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Abstract. Land cover in sub-polar and alpine regions of
northern and eastern Europe have already begun changing
due to natural and anthropogenic changes such as afforesta-
tion. This will impact the regional climate and hydrology
upon which societies in these regions are highly reliant.
This study aims to identify the impacts of afforestation/re-
forestation (hereafter afforestation) on snow and the snow-
albedo effect and highlight potential improvements for fu-
ture model development. The study uses an ensemble of nine
regional climate models for two different idealised experi-
ments covering a 30-year period; one experiment replaces
most land cover in Europe with forest, while the other exper-
iment replaces all forested areas with grass. The ensemble
consists of nine regional climate models composed of differ-
ent combinations of five regional atmospheric models and six
land surface models. Results show that afforestation reduces
the snow-albedo sensitivity index and enhances snowmelt.

While the direction of change is robustly modelled, there
is still uncertainty in the magnitude of change. The great-
est differences between models emerge in the snowmelt sea-
son. One regional climate model uses different land surface
models which shows consistent changes between the three
simulations during the accumulation period but differs in the
snowmelt season. Together these results point to the need
for further model development in representing both grass–
snow and forest–snow interactions during the snowmelt sea-
son. Pathways to accomplishing this include (1) a more so-
phisticated representation of forest structure, (2) kilometre-
scale simulations, and (3) more observational studies on
vegetation–snow interactions in northern Europe.
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1 Introduction

Interactions between the land surface and the atmosphere
in sub-polar and alpine climates occur largely through the
snow-albedo effect in winter and spring. These interactions
strongly influence the regional climate, and any change to ei-
ther land cover or snow cover in these regions will alter the
regional climate (IPCC, 2019; Cherubini et al., 2018; Bender
et al., 2020). Importantly, changes to the land surface, such as
afforestation, also alter the snow cover (Mooney et al., 2021).

Land cover is undergoing rapid change in many parts of
the world, including in the sub-polar and alpine regions.
Some of this change is a natural response to climate change,
e.g. forest fires (Wang et al., 2020) and “greening of the Arc-
tic” (Myers-Smith et al., 2020). Other changes to the land
surface are the result of more direct human influence such
as afforestation (Mooney et al., 2021). The impact of these
perturbations to the land surface on the regional climate and
hydrology can have considerable consequences for society.
In these regions, many communities rely on snow for wa-
ter resources, tourism, energy, and recreation (Framstad et
al., 2009; Duncker et al., 2012). They are also vulnerable to
snow-related hazards such as flooding and avalanches (Aber-
mann et al., 2019).

Many observation-based studies have assessed the impact
of forests on snow accumulation and loss compared to open
sites such as grasslands (e.g. Golding and Swanson, 1978;
Essery et al., 2003; Varhola et al., 2010; Lundquist et al.,
2013). These studies and references therein have shown that
the impacts of forests on snow accumulation and ablation
are dependent on vegetation structure, local climate, topog-
raphy, and aspect. Forests can reduce snowpack compared
to grasslands through canopy interception and emitting ter-
restrial infrared radiation. Conversely, forests can enhance
snowpack by shading it from solar radiation and sheltering
it from strong winds (Varhola et al., 2010).

One factor that influences the magnitude of snowpack re-
duction through canopy interception is forest density. For
dense forests, canopy interception can lead to losses in snow-
pack that exceed 60 % of the total annual snowpack (Hed-
strom and Pomeroy, 1998). This loss in snowpack during the
accumulation period can be offset by the canopy’s shading
of the snowpack from solar radiation and strong winds in the
snowmelt season if this is the dominant mechanism for snow
loss (Lundquist et al., 2013). However, the loss of snow-
pack during the snowmelt season could be dominated by
increased terrestrial infrared radiation instead if winter tem-
peratures (December–January–February, DJF) exceed−1 ◦C
(Lundquist et al., 2013).

Representing these highly complex interactions between
forests and snow cover poses a challenge for both global and
regional climate modelling (Mudryk et al., 2020). In regional
climate models (RCMs), key processes for vegetation–snow
interactions are simulated by both the atmospheric model
and the land surface model (LSM). During the accumula-

tion phase, atmospheric processes most strongly influence
snowpack characteristics, but during the snowmelt season,
land surface processes are most influential. Various stud-
ies (e.g. Essery et al., 2003; Mudryk et al., 2020; Mooney
et al., 2020) have demonstrated that while climate mod-
els have become more sophisticated in their representation
of vegetation–snow interactions and have improved in their
ability to simulate snow cover, there are still deficiencies in
the simulation of snow amount.

