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ABSTRACT: Inaccuracies in soil initialization, caused by unbalanced soil conditions, are one pos-
sible reason for biases in regional climate predictions. Therefore, in the present study, stand-alone
simulations with a land surface model are performed in order to create balanced soil conditions.
The impact of different atmospheric forcing data on the quality of the stand-alone simulation is
evaluated by comparing the results to observations. The results reveal that stand-alone simula-
tions driven by the atmospheric reanalysis ERA-Interim give the best results in terms of the corre-
lation to observed soil temperatures and soil water contents. Based on these results, a regional cli-
mate simulation is initialized with these balanced soil conditions and compared to a reference run
with unbalanced soil. The results show that the soil initialization of decadal climate simulations
generally affects the spatial variability of summer precipitation in Europe. However, no systematic
added value of the initialization with balanced soil conditions is evident for precipitation. Still, a
clear added value can be observed for the simulated summer temperatures, especially in warm and
semi-arid regions like the Iberian Peninsula. Since the balanced soil initialization contains less soil
water than the unbalanced one, this simulation is able to reproduce the characteristic drought
stress in summer in a more realistic way. We conclude that proper soil initialization can lead to
potentially better decadal predictions, particularly for warm and semi-arid regions. An accurate
soil initialization may therefore become essential, especially in European areas that are expected
to become warmer and drier in summer due to climate change, e.g. Central and Eastern Europe.
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1. INTRODUCTION

Global and regional seasonal to decadal climate
predictions have become an active field of research
during the last few years (Mieruch et al. 2014,
Marotzke et al. 2016). The behavior of the climate
system on these timescales is a result of the interac-
tion of the fast (i.e. the atmosphere) and the slow
(mainly the oceans, cryosphere and soil) components
of the system and thus presents a combined initial
and boundary value problem. Whereas oceans and
the cryosphere are the most important slow system
components on the global scale, the focus of the pres-
ent paper will be on soils, since regional predictions
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are done mainly for land surfaces. In this context, soil
conditions can affect the regional energy balance in
a number of ways (summarized e.g. in Seneviratne
et al. 2010). Changes in the soil water content, for
instance, affect soil temperature by changing the
soil heat capacity and the evapotranspiration rate.
Changes in soil temperature, in turn, affect the
amount of turbulent heat exchange and thus regional
climate conditions. The corresponding processes be-
tween soil, vegetation and atmosphere are modeled
in land surface models (LSMs).

During the last few years, considerable progress in
the development of LSMs has been made. Whereas in
the early years of climate modeling, soil and land sur-
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faces were treated in a rather crude way (e.g. Shukla
& Mintz 1982), sophisticated and more realistic LSMs
are now being integrated in Earth system models
(ESMs). Some well-known examples of the current
LSM generation are the Community Land Model (Ole-
son et al. 2013), NOAH (Niu et al. 2011) and JSBACH
(Roeckner et al. 2003). The importance of and interest
in these models is also reflected in various model
intercomparison projects, like the African Monsoon
Multidisciplinary Analysis (AMMA) Land Surface
Model Intercomparison Project (ALMIP, Boone et al.
2009), the Global Land Atmosphere System Study
(GLASS, van den Hurk et al. 2011), the Snow Models
Intercomparison Project (SnowMIP, Etchevers et al.
2004) and the upcoming Land Surface, Snow and Soil
Moisture Model Intercomparison Project (LS3MIP,
van den Hurk et al. 2016), to name just a few.

In all cases, however, besides a proper modeling of
the processes involved, a proper initialization of all
soil layers is essential for successful regional climate
predictions (Dirmeyer et al. 2013, Khodayar et al.
2015). The relative importance and the time required
to approach equilibrium of soil and land surfaces in
LSM simulations varies regionally and depends e.g.
on soil type, soil moisture availability and vegetation
cover (Koster & Suarez 2001, Koster et al. 2004, Kho-
dayar et al. 2015). In this context, a long-lasting prob-
lem for the initialization of regional climate predic-
tions is the lack of spatially and temporally dense
observations of soil temperature and soil moisture.
Whereas some datasets exist for the upper soil layers,
data for the deeper soil layers are limited to a very
small number of observational sites, making an accu-
rate soil initialization with observations impossible
for regional climate predictions. Therefore, LSMs in
regional climate simulations are generally initialized
with interpolated soil conditions, obtained from gen-
eral circulation models (GCMs). But since in most
cases, the model physics of the implemented LSMs
differ between the regional climate model (RCM)
and the GCM, a consistency problem arises. A drift of
the model results is the consequence until balanced
soil conditions are reached. Results of recent studies
indicate that (depending on season and soil type),
soils may take months to years to adjust (Khodayar et
al. 2013, 2015), i.e. the timescales that seasonal to
decadal climate predictions are interested in. Due to
the long timescales (depending on region and soil
water availability), the soil conditions are not only
initial values, but also act as boundary values over
years. Thus, since information diffuses upward as
well as downward in the soil, a wrong soil initializa-
tion causes unrealistic values for soil moisture and

soil temperature and thus affects atmosphere and
climate via heat and moisture fluxes (Khodayar et
al. 2013).

To avoid such a model drift due to spurious soil
initialization, a spin-up of several years is usually
performed in advance of the simulation period,
allowing the RCM soil to adjust. An overview of this
and other initialization methods (e.g. the assimilation
of satellite data) can be found in Kothe et al. (2016).
For regional decadal predictions with their large
amount of simulations (ensemble method), this ap-
proach is too time-consuming and not feasible. An-
other possibility to create balanced soil conditions for
the initialization of RCMs is to use LSM stand-alone
simulations. In this case, the LSM is not coupled to
an RCM, but driven by external forcing data (e.g.
reanalysis). Such simulations consume less comput-
ing time, so that long time periods can be simulated.
In consequence, balanced soil conditions for a large
number of simulations can be created (also for dif-
ferent spatial resolutions), representing the best ap-
proximation of the actual soil state for the initializa-
tion of regional climate predictions, which might
improve their simulation results.

