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Previous studies based on observations and models are uncgain about the biophysical
impact of af- and deforestation in the northern hemisphere md-latitude summers, and
show either a cooling or warming. The spatial distributionmagnitude and direction
are still uncertain. In this study, the effect of three diffent albedo parameterizations
in the regional climate model COSMO-CLM (v5.09) is examinederforming idealized
experiments at 0.44 horizontal resolution across the EURO-CORDEX domain dugn
1986-2015. De- and af-forestation simulations are comparé to a simulation with
no land cover change. Emphasis is put on the impact of changesn radiation and
turbulent uxes. A clear latitudinal pattern is found, whib results partly due to the
strong land cover conversion from forest- to grassland in th high latitudes and open
land to forest conversion in mid-latitudes. Afforestationrwvarms the climate in winter,
and strongest in mid-latitudes. Results are indifferent isummer owing to opposing
albedo and evapotranspiration effects of comparable size it different sign. Thus, the
net effect is small for summer. Depending on the albedo parasterization in the model,
the temperature effect can turn from cooling to warming in na-latitude summers. The
summer warming due to deforestation to grassland is up to 3C higher than due to
afforestation. The cooling by grass or warming by forest imimagnitude comparable and
small in winter. The strength of the described near-surfaceemperature changes depends
on the magnitude of the individual biophysical changes in th speci c background

climate conditions of the region. Thus, the albedo parametézation need to account
for different vegetation types. Furthermore, we found thatdepending on the region, the
land cover change effect is more important than the model unertainty due to albedo
parameterization. This is important information for modelevelopment.

Keywords: land cover change, biophysical effect, albedo par
model, climate, de-/afforestation, surface energy balance
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Tolle et al. Modeled Temperature Sensitivity to Albedo-Parameteriziin

INTRODUCTION regions as a weak coolingi(et al., 2016} In seasonal terms,
Li et al. (2015)found that temperate forests exert a moderate

Future strategies for climate change mitigation envisionooling in summer season, in which vegetation is most adtive
extensive a orestation to stabilize temperature rise duehi@it  terms of evapotranspiration, and moderate warming in winter.
role in the global carbon cycle”Opp et al., 2017 A change Tang et al. (2018howed contradictory results based on remote
in forest cover has widespread consequences to the socie§gnsing that a orestation warms northeastern Europe north of
economy, and ecology in uencing climate and air quality. €sir 45 N and leads to a cooling in other European regions. Thus,
cover changes exert strong in uences on the energy and watgfiere are major uncertainties in mid-latitudes in the sphtia
balance by modifying the solar and long wave radiation, andistribution, magnitude and direction of climate responsesda
atmospheric turbulence. This results in alterations in thexes  |and cover changesi(kama and Cescatti, 2016; Perugini et al.,
of momentum, heat, water vapor, and G@s well as other trace 2017.
gases, and both anorganic and biogenic aerosols includisy du A robust quanti cation of biogeophysical impact of land
between vegetation, soils, and the atmosphételke et al., cover change on local and regional scale is hampered by the
201). uncertainty of the di erent regional climate model responses

In terms of biogeophysical modulations of forest coverof such changes. For this, a coordinated e ort is formed
change, a major change occurs to the net radiation due tgy the EURO-CORDEX initiative LUCAS (“Land Use and
albedo alterations. Depending on the physiological contfthe  Climate Across Scales”) to benchmark the biogeophysical role
vegetation connected with the environmental conditionghe of land use Changes by various regiona| climate model and
atmOSphel'e and SO“, this net radiation is partitionEd betmee land surface model combinations using standard con gumﬁo
the turbulent uxes (sensible and latent heat). The amoufit 0The e ect of land cover change will be examined in detail
energy transferred to the atmosphere depends on the changes\ifith the LUCAS initiative over Europe. Extreme land use
the aerOdyna.miC rOUghneSS of the land Surface, and U|timatechange scenarios he|p to estimate the maximal impact and
in uences the atmospheric boundary layer and climate. Fisres e|ucidate processes. The work described here is part of
have a lower surface albedo, and higher evapotranspirationycas.
compared to open lands ge et al., 2011; Swann et al., 2012 There is consensus in the scientic community about the
The outcome of the Competition between albedo Warming an%pact of land cover Change on climate in winter by the snow-
evapotranspiration cooling, and the speci ¢ background cliema masking e ect in high latitudes Bonan et al., 1992 Albeit
exerts the climate of the regiorDQveiller et al., 2018 The  debated is the spatial distribution, the magnitude and diec
strength of both e ects, thus the direction of change, depend 0 of this biogeophysical e ect in summer. High uncertaintiesioc
the type of change, and on the interactions with soil condiio in mid and southern Europe, where the forest proportion is
(Pielke et al., 20)1As aresult, landscape changes due to forestglatively small. Here, a orestation could have a potentiajthi
aect the regional/local near-surface air temperature patser jmpact. The climatic extent of a orestation in these areas thelse
(Tolle et al.,, 2014 and can be di erent for mean vs. extreme on the ratio between the increased net shortwave radiation
quantities f\lkama and Cescatti, 20).6 and the increased aerodynamic roughness/evapotranspiratio