In Daloz et al. (2021; hereafter Part 1), we have shown
that deficiencies in the simulation of the snow-albedo climate
forcing, a key land–atmosphere interaction in sub-polar and
alpine climates, are greatest during the snowmelt period for
different regional climate models participating in the World
Climate Research Programme’s (WCRP) Coordinated Re-
gional Climate Downscaling Experiment (CORDEX) Flag-
ship Pilot Study (FPS) Land Use and Climate Across Scales
(LUCAS; Rechid et al., 2017), hereafter called CORDEX
FPS LUCAS.

These model deficiencies combined with limited obser-
vations means much remains unknown about the impact of
afforestation on the regional climate system and snowpack
characteristics in sub-polar and alpine climates of northern
and eastern Europe. This study will address this issue and
further focus future model development on vegetation–snow
interactions using an ensemble of nine CORDEX FPS LU-
CAS simulations for two different and extreme land cover
changes. While Part 1 used simulations with a realistic land
cover map, this study (Part 2) uses simulations with idealised
land cover maps that cover most of Europe with forest in one
experiment and grass in the other.

The aims of this study are (1) to identify robust impacts of
afforestation on the snow-albedo effect, snow variables, and
a selection of societally relevant metrics and (2) to highlight
required improvements for model development in these re-
gions. This study is the first to investigate land–atmosphere
interactions with a focus on snow variables in high-latitude
regions by using an ensemble of regional climate models
with idealised land cover scenarios specifically designed to
assess the impact of afforestation in Europe. In doing so, this
study will provide one of the most robust assessments of the
impact of afforestation on snowpack in northern and east-
ern Europe to date. A description of the methodology can
be found in the next section, and the results are presented in
Sect. 3. These results are further discussed in Sect. 4, and the
conclusions are presented in Sect. 5.

2 Methodology

2.1 CORDEX FPS LUCAS experiments

Simulations in the CORDEX FPS LUCAS were performed
for three different types of experiments: EVAL, FOREST,
and GRASS. All simulations use a grid spacing of 0.44◦,
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cover the period 1986–2015, and use the standard EURO-
CORDEX domain (Jacob et al., 2014). Boundary and initial
conditions for all simulations were derived from the Euro-
pean Centre for Medium-Range Weather Forecasting’s in-
terim reanalysis (ERA-Interim; Dee et al., 2011). The differ-
ence between the EVAL, FOREST, and GRASS experiments
lies in the land cover maps. Simulations for the EVAL ex-
periment use the present-day land cover map specific to each
regional climate model (RCM). The EVAL simulations are
the control simulations and have been used to evaluate the
performance of the different RCMs in Part 1 (Daloz et al.,
2021) and by Davin et al. (2020) and Sofiadis et al. (2022).
The FOREST and GRASS experiments, which are the fo-
cus of this paper, use idealised land cover maps (see Fig. 1
for an example) that are designed to represent the theoreti-
cal maximum of forest and grass coverage. These idealised
land cover maps are derived from a MODIS-based present-
day land cover map. From this map, the fractional coverage
of forest is expanded until it covers 100 % of non-bare soil
ground. The FOREST map conserves the ratio of tree types
(i.e. broadleaf vs. needleleaf and deciduous vs. evergreen)
found in the MODIS-based land cover map. The GRASS
land cover map was developed in the same way as the FOR-
EST land cover map. A more comprehensive description of
the land cover maps and conversion rules can be found in
Davin et al. (2020).

2.2 CORDEX FPS LUCAS models

This study uses nine RCMs composed of different combina-
tions of five regional atmospheric models and six LSMs. The
combinations are shown in Table 1, which also specifies the
model versions, key references for each model, and their rep-
resentation of vegetation–snow interactions. The ensemble
consists of two regional models (WRF and CCLM; see Ap-
pendix A for unabbreviated model and institute names) that
use multiple LSMs allowing for the analysis to isolate the
impact of the LSMs on the results. Uniquely, the ensemble
consists of two WRF–NoahMP simulations that differ only
by their representation of convection and planetary boundary
layer processes. Hereafter, each of these combinations will
be considered as different RCMs, as they differ in the way
they represent different atmospheric and land surface pro-
cesses.

