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Previous studies based on observations and models are uncertain about the biophysical
impact of af- and deforestation in the northern hemisphere mid-latitude summers, and
show either a cooling or warming. The spatial distribution,magnitude and direction
are still uncertain. In this study, the effect of three different albedo parameterizations
in the regional climate model COSMO-CLM (v5.09) is examinedperforming idealized
experiments at 0.44� horizontal resolution across the EURO-CORDEX domain during
1986–2015. De- and af-forestation simulations are compared to a simulation with
no land cover change. Emphasis is put on the impact of changesin radiation and
turbulent �uxes. A clear latitudinal pattern is found, which results partly due to the
strong land cover conversion from forest- to grassland in the high latitudes and open
land to forest conversion in mid-latitudes. Afforestationwarms the climate in winter,
and strongest in mid-latitudes. Results are indifferent insummer owing to opposing
albedo and evapotranspiration effects of comparable size but different sign. Thus, the
net effect is small for summer. Depending on the albedo parameterization in the model,
the temperature effect can turn from cooling to warming in mid-latitude summers. The
summer warming due to deforestation to grassland is up to 3� C higher than due to
afforestation. The cooling by grass or warming by forest is in magnitude comparable and
small in winter. The strength of the described near-surfacetemperature changes depends
on the magnitude of the individual biophysical changes in the speci�c background
climate conditions of the region. Thus, the albedo parameterization need to account
for different vegetation types. Furthermore, we found that, depending on the region, the
land cover change effect is more important than the model uncertainty due to albedo
parameterization. This is important information for modeldevelopment.

Keywords: land cover change, biophysical effect, albedo par ameterization, evapotranspiration, regional climate
model, climate, de-/afforestation, surface energy balance
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INTRODUCTION

Future strategies for climate change mitigation envision
extensive a�orestation to stabilize temperature rise due to their
role in the global carbon cycle (Popp et al., 2017). A change
in forest cover has widespread consequences to the society,
economy, and ecology in�uencing climate and air quality. Forest
cover changes exert strong in�uences on the energy and water
balance by modifying the solar and long wave radiation, and
atmospheric turbulence. This results in alterations in the �uxes
of momentum, heat, water vapor, and CO2 as well as other trace
gases, and both anorganic and biogenic aerosols including dust
between vegetation, soils, and the atmosphere (Pielke et al.,
2011).

In terms of biogeophysical modulations of forest cover
change, a major change occurs to the net radiation due to
albedo alterations. Depending on the physiological control of the
vegetation connected with the environmental conditions inthe
atmosphere and soil, this net radiation is partitioned between
the turbulent �uxes (sensible and latent heat). The amount of
energy transferred to the atmosphere depends on the changes in
the aerodynamic roughness of the land surface, and ultimately
in�uences the atmospheric boundary layer and climate. Forests
have a lower surface albedo, and higher evapotranspiration
compared to open lands (Lee et al., 2011; Swann et al., 2012).
The outcome of the competition between albedo warming and
evapotranspiration cooling, and the speci�c background climate
exerts the climate of the region (Duveiller et al., 2018). The
strength of both e�ects, thus the direction of change, depend on
the type of change, and on the interactions with soil conditions
(Pielke et al., 2011). As a result, landscape changes due to forests
a�ect the regional/local near-surface air temperature patterns
(Tölle et al., 2014), and can be di�erent for mean vs. extreme
quantities (Alkama and Cescatti, 2016).

The consequences due to land use changes between latitudes
and regions are discussed controversial in the literature based
on modeling and observational studies. There are still major
uncertainties regarding climate responses in climate models
to past land cover changes (Pitman et al., 2009). Not only
the magnitude, but also the sign of the land conversion on
temperature varies between models on regional and global scales.
The impact due to forest cover changes may vary regionally
and with latitude based on observation and modeling studies
(Davin and de Noble-Ducoudré, 2010; Lee et al., 2011; Li et al.,
2015). Increases in near-surface temperature were found due
to large-scale deforestation in the tropics (Snyder et al., 2004),
whereas a decrease in temperature in the mid- and high-latitudes
was found (Li et al., 2016a). The warming in the tropics is
explained by reduced evapotranspiration (Tölle et al., 2017).
The albedo is increased in temperate and boreal regions leading
to reduced shortwave radiation absorption in the cleared land,
which explains the cooling there in summer (Cherubini et al.,
2018). In addition, the reduction in the snow-masking e�ect
enhance the cooling in the regions, where snow occurs in winter
(Bonan et al., 1992). Others based on observational studies
considered the impact of a�orestation in the northern temperate

regions as a weak cooling (Li et al., 2016b). In seasonal terms,
Li et al. (2015)found that temperate forests exert a moderate
cooling in summer season, in which vegetation is most activein
terms of evapotranspiration, and moderate warming in winter.
Tang et al. (2018)showed contradictory results based on remote
sensing that a�orestation warms northeastern Europe north of
45� N and leads to a cooling in other European regions. Thus,
there are major uncertainties in mid-latitudes in the spatial
distribution, magnitude and direction of climate response due to
land cover changes (Alkama and Cescatti, 2016; Perugini et al.,
2017).

