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Abstract. Although forest management is one of the instru- infrared); thus the albedo needs to be parameterised at
ments proposed to mitigate climate change, the relationshigpecies level. In addition, Earth system models need to ac-
between forest management and canopy albedo has been igeunt for forest management in such a way that structural
nored so far by climate models. Here we develop an ap-changes in the canopy are described by changes in leaf area
proach that could be implemented in Earth system modelsindex and crown volume (maximum change of 0.02 visible
A stand-level forest gap model is combined with a canopyand 0.05 near-infrared albedo) and that the expression of
radiation transfer model and satellite-derived model paramealbedo depends on the solar zenith angle (maximum change
ters to quantify the effects of forest thinning on summertimeof 0.02 visible and 0.05 near-infrared albedo). Earth system
canopy albedo. This approach reveals which parameter hamodels taking into account these parameters would not only
the largest affect on summer canopy albedo: we examinedbe able to examine the spatial effects of forest management
the effects of three forest species (pine, beech, oak) and fousut also the total effects of forest management on climate.
thinning strategies with a constant forest floor albedo (light
to intense thinning regimes) and five different solar zenith
angles at five different sites (40l 9° E-60° N 9° E).

During stand establishment, summertime canopy albedd Introduction
is driven by tree species. In the later stages of stand devel-
opment, the effect of tree species on summertime canop Ibedo is the fraction of solar energy reflected from a surface
albedo decreases in favour of an increasing influence of forPack to the atmosphere; it is controlled by the characteristics
est thinning. These trends continue until the end of the rota®f the surface, cloudiness and the position of the sun. The
tion, where thinning explains up to 50 % of the variance in size of the land surface albedo is a major factor controlling
near-infrared albedo and up to 70 % of the variance in visiblethe energy budget of the Earth and albedo is thus a key pa-
canopy albedo. rameter in the Earth’s climate system. Of the main vegetated

The absolute summertime canopy albedo of all speciedand surface types, i.e. trees, grasses and crops, trees gen-

ranges from 0.03 to 0.06 (visible) and 0.20 to 0.28 (near-rally have the lowest albedo, trapping more solar radiation
than shorter vegetation (Amiro et al., 2006; Betts and Ball,
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1997; Pielke and Avissar, 1990; Robinson and Kukla, 1984). JRCTIP /
The differences in albedo between broad vegetation classes forest species map
i.e. evergreen and deciduous forest, and among other vegete effective scattering

tion types are reasonably well established, as are the climate parameters and
background albedo

effects that follow a change in albedo (Anderson et al., 2011,
Bala et al., 2007; Bathiany et al., 2010; Betts, 2000; Pielke et

al., 1998; Schwaiger and Bird, 2010). ForGEM Bee:*_’zatﬁ:'t?s/ aw
Finer-scale albedo effects, such as those of species diver
sity in the canopy, tree species and forest management, re| 3D canopy 3D --> 1D canopy
main poorly documented. Although a body of literature link- | ePresentaton representation
ing forest albedo to forest thinning is emerging, process un-| forest properties AL
and leaf area index area index

derstanding is still fragmented, because these studies are li

ited to individual. stands or single species and the observegtg. 1. Sketch of the model chain linking the forest gap-model, ray
S'Fand'leVd relationships ha'VG not been explored 0N a refracing, two-stream radiation transfer model and remote-sensing-
gional or global scale. The site-level effect of forest thinning based model parameters. Model output is given at the bottom of
on albedo has been quantified for a handful of stands. For @ach box and the dimensions of the canopy representation are indi-
pine forest in Arizona thinning resulted in a small increase incated by 3-D and 1-D for a three-dimensional and one-dimensional
albedo (Dore et al., 2012). In contrast, a mid-rotation stand ofepresentation of the forest canopy, respectively. The variables cal-
loblolly pine in North Carolina showed lower average albedo culz_alted by the single models are in italics. Fo_rGEM: Forest Ge-
compared to a recently established stand on a clear-cut gietics, Ecology anq Management; JRC-TIP: Joint Research Centre
(Sunetal., 2010). The same effect was observed for a thinnedo-stream Inversion Package.
pine forest in New Zealand (Kirschbaum et al., 2011). The
first thinning of a managed Norway spruce stand in Finland .

. 2 Materials and methods
was simulated to reduce the albedo by 10 %, whereas the
subsequent thlnnlng events had a smaller mflgenge on stangl 4 The modelling chain
albedo (Rautiainen et al., 2011). This reduction in surface

albedo was reported to be a function of canopy structure anétne effects of forest thinning on stand structure were quan-
thinning (Rautiainen et al., 2011). tified using a tree-based forest gap model called FOrGEM

Maximising forests’ sequestration of atmospheric carbon(FORest Genetics, Ecology and Management; Kramer et al.,
dioxide through forest management, including species sep00g). Radiation absorption, scattering and transmission by
lection and stand thinning, is one of the key instrumentsine forest canopy were then calculated from a radiation trans-
proposed to mitigate climate change (UN, 1998). However.fer model (Pinty et al., 2006) using satellite-derived, species-

managing forests for carbon sequestration will at the sam@pecific and effective vegetation radiative properties (Fig. 1).
time affect the biophysical interaction with the atmosphere

