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Abstract This study presents an evaluation of a new
biosphere-atmosphere Regional Climate Model. COSMO-
CLM? results from the coupling between the non-hydro-
static atmospheric model COSMO-CLM version 4.0 and
the Community Land Model version 3.5 (CLM3.5). In this
coupling, CLM3.5 replaces a simpler land surface param-
eterization (TERRA_ML) used in the standard COSMO-
CLM. Compared to TERRA_ML, CLM3.5 comprises a
more complete representation of land surface processes
including hydrology, biogeophysics, biogeochemistry and
vegetation dynamics. Historical climate simulations over
Europe with COSMO-CLM and with the new COSMO-
CLM? are evaluated against various data products. The
simulated climate is found to be substantially affected by
the coupling with CLM3.5, particularly in summer. Radi-
ation fluxes as well as turbulent fluxes at the surface are
found to be more realistically represented in COSMO-
CLM?®. This subsequently leads to improvements of several
aspects of the simulated climate (cloud cover, surface
temperature and precipitation). We show that a better
partitioning of turbulent fluxes is the central factor
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allowing for the better performances of COSMO-CLM?
over COSMO-CLM. Despite these improvements, some
model deficiencies still remain, most notably a substantial
underestimation of surface net shortwave radiation. Over-
all, these results highlight the importance of land surface
processes in shaping the European climate and the benefit
of using an advanced land surface model for regional cli-
mate simulations.
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1 Introduction

Information about the regional characteristics of climate
change is essential in order to quantify its impacts on
human societies and ecosystems. To date, a large part of
this regional information is derived from General Circu-
lation Models (GCMs) (Christensen et al. 2007a). How-
ever, GCMs are still limited by their horizontal resolution,
which is currently of the order of 200 km. At this rather
coarse resolution, phenomena such as extreme weather
events are not adequately resolved despite their strong
relevance for impact assessments. Moreover, the effect of
local forcings such as orography, coastlines and land cover
can not be represented with sufficient details. To circum-
vent these problems, Regional Climate Models (RCMs)
have been increasingly developed during the last two
decades (Giorgi 2006). These RCMs are used to downscale
large-scale information from GCMs at finer resolutions.
Historically, RCM development has been to a large
extent inspired by (or directly based on) preexisting
Numerical Weather Prediction (NWP) systems. While slow
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processes (e.g., ocean, sea ice and land dynamics) may be
negligible in the context of NWP, they have to be taken
into account for climate applications. For this reason, an
important on-going activity in the area of RCM develop-
ment is the coupling of the atmospheric component with
other components of the climate system (ocean, sea ice,
glaciers, biosphere, atmospheric chemistry, etc...).

In particular, the coupling with comprehensive Land
Surface Models (LSMs) constitutes a major aspect of
RCM development. Land surface processes can indeed
affect climate in various ways such as through biogeo-
physical processes (Bonan 2008; Seneviratne et al. 2010)
or biogeochemical feedbacks (Arneth et al. 2010). Already
at an early stage of regional model development, the key
role of land-atmosphere interactions has been recognized
(see e.g., Pielke et al. 1998 for a review). For example,
Avissar and Pielke (1989) implemented a parameterization
of subgrid scale surface heterogeneity in a mesoscale
model and found an impact on local circulations where
contrasts in sensible heating were generated by surface
heterogeneity. It was further demonstrated that mesoscale
atmospheric circulations can be strongly influenced by the
parameterization of stomatal conductance, due to its
strong control on the Bowen ratio (Avissar and Pielke
1991). More recently, Lu et al. (2001) coupled the RAMS
(Regional Atmospheric Modelling System) model to the
CENTURY biogeochemistry model and showed that sea-
sonal vegetation phenological variations significantly
influence regional climate owing to their effect on water
and energy exchanges. RAMS was also coupled to the SiB
(Simple Biosphere) model (Denning et al. 2003) in order
to simulate regional CO, fluxes and atmospheric CO,
concentrations. SiB-RAMS was found to realistically
reproduce diurnal and synoptical variations in CO, fluxes
and concentrations over North America (Denning et al.
2003; Wang et al. 2007). Steiner et al. (2009) replaced the
Biosphere-Atmosphere Transfer Scheme (BATS) imple-
mented in RegCM3 (Regional Climate Model version 3)
by the more advanced Community Land Model version 3
(CLM3) and found substantial improvements in the sim-
ulated climate over West Africa. Specifically, the new
version with CLM3 better simulates the timing of the
monsoon advance and retreat across the Guinean Coast,
and reduces precipitation and temperature biases. Overall,
these studies demonstrated that a realistic description of
land surface processes is necessary in order to correctly
simulate regional climates.

In spite of the aforementioned efforts, most current
RCMs still have relatively unsophisticated land surface
parameterizations. For instance, most of the RCMs used in
the PRUDENCE project (Christensen et al. 2007b; Jacob
et al. 2007) and in the more recent ENSEMBLES project
(Christensen et al. 2008) still include so-called 2nd
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generation land surface schemes, although these relatively
old schemes have been superseded by more advanced 3rd
generation schemes. 3rd generation schemes include in
particular a more process-based representation of evapo-
transpiration by explicitly resolving the process of photo-
synthesis and its control on stomatal conductance (see
e.g., Sellers et al. 1997 and Pitman 2003, for an historical
overview of LSM development).

In this study, we upgraded the land surface scheme of
the COSMO-CLM regional model from its standard 2nd
generation scheme to a more advanced 3rd generation
scheme. The COSMO-CLM model is extensively used,
especially over Europe, for both operational weather
forecasting and regional climate modelling (e.g., Rockel
et al. 2008; Anders and Rockel 2009; Hohenegger et al.
2009; Jaeger et al. 2009; Muhlbauer and Lohmann 2009;
Lorenz et al. 2010; Zahn and von Storch 2010; Jaeger and
Seneviratne in press; Kothe et al. in press). In its standard
version COSMO-CLM includes a relatively simple land
surface parameterization, which we replaced by the more
comprehensive Community Land Model version 3.5
(CLM3.5). CLM3.5 comprises a mechanistic representa-
tion of the biogeophysical and biogeochemical processes
that determine the exchanges of radiation, heat, water and
carbon between the land and the atmosphere.