The consequences due to land use changes between latitudg¢<orest. This proportion, however, strongly depends on the
and regions are discussed controversial in the literatlasedl ysed regional climate model (RCM) and its model uncertamtie
on modeling and observational studies. There are still majoThe question, whether these model uncertainties are higher
uncertainties regarding climate responses in climate modetfan the potential impact of land cover change, has not yet
to past land cover change®i(man et al., 2000 Not only  peen investigated. Therefore, we compare the regional @imat
the magnitude, but also the sign of the land conversion ortesponse due to di erent albedo parameterizations in the state
temperature varies between models on regional and globlgissca of-the-art regional climate model COSMO-CLM (v5.09) with
The impact due to forest cover changes may vary regionalifhe impact of extreme land use change scenarios. The standard
and with latitude based on observation and modeling studiegperational albedo con guration is considered in this study,
(Davin and de Noble-Ducoudré, 2010; Lee et al., 2011; Li et abnd two modi ed versions of it. We quantify and compare
2019. Increases in near-surface temperature were found duge relative strength of seasonal and latitudinal biophaisic
to large-scale deforestation in the tropicsnder et al., 2004 e ects from a surface energy balance perspective on the
whereas a decrease in temperature in the mid- and high-ldé$u temperature response. Therefore, extreme (drastic) land use
was found (i et al., 2016p The warming in the tropics is transitions are performed across the Euro-CORDEX domain
explained by reduced evapotranspirationd{le et al., 201)/  at 0.44 horizontal resolution by converting the land cover
The albedo is increased in temperate and boreal regionsrigadito grass- or forestland. The land cover change experiments
to reduced shortwave radiation absorption in the clearedijan are compared to the control run with no land cover change.
which explains the cooling there in summeCiferubini et al., Simulations are carried out during 1986-2015, and the model
2019. In addition, the reduction in the snow-masking e ect is forced by ERA-Interim reanalysis data. Results are predent
enhance the cooling in the regions, where snow occurs inevint for the summer and the winter season over Europe in section
(Bonan et al., 1992 Others based on observational studies3, and the manuscript ends with a discussion and conclusion
considered the impact of a orestation in the northern temperat section.
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MATERIALS AND METHODS starting at 1979 to achieve balanced soil temperatures atet wa
A contents. Hereby, the ERA-Interim reanalysis from the Eparan
MOde.l Descrlp'glon Centre for Medium Range Weather Forecasts serves as imitlal a
The climate _version COSMO'CLM _Of the _State'Of'Fhe'artlateral boundary conditions and as the lower boundary oeax s
yveather prediction model COSMO in its version 5.09 is psecaDee et al., 20)1The con guration is adapted from the EURO-
N .thls study Rockel ?t al., 2008 IF IS a non-hy(_iros_tat|c CORDEX initiative Kotlarski et al., 2014 where the model
limited-area atmospheric model designed for applications fO(/vas evaluated. The time step is set to 300 s, and the conwectio
the mesob t‘? the mesog sc_ale (Steppeler et "’%l" 2003The scheme of Tiedtke is appliedig¢dtke, 198Q For all experiments
model desc.nbes compreselple ow in a m0|§t atmospherel,he same lateral boundary conditions are used. The experinent
thereby relyl_ng on the primitive thermo-dynamlcal equatm_n impose an idealized change to the distribution of trees andsga
These equatlo_ns are solved numerically on a three-dimeasio across the EURO-CORDEX domain, which are compared to the
Arakawa-p grid Arekawa and Lamb, 19Zbased on rotated_ control run with no land cover change. The control run is eall
geographical coordinates and a generalized, terrain fafigwi EVALUATION in subsequent analysis.
height coordinate Poms and Baldauf, 20)5The model applies In the FOREST experiments, all areas in the map of present
a Runge-Kutta time-stepping schemé/icker and Skamarock, day vegetation between 30 and 72N are converted to
2002. The parameterization of precipitation is based on a four'forestland (i.e., broad-leaf deciduous or needle-leaf green
category microphysics scheme that includes cloud, rair“"’ate[rees), where trees can growigure 1B). The land transition
snow, and icelpoms etal., 2011 The physical parameterizations experiments extract information from the MODIS present-
include a radiative transfer schenteifter and Geleyn, 1992and day land cover map at 0.5geographical resolution_fwrence
a turbulent kinetic energy-based surface transfer and péage Chase, 2007 This map provides a global distribution of

bour;]dalry Iayebr pargmetefrlzatlon. is th i . percentages of 17 Plant Functional Types (PFTs). The MODIS
The lower boundary of COSMO-CLM is the soi -vegetatlon-map is modi ed to account for maximum forest cover in the

atmos;ohe}re mcf)del TERRA-MLS(:hrodinland Heisi, 2|O§)2It following way. The forest PFTs are rescaled such that they
controls the surface energy and water balances at the |amateu occupy the non-bare soil area (i.e., crop, shrub, or grass)lin a