In this paper, we present the results of such stand-
alone simulations driven by different forcings based
on reanalysis datasets, and evaluate their perform-
ance by comparing the simulation results with obser-
vations, to obtain the best possible initial soil condi-
tions. Then, the simulated soil temperature and soil
moisture conditions are used to initialize coupled
RCM simulations driven by ERA-Interim (Dee et al.
2011). The results of these runs with balanced soil
conditions are compared to coupled runs with an
unbalanced initialization (ERA-Interim soil condi-
tions), to assess the impact of a balanced soil initial-
ization on the simulation results under quasi-perfect
lateral boundary conditions and to identify a possible
added value for regional decadal predictions.

2. MODELS AND SIMULATION SETUP
2.1. VEG3D

In this study, the LSM VEG3D is applied for the
stand-alone simulations as well as the coupled RCM
simulations. VEG3D is a multilayer LSM developed
at the Karlsruhe Institute of Technology (KIT) and
assessed in various studies (Braun & Schadler 2005,
Breil & Schéadler 2017, Breil et al. 2018). In VEG3D,
the heat conduction is water-dependent and parame-
terized after Johansen (1977). The parameterization
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of the soil water transport is based on the approach of
van Genuchten (1980). Ten soil layers are used for
the numerical solution of the corresponding equa-
tions which increase exponentially to the bottom
at 15.0 m depth. The parameterization of roots is
derived from Schenk & Jackson (2003). The root zone
has its maximum within 0-1.0 m and reaches down
to 2.0 m. The coupling between the soil surface and
the atmosphere is done via a massless vegetation
layer. This layer has its own canopy temperature and
specific humidity derived iteratively from the canopy's
energy balance. Based on these quantities, the turbu-
lent heat fluxes are parameterized according to
Monin-Obukhov similarity theory.

2.2. COSMO-CLM

To be able to use balanced soil conditions from
VEG3D stand-alone runs in decadal climate predic-
tions, VEG3D is coupled to the RCM COSMO-CLM
(CCLM, Rockel et al. 2008). CCLM is the climate
version of the 3-dimensional nonhydrostatic weather
forecast model COSMO (Baldauf et al. 2011). Its
physical parameterizations and dynamics are de-
scribed in detail in Doms & Baldauf (2015).

The coupling between CCLM and VEG3D (CCLM-
VEG3D, Breil et al. 2017) is realized via OASIS3-
MCT (Valcke et al. 2015). OASIS3-MCT is a com-
bination of the OASIS3 coupler and the Model
Coupling Toolkit (MCT, Larson et al. 2005). The com-
munication between CCLM and VEG3D is accom-
plished via the Message Passing Interface (MPI)
library. The exchange of all coupling fields between
the models is arranged by the unified OASIS inter-
face in CCLM (Will et al. 2017).

2.3. Experimental setup
2.3.1. Stand-alone simulations

To investigate the effects of, on the one hand, dif-
ferent atmospheric forcings and, on the other hand,
the spatial resolution of the external data (land use
and soil type) on the equilibrium of the soil condi-
tions, 2-dimensional VEG3D stand-alone simulations
with different forcings on different spatial resolutions
are performed. In a first simulation, VEG3D runs on a
spatial resolution of 0.5° (55 km), driven by forcing
data derived from the WATCH project (Weedon et al.
2010). The simulation covers the period 1960-2010.
The period 1960-1990 is driven by the WATCH WFD

dataset, the second period 1990-2010 by WATCH
WEFDEI To achieve a smooth transition between the
2 datasets, a 2 yr spin-up run initialized with the
soil temperature and moisture fields of the WATCH
WFD run in 1990 was performed in advance of
the WATCH WFDEI simulation. Since only WATCH
WEFDEI data are used for the evaluation, hereafter we
name this simulation VEG3D-WFDEL In a second
stand-alone simulation, VEG3D runs on a spatial res-
olution of 0.22° (25 km), driven by the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF)
atmospheric reanalysis of the 20th century (ERA-
20C; Poli et al. 2013) (VEG3D-ERA20C). For this, the
ERA-20C data is interpolated to the 25 km grid of
VEG3D. The covered time period in this case is
1955-2010. For the third simulation, VEG3D runs
on a spatial resolution of 0.0625° (7 km), driven by
the ECMWF ERA-Interim reanalysis data (VEG3D-
ERAINT), interpolated to the 7 km VEG3D grid, last-
ing from 1979 to 2010. All forcing datasets comprise
the 2 m air temperature and 2 m specific humidity,
precipitation (snow and rain separately), incoming
short- and longwave radiation, 10 m wind speed and
surface pressure. In advance of all 3 simulations, a
spin-up run with cyclic forcing data of the starting
year was repeated 7 times to reach already balanced
soil conditions at the beginning of each simulation
period.

In each run, the soil columns are discretized into 10
non-equidistant layers till a depth of 15.0 m. The
used time step is 300 s. The external data are derived
for the different spatial resolutions from Global Land
Cover 2000 (GLC2000, Bartholomé & Belward 2005)
for the land surfaces and the Harmonized World Soil
Database (HWSD, Fischer et al. 2008) for the soils.

The model domain for VEG3D-WFDEI and VEG3D-
ERA20C is identical to that of the Coordinated
Downscaling Experiment — European Domain (EURO-
CORDEX, Jacob et al. 2014), whereas the VEG3D-
ERAINT domain only comprises Central Europe, as
shown in Fig. 1. Thus, due to these different model
domains and the different time frames used, the
results of all 3 stand-alone runs are only evaluated
for the overlapping Central Europe region and the
time period 1990-2010 (Section 4.1). Based on these
analyses, an optimal model setup for VEG3D stand-
alone runs will be derived.