through changes in albedo, canopy roughness and evap@.2 Forest gap model (ForGEM)
transpiration. Thus, before we can hope to mitigate climate
change through forest management we must quantify and urifhe forest gap model ForGEM is a spatially explicit, in-
derstand the full range of climate impacts through both bio-dividual tree model that quantifies ecological interactions
geochemical and biophysical land—atmosphere interactionand forest management. Previously, FOrGEM has been ap-
that forest management can control. Land surface modelglied to diverse research questions ranging from the effects
including forest growth and management (Bellassen et al.pf wind throw on carbon sequestration to the adaptive po-
2010), are an ideal tool for analysing this effect on a largertential of tree species under changing climate (Kramer et
scale. The radiation transfer schemes in today’s models, howal., 2008; Schelhaas, 2008; Schelhaas et al., 2007). Inter-
ever, are not suitable for simulating the effect of changes inmodel comparison (Fontes et al., 2010) demonstrated that
canopy structure on albedo (Loew et al., 2013). Here, weForGEM is one of the few processed-based models that are
present an approach that could be implemented in Earth syszapable of simulating complex relationships and interactions
tem models to fill this gap in our knowledge. between tree species and forest management strategy. Di-
We couple a tree-based forest gap model to a canopy rarect validation of the simulated canopy structure against ob-
diation transfer model and use satellite-derived model paservations has not yet been achieved due to the absence of
rameters to determine which factor has the strongest effecsufficiently large observational data sets. This is, however,
on summertime canopy albedo: (1) site location and therebyikely to change in the near future owing to the rapid devel-
different solar zenith angles, (2) tree species or (3) thinningppment of radar-based technology (Raumonen et al., 2013).
strategies. In the mean time, inter-model comparison (Fontes et al.,
2010) and stand level validation (Kramer et al., 2008) in-
creased our confidence that the model simulates a realistic
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canopy structure under different management strategies. Iso-called true background albedo which is the albedo of the
this study, ForGEM was set up to simulate forest stands comsurface below the dominant tree canopy (VIS and NIR). All
posed of different species and subject to different thinningparameters were taken from the Joint Research Centre Two-
regimes over one rotation (Table 1). These simulations prostream Inversion Package (JRC-TIP) (Pinty et al., 2011a,
vided us with key variables to describe the forest canopy2011b), software which inverts the two-stream model (Pinty
structure, i.e. tree height, crown volume as cylinders, leafet al., 2006) to best fit the Moderate Resolution Imaging
mass, leaf area index (LAI) and the spatial position of all Spectroradiometer (MODIS, Schaaf et al., 2002) broadband

trees within the stand. visible and near-infrared white-sky surface albedo from 2001
t0 2010 at 0.01 degree resolution. The parameters derived are

2.3 Canopy radiation transfer scheme equally suitable for calculating white-sky albedo and black-
sky albedo.

The complexity of radiation transfer makes it difficult to ac- Parameter values were only selected from the JRC-TIP
curately simulate radiation transfer through structurally andif the posterior standard deviation of the probability den-
optically complex vegetation canopies without using explicit sity function was significantly smaller than the prior stan-
3-D models. Nevertheless, the 1-D canopy radiation transfedard deviation, because this condition ensures statistically
model by Pinty et al. (2006) has been shown to accuratelysignificant values. The vast majority of the retrieved values
simulate both the amplitude and the angular variations of allremained close to their prior values. The radiative properties
radiant fluxes with respect to the solar zenith angle (Wid-extracted from JRC-TIP were successfully compared with
lowski et al., 2011). However, this requires the use of adaptedn situ measurements for deciduous and needleleaf forest
variables: we refer to these as “effective” variables, whichsites (Pinty et al., 2008, 2011c). It should be noted, however,
replace true state variables (Pinty et al., 2004). For examplethat without field observations to constrain the prior values
the value of LAl used in the 1-D model (see Table 1) is calcu-of the canopy and background properties used in the inver-
lated from the true LAI such that the 1-D model reproducession, the right fluxes may be obtained from a combination of
the radiative fluxes of the 3-D model. LAl in the 3-D model the wrong canopy and background properties, especially for
is the true state variable; LAl in the 1-D model is the ef- sparse canopies.
fective LAI. The effective LAl thus expresses the amount of  Effective species-specific radiative properties were de-
vegetation that a 1-D model requires to match the solar radirived from JRC-TIP by masking the scattering parameters
ation attenuated by a 3-D model. Any change in the true LAlwith a forest species map for Europe (Brus et al., 2011).
is reflected in the representation of effective LAI including This map gives a spatial distribution of the 20 dominant tree
information on changes in canopy structure. species or species groups over Europesatllkkm resolution.
The effective LAl was calculated by means of a “ray- As this study considers only pure forest stands, to avoid sig-
tracing approach”. For an incident single ray, the approachal contamination only pixels where a single species domi-
tests whether that ray encounters a tree and measures timates (Brus et al., 2011) were selected. The effective scatter-
distance it travels from the first contact with a canopy ele-ing and true background values for piférfus sylvestris..),
ment before reaching the forest floor. This process was rebeech Fagus sylvaticd..) and oak Quercus robur.. or Q.
peated 100000 times for different locations over the standoetraealiebl) are listed in Table 2.
to estimate the probability density function of the distance The diversity of techniques to measure and model albedo
rays travelling within the canopy. For a given solar angle, thehas resulted in two different albedo specifications. In this
probability density function was combined with the crown study, albedo is defined as the black-sky albedo, also re-
density (LAl per crown volume; Bréda, 2003) to calculate ferred to as directional-hemispherical reflectance (DHR).
the fraction of light reaching the forest floor without meeting This means that the surface is illuminated with a collimated
a canopy element (Pinty et al., 2011a, 2011b). This fractionbeam of light from a single direction and the scattering is the
was then used as input for the inverted Beer—Lambert’s lanintegral over all viewing directions (Martonchik et al., 2000).
(see Eq. (25) in Pinty et al., 2004) to derive the effective LA It is not normally measured in the field where most mea-
This approach requires the explicit position of trees and theirsurements will also include illumination from diffuse solar
crown dimensions; these were retrieved from the ForGEMradiation. This so-called white-sky albedo is used for valida-

simulations mentioned above. tion, assuming that isotropic incoming radiation prevails dur-
ing European summer. We report the albedo for direct-beam
2.4 Parameters for the radiation transfer scheme light and for the visible (0.3—0.7 um) and near-infrared (0.7—

3.0 um) bands of the spectrum separately. The term ‘canopy
The following vegetation radiative properties are requiredalbedo’ describes the albedo of a combined shortwave band
to calculate the albedo from the effective LAI: the effective (0.3—3.0 um) at the top of the canopy of a forest stand. If we
leaf single scattering albedo (for both visible (VIS) and near-refer to another albedo quantity or spectral band, it is men-
infrared (NIR) wavelengths), the effective preferred scatter-tioned in the text.
ing direction of vegetation scattering (VIS and NIR), and the
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Table 1.Mean effective LAI over one rotation for the different thinning strategies, tree species and locatBmudsylvestris..; F: Fagus
sylvatical.; and Q:Quercus roburL. or Q. petraealiebl.(I) unmanaged forest: the forest stand is an even-aged forest and no management
measures are applied. (1) light thinning: the forest stand is thinned from below according to yield tables. The trees with the smallest diameters
are removed until the required density from the yield table is reached. This is repeated every 5years. (lll) strong thinning: this measure is
similar to (ll) but only half the density of the yield tables is applied, i.e. more trees are removed than in the simulations (Il). (IV) intense
thinning: this measure is similar to (l11) but the thinning occurs only every 10 years, to the same density as (lll) for the same age.