ang in the grou_nhd ﬁase_d on _rjt pritr:ciple? of conserving mas rid cells excluding glaciers. Hereby, the di erent foregpe
and energy. With that, it provides the surface temperature an roportions and the fraction of bare soil (including deser¢as)

humidity as lower boundary conditions for computing the 9% 46 conserved. A zonal average forest composition is chdsen i
and water uxes be.tween eurface and atmc.)sphé}enﬁs.et al.  no trees are initially present in a given grid cell. The totaaar
201). _Evepotranspwatlen includes bere soil evaporat|on, pIa‘nEonsists of all forest classes together with bare soil andgu
transpiration, evaporation from the interception storagedan to 100% in all grid cells. The same procedure is applied for the

the sublimation of snow. Stomatal conductance is Biosphergs 4 ~onversion to grassland. Here, all forested areas fi
Atmospher; Transfer Schen;)e (I?jATS)-bedsed ?ant')nS(jon FOREST map are converted to grassland. The GRASS simulation
(1984) Radiation uxes are ased on grid scale albedo an?‘epresents the theoretical maximum grass coverage if gsass i
temperature. COSMO-CLM requires the leaf area index a3jlowed to grow all over the land area

input and th? vegeta'.[ion aIpedp to compute the fractien of " cosmo-CLM distinguishes between less plant categories
photesynthetleal!y active raellatlon absorbed by vegetativ than provided by the MODIS land cover map. Therefore, similar
obtain transp_|rat|on. The soil temperature is celculated_ bg t plant types are further combined into a single category to
heat (_:onduct|on eq_uat|on. _The soil hydrology is de_scrlbgd bmatch the vegetation classi cation scheme of COSMO-CLM. For
th? Richards equatlofn, Wh'(;h is solved fo(; thebmu][tl-layen S example, needle-leaf evergreen tree (temperate or boreal) are
cc;]umnH Itl acceunts (I)c; surtace runo an sul sur aced rl;ne combined into a single needle-leaf evergreen tree categbey.
when the ayer s at eld capacity. Ten unevenly spaced vertica, parameters of the new land cover type are derived from the
soil layers with a total depth of 11.50m are used._ _The lowe obal land cover database GLC208@utholomé and Belward,
layer tempereture acte as Iov_ver boundary condlt!on of thezoos. The plant parameters are kept constant throughout the
heat conduction equation and is set to a climatological ainu simulation period to maximize model respons&(le et al.,

mean value. Five snow layers are used for snow calculatio 14. Urban land units and lakes are not accounted for in the
TERRA-ML accounts for partial coverage of snow. Every Surfa‘iﬁmulati ons

grid is aseigned to one Sif‘g'e Iaqd cover type. Surface input Three forestland simulations are conducted, which alloveéhr
data required for each gr_|d cell melude _SO'I type and la_nddi erent types of shortwave albedo parameterizations. Theesfo
eove_r type. Each vegetemon type _'S assigned a set of t_'mﬁfe simulations are named FOREST1, FOREST2, and FOREST3,
invariant parameters: optical properties (albedo), morphalab respectively. FORESTL1 considers the standard operationabalbed

properties (roughnees, leaf area index, plant coverage, ro Erameterization, where the albedodepends on the soil type
depth). The leaf area index and root depth follow a seasona cyc nd soil moisture, and is further modi ed by plant and snow

fraction:
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 Dfs sC(1-fy(fy vC(1-1) sdst,sm)), (1)
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A EVALUATION B FOREST
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FIGURE 1 | Forest coverage over the EURO-CORDEX domain for the EVALU®N (A) and FOREST(B) simulations. Evergreen (dark green) and deciduous (light
green) forest is shown for coverage greater than 50% in a gridell.

where 5, v, soaresnow, vegetation and soil albedos. A constanBermany, Turkey, Hungary, Romania, Bulgaria, Ukraine, pdrts o
background albedo value of 0.15 is applied for with no  western Russia, ségures 1A,B Spain, Poland, and Belarus are
distinction between di erent vegetation typestis the soil type mainly converted to needle-leaf evergreen forest. Lessecsion
andsmis the soil moisturefs andf, are the area fraction of snow to forest is seen for the Scandinavian countries compared to
and vegetation cover. FOREST2 assumes an albedo dependinglo@ EVALUATION simulation since these countries are algad
soil type and moisture, and modi ed by snow coverage. Furtherforested. According td=igure 1A main vegetation transitions

the albedo is modi ed by individual vegetation albedo value for GRASS occur over forested regions such as Scandinavia
used for grass, evergreen, and deciduous forest. Thegwoate and northern Russia as well as parts of the western European
depend further on the evergreen and deciduous forest fractio countries.