Data for all snow variables were available for WRFc–
NoahMP, CCLM–CLM5.0, WRFa–NoahMP, RCA, and
WRFb–CLM4.0. However, REMO–iMOVE, RegCMa–
CLM4.5, and CCLM–TERRA did not have data for snow
depth, while CCLM–VEG3D could only provide a binary
number of 0 and 1 for the snow cover fraction. Snow
depth for REMO–iMOVE, RegCMa–CLM4.5, and CCLM–
TERRA was calculated from snow water equivalent using
a constant value of 312 kg m−3 for the bulk density as de-
scribed in Sturm et al. (2010).

Vegetation–snow interactions

Below we provide a short description of the vegetation–snow
interactions in the different land surface models. A more
comprehensive description for each model can be found in
the references listed in Table 1 for each model.

Canopy interception. All models except RCA account
for canopy interception of precipitation. WRFa–NoahMP,
WRFc–NoahMP, CCLM–CLM5.0, CCLM–Veg3D, and
REMO–iMOVE use a separate layer for the vegetation
canopy, which allows for both liquid water and ice to be in-
tercepted by the vegetation canopy. CCLM–TERRA also ac-
counts for interception of rain and snow using separate reser-
voirs for each. While WRFb–CLM4.0 and RegCM-CLM4.5
also use a separate layer for the canopy, the interception of
precipitation does not distinguish between rain and snow.

Turbulent transfer under canopy. In WRFa–NoahMP,
WRFc–NoahMP, CCLM–Veg3D, CCLM–TERRA, and
REMO–iMOVE, turbulent fluxes between snow, vegetation,
and air use Monin–Obukhov similarity theory (MOST) sta-
bility functions to calculate aerodynamic resistance with
respect to the displacement and roughness lengths of the
canopy. In RCA4, turbulent transfer within the canopy
layer is parameterised following Choudhury and Mon-
teith (1988). The canopy air state is connected to the canopy
itself and to the surface beneath the canopy with separate
aerodynamic resistances, respectively. In WRFb–CCLM4.0,
CCLM–CLM5.0, and RegCMa–CLM4.5, aerodynamic re-
sistances to heat/moisture transfer between the ground and
the canopy air account for the turbulent transfer via a coeffi-
cient that results from interpolation between values for dense
canopy and bare soil (Zeng et al., 2005). The dense-canopy
turbulent-transfer coefficient in Zeng et al. (2005) is modified
from its original value of 0.004 to account for stability.

Radiative transfer. WRFa–NoahMP, WRFc–NoahMP,
WRFb–CLM4.0, CCLM–CLM5.0, and RegCMa–CLM4.5
use the two-stream approximation of Dickinson (1983)
and Sellers (1985) for radiative transfer within vegetation
canopies. CCLM–Veg3D also uses a two-stream approach,
but the radiative transfer is calculated after the approach of
Ritter and Geleyn (1992). In RCA, the net radiation compo-
nents are separated between the forest canopy and the forest
floor. In this separation a sky view factor is applied which
accounts for the degree of canopy closure (Verseghy et al.,
1993), which is a function of leaf area index (LAI) only for
terrestrial infrared and diffuse solar radiation. In CCLM–
TERRA, the radiative transfer equations are calculated in
terms of upward and downward fluxes based on the two-
stream methods. Surface radiation fluxes depend on surface
albedo and temperature.

In REMO–iMOVE, there is no direct canopy radiative
transfer; land surface influence is calculated for visible and
near-infrared through albedo changes.

Snow albedo. The surface albedo in WRFa–NoahMP,
WRFc–NoahMP, and WRFb–CLM4.0 is a diagnostic pro-
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Figure 1. The three regions considered in the analysis: Scandinavia, East Baltic, and East Europe. Also shown are the land cover maps for
the FOREST and GRASS experiments. The colour bars indicate land cover type where WAT means water, GRA means grass, MIX means
mixed forests, DBL means deciduous broadleaf, and ENL means evergreen needleleaf.

duced from the ratio of total reflected solar radiation to total
downward solar radiation. In RCA4, snow albedo for open-
land snow is a prognostic variable, and the albedo for snow
in the forest is set constant to 0.5. In CCLM–Veg3D, snow
albedo is a prognostic quantity depending on the age of the
snow. CCLM–TERRA has a time-dependent snow albedo
introduced by an ageing function with pre-given maximum
and minimum snow-albedo values which accounts for par-
tial coverage of the soil surface by vegetation and snow for
albedo. In REMO–iMOVE, the snow albedo is calculated as
a function of snow surface temperature and forest cover. The
snow-covered land surface albedo is a function of the snow
albedo, the background albedo, and the actual snow depth. In
both CCLM–CLM5.0 and RegCMa–CLM4.5, snow albedo
within each snow layer is simulated with the Snow, Ice, and
Aerosol Radiative (SNICAR) model, which incorporates a
two-stream radiative transfer solution from Toon et al. (1989)
and considers snow age.

