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Abstract

The influence of land processes and in particular of diffuse/direct radiation partition-
ing on surface fluxes and associated regional-scale climate feedbacks is investigated.
ERA-40 driven simulations over Europe are performed using the COSMO-CLM? Re-
gional Climate Model (RCM). Two alternative Land Surface Models (LSMs), a 2nd gen-
eration LSM (TERRA_ML) and a more advanced 3rd generation LSM (Community Land
Model version 3.5), and two versions of the atmospheric component are tested, as well
as a revised coupling procedure allowing for variations in diffuse/direct light partitioning
at the surface, and their accounting by the land surface component.

Overall, the RCM performance for various variables (e.g., surface fluxes, tempera-
ture and precipitation) is improved when using the more advanced 3rd generation LSM.
These improvements are of the same order of magnitude as those arising from a new
version of the atmospheric component, demonstrating the benefit of using a realistic
representation of land surface processes for regional climate simulations. Taking into
account variability in diffuse/direct light partitioning at the surface further improves the
model performance in terms of summer temperature variability at the monthly and daily
time scales. Comparisons with observations show that the RCM realistically captures
temporal variations in diffuse/direct light partitioning as well as the evapotranspiration
sensitivity to these variations. Our results suggest that a modest but consistent frac-
tion (up to 3%) of the overall variability in summer temperature can be explained by
variations in the diffuse to direct ratio.

1 Introduction

The physical, chemical and biological processes acting at the interface between the
land surface and the atmosphere influence the Earth’s climate at various spatiotem-
poral scales (e.g., Bonan, 2008; Seneviratne et al., 2010; Arneth et al., 2010). The
important role of land-atmosphere interactions was already explicitly recognized during
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the design of the first climate models, which conceptualized the exchanges of radia-
tion, heat and water between the land and the atmosphere through relatively simple
land surface parametrization (e.g., Manabe, 1969). Since then, Land Surface Mod-
els (LSMs) have been continuously improved, to a point where they can represent the
linkages between energy, water and nutrients cycles within the terrestrial biosphere.

Current Regional Climate Models (RCMs), however, often do not fully reflect the lat-
est advances in LSM development, which is more tightly linked to the development
of global models. Indeed, the progress towards global Earth System Models (ESMs)
explicitly representing climate-carbon cycle interactions have motivated the use of ad-
vanced, biogeochemistry-enabled LSMs within global climate models (Friedlingstein
et al., 2006), while regional climate modelling studies have been comparatively more
focused on atmospheric processes and often relied on much simpler LSMs (Giorgi,
2006).

However, recent efforts have pointed out the potential added value of integrating
more comprehensive LSMs into RCMs. The coupling between RAMS (Regional At-
mospheric Modelling System) and the CENTURY biogeochemistry model showed that
the phenological cycle of vegetation can significantly affect water and energy fluxes
and thus regional climate (Lu et al., 2001). RAMS was also coupled to the SiB (Simple
Biosphere) model in order to simulate diurnal and synoptical variations in CO, fluxes
and atmospheric CO, concentrations over North America (Denning et al., 2003; Wang
et al., 2007). The coupling between RegCM3 (Regional Climate Model version 3) and
CLMS3 (Community Land Model version 3) improved the simulated characteristics of the
monsoon over West Africa (Steiner et al., 2009). RegCM3 was also coupled to IBIS
(Integrated Biosphere Simulator) which led to a better simulation of latent heat flux over
North America, although biases were increased for surface temperature and sensible
heat flux (Winter et al., 2009). Finally, in a coupling between WRF3 (Weather Research
and Forecasting model version 3) and CLM3.5 (Community Land Model version 3.5),
Subin et al. (2011) illustrated the usefulness of RCMs to study the impact of land cover
change on climate at the regional scale.
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The COSMO-CLM model version 4.0 has been recently coupled to CLM3.5 in order
to improve the representation of land surface processes in the context of regional cli-
mate simulations (Davin et al., 2011). In this new model configuration termed COSMO-
CLMZ, CLMBS.5 replaces TERRA_ML, the native LSM included in COSMO-CLM. When
using CLM3.5 instead of TERRA_ML, Davin et al. (2011) found an overall improvement
in the simulated climate over Europe, in particular for cloud cover, temperature and
precipitation. This was due to a more realistic simulation of surface fluxes and more
specifically a better partitioning between sensible and latent heat. However, impor-
tant biases still remained in the model, such as a large underestimation of surface net
shortwave radiation (Davin et al., 2011).