2.3.2. Coupled simulations

Two decadal climate simulations for Europe, using
different soil conditions for the initialization, are per-
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Fig. 1. Topography of the model domain (colored area) for the coupled CCLM-VEG3D simulations (1, identical to the EURO-
CORDEX domain; Jacob et al. 2014) and the VEG3D stand-alone simulations (4, Central Europe), including the evaluation
regions Iberian Peninsula (2) and Scandinavia (3)

formed with CCLM coupled to VEG3D. Both simula-
tions are driven by ERA-Interim at the lateral bound-
aries and at the lower boundary over sea, and start on
January 1, 2001 and end on December 31, 2010. By
using such quasi-perfect lateral boundary conditions,
the pure impact of a balanced soil initialization on the
simulation results can be assessed and a possible
added value for regional decadal predictions can be
identified. In the first run, the soil is initialized with
the soil moisture and soil temperature fields of ERA-
Interim, which are not in balance to VEG3D. This
simulation is taken as the reference run, hereinafter
referred to as CCLM_VEG3D_REF. In the second
run, the initial conditions of CCLM_VEG3D_REF are
replaced by balanced soil moisture and soil tempera-
ture values (CCLM_VEG3D_INIT). To create these
balanced soil conditions, a transient VEG3D stand-
alone run is performed beforehand with the optimal
external forcing derived from the analyses in Section
4.1. The model domains for this stand-alone simula-
tion and the coupled runs are identical to the EURO-
CORDEX domain (Fig. 1). The horizontal grid spac-
ing is 0.22°. In the vertical direction, the atmosphere
is divided into 40 levels. The time step of CCLM and
VEGS3D is 150 s, which is identical to the coupling
time step of both models.

3. VALIDATION DATA
3.1. Measurement sites

The stand-alone simulation results are compared to
observed soil conditions at measurement sites as well
as spatial validation datasets. For the stational obser-
vations, data from the European Fluxes Data Cluster
(EFDC, www.europe-fluxdata.eu) are used. The EFDC
is a collection of observational data from several data-
bases, projects and measurement sites all across
Europe since 1996. For the present study, 34 stations
with long and consistent time series are selected. Al-
though the datasets are quality-controlled, missing
metadata (e.g. about the measurement depths) and
differing measurement periods make the validation of
the stational data a challenging task. Furthermore, the
land use classes and soil types at the point measure-
ments of the stations do not necessarily have to corre-
spond to the ones used in the 2-dimensional stand-
alone simulations. Thus, differences between the
simulated and the observed soil conditions are at some
points unavoidable. The comparison of the stand-
alone simulations results with the in situ observations
is done for the soil water content, the soil temperature
as well as for the latent and the sensible heat fluxes.
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3.2. Spatial datasets

The spatial datasets for the validation are the ERA-
Interim reanalysis, the European Space Agency Cli-
mate Change Initiative (ESA_CCI) soil moisture data
(Dorigo et al. 2015) and a gridded soil moisture dataset
from the German Weather Service (DWD). Both the
ERA-Interim and the DWD soil data are simulation
results of LSMs. For ERA-Interim, the LSM Tiled
ECMWEF Scheme for Surface Exchange over Land
(TESSEL, Viterbo & Beljaars 1995) is used, driven by
an atmospheric forcing nudged to observations on a
spatial resolution of 0.5°. In TESSEL, the soil column is
discretized with 4 layers to a depth of 2.89 m. An imple-
mented tile approach allows different land use classes
within 1 grid box (van den Hurk et al. 2000), but it in-
cludes only 1 single soil type (loamy sand), which was
already critically discussed by Balsamo et al. (2009).

For the DWD data, the agrometeorological model
AMBAYV (Lopmeier 1983) is used to simulate the soil
water content at measurement sites down to a depth
of 0.6 m. AMBAV is driven by the measured meteor-
ological conditions at the stations and the results are
interpolated to a 1 x 1 km Gauss-Kruger grid for
Germany. Only 1 land use class (grass) and only 1 soil
type (sandy loam) are considered.

The ESA_CClI soil moisture data are satellite obser-
vations sampled with active and passive microwave
sensors. Thus, moisture data can only be derived for
the uppermost centimeters of the soil. The dataset is
globally available in a spatial resolution of 25 km for
the period 1978-2014. Since the soil moisture of the
upper soil is the only quantity available for all 3
spatial datasets, the spatial validation in Section 4.1.2
is only done for this variable (TESSEL: 0-28 cm,
AMBAYV: 0-60 cm, VEG3D: 0-50 cm).

4. RESULTS
4.1. Validation of VEG3D stand-alone simulations
4.1.1. Comparison with EFDC stations

To consider the impact of differences in the exter-
nal data (land use class, soil type) between the meas-
urement sites and the stand-alone simulations on the
validation results, the EFDC stations are classified
into 4 categories: Fits (both land use class and soil
type of the station agree with the ones used in the
stand-alone simulation), Mixed (only one of them
fits), Non-fitting (no match) or All (all 34 stations are
considered). The number of stations in each category

are summarized for all 3 stand-alone simulations in
Table 1. The number of fitting land use classes or soil
types (Fits + Mixed) is lowest for VEG3D-WFDEI
(17 Fits + Mixed, 55 km spatial resolution of the ex-
ternal data) and highest for VEG3D-ERA20C (23 Fits
+ Mixed, 25 km), but with a further increase in the
spatial resolution (VEG3D-ERAINT, 7 km), the num-
ber of fits does not increase anymore.