In the following, we evaluate these two versions of
COSMO-CLM (sharing the same atmospheric scheme but
using two different LSMs) over Europe. Specifically, we
address the two following questions: (1) Is the European
climate as simulated by COSMO-CLM sensitive to the
representation of land surface processes? (2) Does a more
comprehensive representation of these processes lead to a
more realistic climate?

2 Methods
2.1 Model description
2.1.1 COSMO-CLM

The Regional Climate Model COSMO-CLM is jointly
developed by the COnsortium for Small-scale Modelling
(COSMO) and the Climate Limited-area Modelling Com-
munity (CLM-Community). These two groups, respec-
tively encompassing European national weather services
and climate research centers, unify their efforts in main-
taining a common model for both operational weather
prediction and regional climate simulations. In this study,
we use COSMO-CLM version 4.0. This model version
(along with an earlier version) has been extensively eval-
uated by Jaeger et al. (2008). In the following we sum-
marize the main characteristics of the model. A fully
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detailed technical documentation of the model is available
at http://www.cosmo-model.org.

The COSMO-CLM dynamical core is based on the prim-
itive thermodynamical equations describing atmospheric
motions. A non-hydrostatic and fully compressible form of
these equations is used, allowing applications on a wide range
of spatial scales. The model equations are discretized on a
three-dimensional grid based on a rotated geographical
coordinate system. In the vertical, a generalized terrain-fol-
lowing height coordinate is used. The time integration is
performed using a second-order leapfrog scheme. The prog-
nostic variables are the horizontal and vertical wind compo-
nents, pressure perturbation, temperature, specific humidity,
cloud water and ice content, Turbulent Kinetic Energy (TKE)
and specific water content of rain and snow.

COSMO-CLM comprises a set of physical parameter-
izations representing various processes. The vertical radi-
ative fluxes within the atmosphere are calculated based on
a so-called J-two-stream solution of the radiative transfer
equation, using 3 spectral intervals in the solar part and 5
spectral intervals in the thermal part of the spectrum (Ritter
and Geleyn 1992). The radiatively active constituents are
water vapour, cloud water, cloud ice, ozone, aerosols,
carbon dioxide and other minor trace gases. Vertical tur-
bulent mixing is parameterized according to a level 2.5
closure using TKE as a prognostic variable (Mellor and
Yamada 1974, 1982). For moist convection the mass flux
scheme of Tiedtke (1989) is used, with equilibrium closure
based on moisture convergence. The formation of grid-
scale clouds and subsequent precipitation is parameterized
by a bulk microphysics scheme including water vapour,
cloud water, cloud ice, rain and snow. Subgrid-scale
cloudiness is interpreted by an empirical function

depending on relative humidity and height. A corre-
sponding cloud water content is also interpreted.

2.1.2 TERRA_ML

Land surface processes are parameterized in the standard
COSMO-CLM through the soil module TERRA_ML
(Grasselt et al. 2008, and references therein). The ultimate
goal of any land surface parameterization is the provision
of the lower boundary conditions to the atmospheric model
in the form of surface fluxes of energy and mass. In
COSMO-CLM these fluxes are calculated in the atmo-
spheric part of the code, based on a stability and roughness
length dependent flux formulation. However, their calcu-
lation requires the knowledge of surface temperature and
surface specific humidity. The task of TERRA_ML is to
predict these quantities, which is achieved by solving
simultaneously the thermal and hydrological budgets of the
soil. The multi-layer structure adopted for both thermal and
hydrological calculations is described in Table 1. The
vertical distribution of soil temperature is calculated by
solving the heat conduction equation (Fourier’s law). The
upper boundary condition is obtained by computing the
energy balance at the surface, while the lower boundary
condition is given by a prescribed climatological temper-
ature. The hydrological part of TERRA_ML predicts soil
water content by solving the Richards’ equation. The water
content of above-ground reservoirs such as snow and
canopy interception is also predicted. The source of water
from the atmosphere is through precipitation, dew and
rime. The sink terms are runoff and evapotranspiration, the
representation of which is based on the BATS model
(Dickinson 1984).

Table 1 Multi-layer structure of the soil column in TERRA_ML versus CLM3.5

TERRA_ML CLM3.5
Total number of layers 10 10
Same layer structure for thermal and Yes Yes
hydrological calculations
Depth of deepest layer (at bottom) (m) 15.24 3.43
Number of thermally active layers 9 10
Depth of last thermally active layer 7.76 3.43

(at bottom) (m)
Concept of thermal calculation

Type of bottom boundary condition for

thermal part in last layer
Number of hydrologically active layers

Depth of last hydrologically active layer
(at bottom) (m)
Concept of hydrological calculation Richards’ equation

Type of bottom boundary condition for
hydrological part

Heat conduction equation
Constant climatological temperature

Only gravitational drainage

Heat conduction equation
Zero heat flux condition

10
3.43

Richards’ equation

Coupled with underlying aquifer, or zero-flux
condition if the water table is within the soil column
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2.1.3 CLM3.5

To improve the representation of land surface processes in
COSMO-CLM, we implemented a new model version
(referred to as COSMO-CLM?) in which the TERRA_ML
module is replaced by the more comprehensive (3rd gen-
eration) Community Land Model version 3.5 (CLM3.5)
maintained at the National Center for Atmospheric
Research (NCAR). CLM3.5 is a state-of-the-art Land
Surface Scheme representing land surface processes in the
context of climate simulations. It is the land component of
the Community Climate System Model (CCSM) (Collins
et al. 2006; Dickinson et al. 2006) and earlier versions of
CLM3.5 have also been coupled to other regional climate
models (Steiner et al. 2005, 2009; Kumar et al. 2008).
Biogeophysical processes represented by CLM3.5 include
radiation interactions with vegetation and soil, momentum
and heat fluxes from vegetation and soil, heat transfer in
soil and snow, soil, snow and canopy hydrology and sto-
matal physiology and photosynthesis. A full description of
the model is provided in Oleson et al. (2004, 2008). Sur-
face fluxes in CLM3.5 have been evaluated at specific sites
(Stoeckli et al. 2008), while the large-scale hydrology has
been evaluated by Oleson et al. (2008). Optionally,
CLM3.5 also simulates biogeochemical and biogeograph-
ical processes such as carbon and nitrogen dynamics
(Thornton et al. 2007), biogenic emissions (Levis et al.
2003; Heald et al. 2008) and ecosystem dynamics (Bonan
and Levis 2006). In the present study, however, these
biogeochemical and biogeographical processes are not
considered.