2.3 Snow-albedo sensitivity index (SASI)

The key interaction between the land and the atmosphere in
sub-polar and alpine climates is through changes in surface
albedo during winter and spring. This study uses the SASI
index (Xu and Dirmeyer, 2013), which is a measure of the
climate forcing from the snow-albedo effect. SASI has units
of watts per square metre and is defined mathematically as

SASI= SWσ(fsno)1α, (1)

where SW is the incoming solar radiation, σ(fsno) is the stan-
dard deviation of snow cover fraction over time, and 1α is
the difference in surface albedo between the snow-covered
surface and non-snow-covered surface. In this study, 1α
has a constant value of 0.5 for grass and 0.2 for forests, as
the values for this could not be obtained from the models.
The albedo values used for snow-covered grass and forest
were 0.70 and 0.35 based on Barlage et al. (2005), while

albedo values used for non-snow-covered grass and forest
were 0.2 and 0.15 based on Myhre and Myhre (2003). Al-
though there are differences in the snow-covered values for
different types of forests, i.e. deciduous vs. evergreen, these
differences were very small (0.35 vs. 0.34). Previous studies
on the impacts of afforestation in sub-polar climates, such as
Mooney et al. (2021), have shown that such small changes
in albedo have a negligible impact on the outcome. Based on
this, the same value was used for all forests regardless of for-
est type. High SASI values of 10 W m−2 or more indicate a
strong radiative forcing from the snow-albedo effect.

2.4 Start date of snowmelt season

This study follows the definition of Xu and Dirmeyer (2011)
to identify the start date for the snowmelt season. The start
date for the snowmelt season is determined when the 5 d run-
ning mean of snow water equivalent falls to 80 % of its peak
value.

3 Results

3.1 SASI

Figure 2 shows the temporal evolution of SASI for the FOR-
EST and GRASS simulations in the Scandinavia, East Baltic,
and the Europe regions for January to June. Values for July to
December are excluded due to the lack of snow cover and/or
low levels of incoming solar radiation. SASI is typically low
in January, since incoming solar radiation is low. As the sea-
son progresses, SASI values increase with increasing solar
radiation until the snow starts melting. As the snow cover de-
creases, SASI values decrease and reach zero in most places
by June. Consequently, the timing of snowmelt differs in the
different regions due to latitudinal differences leading to dif-
ferent times for peak values of SASI.

The Cryosphere, 16, 1383–1397, 2022 https://doi.org/10.5194/tc-16-1383-2022
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Table 1. A list of the RCMs, LSMs, and the model names used in this study. Also listed are the key references describing the models and the
institutions that performed the simulations. Institution and model abbreviations are shown in Appendix A.

Model name Institute ID RCM LSM Vegetation–snow interaction

WRFa–NoahMP IDL WRF v3.8.1D NoahMP (Deardorff, 1978; Niu and Yang, 2007)
(Powers et al., 2017) (Niu et al., 2011)

WRFc–NoahMP BCCR WRF v3.8.1 NoahMP (Deardorff, 1978; Niu and Yang, 2007)
(Powers et al., 2017) (Niu et al., 2011)

WRFb–CLM4.0 AUTH WRF v3.8.1 CLM4.0 (Wang and Zeng, 2009)
(Powers et al., 2017) (Oleson et al., 2010)

CCLM–CLM5.0 ETH COSMO_5.0_clm9 CLM5.0 (Wang and Zeng, 2009; Lawrence et al., 2019;
(Sørland et al., 2021) (Lawrence et al., 2019) van Kampenhout et al., 2017)

CCLM–VEG3D KIT COSMO_5.0_clm9 VEG3D (Grabe, 2002)
(Sørland et al., 2021) (Braun and Schädler, 2005)

CCLM–TERRA JLU COSMO_5.0_clm9 TERRA-ML (Doms et al., 2013)
(Sørland et al., 2021) (Schrodin and Heise, 2002)