Fig. 2 shows the root mean square error (RMSE)
and the correlation of the simulated monthly mean
soil water content in the uppermost soil layers, soil
temperatures in the uppermost soil layers, latent and
sensible heat fluxes compared to the observed ones
at the stations. The results are shown for each driving
dataset (different colored bars) and each station
category. With the classifications shown, we can
distinguish between the impact of the precision of
the external data (differences between each station
category) and the impact of atmospheric forcing (dif-
ferences between the colored bars within a category)
on the quality of the simulation results.

For soil water content (Fig. 2a), VEG3D-WFDEI
has the lowest RMSE over all stations, and VEG3D-
ERAINT the highest. But concurrently, VEG3D-
ERAINT shows the clearly highest correlation to the
observations. VEG3D-ERA20C has a remarkably low
correlation in contrast to the other 2 simulations. The
RMSEs of the 4 different station categories are very
heterogeneous. Here, the Fits clearly have the lowest
values, and the Mixed have the highest. To assess the
relative importance of the 2 factors ‘external data’
and ‘atmospheric forcing', we performed a Kruskal-
Wallis test (oo = 0.1) by grouping the data according to
the 2 factors (Table 2); the test showed that the RMSE
varies significantly (p = 0.06) with the external data,
and the correlation varies significantly (p = 0.03) with
the atmospheric forcing. Thus, the bias of the stand-
alone simulations is considerably affected by the pre-
cision of the external data. But, for the correlation to
the EFDC data, atmospheric forcing is more impor-
tant, since it mainly depends on the seasonal cycle of
the atmospheric conditions.

Table 1. Number of stations in the 4 categories: Fits (both
land use class and soil type of the station agree with the ones
used in the stand-alone simulation), Mixed (only one of them
fits), Non-fitting (no match), and All (all 34 stations are
considered), for the VEG3D stand-alone simulations

Stand-alone simulation Fits Mixed Non-fitting All

VEG3D-WFDEI 6 11 17 34
VEG3D-ERA20C 6 17 11 34
VEG3D-ERAINT 7 14 13 34
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Fig. 2. Root mean square error (RMSE; left) and correlation (right) of the simulated monthly mean (a) soil water content in the
uppermost soil layers, (b) soil temperatures in the uppermost soil layers, (c) latent and (d) sensible heat fluxes of the 3 VEG3D
stand-alone simulations compared to the observational stations

For the yearly mean soil temperature (Fig. 2b), cor-
relations are considerably higher, but within-group
variation is small. VEG3D-ERAINT has again the
highest correlation with the observations, VEG3D-
ERA20C the lowest. Correlation varies significantly

(p = 0.06) with atmospheric forcing (Table 2). The
within-group variation of the RMSE is quite pro-
nounced, but a significant (p = 0.06) variation was
only found for the external data; the Fits have clearly
lower values than the other 3 categories. In contrast
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Table 2. p-values for Kruskal-Wallis test with a significance level of 0. = 0.1,

for soil water content, soil temperature, latent heat flux and sensible heat

flux, for the groups ‘atmospheric forcing' and ‘external data’, regarding

root mean square error (RMSE) and correlation, for the VEG3D stand-
alone simulations. Only significant values are shown

Fig. 3 shows the yearly mean water
content in the upper soil over the period
1991-2010 for the stand-alone runs
(Fig. 3a—c) and the validation datasets
(Fig. 3d-f). All 3 VEG3D stand-alone

Soil Soil Latent Sensible simulations (Fig. 3a—c) show very similar

water temperature heat heat moisture patterns, with very wet regions

content flux flux in the upwind area of the Vosges and at

RMSE vs. forcing B B 0.1 B tl-1e North Sea coast. Drier regions are
RMSE vs. external data 0.06 0.06 _ _ simulated in the western and eastern
Correlation vs. forcing 0.03 0.06 - - parts of Germany. Nevertheless, some
Correlation vs. external data - - - - slight differences can be observed. Small-

to the soil moisture results, VEG3D-ERAINT has the
lowest bias for soil temperature, and VEG3D-WFDEI
has the highest.

The simulated turbulent heat fluxes are in gener-
ally good agreement to the observed fluxes at the
EFDC stations; variation of both RMSE and correla-
tion with the 2 factors is small. Significant variation
(p = 0.1) is only found for the RMSE on atmospheric
forcing (Table 2). The best results for the latent heat
fluxes is achieved by VEG3D-ERA20C (Fig. 2c). Its
RMSE is moderate and the correlation reaches the
highest values. For the sensible heat fluxes, VEG3D-
ERAINT performs best (Fig. 2d). As already seen
for the soil moisture and soil temperature, VEG3D-
ERAINT shows the highest correlation with the
observations. Additionally, the RMSE is lowest for
this stand-alone run. Compared to the other quanti-
ties, for the turbulent heat fluxes, the differences
between the 4 station categories are quite small and
no significant variation was found. The Fits and the
Non-fitting, for instance, have similar RMSEs for the
latent heat fluxes. Also, the correlation of the simu-
lated fluxes with the observed ones is not highest for
the Fits, but for the Mixed. The differences between
the 3 stand-alone simulations within a station cate-
gory are larger than the differences between the
different station categories themselves. The impact
of the external data on the quality of the simulated
turbulent heat fluxes is therefore smaller than for soil
moisture and soil temperature.

4.1.2. Comparison to spatial validation datasets

In this section, the results of the 2-dimensional
VEG3D stand-alone runs are compared to the spatial
validation datasets for the Central European domain
(Fig. 1). The comparison is done for the soil water
content of the upper soil.

scale structures of different land use
classes like forests or coastal regions are
more visible in VEG3D-ERAINT compared to espe-
cially VEG3D-WFDE], since higher resolved external
data are used.