Here, the following is assumed foy;: The relative strength of seasonal and latitudinal biophsisic
e ects is compared and quantied from a surface energy
vDfe veCfug vaC(1-fe-fug v (2) balance perspective on the temperature response. Therefore,

anomalies of each energy balance component are calculateel as t
wherefye andf,y are area fractions of evergreen and deciduousli erence in climate variable between an experiment (FOREST1,
forest cover respectivelyye D 0.1 is the albedo for evergreen FOREST2, FOREST3, GRASS) and control simulation without
forest, g D 0.15 is the albedo for deciduous forest, angy  land cover change (EVALUATION), which is experiment minus
D 0.2 is the albedo for grass. The dierence of FOREST3 toontrol (1 D experiment — control). The af- and deforestation
FOREST?2 is that the soil albedq, for FOREST3 does not experiments are extreme cases. Therefore, they do not represe
depend on soil moisturem Here, the soil albedo varies betweena predicted or realistic scenario. It is intended to invesstisy
0.2 and 0.3 depending on soil type. The standard operationdlow much of climate change is possible due to changes in
albedo parameterization, see equation (1), is assumed #r tlEuropean vegetation cover given the current con guration of
EVALUATION and GRASS simulations. continents. The experimental design with its sensitivitydstu

The forest cover maps over the EURO-CORDEX domairon albedo gives an opportunity to identify the mechanisms
along with the political boundaries are displayedrigures 1A,B  controlling the interaction between climate and vegetation
as used for the EVALUATION and FOREST simulations. If thein Europe.
coverage of either evergreen or deciduous forest is gréader We suggest that the di erent biophysical forcing of conversio
50% in a grid cell, the grid cell is marked as dark green oto forest- or grassland may depend on the climate zone.
light green respectively. The grassland simulation comsigeass Therefore, we separately perform analysis for three climate
in all the green grid points ofigure 1B. Obviously di erent zones: the boreal (5872 N) called NORTH, the temperate (43
from the EVALUATION simulation is the fraction of broad- 58 N) called MIDDLE, and Mediterranean (dry summer, 30
leaf deciduous forest in the FOREST simulations, which cver3 N) region called SOUTH hereafter. Here, the fractional area
now main open land areas over France, United Kingdomwith land cover change di ers among the northern (1430 grid
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points), middle (2178 grid points), and southern (987 grid gsjn The largest change toward warmer air temperatures up to

regions. C2.5C 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
RESULTS Celsius cooling is depicted. FOREST3 displays the strongest
warming in winter, followed by FOREST2 and then FORESTL1.
Changes in Near-Surface Temperature

The FOREST simulations yield similar patterns of change among
Contrasting e ects occur between land conversion, latigside each other in winter.

longitudes, and seasons (winter warming/cooling and summe  Most parts of the inner continental area of the mid-latitudes

indi erent/warming for changes to FOREST/GRASS), seglisplay minor cooling by half a degree Celsius for FOREST1 in

Figures 2A-D The largest climate impact of land conversion issummer. FOREST2 and FORESTS3 display half degree warming
depicted for GRASS during summeigure 2D, JJA), atatime of over the same areas, while FOREST2 also skiiw€ warming

maximum incoming radiation. An overall mean increase inRea in some coastal areas (Greece, western Turkey) and in the

surface air temperature is about 1B with largest changes up northern part (eastern Finland and northern Russia).
to 4 C over Hungary and Ukraine. Conversely, GRASS shows a

coolingby 0.5 Cinwinter over regions, which experience snowSeasonal Cycle of Albedo

coverage. Up to 1.5 C cooling over northern Russia is depicted. The seasonality of the albedo is mainly driven by the sedsona
Contradictory, the western European countries turn warmgr b snow coverage, and to a minor extent by the seasonal vegetati
C0.5 Cin winter. coverage, as the albedo values stay constant throughout the

A FOREST1 - EVALUATION B
20°W 0° 20°E 50°E

FOREST2 - EVALUATION

40°W 40°W  20°W 0° 20°E 50°E 40°W  20°W 0° 20°E 50°E 40°W  20°W 0° 20°E 50°E
T

c FOREST3 - EVALUATION D GRASS - EVALUATION
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FIGURE 2 | Spatial distribution of mean seasonal near-surface air teperature changes over the EURO-CORDEX domain for the con&on to forest with three
different albedo parameterizations [FOREST(A), FOREST2(B), FOREST3(C)], and to grassland [GRASSD)] for winter (DJF, left) and summer (JJA, right) for
1986-2015. The difference between experiments and the EVAILATION simulation with no land cover change is displayed.
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FIGURE 3 | Domain averaged long-term mean seasonal cycle of the albedof FOREST1 (red), FOREST2 (rose), FOREST3 (dark red), GRA8&Kk green), and
EVALUATION (black) over all land points only for 1986—-2015Ib&do values are displayed for the whole of the domain TOTA(A), and with latitudinal separation in
NORTH (B) for high-latitudes (note the different y-axis scale), MIDIE(C) for mid-latitudes, SOUTH(D) for the Mediterranean (note the different y-axis scale).

time [see Equations (1) and (2) arfeigure 3A]. The albedo parameterizations than between the dierent land covers
di erence between all of the simulations is evident in allin southern Europe in summer (see FOREST vs. GRASS
seasonsHKigures 3B-D. Although major di erences appear in in Figure 3D). The albedo parameterization is here a high
winter (albedo increase for GRASS and decrease for FORESfcertainty factor to estimate the impact of land use/cover
compared to EVALUATION). The seasonal cycle of the albedehange.

depends further on the latitudinal are&ifures 3B-D). Largest To summarize, main albedo di erences occur due to di erent
di erences occur between the GRASS and the FOREST runggetation types, and minor albedo di erences occur due to
for the northern und mid-latitudes in winter, where the snow the speci ed parameterization in the model. An exception is
masking e ect of trees is strongest. In summer, GRASS re ectsouthern Europe, where the albedo parameterization is a high
the most of the incoming radiation followed by EVALUATION uncertainty factor.

and FOREST1, FOREST3, and then FORESHigu(e 3A).