Here, we present an updated version of COSMO-CLM? benefiting from a new ver-
sion of the atmospheric component and from an improved description of the partition-
ing between diffuse and direct light at the surface. We extend the work of Davin et al.
(2011) by testing the two alternative LSMs in the context of two different versions of the
atmospheric component, thus allowing to quantify the relative influence of land versus
atmospheric processes. We furthermore aim at providing new insights into processes
influencing land-atmosphere exchanges, namely by examining the role of diffuse/direct
radiation partitioning at the surface. Observations indeed suggest that the ratio of dif-
fuse to direct light influences plant photosynthesis, photosynthesis being enhanced
under diffuse light conditions (Gu et al., 2003; Alton et al., 2007). This effect may have
strong implications for the global carbon cycle (Mercado et al., 2009). On the other
hand, evapotranspiration can also be affected by the light environment (Knohl and Bal-
docchi, 2008), since photosynthesis is tightly coupled to transpiration through stomatal
control. Offline LSM simulations have suggested a possible impact of diffuse/direct ra-
diation partitioning on land hydrology (Oliveira et al., 2011), but the possible feedbacks
on climate have yet to be investigated. CLM3.5 explicitly distinguishes between diffuse
and direct light in its canopy scheme and also represents the coupling between pho-
tosynthesis and transpiration, thus allowing to simulate the impact of light conditions
on surface fluxes. Whereas our previous version of COSMO-CLM? assumed a fixed
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diffuse to direct ratio for incoming shortwave radiation Davin et al. (2011), we test here
the effect of allowing for variations in diffuse/direct ratio in the model.

2 Methods
21 COSMO-CLM?

COSMO-CLM? (Davin et al., 2011) couples the COSMO-CLM model (Rockel et al.,
2008) to CLM3.5 (Oleson et al., 2004, 2008). COSMO-CLM is a non-hydrostatic RCM
jointly used by the COnsortium for Small-scale Modelling (COSMO) and the Climate
Limited-area Modelling Community (CLM-Community). CLMS3.5 is a state of the art
LSM representing the hydrological, biogeophysical and biogeochemical processes de-
termining the exchanges of radiation, heat, water and carbon between the land and the
atmosphere.

The native LSM in COSMO-CLM, TERRA_ML (Grasselt et al., 2008, and references
therein), has been retained within COSMO-CLM? so that with the same atmospheric
model either CLM3.5 or TERRA_ML can be used, allowing to quantify the influence of
the LSM on the simulated climate. A description of the differences between CLM3.5
and TERRA_ML is provided by Davin et al. (2011).

Several options related to the dynamical core or the physical packages are available
in the model. Here we use the second-order leapfrog scheme for the time integration.
Vertical turbulent mixing is parametrized according to a level 2.5 closure using Turbu-
lent Kinetic Energy (TKE) as a prognostic variable (Mellor and Yamada, 1974, 1982).
For moist convection, the mass flux scheme of Tiedtke (1989) is used. CLM3.5 is used
without carbon-nitrogen dynamics and ecosystem dynamics.

2.2 Summary of model improvements

New developments have been introduced in COSMO-CLM? compared to the previous
version (Davin et al., 2011). First, the atmospheric component has been upgraded to a
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newer version. Second, a modification of the coupling procedure regarding diffuse and
direct fluxes from the atmospheric component to CLM3.5 has been introduced.

COSMO-CLM? has been initially developed based upon version 4.0 of COSMO-
CLM (Davin et al., 2011). For this study, we upgraded to version 4.8 of COSMO-CLM.
A number of modifications have been introduced between versions 4.0 and 4.8 some
of which are reflected in Baldauf et al. (2011). Beside various bug corrections, the
most notable improvement between these two versions relates to changes made to the
Tiedtke cumulus convection scheme (Tiedtke, 1989). The newest version allows for a
mixed water-ice phase when clouds condense (previously condensation occurred ei-
ther as water or ice depending on air temperature) and an instantaneous evaporation of
detrained convective clouds is not anymore assumed. Additionally, a number of other
modifications apply to configurations not used in this study (e.g., Runge-Kutta dynam-
ics, subgrid-scale orography, data assimilation) and therefore are not discussed here.
Note also that TERRA_ML, the native LSM in COSMO-CLM, has not been modified
between versions 4.0 and 4.8.

