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Abstract Snow cover maps from Earth Observation (EO)
satellites are valuable datasets containing large-scale infor-
mation on snow cover extent, snow cover distribution and
snow cover duration. In evaluating the performances of
Regional Climate Models, EO data can be a valid piece
of information alternative to in-situ measurements, which
require a dense network of stations covering the entire alti-
tudinal range and techniques for interpolating the values. In
this context, MODIS snow products play a leading role pro-
viding several types of snow cover maps with high spatial
and temporal resolutions. Here, we assess snow cover out-
puts of a high resolution Regional Climate Model (RCM)
using MODIS maps of snow covered area over the Po
river basin, northern Italy. The dataset consists of 9 years
of MODIS data (2003-2011) cleaned from cloud cover by
means of a cloud removal procedure. The maps have 500 m
spatial resolution and daily temporal resolution. The RCM
considered is COSMO-CLM, run at 0.0715° resolution
(about 8 km) and coupled with the soil module TERRA_
ML. The ERA-Interim reanalyses are used as initial and
boundary conditions. The results show a good agreement
between observed and simulated snow cover duration and
extension. COSMO-CLM is able to reproduce the inter-
annual variabilities of snow cover features as well as the
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seasonal trend of snow cover duration and extension. Limi-
tations emerge when the RCM simulates the progressive
depletion of the snow cover in spring. Simulated snowmelt
occurs faster than the observed one. Then, we investigate
the influence of the spatial resolution of the climate model.
The simulation at 0.0715° (about 8 km) is compared to a
simulation performed at 0.125° (about 14 km). The com-
parison highlights the benefits provided by the higher spa-
tial resolution in the accumulation season, reflecting the
improvements obtained in temperature and precipitation
fields.

Keywords COSMO-CLM - MODIS - Snow cover -
Alps - Climate change - RCM

1 Introduction

Mountain areas have a high sensitivity to climate changes
and they are often adopted as indicators of climate trends.
The expected impacts will affect many fields of collec-
tive interest (Beniston 2003), including economic aspects
related to winter tourism (Koenig and Abegg 1997; Elsasser
and Biirki 2002; Agrawala et al. 2007; Scott and McBoyle
2007; Steiger and Mayer 2008) and hydropower produc-
tion (Middelkoop et al. 2001; Christensen et al. 2004;
Payne et al. 2004; Schaefli et al. 2007; Voigt et al. 2010) or
social issues such as water resources (Barnett et al. 2005;
Viviroli et al. 2007), ecosystem and biodiversity safeguard
(Pauli et al. 1996; Theurillat and Guisan 2001; Walther
et al. 2002; Keller et al. 2005; Jonas et al. 2008; Ersch-
bamer et al. 2009). In the mountain environment, snow and
ice play a key role for hydrology, ecosystem and climate.
On the one hand, water accumulated in solid form rules the
hydrology of mountain catchments and, consequently, it
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affects the regime of the major rivers. On the other hand
snow duration, distribution and spatial extent are determi-
nant for human activities, vegetation and influence climate
as feedback (Barnett et al. 1989; Cohen and Rind 1991;
Hall 2004; Vavrus 2007; Fletcher et al. 2009). Focusing
on the Mediterranean area, the Alps determine the water
budget of a wide and populated region due to their geo-
graphic position in middle of the Europe. For example, in
the Po river basin, the Alps contribute on average for about
50 % of the discharge that flows across the densely urban-
ised Po valley in northern Italy (Vanham 2012). Similarly,
the Alpine area covers a significant percentage of Rhine,
Rhone and Danube river basins and the snow accumulating
in winter works as a natural regulator sustaining spring and
summer streamflows. Furthermore, it is important to take
into account that the Alpine region is one of the most stud-
ied mountainous areas of the world. It is characterized by
complex climate features due to the interaction of different
climates (Mediterranean, Continental, Atlantic and Polar)
and to its complex topography (Frei et al. 2003; Beniston
2005). It turns out to be an area highly influenced by the
effects of climate change that will affect, for example, the
existence of glaciers and permafrost areas and, as conse-
quence, the water cycle (Haeberli and Beniston 1998). For
all these issues climate change projections for this region
are a current major challenge and the impacts have become
a major research topic in the last decades (Beniston 2003;
Giorgi and Lionello 2008).