2.1.4 Differences between TERRA_ML and CLM3.5

The representation of land processes differs considerably
between CLM3.5 and TERRA_ML. A summary of these
differences is given here.

2.1.4.1 Surface heterogeneity In TERRA_ML, the sub-
grid-scale heterogeneity of the land surface is not explicitly
accounted for (beside considering the partial coverage of
the soil surface by vegetation and snow for albedo and
evapotranspiration calculations). Only one soil column can
exist in each grid cell (ice, rock or one out of 6 predefined
soil types). If the grid cell is not ice or rock, vegetation can
be present and is characterized by a grid average Leaf Area
Index (LAI) and root depth, without further distinction
between different plant types. On the other hand, CLM3.5
explicitly represents the subgrid-scale variability of the
land surface using a tile approach. Each grid cell is
decomposed into multiple land units (e.g., glacier, lake,
vegetated surface, etc), soil/snow columns and Plant
Functional Types (PFTs) (Oleson et al. 2004). Surface
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fluxes are calculated at the PFT subgrid level. By default 4
(though this number is flexible) out of 15 possible PFTs
that differ in physiology and structure can coexist on a
single column. These 15 PFTs are meant to capture the
differences between broad categories of plants by grouping
plant species with similar biogeophysical and biogeo-
chemical characteristics. Bare soil can be assigned to one
of these 4 tiles instead of a PFT.

2.1.4.2 Radiation fluxes In the case of TERRA_ML,
upward fluxes of solar and infrared radiation are derived
from a simulated grid-scale surface albedo and tempera-
ture, respectively. In CLM3.5, the treatment of radiation
fluxes is far more complex. The shortwave and longwave
radiation fluxes are calculated for both the canopy layer
and the soil/snow surface using the two-stream approxi-
mation of the radiative transfer equation (Oleson et al.
2004). Explicit treatment of diffuse versus direct solar
radiation is included. The canopy is divided into sunlit
(receiving both direct and diffuse light) and shaded
(receiving only diffuse light) fractions (Thornton and
Zimmermann 2007).

2.1.4.3 Turbulent fluxes Surface turbulent fluxes are
calculated in CLM3.5 using the Monin—Obukhov similarity
theory (Oleson et al. 2004). In TERRA_ML, the surface
fluxes parameterization is intimately connected with the
TKE-based turbulent mixing scheme (see Sect. 2.1.1). The
dimensionless coefficients in the surface-layer Monin—
Obukhov stability functions are expressed through the
dimensionless coefficients of the Mellor—Yamada closure.
In the case of CLMa3.5, the sensible and latent heat are
partitioned into vegetation and ground fluxes that depend
on vegetation and ground temperatures.

2.1.4.4 Hydrology In both models, the Richards’ equa-
tion is solved numerically for a multi-layer column to
determine the vertical distribution of soil moisture (see
Table 1 for a comparison of the multi-layer structure
adopted in TERRA_ML and CLM3.5). CLM3.5 comprises
several hydrological extensions compared to TERRA_ML.
One relates to the lower boundary condition: whereas only
downward gravitational drainage is assumed in TER-
RA_ML below the last active soil layer, CLM3.5 features a
prognostic groundwater model (Niu et al. 2007). This
enables a dynamic coupling between the soil column and
the underlying aquifer and to represent cases where the
water table lies below the actual soil column. Surface and
subsurface runoff representation in CLM3.5 is based on a
TOPMODEL approach (Beven et al. 1984) adapted for the
purpose of global climate simulations (Niu et al. 2005).
The main principle of this approach is first the determi-
nation of a water table level based on the soil moisture state
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and then the saturated fraction of the grid cell based on
topographic characteristics. Surface runoff is then calcu-
lated as a combination of two processes: runoff over satu-
rated ground and infiltration excess. Subsurface runoff is
calculated as an exponential function of the water table
depth. On the other hand, TERRA_ML uses a simple for-
mula for surface runoff (Hillel 1980) and determines sub-
surface runoff for each layer as the water amount exceeding
the field capacity. Finally, the treatment of snow is rela-
tively simple in TERRA_ML. The water content of snow is
determined by a single mass balance equation. The snow
depth and snow density are also calculated for snow tem-
perature prediction. A more comprehensive snow model is
implemented in CLM3.5. This model predicts both the mass
of ice and the mass of liquid water inside the snow pack,
which is divided into as many as 5 layers. The processes
represented include snow accumulation and compaction,
melt-freeze cycle and water transfer between snow layers.

2.1.4.5 Stomatal conductance and photosynthesis Sto-
matal conductance, which represents the stomatal control
on water transfer by plants, plays an important role in the
calculation of evapotranspiration (ET). In TERRA_ML
stomatal conductance is calculated as in Dickinson (1984)
based on an empirical relationship correlating stomatal
conductance to environmental factors (light, soil moisture,
temperature and atmospheric humidity). This approach,
corresponding to the second generation of LSMs (Sellers
et al. 1997), does not represent the process of photosyn-
thesis which is the actual mechanism controlling stomatal
functioning. The third generation of LSMs, to which
CLM3.5 belongs, introduces explicitly a link between
stomatal conductance and photosynthetic activity (Sellers
et al. 1997). In CLM3.5, the formulation of stomatal con-
ductance is adapted from Collatz et al. (1991). The cal-
culation of photosynthetic assimilation distinguishes C3
and C4 metabolic pathways. Leaf photosynthesis is com-
puted after Farquhar et al. (1980) and Collatz et al. (1991)
for C3 plants and after Collatz et al. (1992) and Dougherty
et al. (1994) for C4 plants.