RegCMa–CLM4.5 ICTP RegCM v4.6 CLM4.5 (Wang and Zeng, 2009)
(Giorgi et al., 2012) (Oleson et al., 2013)

REMO–iMOVE GERICS REMO2009 iMOVE (Roeckner et al., 1996; Kotlarski, 2007)
(Jacob et al., 2012) (Wilhelm et al., 2014)

RCA4 SMHI RCA4 Internal (Samuelsson et al., 2015)
(Strandberg et al., 2015) (Samuelsson et al., 2006)

Figure 2 shows that GRASS simulations have higher SASI
values than FOREST simulations meaning afforestation re-
duces the climate forcing from the snow-albedo effect. This
is consistent with the findings of Davin et al. (2020), which
also used the CORDEX FPS LUCAS models and showed
that afforestation increased surface temperatures in all of
these CORDEX FPS LUCAS models. Davin et al. (2020)
also showed that afforestation increased net solar radiation
and sensible heat considerably in these same models. This
points to the decreased albedo from afforestation enhancing
net solar radiation and leading to a positive response in sur-
face air temperature to afforestation. In light of this, the lower
SASI values for the FOREST simulations compared to the
GRASS values can be primarily attributed to the difference
in 1α, which is 0.5 for GRASS and 0.2 for FOREST. Gen-
erally, afforestation does not impact the timing of the maxi-
mum value in SASI.

Four RCMs (WRFa–NoahMP, WRFc–NoahMP, REMO–
iMOVE, and RCA) produce SASI values similar to each
other for the GRASS experiment and also for the FOREST
experiment. The other RCMs simulate considerably different
values for SASI in the GRASS experiment, with the largest
differences appearing in the snowmelt season (April–June)
when the SASI for some simulations can be 2–3 times larger
than SASI values for other simulations. This is also evident in
the FOREST experiment. It is important to note here that re-
sults for CCLM–VEG3D may arise from the use of a binary
number (0 or 1) for snow cover fraction. The next subsection

presents the impact of afforestation on snow water equivalent
and snow cover, which are key variables for SASI.

3.2 Snow water equivalent and snow depth

Snow water equivalent and snow depth are considered to-
gether, as there is a relationship between these quantities and
as three of the models provide only snow water equivalent,
from which snow depth is derived by using a constant den-
sity value of 312 kg m−3.

Figure 3 shows the difference between the FOREST and
GRASS experiments for snow water equivalent for the nine
different models. Only differences that are statistically sig-
nificant at the 95 % confidence level using Student’s t test
are shown. Four of the models show that afforestation re-
duces snow water equivalent in all months, and one model
shows that afforestation increases snow water equivalent in
all months. The remaining four models show more spatial
variability in both magnitude and sign of change.

A summary of Fig. 3 is presented in Fig. 4 which
shows the spatial variability and mean in the difference
between FOREST and GRASS experiments. In Scandi-
navia, most RCMs show that afforestation reduces snow
water equivalent with modest decreases and little spatial
variability during the accumulation phase but large de-
creases and large spatial variability during the snowmelt sea-
son. Four RCMs (WRFa–NoahMP, WRFb–CLM, WRFc–
NoahMP, and CCLM–TERRA) show that afforestation in-
creases snow water equivalent during the accumulation pe-
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Figure 2. The first and second columns show the SASI values for the GRASS (dashed lines) and FOREST (solid lines) experiments averaged
over the three different regions shown in Fig. 1. The nine simulations are divided into two different columns based on their values (high vs.
low); the purpose of this separation is to ease interpretation of the results. The third column shows the impact of afforestation on SASI
(FOREST−GRASS).

riod. Three of these RCMs show that afforestation also
leads to higher values of snow water equivalent during the
snowmelt season; WRFb–CLM shows that afforestation de-
creases the snow water equivalent during the melt season.
The results for the East Baltic region are similar to Scandi-
navia despite the difference in forest type; Scandinavia has
predominantly evergreen needleleaf forests, while the East
Baltic region is dominated by mixed forests with consider-
able areas of deciduous broadleaf and evergreen needleleaf
forests. In both the Scandinavia and East Baltic regions, mod-
els display a greater spatial variability during the snowmelt
season than during the accumulation period. Only small dif-
ferences for a few models are shown in the East Europe re-
gion. However, values for snow water equivalent are smaller

in this region compared to the others. The results for snow
depth are not shown here, as they are very similar to the re-
sults for snow water equivalent.