location/ type/ specie$ unmanaged forest (I) light thinning (1) | strong thinning (Ill) | intense thinning (IV)
| P F Q | P F Q| P F Q| P F Q

60°N9°E 255 445 312|193 297 254 114 172 155] 122 180 1.62
55°N9°E 251 435 3.06| 189 287 248 1.12 165 150f 119 172 1.58
5°N9°E 246 422 298| 184 275 241 109 157 145/ 116 164 1.53
45°N9°E 240 406 289|179 261 233 105 148 140/ 112 155 147
40°N9°E 234 385 277|173 245 224/ 102 140 134|109 146 141

Table 2. Observed mean radiative properties for the tree species used in this study for June: effective single scattering albedo, effective
preferred direction of scattering and true background albedo were extracted from the JRC-TIP product. One standard deviation is given
in brackets. In addition, the same variables are given for each site used for the validation of the model chain. Legend for single sites:
Loobos in the Netherlands (coded NL-Loo, 52N, 5.74 E), Jarvselja in Estonia (coded EE-Jar, 58.8127.3C E), Hainich in Germany

(coded DE-Hai, 51.08N, 10.45 E), Hesse in France (coded FR-Hes, 48 877.07 E), Fontainebleau in France (coded FR-Fon, 48438

E2.78 E).

effective effective effective effective true true
single direction of single direction of background background
scattering scattering albedo scattering albedo albedo
albedo (VIS) scattering (NIR) (VIS) (NIR)
(VIS) (NIR)
Pinus sylvestris 0.150.03 0.99 0.02 0.73 0.09 2.01 0.05 0.09 0.09 0.17 0.08
at NL-Loo 0.12 0.97 0.67 1.95 0.06 0.10
at EE-Jar 0.12 0.96 0.67 1.93 0.08 0.14
Fagusspp 0.15 0.03 0.99 0.03 0.74 0.04 2.05 0.07) 0.13 0.09 0.25 0.09
at DE-Hai 0.13 0.97 0.74 2.07 0.16 0.29
at FR-Hes 0.17 1.01 0.76 2.10 0.15 0.30
Quercus robur & Q. petraea 0.18 0.02 1.02 0.02 0.76 0.03 2.09 0.09 0.15 0.02 0.28 0.05
at FR-Fon 0.17 1.01 0.75 2.08 0.15 0.29

2.5 The species-thinning experiment

growing area for the species under study. Canopy albedo was

reported for the location-specific solar-noon zenith angle of
The above model chain was applied to pine, beech anghe sun at summer solstice.

oak single-species forests. For each species we simulated
four different thinning strategies, going from unmanaged2.6 Validation
to intensively thinned forest (see Table 1). All simulations

were based on the growing conditions that approximateThe radiation transfer scheme was validated against obser-
to the highest site class of Dutch yield tables (Jansen evational data of forest properties from the five forest sites

al., 1996), using observed climate over the period 1975-under study (two pine, two beech, one oak forest; see Ta-
2010 for the central Netherlands from the Monitoring Agri- ble 3 and Appendix). We compared the observed top-of-the-
cultural Resources (MARS) database (accessed online 2¢anopy albedo data and mean MODIS-collection-5 albedo
January 2014vww.marsop.info/marsopB/The simulations ~ for June 2001 to 2010 to the modelled white-sky canopy

start with about 5000 trees per hectare, aged between 18lbedo values for each site. For the validation, the radiation
and 15years and forest regeneration was considered absemansfer model was forced by observed diameter and height
within a rotation. All simulations were performed for 1 ha of distribution and single-sided LAl and, in the case of needles,

forest. For each species and thinning type, canopy albedo wasemispherical LAI. In contrast to the model chain used in the

calculated for a transect across Europe along e lthe of remainder of the study, the validation thus did not make use
longitude stretching from 40to 60° N in discrete steps of of ForGEM simulations to describe the canopy structure in

5°. The selected spatial domain is an ecologically feasiblethe radiation transfer model.

Biogeosciences, 11, 2412427, 2014 www.biogeosciences.net/11/2411/2014/
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Table 3. Data availability for site level validation. The symbol (*) indicates that for FR-Hes tree height was calculated from provided
site-specific allometric relationship.

Site 2-way CHRIS/UAY  Gap Tree DBH Tree Crown Crown LAI
pyrano- spectro- fraction  position height radius length
meters meter
DE-Hai y n n y y y y y y
FR-Hes y n n n y y* n n y
EE-Jar n y y y y y y y y
FR-Fon y n n y y y n n y
NL-Loo y n n y y y n n y

Foliage in tree crowns often forms clumps, and typi- whereRToa is the incoming solar radiation flux at the top of
cally clumping is more important in needleleaf compared tothe atmospheref is a two-way atmospheric transmittance
broadleaf plants. The so-called needle-to-shoot level clumpparameter accounting for reflection and absorption of solar
ing used in this study was quantified using the needle-toradiation through the atmosphere, afd is the difference
shoot area ratio, which is measured through shoot sampleim surface albedo between unmanaged and managed forest.
and varies from species to species (Chen, 1996). The needle- The two-way atmospheric transmittancgg, is estimated
to-shoot clumping factor for pine forests, taken from obser-as the product between the clearness ind&xwhich is the
vations by Chen (1996) is 1.55 (average of values given infraction of downwelling solar radiation at the top of the atmo-
Chen’s table 4). The observed hemispherical leaf area indesphere that reaches the Earth’s surface, and the atmospheric
(LAI of conifers) divided by the needle-to-shoot area ratio transmittance factoff’, which is the fraction of radiation re-

(1.55) then equals the LAI. flected at the surface arriving back at the top of the atmo-
sphere. The clearness indek, was derived for every site
2.7 Statistical analysis specifically from NASA's Solar Surface Energy project (ac-

cessed online 22 January 2014 lattps://eosweb.larc.nasa.

Multi-way analysis of variance (ANOVA) was used to quan- gov/cgi-bin/sse/sse.qgiFor the atmospheric transmittance
tify the relative contributions of species, latitude and thinning factor, 7', we use a global annual average of 0.854 (Lenton
and species-latitude, species-thinning and Iatitude—thinningg!“_1 Vaughan, 2009), whose suitability was tested by Cheru-
interactions to summertime canopy albedo. In the analysis alPini et al. (2012). The incoming solar radiatidtzoa, on any
factors were considered to be so-called random effects. Thven day of the year (from 1 to 365) can be calculated from
analysis was repeated for every model year for the Visib|e,lat|t_ude, the Qecllnatlon angle an_d the sunset-hour angle, f_oI-
near-infrared and shortwave wavelength bands separately #9Wing equations reported by Bright et al. (2012). Eq.(1) is
derive the temporal variability during rotation in the driv- applied for the month June and for the latitudinal transect
ing factors (species, latitude and thinning). All factors were from 40—60° N at & E.
tested but for the sake of clarity only factors that explained
more than 10 % of the variance are shown.