In general, the simulated soil moisture patterns of
all 3 VEG3D stand-alone runs match better to the
observed ESA_CCI satellite data than the other vali-
dation datasets (Fig. 3d-f), although areas with
strong deviations to the satellite data still exist (e.g.
North Sea coast, Adriatic coast). The mapping of dry
and moist regions within Central Europe is well
resolved, in contrast to the ERA-Interim and the
DWD_AMBAV data. In both products, the soil water
contents all over Europe are considerably overesti-
mated. These differences to the VEG3D stand-alone
simulations cannot be explained by major differ-
ences in the atmospheric forcing datasets, since each
of these simulations is driven by assimilated observa-
tions. But in contrast to VEG3D, the number of land
use classes and soil types used in DWD_AMBAYV and
ERA-Interim is clearly reduced. Both DWD_AMBAV
and TESSEL (LSM used in ERA-Interim) use only 1
soil type, and in DWD_AMBAYV, additionally, only 1
land use class is applied. Thus, DWD_AMBAYV and
TESSEL are not able to resolve the small-scale struc-
tures in the soil water contents over Central Europe,
caused by land use and soil heterogeneity, in the
same magnitude as VEG3D. A proper mapping of the
external data within LSM simulations is therefore
essential for a realistic representation of spatial soil
water contents in Europe.

4.1.3. Assessment of VEG3D stand-alone runs

In comparison to the other atmospheric forcing
datasets, the stand-alone run with ERA-Interim forc-
ing obtained the best agreement. Although minor
differences occurred in the spatial validation of the
single atmospheric forcing datasets, ERA-Interim
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Fig. 3. Yearly mean water content in the upper soil over the period 1991-2001, for the stand-alone runs (a) VEG3D-WFDE], (b)
VEG3D-ERAINT, and (c) VEG3D-ERA20C, and the validation datasets (d) ESA_CCI, (e) ERA-Interim, and (f) DWD_AMBAV.
Soil water content is calculated as m®/m?, given as a percentage (%)

performed clearly best in the validation with the
EFDC measurement sites. It has a moderate RMSE
and the highest correlation to the observed soil water
contents, soil temperatures and sensible heat fluxes.
Especially these high correlations to observations are
very important for the soil initialization, since they
reflect a good agreement to the modes of internal
climate variations, which are essential for successful
climate predictions (Marotzke et al. 2016). Only if
such modes are correctly included in the soil initial-
ization, can the predictive potential of soils be ex-
ploited. Soils initialized with uncorrelated climate
modes therefore cannot achieve a predictive skill on
a decadal timescale. Thus, an ERA-Interim-driven
stand-alone simulation is chosen to provide initializa-
tion fields for the coupled decadal CCLM_VEG3D
runs.

Furthermore, comparison of the 2-dimensional
VEG3D stand-alone simulations with the EFDC
measurement sites showed that the precision of the
external data especially affects the bias of the simu-
lated soil moisture and soil temperature at single
points. But the correlation to the observations is
mainly determined by the atmospheric forcing data,
since it depends on the seasonal cycle induced by the
atmospheric conditions. The impact of the external
data on the accuracy of the simulated soil water con-

tents can also be observed for the comparison with
the spatial validation datasets. In contrast to valida-
tion datasets with a small range of external data
(DWD_AMBAYV and TESSEL), the VEG3D stand-
alone simulations are able to properly reproduce the
observed spatial soil moisture patterns in Central
Europe (ESA_CCI). Thus, highly resolved external
data in LSMs are an important factor for a realistic
simulation of the land surface processes in Europe.
But as shown in Section 4.1.1, the precision of the
external data does not increase anymore between
the 25 km and the 7 km resolution. Furthermore, the
7 km VEG3D stand-alone simulation does not show a
clear added value compared to the 25 km simulation,
regarding the spatial soil moisture patterns in Cen-
tral Europe. Due to limited computing time, therefore,
a coarser spatial resolution of 25 km (0.22°) is chosen
for the coupled decadal CCLM_VEG3D runs.

4.2. Results of coupled CCLM-VEG3D simulations

In this section, a possible added value of a bal-
anced soil initialization for decadal climate pre-
dictions in Europe is analyzed. A decadal climate
simulation, initialized with balanced soil conditions
(CCLM_VEG3D_INIT), is compared to a refer-
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ence run, initialized by unbalanced soil conditions
(CCLM_VEGS3D_REF). The simulations are driven by
ERA-Interim to ensure quasi-perfect lateral bound-
ary conditions, for the assessment of the pure impact
of a balanced soil initialization. These balanced soil
conditions are derived from a VEG3D stand-alone
simulation, driven by ERA-Interim. The reference
run is initialized by the soil conditions of ERA-
Interim, which are not in balance with the VEG3D
ones.

4.2.1. Changes in initial soil water and
temperature fields

The differences in the initialization fields for soil
temperature and soil water between the balanced
soil conditions of CCLM_VEG3D_INIT and the
unbalanced soil conditions of CCLM_VEG3D_REF
are summarized in Table 3. The differences in
the initialization fields are written as field means
over the whole European model domain. For the
evaluation, the soil is divided into 3 compartments:
the upper soil layer (0-1 m) comprising the main
part of the root zone, an intermediate section (1-2 m)
and the deep soil layer (2-10 m). Table 3 shows that
in each layer, the balanced soil of CCLM_VEG3D_
INIT is warmer and drier than the soil in CCLM_
VEG3D_REF. In particular, distinct differences ap-
pear in the deeper soil layers. In the upper layers,
the differences in soil temperature and water con-
tent are less pronounced, since these layers are
directly affected by the atmospheric forcing condi-
tions (ERA-Interim in both cases), in contrast to the
deeper layers. Thus, model-specific differences be-
tween VEG3D and TESSEL (LSM in the ERA-Interim
reanalysis) seem to have a stronger and longer-last-
ing effect on the soil conditions in the deep soil than
in the upper layers.

