height surface over Europe to improve
with increased complexity of the soil scheme. This atmospheric region can be considered as the “steering”
level of synoptic features (e.g., Carlson, 1991), such as atmospheric blocking regimes (Scherrer et al., 2006).
Changing the soil configuration introduces differences in local weather systems which appear to eventually
cause more realistic large-scale atmospheric circulation patterns. The improved prediction of the 500 hPa
geopotential height surface over Europe is a response to the increased complexity in the soil scheme but also
another possible (indirect) source of the skill improvement in predictions of European summer temperatures,
since it constitutes a potential feedback mechanism. Our first evaluation of atmospheric blocking events sug-
gests that also the hindcast skill of this specific type of large-scale atmospheric circulation events is improved
with the five-layer soil scheme (Figures S5 to S7). When years with extreme blocking frequencies are excluded
from the analysis, the obtained hindcast skill drops substantially only in the respective region (Figures S8
and S9), suggesting a certain regional variation of extreme blocking events. Additionally, occurrence frequen-
cies and amplitudes of blocking events are highly irregular (Figure S7), so that a robust evaluation of the
predictive skill of these events, either with larger data sets or by implementing new statistical methods, is
subject to future studies.

References
Ardilouze, C., Batte, L., Bunzel, F., Decremer, D., Deque, M., Doblas-Reyes, F. J., … Prodhomme, C. (2017). Multi-model assessment

of the impact of soil moisture initialization on mid-latitude summer predictability. Climate Dynamics, 49(11–12), 3959–3974.
https://doi.org/10.1007/s00382-017-3555-7

Baehr, J., Fröhlich, K., Botzet, M., Domeisen, D. I., Kornblueh, L., Notz, D., … Müller, W. A. (2015). The prediction of surface temperature in
the new seasonal prediction system based on the MPI-ESM coupled climate model. Climate Dynamics, 44(9-10), 2723–2735.

Baehr, J., & Piontek, R. (2014). Ensemble initialization of the oceanic component of a coupled model through bred vectors at
seasonal-to-interannual timescales. Geoscientific Model Development, 7(1), 453–461.

Balmaseda, M. A., Mogensen, K., & Weaver, A. T. (2013). Evaluation of the ECMWF Ocean Reanalysis System ORA-S4. Quarterly Journal of the
Royal Meteorological Society, 139(674), 1132–1161.

Balsamo, G., Albergel, C., Beljaars, A., Boussetta, S., Brun, E., Cloke, H., & Vitart, F. (2015). ERA-Interim/LAND: A global land surface reanalysis
data set. Hydrology and Earth System Sciences, 19(1), 389–407.

Balsamo, G., Beljaars, A., Scipal, K., Viterbo, P., van den Hurk, B., Hirschi, M., & Betts, A. K. (2009). A revised hydrology for the ECMWF model:
Verification from field site to terrestrial water storage and impact in the Integrated Forecast System. Journal of Hydrometeorology, 10(3),
623–643.

Acknowledgments
The authors thank Philipp de Vrese
for an extensive review of the
manuscript, and Rohit Ghosh for
providing the code to calculate the
atmospheric blocking frequency. This
research is funded by the European
Union’s Seventh Framework
Programme (FP7/20072013)
under grant agreement 308378
ENV.2012.6.1-1: Seasonal-to-decadal
Prediction for the Advancement
of European Climate Services
(http://www.specs-fp7.eu), and the
Federal Ministry of Education and
Research in Germany (BMBF) through
the research programmes “MiKlip II”
(FKZ: 01LP1516C) and “FlexForDec”
(FKZ: 01LP1519A). The work of J. B.
was also supported by the Cluster of
Excellence CliSAP (EXC177), Universität
Hamburg, funded through the German
Research Foundation (DFG). The
work of M. D. was supported by
the EU-funded Copernicus Climate
Change Service (C3S). Primary data
and scripts used in the analysis and
other supporting information that
may be useful in reproducing the
author’s work are archived by the
Max Planck Institute for Meteorology
and can be obtained by contacting
publications@mpimet.mpg.de.