The coupling procedure regarding shortwave radiative fluxes has been revised to
provide the LSM with both diffuse and direct beam fluxes from the atmospheric model.
Note that this procedure is relevant only when CLM3.5 is used as the land component,
since TERRA_ML does not make use of diffuse and direct fluxes in its calculations.
CLM83.5 distinguishes between diffuse and direct radiation in its canopy radiative trans-
fer scheme. An important assumption in this scheme is the two-leaf canopy approach
in which the canopy is made up of a sunlit part (receiving both direct and diffuse light)
and a shaded part (receiving only diffuse light). Photosynthesis and stomatal conduc-
tance are calculated separately for sunlit and shaded leaves and are thus affected by
the amount of diffuse versus direct light (Thornton and Zimmermann, 2007). However,
if the direct and diffuse radiation components are not explicitly provided, CLM3.5 uses
the total incoming shortwave radiation and assumes a fixed 30/70 % (diffuse/direct)
partitioning. This procedure is applied in the previous version of COSMO-CLM? (Davin
et al., 2011). Here, we modified the coupling procedure in such a way that the surface
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incoming diffuse and direct fluxes calculated by the §-two-stream atmospheric radia-
tive transfer scheme in COSMO-CLM (Ritter and Geleyn, 1992) are provided explicitly
to CLM3.5 instead of the total incoming shortwave flux.

2.3 Experiments

Five different experiments, summarized in Table 1, are analysed in this study. Experi-
ments v4.0-TERRA_ML, v4.0-CLM3.5, v4.8-TERRA_ML and v4.8-CLM3.5 enable us to
isolate the effect of the LSM (CLM3.5 versus TERRA_ML) on the simulated regional cli-
mate in the context of two different versions of the atmospheric component (4.0 versus
4.8). Experiment v4.8-CLM3.5-dif includes the modification to the treatment of diffuse
and direct radiative fluxes. Therefore, comparing v4.8-CLM3.5-dif with v4.8-CLM3.5
(with fixed 30 % diffuse and 70 % direct) allows us to quantify the impact of introducing
a spatially and temporally varying diffuse/direct partitioning in the model.

As in Davin et al. (2011), all five 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 for which ECMWF operational forecast analyses are employed. CO,, CH,
and N,O concentrations are prescribed according to observed historical trends. The
first 6 years are used as spin-up time and only the following years (1986—-2006) are
analysed.

2.4 Evaluation datasets

We use 2 m temperature, precipitation and total cloud cover from the Climate Research
Unit (CRU) TS3.1 global 0.5° gridded dataset (Mitchell and Jones, 2005). The Inter-
national Satellite Cloud Climatology Project (ISCCP) D2 dataset at 280 x 280 km reso-
lution (Rossow and Schiffer, 1999) is also used as an alternative cloud cover dataset.
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For the purpose of evaluating model performance at the sub-monthly (daily) time scale
we also employ the E-OBS version 3.0 temperature dataset (Haylock et al., 2008).

The global 1° gridded dataset from the Global Soil Wetness Project (GSWP-2)
(Dirmeyer et al., 2006) is also used in this study. This product is based on 13 LSMs
which were all driven by the same observationally-based meteorological forcing for the
period 1986—1995. We consider the multi-model mean from the GSWP-2 dataset as
well as the multi-model standard deviation. We used +2 x std as an estimate of the
uncertainty range of the GSWP-2 dataset.

Observations of diffuse and direct shortwave radiation from three stations (Carpen-
tras, Toravere and Payerne) within the BSRN (Baseline Surface Radiation Network)
network (Ohmura et al., 1998) are used. The raw measurements were processed to
derive monthly means using the procedure described in Roesch et al. (2011).

