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Abstract The effect of the snow-albedo feedback (SAF)
on 2m temperatures and their future changes in the Euro-
pean Alps is investigated in the ENSEMBLES regional
climate models (RCMs) with a focus on the spring season.
A total of 14 re-analysis-driven RCM experiments cover-
ing the period 1961-2000 and 10 GCM-driven transient
climate change projections for 1950-2099 are analysed.
A positive springtime SAF is found in all RCMs, but the
range of the diagnosed SAF is large. Results are compared
against an observation-based SAF estimate. For some
RCMs, values very close to this estimate are found; other
models show a considerable overestimation of the SAF. Net
shortwave radiation has the largest influence of all compo-
nents of the energy balance on the diagnosed SAF and can
partly explain its spatial variability. Model deficiencies in
reproducing 2m temperatures above snow and ice and asso-
ciated cold temperature biases at high elevations seem to
contribute to a SAF overestimation in several RCMs. The
diagnosed SAF in the observational period strongly influ-
ences the estimated SAF contribution to twenty first cen-
tury temperature changes in the European Alps. This con-
tribution is subject to a clear elevation dependency that is
governed by the elevation-dependent change in the number
of snow days. Elevations of maximum SAF contribution
range from 1500 to 2000 m in spring and are found above
2000 m in summer. Here, a SAF contribution to the total
simulated temperature change between 0 and 0.5 °C until
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2099 (multi-model mean in spring: 0.26 °C) or 0 and 14 %
(multi-model mean in spring: 8 %) is obtained for models
showing a realistic SAF. These numbers represent a well-
funded but only approximate estimate of the SAF contri-
bution to future warming, and a remaining contribution of
model-specific SAF misrepresentations cannot be ruled
out.

Keywords Snow-albedo feedback - European Alps -
Regional climate models - ENSEMBLES - Climate change

1 Introduction

Snow cover is an important element of the climate system.
The presence of snow modulates surface properties, such
as the albedo, the surface radiation budget and the turbu-
lent surface-atmosphere fluxes (Peixoto and Oort 1992).
Its occurrence is governed by topography and the prevail-
ing climatic conditions and, hence, is strongly affected by
climatic changes. The latest IPCC report (2013) indicates
a significant decrease of annual snow cover extent in the
Northern Hemisphere over the second half of the twentieth
century (Vaughan et al. 2013). For the period 1979-2012,
the decrease ranges from 2.2 % per decade in March and
April to 14.8 % per decade in June. In the Swiss Alps the
mean snow depth and the continuous snow cover duration
at low elevations decreased significantly since the 1980s
(Scherrer et al. 2004, 2013; Laternser and Schneebeli 2003;
Marty 2008). The documented snow cover decrease, glob-
ally and locally, correlates negatively with the temperature
increase over the last decades (Vaughan et al. 2013; Scher-
rer et al. 2004). Note that we here define snow cover as
the presence of snow both in the spatial and the temporal
dimension.
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Due to the high albedo of snow-covered surfaces and the
gradual decrease of the snow albedo with time, an acceler-
ated metamorphism and melting of snow as a consequence
of higher temperatures ultimately lead to a reduction of
surface albedo (Barry and Chorley 2010). As a result, more
solar radiation is absorbed by the ground, eventually lead-
ing to a further increase of near-surface air temperatures
(Peixoto and Oort 1992). This positive feedback is called
snow-albedo feedback (SAF); it is one of the most impor-
tant feedbacks active in the climate system (Barry and
Chorley 2010; Scherrer et al. 2012). The importance of the
SAF can be illustrated by the fact that over the extratrop-
ics the largest warming in the second half of the twentieth
century occurred at the annual-mean zero-degree isotherm
(Pepin and Lundquist 2008). Both the reduction of snow
cover extent and accelerated snow metamorphism contrib-
ute to the SAF. In the Northern Hemisphere the snow cover
reduction is the driving component of the SAF (Fernandes
et al. 2009; Qu and Hall 2007). Even though the albedo
difference between typical snow cover and bare soil is
smaller in spring compared to autumn, the SAF is stronger
in spring. This arises from the distinct seasonal cycle of
snow cover and the high incoming solar radiation in spring,
which induces a considerable energy surplus (Armstrong
and Brun 2008; Hall 2004).

On a global scale, previous work has quantified a surface
albedo feedback in global climate models (GCMs), based
on the framework of the global climate sensitivity (e.g.,
Winton 2006). These analyses have been carried out using
multiple GCMs resulting in a mean SAF estimate between
0.26 and 0.4 W m 2 K~! (Soden and Held 2006; Colman
2003; Winton 2006). Graversen et al. (2014) recently quan-
tified the feedback to 0.6 W m~2 K~!. This high value may
derive from interactions with other feedbacks, such as the
lapse-rate feedback.

The current study is concerned with quantifying the
regional SAF over the European Alps based on regional cli-
mate model (RCM) experiments. For this purpose, a differ-
ent approach to quantify the SAF is applied, and the SAF
is defined based on local 2m temperature effects follow-
ing Scherrer et al. (2012, further on referred to as S2012).
The latter quantify the SAF in the Swiss Alps using surface
temperature and snow cover observations from nearby sta-
tion pairs. The methodology yields an estimate of the effect
of snow removal on ambient daily mean 2m temperature. A
mean 2m temperature increase of 0.4 °C in springtime was
found. This estimate was based on six station pairs in Swit-
zerland that showed similar SAF estimates ranging from
0.3 to 0.5 °C and no clear dependence on station location
or the elevation range covered by the respective station pair
was apparent. The derived mean value of 0.4 °C can there-
fore be considered as a robust estimate valid for a larger
region. Based on this estimate S2012 derived a contribution
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of the SAF to the total Alpine warming trend in April in the
period 1961-2011 of 3 to 7 %.

As the presence of snow, and consequently the associ-
ated long-term changes, considerably depend on eleva-
tion, the SAF and its corresponding temperature effects
can be assumed to be elevation-dependent as well (e.g.,
Pepin et al. 2015). Investigations in the Swiss Alps suggest
that this effect is rather small and the influence of large-
scale flow variability on the elevation profile of tempera-
ture trends might often be larger. While Appenzeller et al.
(2008) only found a clear elevation dependence in autumn
using station observations in the 1961-2005 period, Ceppi
et al. (2012) were able to reveal relatively small elevation-
dependent warming trends also in spring using a gridded
Swiss temperature data set for the 1959-2008 period. They
showed that in autumn the strongest trends occur in low-
lying regions (<800 m), whereas in spring the strongest
warming occurs at higher reaches (>1500 m). The SAF
could contribute to this elevation-dependent trend, espe-
cially in spring when the strongest temperature trends
approximately coincide with the elevation of the zero-
degree and the snow line (Ceppi et al. 2012; Pepin and
Lundquist 2008; S2012) and when the influence of larger-
scale flow variability on the elevation profile of temperature
trends appears to be negligible. An elevation dependence
of temperature trends is also visible in global and regional
climate model simulations, with a distinct warming at
medium to high elevations above about 1500 m, which can
at least partly be attributed to the SAF (Bradley et al. 2004;
Giorgi et al. 1997; Kotlarski et al. 2012, 2015).