A robust quanti�cation of biogeophysical impact of land
cover change on local and regional scale is hampered by the
uncertainty of the di�erent regional climate model responses
of such changes. For this, a coordinated e�ort is formed
by the EURO-CORDEX initiative LUCAS (“Land Use and
Climate Across Scales”) to benchmark the biogeophysical role
of land use changes by various regional climate model and
land surface model combinations using standard con�gurations.
The e�ect of land cover change will be examined in detail
with the LUCAS initiative over Europe. Extreme land use
change scenarios help to estimate the maximal impact and
elucidate processes. The work described here is part of
LUCAS.

There is consensus in the scienti�c community about the
impact of land cover change on climate in winter by the snow-
masking e�ect in high latitudes (Bonan et al., 1992). Albeit
debated is the spatial distribution, the magnitude and direction
of this biogeophysical e�ect in summer. High uncertainties occur
in mid and southern Europe, where the forest proportion is
relatively small. Here, a�orestation could have a potential high
impact. The climatic extent of a�orestation in these areas depends
on the ratio between the increased net shortwave radiation
and the increased aerodynamic roughness/evapotranspiration
of forest. This proportion, however, strongly depends on the
used regional climate model (RCM) and its model uncertainties.
The question, whether these model uncertainties are higher
than the potential impact of land cover change, has not yet
been investigated. Therefore, we compare the regional climate
response due to di�erent albedo parameterizations in the state-
of-the-art regional climate model COSMO-CLM (v5.09) with
the impact of extreme land use change scenarios. The standard
operational albedo con�guration is considered in this study,
and two modi�ed versions of it. We quantify and compare
the relative strength of seasonal and latitudinal biophysical
e�ects from a surface energy balance perspective on the
temperature response. Therefore, extreme (drastic) land use
transitions are performed across the Euro-CORDEX domain
at 0.44� horizontal resolution by converting the land cover
to grass- or forestland. The land cover change experiments
are compared to the control run with no land cover change.
Simulations are carried out during 1986-2015, and the model
is forced by ERA-Interim reanalysis data. Results are presented
for the summer and the winter season over Europe in section
3, and the manuscript ends with a discussion and conclusion
section.
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MATERIALS AND METHODS

Model Description
The climate version COSMO-CLM of the state-of-the-art
weather prediction model COSMO in its version 5.09 is used
in this study (Rockel et al., 2008). It is a non-hydrostatic
limited-area atmospheric model designed for applications for
the meso-b to the meso-g scale (Steppeler et al., 2003). The
model describes compressible �ow in a moist atmosphere,
thereby relying on the primitive thermo-dynamical equations.
These equations are solved numerically on a three-dimensional
Arakawa-C grid (Arakawa and Lamb, 1977) based on rotated
geographical coordinates and a generalized, terrain following
height coordinate (Doms and Baldauf, 2015). The model applies
a Runge-Kutta time-stepping scheme (Wicker and Skamarock,
2002). The parameterization of precipitation is based on a four-
category microphysics scheme that includes cloud, rainwater,
snow, and ice (Doms et al., 2011). The physical parameterizations
include a radiative transfer scheme (Ritter and Geleyn, 1992), and
a turbulent kinetic energy-based surface transfer and planetary
boundary layer parameterization.

The lower boundary of COSMO-CLM is the soil-vegetation-
atmosphere model TERRA-ML (Schrodin and Heise, 2002). It
controls the surface energy and water balances at the land surface
and in the ground based on �rst principles of conserving mass
and energy. With that, it provides the surface temperature and
humidity as lower boundary conditions for computing the energy
and water �uxes between surface and atmosphere (Doms et al.,
2011). Evapotranspiration includes bare soil evaporation, plant
transpiration, evaporation from the interception storage, and
the sublimation of snow. Stomatal conductance is Biosphere-
Atmosphere Transfer Scheme (BATS)-based afterDickinson
(1984). Radiation �uxes are based on grid scale albedo and
temperature. COSMO-CLM requires the leaf area index as
input and the vegetation albedo to compute the fraction of
photosynthetically active radiation absorbed by vegetation to
obtain transpiration. The soil temperature is calculated by the
heat conduction equation. The soil hydrology is described by
the Richards' equation, which is solved for the multi-layer soil
column. It accounts for surface runo� and subsurface runo�
when the layer is at �eld capacity. Ten unevenly spaced vertical
soil layers with a total depth of 11.50 m are used. The lowest
layer temperature acts as lower boundary condition of the
heat conduction equation and is set to a climatological annual
mean value. Five snow layers are used for snow calculations.
TERRA-ML accounts for partial coverage of snow. Every surface
grid is assigned to one single land cover type. Surface input
data required for each grid cell include soil type and land
cover type. Each vegetation type is assigned a set of time-
invariant parameters: optical properties (albedo), morphological
properties (roughness, leaf area index, plant coverage, root
depth). The leaf area index and root depth follow a seasonal cycle.