For the specific purpose of evaluating the sensitivity of evapotranspiration to light
partitioning, we use data from the Hyytiala (Finland) FLUXNET site (Suni et al., 2003).
This site was chosen because it has the longest record of diffuse radiation measure-
ments along with ET measurements compared to other European sites. The site is
located at 181 m over an evergreen needleleaf forest (24.29° E 61.85° N). We use non-
gap-filled radiation and evapotranspiration data from the period 2002—2005.

No corrections are applied to any of the datasets. For comparison, model outputs
are interpolated onto the respective dataset grids and in the case of point-scale mea-
surements (i.e., BSRN and FLUXNET) the model grid cell encompassing the site coor-
dinates is considered. When results are presented over specific regions, the European
sub-domains as defined in the PRUDENCE project are used (Christensen et al., 2007).
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3 Results
3.1 Overall influence of the LSM
3.1.1 Radiation and clouds

Biases in radiation and cloud cover for experiments v4.0-TERRA_ML, v4.0-CLMS3.5,
v4.8-TERRA_ML and v4.8-CLMS3.5 are shown in Figs. 1, 2 and 3 for the summer sea-
son. Davin et al. (2011) analysed simulations v4.0-TERRA_ML and v4.0-CLM3.5 and
found an improvement in surface net shortwave radiation (shown here in Fig. 1a and ¢)
when using CLM3.5 instead of TERRA_ML. Despite this improvement, a pronounced
shortwave radiation underestimation still remains in the model. Results from experi-
ments v4.8-TERRA_ML and v4.8-CLM3.5 indicate a positive influence of the new ver-
sion of the atmospheric component (Fig. 1b and d), which further alleviates the short-
wave radiation bias.

These successive improvements in surface net shortwave radiation can be traced
back to the simulated cloud cover, since surface albedo does not vary strongly between
the different experiments (not shown). Because of the inherent uncertainties in ob-
served cloud cover, we use two different datasets to evaluate cloud cover biases in the
model (Fig. 2 and 3). The amplitude of the inferred biases clearly depends on the ref-
erence dataset used, nevertheless the results remain qualitatively similar. Figures 2a
and 3a show a large overestimation of total cloud cover in simulation v4.0-TERRA_ML,
which explains the associated shortwave radiation underestimation. CLM3.5 as well as
the new version of the atmospheric component both improve simulated fractional cloud
cover, thus alleviating the preexisting shortwave radiation bias.

Davin et al. (2011) demonstrated that the effect of CLM3.5 on cloud cover is due
to a better partitioning of latent versus sensible heat compared to TERRA_ML (with
TERRA_ML overestimating latent heat relative to sensible heat). Concerning the ef-
fect of the atmospheric component, the improved cloud cover in the newest version
can be traced back to the revised implementation of the Tiedtke convection scheme
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as suggested by results from an additional experiment (v4.4-TERRA_ML). This exper-
iment represents an intermediate model version in which the revisions to the Tiedtke
scheme were first introduced. In terms of fractional cloud cover, experiment v4.4-
TERRA_ML is strikingly similar to experiment v4.8-TERRA_ML and features the im-
proved cloud cover behaviour compared to experiment v4.0-TERRA_ML (Fig. 4). This
suggests that the revised Tiedtke scheme is the main factor explaining the improved
fractional cloud cover in v4.8-TERRA_ML compared to v4.0-TERRA_ML. It is worth
mentioning that the convection scheme itself does not affect directly the simulated
cloudiness which is calculated diagnostically. Therefore, the improved cloud cover may
be seen as an indirect consequence of the modified convection scheme, due to the
fact that a modified convective activity influences the state of the atmosphere hence
affecting cloudiness.

Combining the new version of the atmospheric component and CLM3.5 (Figs. 1d,
2d and 3d) gives the best performance for both shortwave radiation and cloud cover.
Moreover, the LSM contribution to the bias reduction is of the same order as the con-
tribution of the atmospheric component, highlighting the overall importance of the LSM
for the quality of the simulation.

3.1.2 Temperature and precipitation

To obtain a quantitative estimate of the model performance in simulating 2m temper-
ature and precipitation, we use a RMSE-based score accounting for spatial, seasonal
and interannual variability (Fig. 5). For each European sub-domain, the RMSE is cal-
culated from the difference (model minus CRU) taken at each grid cell and for each
month (monthly means) over the period 1986—2006.