The soil moisture is not considered in the albedo calcutatd . . L .

FORESTS3. This leads to an overestimation of the albedo fosmoiL-atitudinal and Seasonal Variations in

soil. The albedo parameterization of FOREST1 is the operdtionhlear-Surface Temperature

one as used for the EVALUATION simulation, and does notwe recognize that there is also a west to east gradient, but do
depend on di erent vegetation types. Therefore, the simulategot account for this gradient in subsequent analysis, whies
albedo of FORESTL1 is similar to that of the EVALUATION latitudinal dependence is discovered. Even though the e éct o
simulation in mid-latitudes in summer Kigure 3Q. This forests is expected to have high spatial variability withimsame
means that the observed changes in temperature realtiveeto tizglimate zone, we still see an overall cooling e ect in the mid-
EVALUATION run are mainly the result of changes in surfacelatitudes for FOREST1 in summeFigure 4A, JJA). This cooling
roughness and turbulent ux partitioning. A lower albedo of 1 e ect turns into a warming for FORESTF{gure 4B JJA), and is

to 2 percent is depicted for FOREST3 and FOREST2 comparégti erent for FOREST3 Figure 4C, JJA). The greatest warming
to EVALUATION in mid-Europe in summer Figure 3Q).  of all regions occurs for FOREST2 in summer, and especially
The associated increase in available energy at the surdace fn high latitudes €0.3 C). All of the FOREST runs display a
FOREST3 and FOREST2 might contribute to the summewarming inwinter with greatest warming in mid-Europ€0.7 to
warming seen inFigures 4B—C for mid-latitudes. Further, C1.0 C,Figures 4A—C DJF). A minor winter cooling is depicted
the albedo dierences are higher between the diverse albedor FOREST3 in the Mediterranean area.
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FIGURE 4 | Changes in mean near-surface air temperature compared to tnEVALUATION simulation with no land cover change over the EIJRCORDEX domain of
three afforestation experiments using a different albedogrameterizations [FORESTIA), FOREST2(B), FOREST3(C)] and deforestation experiment [GRASED)] for
the whole of the domain (TOTAL), and with latitudinal sepatian in NORTH (58-72 N) for high-latitudes, MIDDLE (4358 N) for mid-latitudes, SOUTH (30-43 N)
for the Mediterranean for winter (DJF) and summer (JJA) foB86-2015. The errorbars represent two times the standard error around the mean. Plotted are
differences over all land-points only. Note the different-ixis of GRASS in summer.

Grassland has the opposite e ect in winter. Here, a coolingninimum temperatures are higher/lower in summer and to
( 0.2 to 0.5C) especially in the high-latitudes is seena lesser extent lower/higher in winter for GRASS compared
(Figure 4D, DJF). No creditable di erence is depicted for theto FOREST in mid-Europe, which explains the reduced
Mediterranean. Major warming occurs in summer (up ta38in  diurnal cycle for GRASS hereFigure 50. The maximum
mid—Europe, JJA). The warming is much stronger than that ond minimum temperatures are slightly higher for FOREST2

a orestation. followed by FOREST3 than for FOREST1 for the same region. A
steeper seasonal gradientis found for GRASS in northernfiguro
Seasonal Cycle of Diurnal Temperature Here, the diurnal temperature range is greater for GRASS than

for FOREST by half a degree Celsius in summer and to a minor

Range A i
. . . tent ter, t 3 A6b).
Change in the diurnal temperature range is greater for FORESPTX entin winter, too (segigure )

than for GRASS Kigures A6a—d owing to the increased

roughness length. During summer months, the diurnal cycle .

is increased for GRASS in the northern regidfigure A6b). Changes in Turbulent Fluxes .

Although changes in maximum and minimum temperaturesRelative to the EVALUATION run, tree cover increases both

are dierent among the three climatic zones and seasonitént and sensible heat uxes, sgures 7. Latent heat
(Figures 5A-D). In southern Europe, maximum temperature UX€S increase at up t€15 W/n? over the eastern countries in
changes of GRASS is almost the same to that of FoRESYinter for the forestland simulations owing to the fact of mij
However, the decrease in minimum temperature of GRASS orestation in these areas. All other parts display chang€xldf
compared to EVALUATION is about L less than that of W/mZ. In summer, a mixture of increases over the continental
FOREST in summerRigure 5D). Changes in maximum and &reas and decreases over the maritime region is seen. @jmila
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FIGURE 5 | Domain averaged long-term mean seasonal cycle differencefanaximum and minimum near-surface temperature of FORESTted), FOREST2 (rose),
FOREST3 (dark red), GRASS (dark green) relative to EVALUANIOver all land points only for 1986—2015. Values are displag for the whole of the domain TOTAL
(A), and with latitudinal separation in NORTHB) for high-latitudes, MIDDLEC) for mid-latitudes, SOUTH(D) for the Mediterranean.