Experiment Design
The regional climate model COSMO-CLM runs across the
EURO-CORDEX domain at a resolution of 0.44� � 0.44� with
40 atmospheric levels for the period 1986 to 2015 with a spin-up

starting at 1979 to achieve balanced soil temperatures and water
contents. Hereby, the ERA-Interim reanalysis from the European
Centre for Medium Range Weather Forecasts serves as initial and
lateral boundary conditions and as the lower boundary over sea
(Dee et al., 2011). The con�guration is adapted from the EURO-
CORDEX initiative (Kotlarski et al., 2014), where the model
was evaluated. The time step is set to 300 s, and the convection
scheme of Tiedtke is applied (Tiedtke, 1989). For all experiments
the same lateral boundary conditions are used. The experiments
impose an idealized change to the distribution of trees and grasses
across the EURO-CORDEX domain, which are compared to the
control run with no land cover change. The control run is called
EVALUATION in subsequent analysis.

In the FOREST experiments, all areas in the map of present
day vegetation between 30� N and 72� N are converted to
forestland (i.e., broad-leaf deciduous or needle-leaf evergreen
trees), where trees can grow (Figure 1B). The land transition
experiments extract information from the MODIS present-
day land cover map at 0.5� geographical resolution (Lawrence
and Chase, 2007). This map provides a global distribution of
percentages of 17 Plant Functional Types (PFTs). The MODIS
map is modi�ed to account for maximum forest cover in the
following way. The forest PFTs are rescaled such that they
occupy the non-bare soil area (i.e., crop, shrub, or grass) in all
grid cells excluding glaciers. Hereby, the di�erent forest type
proportions and the fraction of bare soil (including desert areas)
are conserved. A zonal average forest composition is chosen if
no trees are initially present in a given grid cell. The total area
consists of all forest classes together with bare soil and sum up
to 100% in all grid cells. The same procedure is applied for the
land conversion to grassland. Here, all forested areas fromthe
FOREST map are converted to grassland. The GRASS simulation
represents the theoretical maximum grass coverage if grass is
allowed to grow all over the land area.

COSMO-CLM distinguishes between less plant categories
than provided by the MODIS land cover map. Therefore, similar
plant types are further combined into a single category to
match the vegetation classi�cation scheme of COSMO-CLM. For
example, needle-leaf evergreen tree (temperate or boreal) are
combined into a single needle-leaf evergreen tree category.The
plant parameters of the new land cover type are derived from the
global land cover database GLC2000 (Bartholomé and Belward,
2005). The plant parameters are kept constant throughout the
simulation period to maximize model response (Tölle et al.,
2014). Urban land units and lakes are not accounted for in the
simulations.

Three forestland simulations are conducted, which allow three
di�erent types of shortwave albedo parameterizations. Therefore,
the simulations are named FOREST1, FOREST2, and FOREST3,
respectively. FOREST1 considers the standard operational albedo
parameterization, where the albedo� depends on the soil type
and soil moisture, and is further modi�ed by plant and snow
fraction:

� D fs � s C (1 - fs) (fv � v C (1 - fv) � so(st, sm)), (1)
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FIGURE 1 | Forest coverage over the EURO-CORDEX domain for the EVALUATION (A) and FOREST(B) simulations. Evergreen (dark green) and deciduous (light
green) forest is shown for coverage greater than 50% in a gridcell.

where� s, � v, � soare snow, vegetation and soil albedos. A constant
background albedo value of 0.15 is applied for� v with no
distinction between di�erent vegetation types.st is the soil type
andsmis the soil moisture.fs andfv are the area fraction of snow
and vegetation cover. FOREST2 assumes an albedo depending on
soil type and moisture, and modi�ed by snow coverage. Further,
the albedo is modi�ed by individual vegetation albedo values
used for grass, evergreen, and deciduous forest. These categories
depend further on the evergreen and deciduous forest fraction.
Here, the following is assumed for� v:

� v D fve � ve C fvd � vd C (1 - fve - fvd) � vg, (2)

wherefve and fvd are area fractions of evergreen and deciduous
forest cover respectively.� ve D 0.1 is the albedo for evergreen
forest, � vd D 0.15 is the albedo for deciduous forest, and� vg
D 0.2 is the albedo for grass. The di�erence of FOREST3 to
FOREST2 is that the soil albedo� so for FOREST3 does not
depend on soil moisturesm. Here, the soil albedo varies between
0.2 and 0.3 depending on soil type. The standard operational
albedo parameterization, see equation (1), is assumed for the
EVALUATION and GRASS simulations.

The forest cover maps over the EURO-CORDEX domain
along with the political boundaries are displayed inFigures 1A,B
as used for the EVALUATION and FOREST simulations. If the
coverage of either evergreen or deciduous forest is greaterthan
50% in a grid cell, the grid cell is marked as dark green or
light green respectively. The grassland simulation considers grass
in all the green grid points ofFigure 1B. Obviously di�erent
from the EVALUATION simulation is the fraction of broad-
leaf deciduous forest in the FOREST simulations, which covers
now main open land areas over France, United Kingdom,

Germany, Turkey, Hungary, Romania, Bulgaria, Ukraine, parts of
western Russia, seeFigures 1A,B. Spain, Poland, and Belarus are
mainly converted to needle-leaf evergreen forest. Less conversion
to forest is seen for the Scandinavian countries compared to
the EVALUATION simulation since these countries are already
forested. According toFigure 1A main vegetation transitions
for GRASS occur over forested regions such as Scandinavia
and northern Russia as well as parts of the western European
countries.