For most regions, the best scores are reached with experiments v4.8-CLM3.5 includ-
ing CLM3.5 instead of TERRA_ML and the new version of the atmospheric component.
The positive influence of CLM3.5 is particularly important for temperature and less
marked for precipitation. The effect on precipitation is dominated by the atmospheric
component, whereas for temperature the LSM has the most impact.
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3.2 Role of diffuse/direct radiation partitioning

We focus now on the influence of diffuse/direct radiation partitioning on surface fluxes
and climate. In experiment v4.8-CLM3.5-dif, the ratio of diffuse to direct light as seen
by CLM3.5 is allowed to vary spatially and temporally. We compare v4.8-CLM3.5-dif to
experiment v4.8-CLM3.5 in which CLMS3.5 instead assumes a constant diffuse to direct
ratio.

In the following we first evaluate the ability of the model to realistically represent
the partitioning of diffuse versus direct light (through the radiative transfer scheme of
the atmospheric component). Then, we examine the sensitivity of CLM3.5 to light
partitioning and compare it to observations. Finally, we analyse the effect of these
processes on the mean climate and climate variability in the model.

3.2.1 Evaluation of diffuse/direct partitioning

Figure 6 shows time series of diffuse fraction (ratio of incoming diffuse light to total in-
coming shortwave radiation at the surface) for three different European sites. Observa-
tions are from the BSRN network and modeled values correspond to the radiation par-
titioning as seen by CLM3.5. In the case of experiment v4.8-CLMS3.5, this partitioning is
set to a constant value of 30 % diffuse radiation whereas in experiment v4.8-CLM3.5-dif
the radiation partitioning comes as an input from the atmospheric component (through
provision of the diffuse and direct radiation incoming fluxes separately instead of just
total incoming shortwave radiation as in experiment v4.8-CLM3.5).

For all 3 sites, the 30 % diffuse radiation partitioning appears to be on average too low
compared to observations and furthermore it does not account for the large seasonal
and interannual variations seen in observations. On the other hand, the partitioning in
experiment v4.8-CLM3.5-dif is in good agreement with observations. In particular the
seasonal cycle (more diffuse light in winter than in summer) is well represented and
some features of the interannual variability are also captured.
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These results indicate that providing separately the incoming diffuse and direct com-
ponents from the atmospheric component to CLM3.5 represents a real improvement
compared to the default fixed partitioning used in CLM3.5.

3.2.2 Evapotranspiration response to diffuse/direct partitioning

Observations suggest that plants tend to be photosynthetically more active under dif-
fuse light conditions (Gu et al., 2003; Alton et al., 2007). Considering the tight coupling
between photosynthesis and transpiration and the fact that transpiration is the main
contributor to land evapotranspiration (Dirmeyer et al., 2006), light partitioning is also
expected to affect water fluxes (Oliveira et al., 2011).

We analyse observational data from a flux measurement site to examine the sensi-
tivity of latent heat to diffuse versus direct light conditions (Fig. 7). The latent heat flux
is plotted against incoming shortwave radiation, showing the increase in latent heat
with increasing radiation. We further discriminate between diffuse and direct condi-
tions based on the observed diffuse fraction. We choose a threshold of diffuse fraction
above 65 % and below 35 % to represent diffuse and direct conditions, respectively.

For a given amount of incoming radiation, the latent heat flux tends to be larger
under diffuse compared to direct conditions, a phenomenon that has already been
documented at an other site (Knohl and Baldocchi, 2008). This observed behaviour
is qualitatively and quantitatively well reproduced by the model in experiment v4.8-
CLM3.5-dif. Although this comparison is restricted to a single site, this gives some
confidence that canopy processes are realistically represented in CLM3.5 and that
the sensitivity of evapotranspiration to variations in light partitioning is relatively well
captured.