3 Results

2.8 Radiative forcin
9 3.1 Validation of the model chain

We applied a simplified concept of radiative forcing to quan- The simulated summertime white-sky canopy albedo of de-
tify the site-specific per-unit area climate impacts of forest

thinni i Ibedo. Th diative f ciduous forest lies within the range of the MODIS-observed
INNNG on summertime canopy aibedo. 1Ne radiative Torc-5 044 yalyes (Fig. 2). Given that MODIS albedo was used

ing is the mean change in reflected shqrtwave radiation Mo derive the parameters of the radiation transfer model, this
June at the top of the atmosphere, resulting from change_s IEomparison only validates the effective LAl simulated by

surface albedo due to forest thinning and species SeleCt'or]!orGEM and the ray-tracing approach. Furthermore, the ra-
Following the calculations presented by Bright et al. (2012)diative transfer model captures the general trend o'f lower
and Cherubini et al. (2012) we compared the summertime

Ibedo ch bet the intensivel d albedo in needleleaf compared to broadleaf deciduous forest
canopy albedo changes between Ihe Intensively managed a ig. 2). However, we overestimated the shortwave albedo of
the unmanaged forest stands for each year. The radiativ

. ine forest in comparison to site measurements (NL-Loo by
forcing (RF) was calculated as 0.048 shortwave, EE-Jar 0.058 near-infrared), see Appendix
for further details of the sites. The partitioning into visible
RF= —Rtoa f A«, (1) and near-infrared (EE-Jar) suggests that the overestimation

www.biogeosciences.net/11/2411/2014/ Biogeosciences, 11, 24212014
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0.20 l 0.6
E 1 I simulated
standard deviation
] i observed 2007
0.05 FR-Fon I observed 2008
0.20 . I I
= z
@0‘05 FR-Hes 5
®) F=1
0.20 O
8 i 1 l I ‘g
= o
° | 5
0.05 DE-Hai
0.20
E l
] 1
0.05 NL-Log
0.15 EE-Jar PR RIS R R S R a SR
) 1 20 40 60 80 100
S solar zenith angle (°)
~ I
0.00 b Fig. 3. Gap fraction measured in 2007 and 2008 at the EE-Jar pine
0.30 EE-)ar forest compared to the modelled gap fraction.
== ] I
= 3 . . .
"O 15 + compared to the observations (Fig. 3). We tested how this

sim. sites MODIS observed_ or simulated pias in canopy cover translatgs into an

albedo bias by comparing model runs forced by either the

Fig. 2. Comparison of simulated June albedo for five different sites modelled or the observed gap fraction. The slight underesti-
(left column) to in situ and satellite observations. The range of sim-mation of the simulated gap fraction propagates through the
ulated albedo is shown for different crown allometry used to es“‘multi-scattering processes, especially in the near-infrared do-

mate crown volume from observed tree diameters. The range of ir}nain' this leads to the shortwave summertime albedo being

situ observations is taken from the 2 h window centred on local so- . . . :
. ) . verestim in the pine forest. However, the underestima-
lar noon in June at each site during the years 1999 and 2010. EE-J'0 erestimated in the pine forest. However, the underestima

is a single measurement (6 March 2013) but separated into visibIZ{F’n of the_gap fra_ctlon explains no more than 0.003 of the
and near-infrared albedo. The range of MODIS (2001-2010) Obser_dlf'ference in near-infrared albedo.

vations are derived from nine pixels surrounding the tower. DE-Hai: o

beech: FR-Hes: beech: FR-Fon: oak; EE-Jar: pine; NL-Loo: pine. 3-2 Attribution

The maximum change in black-sky albedo over one rotation
Table 4. Maximum range of Changes in summertime canopy albedobetween managed and unmanaged forest is of the same order
between managed and unmanaged forest over one rotation drivegs magnitude (Table 4) for the three factors, namely species,
by thinning strategies, across all species and solar zenith angles; By ning strategies and different latitudes (i.e. solar zenith an-
species, across all thinning strategies and solar zenith angels; ano\e) The maximum range reaches 0.03 in the visible and 0.07
by solar zenith angle, across all thinning strategies and species. Fo o) . g€ ’ ’
more explanation, see Table 1. in the nef_ir-lnfrared domain. .

A multi-way ANOVA was performed for three different
species, four thinning strategies and five different latitudes
(see Table 1). Different factors contribute to the variance of

thinning strategies 0.02 0.06 summertime canopy black-sky albedo in the visible, near-

Species 0.03 0.07 infrared and shortwave wavelength bands (Fig. 4). During

solar zenith angle 0.02 0.05 stand establishment, summertime canopy albedo is driven by

tree species. In the following stages of stand development,
the effect of tree species on summertime canopy albedo de-
occurs in the near-infrared wavelength band compared to thereases in favour of an increasing influence of forest thinning.
single-site measurement. These trends continue until the end of the rotation, where

The gap fraction at EE-J&r was measured in 2007 and 200&hinning explains up to 50 % of the variance in near-infrared

and our simulations resulted in a slightly smoother declinesummertime albedo and up to 70 % of the variance in visible

maximum range visible albedo  near-infrared albedo

Biogeosciences, 11, 2412427, 2014 www.biogeosciences.net/11/2411/2014/
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100p. VIS There were no significant interactions between species and
I thinning observed that explain more than 10 % of the varia-

| tion in canopy albedo.
60F

3.3 How does species affect summertime canopy

L : .,‘J. 1, albedo?
VN AL
20F .’! I, A 4 s Across all four thinning strategies, the summertime visible
e —t ’ ' canopy albedo of all species ranges from 0.03 to 0.06 (Fig. 5)
100F NIR over one forest rotation. In the near-infrared summertime

canopy albedo of pine ranges between 0.20 and 0.27. Beech
and oak show a smaller temporal variability compared to
pine, which only ranges between 0.24 and 0.28. The opposite
temporal variabilities in the visible and near-infrared wave-
length bands largely offset one another when the temporal
variability in shortwave canopy albedo is considered (Fig. 5).