The relative strength of seasonal and latitudinal biophysical
e�ects is compared and quanti�ed from a surface energy
balance perspective on the temperature response. Therefore,
anomalies of each energy balance component are calculated as the
di�erence in climate variable between an experiment (FOREST1,
FOREST2, FOREST3, GRASS) and control simulation without
land cover change (EVALUATION), which is experiment minus
control (1 D experiment – control). The af- and deforestation
experiments are extreme cases. Therefore, they do not represent
a predicted or realistic scenario. It is intended to investigate
how much of climate change is possible due to changes in
European vegetation cover given the current con�guration of
continents. The experimental design with its sensitivity study
on albedo gives an opportunity to identify the mechanisms
controlling the interaction between climate and vegetation
in Europe.

We suggest that the di�erent biophysical forcing of conversion
to forest- or grassland may depend on the climate zone.
Therefore, we separately perform analysis for three climate
zones: the boreal (58� -72� N) called NORTH, the temperate (43� -
58� N) called MIDDLE, and Mediterranean (dry summer, 30� -
43� N) region called SOUTH hereafter. Here, the fractional area
with land cover change di�ers among the northern (1430 grid
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points), middle (2178 grid points), and southern (987 grid points)
regions.

RESULTS

Changes in Near-Surface Temperature
Contrasting e�ects occur between land conversion, latitudes,
longitudes, and seasons (winter warming/cooling and summer
indi�erent/warming for changes to FOREST/GRASS), see
Figures 2A–D. The largest climate impact of land conversion is
depicted for GRASS during summer (Figure 2D, JJA), at a time of
maximum incoming radiation. An overall mean increase in near-
surface air temperature is about 1.6� C with largest changes up
to 4� C over Hungary and Ukraine. Conversely, GRASS shows a
cooling by� 0.5� C in winter over regions, which experience snow
coverage. Up to� 1.5� C cooling over northern Russia is depicted.
Contradictory, the western European countries turn warmer by
C0.5� C in winter.

The largest change toward warmer air temperatures up to
C2.5� C occurs in winter for all of the FOREST simulations
mainly over the eastern states, west Russia, and Turkey, see
Figures 2A–C, DJF). For Portugal and Spain, half a degree
Celsius cooling is depicted. FOREST3 displays the strongest
warming in winter, followed by FOREST2 and then FOREST1.
The FOREST simulations yield similar patterns of change among
each other in winter.

Most parts of the inner continental area of the mid-latitudes
display minor cooling by half a degree Celsius for FOREST1 in
summer. FOREST2 and FOREST3 display half degree warming
over the same areas, while FOREST2 also showsC1� C warming
in some coastal areas (Greece, western Turkey) and in the
northern part (eastern Finland and northern Russia).

Seasonal Cycle of Albedo
The seasonality of the albedo is mainly driven by the seasonal
snow coverage, and to a minor extent by the seasonal vegetation
coverage, as the albedo values stay constant throughout the

FIGURE 2 | Spatial distribution of mean seasonal near-surface air temperature changes over the EURO-CORDEX domain for the conversion to forest with three
different albedo parameterizations [FOREST1(A), FOREST2(B), FOREST3(C)], and to grassland [GRASS(D)] for winter (DJF, left) and summer (JJA, right) for
1986–2015. The difference between experiments and the EVALUATION simulation with no land cover change is displayed.
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FIGURE 3 | Domain averaged long-term mean seasonal cycle of the albedoof FOREST1 (red), FOREST2 (rose), FOREST3 (dark red), GRASS(dark green), and
EVALUATION (black) over all land points only for 1986–2015. Albedo values are displayed for the whole of the domain TOTAL(A), and with latitudinal separation in
NORTH(B) for high-latitudes (note the different y-axis scale), MIDDLE (C) for mid-latitudes, SOUTH(D) for the Mediterranean (note the different y-axis scale).

time [see Equations (1) and (2) andFigure 3A]. The albedo
di�erence between all of the simulations is evident in all
seasons (Figures 3B–D). Although major di�erences appear in
winter (albedo increase for GRASS and decrease for FOREST
compared to EVALUATION). The seasonal cycle of the albedo
depends further on the latitudinal area (Figures 3B–D). Largest
di�erences occur between the GRASS and the FOREST runs
for the northern und mid-latitudes in winter, where the snow
masking e�ect of trees is strongest. In summer, GRASS re�ects
the most of the incoming radiation followed by EVALUATION
and FOREST1, FOREST3, and then FOREST2 (Figure 3A).
The soil moisture is not considered in the albedo calculation of
FOREST3. This leads to an overestimation of the albedo for moist
soil. The albedo parameterization of FOREST1 is the operational
one as used for the EVALUATION simulation, and does not
depend on di�erent vegetation types. Therefore, the simulated
albedo of FOREST1 is similar to that of the EVALUATION
simulation in mid-latitudes in summer (Figure 3C). This
means that the observed changes in temperature realtive to the
EVALUATION run are mainly the result of changes in surface
roughness and turbulent �ux partitioning. A lower albedo of 1
to 2 percent is depicted for FOREST3 and FOREST2 compared
to EVALUATION in mid-Europe in summer (Figure 3C).
The associated increase in available energy at the surface for
FOREST3 and FOREST2 might contribute to the summer
warming seen inFigures 4B–C for mid-latitudes. Further,
the albedo di�erences are higher between the diverse albedo

parameterizations than between the di�erent land covers
in southern Europe in summer (see FOREST vs. GRASS
in Figure 3D). The albedo parameterization is here a high
uncertainty factor to estimate the impact of land use/cover
change.