2.1.4.6 Surface datasets Both CLM3.5 and TERRA_ML
require input datasets specifying land surface characteris-
tics, such as land cover, vegetation parameters and soil
texture. The surface input datasets used in CLM3.5 are
fully described in Lawrence and Chase (2007), while a
description of TERRA_ML input datasets is provided by
Smiatek et al. (2008). CLM3.5 uses land cover, LAI, and
soil color maps derived from MODIS satellite products. In
TERRA_ML, the Global Land Cover map for the year
2000 (GLC2000) developed by the Joint Research Center
of the European Commission (JRC) is used to determine
vegetation parameters such as LAI and root depth. These

parameters are derived from the land cover map by appli-
cation of look-up tables and calculation of the grid average.
Soil texture in TERRA_ML is derived from the Food and
Agriculture Organization of the United Nations (FAO)
Digital Soil Map of the World. The FAO soil map provides
soil texture information for the top soil layer (0-30 cm)
and the bottom soil layer (30-100 cm). TERRA_ML uses
only the top layer information across all model layers. In
contrast, CLM3.5 takes into account the vertical hetero-
geneity of soil texture. The International Geosphere-Bio-
sphere Programme (IGBP) soil dataset (Global Soil Data
Task 2000) of 4,931 soil mapping units and their sand and
clay content for each soil layer were used to create a soil
texture dataset that varies with depth (Bonan et al. 2002).

2.2 Experiments

Two climate simulations are analysed in this study. The
first experiment is a control simulation with the standard
COSMO-CLM model. (Note that this experiment is the
same as the one analyzed by Jaeger et al. (2008) and
referred to as CCLM-44 therein.) The second experiment is
performed with COSMO—CLMz, the version of COSMO-
CLM coupled to CLM3.5.

Both experiments use a horizontal resolution of 0.44°
(~50 km) with 32 atmospheric levels in the vertical and a
time step of 240s. The model domain encompasses the
entire European continent, including parts of northern
Africa and of Russia. The simulations cover the period
from 1980 to 2006. ERA40 reanalysis data (Uppala et al.
2005) are used as lateral boundary conditions, except for
the years 2002-2006 where ECMWF operational forecast
analyses are employed. Note that a similar set-up for
boundary conditions has been used in previous studies
(e.g., Jaeger et al. 2008; Lorenz et al. 2010; Jaeger and
Seneviratne in press) and has not been shown to lead to
discontinuities in the atmospheric forcing due to the con-
sistency between the two products (Hirschi et al. 2006).
CO,, CH4 and N,O concentrations are prescribed accord-
ing to observed historical trends. The first 6 years are used
as spin-up time and only the following years (1986-2006)
are analysed. Since the experimental setup and the atmo-
spheric part of the model are identical in the two experi-
ments, their comparison strictly isolates the effect of
introducing a new land surface scheme in COSMO-CLM.

2.3 Evaluation datasets

Several datasets are employed in this study for model
evaluation. For 2-m temperature, precipitation and total
cloud cover, we use the Climate Research Unit (CRU)
global 0.5° gridded dataset version CRU TS3.0 (Mitchell
and Jones 2005).
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We also use the International Satellite Cloud Climatol-
ogy Project ISCCP) D2 dataset at 280 x 280 km resolu-
tion (Rossow and Schiffer 1999) as an alternative cloud
cover dataset.

For precipitation, the Global Precipitation Climatology
Project (GPCP) version 2.1 data set (Adler et al. 2003) is
also employed. This global data set consists of monthly
means of precipitation derived from satellite and gauge
measurements. Although the GPCP product has a rela-
tively coarse resolution (2.5°), it presents the advantage
of including a correction to compensate for systematic
biases in gauge measurements due to wind, gauge wet-
ting and gauge evaporation. Since the CRU data set
doesn’t include such correction, the complementary use
of the GPCP product can help identifying the effect of
systematic errors in precipitation measurements in our
comparisons.

To evaluate surface fluxes, we use the global 1° gridded
dataset from the Global Soil Wetness Project (GSWP-2)
(Dirmeyer et al. 2006). This product is based on 13 LSMs
which were all driven by the same observationally-based
meteorological forcing for the period 1986-1995. In this
study, we consider the multi-model mean from the GSWP-
2 dataset as well as the multi-model standard deviation. We
used £2xSD as an estimate of the uncertainty range of the
GSWP-2 dataset.

To complement the GSWP-2 dataset, we also use
observations of latent and sensible heat from the FLUX-
NET network (Baldocchi et al. 2001). We consider data
from 10 different sites over Europe, whose characteristics
are summarized in Table 2. These same sites have already
been considered in an evaluation of an earlier version of
COSMO-CLM (Jaeger et al. 2009). The selection of these
stations is based on maximum spatial and temporal data
coverage across Europe. As in Jaeger et al. (2009), the
data were not gap-filled and comparison to the model
output is only done at times when no gaps occur. Random
measurement errors in turbulent fluxes are estimated based

on empirical relationships derived by Richardson et al.
(2006).

We applied no corrections (e.g., height correction) to the
various datasets. For comparison with model results, we
interpolated the model outputs onto the respective dataset
grids. In the case of the FLUXNET sites, we consider the
model grid cell encompassing the site coordinates for
comparison with observations. Jaeger et al. (2009) noted
that taking a weighted value from several neighbouring
grid cells as an alternative method does not lead to sig-
nificant differences in such comparisons. For some analy-
ses the results are aggregated over specific regions. For this
we used the European sub-domains as defined in the
PRUDENCE project (Christensen et al. 2007b).