Every simulation was performed for 1ha (10008m
of forest. Subsequently, this 1ha was divided into 25

. squares (20 mx 20 m) and the albedo was simulated for each

100 .
square separately. For dense forest, the albedo of a single

contribution (%)

L managsgrer%ﬁ?: - 20 m>x 20 m subplot s similar to the albedo of the entire 1 ha
v latitude - - - - plot as shown by the small variability in Fig. 5. Contrary to
60F ‘i this, moderately sparse (cover circa 0.5) canopies showed a
T - considerable spatial variability within the 1 ha plot. At the
2 L e Sl end of the rotation, however, the very sparse canopies were
20f » 47 T VT T s again well represented by single 200120 m subplots.
20 60 100 3.4 How does thinning affect the summertime canopy
YEArs albedo?

Fig. 4. Contribution (%) of the factors species, management and . .
latitude to the total variance of albedo (June) in visible (VIS), near- IN the case of the unmanaged forest, during stand establish-

infrared (NIR) and the shortwave (SW) wavelength bands. Onlyment the summertime canopy albedo decreases in the vis-
contributions larger than 10 % are shown. The grey line segmentgble spectrum and increases in the near-infrared spectrum.
indicate non-significant contributiong & 0.01). Contributions of  After this period of about 15-20 years the canopy is closed

the interaction terms do not exceed 10 %. and the albedo stays constant. Thinning strategies, however,
lead to a non-monotonic variation in summertime albedo

over the forest rotation period compared to unmanaged for-
est (Fig. 5). The analysis reveals a tendency for more inten-
tsive thinning strategies to have a stronger effect on summer-

0 .
ZOTﬁ to the; t_gta;l_ varf|antce. differ d di hether th time canopy albedo. After stand establishment, the summer-
€ contributing factors difier depenading on Whether the ;o o infrared albedo drops by up to 22% in the case

visible and near-infrared wavelength bands are treated SeRst intense thinning of pine forest compared to the simula-

arately or whether they are combined in a single so-callecﬁon without thinning. The drop is only half this amount for

shortwave canopy albedo. This change in explanatory factor§ne beech and oak stands. After every thinning event, canopy

is because absorption _|n the visible bgnd reaches its MaXl3hedo increases in the visible band and decreases in the near-
mum when the absorption for the near-infrared band reache

ﬁ1frared wavelength band. Thinning lowered the summertime
its minimum. Hence the sum of both spectra shows substan- g g

X . S .~ shortwave canopy albedo compared to unmanaged forest
tially less variation than the individual spectra. The variation Py b 9

in short " Ibedo is dri by t . (Fig. 6a). Interestingly, the thinning strategy “intense thin-
In shortwave summertime ajbedo Is driven Dy tree specu_asmng,, reduces the summertime albedo slightly more than the
This effect decreases towards the end of the forest rotatio

thinning strategy labelled ‘strong thinning’. In total, the abso-

to about 40 %, whereas the contributions of thinning and lat'lutle r;é:]ximumgghange in short\%avle clar?opy albe,do between

itude increase and explain the rest of the variation equa”ymanaged and unmanaged forest stands ranges from 0.020 for
. 0 .

with about 25% each. pine and 0.015 for beech to 0.010 for oak. In the case of pure

isotropic radiation (Fig. 6b), the albedo becomes independent

of the solar zenith angle and light thinning strategies may

summertime canopy albedo. Surprisingly, latitude only plays
a role in the near-infrared band, where it contributes abou
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Fig. 5. Albedo (June) of three tree species and four management strategie¢sNiah@ with the maximum solar angle of 27%44t the
summer solstice. The black line indicates shortwave, light red indicates visible albedo and light blue indicates near-infrared albedo. The thin
lines represent one standard deviation of 25 simulations ef 20m forest sub-plots.
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albedo. Note that the albedo-difference values are multiplied by 100 for better visibility.
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now have a stronger effect on albedo than under anisotropifrom black-sky albedo over rotation ranges from 1.09 W¥m

radiation. (oak forest at 50N) to 3.39 Wn12 (pine forest at 40N).
However, the forcing is non-monotonic over the rotation; af-
3.5 How does latitude affect summertime canopy ter each thinning event the radiative forcing increases up to
albedo? 5.18 Wn1 2. For pine and oak, the radiative forcing is largest

) . . . during the first half of a rotation, whereas beech reaches its
The diurnal pattern of solar zenith angle at a given location,,ovimum radiative forcing in the middle of a rotation. The

is determined by the site’s latitude. We compared the avyqqiative forcings of all species display a negative correla-

erage summertime canopy albedo over one rotation periog,p, yith latitude: the radiative forcing decreases from low
of eaF:h SPecies and thinning type for the transect along th?o high latitude (Fig. 9). This feature is less prominent in the
9 E line of Iongltudg from 40t9 690 N. Independent Of the  case of white-sky albedo and the general signal is weaker.
spectral band, species and thinning type, all simulations regny for the pine forest is the mean radiative forcing slightly
veal a linear trend (Fig. 7a, shortwave albedo) with a strongStronger compared to the black-sky albedo. The mean black-

positive correlation between latitude and albedo: i.e. the fur-sky albedo radiative forcing over a rotation ranges from

ther north the forest stand is situated, the higher the summer; 36 \y/1-2 (beech forest at 5N) to 3.92 Wnr2 (pine for-
time canopy albedo. This implies that forests with identical ot ot 40 N), with the maximum increase after a thinning
canopy structures will have different canopy albedo valuesyent at 6.08 Wm2.

due to their location. However, for pine, the difference be-
tween unmanaged and intensively managed forest remains
at each latitude, whereas the deciduous forests exhibit a de-
creasing difference in albedo between managed and unman-
aged stands from low to high latitudes (Fig. 7b). Thus the4_1 Tendency to overestimate near-
absolute summertime albedo values of the forest stands in-
crease with increasing latitude, but the difference between

unmanaged and managed forest decreases with increasiragpticm sensors for measuring gap fractions, such as the

latitude. one used at EE-Jar, often overestimate the gap fraction
(Kobayashi et al., 2013); hence, our simulation may be closer
to the true gap fraction than the observation. Furthermore,
the assumption of cylinder-shaped crowns may have con-