GCM and RCM scenarios of the twenty first century
climate indicate a further reduction in snow cover extent
and a shorter snow season, with later first snow in autumn
and earlier melt out in spring (Collins et al. 2013; Réisénen
and Eklund 2012; Lawrence and Slater 2010; Steger et al.
2013). The SAF can therefore be expected to further con-
tribute to twenty first century temperature changes, depend-
ing on the magnitude of the SAF and the extent of snow
cover reductions. A quantification of this contribution, par-
ticularly on regional scales, is currently missing.

To partly fill this gap, the aim of the present study is
to validate and quantify the SAF in RCM experiments
over the Alpine region based on the methodological
framework of S2012. We explicitly focus on the spring
season (MAM: March, April, May) during which Alpine
SAF effects can be expected to be largest and most robust
owing to (a) larger incoming solar radiation amounts
compared to winter, (b) pronounced snow cover changes
both in past records (e.g., S2012) and in future snow
cover scenarios (Steger et al. 2013), and (c) a negligible
influence of large-scale flow variability on historical tem-
perature trend profiles (S2012). However, as high-eleva-
tion snow cover changes are also found for early summer
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and incident solar radiation amounts are largest then,
we partly also include the summer season (JJA: June,
July, August) in our assessment. Both re-analysis-driven
(1961-2000) and GCM-driven experiments (1951-2099)
are considered. The latter are also used to quantify the
contribution of the SAF to twenty first century Alpine
temperature changes. In particular, the following research
questions are addressed:

1. What is the magnitude of the SAF in state-of-the-art
RCMs in the Alpine region, and how does it compare
to observational estimates?

2. What are the physical drivers of and the processes
behind the simulated SAF?

3. How are RCM temperature biases connected to the
SAF?

4. What is the estimated contribution of the SAF to
future Alpine temperature changes?

The following section provides information about the
RCM data and the applied methods. The validation of the
springtime SAF in re-analysis-driven RCM simulations and
the contribution of the SAF to future temperature changes
are presented in Sects. 3 and 4. The study ends with Sect. 5
that gives a concluding summary and an outlook on further
aspects worth considering.

2 Data and methods
2.1 RCM data

The RCM data used in this study has been provided by the
ENSEMBLES project (van der Linden and Mitchell 2009).
Both re-analysis-driven (ERA40; Uppala et al. 2005) and
GCM-driven RCM experiments are available, applying
multiple RCMs over a common model domain using a
common spatial resolution of about 25 km. The common
RCM domain covers Europe with parts of the Mediterra-
nean Sea and Africa, whereas the focus of this research is
on the Alpine sub-region and the surrounding areas (see
Fig. 1). For this analysis domain, mean daily 2m tempera-
ture and daily surface snow water equivalent (SWE) were
extracted from all experiments. Note that the employed
RCM resolution of 25 km implies a substantial smoothing
of high-resolution Alpine topographic features, which is
illustrated by a comparison between Fig. 1a, b. Very high-
elevations above 3000 m and several major inner-alpine
valleys, for instance, are not represented by the RCMs. In
total, 14 ERA40-driven RCM experiments are validated
with respect to their ability to represent the springtime SAF
in the period 1961-2000. Furthermore, 10 GCM-driven
RCMs provide transient climate scenarios for the period

1951-2099 (see Table 1), assuming greenhouse gas con-
centrations according to the SRES A1B emission scenario
(Nakicenovi¢ and Swart 2000) up from the year 2001.
These scenario simulations are used to quantify the abso-
lute and percentage contribution of the SAF to total tem-
perature changes in the twenty first century. In the remain-
der of this article, the ERA40-driven experiments will be
referred to by the naming convention INSTITUTE-RCM
and the GCM-driven experiments by INSTITUTE-DRIV-
ING GCM according to Table 1.

2.2 Snow cover parameterization in RCMs

All RCMs analysed in the present work employ simplified
snow cover schemes as part of their physical parameteriza-
tion packages. In many cases these schemes were inherited
from land surface parameterizations of global climate mod-
els. Their primary purpose is to provide a realistic lower
boundary condition for the atmospheric model components,
especially for the boundary layer parameterizations, in case
of snow coverage. Also soil thermal and hydrological pro-
cesses strongly depend on the presence of snow cover with
corresponding influences, for instance, on evapotranspira-
tion rates. The individual RCM parameterizations differ
from each other but can be classified into either simple
composite/single layer schemes or intermediate-complexity
schemes (e.g., Boone and Etchevers 2001). While the first
class considers either composite snow-soil layers or a sin-
gle explicit snow layer on top of the soil, the second class
employs multiple snow layers, accounting for a larger num-
ber of snow thermal and hydrological processes.

As an example, we here briefly present the snow cover
parameterization of the RCM (COSMO-)CLM (e.g.,
Rockel et al. 2008) for which a detailed SAF validation
is carried out in Sect. 3. See also Figure ESM 1 in Ste-
ger et al. (2013) for a schematic overview on the scheme.
Please note that we here refer to the regional climate model
CLM (COSMO-model in CLimate Mode) employed
within ENSEMBLES and not to the Community Land
Model (CLM; e.g., Lawrence et al. 2011) that uses the
same abbreviation. Snow cover in CLM is represented by
a single snow layer that sits on top of the (multi-layer) soil
column and that is nourished by snowfall and depleted by
snow sublimation (evaporation from the snow reservoir)
and snow melt. For thermal processes, the snow layer is
treated as a separate layer with a maximum depth of 1.5 m
for which the mean temperature is predicted in every time
step. The snow surface temperature, i.e., the interface tem-
perature to the atmospheric model components, is diag-
nosed from the soil surface temperature and the snowpack
mean temperature by linear extrapolation. Snow melt
occurs if the soil surface temperature or the snow surface
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temperature exceed the melting point of 0 °C. An ageing
effect of the snowpack is accounted for and influences both
the prognostic snow density (which increases with time due
to snow compaction) and the snow albedo (which decreases
with time due to several metamorphism processes). For
small snow water equivalents of less than 1.5 cm a frac-
tional snow coverage is considered when calculating the
grid box mean evaporation flux. For further details the
reader is referred to Doms et al. (2011).

