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ABSTRACT: The biophysical effects of reforestation and afforestation (herein jointly called re/afforestation) on the di-
urnal temperature cycle in European summer are investigated by analyzing a regional climate model (RCM) ensemble,
established within the Land Use and Climate Across Scales Flagship Pilot Study (LUCAS FPS). With this RCM ensemble,
two idealized experiments are performed for Europe, one with a continent with maximized forest cover, and one in which all
forests are turned into grassland. First, an in-depth analysis of one ensemble member (ÔÔCCLM-VEG3DÕÕ) is carried out, to
reveal the complex process chain caused by such land use changes (LUCs). From these Þndings, the whole ensemble is
analyzed and principal biophysical effects of re/afforestation are derived. Results show that the diurnal temperature range is
reduced at the surface (top of the vegetation) with re/afforestation. Most RCMs simulate colder surface temperaturesTsurf

during the day and warmer Tsurf during the night. Thus, for the Þrst time, the principal temperature interrelations found in
observation-based studies in the midlatitudes could be reproduced within a model intercomparison study. On the contrary,
the diurnal temperature range in the lowest atmospheric model level (Tair) is increased with re/afforestation. This opposing
temperature response is mainly caused by the higher surface roughness of forest, enhancing the turbulent heat exchange.
Furthermore, these opposing temperature responses demonstrate that the use of the diagnostic 2-m temperature (weighted
interpolation between Tsurf and Tair) has a limited potential to assess the effects of re/afforestation. Thus, studies about the
biophysical impacts of LUCs should investigate the whole near-surface temperature proÞle.

KEYWORDS: Europe; Vegetation-atmosphere interactions; Surface temperature; Land surface model; Regional models;
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1. Introduction
Land use change (LUC) modiÞes the biophysical charac-

teristics of the land surface, by changing the surface albedo, the
leaf area index (LAI), the stomatal resistance, and the surface
roughness (e.g.,Bonan 2008; Davin and de Noblet-Ducoudr é
2010), thereby affecting regional climate conditions. Thus, LUC
is thought to be a major driver of climate change on the regional
scale (de Noblet-Ducoudré et al. 2012; Jia et al. 2019). To in-
vestigate the impact of LUC on the regional climate conditions,
many studies were carried out in recent years, in which regional
climate models (RCMs) were used to assess the different effects
of LUC ( Gálos et al. 2013; Davin et al. 2014; Lejeune et al. 2015;
Tölle et al. 2018). However, the results of these studies are dif-
Þcult to compare, since they strongly depend on the respective
experimental setup. Coordinated model intercomparison studies

were mostly conducted on the global scale (de Noblet-Ducoudré
et al. 2012; Kumar et al. 2013; Lejeune et al. 2017, 2018). In such
studies, regional conditions are insufÞciently represented, mak-
ing the assessment of LUC impacts on the regional scale difÞcult.
The Land Use and Climate Across Scales (LUCAS) initiative
(Rechid et al. 2017; Davin et al. 2020) intends to close this gap by
considering LUC, for the Þrst time, within a coordinated regional
climate model intercomparison project.

In this context, the role of reforestation and afforestation
(herein jointly called re/afforestation) is of particular interest.
Beside its important inßuence on the global carbon cycle,
forest cover changes considerably affect the regional surface
energy and water balance. In comparison to grassland, the al-
bedo of forest is lower, absorbing more shortwave solar radi-
ation. The LAI and the surface roughness of forest are higher,
potentially increasing the turbulent heat ßuxes into the atmo-
sphere, especially evapotranspiration. Whether re/afforesta-
tion leads to a regional warming or cooling therefore depends
on the ratio of the warming effect of an albedo decrease and
the evapotranspirative cooling effect (e.g.,Bonan 2008; Davin
and de Noblet-Ducoudré 2010; Swann et al. 2012).
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Whereas a broad consensus exists about the climatic effects
of re/afforestation in winter ( Jia et al. 2019), the regional im-
pact in summer is controversial (e.g.,Perugini et al. 2017). In
global as well as regional climate model intercomparison
studies, no robust temperature response to changes in the
forest cover was found in summer (de Noblet-Ducoudr é et al.
2012; Kumar et al. 2013; Lejeune et al. 2017; Davin et al. 2020).
Some models show warmer climate conditions, while others
indicate colder conditions, especially in the midlatitudes, such
as North America and Europe. Additionally, recent studies
show that the temperature response to re/afforestation de-
pends on the fraction of needleleaf to broadleaf forest (Naudts
et al. 2016; Cherubini et al. 2018; Schwaab et al. 2020) and the
way the vegetation characteristics are parameterized (Tölle
et al. 2018). Thus, a large uncertainty prevails within the
modeling community about the impact of re/afforestation on
the European summer.