Crown volume and LAl are positively correlated (Fig. 8), tributed to the model underestimating the observed gap frac-

with low crown volumes typically exhibiting low LAI. How-  tion (Fig. 3). o _

ever, above a certain LAl threshold, the crown volume may NOW that the gap fraction is excluded as a major cause of
further increase whereas LAl saturates. The exact value of'€ deviation between simulations and observations, too high
the LAI threshold depends on the species and thinning strath€ar-infrared single scattering albedo values for pine, as ob-
egy. Nevertheless, all forest types show that low LAls cor- tained from the JRC-TIP product, are left as the most likely

respond to low summertime canopy albedo values, with thef@Use- In the case of a closed canopy the top-of-the-canopy

albedo reaching its minimum as crown volume increases @/bedo is determined by the effective single scattering albedo

The “saw-like” pattern in the albedo (Fig. 8) is not solely and direction of scattering values, whereas in the absence of

caused by changes in LAl but rather by changes in the crowr® ¢anopy the albedo is determined by the true background
volume (not shown). Crown volume is calculated as a Cy"n_values. In both cases, the JRC-TIP inversion used for the op-

der using crown radius and crown height. It is the same intimisation of these surface properties is well constrained. For
summer and winter, and it does not take account of any gap& SParse canopy, the inversion also needs to optimise the true

within the crowns. Thus, both changes in LAI and crown vol- Packground albedo; this may lead to top-of-the-canopy albe-
ume seem to drive the canopy albedo. dos being correctly reproduced by several parameter com-

binations. Errors in true background albedo values may be
3.7 Do summertime albedo changes have an effecton ~ compensated for by errors in the effective parameters.We be-
the radiative forcing? lieve this phenomenon is reflected in the validation results
for NL-Loo and EE-Jar.
The radiative forcing is calculated for the largest site-specific We calculated the near-infrared effective single scattering
albedo changes in June that occur between the unmanagedbedo that would have been needed to reproduce the site-
and the intense forest strategy (Fig. 9) for the two extremdevel observed albedo of NL-Loo. The original near-infrared
cases of black-sky albedo and white-sky albedo. For all threesffective single scattering derived from the JRC-TIP pack-
species, the integration of the radiation over a rotation re-age was 0.67; the estimated value to match near-infrared
sults in a positive radiation forcing, and thus in a warm- albedo of the site was 0.54. Other approaches also report
ing of the atmosphere. The mean radiative forcing resultingthat the near-infrared scattering seems to be a challenging

Discussion

infrared albedo of
needleleaf forest

3.6 What drives changes in summertime canopy
albedo?
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Fig. 7. Maximal difference between shortwave albedo (June) of unmanaged forest and managed forest occurs in the case of intensely
managed forest. This difference is shown for each species and for the transect absgré&ching from 40 to 60° N in discrete 8
steps. The brighter the colour, the further north the albedo is calculated. Upper(parsblows shortwave albedo of unmanaged forest
(staggered line) and intensely managed forest (smooth line). Lower @nehows the difference between the two management strategies
(unmanaged-intense). Note the albedo values are multiplied by 100 for better visibility.

parameter to estimate correctly (Kuusk et al., 2010). We dethis bias insufficient to hamper the use of the model for
rived this value for NL-Loo but when applied at EE-Jér the the factorial simulations presented in the next section, espe-
near-infrared albedo decreased from the initial 0.23 to 0.17cially because the remainder of the study compares different
which differs by only 0.01 from the observed value. This re- treatments and thus discusses changes in summertime albedo
sult confirms our belief that the observed deviation is not duerather than absolute albedo values.
to a shortcoming in the model itself but reflects the difficul-
ties the JRC—'TIP has With.optir.nising parameter values in they o Thinning intensity as a driver of summertime
absence of field observations in the specific case of a sparse  5pedo
canopy.

In addition, scale issues cannot be ruled out as a possi-

ble cause of the mismatch between observations and sim Forest summertime shortwave canopy albedo is determined

lations. The albedo of sparse needleleaf forest seems to beY" (8) the single scattering albedo, which is a biophysical
challenging, not only to model (Kuusk et al., 2010) but also property of the leaves and needles, and (b) canopy structure

to observe (Davidson and Wang, 2004). The Forest Radiativ%'e' crown volume and LAI), which is mainly determined

Transfer model (FRT) overestimated the reflectance spectray th'e funct|qr]al group. '.[ree chatlon w!th|n the stand and
for EE-J4r in the near-infrared domain by up to 0.04 (Ku- growing conditions. Our simulations confirm the dependency

usk et al., 2010). We simulate the albedo for a forest stamﬁf canopy albedo on these natural drivers, but add insight into
. . . ow these natural processes are altered by humans through
of a size of 1 ha, whereas the footprint of the site observa-

tions range from a few square metres (UAVSpec (Unmanne(iores‘t thinning.

Aerial Vehicle Spectrometer system)) to 1208 @lbedome- Effective single scattering albedo and its direction in both

the visible and near-infrared wavelength bands were ob-
ter). Local measurements of sparse needleleaf forests under- . .
rved to be remarkably similar across tree species and even

estimated the shortwave albedo considerably, in the case N !
snow on the ground by up to 0.3 (Davidson and Wang, 2004)(?)etween broadleaved and needleleaved species (Table 2). De-

This is due to the spatial heterogeneity inherent in point-to-izlr:i thealilgloarg;e: l:l)re]etr:]erze epz;t)ézllc alrelei:tgéoifrgﬁfsértgg_
pixel inter-comparison (Cescatti et al., 2012; Roman et al. Py b y rep

2009) ‘tween forest stands composed of different tree species, hint-
Our. model chain tends to overestimate the near-infraredng atthe importance of the canopy structure and background

) . gdbedo as determinants of the canopy albedo. The similarity
summertime albedo of needleleaf forest, but we considere . . . . o
in effective single scattering albedo and scattering direction
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10} pine “ to LAI as previously reported by others (Kuusk et al., 2012;

Rautiainen et al., 2011) but this is only a partial relationship.
Canopy structure as a whole determines scattering and ab-
sorption (Wicklein et al., 2012) by, for example, influencing
the depth at which rays first encounter foliage and the prob-
ability that after this initial interaction the reflected rays will
interact with leaves located deeper in the canopy or with the
forest floor below the canopy.