sensible heat uxes are increased over all forestland simns =~ Whereas FOREST have comparable latent and sensible heat
by C5toC15 W/m?. uxes, GRASS shows higher sensible than latent heat uxes
The land cover change to forest is associated with biophlysicduring the growing period Figures A7, A8). This di erence
vegetation characteristic changes via increases in tlieatea in ux portioning is especially apparent in the Mediterranean
index, plant coverage, and roughness length. The actual uxegion Figures A7d A8d) due to the limitation of soil moisture
change depends on the roughness length, which redistributewailability.
the energy through convection and evapotranspiration. Owing To summarize, latent heat uxes are increased for FOREST
to their high aerodynamic roughness, forests dissipateislens compared to GRASS, but sensible heat uxes are additionally
heat as e ciently to the atmospheric boundary layer as latenincreased. Major changes occur over areas with strong
heat, se€igures § 7. Due to the higher leaf area index and plantland conversion. Major changes of the dierent albedo
coverage, latent heat is increased and removed from thasairf parameterizations occur during the summer time with
viaturbulence, which is released above the atmosphericdemyn strongest changes seen in FOREST2. Characteristic changes
layer by cloud condensation (see increase in total clougiame (decreasel/increase of latent/sensible heat uxes in sunandr
in Figure A5acompared tdrigures A5band A5c). of less magnitude in winter) is seen for GRASS.
Major changes in the uxes are seen for latent and sensible
heat for GRASS in summerFigures 6D, 7D), where aimost Changes in Radiation Fluxes
all over the domain a sharp decrease/increase of latersifslen In the FOREST1 run, the net shortwave radiation is decreased
heat (up to 40/C20 W/n¥) is observed. Decreases of latentby 4 W/m2 (Figures 8A-Q, and the net longwave radiation
heat occur over the Mediterranean area in summer. In thigs increased by 8 W/m2 (Figures 9A-Q in areas showing
case, reductions of surface roughness and leaf area indak/pl summer cooling (see Ukraine, Poland, Belarus, and western
coverage reduce the evapotranspirative potential (see rdducRussia inFigure 2A). Whereas for FOREST2, in Scandinavia
seasonal cycle of latent heat ux Figure A7d). For GRASS, and eastern countries the net shortwave radiation is ineeea
the partitioning between sensible and latent heat ux is deet  and net longwave radiation is slightly decreased contiitgit
than for forestland (se€igures AL A7, A8 in the Appendix). 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 th&URO-CORDEX domain for the conversion to forest with threeifterent albedo
parameterizations [FORESTIA), FOREST2(B), FOREST3(C)], and to grassland [GRASSD)] for winter (DJF, left) and summer (JJA, right) for 1986-261The
difference between experiments and the EVALUATION simulati with no land cover change is displayed over land points oxl

extent visible for FOREST3. The major warming in wintercan be explained by the decrease in total cloud coverage
in the a orested areas results due to a sharp increase in néseerigure A5h).
shortwave radiation in that area for all of the FOREST runs
(Figures 8A—Q. Changes in Ground Heat Fluxes

Strongest radiation changes occur in the GRASS simulatiodhe relationship between net radiation and turbulent uxes
where the net shortwave radiation is decreased by 30 ¥v/mbetween the experiments and the EVALUATION simulation is
over the alpine area and northern high latitudes in winterdisplayed inFigure 10 as di erences of the ground heat ux.
(Figure 8D) obviously leading to the cooling seen in this Here, the ground heat ux is the residuum of the radiation
region (Figure 2D). The replacement of forests with grassbalance and the turbulent uxes. If the residual di erences
in northern latitudes increases surface albedo and reducd®tween FOREST/GRASS and EVALUATION are positive, more
absorbed radiation (sdéigures A2 A3 in the Appendix). Since radiative energy is absorbed than transferred to turbulewtrgy
the snow-masking e ect is less than for FOREST, the wintein the experiments relative to EVALUATION and vice versa.
snow coverage is more e ective in re ecting radiation overChanges in winter temperature for FOREST result due to changes
grassland resulting in a cooling e ect. Major summer warmingin radiation processes, which are higher by 6 to 8 W/tman the
occurs for the conversion to grassland, because of major nérbulent ux changesFigures 10A-Q. Although turbulent ux
shortwave increases and net longwave decreases. Althougftanges dominate summertemperature di erences. Thesetsesul
the albedo is higher for GRASS than for the EVALUATION can be explained by the magnitude of the land conversion. The
simulation in summer, the increase in shortwave radiationarea, where the land conversion is the greatest (change of ope
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FIGURE 7 | Spatial distribution of mean sensible heat ux changes overte EURO-CORDEX domain for the conversion to forest with theedifferent albedo
parameterizations [FORESTIA), FOREST2(B), FOREST3(C)], and to grassland [GRASSD)] for winter (DJF, left) and summer (JJA, right) for 1986—-261The
difference between experiments and the EVALUATION simulati with no land cover change is displayed over land points oxl