Table 1 List of analysed RCM experiments: ERA40-driven RCMs
to quantify and evaluate the SAF and GCM-driven RCMs to quan-
tify the contribution of the SAF to twenty first century temperature
changes. An empty entry in the third column denotes RCMs for
which only the ERA40-driven experiment has been analysed. Note
that only a sub-set of GCM-driven ENSEMBLES simulations is con-
sidered (see Sect. 2.5 for details)

INSTITUTE RCM DRIVING GCM
c41 RCA -
CNRM Aladin -
DMI HIRHAM ARPEGE
EC GEMLAM -
ETHZ CLM HadCM3Q0
KNMI RACMO ECHAMS
METNO HIRHAM -
METO HadRM3Q0 HadCM3Q0
HadRM3Q16 HadCM3Q16
HadRM3Q3 HadCM3Q3
MPI REMO ECHAMS5
OURANOS CRCM -
SMHI RCA BCM
ECHAMS
HadCM3Q3
UCLM PROMES -

(a) ETHZ-CLM topography

Despite the use of such simplified snow schemes, previ-
ous works indicate the value of direct GCM and RCM snow
cover output to assess future snow cover changes on differ-
ent spatial scales and to complement the application of ded-
icated snow models driven by climate model output. Ste-
ger et al. (2013), for instance, validated snow amounts and
snow coverage as represented by the ENSEMBLES RCMs
for the European Alps (i.e., for the same set of models and
the same region that are considered in the present work)
and analysed the projected future changes. A decent repre-
sentation of Alpine snow cover with respect to its spatial
and temporal variability was found. The multi-model mean
of the ERA40-driven ensemble accurately represents mean
winter SWE at elevations below 1500 m which is, however,
partly due to compensating biases in the individual RCMs.
SWE at high elevations is typically overestimated, which
can partly be attributed to large positive precipitation biases
and cold temperature biases (which are also apparent for
the GCM-driven climate scenario runs of ENSEMBLES;
see Kotlarski et al. 2015). For the GCM-driven climate
scenarios, Steger et al. (2013) also revealed snow accu-
mulation deficiencies in individual model runs, i.e., a con-
stantly accumulating snow cover at high elevations. Based
on these previously obtained results, the respective model
experiments were excluded from the scenario analysis in
the present paper (see also Sect. 2.5).

2.3 SAF quantification

To quantify the SAF the methodology introduced by S2012
is applied. It consists of a comparison of 2m temperatures
at two nearby stations for snow-covered and snow-free
days and is illustrated in Fig. 2. In the frame of the pre-
sent work, this methodology is transferred from the station
scale considered by S2012 to the scale of RCM grid cells.
For the final SAF assessment, the even larger Alpine-wide
scale (here called regional scale) is considered by deriving

(b)High-resolution topography (GTOPO30) [m]
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Fig. 1 a Illustration of the Alpine topography of the regional climate
model ETHZ-CLM. The coloured area indicates the analysis domain
used in the present study. b High resolution topography (approxi-

@ Springer

mately 1 km) of the Alpine region as represented by the digital eleva-
tion model GTOPO30 (US Geological Survey 2014)
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Fig. 2 Schematics of SAF
quantification. a Calculation of
temperature differences follow- T oper
ing S2012 in the two samples:
HS (“high snow”, upper
panel) and NS (“no snow”,
lower panel). b Distribution of
daily temperature differences T
Tiower — upper) in spring for
both samples in the period
1961-2000 for one particular
grid cell pair in ERA40-driven
ETHZ-CLM. The difference
between the two medians
(vertical lines) reveals a SAF of
2.7 °C. The map on the top right
shows the geographical location
of the two grid cells analysed

AT,

Tower .‘

SAF estimates valid for the entire analysis domain. Since
the RCMs do not provide snow depth data but SWE values,
an SWE threshold of 0.01 m is defined at which a given
grid cell is considered as snow-covered. The use of differ-
ent SWE thresholds does not change the diagnosed SAF
considerably (not shown). Assuming an average wind-
toughened snow density of 300 kg m~ (Barry and Gan
2011) our threshold corresponds to a snow depth of approx.
0.033 m.

To isolate and quantify the SAF, pairs of neighbouring
RCM grid cells located at different elevations are analysed
with respect to their temperature difference (lower grid cell
minus upper grid cell) for days at which the upper grid cell
is snow-covered and the lower one is snow-free (further
referred to as HS for “high snow”). The same is done for
days at which both grid cells are snow-free (further referred
to as NS for “no snow”). The SAF is defined as the median
difference of the two distributions:

HS NS

SAF = median(Tigyer — Tupper) — median(Tjoyer — Tupper)

ey

with T}, indicating the temperature at the lower grid cell
and T,pper the temperature at the upper grid cell. In this
scheme, the computed SAF is essentially a measure of the
SAF at the upper grid cell. The analysis is carried out sepa-
rately for each season under consideration.

Assuming a cooling effect of snow cover on 2m tem-
peratures, temperature differences for HS can generally
be expected to be larger compared to NS. See Fig. 2a for
an illustration of the method, and Fig. 2b for an example
of diagnosed HS (blue) and NS (green) temperature dif-
ferences for a particular grid cell pair, a particular model
(ETHZ-CLM) and a specific season (spring). The applied

(a) Temperature difference

(b) SAF quantification

02r NS [m]
HS ‘SAF 12500

Mmous

1500

1500

Mmous ou

0.1+

i

0 5 10 15 20 25
Temperature difference [°C]

Relative frequency

Mous ou

method involves a sampling of specific days and specific
weather situations in the two samples governed by larger-
scale flow variability. These situations can be associ-
ated with, e.g., inversions and modifications of standard
atmospheric temperature lapse rates and have a potential
to mask any snow cover-induced temperature anomalies.
As a consequence, the two probability density functions
(PDFs) are not entirely distinct from each other but partly
overlap. A sufficiently large number of days for both the
HS and the NS sample is needed to ensure a robust diag-
nosis of the SAF. Therefore, a minimal number of days to
be contained in each individual sample is defined. If this
criterion is not met, the SAF is not calculated for this par-
ticular grid cell pair and season. In S2012 the samples con-
sist of at least 1000 values for the 50-year period. Since our
analysis period has a length of 40 years only, a minimal
number of 800 values per sample is selected, which corre-
sponds to 20 days per season (or about 7 days per month).
The required minimal number of days also implies a suffi-
ciently large elevation difference between both grid cells as
grid cell pairs with similar elevations would be associated
with a too small HS sample. For ETHZ-CLM the elevation
differences range from approximately 50 to 1400 m (see
Figs. 5 and 6a) and completely cover the range of elevation
differences considered by S2012. Also note that the estab-
lished criterion of a minimal number of days per sample is
associated with different samples of grid cell pairs in the
individual seasons.