3 Results
3.1 Surface climate

Differences between model and observations for 2-meter
temperature and precipitation are presented in Figs. 1 and
2, respectively. The comparison between the two model
versions highlights the influence of the coupling with
CLM3.5. Winter temperatures are reasonably well simu-
lated in both model versions over most of Europe, except
for a warm bias over Northern Scandinavia. Only minor
differences between COSMO-CLM and COSMO-CLM?
appear during this season. In summer, COSMO-CLM
exhibits a very pronounced cold bias (above 2 K) north of
45 deg. This well known feature of COSMO-CLM version
4.0 has been attributed to an overestimation of cloud cover,
consequently leading to an underestimation of short wave
radiation at the surface (Jaeger et al. 2008). This cold bias
is totally suppressed in COSMO-CLM?, which shows a
very good agreement with observed temperature. Reasons
for this result will be further investigated in the following
sections.

Table 2 Overview of the FLUXNET sites used in this study (from North to South)

Site and reference Short Lon (°E) Lat (°N) Alt (m) Biome type Period used
Kaamanen (Laurila et al. 2001) FIKaa 27.30 69.14 155 Wetland/Tundra 2002-2005
Sodankyla (Hatakka et al. 2003) FISod 26.64 67.36 180 Evergreen 2002-2005
Hyytiala (Suni et al. 2003) FIHyy 24.29 61.85 181 Evergreen 2002-2005
Fyodorovskoye (Milyukova et al. 2002) RUFyo 3292 56.46 265 Evergreen 2002-2005
Vielsalm (Aubinet et al. 2001) BEVie 6.00 50.31 450 Mixed 2002-2005
Bily Kriz Forest (Reichstein et al. 2005) CZBK1 18.54 49.50 908 Evergreen 2002-2005
Sarrebourg (Granier et al. 2000) FRHes 7.06 48.67 300 Deciduous 2002-2005
Renon (Marcolla et al. 2005) ITRen 11.43 46.59 1,730 Evergreen 2002-2005
Puechabon (Reichstein et al. 2002) FRPue 3.60 43.74 270 Deciduous 2002-2005
Amplero (Gilmanov et al. 2007) ITAmp 13.61 41.90 884 Grassland 2002-2005

@ Springer



E. L. Davin et al.: COSMO-CLM?>

(@) T2m (K); COSMO-CLM — CRU (DJF)
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Fig. 1 Mean 2-meter temperature bias for winter (a COSMO-CLM and b COSMO—CLMZ) and for summer (¢ COSMO-CLM and d COSMO-
CLM?). Biases are calculated in reference to the CRU dataset for the period 1986-1995

Examination of the precipitation biases (Fig. 2) indi-
cates a strong overestimation of modeled precipitation in
winter. In summer, biases are overall less pronounced, with
rainfall being overestimated over northern Europe and
underestimated over the Balkan Peninsula. Although these
features occur in the two model versions, the coupling with
CLM3.5 has a positive effect by slightly reducing the
magnitude of the wet bias present over most regions in
winter and over northern Europe in summer.

Figure 3 shows the seasonal cycle of precipitation for
three different regions spanning a broad range of climates
(Iberian Peninsula, Mid-Europe and Scandinavia). In
addition to the CRU observations, the simulations are also
compared to the GPCP dataset. As mentioned in Sect. 2.3,
the GPCP product notably includes a correction to com-
pensate for systematic underestimation of precipitation
from gauge measurements. As a result, the precipitation
values in GPCP are always higher than in CRU for the
three regions in Fig. 3, particularly in winter. This suggests
that part of the model overestimation of precipitation can

be explained by measurement errors rather than by model
deficiencies. Over Mid-Europe, the agreement between
GPCP and COSMO-CLM? is indeed very good, improving
the general tendency of COSMO-CLM to overestimate
precipitation. For Scandinavia, both model versions appear
to overestimate precipitation over the whole year even in
comparison to GPCP, with however a clear improvement in
COSMO-CLM?. Over the Iberian Peninsula, the simula-
tions are in good agreement with observations and the
differences between the two model versions are very small.

Table 3 summarizes the influence of the coupling for
every season as indicated by the root mean square error
(RMSE) between model and observations. RMSEs are
calculated spatially over the entire European domain for
each season and are within 1-2 K for temperature and
within 0.5-1.2 mm/day for precipitation. The coupling
with CLM3.5 consistently reduces the magnitude of
the errors for both temperature and precipitation in all
seasons (except for temperature in autumn and winter
where COSMO-CLM and COSMO-CLM? have similar
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Fig. 2 Mean precipitation bias for winter (a COSMO-CLM and b COSMO-CLM?) and for summer (¢ COSMO-CLM and d COSMO-CLM?).
Biases are calculated in reference to the CRU dataset for the period 1986—1995

performances). Furthermore, the effect of the coupling
appears to be stronger in spring and summer, where RMSE
values differ much more between the two model versions.
This can be interpreted as a consequence of the seasonally
varying influence of land surface fluxes on climate. Surface
fluxes are stronger and thus have a larger potential to affect
atmospheric conditions during the warm season, whereas
during the cold season atmospheric circulation is expected
to have more influence on surface conditions.

The effect of the coupling being more prominent during
the warm season, we focus mainly on summer in the fol-
lowing sections.

3.2 Radiation and clouds

Net radiation fluxes at the surface (positive downward) are
presented in Fig. 4 as the difference between model and
GSWP-2 data. As already reported by Jaeger et al. (2008),
COSMO-CLM overestimates longwave net radiation and
underestimates shortwave net radiation in summer. The
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underestimation of net shortwave radiation is so pro-
nounced that it largely offsets the longwave radiation bias.
Therefore, total net radiation (bottom panel) is substan-
tially underestimated in COSMO-CLM, over most parts of
Europe. On the other hand, radiation fluxes are better
simulated by COSMO-CLM?, both for longwave and
shortwave radiation. The underestimation of net shortwave
radiation and subsequently of total net radiation is still
present in COSMO—CLMZ, but is substantially reduced
compared to COSMO-CLM.