To summarize, main albedo di�erences occur due to di�erent
vegetation types, and minor albedo di�erences occur due to
the speci�ed parameterization in the model. An exception is
southern Europe, where the albedo parameterization is a high
uncertainty factor.

Latitudinal and Seasonal Variations in
Near-Surface Temperature
We recognize that there is also a west to east gradient, but do
not account for this gradient in subsequent analysis, wherethe
latitudinal dependence is discovered. Even though the e�ect of
forests is expected to have high spatial variability within the same
climate zone, we still see an overall cooling e�ect in the mid-
latitudes for FOREST1 in summer (Figure 4A, JJA). This cooling
e�ect turns into a warming for FOREST2 (Figure 4B, JJA), and is
indi�erent for FOREST3 (Figure 4C, JJA). The greatest warming
of all regions occurs for FOREST2 in summer, and especially
in high latitudes (C0.3� C). All of the FOREST runs display a
warming in winter with greatest warming in mid-Europe (C0.7 to
C1.0� C,Figures 4A–C, DJF). A minor winter cooling is depicted
for FOREST3 in the Mediterranean area.
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FIGURE 4 | Changes in mean near-surface air temperature compared to the EVALUATION simulation with no land cover change over the EURO-CORDEX domain of
three afforestation experiments using a different albedo parameterizations [FOREST1(A), FOREST2(B), FOREST3(C)] and deforestation experiment [GRASS(D)] for
the whole of the domain (TOTAL), and with latitudinal separation in NORTH (58� -72� N) for high-latitudes, MIDDLE (43� -58� N) for mid-latitudes, SOUTH (30� -43� N)
for the Mediterranean for winter (DJF) and summer (JJA) for 1986–2015. The errorbars represent� two times the standard error around the mean. Plotted are
differences over all land-points only. Note the different y-axis of GRASS in summer.

Grassland has the opposite e�ect in winter. Here, a cooling
(� 0.2 to � 0.5� C) especially in the high-latitudes is seen
(Figure 4D, DJF). No creditable di�erence is depicted for the
Mediterranean. Major warming occurs in summer (up to 3� C in
mid–Europe, JJA). The warming is much stronger than that of
a�orestation.

Seasonal Cycle of Diurnal Temperature
Range
Change in the diurnal temperature range is greater for FOREST
than for GRASS (Figures A6a–d) owing to the increased
roughness length. During summer months, the diurnal cycle
is increased for GRASS in the northern region (Figure A6b).
Although changes in maximum and minimum temperatures
are di�erent among the three climatic zones and seasons
(Figures 5A–D). In southern Europe, maximum temperature
changes of GRASS is almost the same to that of FOREST.
However, the decrease in minimum temperature of GRASS
compared to EVALUATION is about 1� C less than that of
FOREST in summer (Figure 5D). Changes in maximum and

minimum temperatures are higher/lower in summer and to
a lesser extent lower/higher in winter for GRASS compared
to FOREST in mid-Europe, which explains the reduced
diurnal cycle for GRASS here (Figure 5C). The maximum
and minimum temperatures are slightly higher for FOREST2
followed by FOREST3 than for FOREST1 for the same region. A
steeper seasonal gradient is found for GRASS in northern Europe.
Here, the diurnal temperature range is greater for GRASS than
for FOREST by half a degree Celsius in summer and to a minor
extent in winter, too (seeFigure A6b).

Changes in Turbulent Fluxes
Relative to the EVALUATION run, tree cover increases both
latent and sensible heat �uxes, seeFigures 6, 7. Latent heat
�uxes increase at up toC15 W/m2 over the eastern countries in
winter for the forestland simulations owing to the fact of major
a�orestation in these areas. All other parts display changes ofC10
W/m2. In summer, a mixture of increases over the continental
areas and decreases over the maritime region is seen. Similarly,
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FIGURE 5 | Domain averaged long-term mean seasonal cycle difference of maximum and minimum near-surface temperature of FOREST1 (red), FOREST2 (rose),
FOREST3 (dark red), GRASS (dark green) relative to EVALUATION over all land points only for 1986–2015. Values are displayed for the whole of the domain TOTAL
(A), and with latitudinal separation in NORTH(B) for high-latitudes, MIDDLE(C) for mid-latitudes, SOUTH(D) for the Mediterranean.

sensible heat �uxes are increased over all forestland simulations
byC5 toC15 W/m2.

The land cover change to forest is associated with biophysical
vegetation characteristic changes via increases in the leaf area
index, plant coverage, and roughness length. The actual �ux
change depends on the roughness length, which redistributes
the energy through convection and evapotranspiration. Owing
to their high aerodynamic roughness, forests dissipate sensible
heat as e�ciently to the atmospheric boundary layer as latent
heat, seeFigures 6, 7. Due to the higher leaf area index and plant
coverage, latent heat is increased and removed from the surface
via turbulence, which is released above the atmospheric boundary
layer by cloud condensation (see increase in total cloud coverage
in Figure A5acompared toFigures A5bandA5c).