land to forest in eastern countries), the di erence in radiat northern Russia, the area with former forest and thus greéates
dominates (see positive values of the change in the energgdml land conversion and associated changes in the biophysical
in Figures 10A-Q in winter resulting into a warming since characteristics. In summer, the transformation to grassleeads
forests have a lower albedo and consequent enhanced alwsorptio an increase in net shortwave radiation, a decrease in net
of solar radiation. The turbulent ux changes dominate inlongwave radiation, a major decrease in latent heat ux and a
summer. If soil moisture is present in suitable amounts, sreeincrease in sensible heat ux.
have a larger latent heat ux. They also dissipate sensible hea
as e ciently to the atmospheric boundary layer as latent heat
The turbulent ux e ect is here stronger for forestland than DISCUSSION
for grassland, especially in the higher latitudinal regidve
acknowledge that the di erence of the energy balance betweé€Fhe previous land cover must be considered in order to interpret
forestland and grassland is positive in winter, meaningasjer  the results. The former land cover determines the strengthe
radiation e ect of forest, and negative in summer ($8gure A4  conversion to either forest or grass and with that the sttargf
in the Appendix). the biophysical characteristic changes. This is also a fomatf

In the case of GRASS, turbulent ux di erences are higherthe vegetation albedo, roughness length, and evapotranigpira
in winter and vice versa in summeFigure 10D). Here, similar  potential, if di erent vegetation types are considered. Thitdae
argumentation as before can be applied. That the turbulent another determinant, which in uences the climate change
ux dierences are higher than the changes in radiation in due to land conversion, because of the background climate and
winter applies mainly to the northern areas of Scandinavia angdnow-masking e ect.
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FIGURE 8 | Spatial distribution of mean net shortwave ux changes overiie EURO-CORDEX domain for the conversion to forest with theedifferent albedo
parameterizations [FORESTIA), FOREST2(B), FOREST3(C)], and to grassland [GRASSD)] for winter (DJF, left) and summer (JJA, right) for 1986-261The
difference between experiments and the EVALUATION simulati with no land cover change is displayed over land points owl

Therefore, major winter warming (up to 2.8) of the heat is decreased. In addition, the net incoming radiatisn i
FOREST simulations occurs over areas, which are extensivelgcreased due to more cloud coverage (Siggire A5 in the
a orested compared to the EVALUATION simulation, which Appendix) by higher evapotranspiration. Thus, the warmer
is true for the eastern countries, west Russia, and Turkeyegions can suppress the albedo warming e ect of forést (
seeFigures 1A,B Here, forests have a warming e ect whenet al., 201} This e ect is similar for FOREST1, FOREST2, and
the former major land cover was open land and not forestFORESTS3.
The conversion to forest leads to a reduction of the albedo A conversion to grassland can be regarded as a strong land
for all FOREST simulations in winter, which increases thecover change e ect (deforestation) in the high latitudesush
available energy at the surface. The re ectivity is furthemgrassland has a winter cooling e ect if the former land cover
reduced due to the snow-masking e ect of forest in winter.was forested like in the Scandinavian countries and norther
This results in a winter warming of the eastern countriesRussia, seEigures 1A,B andFigure 2D, DJF Cherubini et al.,
(Bonan et al., 1992; Bonan, 2008; Tang et al., ROIBose 2019. These are regions, which experience snow coverage, and
remaining European regions, which experience snow covehe decreased snow-masking e ect enhance the cooling there
in winter and where the forest fraction is increased, shown winter. The western European countries turn warmer in
also a warming e ect since the radiative warming dominatesvinter. Although the di erence between forest and grass also
the non-radiative cooling Eright et al., 201}/ Only in west- implies the same direction (cooling by grass), Begure Al in
Europe, a winter cooling by half a degree Celsius is depictethe Appendix. The regions, which experience snow coverage in
since more evapotranspiration of water occurs, and the sknsibwinter, 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 ta EURO-CORDEX domain for the conversion to forest with thredifferent albedo
parameterizations [FORESTIA), FOREST2(B), FOREST3(C)], and to grassland [GRASSD)] for winter (DJF, left) and summer (JJA, right) for 1986-261The
difference between experiments and the EVALUATION simulati with no land cover change is displayed over land points ogl