We note that these biases are clearly above the uncer-
tainty range of the GSWP-2 dataset, as indicated by the
shading in Fig. 4. Moreover, we find similar biases when
comparing the simulated radiation fluxes with the ERA40
reanalysis (not shown), thus indicating the robustness of
these results.

For all radiation components, model biases strongly
increase with latitude (Table 4). Over Scandinavia, the
underestimation of net radiation in COSMO-CLM repre-
sents about 40% of the absolute GSWP-2 estimate. This is
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Fig. 3 Mean seasonal cycle of precipitation over a the Iberian Peninsula, b Mid-Europe and ¢ Scandinavia. Climatological means for CRU
(squares), GPCP (triangles), COSMO-CLM (dotted line) and COSMO-CLM? (dashed line) are calculated for the period 1986—1995

Table 3 Spatial RMSE for model versus CRU observations calcu-
lated for the entire European domain

2m (K) Precipitation (mm/day)

DJF MAM JJA SON DJF MAM JJA SON

COSMO-CLM 1.7 14 19 1.0 12 10 0.7 1.0
COSMO-CLM? 1.7 1.0 1.0 1.0 11 08 05 09

substantially decreased to 30% in COSMO-CLM?. For the
Iberian Peninsula, the net radiation bias is the order of 10%
in both versions, indicating a low sensitivity to the change
in LSM over Southern Europe.

These deficiencies affecting the amount of radiation
absorbed by the surface can be linked to the simulation of
clouds. Figure 5 shows a comparison between model and
observations for total cloud cover. Total cloud cover is
strongly overestimated in COSMO-CLM with a spatial
pattern in line with the radiation bias. Excess cloud cover
increases the simulated downwelling atmospheric long-
wave radiation (Fig. 4a), but not as much as it reduces the
downwelling shortwave radiation. As a result the net
radiation is underestimated. COSMO-CLM? exhibits a

more realistic simulation of cloud cover (Fig. 5b, d),
although the cloud overestimation is not fully corrected.
This allows to partly alleviate the underestimation of sur-
face net radiation.

There are important differences between the CRU and
the ISCCP datasets. The magnitude of the bias is sub-
stantially smaller when comparing to ISCCP (Fig. 5c, d),
but the sign of the bias remains consistent.

To interpret the model behaviour with respect to cloud
cover, it is first necessary to analyse the changes in tur-
bulent fluxes, which is done in the next section.

3.3 Turbulent fluxes

The radiative energy absorbed by the surface is to a large
extent released to the atmosphere in the form of heat
(sensible or latent) through turbulent fluxes. Because
absorbed surface radiation is underestimated in both model
versions (previous section), the total heat flux released to
the atmosphere (sum of sensible and latent heat flux) is
expected to be underestimated as well. The summer mean
total heat flux, as simulated by the two model versions, is
compared to the GSWP-2 multi-model mean in Fig. 6. As
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Fig. 4 Summer (JJA) bias for surface net longwave radiation
(a COSMO-CLM and b COSMO-CLM?), surface net shortwave
radiation (¢ COSMO-CLM and d COSMO—CLMZ) and surface net
radiation (e COSMO-CLM and f COSMO-CLM?). Biases are

expected, this quantity is underestimated in both model
versions, although the underestimation is less pronounced
in COSMO—CLMz, as it is also the case for absorbed sur-
face radiation.
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calculated in reference to the GSWP-2 multi-model mean for the
period 1986-1995. Grey shading indicates that the model bias is
within the GSWP-2 uncertainty range

Since the absolute magnitude of the turbulent fluxes is
directly affected by radiation biases (and thus does not
reflect the intrinsic model skills in simulating these fluxes),
it is more informative to analyse turbulent fluxes in terms
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Table 4 Comparison of the summer (JJA) radiation biases in COSMO-CLM and COSMO-CLM? over three selected regions

Iberian Peninsula Mid-Europe Scandinavia

LWnet SWhnet Rnet LWnet SWhnet Rnet LWnet SWhnet Rnet

(W/m?) (W/m?) (W/m?) (W/m?) (W/m?) (W/m?) (W/m?) (W/m?) (W/m?)
GSWP-2 —84.2 221.7 137.4 —54.7 164.4 109.7 —50.0 163.5 113.5
COSMO-CLM — GSWP-2 5.9 —20.1 —14.1 21.6 —49.4 -279 22.7 —66.8 —44.0
COSMO-CLM? — GSWP-2 5.8 -19.5 —13.7 7.6 —30.7 -23.1 4.8 -39.5 —34.6

Biases are calculated in reference to the GSWP-2 dataset for the period 1986-1995. LWnet surface net longwave radiation; SWnet surface net

shortwave radiation; Rnet surface net radiation
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Fig. 5 Summer (JJA) bias for cloud cover in reference to the CRU dataset (a and b) and in reference to the ISCCP dataset (c and d). Biases are

calculated for the period 1986-1995

of their partitioning. We use the Bowen ratio (B; sensible
heat divided by latent heat) to address how the energy at
the surface is partitioned into sensible and latent heat.
Compared to the GSWP-2 multi-model mean (Fig. 6), B is
too low in COSMO-CLM (too weak sensible heating
compared to evapotranspiration). This bias is particularly

pronounced for the northern half of Europe, whereas the
opposite behaviour can be seen over the Mediterranean
area. Generally, latent heat flux is lower and sensible heat
flux is higher in COSMO-CLM? compared to COSMO-
CLM (not shown). Therefore, B in COSMO-CLM? is in
better agreement with the GSWP-2 multi-model mean
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Fig. 6 Summer (JJA) bias for total heat flux (THF: sum of sensible
and latent heat fluxes) (a COSMO-CLM and b COSMO-CLMZ) and
for Bowen ratio (¢ COSMO-CLM and d COSMO-CLM?). Biases are

(Fig. 6), although its underestimation in COSMO-CLM
seems to be slightly overcorrected for some regions in
central Europe.