Major changes in the �uxes are seen for latent and sensible
heat for GRASS in summer (Figures 6D, 7D), where almost
all over the domain a sharp decrease/increase of latent/sensible
heat (up to � 40/C20 W/m2) is observed. Decreases of latent
heat occur over the Mediterranean area in summer. In this
case, reductions of surface roughness and leaf area index/plant
coverage reduce the evapotranspirative potential (see reduced
seasonal cycle of latent heat �ux inFigure A7d). For GRASS,
the partitioning between sensible and latent heat �ux is di�erent
than for forestland (seeFigures A1, A7, A8 in the Appendix).

Whereas FOREST have comparable latent and sensible heat
�uxes, GRASS shows higher sensible than latent heat �uxes
during the growing period (Figures A7, A8). This di�erence
in �ux portioning is especially apparent in the Mediterranean
region (Figures A7d, A8d) due to the limitation of soil moisture
availability.

To summarize, latent heat �uxes are increased for FOREST
compared to GRASS, but sensible heat �uxes are additionally
increased. Major changes occur over areas with strong
land conversion. Major changes of the di�erent albedo
parameterizations occur during the summer time with
strongest changes seen in FOREST2. Characteristic changes
(decrease/increase of latent/sensible heat �uxes in summerand
of less magnitude in winter) is seen for GRASS.

Changes in Radiation Fluxes
In the FOREST1 run, the net shortwave radiation is decreased
by � 4 W/m2 (Figures 8A–C), and the net longwave radiation
is increased by� 8 W/m2 (Figures 9A–C) in areas showing
summer cooling (see Ukraine, Poland, Belarus, and western
Russia inFigure 2A). Whereas for FOREST2, in Scandinavia
and eastern countries the net shortwave radiation is increased
and net longwave radiation is slightly decreased contributing
to the summer warming in this area. This is for a lesser
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FIGURE 6 | Spatial distribution of mean latent heat �ux changes over theEURO-CORDEX domain for the conversion to forest with three different albedo
parameterizations [FOREST1(A), FOREST2(B), FOREST3(C)], and to grassland [GRASS(D)] for winter (DJF, left) and summer (JJA, right) for 1986–2015. The
difference between experiments and the EVALUATION simulation with no land cover change is displayed over land points only.

extent visible for FOREST3. The major warming in winter
in the a�orested areas results due to a sharp increase in net
shortwave radiation in that area for all of the FOREST runs
(Figures 8A–C).

Strongest radiation changes occur in the GRASS simulation,
where the net shortwave radiation is decreased by 30 W/m2

over the alpine area and northern high latitudes in winter
(Figure 8D) obviously leading to the cooling seen in this
region (Figure 2D). The replacement of forests with grass
in northern latitudes increases surface albedo and reduces
absorbed radiation (seeFigures A2, A3 in the Appendix). Since
the snow-masking e�ect is less than for FOREST, the winter
snow coverage is more e�ective in re�ecting radiation over
grassland resulting in a cooling e�ect. Major summer warming
occurs for the conversion to grassland, because of major net
shortwave increases and net longwave decreases. Although
the albedo is higher for GRASS than for the EVALUATION
simulation in summer, the increase in shortwave radiation

can be explained by the decrease in total cloud coverage
(seeFigure A5b).

Changes in Ground Heat Fluxes
The relationship between net radiation and turbulent �uxes
between the experiments and the EVALUATION simulation is
displayed inFigure 10 as di�erences of the ground heat �ux.
Here, the ground heat �ux is the residuum of the radiation
balance and the turbulent �uxes. If the residual di�erences
between FOREST/GRASS and EVALUATION are positive, more
radiative energy is absorbed than transferred to turbulent energy
in the experiments relative to EVALUATION and vice versa.
Changes in winter temperature for FOREST result due to changes
in radiation processes, which are higher by 6 to 8 W/ m2 than the
turbulent �ux changes (Figures 10A–C). Although turbulent �ux
changes dominate summer temperature di�erences. These results
can be explained by the magnitude of the land conversion. The
area, where the land conversion is the greatest (change of open
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FIGURE 7 | Spatial distribution of mean sensible heat �ux changes over the EURO-CORDEX domain for the conversion to forest with three different albedo
parameterizations [FOREST1(A), FOREST2(B), FOREST3(C)], and to grassland [GRASS(D)] for winter (DJF, left) and summer (JJA, right) for 1986–2015. The
difference between experiments and the EVALUATION simulation with no land cover change is displayed over land points only.

land to forest in eastern countries), the di�erence in radiation
dominates (see positive values of the change in the energy balance
in Figures 10A–C) in winter resulting into a warming since
forests have a lower albedo and consequent enhanced absorption
of solar radiation. The turbulent �ux changes dominate in
summer. If soil moisture is present in suitable amounts, trees
have a larger latent heat �ux. They also dissipate sensible heat
as e�ciently to the atmospheric boundary layer as latent heat.
The turbulent �ux e�ect is here stronger for forestland than
for grassland, especially in the higher latitudinal region.We
acknowledge that the di�erence of the energy balance between
forestland and grassland is positive in winter, meaning a stronger
radiation e�ect of forest, and negative in summer (seeFigure A4
in the Appendix).