On the other hand, observation-based studies indicate that
there is a consistent temperature response to re/afforestation in
the midlatitudes. Recent studies of satellite data (deriving the
radiative skin temperature from measured longwave radiation;
Li et al. 2015; Alkama and Cescatti 2016; Schultz et al. 2017;
Duveiller et al. 2018a; Tang et al. 2018) and eddy covariance
tower measurements (deriving surface temperature from the
energy budget;Lee et al. 2011; Burakowski et al. 2018) robustly
show that re/afforestation leads at the surface (top of the
vegetation) to a cooling during the day and a warming during
the night. But until now, these observed temperature responses
to re/afforestation could not be consistently reproduced within
model intercomparison studies (Lejeune et al. 2017; Davin
et al. 2020). This indicates that model shortcomings exist re-
garding the simulation of the surface energy balance (Duveiller
et al. 2018b), that large-scale model results cannot fully rep-
resent local processes that are reßected in observations (Davin
et al. 2020), or that such model intercomparisons exhibit a
structural problem in the analysis of the simulation results.

In general, model studies focus on the analysis of near-
surface temperatures, like the 2-m temperature (e.g., de
Noblet-Ducoudr é et al. 2012; Lejeune et al. 2017; Davin et al.
2020). But 2-m temperature is a diagnostic quantity, deÞned as
2-m height above the surface (top of the vegetation), which
depends on both the temperatures at the surface and at the
lowest atmospheric model level. Since both temperatures are
inßuenced by different factors, disentangling the relevant
processes is difÞcult. The comparison of 2-m temperatures to
observed surface temperatures might consequently not always
be the best choice in model intercomparison studies (Winckler
et al. 2019).

The goal of this study is therefore to improve the under-
standing of the relevant biophysical processes affected by re/-
afforestation by analyzing the simulated diurnal temperature
cycle and energy balance in European summer. For this, an
RCM ensemble created within the LUCAS initiative is used.
With this LUCAS-Ensemble extreme LUC scenarios for
Europe are simulated to quantify the greatest possible effect
of re/afforestation on the regional climate (Davin et al. 2020).
In the Þrst experiment, Europe is completely covered with
forest, where trees can realistically grow (hereinafter called

ÔÔFORESTÕÕ), and in the second experiment all forest is turned
into grassland (hereinafter ÔÔGRASSÕÕ). The RCM ensemble
and simulation setup are further described insection 2.

The results of Davin et al. (2020) show that the 2-m tem-
perature response to re/afforestation in summer is heteroge-
neous among the different models in the LUCAS-Ensemble.
To understand the underlying biophysical processes of these
diverse model results, therefore, an in-depth analysis of the
effects of re/afforestation on the diurnal temperature cycle is
conducted. In a Þrst step, the biophysical processes within a
single RCM (CCLM-VEG3D; see section 2a) are analyzed in
detail (section 3a). By means of this analysis, all relevant
processes associated with re/afforestation are identiÞed. Based
on these Þndings, the LUCAS-Ensemble results are assessed
and the robustness and the transferability of the CCLM-
VEG3D results are examined (section 3b). In this way, the
heterogeneous model behavior for the 2-m temperature re-
sponse to the extreme re/afforestation scenario in Europe is
explained. All results are discussed insection 4and conclusions
are drawn in section 5.

2. Methods

a. Regional multimodel ensemble
For the two LUC scenarios GRASS and FOREST, regional

climate simulations were performed using an ensemble of six
different limited area models. The ensemble consists of simu-
lations with COSMO-CLM (version COSMO5-CLM9, herein
abbreviated as CCLM;Rockel et al. 2008), WRF (version 3.8.1;
Skamarock et al. 2008), and the Regional Model (REMO;
Jacob and Podzun 1997; Jacob et al. 2012) in different setups
and different conÞgurations. CCLM is coupled to three dif-
ferent LSMs: ÔÔTERRA-MLÕÕ (Schrodin and Heise 2002),
ÔÔVEG3DÕÕ (Braun and Schädler 2005), and CLM4.5 (Oleson
et al. 2013). REMO is coupled to the Interactive Mosaic-Based
Vegetation (iMOVE) LSM ( Wilhelm et al. 2014) and WRF
is coupled to the two LSMs NoahMP (Niu et al. 2011) and
CLM4.0 (Oleson et al. 2010). A detailed description of
the LUCAS multimodel ensemble can be found in Davin
et al. (2020).

All simulations within the LUCAS-Ensemble were per-
formed for the Coordinated Downscaling ExperimentÐEuropean
Domain (EURO-CORDEX; Jacob et al. 2014), on a hori-
zontal resolution of 0.448 (; 50 km; the evaluation domain,
including three investigation areas, is shown inFig. 1). The
simulations were driven by ERA-Interim reanalyses (Dee et al.
2011) at the lateral boundaries and at the lower boundary over
sea. The simulation period is 1986Ð2015. A spinup of 3Ð6 yr was
performed before 1986.

b. Land use change scenarios
In this study, regional climate simulations with extreme

LUC scenarios for the whole European continent were per-
formed for each member of the LUCAS-Ensemble ( Fig. 2). In
the Þrst scenario, the land use classes in each grid cell of a
MODIS-based present-day land cover map (Lawrence and
Chase 2007) were set to forest, where forest can possibly grow
(FOREST). For this purpose, the actual MODIS-based forest
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