Table 3. Differences in the initialization fields for soil tem-
perature and soil water between the coupled CCLM-
VEG3D simulations: CCLM_VEG3D_INIT and CCLM_
VEG3D_REF. Differences in the initialization fields are writ-
ten as field means over the whole European model domain
for 3 soil components: 0-1 m, 1-2 m and 2-10 m depth

Depth (m) Soil temperature Soil water content
X) (%)

0-1 2.9 -7.33

1-2 5.31 -7.14

2-10 5.08 -8.05

4.2.2. Effects on decadal climate variability
in Europe

In order to distinguish between short-term and
long-term effects of differences in the soil initializa-
tion on decadal climate simulations, 2 evaluation
periods are analyzed: 2001-2005 and 2006-2010.
Furthermore, the evaluation of the decadal simula-
tions is divided into summer (June, July, August) and
winter seasons (December, January, February), to
take potential seasonal effects into account.

Fig. 4 shows the differences of the RSME of the
seasonal precipitation sums between the balanced
run (CCLM_VEG3D_INIT) and the reference run
(CCLM_VEGS3D_REF) for the period 2001-2005 (left)
and the period 2006-2010 (right), for summer (Fig. 4a)
and winter (Fig. 4b). The E_OBS observations (Hay-
lock et al. 2008) are used as reference for the RMSE
calculation. In winter, there are virtually no differ-
ences between the balanced run and the reference
run for both periods. As could be expected, the initial
soil fields have almost no impact on the seasonal pre-
cipitation sums in winter, since the winter rainfall is
usually of synoptic origin. But in summer, differences
amount up to about +50 mm over almost all of
Europe in both evaluation periods. This means that
soil initialization affects the simulated spatial rainfall
distribution in summer over the whole prediction
period. The soil conditions therefore have an influ-
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Fig. 4. Root mean square error (RMSE) differences in the

seasonal precipitation sums between CCLM_VEG3D_INIT

and CCLM_VEG3D_REEF for the period 2001-2005 (left side)

and 2006-2010 (right side), for (a) summer (JJA) and (b)
winter (DJF)
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ence on the development of convective rainfall mainly
in summer. The Iberian Peninsula, where the RMSE
differences are very low, is an exception. This could
be expected, since during summer very little rainfall
occurs in any case, particularly in the southern part of
this region. On the other hand, the spatial differences
of the seasonal precipitation sums over the rest of
Europe seem to be more or less randomly distributed.
Therefore, no systematic improvement due to bal-
anced soil initialization is found in the case of sum-
mer precipitation in Europe. This is also evident in
the domain-averaged RMSE values for precipitation,
listed in Table 4 for the whole European continent,
Scandinavia and the Iberian Peninsula. Although big
differences in the seasonal precipitation sums exist
locally, due to their random distribution, no differ-
ences occur for large area means, proving that bal-
anced soil initialization has no systematic added
value for European summer precipitation.

In Fig. 5, the same RMSE differences are shown as
in Fig. 4, but for the seasonal averages of the 2 m
temperatures. For both evaluation periods and in
both seasons, clear seasonal patterns between the
balanced run and the reference run can be recog-
nized. In the period 2001-2005, the winter RMSE val-
ues of the balanced run are in many parts of Europe
larger than those of the reference run, especially in
southern Scandinavia. By contrast, the balanced run
has generally smaller RMSE values in summer than

Table 4. Domain-averaged root mean square errors (RMSEs) for (a) precip-
itation (mm) and (b) 2 m temperature (K) for the whole European continent,
Scandinavia, and the Iberian Peninsula, for summer (JJA) and winter (DJF)
season for the periods 2001-2005 and 2006-2010, for the coupled CCLM-
VEG3D simulations. E_OBS observations are used as reference for the

RMSE calculation
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Fig. 5. Root mean square error (RMSE) differences in the

seasonal 2 m temperatures between CCLM_VEG3D_INIT

and CCLM_VEGS3D_REEF for the period 2001-2005 (left side)

and 2006-2010 (right side), for (a) summer (JJA) and (b)
winter (DJF)

the reference run all over Europe, with the exception
of the Balkan region. Especially on the Iberian Penin-
sula, much of the Mediterranean region and Scan-
dinavia, the balanced run performs better. These
seasonal RMSE differences become smaller and some-
times even change sign during the sec-
ond period 2006-2010. Therefore, for
the first simulation years, an improve-
ment due to balanced soil initialization
can be observed in summer, whereas in
winter, no improvement is found in the
case of the 2 m temperatures.

Overall, the simulated 2 m tempera-

(a) Europe Iberian Peninsula Scandinavia
JJA  DJF JJA  DJF JJA DJF tures seem to be quite sensitive to dif-
ferences in the soil initialization in 3
2001-2005 regions: the Iberian Peninsula, Scan-
CCLM_VEG3D_REF 53.72 34.96 28.02 42.66 60.88 49.46 di . d the Balk . In th
CCLM_VEG3D_INIT 53.29 3545 31.33 43.98 5938 48.53 navia and the balkan region. In the
2006-2010 Balkan region, both simulations show a
CCLM_VEG3D_REF  61.35 5891 34.76 56.50 64.38 45.42 strong warm bias in summer, which is
CCLM_VEG3D_INIT 60.50 57.08 31.73 57.29 69.15 45.07 more intense in the balanced run than in
b b n Seand the reference run. Similar warm biases
(b) Europe Iberian Peninsula candinavia . . . .
A DIF 1JA  DJF 1A DJF in this region e%re alrfaady observed }n
other CCLM simulations and also in
2001-2005 other RCMs for the EURO-CORDEX
CCLM_VEG3D_REF 101 149 111 1.32 117 1.40 domain (Kotlarski et al. 2014). This may
CCLM_VEG3D_INIT 0.99 1.58 0.95 1.43 1.13 1.52 point to a general problem of RCMs in
2006-2010 this region or to a problem with the ob-
CCLM_VEG3D_REF 1.08 1.59 1.15 1.68 1.18 1.52 ti in the Balk . Th
CCLM_VEG3D_INIT  1.09 159  1.22 1.54 118 153 servations 1n the balxan region. lhere-

fore, the results of the Balkan region
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are not further discussed in detail; instead, the
focus of the analysis is on the Iberian Peninsula and
Scandinavia.