In the case of GRASS, turbulent �ux di�erences are higher
in winter and vice versa in summer (Figure 10D). Here, similar
argumentation as before can be applied. That the turbulent
�ux di�erences are higher than the changes in radiation in
winter applies mainly to the northern areas of Scandinavia and

northern Russia, the area with former forest and thus greatest
land conversion and associated changes in the biophysical
characteristics. In summer, the transformation to grassland leads
to an increase in net shortwave radiation, a decrease in net
longwave radiation, a major decrease in latent heat �ux and an
increase in sensible heat �ux.

DISCUSSION

The previous land cover must be considered in order to interpret
the results. The former land cover determines the strength of the
conversion to either forest or grass and with that the strength of
the biophysical characteristic changes. This is also a function of
the vegetation albedo, roughness length, and evapotranspiration
potential, if di�erent vegetation types are considered. The latitude
is another determinant, which in�uences the climate change
due to land conversion, because of the background climate and
snow-masking e�ect.
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FIGURE 8 | Spatial distribution of mean net shortwave �ux changes over the EURO-CORDEX domain for the conversion to forest with three different albedo
parameterizations [FOREST1(A), FOREST2(B), FOREST3(C)], and to grassland [GRASS(D)] for winter (DJF, left) and summer (JJA, right) for 1986–2015. The
difference between experiments and the EVALUATION simulation with no land cover change is displayed over land points only.

Therefore, major winter warming (up to 2.5� C) of the
FOREST simulations occurs over areas, which are extensively
a�orested compared to the EVALUATION simulation, which
is true for the eastern countries, west Russia, and Turkey,
seeFigures 1A,B. Here, forests have a warming e�ect when
the former major land cover was open land and not forest.
The conversion to forest leads to a reduction of the albedo
for all FOREST simulations in winter, which increases the
available energy at the surface. The re�ectivity is further
reduced due to the snow-masking e�ect of forest in winter.
This results in a winter warming of the eastern countries
(Bonan et al., 1992; Bonan, 2008; Tang et al., 2018). Those
remaining European regions, which experience snow cover
in winter and where the forest fraction is increased, show
also a warming e�ect since the radiative warming dominates
the non-radiative cooling (Bright et al., 2017). Only in west-
Europe, a winter cooling by half a degree Celsius is depicted,
since more evapotranspiration of water occurs, and the sensible

heat is decreased. In addition, the net incoming radiation is
decreased due to more cloud coverage (seeFigure A5 in the
Appendix) by higher evapotranspiration. Thus, the warmer
regions can suppress the albedo warming e�ect of forest (Li
et al., 2015). This e�ect is similar for FOREST1, FOREST2, and
FOREST3.

A conversion to grassland can be regarded as a strong land
cover change e�ect (deforestation) in the high latitudes. Thus,
grassland has a winter cooling e�ect if the former land cover
was forested like in the Scandinavian countries and northern
Russia, seeFigures 1A,B, andFigure 2D, DJF (Cherubini et al.,
2018). These are regions, which experience snow coverage, and
the decreased snow-masking e�ect enhance the cooling there
in winter. The western European countries turn warmer in
winter. Although the di�erence between forest and grass also
implies the same direction (cooling by grass), seeFigure A1 in
the Appendix. The regions, which experience snow coverage in
winter, get cooler by half a degree Celsius due to the increase
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FIGURE 9 | Spatial distribution of mean net longwave �ux changes over the EURO-CORDEX domain for the conversion to forest with threedifferent albedo
parameterizations [FOREST1(A), FOREST2(B), FOREST3(C)], and to grassland [GRASS(D)] for winter (DJF, left) and summer (JJA, right) for 1986–2015. The
difference between experiments and the EVALUATION simulation with no land cover change is displayed over land points only.

in re�ectivity associated with the snow-masking e�ect.Alkama
and Cescatti (2016)postulated a sharp reduction in high latitude
temperatures due to large-scale deforestation. Although similar
changes of temperatures are also seen over Scandinavia in our
study, they are only moderate in magnitude. Also a surface
cooling by deforestation of the mid and high latitudes of the
northern hemisphere was reported before byDouville and Royer
(1997). The western European areas turn warmer by half a degree
Celsius in winter since the evapotranspiration is reduced and
more sensible heat is produced.

Eastern and mid-Europe turn cooler for FOREST1 in summer.
The operational albedo parameterization is used for FOREST1,
and the summer albedo is similar to the albedo of the
EVALUATION run in mid-latitudes, seeFigure 3C. Thus, the
simulated changes in temperature result from increases in surface
roughness and turbulent �uxes. The higher evapotranspiration
increases cloud coverage, strengthens the long-wave downward
radiation, and reduces the direct incoming radiation, see