It is worthwhile to mention the large uncertainties
associated with turbulent flux estimates. The grey shading
in Fig. 6, indicating areas where model biases don’t exceed
the GSWP-2 uncertainty range, is present over most parts
of Europe. Only COSMO-CLM has biases larger than the
uncertainty range for some small regions over Northern
Europe.

To complement these results, we also compare our
simulations with flux measurements at different sites over
Europe. Figure 7 shows the July mean diurnal cycle of
B for 10 different sites. For all of these 10 sites, B as
simulated by COSMO-CLM lies outside the uncertainty
range of the measurements. In most cases COSMO-CLM
underestimates B, which confirms the previous comparison
with GSWP-2 data. COSMO-CLM? performs generally
better: only 2 sites (Puechabon and Renon) show no
improvements for COSMO-CLM? over COSMO-CLM, but
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for the 8 other sites COSMO-CLM? is closer to observa-
tions. Furthermore, COSMO-CLM? lies within the uncer-
tainty range of the measurements for the majority of the
sites, thus substantially improving the initial performance
of the standard COSMO-CLM.

3.4 Hydrology

The two LSMs strongly differ in their representation of
land hydrology, which is reflected in the simulated soil
moisture (Fig. 8a—c). Across different regions and seasons,
COSMO-CLM? tends to simulate wetter soils than GSWP-
2, whereas COSMO-CLM has drier soils than GSWP-2.
However, both COSMO-CLM and COSMO-CLM? are
within the GSWP-2 uncertainty range. We note that the
differences in partitioning of surface fluxes described in the
previous section can therefore not be related to differences
in water availability. Indeed, COSMO-CLM? produces less
evapotranspiration than COSMO-CLM despite having
wetter soils.
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The higher soil water content in COSMO-CLM? can not
be related to the precipitation forcing, since precipitation is
in general lower in COSMO-CLM? as compared to
COSMO-CLM (Fig. 8d-f). Instead, this is due to the
interaction between groundwater and the soil column in
CLM3.5, a process not represented in TERRA_ML.
Because water from the underlying aquifer can recharge
the soil column, soils tend to be wetter in CLM3.5.

12 15 18 21 3 6 9 12 15 18 21

hours

2002-2005. The random measurement error is estimated based on an
empirical method from Richardson et al. (2006)

The proportion of surface versus subsurface runoff is
relatively similar in both models. The main difference
occurs over Scandinavia during the runoff peak associated
with the snowmelt season. In COSMO-CLM most of the
snowmelt is lost through surface runoff (as infiltration is
prevented by frozen soils), whereas in COSMO-CLM? the
water from snowmelt infiltrates in the soil and thus
increases subsurface more than surface runoff.
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Fig. 8 a—¢ Mean seasonal cycle of integrated soil water content
between 0 and 1.5 m depth for GSWP-2 (plain line), COSMO-CLM
(dotted line) and COSMO-CLM? (dashed line). d—f Mean seasonal
cycle of precipitation (black), evapotranspiration (blue), surface (red)

3.5 Interannual variability

Beside the mean climate state we also examine the model
ability to reproduce observed interannual variability. We
consider year-to-year anomalies in summer (JJA) 2-meter
temperature for the period 1986-2006. Table 5 indicates
correlation coefficients between observed and modeled
time series for eight different regions.

Overall, observed interannual variations in temperature
are well reproduced by both model versions, with corre-
lations ranging from 0.67 to 0.98. These relatively good
correlations can be attributed in the first place to the use of
reanalysis data for SSTs and lateral boundary conditions,
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and subsurface (green) runoff for COSMO-CLM (dotted line) and
COSMO-CLM? (dashed line). Climatological means are calculated
over the period 1986-1995

which already contain the large-scale features of interan-
nual variability. However, the more detailed regional fea-
tures (e.g., local magnitude of anomalies) are affected by
local feedback processes, which directly reflect model
skills. In this respect, COSMO-CLM? systematically
exhibits higher correlations than COSMO-CLM for all
regions, indicating a better representation of these local
feedback processes. The largest improvements are seen for
Eastern Europe and the Mediterranean where the correla-
tions with observations increased from 0.67 to 0.88 and
from 0.75 to 0.88, respectively. We note however no clear
improvement in the simulated interannual variability for
precipitation (not shown).
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Table 5 Performance of the 2 model versions in simulating inter-
annual summer variability (JJA average) for 2-m temperature

Domain COSMO-CLM COSMO-CLM?
British Isles 0.97 0.98
Iberian Peninsula 0.89 0.92
France 0.86 0.91
Mid-Europe 0.92 0.94
Scandinavia 0.93 0.94
Alps 091 0.92
Mediterranean 0.75 0.88
Eastern Europe 0.67 0.88

Correlation coefficients are calculated in reference to the CRU dataset
over the period 1986-2006

4 Discussion

By incorporating a more comprehensive LSM into
COSMO-CLM, we find systematic improvements in sev-
eral aspects of the simulated European climate. In the
following discussion we attempt to unravel the physical
mechanisms explaining these improvements.

Since only the land surface component is changed
between the 2 experiments, the differences in the simulated
climate necessarily originate from differing surface fluxes.
Analyzing surface fluxes in COSMO-CLM? compared to
COSMO-CLM, we noted in previous sections: (1) an
improved surface radiation budget (reduction of shortwave
underestimation) and (2) a better partitioning of turbulent
fluxes (higher B). The first effect is due to a change in
cloud cover (Sect. 3.2) and is thus only an indirect con-
sequence of using a different LSM. Therefore, we
hypothesise that the change in B is the primary factor
triggering further improvements of the simulated climate.