Thinning aims at creating a more uniform tree spacing;
consequently, after thinning there will be less overlap be-
tween tree crowns and individual trees will fill the crown
layer more uniformly than before. Thinning activities are
likely to affect both LAl and crown volume (Fig. 8) through
changes in tree spacing, stand density and size distribution.
Subsequently, the remaining amount of LAI per crown vol-
ume determines how much light arrives at the forest floor. A
sparse canopy cover allows more light to penetrate to the for-
est floor than a more complete cover and the former is there-

6 fore more likely to support an abundant understorey vegeta-
4 I tion (Ares et al., 2010; Foré et al., 1997). When the albedo
5 fidg 1 + v of the understorey vegetation exceeds the albedo of the tree
canopy above, a low value of canopy cover is likely to re-
10 100 1000 10000 sultin a higher albedo compared to a stand with high canopy
3 cover. Hence, LAI, canopy volume and background (i.e. un-
crown volume (m>)

derstorey) albedo are all needed to model thinning-induced

Fig. 8. Canopy albedo (June) as a function of stand crown volumeChanges in canopy albedo.
(m3) and stand LAI (-). Crown volume is defined as a cylinder us- ~ Beside the physical parameters determining canopy albedo
ing crown radius and crown height for its calculation. The colour Of forests, the variation of canopy albedo is often explained
scale indicates the respective shortwave albedo value. For this anafs a function of forest age (e.g. McMillan et al., 2008; Nilson
ysis the results for all management strategies were pooled per tregand Peterson, 1994). However, the correlation with forest age
species; the Roman numerals indicate the management strategy (Semost likely spurious because there is no physical univari-
caption Table 1). Note the logarithmicaxis. ate relationship between age and albedo. This relationship
should only be applied during stand establishment when the
changes in foliage composition evolve with time, i.e. when a
for the main European forest tree species is in contrast thiomogeneous grass layer is replaced by a heterogeneous tree
the substantial differences in these properties between, foiayer where foliage is aggregated into tree crowns. Further,
example, forest and herbaceous plants (Asner, 1998). Wehe relationship no longer holds if the forest is thinned: our
found no references contributing to an explanation of thesimulations show that during stand establishment, summer-
observed similarities of woody plants or the differences be-time albedo is driven by tree species. After establishment,
tween woody and herbaceous plants in single leaf scatterinthe effect of tree species on albedo decreases in favour of an
and scattering direction. The differences and similarities inincreasing importance of forest thinning on canopy albedo.
the aforementioned leaf properties are plant traits that corThese trends continue until the end of the rotation where for-
relate with other traits such as leaf angle (Ollinger, 2011),est thinning finally explains up to 70 % of the variance in
leaf to shoot clumping (Smolander and Stenberg, 2003), leafvisible) canopy albedo. Hence, thinning makes a consider-
element composition (Hollinger et al., 2010) or structural pa-able contribution to the variations in canopy albedo and de-
rameters of the canopy (Wicklein et al., 2012) to jointly op- couples stand age from forest albedo.
timise leaf temperature and light harvesting.
Variation in LAl is often considered a natural process 4.3 The effects of forest thinning on summertime albedo
driven by phenology (Betts and Ball, 1997; Bonan et al.,
2011), which in turn is the outcome of natural successionThinning-driven variations in summertime canopy albedo
(Amiro et al., 2006; McMillan and Goulden, 2008). Hence, amount in absolute terms to up to 0.02, with the largest
LAl is a widely used descriptor of canopy structure, and it changes being induced by intensive thinning strategies.
is the sole driver of albedo in several land surface modeldn textbooks, the shortwave albedo of different deciduous
(Loew et al., 2013; de Noblet-Ducoudré et al., 1993; Otto etforests ranges between 0.15-0.20 and for needleleaf forest
al., 2011). Our analysis confirms that canopy albedo relaterom 0.05-0.15 (e.g. Gao, 2005; Lucht et al., 2000; Oke,
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Fig. 9. Local radiative forcing for June calculated over a rotation for all three species and resulting from the difference between unmanaged
and intensely thinned forest for the transect along the line of longitudeBis®&etching from 40to 60° N in discrete 8 steps. The upper
row (A) shows the radiative forcing for the black-sky albedo; the lower {@yshows the radiative forcing for the case of white-sky albedo.

1987). The range is usually explained by different speciesng summertime albedo and atmospheric warming of at most
(e.g. Davidson and Wang, 2004) and solar zenith angles (e.ds Wm~2 (June); this is due to more uniform filling of the
Dickinson et al., 1993). However, these values are reportecrown volume (see above) with leaves or needles. The com-
without specifying the applied thinning strategy and time of plete cutting of trees, however, removes the entire canopy
rotation. Thus, as much as 20 to 50 % of this range may beand thus presumably would have the opposite effect. Indeed,
the result of thinning-induced changes in forest structure. a negative radiative forcing of up te 18 Wm 2 in sum-
Observations show opposing effects of thinning on albedomer was measured from clear-cutting in the temperate zone
measurements in gonderosgine stand (Dore et al., 2012) (Houspanossian et al., 2013).
and in a maritime pine plantation (Moreaux et al., 2011) Our study is restricted to albedo changes and radiative
have reported that thinning slightly increases the summerforcing in June and therefore the results are probably more
time canopy albedo. Measurements of a loblolly pine plan-relevant for local than for global climate, i.e. the effect
tation showed a decrease of summer canopy albedo due tof thinning on summer albedo may enhance local summer
thinning (Sun et al., 2010). These conflicting results may betemperatures. For global climate, the results should include
due to different stand structures (see above), regrowth of uneloudy conditions and be integrated over all four seasons, be-
derstorey layer (Ares et al., 2010) or due to changes in theause thinning-induced effects on albedo — and on the mag-
water balance (Sun et al., 2010). A modelling study indicatesnitude of radiative forcing — may differ when snow is on the
that regular thinning of coniferous boreal forest stands re-forest floor (Manninen and Stenberg, 2009). The effects of
duces summer albedo (Rautiainen et al., 2011). In additiondifferences in albedo and the magnitude of radiative forcing
we have shown that this finding may also apply to deciduousmay differ on a seasonal and annual basis, possibly leading
forests, independent of their location. to different effects along with the time period over which the
Increasing sequestration of atmospheric carbon dioxideeffects are considered (Kirschbaum et al., 2011). These rea-
through forest management is considered to be one of the insons provide a rationale for Earth system models to extend
struments available to mitigate climate change (UN, 1998).their capacity to include modelling the effects of forest man-
Our analysis shows that thinning, which is one aspect of for-agement and anthropogenic land management in general.
est management, will not only affect the greenhouse gas bal-
ance but will also impact the forest albedo. The concept of4.4 Climate effects of thinning
radiative forcing (Hansen et al., 1997) is one way to quan-
tify the local per-unit area climate impacts of forest thinning. Observations showed that changes in albedo due to thinning
Despite the removal of individual trees, moving from a nat- did not consistently alter soil temperature or net radiation
ural unthinned forest to a thinned forest results in a decreasfDore et al., 2012; Moreaux et al., 2011). This lack of re-
sponse could be caused by a change in outgoing long-wave