Figure A10. This results in an additional cooling e�ect. The
cooling e�ect due to a�orestation in mid-Europe is in line with
remote sensing andin situ observations (Alkama and Cescatti,
2016; Bright et al., 2017). Contradictory, these regions turn
warmer for FOREST2 followed by FOREST3 with a di�erent
albedo parameterization depending on the vegetation type. A
lower albedo is depicted for FOREST2 and FOREST3 compared
to EVALUATION in mid-Europe in summer. The associated
increase in available energy at the surface for FOREST2 and
FOREST3 contributes to the summer warming in mid-latitudes.
The soil moisture is not considered in the albedo calculationof
FOREST3. This leads to an overestimation of the albedo for moist
soil conditions of FOREST3 compared to FOREST2. Further,
climatic changes depend on the strength of daytime warming
and nighttime cooling, and is re�ected by the di�erences in
maximum and minimum temperature (Figure 5D, Cherubini
et al., 2018). Summer warming by a�orestation was pointed out
by Bonan et al. (1992). The alternate albedo parameterization
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FIGURE 10 | Spatial distribution of temporal mean energy balance changes over the EURO-CORDEX domain for the conversion to forest with three different albedo
parameterizations [FOREST1(A), FOREST2(B), FOREST3(C)], and to grassland [GRASS(D)] for winter (DJF, left) and summer (JJA, right) for 1986–2015. The
difference between experiments and the EVALUATION simulation with no land cover change is displayed over land points only.

with vegetation albedo depending on vegetation type leads
to a reduction of the albedo compared to FOREST1, and
with that to increased net incoming radiation. It is thus how
the albedo of the vegetation is treated in the model that
determines the response of summer climate to a�orestation in
mid-latitudes.

All the forest simulations show a warming in southern Europe
in summer. Despite the higher evapotranspiration potential
due to the higher leaf area index of forest, there is less
evapotranspiration. This may be translated to less soil moisture
available for evaporation, which is also reduced (Swann et al.,
2012). Thus, the Bowen ratio is increased, and more sensible
heat is released to the atmosphere, seeFigure A9. Sensible heat
and net short-wave radiation �uxes show the most variability
among the experiments. The results show that the di�erences in
the various vegetation albedos (as for FOREST2 and FOREST3)
are more important than the consideration of the soil moisture
and type (as for FROEST1 and FOREST2).

For deforestation, the whole of Europe turns warmer by
up to 3� C in summer since the latent/sensible heat �uxes
are decreased/increased. The total cloud coverage decreases
due to the reduced evapotranspiration (seeFigure A5b in
the Appendix), which is also seen in the reduced long-
wave downward radiation. Thereby the net incoming radiation
accelerates, seeFigures A9andA10. Most climate models show
an average regional cooling from deforestation (Perugini et al.,
2017). This is generally con�rmed in our study for regions, which
experience snow coverage in winter. Although this winter cooling
is o�set by a dramatic warming in summer. Thus, grassland
increases seasonal temperature variation compared to forest.
These results highlight the fact that local biophysical processes
triggered by a�orestation can decrease seasonal temperature
variations, further reducing the temperature trends drivenby the
increasing greenhouse gas concentrations.

Albedo di�erences turn out to be higher between the
FOREST simulations due to the albedo parameterizations
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than between the land cover types in southern Europe. The
high temperature discrepancies between GRASS and the three
FOREST simulations in this region thus stem primarily from
di�erences in evapotranspiration rather than from the albedo
e�ect. Therefore, the land cover change impact is higher in this
region than the model uncertainty. Thus, an accurate land cover
map with characteristic vegetation types is important to include
for such kind of studies.

CONCLUSIONS

In this study, the e�ect of three di�erent albedo
parameterizations is examined for a�orestation experiments at
0.44� horizontal resolution across the EURO-CORDEX domain
during 1986-2015. Idealized de- and af-forestation simulations
are compared to the simulation with no land cover change.
Emphasis is put on the impact of changes in radiation and
turbulent �uxes. A clear latitudinal pattern is found, which
results partly due to the strong land cover conversion from
forest- to grassland in the high latitudes and open land to forest
conversion in mid-latitudes. A�orestation warms the climate
in winter, strongest in mid-latitudes. Results are indi�erent
in summer owing to opposing albedo and evapotranspiration
e�ects of comparable size but di�erent sign. Thus, the net e�ect
is small for summer. Depending on the albedo parameterization
in the model, the temperature e�ect can turn from cooling to
warming in mid-latitude summers. The summer warming due
to deforestation is up to 3� C higher than due to a�orestation due
the reduced roughness and leaf area index cooling. The cooling
by grass or warming by forest is in magnitude comparable
and small in winter even though the albedo di�erences are
high.

The strength of the land conversion and associated vegetation
type with its biophysical characteristics is the major determinant
in changing the climate. Di�erent albedo parameterizations in
the model either enhance or suppress the climate change due
to land cover change. Even though the di�erence between the
albedo parameterizations is small, they in�uence the model's
outcome of summer climate due to a�orestation being either a
warming or cooling in the mid-latitudes. Here, we suggest that
temperature changes are mainly in�uenced by the magnitude

of individual biophysical changes and the speci�c background
climate conditions, in which the land use change occurs.
Thus, the albedo parameterization need to account for di�erent
vegetation types. Furthermore, the albedo parameterizationis a
high uncertainty factor to estimate the impact of land use/cover
change in southern Europe. This is important information for
model development.

Altering the surface boundary conditions resulted in changes
of the total cloud cover amount in this study. Thus, land-
atmosphere interactions a�ect the hydrological cycle, which
indirectly feed back on the surface energy balance components.
The contribution of horizontal/vertical advections to near-
surface air temperature changes would be an important issue to
look at next with reconsideration of the cumulus scheme in the
model.
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