Since the diagnosed SAF depends on the elevation dif-
ferences in the represented samples of grid cell pairs (see
Sect. 3.1.3), an elevation-normalised SAF is needed. To this
end, a least-square linear regression through all diagnosed
SAFs and the associated elevation differences is calculated
(see later in Fig. 5) and the extrapolation of the regression
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(a) MAM (b) JA
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Fig. 3 PDFs of diagnosed SAF values of ETHZ-CLM in a MAM
and b JJA for the period 1961-2000, using 0.5° bins. The vertical axis
presents the fraction of grid cell pairs with a given SAF-value, and
Npqirs indicates the number of grid cell pairs contributing to the par-
ticular PDF. Additionally, the median (vertical solid line), 10th and

line to 0 m reveals an elevation-normalised SAF (further
referred to as Om-SAF). The Om-SAF is considered as the
primary estimate of the regional SAF in the Alpine area in
this study. As uncertainty estimate, it is complemented by
the median SAF and the 10th and 90th percentiles of the
spatial SAF distribution in the respective season and the
respective model experiment (see Fig. 3).

2.4 Validation data

The diagnostic method for SAF quantification in the RCMs
as described above is based on the methodology employed
by S2012. For the spring season, the latter found a mean
springtime SAF of 0.4 °C based on station observations.
This value serves as a reference, against which the SAF
values diagnosed from the individual RCM experiments
will be compared. Note that only the springtime SAF can
be validated by this approach. Further seasons are not con-
sidered in the validation exercise.

2.5 SAF in climate scenarios

In the climate scenario part of this study, the contribution
of the SAF to local and regional twenty first century tem-
perature changes is quantified. For this purpose, several
GCM-driven RCM experiments of the ENSEMBLES pro-
ject are excluded and only those experiments are retained
that (a) do extend until the year 2099, (b) do not show seri-
ous snow accumulation deficiencies (Steger et al. 2013)
and (c) use a compatible calendar for daily temperature
and daily SWE data (see Table 1). The contribution of the
SAF to future temperature changes is quantified using the
diagnosed SAF for the respective season in the ERA40-
driven experiments. This is only feasible if the diagnosed
SAF shows a similar magnitude in both the re-analysis-
driven and the GCM-driven run of a particular model.
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90th percentiles (vertical dashed lines) are marked. SAF values are
calculated if both the HS and NS class include at least 800 values. The
SAF determined by S2012 for MAM from observations is shown as
red line

An analysis of the SAF in the GCM-driven ETHZ-Had-
CM3QO0 experiment over the same period (1961-2000)
using the same method reveals similar PDFs of SAF val-
ues as for the re-analysis-driven ETHZ-CLM run (not
shown). We therefore assume that the diagnosed SAF in
the ERA40-driven experiments can also be applied for the
GCM-driven simulations.

After quantifying and validating the SAF in the ERA40-
driven experiments, all RCMs are sorted into two catego-
ries. An acceptable range of SAF values in MAM from 0
to 1 °C, based on the value of 0.4 °C found by S2012 is
defined. Models revealing a Om-SAF between 0 and 1 °C
in MAM are used to quantify the contribution of the SAF
to temperature changes in the twenty first century and will
be referred to as SAF models. Models that reveal an unreal-
istically high or low SAF have to be treated more carefully,
as the diagnosed SAF probably reflects model tempera-
ture biases depending on the presence of snow cover (e.g.,
Buzzi 2008 for the case of ETHZ-CLM). For instance, a
distinct snow cover-induced cold temperature bias can
result in an overestimation of the diagnosed SAF. Such
models will be discussed separately in the climate scenario
analysis and are therefore referred to as other models. Note
that the climate scenario analysis considers the JJA season
in addition to MAM, but that the validation exercise on
which the model selection is based has been carried out for
MAM only. We therefore implicitly assume that the valida-
tion results obtained for MAM also apply to JJA.

The change in the number of snow days (ASD) in 2070—
2099 compared to the reference period 1971-2000 is used
to quantify the SAF contribution to temperature changes
between these two periods. For a given model and season,
the relative change in snow days (aﬁjlg -) multiplied by the
diagnosed Om-SAF (SAF) from the ERA40-driven simula-
tions is assumed to determine the contribution of the SAF
to the total future temperature change (ATsar):
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ASD
all days

ATsap = )
An uncertainty estimate of ATs4F is provided by using the
median SAF, 10th and 90th percentiles of the spatial SAF
distribution in addition to the Om-SAF (see Sect. 2.3).
Both, absolute and percentage ATsqr values are pre-
sented. The latter are calculated by dividing ATssr by the
total temperature change AT. Since snow day changes are
strongly dependent on elevation (Ceppi et al. 2012), the cli-
mate scenario analysis is carried out for 500 m elevation
bands. When calculating the SAF contribution as described
in Eq. 2, the SAF is assumed to be stationary in time. This
assumption is crucial for the results, but additional analyses
for the period 2070-2099 (not shown) indicate no major
change of the SAF between the reference and the scenario
period for a given model.

3 SAF in re-analysis-driven RCMs

This section presents the validation of the springtime SAF
in the ERA40-driven experiments over the period 1961—
2000. The first part focuses on the RCM ETHZ-CLM, for
which the diagnosed SAF is investigated in detail. Specific
issues of the model and methodological details are dis-
cussed. In a second part all ERA40-driven RCMs of the
ENSEMBLES project are considered and the SAF is quan-
tified for the entire ensemble.

3.1 Validation in ETHZ-CLM
3.1.1 SAF quantification

In ETHZ-CLM, 3196 grid cell pairs exist in the analysis
domain that can be used to diagnose the SAF. Yet, the HS
and NS samples need to contain data of at least 800 days
(see Sect. 2.3). This criterion reduces the number of grid
cell pairs diagnosing the SAF to 233 in MAM and to only
12 in JJA. As expected, the two distributions of tempera-
ture differences are clearly separable. The PDF of the sam-
ple HS is distinctly shifted towards larger temperature dif-
ferences compared to NS (e.g., Fig. 2b). The diagnosed
SAF values in ETHZ-CLM are illustrated in Fig. 3 and,
for springtime, vary between about 0.5 and 5.5 °C. These
results indicate that simulated 2m temperatures in MAM
are on average 2.49 °C (median of distribution) warmer
on snow-free days than on snow days. This value is con-
siderably larger than the one diagnosed by S2012 from
observations (0.4°). This mismatch may derive from a
systematic model bias in the 2m temperature diagnostics
relating to difficulties of ETHZ-CLM in reproducing near-
surface temperature profiles. This issue has been closely

investigated by Buzzi (2008). It is obviously connected
to shortcomings of the model’s boundary layer transfer
scheme and a partly misrepresented effective canopy height
at grid cells with a large orographic roughness length (that
are particularly found in the Alpine region). As a result,
erroneous near-surface temperature profiles are used and
2m temperatures in ETHZ-CLM are often too strongly cou-
pled to the surface temperatures. In case of the presence of
a snow pack (low surface temperature and stable boundary
layer) this leads to an underestimation of the diagnosed 2m
temperature above snow, which can be assumed to strongly
affect the diagnosed SAF. This deficiency may partly
explain the strong overestimation of the SAF in ETHZ-
CLM, but other models could be affected by similar biases
as well. It is important to note that the described problem
is directly connected to the way the SAF is diagnosed in
the frame of the present work. The applied scheme relies
on the 2m temperature and any shortcoming in the diag-
nosis of this quantity will directly affect the derived SAF,
in particular if the quality of the diagnosis is dependent
on the presence of a snow pack. Different SAF estimation
schemes, for instance those explicitly relying on the surface
energy balance, would not necessarily be affected.