3.2.3 Effect on the mean climate state

Figure 8 displays differences between experiments v4.8-CLM3.5 and v4.8-CLM3.5-dif
for various surface variables. Since no significant differences are found in winter (not
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shown), we analyse only the summer season. Diffuse fraction is on average higher in
experiment v4.8-CLM3.5-dif compared to v4.8-CLM3.5 (Fig. 8a). As a consequence,
both photosynthesis and transpiration are increased in experiment v4.8-CLM3.5-dif
(Fig. 8b and c). The relative change in photosynthesis is larger than for transpiration
implying a rise in plant’s water use efficiency with increasing diffuse light. This result is
in line with earlier observational evidences (Knohl and Baldocchi, 2008). The change
in total evapotranspiration (Fig. 8d) is somewhat less pronounced than the transpiration
change due to a concurrent decrease in bare soil evaporation (not shown), but it is in
line with the observational evidence of an enhancement of evapotranspiration under
diffuse light conditions (Sect. 3.2.2).

The effect on surface temperature (Fig. 9) is consistent with the overall increase in
evapotranspiration leading to a surface cooling. This cooling brings experiment v4.8-
CLM3.5-dif closer to observations by reducing the warm bias present in experiment
v4.8-CLM3.5.

3.2.4 Implications for climate variability

Variations in the diffuse/direct ratio at the surface can influence evapotranspiration and
the surface energy balance and can thus induce variations in temperature and other
climate variables. By accounting for this process, experiment v4.8-CLM3.5-dif incorpo-
rates an additional source of climate variability compared to experiment v4.8-CLM3.5.
To assess the added value of taking this process into account, we analyse the model
skills in simulating 2 m temperature variability at the monthly and daily time scales.
Based on time series aggregated over 8 sub-domains and focusing on the summer
season, we calculate the squared correlations (RZ) between model and observations,
using either monthly or daily averages (Table 2). R? values are found to be higher
in experiment v4.8-CLM3.5-dif for all regions (except for Bl where there is no change
in the R? value between v4.8-CLM3.5 and v4.8-CLMS3.5-dif). R? values are overall
higher at the monthly time scale in both experiments, but the increase in R? values in
experiment v4.8-CLM3.5-dif, which ranges between 0-3 %, is of similar magnitude for
11613
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both monthly and daily time scales. We note that a similar analysis for precipitation
(not shown) leads to inconclusive results.

These results indicate that accounting for variations in diffuse/direct ratio at the sur-
face consistently improves the model performance with respect to summer temper-
ature variability. This effect remains quantitatively limited. Comparing experiments
v4.8-CLMS3.5 and v4.8-CLM3.5-dif we find that this process may explain up to 3% of
the summer temperature variability at the monthly and daily time scales.

4 Conclusions

By testing two alternative LSMs within a RCM, this study quantitatively addresses the
role of land processes in simulating regional climate over Europe. We use the COSMO-
CLM RCM either with its native LSM (TERRA_ML) or coupled to the more advanced
CLM3.5. In a previous study based on COSMO-CLM version 4.0, Davin et al. (2011)
found improvements in the simulated climate over Europe when using CLM3.5, owing
to more realistic surface fluxes in CLM3.5 compared to TERRA_ML. Here, we present
evidences of the robustness of this conclusion by showing that the positive effect of
CLMS3.5 remains true in the context of a new improved version of COSMO-CLM (ver-
sion 4.8). Moreover, we show that the influence of the LSM on the simulated climate
can be typically as large as that from the atmospheric component, at least in summer.
This is particularly the case for near-surface temperature, while precipitation is more
affected by changes in the atmospheric component. Overall, the best model perfor-
mance is achieved when the more advanced LSM (CLM3.5 instead of TERRA_ML)
is combined with the improved version of the atmospheric component (v4.8 instead
v4.0). In this case, the substantial underestimation of surface net shortwave radiation
which was noted as a remaining deficiency in the previous version of COSMO-CLM?
(Davin et al., 2011) is largely alleviated. One central aspect allowing for the noted im-
provements is the simulated cloudiness, which is positively affected on one hand by
the better partitioning of surface fluxes in CLM3.5 and on the other hand by the revised
convection scheme included in COSMO-CLM version 4.8.
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We furthermore explore the impact of diffuse/direct radiation partitioning on surface
fluxes and climate and its potential added value in regional simulations. An experiment
where the diffuse and direct radiation components are explicitly provided to CLM3.5
(instead of a fixed diffuse/direct ratio) is performed. Comparison with observations
shows that the model, through its atmospheric radiative transfer scheme, realistically
captures seasonal and interannual variations in diffuse/direct radiation partitioning at
the surface. Moreover, the increase in ET under diffuse light conditions seen in eddy-
flux measurements is also captured by the land model. When taking explicitly into
account variations in diffuse/direct light partitioning at the surface in the model, a sig-
nificant improvement in simulated summer temperature variability both at the monthly
and the daily time scales is noted. A small fraction (up to 3 %) of the overall vari-
ability in surface temperature can be attributed to diffuse/direct light variations in our
experiments. Our experiments also show that the average level of diffuse radiation can
strongly impact the partitioning between latent and sensible heat with consequence on
surface temperature. It is worth mentioning that canopy processes in CLM, in partic-
ular radiative transfer in the canopy, have been recently revised (Bonan et al., 2011).
Although this version is not yet available, a future reassessment of our conclusions
using these new developments may help quantifying modelling uncertainties attached
to these processes.
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Table 1. Summary of the different experiments analysed in this study.