BUNZEL ET AL. 352

https://doi.org/10.1007/s00382-017-3555-7
http://www.specs-fp7.eu
file:publications@mpimet.mpg.de


Geophysical Research Letters 10.1002/2017GL076204

Behera, S., Ratnam, J. V., Masumoto, Y., & Yamagata, T. (2013). Origin of extreme summers in Europe: The Indo-Pacific Connection.
Climate Dynamics, 41(3-4), 663–676.

Black, E., Blackburn, M., Harrison, G., Hoskins, B., & Methven, J. (2004). Factors contributing to the Summer 2003 European Heatwave.
Weather, 59(8), 217–223.

Carlson, T. N. (1991). Mid-latitude weather systems. New York: Harper Collins Academic.
Comiso, J. C. (2000). Bootstrap sea ice concentrations from Nimbus-7 SMMR and DMSP SSM/I-SSMIS, version 2, NASA National Snow and Ice

Data Center Distributed Active Archive Centers, Boulder, CO. Retrieved from https://doi.org/10.5067/J6JQLS9EJ5HU, Data downloaded
on 04/08/2014, updated 2015.

Dee, D., Uppala, S., Simmons, A., Berrisford, P., Poli, P., Kobayashi, S., … Vitart, F. (2011). The era-interim reanalysis: Configuration and
performance of the data assimilation system. Quarterly Journal of the Royal Meteorological Society, 137(656), 553–597.

Dirmeyer, P., Gao, X., & Oki, T. (2002). The second Global Soil Wetness Project (GSWP-2). International GEWEX Project Office Publication, 37, 75.
Douville, H. (2010). Relative contribution of soil moisture and snow mass to seasonal climate predictability: A pilot study. Climate Dynamics,

34(6), 797–818.
Fischer, E. M., Seneviratne, S. I., Luthi, D., & Schar, C. (2007). Contribution of land-atmosphere coupling to recent European summer heat

waves. Geophysical Research Letters, 34, L06707. https://doi.org/10.1029/2006GL029068
Giorgetta, M. A., Jungclaus, J., Reick, C. H., Legutke, S., Bader, J., Böttinger, M., … Stevens, B. (2013). Climate and carbon cycle changes

from 1850 to 2100 in MPI-ESM simulations for the Coupled Model Intercomparison Project phase 5. Journal of Advances in Modeling Earth
Systems, 5(3), 572–597.

Goddard, L., Kumar, A., Solomon, A., Smith, D., Boer, G., Gonzalez, P., … Delworth, T. (2013). A verification framework for
interannual-to-decadal predictions experiments. Climate Dynamics, 40(1-2), 245–272.

Guimberteau, M., Ducharne, A., Ciais, P., Boisier, J.-P., Peng, S., De Weirdt, M., & Verbeeck, H. (2014). Testing conceptual and physically based
soil hydrology schemes against observations for the Amazon Basin. Geoscientific Model Development, 7, 1115–1136.

Hagemann, S., & Stacke, T. (2015). Impact of the soil hydrology scheme on simulated soil moisture memory. Climate Dynamics, 44(7–8),
1731–1750.

Heck, P., Zanetti, A., Enz, R., Green, J., & Suter, S. (2004). Natural catastrophes and man-made disasters in 2003, Sigma Report 1. Zurich: Swiss
Reinsurance Company.

Hémon, D., & Jougla, E. (2004). The heat wave in france in august 2003. Epidemiology and Public Health/Revue d’Epidémiologie et de Santé
Publique, 52(1), 3–5.

Henderson-Sellers, A., McGuffie, K., & Pitman, A. (1996). The Project for Intercomparison of Land-Surface Parametrization Schemes (PILPS):
1992 to 1995. Climate Dynamics, 12(12), 849–859.

Hibler, W. (1979). A dynamic thermodynamic sea ice model. Journal of Physical Oceanography, 9(4), 815–846.
Jungclaus, J., Fischer, N., Haak, H., Lohmann, K., Marotzke, J., Matei, D., … Storch, J. (2013). Characteristics of the ocean simulations in the

Max Planck Institute Ocean Model (MPIOM) the ocean component of the MPI-Earth System Model. Journal of Advances in Modeling Earth
Systems, 5(2), 422–446.

Koster, R., Mahanama, S., Yamada, T., Balsamo, G., Berg, A., Boisserie, M., … Wood, E. F. (2011). The second phase of the Global
Land-Atmosphere Coupling Experiment: Soil moisture contributions to subseasonal forecast skill. Journal of Hydrometeorology, 12(5),
805–822.