For both seasons a large spread of SAF values is
obtained for the individual grid cell pairs. A more detailed
analysis reveals that the spatial variability of the diagnosed
SAF is not random and is partly connected to the elevation
of the upper grid cell: high-elevation grid cells often diag-
nose a larger SAF compared to grid cells at low elevations
(not shown). In JJA a much narrower PDF is obtained. This
may result from the small number of grid cell pairs diag-
nosing a SAF in this particular season. The SAF spread
is further discussed in the following Sect. 3.1.3. Also, the
regional SAF is larger in JJA than in MAM, which is possi-
bly connected to the seasonal cycle in global radiation with
larger incoming radiation in the summer season (e.g., Cess
et al. 1991; Barry and Chorley 2010).

3.1.2 Physical drivers of the SAF

To evaluate the driving processes behind the SAF and to
determine their relative influence, the relation between key
variables of the surface energy budget (net shortwave and
longwave radiation, latent and sensible heat flux, albedo)
and the diagnosed SAF for the spring season is investi-
gated: An albedo change induced by snow cover reduc-
tion can be thought to result in increasing 2m temperatures
mainly because of larger net shortwave radiation. Addi-
tionally, Ohmura (2001) shows that incoming longwave
radiation provides the largest energy source influencing
2m temperatures. The sensible heat flux and the parti-
tioning between sensible and latent heat fluxes constitute
additional influences of surface energy balance parameters
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Fig. 4 Relationship between the SAF and the median difference of
a albedo, b net latent heat flux, ¢ net longwave radiation, d net sensi-
ble heat flux and e net shortwave radiation for MAM in ETHZ-CLM.
Data points are shown for all grid cell pairs that enable the compu-
tation of the SAF. The red line shows a linear regression. The filled
circle in (e) is discussed in the text

on near-surface temperature conditions. To identify the
main drivers of the SAF, the same analysis that was used
to diagnose the SAF (see Eq. 1) was carried out for the
parameters of the surface energy balance. A median differ-
ence between HS and NS for each variable was calculated.
Comparing the resulting median difference to the SAF, a
positive correlation is expected since larger median differ-
ences in available surface energy can be thought to induce
larger temperature differences and consequently a larger
SAF. The resulting relationships between energy balance
components and the SAF for MAM are presented in Fig. 4.
The albedo median differences calculated according to
Eq. 1 show negative values: The upper grid cell’s albedo
is larger when snow-covered compared to snow-free con-
ditions in contrast to the energy balance parameters. An
increasing SAF with increased albedo median differences
can be expected as a larger albedo difference induces
larger net shortwave radiation gains at the upper grid cell
in the snow-free sample. This is, however, not obtained in
MAM (see Fig. 4a), which indicates that albedo median
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Fig. 5 Relationship between the diagnosed SAF and the elevation
differences in ETHZ-CLM for MAM. Each circle represents one grid
cell pair’s SAF as a function of the respective elevation difference.
The correlation is indicated using a linear regression (red line) over
all data points. The regressed SAF for an elevation difference of 0 m
yields the Om-SAF

differences are not the controlling factor for the SAF
variability.

The net shortwave radiation median differences are
positive at all grid cell pairs (x-axis in Fig. 4e). A particu-
lar illustrative grid cell pair (filled circle) indicates that the
upper grid cell, when snow-free, reveals approximately
48 W m~2 more net solar radiation at the surface, than
when snow-covered. Furthermore, a clear positive correla-
tion between net shortwave radiation differences and the
diagnosed SAF is found.

On the other hand, net longwave radiation median dif-
ferences mostly reveal negative values (x-axis in Fig. 4c),
possibly due to a restriction of surface temperatures not
exceeding 0 °C above snow. This induces less outgoing
longwave radiation and larger net longwave radiation at the
surface for snow cover compared to snow-free conditions.
A rather unexpected result is the strong negative correlation
between net longwave radiation median differences and
SAF intensity. A possible reason for this negative correla-
tion is the small range of median differences compared to
the overall SAF magnitude and the range of median short-
wave radiation differences. This indicates a spurious cor-
relation via a further controlling parameter such as cloud
cover. Indeed, a study by Cess et al. (1991) who investi-
gated the SAF in different GCMs revealed that the SAF
induces different climate responses. Apart from the short-
wave radiation effect due to a reduction in surface albedo,
there are also indirect effects via cloud cover or longwave
radiation feedbacks. Clouds cause larger incident long-
wave radiation and smaller incident shortwave radiation.
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Comparing the net shortwave and longwave radiation
median differences to each other reveals a negative correla-
tion (not shown) between these variables. This further indi-
cates the existence of interactive effects produced by cloud
cover differences between the HS and NS sample. Another
cause for the unexpected sign of the correlation between
SAF and net longwave radiation differences may be the
sampling of specific weather situations for the quantifica-
tion of median differences.

Both latent and sensible heat flux reveal positive median
differences (x-axes in Fig. 4b, d), which indicates an energy
surplus on snow-free days compared to snow-covered condi-
tions (compared to net shortwave radiation). However, only
sensible heat flux shows a positive correlation with the SAF.

For all surface energy components addressed, median
differences are largest for net shortwave radiation (followed
by sensible heat flux), implying that the main reason for the
energy surplus under snow-free conditions is an increased
shortwave radiation budget, which is transferred to the atmos-
phere via an increased flux of sensible heat. Net surface
shortwave radiation differences furthermore reveal a large
correlation coefficient with the diagnosed SAF, which is in
agreement with our expectations based on physical consid-
erations mentioned before. Net shortwave radiation can hence
be considered as the driving variable controlling the SAF.

3.1.3 Elevation difference dependence of the SAF
Our analysis reveals that the elevation difference between

two neighbouring grid cells influences the magnitude of
the diagnosed SAF. For MAM, Fig. 5 shows an increase

(a) Elevation difference dependence in MAM
110
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Fig. 6 Physical drivers of the SAF for ETHZ-CLM in MAM: a Rela-
tionship between differences in elevation and surface net shortwave
radiation median differences. The linear regression (red line) is calcu-

of SAF values with larger elevation differences. A possi-
ble reason for this effect are different regional-scale lapse
rates in the two samples HS and NS. Such differences in
prevailing lapse rates would become more important for
the diagnosed SAF with increasing elevation difference
between the grid cells. Indeed, a more detailed analysis
reveals a larger large-scale lapse rate for the HS sample
for most seasons (not shown), which induces larger SAF
values with increasing elevation differences. However,
this influence is too weak to entirely explain the eleva-
tion difference dependence of the SAF. To provide more
insight into this issue, the role of net shortwave radia-
tion, i.e., the key driving variable of the SAF as identi-
fied above (see Sect. 3.1.2) is analysed in more detail.
Namely, the median difference of net shortwave radiation
for the HS and the NS samples in MAM is related to the
elevation difference. A clear positive relation is found
(Fig. 6a), and we conclude that net shortwave radiation
is likely responsible for the elevation difference depend-
ence of the SAF.