in re ectivity associated with the snow-masking e eé¢tlkama  Figure A10. This results in an additional cooling e ect. The
and Cescatti (201ostulated a sharp reduction in high latitude cooling e ect due to a orestation in mid-Europe is in line with
temperatures due to large-scale deforestation. Althougfilai  remote sensing anah situ observations Alkama and Cescatti,
changes of temperatures are also seen over Scandinavia in Grl6; Bright et al., 20).7 Contradictory, these regions turn
study, they are only moderate in magnitude. Also a surfacearmer for FOREST2 followed by FOREST3 with a di erent
cooling by deforestation of the mid and high latitudes of thealbedo parameterization depending on the vegetation type. A
northern hemisphere was reported beforelbyuville and Royer lower albedo is depicted for FOREST2 and FOREST3 compared
(1997) The western European areas turn warmer by half a degrée EVALUATION in mid-Europe in summer. The associated
Celsius in winter since the evapotranspiration is reduced andhcrease in available energy at the surface for FOREST2 and
more sensible heat is produced. FOREST3 contributes to the summer warming in mid-latitudes.
Eastern and mid-Europe turn cooler for FOREST1 in summerThe soil moisture is not considered in the albedo calculatdn
The operational albedo parameterization is used for FORESTEQREST3. This leads to an overestimation of the albedo fostmoi
and the summer albedo is similar to the albedo of thesoil conditions of FOREST3 compared to FOREST2. Further,
EVALUATION run in mid-latitudes, sedrigure 3C Thus, the climatic changes depend on the strength of daytime warming
simulated changes in temperature result from increasesriase  and nighttime cooling, and is re ected by the dierences in
roughness and turbulent uxes. The higher evapotranspiratio maximum and minimum temperatureigure 5D, Cherubini
increases cloud coverage, strengthens the long-wave dandnw et al., 2018 Summer warming by a orestation was pointed out
radiation, and reduces the direct incoming radiation, sedyy Bonan et al. (1992)The alternate albedo parameterization
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FIGURE 10 | Spatial distribution of temporal mean energy balance charegs over the EURO-CORDEX domain for the conversion to forestith three different albedo
parameterizations [FORESTIA), FOREST2(B), FOREST3(C)], and to grassland [GRASSD)] for winter (DJF, left) and summer (JJA, right) for 1986-261The
difference between experiments and the EVALUATION simulati with no land cover change is displayed over land points oxl

with vegetation albedo depending on vegetation type leads For deforestation, the whole of Europe turns warmer by
to a reduction of the albedo compared to FOREST1, andp to 3 C in summer since the latent/sensible heat uxes
with that to increased net incoming radiation. It is thus how are decreased/increased. The total cloud coverage dexrease
the albedo of the vegetation is treated in the model thatlue to the reduced evapotranspiration (s€gure A5b in
determines the response of summer climate to a orestation irthe Appendix), which is also seen in the reduced long-
mid-latitudes. wave downward radiation. Thereby the net incoming radiatio
All the forest simulations show a warming in southern Europeaccelerates, s&égures A9and A10. Most climate models show
in summer. Despite the higher evapotranspiration potentiabn average regional cooling from deforestatiéteiugini et al.,
due to the higher leaf area index of forest, there is les&8017. Thisis generally con rmed in our study for regions, which
evapotranspiration. This may be translated to less soil mogst experience snow coverage in winter. Although this wintedicap
available for evaporation, which is also reducé&dvénn et al., is o set by a dramatic warming in summer. Thus, grassland
2012. Thus, the Bowen ratio is increased, and more sensibl@ecreases seasonal temperature variation compared to forest
heat is released to the atmosphere, Bigeire A9. Sensible heat These results highlight the fact that local biophysical psses
and net short-wave radiation uxes show the most variabilit triggered by a orestation can decrease seasonal temperature
among the experiments. The results show that the di erences imariations, further reducing the temperature trends drin®nthe
the various vegetation albedos (as for FOREST2 and FORESTi¥reasing greenhouse gas concentrations.
are more important than the consideration of the soil moigur ~ Albedo dierences turn out to be higher between the
and type (as for FROEST1 and FOREST?2). FOREST simulations due to the albedo parameterizations
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than between the land cover types in southern Europe. Thef individual biophysical changes and the speci c background
high temperature discrepancies between GRASS and the threlémate conditions, in which the land use change occurs.
FOREST simulations in this region thus stem primarily fromThus, the albedo parameterization need to account for di éren
di erences in evapotranspiration rather than from the albedovegetation types. Furthermore, the albedo parameterizasien

e ect. Therefore, the land cover change impact is higher i thi high uncertainty factor to estimate the impact of land usefov
region than the model uncertainty. Thus, an accurate langeco change in southern Europe. This is important information for
map with characteristic vegetation types is important toimt#  model development.

for such kind of studies. Altering the surface boundary conditions resulted in chesig
of the total cloud cover amount in this study. Thus, land-
CONCLUSIONS atmosphere interactions a ect the hydrological cycle, which

indirectly feed back on the surface energy balance compsnent

In this study, the eect of three dierent albedo The contribution of horizontal/vertical advections to nea
parameterizations is examined for a orestation experimerits asurface air temperature changes would be an important issue to
0.44 horizontal resolution across the EURO-CORDEX domainlook at next with reconsideration of the cumulus scheme ia th
during 1986-2015. Idealized de- and af-forestation sittiofies ~ model.
are compared to the simulation with no land cover change.
Emphasis is put on the impact of changes in radiation andAUTHOR CONTRIBUTIONS
turbulent uxes. A clear latitudinal pattern is found, which
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