Liniger, M. A., Mathis, H., Appenzeller, C., & Doblas-Reyes, F. J. (2007). Realistic greenhouse gas forcing and seasonal forecasts. Geophysical
Research Letters, 34, L04705. https://doi.org/10.1029/2006GL028335

MacLeod, D. A., Cloke, H. L., Pappenberger, F., & Weisheimer, A. (2016). Improved seasonal prediction of the hot summer of 2003 over Europe
through better representation of uncertainty in the land surface. Quarterly Journal of the Royal Meteorological Society, 142(694), 79–90.

Prodhomme, C., Doblas-Reyes, F., Bellprat, O., & Dutra, E. (2016). Impact of land-surface initialization on sub-seasonal to seasonal forecasts
over europe. Climate Dynamics, 47(3–4), 919–935. https://doi.org/10.1007/s00382-015-2879-4

Raddatz, T., Reick, C., Knorr, W., Kattge, J., Roeckner, E., Schnur, R., … Jungclaus, J. (2007). Will the tropical land biosphere dominate the
climate–carbon cycle feedback during the twenty-first century? Climate Dynamics, 29(6), 565–574.

Reinhold, B. B., & Pierrehumbert, R. T. (1982). Dynamics of weather regimes: Quasi-stationary waves and blocking. Monthly Weather Review,
110(9), 1105–1145.

Roeckner, E., Bäuml, G., Bonaventura, L., Brokopf, R., Esch, M., Giorgetta, M.,… Tompkins, A. (2003). The atmospheric general circulation
model ECHAM 5 PART I: Model description. Report / MPI für Meteorologie, 349.

Saeed, S., van Lipzig, N., Müller, W. A., Saeed, F., & Zanchettin, D. (2014). Influence of the circumglobal wave-train on European summer
precipitation. Climate Dynamics, 43(1-2), 503–515.

Scherrer, S. C., Croci-Maspoli, M., Schwierz, C., & Appenzeller, C. (2006). Two-dimensional indices of atmospheric blocking and their
statistical relationship with winter climate patterns in the Euro-Atlantic region. International Journal of Climatology, 26(2), 233–250.

Seneviratne, S. I., Corti, T., Davin, E. L., Hirschi, M., Jaeger, E. B., Lehner, I., … Teuling, A. J. (2010). Investigating soil moisture-climate
interactions in a changing climate: A review. Earth-Science Reviews, 99(3), 125–161.

Seneviratne, S. I., Lüthi, D., Litschi, M., & Schär, C. (2006). Land-atmosphere coupling and climate change in Europe. Nature, 443(7108),
205–209.

Siegert, S., Bellprat, O., Ménégoz, M., Stephenson, D. B., & Doblas-Reyes, F. J. (2017). Detecting improvements in forecast correlation skill:
Statistical testing and power analysis. Monthly Weather Review, 145(2), 437–450.

Stacke, T., & Hagemann, S. (2016). Lifetime of soil moisture perturbations in a coupled land-atmosphere simulation. Earth System Dynamics,
7(1), 1–19.

Stevens, B., Giorgetta, M., Esch, M., Mauritsen, T., Crueger, T., Rast, S., … Roeckner, E. (2013). Atmospheric component of the MPI-M Earth
System Model: ECHAM6. Journal of Advances in Modeling Earth Systems, 5(2), 146–172.

Tietsche, S., Notz, D., Jungclaus, J., & Marotzke, J. (2013). Assimilation of sea-ice concentration in a global climate model–physical and
statistical aspects. Ocean Science, 9, 19–36.

Weisheimer, A., Doblas-Reyes, F. J., Jung, T., & Palmer, T. (2011). On the predictability of the extreme summer 2003 over Europe.
Geophysical Research Letters, 38, L05704. https://doi.org/10.1029/2010GL046455

BUNZEL ET AL. 353

https://doi.org/10.5067/J6JQLS9EJ5HU
https://doi.org/10.1029/2006GL029068
https://doi.org/10.1029/2006GL028335
https://doi.org/10.1007/s00382-015-2879-4
https://doi.org/10.1029/2010GL046455

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