The specific cause is the larger incident solar radiation at
higher elevations, especially for regions higher than about
2000 m (see Fig. 6b). The larger the elevation difference,
the larger are the differences in incoming solar radiation
between the upper and lower grid cell. Note that the larger
spread of incident solar radiation at elevations below about
1000 m that is apparent in Fig. 6b results from the fact that
grid cells South of the Alps generally show larger mean
incoming solar radiation than grid cells to the North.

A systematically larger albedo at high reaches for
snow-free conditions could mitigate the effect of a larger

3000

(b) Mean incoming solar radiation in MAM
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lated over all data points (blue circles). b Mean incoming shortwave
radiation of each grid cell over 1961-2000 for different elevations
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Fig. 7 SAF in 14 ERA40-driven RCMs of the ENSEMBLES project
for the period 1961-2000 and for a MAM and b JJA. Shown are the
diagnosed Om-SAF, as well as the SAF-distribution in terms of the
10th and 90th percentile and the median. Note the black lines in (a)
indicating an acceptable range of SAF values (based on the MAM

incoming solar radiation at higher elevations. Even though
this effect is apparent, the albedo differences between the
upper and lower grid cells are too small to mitigate entirely
the higher incident solar radiation at higher elevations (not
shown).

The elevation difference dependence of the diagnosed
SAF suggests a normalization of the SAF over elevation
differences by extrapolating the linear regression line to
0 m (=0m-SAF, see green circle in Fig. 5). This is essen-
tial in order to compare different seasons and models. The
Om-SAF is used as primary estimate in the remainder of
this study, but results are usually complemented by those
obtained for the PDF-based SAF estimates.

3.2 Quantification in the multi-model ensemble

Figure 7 illustrates the diagnosed spring and summer SAFs
in all 14 ERA40-driven RCMs of Table 1. Typically SAF
values are positive, which indicates higher temperatures
for snow-free conditions compared to snow coverage. In
general, larger SAFs are found for JJA (note the different
y-axis scales) which presumably derives from the higher
incident solar radiation in summer (e.g., Cess et al. 1991;
Barry and Chorley 2010). C4I-RCA, SMHI-RCA and
UCLM-PROMES show a similar SAF for both seasons.
Several models have insufficient days in the HS sample in
JJA, and consequently do not allow diagnosis of a SAF in
this particular season.
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The diagnosed SAF differs strongly between the ana-
lysed RCMs; ETHZ-CLM, METO-HadRM3QO and
MPI-REMO show consistently the largest SAF. These
inter-model differences may result from differences in 2m
temperature diagnosis and physical parameterizations. Qu
and Hall (2007) suggest that SAF differences could also
result from differences in surface albedo parameterization
and the explicit treatment of vegetation canopy. Models
with a higher albedo over snow in general reveal a strong
albedo difference between snow-covered and snow-free
conditions.

3.3 Discussion

The SAF quantification for the models of the ENSEM-
BLES project reveals mostly larger values than derived
by S2012 for MAM (0.4 °C). For instance, the diagnosed
SAF in ETHZ-CLM for MAM strongly exceeds that ref-
erence value (Om-SAF of 2.05 °C). This may derive from
a negative temperature bias over snow and ice as reported
by Buzzi (2008). Other models may suffer from this bias
characteristic as well. In these particular cases, the term
SAF is misleading, since the diagnosed SAF might pri-
marily result from a particular bias structure of the model
rather than from a physically consistent representation
of the SAF. The overestimation of the diagnosed SAF at
higher reaches may be strongly connected to the cold bias
found at high elevations in several RCMs (e.g., Kotlarski
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et al. 2015). In principle, also scale issues might be
responsible for the SAF overestimation by many RCMs.
While S2012 derived their springtime SAF estimate from
station pairs, we here transfer their approach to the RCM
grid cell-scale and compare neighbouring grid cells that
represent mean conditions for cells of about 25 x 25 km?
size. Scale effects, for instance, could be related to local
temperature inversions affecting temperature differences
for individual station pairs but that are not represented
by the coarsely resolved RCM output. However, as the
employed snow parameterization schemes are based on
independent column approaches (partly accounting for
subgrid variability, though; see Sect. 2.2) and as the SAF
validation is not carried out on a grid cell-by grid cell but
on an Alpine-wide regional scale, we believe that scale
issues do not play a deciding role. In contrast, representa-
tiveness issues might be able to partly explain the appar-
ent SAF overestimation in the RCMs. Topographic shad-
ing effects with their influence on both the longwave and
the shortwave surface radiation balance are not accounted
for in the models but might partly influence (here: lower)
the SAF estimates derived by S2012 based on station
observations.

One model (CNRM-Aladin) reveals mostly nega-
tive SAF values in MAM (for both regional SAF and
Om-SAF). This indicates that the temperature in this model
is typically higher if the grid cell is snow-covered, com-
pared to snow-free conditions at that particular time of the
year. The reason for this behaviour has not been further
investigated.

On a regional scale and for a given model and a given
season, a considerable spread of the diagnosed SAF is
apparent. This spread can partly be explained by the ele-
vation difference between the upper and the lower grid
cell of a given grid cell pair and the underlying elevation
dependency of the shortwave radiation budget. However,
elevation differences cannot fully explain the SAF spread
as there is, for instance, a considerable scatter of SAF
values within each individual elevation difference class
(not shown). Furthermore, elevation differences cannot
fully explain the SAF spread obtained when comput-
ing the SAF of a single local maximum grid cell sepa-
rately based on its eight lower-elevation neighbours (not
shown).

In the multi-model ensemble, C4I-RCA, SMHI-RCA,
DMI-HIRHAM, EC-GEMLAM, OURANOS-CRCM,
UCLM-PROMES and KNMI-RACMO reveal a rather
realistic SAF between 0 and 1 °C in MAM. The quantifi-
cation of the contribution of the SAF to twenty first cen-
tury temperature changes in the European Alps in the fol-
lowing section will therefore be primarily based on these
models.

4 SAF in climate scenarios

The following section presents estimates of the contribu-
tion of the diagnosed SAF to spring and summer Alpine
temperature changes in the twenty first century (ATsar)
using the method described in Sect. 2.5. For this purpose,
the GCM-driven RCMs listed in Table 1 are considered.
As a consequence of the results in Sect. 3.2, the interpre-
tation distinguishes between models revealing a realistic
SAF (compared to S2012; further referred to as SAF mod-
els). Other models show an unrealistically high or low
SAF. Scenario experiments contributing to the SAF models
suite are: DMI-ARPEGE, KNMI-ECHAMS5, SMHI-BCM/
ECHAMS5/HadCM3Q3. The remaining models listed in
Table 1 contribute to the other models suite. SAF model
contributions can be assumed to mostly derive from the
SAF, whereas other models’ contributions may for instance
derive from snow cover-dependent temperature biases and
their interpretation is more complex.