3.3 Snow cover

Figure 5 shows the spatial variability in the difference of
snow cover fraction between the FOREST and GRASS ex-
periments. As in Figs. 3 and 4, only differences that are sta-
tistically significant at the 95 % confidence level are consid-
ered. Most notable in these results is the strong effect of af-
forestation and large spatial variability demonstrated by the
three CCLM models during the snowmelt season. All results
show a reduction in snow cover due to afforestation in the
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Figure 3. Impact of afforestation (FOREST−GRASS) on snow water equivalent (SWE) simulated by the CORDEX FPS LUCAS models.
White spaces show grid boxes that are not statistically significant at the 95 % confidence level.

snowmelt season with little impact evident during the accu-
mulation period. All three regions show some impact of af-
forestation on snow cover.

3.4 Snow days

Figure 6 shows the impact of afforestation on the number
of snow days. Snow days are defined as days when snow
depth exceeds 0.1 m, and the number of snow days is indica-
tive of the length of the snow season. Four RCMs show that
afforestation increases the number of snow days, while five
RCMs show that afforestation decreases the number of snow
days. Three of the four RCMs showing an increase are from

the WRF modelling system; three of the five RCMs show-
ing a decrease are from the CCLM model. Both the WRF
and CCLM ensembles consist of different LSMs. This sug-
gests that differences in the representation of atmospheric
processes are largely responsible for this conflicting result.
Nonetheless, there are differences in the magnitude of the
response to afforestation within the WRF and CCLM ensem-
bles, suggesting that land surface processes are also impor-
tant.

https://doi.org/10.5194/tc-16-1383-2022 The Cryosphere, 16, 1383–1397, 2022
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Figure 4. Impact of afforestation (FOREST−GRASS) on snow water equivalent (SWE) simulated by the LUCAS models. The box plots
indicate the spatial variability in the difference between the FOREST and GRASS experiments for each month from January to May (see
y axis). Only differences that are statistically significant at the 95 % confidence level are considered. Statistical significance was determined
using Student’s t test.

3.5 Snowmelt

Figure 7 shows the impact of afforestation on the start of the
snowmelt season. The start of the snowmelt season is deter-
mined when the 5 d moving mean of snow water equivalent
reaches 80 % of the season maximum in the 5 d moving mean
of snow water equivalent. In general, the results of Fig. 7
show that afforestation tends to delay the onset of snowmelt.
This is most evident in the Scandinavia and East Baltic re-
gions. In the East Europe region, the mean value for most
RCMs also shows a delay in the start of the snowmelt season.
However, there is large spatial variability, and two RCMs
(REMO–iMOVE and WRFa–NoahMP) have a mean value
greater than zero, suggesting an earlier start of the snowmelt
season.

4 Discussion

As highlighted in the companion paper (Daloz et al., 2021)
and other studies (e.g. Matiu et al., 2020), regional cli-
mate models have substantial difficulties in simulating snow-
related processes and variables. This study highlights the
need for further model development in the representation of
vegetation–snow interactions during the snowmelt season.
This is evident from disagreements between models on the
magnitude and sign of change arising from afforestation for
some of the analyses. It is further evident in the disagree-
ment between model results and observations shown in the
companion paper of Daloz et al. (2021), especially during
the snowmelt season. Model improvements in the represen-
tation of vegetation–snow interactions can substantially re-
duce known biases in regional climate simulations for other
climate variables in northern and eastern Europe (Mooney et
al., 2013; Katragkou et al., 2015). Such improvements would
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Figure 5. Impact of afforestation (FOREST−GRASS) on snow cover fraction simulated by the CORDEX FPS LUCAS models. The box
plots indicate the spatial variability in the difference between the FOREST and GRASS experiments. Only differences that are statistically
significant at the 95 % confidence level are considered. Statistical significance was determined using Student’s t test.

increase confidence in climate change projections for these
regions.