Experiment name  Atmospheric LSM Other comments

component
v4.0-TERRA_ML 4.0 TERRA_ML same as experiment COSMO-CLM in Davin et al. (2011)
v4.0-CLM3.5 4.0 CLM3.5 same as experiment COSMO-CLM? in Davin et al. (2011)
v4.8-TERRA_ML 4.8 TERRA_ML
v4.8-CLM3.5 4.8 CLM3.5
v4.8-CLM3.5-dif 4.8 CLM3.5 same as experiment v4.8-CLM3.5 except that downward diffuse

and direct components are explicitly passed to CLM3.5 instead
of assuming a fixed diffuse/direct partitioning
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Table 2. Squared correlation (Rz) between modeled and observed (E-OBS) 2 m temperature.
Time series are domain-averaged over eight different regions as defined in Fig. 5. Correlations
are based either on monthly or daily means in both cases considering only data between June

and August.
sub-domains
Experiment Bl IP FR ME SC AL MD EA
monthly time scale
v4.8-CLM3.5 0.92 090 0.87 0.89 0.88 0.85 0.82 0.71
v4.8-CLM3.5-dif 0.92 091 088 090 091 088 0.85 0.74
daily time scale
v4.8-CLM3.5 0.79 086 082 0.82 0.72 080 0.72 0.73
v4.8-CLM3.5-dif 0.79 0.87 0.84 0.83 0.74 0.82 0.74 0.75
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Fig. 1. Summer (JJA) mean net shortwave radiation bias (model minus GSWP-2) for the differ-
ent experiments. The considered time period is 1986—1995 and areas where the model bias is
within the GSWP-2 uncertainty range are indicated with grey shading.
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(a) Vv4.0-TERRAML - CRU (%) (b) V4.4-TERRAML - CRU (%)

Fig. 4. Summer (JJA) mean cloud cover bias (model minus CRU) for experiments v4.0-
TERRA_ML, v4.4-TERRA_ML and v4.8-TERRA_ML. The considered time period is 1986—1995.
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Fig. 5. Model performance for (a) 2m temperature and (b) precipitation, for the different model
experiments. Bl: British Isles; IP: Iberian Peninsula; FR: France; ME: Mid-Europe; SC: Scandi-
navia; AL: Alps; MD: Mediterranean; EA: Eastern Europe. The considered score is the RMSE
calculated from the differences (model minus CRU) taken at each grid cell and for each month
(monthly means) over the time period 1986—2006.
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Fig. 7. Sensitivity of latent heat to total incoming shortwave radiation for predominantly diffuse
light conditions (black) and predominantly direct light conditions (red) at the Hyytiala site. The
underlying data are daily means over the period 2002—2005 restricted to spring and summer
(growing season). Diffuse and direct conditions are defined as diffuse light fraction above 65 %
and below 35 %, respectivelly. The points represent the mean latent heat for specific radiation
bins. For the observations the standard deviation is also shown.
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Fig. 8. Summer (JJA) mean change in diffuse fraction, photosynthesis, transpiration and evapo-
transpiration (v4.8-CLMB3.5-dif minus v4.8-CLM3.5). The considered time period is 1986—2006.
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