4.1 Contribution to future temperature changes

The contribution of the SAF to future temperature changes
is calculated using the diagnosed Om-SAF. In addition the
contributions assuming the median, 10th and 90th percen-
tile SAFs are computed. The latter illustrate the range of
possible SAF contributions given uncertainties of the SAF
quantification. Figure 8a—d illustrates ATs4r in every RCM
scenario averaged over the entire analysis domain. Contri-
butions are typically larger in JJA (up to 1.3 °C) compared
to MAM (up to 0.28 °C).

ATsar reveals large inter-model differences owing to
(a) differences in the diagnosed SAF values (see Sect. 3.2)
and (b) different changes of snow cover due to the over-
all warming magnitude (cf. Steger et al. 2013). The three
SMHI simulations (driven by different GCMs but apply-
ing the same RCM) show similar SAF contributions, as
changes in snow cover are similar in all simulations, and
as the analysis uses the same seasonal SAF values quanti-
fied in Sect. 3.2 from the ERA40-driven simulation. DMI-
ARPEGE and KNMI-ECHAMS reveal the smallest con-
tribution for almost every season, typically smaller than
0.1 °C. The two model samples (SAF models and other
models) show distinctly different ATsqr values in MAM
and JJA. The larger contribution in other models derives
from a larger diagnosed SAF in these seasons. In addition,
Fig. 8b (black squares) illustrates the SAF contribution in
MAM using the SAF as diagnosed from observational data
by S2012 (0.4 °C) for every model according to Eq. 2. Con-
tributions ranging from 0 to 0.1 °C are obtained. A simi-
lar ATsar of DMI-ARPEGE and KNMI-ECHAMS when
assuming the 0.4 °C-SAF compared to the model-specific
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Fig. 8 Regional contribution of the SAF to future mean seasonal
temperature changes (ATssr) in a MAM and b JJA by SAF mod-
els (green) and other models (red) averaged over the whole analysis
domain. In JJA, no contribution can be quantified in DMI-ARPEGE
and MPI-ECHAMS because no SAF was diagnosed in the corre-
sponding ERA40-driven simulation. ¢, d Illustrate the spatial dis-

SAF derives from a diagnosed SAF close to 0.4 °C. Yet, all
other models reveal a larger contribution when using the
(larger) model-specific SAF.

The inter-model differences mainly derive from differ-
ences in the SAF and not from strongly differing ASD, as
can be seen from the small spread of the MAM SAF con-
tribution assuming the 0.4 °C SAF. Figure 8e—f illustrates
the spatial variability of ATs4r for MAM over the analysis
domain, assuming the Om-SAF. For illustration purposes
only one SAF model, which reveals a similar MAM SAF
as diagnosed by S2012 (KNMI-ECHAMS) and one other
model (ETHZ-HadCM3QO0) are displayed. Larger ATsar
values are obtained for ETHZ-HadCM3QO as a result of a
larger diagnosed SAF in MAM. For both models the spatial
distribution of ATsaF is strongly connected to the surface
orography (cf. Fig. 1) and typically increases with eleva-
tion. However, the maximum contribution is not obtained at
peak elevation, but at somewhat lower elevations.

@ Springer

tribution of ATsar in MAM of one SAF model (KNMI-ECHAMS)
and one other model (ETHZ-HadCM3QO0). White grid cells in the
analysis domain do not show any snow day change and consequently
no ATsar is available. These grid cells have no contribution to the
domain mean numbers

The estimated MAM SAF contributions at specific grid
cells can be much larger than the domain-mean contri-
butions (see Fig. 8c and d). This can be explained by the
fact that most of the analysis domain consists of grid cells
located at lower elevations, which are not sensitive to the
SAF and show a small or even negative SAF contribu-
tion. Negative values occur when grid cells show a more
frequent snow cover in the future (2070-2099) compared
to the reference period (1971-2000). This is only the case
for individual low-elevation grid cells with very few snow-
covered days in the control period and can be attributed
to internal climate variability. The obviously elevation-
dependent ATgsr suggests an analysis of the SAF contri-
bution for distinct elevation bands in order to gain a better
insight into the governing processes and into SAF contribu-
tions at sub-regional scales.

For this purpose, Fig. 9 illustrates the absolute and
percentage ATssr at different elevations for the SAF
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Fig. 9 SAF contribution to future temperature changes (ATsar),
snow day changes (ASD; loss of snow days per 30-year period) and
temperature changes (A7) in 500 m elevation classes for SAF models

models. Other models’ contributions are indicated as a
multi-model mean (mean over all other models: ETHZ-
HadCM3Q0, METO-HadCM3Q0/Q16/Q3 and MPI-
ECHAMS). Additionally the change of snow days (ASD;
absolute loss of snow days for an entire 30-year period)
and the total temperature change (AT) are shown to better
understand the elevation-dependent behaviour of ATsar.
Maximum values are obtained at similar elevations for all
parameters in all models and seasons. A shift to higher
elevations from MAM to JJA qualitatively agrees with the
shift of the zero-degree line (Ceppi et al. 2012). Eleva-
tions where the maximum SAF contribution is reached
are located between 1500 and 2000 m in MAM and above
2000 m in JJA. At lower reaches the SAF contribution
vanishes completely since no ASD is apparent. All SAF
models reveal a maximum absolute contribution between
0 and 0.5 °C, indicating a distinct influence of the SAF
on the temperature change at medium and high eleva-
tions. This is also visible in the percentage contribution
ranging from O to 14.1 % in MAM and to 12.8 % in JJA.
DMI-ARPEGE shows consistently the lowest contribution
(maximal 0.1 °C in MAM), whereas all SMHI experi-
ments show similarly high contributions (maximal 0.29 to
0.41 °C in MAM).

ASD is elevation-dependent and ranges from no change
at low elevations (below about 500 m in MAM and 1300 m
in JJA) to reductions of 1000 days and more at medium ele-
vations around 1800 m in MAM and high elevations above
2000 m in JJA. The elevation of maximum ATssr typi-
cally coincides with the elevation of maximum ASD, which

and a mean over other models in MAM (upper row) and JJA (lower
row) using the Om-SAF. Note that DMI-ARPEGE does not diagnose
a SAF in JJA and therefore no ATssr can be computed

is in agreement with our expectations based on Eq. 2. In
both MAM and JJA also the maximum overall temperature
change AT occurs at these elevations, pointing to a general
amplification of the warming signal in regions of strong
snow cover reduction by the SAF in these seasons. Note
that very high elevations above 3000 m are not covered by
the RCMs applied in the present work. Here, an increase
of the number of snows days and, hence, a negative ATsar
might in principle be possible due to low temperature levels
and slightly increasing mid-winter snowfall sums in some
models (see, e.g., Steger et al. 2013).