Observational studies using paired-site experiments of
forests and open spaces, such as grass, have shown that af-
forestation generally decreases snow accumulation and low-
ers melt rates (Varhola et al., 2010, and references therein).
However, the processes behind these results are very com-
plex and highly variable depending on multiple factors that
have led to conflicting results (Lundquist et al., 2013). While
all models struggle to reproduce these complexities, there
are some robust findings here. Models show that afforesta-
tion has the greatest impact during the snowmelt season, and
there is good agreement between the models in simulating
the impacts on snow cover. This is consistent with other in-
ternational studies assessing the ability of climate and land
surface models to simulate snow cover (Essery et al., 2009;
Mudryk et al., 2020; Krinner et al., 2018). However, there
is less agreement in the magnitude of changes during the
snowmelt season when afforestation impacts are greatest.
Simulating vegetation–snow interactions during snowmelt is

a known challenge for models (Krinner et al., 2018). The
models also showed good agreement in simulating the im-
pact of afforestation on the onset of the snowmelt season, al-
though there was disagreement on the magnitude of change.
Disagreement was also found on the impact of afforestation
on snow water equivalent. This may be related to the known
deficiencies in climate models to simulate snow mass vari-
ables, such as snow water equivalent, highlighted in previous
studies (Thackeray et al., 2019; Mudryk et al., 2020).

Societies in many sub-polar and mountainous regions of
the world depend on snow accumulation and snowmelt for a
myriad of social and economic activities, e.g. water resources
and winter tourism. Indeed, these regions are also vulnerable
to flooding and avalanches. Regardless of the sign of change
if the impact of afforestation or deforestation on snow ac-
cumulation and/or melt is sufficiently large, communities in
these regions will be impacted by afforestation. Certain eco-
logical species are also highly dependent on snow, and if
afforestation mitigates some of the snowmelt expected in a
warmer world, then afforestation could help conservation ef-
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Figure 6. Impact of afforestation (FOREST−GRASS) on the num-
ber of snow days in the season, an indicator for the length of the
snow season.

forts by offering potential sites for “climate change refugia”
in a warmer world. Together these points highlight the so-
cietal and ecological need for better information on the im-
pact of afforestation in sub-polar and alpine regions, some of
which are already undergoing afforestation.

5 Conclusions

In this study, we used an ensemble of RCMs to investigate the
impact of afforestation during January–June on the climate
forcing due to the snow-albedo effect, which is a key land–
atmosphere interaction in sub-polar and alpine climates. The
study showed that afforestation decreases the snow-albedo
climate forcing. This is largely due to changes in surface
albedo. While models agreed on the sign of change, there was
disagreement on the magnitude of the impact of afforestation
on SASI. Results also showed that there was no impact on
the timing of the peak value of SASI, which generally oc-
curs in March or April depending on the region. Our study
also showed that there was a large spread in the values for

Figure 7. Impact of afforestation (FOREST – GRASS) on the start
of the snowmelt season in the three different regions shown in
Fig. 1. The snowmelt season starts when the 5 d moving mean of
snow water equivalent reaches 80 % of the maximum value of the
5 d moving mean in the season.

both the FOREST and GRASS simulations, suggesting that
model improvements are required for both grass–snow and
forest–snow interactions.

The study also examined the impact of afforestation on
snow water equivalent, snow depth, and snow cover fraction.
Most models show that afforestation has a smaller impact in
January and February, when snow is generally accumulating,
than in March, April, and May, when snow is melting. Most
models showed that afforestation reduced snow water equiv-
alent, snow depth, and snow cover fraction in March, April,
and May, when snow is typically melting. However, the mod-
els do disagree on the magnitude of the change. This indi-
cates that afforestation enhances snowmelt with little to no
impact on snow accumulation. Afforestation was also shown
to generally delay the start of the snowmelt season. Anal-
ysis of the impact of afforestation on the number of snow
days was inconclusive with four models showing increases
and five models showing clear decreases.
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The main limitations of this study are the (1) coarse model
resolution, (2) inadequate model representation of complex
forest–snow interactions, and (3) lack of forest–snow ob-
servations. The coarse spatial resolution in this study limits
the ability of all models to adequately represent essential at-
mospheric processes such as precipitation and key land sur-
face processes and characteristics, e.g. elevation and canopy–
snow interactions. Another limitation is the simplistic repre-
sentation of forest–snow interactions even in the most sophis-
ticated models. For example, most models do not consider
the role of forest density in forest–snow interactions, even
though observation-based studies have shown the importance
of this forest characteristic, and there are well-known differ-
ences in forest density between managed and natural forests.
Another well-known deficiency in regional models is their
inability to represent windblown snowdrift, which is an im-
portant factor for quantifying the snow-albedo effects of af-
forestation. Finally, the study’s ability to determine which
model or models correctly represent vegetation–snow pro-
cesses is severely hampered by the lack of high-quality ob-
servations of surface energy and moisture fluxes in forests
and grasslands in these regions, particularly in Scandinavia.