Biogeosciences, 11, 2412427, 2014 www.biogeosciences.net/11/2411/2014/



J. Otto et al.: Summertime canopy albedo is sensitive to forest thinning 2423

radiation offsetting the albedo effect (Moreaux et al., 2011). Applying the model adjustments discussed above to an
Another reason could be a difference in canopy wetness afteEarth system model would give a tool that could be applied
rainfall or lower sensitivity to soil water availability (More- to produce a comprehensive assessment of the effect of forest
aux et al., 2011). However, indirect climatic effects linked management on climate. These adjustments are currently be-
to changes in canopy albedo or other biophysical propertiesng incorporated into ORCHIDEE (ORganizing Carbon and
cannot be quantified without more comprehensive modelsHydrology In Dynamic EcosystEms, Krinner 2005), the land
The local radiative forcing (Fig. 9) provides us only with a surface scheme of the IPSL (Institut Pierre Simon Laplace)
rough estimate of how the albedo changes resulting from forE£arth system model.

est thinning may impact the climate.
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Appendix A The albedo at EE-Jar was measured as top-of-the-canopy
bidirectional reflectance factor (BRF) with a UAV spectrom-
Validation data eter (Kuusk, 2011). The measured BRF was carried out at

different dates in July and August in 2012 and transformed

Data on the observed forest properties and top-of-the-canopyith the help of the 6S atmosphere radiation transfer model
albedo for two pine stands and two beech stands wergvermote et al., 1997) and the FRT forest reflectance model
taken from the Infrastructure for Measurements of the Eu-(Kuusk and Nilson, 2000) into visible and near-infrared
ropean Carbon Cycle (IMECC) database (accessed online &flbedo for the solar zenith angle 39.&hich corresponds
30 April 2013:http://fluxnet.ornl.gov/site_list/Network/32  to the maximum solar zenith angle at midday at the Jarvselja
Similar data for the oak stand were provided by the Tartusjte at summer solstice.
Observatory (Kuusk et al., 2009, 2013). Only EE-Jar and DE-Hai provided measured crown sizes

One pine stand was located at Jarvselja in Estonia (codegirable 3). For the remaining sites, species-specific allometric
EE-Jar; 58.31N, 27.30 E). The stand of Scots pin®ilus  relationships were used to estimate the height of the crown
sylvestrisL.) had a height of about 15m, an age of 125yearspase, the crown radius and length derived from three differ-
(in 2013) and a stand density of 1122 trees per hectare. Thent data sets (Condés and Sterba, 2005; Pretzsch et al., 2002;
other pine stand (alsBinus sylvestrid..) was at Loobos in  zeidel, 1991). For sites where the coordinates of the individ-
the Netherlands (coded NL-Loo; 5271V, 5.74# E). Ithada  yal trees were absent, we assumed a uniform tree distribu-
height of 15.6 m, an age (in 2013) of 106 years and a densityjon. Only the simulation for EE-Jar was run exclusively with
of about 404 trees per hectare. observed parameters (see Table 3) and compared with simu-

One beech forestFagus sylvatical.) was located at |ated albedo. For all other sites, the observed albedo was, fi-
Hainich in Germany (coded DE-Hai; 51.08, 10.45E).  nally, compared to the calculated albedo. However, variation
This site has been totally unmanaged since 1997. Before bén the amount and timing of cloudiness causes considerable
ing classified as a reserve the forest was occasionally loggegay-to-day variation which can be smoothed out when inte-
for timber over a period of about 30 years. As a consequencgrated over several weeks (Hollinger et al., 2010). Therefore,
the forest has moved towards a late successional forest witfhtegrated daily values for the whole month of June were cal-
trees aged between 1 and 250years with the tallest treegylated to compare to the simulated values.
reaching 33min helght The tree density was about 334 trees Every simulation was performed for 1 ha of forest. This
per hectareFraxinus excelsioandAcer pseudplatanugre 1 ha was divided in 25 squares (200120 m) and the albedo
co-dominant. The other beech stand was located at Hesse ifjas simulated for each square separately. The variation be-
France (coded FR-Hes; 4876, 7.07 E). It was a rather  tween the squares was considered to be a measure of the sen-
young forest (48years in 2013) and, with 2616 trees persitivity of albedo to the footprint for a given canopy structure.
hectare, densely populated. The dominant tree cover washe scan line of the UAV spectrometer is about 2.5-3.0m
21 m tall with a high canopy closure. (Kuusk, 2011). The footprint of surface albedo measured by

The oak stand was situated at Fontainebleau in Franc@ pyranometer depends on its height above the canopy (rang-
(coded FR-Fon; 48.48\, 2.78 E). It consists mainly of ing from 5 to 10 m). However, for the experimental sites un-
Quercus petraed. In 2006 the stand density was 1134 trees der study, typically 80 % of the signal originates from within
per hectare, of which 234 weiQuercus petraeand 900  300-1200rA (i.e. 10-20m) around the tower (Cescatti et
wereCarpinus betulusThe average canopy heightQtier-  al., 2012). To capture all possible spatial scales of observed
cus petraeavas about 27 m, whereas ti&arpinus betulus  albedo values, each site is presented as the mean albedo of
were about 10 to 20m tall; stand age (in 2013) was aboufjune (2001-2010) by MODIS (Pinty et al., 2011a; Schaaf et
150years. al., 2002) at~ 1 km resolution. The range of MODIS obser-

For all validation sites, stand-level albedo was observedyations are derived from nine pixels surrounding the tower.
from in situ incoming and outgoing shortwave radiometric

measurements and recorded in the IMECC database, with
the exception of EE-Jar. From this database years was only
selected when outgoing and incoming shortwave radiation
were recorded. Albedo was calculated as the ratio of down-
ward and upward radiation as observed with two-way pyra-

nometers (Kipp and Zonen, Delft, The Netherlands). The

overall expected instrumental accuracy is in the range 4-7 %
with clear sky and 1-4% in overcast conditions (Cescatti

et al.,, 2012). The radiation measurements cover the wave-
lengths from 0.21 to 2.80 um.
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