Comparing SAF models and other models in the ele-
vation-dependent analysis reveals systematic differences.
ASD is typically similar in both model classes. The abso-
lute ATsar is larger in both MAM and JJA in the other
model mean, which derives from the larger diagnosed
SAF in these models. The respective percentage ATsar
signal is damped because the other model mean shows the
highest AT. AT is similar for models driven by the same
GCM, which is in agreement with earlier studies (e.g.,
Steger et al. 2013; Riisdnen and Eklund 2012). However
differences are still apparent, especially between SAF
models and other models driven by the same GCM (i.e.,
SMHI-HadCM3Q3 and METO-HadCM3Q3, not shown),
which reveals the non-negligible influence of the RCM on
temperature changes, and additionally might also high-
light an overestimation of future temperature changes in
regions of strong snow cover decreases by other models
as a consequence of snow cover-dependent temperature
biases.
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4.2 Discussion

The analysis presented above suggests a distinct contribu-
tion of the SAF to future Alpine temperature changes and
reveals spatial variabilities of this contribution. As such,
ATsar values averaged over the whole domain only provide
a limited picture as they do not show the actual temperature
changes originating from the grid cell-scale SAF process.
However, the domain-mean values are still relevant as they
denote the mean additional warming for the whole analysis
domain due to the diagnosed SAF. ATs4F is strongly cou-
pled to ASD. ATsar in SAF models shows a distinct esti-
mated SAF contribution to future temperature changes in
MAM of approx. 0.26 °C or 8 % (mean of all SAF models)
of the overall temperature change at elevations with maxi-
mum contributions. Interestingly, the derived percentage
contribution is similar to the one diagnosed by S2012 for
the period 1961-2011 using observational data. In JJA the
maximum contribution of the SAF model mean amounts to
0.45 °C or 10 % of the overall temperature change. Signifi-
cantly larger values in the other model mean, as a result of
a SAF overestimation, point to non-stationary temperature
biases in these models and could to some extent be used as
a process-dependent temperature bias correction. Note that
removing the SAF contribution (ATs4r) would not remove
the elevation dependency of AT itself (visible in the right
panels of Fig. 9). Therefore the SAF alone cannot explain
the elevation dependence of future temperature changes
and further elevation-dependent forcings are likely to be
involved (see Kotlarski et al. 2012, for further details).

5 Conclusions and Outlook

The present study evaluates the capability of the ENSEM-
BLES RCMs to represent the Alpine SAF and assesses the
contribution of this feedback to future temperature changes
in spring and summer. The SAF is diagnosed applying the
method introduced by S2012. Regarding the objectives
listed in Sect. 1, the study finds the following:

1. RCMs of the ENSEMBLES project are, in principle,
able to capture the SAF. Resulting SAF values are
typically positive, i.e., snow cover reductions induce
an increase of 2m temperatures. However, the range
of diagnosed SAF values is large. A SAF close to the
observation-based value is diagnosed in several mod-
els, but the SAF is considerably overestimated in
others.

2. Net shortwave radiation has the largest influence of
all components of the energy balance on the diag-
nosed SAF and can partly explain the diagnosed SAF
differences.

@ Springer

3. The widespread SAF overestimation may originate
from model deficiencies in reproducing 2m tempera-
tures above snow (Buzzi 2008). Large SAF values may
therefore be connected to observed negative tempera-
ture biases at high elevations (Kotlarski et al. 2015).

4. The estimated contribution of the SAF to twenty first
century temperature changes is calculated based on
snow day changes, which are strongly dependent on
elevation (Ceppi et al. 2012). The most sensitive eleva-
tions vary with season. In MAM, maximum SAF con-
tributions are located between 1500 and 2000 m and
in JJA at elevations above 2000 m. Until the end of the
twenty first century, a temperature change between 0
and 0.5 °C or between 0 and 14 % of the total tem-
perature change at elevations of maximum contribu-
tion is estimated to originate from the SAF. In MAM,
the maximum contribution of the multi-model mean
amounts to 0.26 °C or 8 % of the overall temperature
change.

The models overestimating the SAF are likely subject to
snow cover-dependent temperature biases and—as a con-
sequence of future snow cover reductions—to non-station-
ary model biases. In particular, assuming a constant model
bias in the common delta-change approach may yield a too
large future Alpine warming signal in these models, and
may distort our perception of twenty first century tempera-
ture changes.

To reveal uncertainties in the SAF quantification of
the entire RCM ensemble (e.g., SWE threshold or eleva-
tion dependence), a detailed and process-based validation
of the SAF, as presented for ETHZ-CLM in the present
work, would be necessary for each individual RCM. Such
an analysis should in particular address shortcomings in the
respective 2m temperature diagnostics and should include
a separate analysis of temperature biases under snow-cov-
ered and snow-free conditions. Since net longwave radia-
tion at the surface reveals a large influence on the SAF and
is mainly controlled by cloud cover, additional analyses on
the correlation between specific weather situations and SAF
intensity may lead to a better understanding of the large
spread of SAF values and the negative correlation between
SAF and net longwave radiation at the surface. The present
work did not cover these aspects in detail and for the entire
RCM ensemble employed here. As a consequence, the esti-
mated SAF contribution to future temperature changes has
to be put into perspective since it is contingent on a proper
representation of the Alpine SAF in the underlying RCMs.
Although models showing strongly biased SAF values were
removed from the climate scenario analysis, a certain con-
tribution of model-specific SAF misrepresentations cannot
be ruled out. These remaining issues, for instance, con-
cern model shortcomings in the representation of a stable
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boundary layer and of 2m temperature diagnostics (e.g.,
Buzzi 2008) but can also include deficient representations
of snow albedo (e.g., Pirrazini 2009) with corresponding
effects on the surface radiation budget.

In the future, the availability of convection-resolving
climate scenarios at the kilometre-scale (e.g., Ban et al.
2014, 2015; Kendon et al. 2014) can be expected to pro-
vide further insight into the importance of the SAF for
future temperature changes in the European Alps. In par-
ticular, this is true for high elevations above 3000 m that
are not yet covered by the 25 km-resolution RCMs of the
ENSEMBLES project. As an intermediate step, the 12 km
grid-spacing experiments of the EURO-CORDEX ini-
tiative (Jacob et al. 2014; Kotlarski et al. 2014) should be
exploited and results could be compared to those of the pre-
sent work. EURO-CORDEX provides a considerably larger
model ensemble and explicitly considers several emission
scenarios. However, on regional scales the performance
of EURO-CORDEX is comparable to the performance of
the ENSEMBLES runs (e.g., Kotlarski et al. 2014) and
the ENSEMBLES database used in the present work is far
from being outdated.
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