These limitations highlight the need for future develop-
ments in land surface models to focus on a more sophisti-
cated representation of forest–snow interactions such as the
impact of forest type, density, and atmospheric temperatures
on both snowmelt and snow accumulation. Indeed, such de-
velopment would also enhance the performance of regional
climate models in these regions.

Future studies should consider using kilometre-scale res-
olutions, as computational resources are becoming more af-
fordable. This would better represent important atmospheric
processes and aspects of the land surface such as precipi-
tation processes and mountainous terrain. This is particu-
larly important in Scandinavia, where models in this study
show large differences in snow water equivalent. Convection-
permitting models would not only improve the amounts of
precipitation, but also its classification into rain and snow
would be based on microphysical processes instead of the
threshold-based approaches used in coarser models. The
next two phases of CORDEX FPS LUCAS will be imple-
mented at higher resolutions, with the third phase apply-
ing kilometre-scale resolutions. This will provide additional
knowledge and insights into this important topic.

Future studies could also consider the impact of dynamic
vegetation modelling on the snow–albedo feedback. Previous
studies such as Cook et al. (2008) have shown that dynamic
vegetation in climate models can be an important amplifier of
the snow–albedo feedback. Such an analysis was not possible
in this study, as most models did not have this capability.
Future studies should examine this when more land surface
models have developed this capacity.

There is also a need for more observational work on
vegetation–snow interactions, particularly in northern Eu-
rope. A number of observational studies have been conducted

in Canada, Russia, and the United States of America, but
only a few have been carried out in northern Europe. Existing
observational studies show that vegetation–snow interactions
depend on numerous factors, including elevation and climate.
This implies that the results from studies in other regions may
not necessarily apply to northern Europe. Such observations
would advance our understanding of vegetation–snow inter-
actions, support model evaluation, improve model develop-
ment, and reduce uncertainty in future climate projections.

Appendix A: Abbreviations

Institutions
AUTH Aristotle University of Thessaloniki
BCCR Bjerknes Centre for Climate Research
BTU Brandenburgische Technische Universität
ETH Eidgenössische Technische Hochschule

Zürich
GERICS Climate Service Center Germany
ICTP International Centre for Theoretical

Physics
IDL Instituto Amaro da Costa
JLU Justus-Liebig-Universität Gießen
KIT Karlsruhe Institute of Technology
SMHI Swedish Meteorological and

Hydrological Institute
Regional climate
models
CCLM COSMO-CLM (Consortium for Small-scale

Modeling Climate Limited-area Modelling)
RCA Rossby Centre Regional Atmospheric

Climate Model
RegCM Regional Climate Model
REMO Regional Model
WRF Weather Research and Forecasting Model
Land surface
models
CLM Community Land Surface Model
iMOVE Interactive MOsaic-based VEgetation

model
NoahMP Noah Multiparameterization

Data availability. Simulations were forced by the ERA-
Interim reanalysis dataset (https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era-interim 28 November 2018,
Dee et al., 2011). The source code for the Weather Re-
search and Forecasting (WRF) model can be accessed at
https://doi.org/10.5065/D6MK6B4K (Powers et al., 2017).
The documentation for COSMO-Model is available at
https://www.dwd.de/EN/ourservices/cosmo_documentation/
cosmo_documentation.html (last access: 12 August 2021, Sør-
land et al., 2021), although a license is required for access
(http://www.cosmo-model.org/content/consortium/licencing.htm,
COSMO, 2022). The RegCM4 model is available at
https://github.com/ictp-esp/RegCM (last access: 8 March 2021;

https://doi.org/10.5194/tc-16-1383-2022 The Cryosphere, 16, 1383–1397, 2022

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://doi.org/10.5065/D6MK6B4K
https://www.dwd.de/EN/ourservices/cosmo_documentation/cosmo_documentation.html
https://www.dwd.de/EN/ourservices/cosmo_documentation/cosmo_documentation.html
http://www.cosmo-model.org/content/consortium/licencing.htm
https://github.com/ictp-esp/RegCM


1394 P. A. Mooney et al.: The role of changing vegetation

Giorgi et al., 2012) and https://doi.org/10.5281/zenodo.4603556
(Georgi et al., 2021). The source code of the REMO model
is available on request from the Climate Service Center
Germany (contact@remo-rcm.de) (Wilhelm et al., 2014).
The model output was analysed using climate data operators
(https://doi.org/10.5281/zenodo.3539275, Schulzweida, 2019).
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