The proposed mechanism is illustrated in Fig. 9. As seen
in Sect. 3.3, B is generally higher in COSMO-CLM?
compared to COSMO-CLM (more sensible heat and less
latent heat). This leads to a decrease in cloud cover (and
subsequently in precipitation) in two ways. First, reduced
latent heat flux implies an overall decrease of the atmo-
spheric water content, consistent with a decrease in the
amount of clouds. Second, increased sensible heating
produces a warming of the lower part of the troposphere.
Because warmer air can contain more water vapor, it
allows less cloud condensation to occur. The change in
cloud cover in the model is confined to the lower part of the
troposphere (not shown), which is in line with this inter-
pretation. Another effect of the decreased moisture flux is a
possible increase of the boundary layer height, which acts
to further enhance the atmospheric drying (e.g., Eltahir
1998; Schar et al. 1999; Jaeger and Seneviratne in press).
Moreover, we note that this physical response is consistent
with a positive soil moisture-precipitation feedback in the
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Fig. 9 Idealized representation of the mechanism leading to the
different climate state in COSMO-CLM? compared to COSMO-
CLM. Small upward arrows express an increase, while small
downward arrows express a decrease. ET evapotranspiration; H sen-
sible heat

model, as also reported in several other modelling studies
with a few exceptions (see e.g. Seneviratne et al. 2010, for
a review).

As a consequence of the reduced cloud cover, incoming
solar radiation at the surface is enhanced, which has a
warming effect on surface temperature. In addition, the
higher B in COSMO-CLM? has a direct effect on near-
surface temperature, which also corresponds to a warming
resulting from enhanced sensible heating at the surface.

In order to test the validity of this hypothesis we perform
an additional experiment using COSMO-CLM. Assuming
that the better partitioning of turbulent fluxes is the main
cause for the better performances of COSMO-CLM?, it
should be possible to reproduce COSMO-CLM? results by
tuning B in COSMO-CLM. As a means of increasing B in
COSMO-CLM, we choose to increase the minimum sto-
matal resistance (rs,,;,) involved in the calculation of
transpiration. By increasing this resistance we expect a
limitation of ET and thus an increase in sensible heat
(increase in B). rs,,;, is spatially and temporally constant in
TERRA_ML and set to a default value of 150 s/m. We
perform a simulation referred to as COSMO-CLM_rs300
with the same set up as our COSMO-CLM experiment,
except for the value of rs,,;,, which is set to 300 s/m.

The results of COSMO-CLM_rs300 compared to
COSMO-CLM are shown in Fig. 10. As expected, B is
increased over the whole domain as a consequence of
increasing rs,,;,. More interestingly, we find that cloud
cover, radiation and surface temperature are sensitive to
this increase in B, in a way which is consistent with the
general mechanism depicted in Fig. 9 (i.e., a decrease in
cloud cover and an increase in absorbed shortwave radia-
tion and in temperature). We note however that the mag-
nitude of the changes in B and temperature in Fig. 10
remains small in comparison with the COSMO-CLM
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Fig. 10 Difference between COSMO-CLM_rs300 and COSMO-CLM (JJA average) for a Bowen ratio, b cloud cover, ¢ surface net shortwave

radiation and d 2-m temperature

model biases for these quantities (see e.g., Fig. 1c). In other
words, our tuning of B improves COSMO-CLM perfor-
mances more qualitatively than quantitatively. Nonethe-
less, this sensitivity experiment confirms the central role of
turbulent fluxes partitioning in the context of climate
simulations.

We performed additional sensitivity tests with
COSMO-CLM by tuning other land surface parameters.
For instance, increasing soil resistance or decreasing LAI
when calculating evapotranspiration also increases B,
with similar consequences as in the experiment COSMO-
CLM._rs300 described above. However, the overall effect
of these parameters remains also relatively small. It is
therefore unlikely that COSMO-CLM? performances can
be quantitatively reproduced just by tuning COSMO-
CLM parameters. This suggests that structural differences
between the two models may play a major role in
explaining the different partitioning of surface fluxes.
One important structural difference relates to the more
detailed representation of the canopy layer in CLM3.5.
CLM3.5 calculates a separate energy balance for the soil
and the canopy resulting in distinct temperatures for the
vegetation and the soil surface. Fluxes of sensible heat
and latent heat are then derived both for canopy and soil
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using the respective temperatures. Although there are no
straightforward ways to isolate the effect of this repre-
sentation versus the use of a single bulk surface tem-
perature and energy balance as in TERRA_ML, it is
expected that this may cause important differences in the
simulated fluxes.

5 Conclusions

The coupling we implemented reemphasizes the impor-
tance of land surface processes for the European climate
(e.g., Seneviratne et al. 2010; Zampieri et al. 2009; Teuling
et al. 2010). Indeed, by changing only the land surface
parameterization in COSMO-CLM, we find very sub-
stantial differences in the simulated climate, including
surface fluxes, cloud cover, precipitation and temperature.
We find a more pronounced effect of the coupling during
summer, indicating that land surface processes have a more
prominent influence on the atmosphere during this season,
which is in line with previous modeling studies (e.g.,
Koster and Suarez 1995).

Second, incorporating a more comprehensive LSM into
COSMO-CLM clearly improves the characteristics of the
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simulated climate. We find very substantial improvements
with respect to land surface fluxes, including an improved
magnitude of radiation fluxes and a better partitioning of
turbulent fluxes. Furthermore, the model performances for
temperature, precipitation and cloud cover are also
improved. Given the numerous differences between the
two model versions regarding land surface representation,
several aspects can be relevant for the overall behaviour of
the respective model versions. However, based on an
additional sensitivity experiment, we conclude that the
better partitioning of turbulent fluxes can be seen as the
main cause for the improved performances of COSMO-
CLM” over COSMO-CLM.

It should be noted that the version of COSMO-CLM
used in this study has some large biases. The coupling with
CLM3.5 has a positive influence by reducing these biases,
but some significant deficiencies still remain, such as an
underestimation of surface net shortwave radiation.
Moreover, future work should further investigate if the
beneficial effect of the new LSM is robust across different
versions of COSMO-CLM. In particular, new develop-
ments in the atmospheric scheme have been recently
implemented (such as a revised implementation of the
Tiedtke scheme and an improved time filtering of the
leapfrog scheme) and preliminary results indicate a clear
reduction of the model biases due to these modifications
(D. Luethi, personal communication). Research is currently
underway to evaluate whether the coupling with CLM3.5 is
also beneficial in the context of this new version.
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