Soil water content is a quantity of particular impor-
tance for the soil and near-surface temperatures in
these 2 regions. It affects via 2 main processes the
heat balances of the soil, the surface and the bound-
ary layer:

(1) A dry soil, like that seen in the initial field of the
balanced run, has a lower heat capacity than a wet
soil (reference run). As a result, the temperature of a
dry soil reacts stronger and faster to changes in the
thermal energy forcing, and the amplitude of the
seasonal cycle of the soil temperature increases.

(2) In a dry soil, the amount of plant-available
water for evapotranspiration is reduced. Thus, more
thermal energy can be used to heat up the soil in-
stead of evapotranspirating water from the soil. Con-
sequently, more sensible heat is released into the
atmosphere, resulting in increased near-surface tem-
peratures. Due to the generally low input of thermal
energy in winter, this process is mainly important in
summer.

The results on the Iberian Peninsula (Fig. 6) and
Scandinavia (Fig. 7) can be explained in terms of
these 2 land-atmosphere processes.

On the Iberian Peninsula, the soil water content in
the reference run does not reach equilibrium during
the whole simulation period (Fig. 6e,f). In this study,
we assume that equilibrium is reached when the
temporal differences between the reference run and
the balanced run are constantly inside a +1 standard
deviation limit. In both the upper and the deeper soil
layers, the reference run has a higher soil water con-
tent than the balanced run and does not fall below
the standard deviation limit over the whole simula-
tion period. Still, the soil water differences are get-
ting smaller over the course of the simulation. Thus,
due to process (1), the balanced run with its drier soil
conditions exhibits an increased seasonal cycle of the
upper soil temperatures (Fig. 6¢) and the 2 m tem-
perature (Fig. 6a). Especially during the first years of
the simulation, the summer temperatures are con-
siderably higher and in better agreement with the
observed 2 m temperatures. Over the course of the
simulated years, the seasonal temperatures of both
runs converge. In winter, temperatures are lower
than in the reference run, leading to a small cold
bias. However, the differences in winter are not as
pronounced as in summer. This effect is caused by
process (2). In this context, the lower water reservoir
in the balanced simulation substantially affects the
water cycle of the Iberian Peninsula, since it is a soil-

moisture-limited evapotranspiration regime (Senevi-
ratne et al. 2010). Until 2007, latent heat fluxes in
summer are considerably lower than in the reference
run (Fig. 6b), resulting in higher 2 m temperatures. In
the year 2007, differences in soil water content in
summer still appear between both simulations. But
in this case, this has no effect on the amount of the
latent heat fluxes and in consequence on the 2 m
temperatures. The reason for this is most likely that
summer 2007 was recorded as relatively cold in this
region. Thus, summer evapotranspiration was low
and the latent heat fluxes in the balanced run were
not limited by soil water availability. Consequently,
no differences in the latent heat fluxes and the 2 m
temperatures could be observed (Fig. 6a,b).

In Scandinavia, the balanced run also simulates
lower soil water contents and a higher seasonal soil
temperature cycle than the reference run (Fig. 7c-f).
But in contrast to the Iberian Peninsula, this has just
a minor impact on the evapotranspiration rate in
summer (Fig. 7b). Latent heat fluxes in regions like
Scandinavia are not limited by the availability of soil
moisture, but by the incoming net shortwave radia-
tion (Teuling et al. 2009). Process (2) has therefore
almost no effect on near-surface temperatures in
summer. Much more important for the seasonal
temperature cycle in Scandinavia is process (1). The
reduced heat capacity in the drier soil of the bal-
anced run leads to a slightly increased seasonal cycle
in the soil (Fig. 7c,d). This physical relation is par-
ticularly noticeable during the first 2 simulation years
when the differences in the soil water content be-
tween both simulations are highest. Because of that,
the balanced run has an added value in summer
during the first part of the simulation (between 2001
and 2005, Fig. 5). But in the winter season, the effect
is the opposite. Another difference to the Iberian
Peninsula is that the soil water content in the upper
soil reaches nearly balanced conditions after only 8
simulation years (Fig. 7e).

5. DISCUSSION AND CONCLUSIONS

The goal of the study was to investigate the poten-
tial added value of an initialization with balanced soil
conditions for regional decadal climate predictions.
To achieve the best possible balanced soil conditions,
stand-alone simulations with the LSM VEG3D driven
by different atmospheric forcing datasets were per-
formed and evaluated. Based on the above, a decadal
climate simulation driven by the quasi-perfect lateral
boundary conditions of ERA-Interim was initialized
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with these balanced soil conditions and compared to

a decadal simulation, initialized by unbalanced soil

conditions (ERA-Interim initialization). The main

results of this study are as follows:

e The best approximation of the actual soil state
is achieved by a VEG3D stand-alone simulation
driven with ERA-Interim.

e The soil initialization has an impact on the spatial
variability of summer precipitation in Europe, but
no systematic added value of a balanced soil ini-
tialization can be observed.

¢ A balanced soil initialization systematically improves
the simulation of summer temperatures in Europe,
but not winter.

* The seasonal added value of a balanced soil ini-
tialization is more pronounced in warm and semi-
arid regions like the Iberian Peninsula than in cold-
humid areas like Scandinavia.

In general, the results of the VEG3D stand-alone
simulations are consistent with results from other
studies evaluating the performance of other LSMs in
comparison to measurement sites (Stockli et al. 2008,
Zink et al. 2017). The simulation driven with ERA-
Interim gave the best results, showing a high cor-
relation with observed soil temperatures and soil
water contents. Furthermore, the simulation results
revealed that the correlation to the observations
mainly depends on the quality of the atmospheric
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forcing data, inducing the soil temperature and water
content seasonality. Thus, an ERA-Interim-driven
VEGS3D stand-alone simulation in a spatial resolution
of 0.22° was chosen to create balanced soil conditions
for the initialization of the decadal run.

Comparison of the simulation with balanced soil
initialization with a reference run with unbalanced
soil initialization revealed that the soil initialization
of decadal climate simulations considerably affects
the spatial variability of summer precipitation in
Europe over the whole simulation period. In winter,
the impact on the rainfall variability is very small.
Thus, the initial soil conditions have mainly an in-
fluence on the development of convective rainfall in

summer and not on the synoptic rainfall in winter. In
this context, no sensitive areas in the sense of a
strong coupling between soil conditions and precipi-
tation in summer can be identified, confirming the
results of other studies (e.g. Koster et al. 2004). This
is most likely because the local recycling of precipita-
tion is generally rather small in Europe (Schar et
al. 1999). Even for summer convection, large-scale
atmospheric circulation conditions, and thus advec-
tion, are more important for the spatial rainfall distri-
bution than local land surface characteristics, like soil
type and land use class. But nevertheless, convection
is a highly stochastic process, depending on local
conditions (e.g. Pielke et al. 1997, Pal & Eltahir 2001),
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which are not fully represented in regional climate
simulations with a spatial resolution of 25 km. Such
simulations are consequently not able to exploit the
full potential of an improved soil initialization. It can
therefore be expected that especially highly resolved
regional climate simulations (<3 km spatial resolu-
tion) can benefit from balanced initial soil conditions.
This conclusion is also in line with the findings of
other studies (e.g. Prein et al. 2013, Rasmussen et al.
2014).

Regarding the evaluation of the simulated temper-
atures, the initialization with balanced soil conditions
has positive effects on the simulation results, in line
with Kothe et al. (2016). But in contrast to Kothe et al.
(2016), we provide evidence of the different seasonal
sensitivity to soil initialization. Especially in summer,
the initialization with balanced soil conditions ex-
hibits a clear added value for the simulated tempera-
tures in warm and semi-arid regions like the Iberian
Peninsula. In such areas, the evapotranspiration is
limited by the availability of soil water (Seneviratne
et al. 2010). Thus, an initialization with a very high
soil water content, like in the simulation with un-
balanced soil conditions, is not able to reproduce the
characteristic drought stress in summer (Vicente-
Serrano et al. 2014) and the associated changes in the
Bowen ratio (Jerez et al. 2010), resulting in under-
estimated near-surface temperatures. This is espe-
cially true for the first years of the simulation until the
soil water content of both simulations is getting very
close in the upper soil layers, where plant-available
water is stored. During the winter season, evapotran-
spiration is reduced and the different heat capacities
of dry and wet soils are getting more important for
near-surface temperatures. The initialization with a
very low soil water content, like in the simulation
with balanced soil conditions, leads to underesti-
mated 2 m temperatures in winter.

Since the evapotranspiration regime in cold-humid
regions like Scandinavia is not limited by the avail-
ability of soil water (Teuling et al. 2009), the seasonal
cycle of near-surface temperatures is mainly influ-
enced by soil heat capacity. Dry soils, like in the simu-
lation with balanced soil conditions, exhibit an in-
creased seasonal cycle, leading to a better agreement
with observations in summer during the first simula-
tion years, but also to an increased bias in winter. But
in comparison to warm and semi-arid regions, the im-
pact of soil initialization on near-surface temperatures
is rather small. Thus, the extent of a possible added
value of balanced soil conditions for the initialization
of decadal climate predictions depends on the type of
the evapotranspiration regime.

Another striking difference between warm and
semi-arid and cold-humid regions is the time period
until the soil reaches balanced conditions. Unlike
Scandinavia, the upper soil water content in the sim-
ulation with unbalanced soil initialization does not
reach equilibrium in the Iberian Peninsula within the
whole prediction period. This can be explained with
the different hydraulic conductivities and hydraulic
diffusivities in dry and wet soils (van Genuchten
1980). The water flow through a dry soil is slower
than through a wet soil, as described by the Richards
equation. Thus, perturbations in the soil initialization
in warm and semi-arid regions are slowly balanced
out, while perturbations in cold-humid areas vanish
much faster. This finding confirms the results of other
studies about the initialization of soils in different cli-
mates (e.g. Khodayar et al. 2015). In consequence,
the soil conditions (especially soil water content) at
initialization affect the atmospheric conditions on the
Iberian Peninsula over a longer timescale than in
Scandinavia. Inaccuracies in the soil initialization of
decadal predictions therefore should have especially
an impact in warm and semi-arid regions on the
quality of the simulated summer temperatures, as
already suggested by the results of climate projec-
tions for the Iberian Peninsula (Jerez et al. 2012).

These findings may become important on the Euro-
pean scale, given that recent climate projections
indicate that the climate in Europe will become more
extreme, especially in regions which are supposed to
become warmer and drier in summer, like Central
and Eastern Europe (Schar et al. 2004, Seneviratne et
al. 2012). Consequently, the moderate evapotranspi-
ration regimes in these areas might temporally
evolve to soil-moisture-limited regimes (Seneviratne
et al. 2006). Thus, inaccuracies in the soil initializa-
tion in these regions may affect the quality of decadal
predictions in the future much stronger than today.
This is especially true for the prediction of extreme
events, like heatwaves, when the soils may dry out
(Miralles et al. 2014). Since the number of such heat-
waves is likely to increase (Meehl & Tebaldi 2004),
an accurate soil initialization for decadal predictions
may be of growing importance.
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