There is general agreement between Global Climate
Models (GCMs) from the World Climate Research Pro-
grammes CMIP3 and CMIP5 (Meehl et al. 2007; Taylor
et al. 2012) in predicting a future decrease in snow cover
duration and maximum snow water equivalent in central
Europe (Riisdnen 2008; Brown and Mote 2009; Brutel-
Vuilmet et al. 2013). However, snow cover sensitivity to
precipitation and temperature changes is highly related
to topographic features such as elevation, aspect and ter-
rain shading. For example, snow duration at mid and low
altitudes has shown to be more susceptible to temperature
increases in the twentieth century (Laternser and Sch-
neebeli 2003; Beniston et al. 2003a; Scherrer et al. 2004;
Wielke et al. 2004; Hantel and Hirtl-Wielke 2007; Hantel
and Maurer 2011). Similarly, climate projections in Alpine
areas expect a reduction of maximum snow water equiva-
lent (Beniston et al. 2003b; Martin and Etchevers 2005;
Bavay et al. 2009; Brown and Mote 2009), changes in the
accumulation timing (Beniston et al. 2003b; Bavay et al.
2009) and a shortening of the snow cover season (Benis-
ton et al. 2003a) affecting especially mid and low eleva-
tions (see Gobiet et al. (2013) for an up-to-date review).
This elevation dependence of snow cover response is
certainly related to the altitudinal trends for temperature
changes (Beniston and Rebetez 1996; Weber et al. 1997).
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The elevation gradient of climate change in Europe is pre-
dicted by several studies that used GCMs or RCMs, from
the pioneering research by Giorgi et al. (1997) to more
recent investigations [e.g. Lépez-Moreno et al. (2008), Im
et al. (2010), Kotlarski et al. (2012)]. On the Alps, elevation
varies significantly over short distances. Hence horizon-
tal resolution becomes a determinant factor for simulating
snow cover response to climate change over these complex
mountain domains (Kunstmann and Stadler 2005; Dutra
et al. 2011; Kotlarski et al. 2012; Steger et al. 2013).

Within the modeling framework, the offline coupling
addresses this challenge forcing high-resolution land sur-
face models by the outputs of GCMs or RCMs [e.g. Bavay
et al. (2009); Magnusson et al. 2010)]. Statistic (Wilby
et al. 1998) or dynamic (Giorgi et al. 2001) downscaling
methods are involved to match the small scale of snow pro-
cesses with that of climate models (Kunstmann and Stadler
2005; Fowler et al. 2007). However, the advantages pro-
vided by such a sophisticated modeling of snow physics
remain highly affected by uncertainties introduced in the
downscaling stage (Wood et al. 2004; Fowler et al. 2007).
Furthermore the downscaled outputs may result physically
inconsistent between themselves (Fowler et al. 2007), and
the offline coupling may lead to land surface conditions
inconsistent with the applied atmospheric inputs. In con-
trast, the simplified schemes of land surface implemented
in the climate models have the advantage of ensuring con-
sistency between parameters. Maps of snow covered area
(SCA), Snow Cover Duration (SCD) and Snow Water
Equivalent (SWE) obtained from the online coupling of
RCMs and land modules are progressively regarded with
more interest due to their increasing spatial resolution.
Thus, the assessment of the outputs provided by limited
area models for surface layers will become determinant for
future climate studies.

Focusing on the snow processes, the evaluation should
include the complete cycle of SWE from accumulation to
snowmelt. Methods for distributing point measurements are
required when one needs large-scale information on snow
amounts (Elder et al. 1998; Foppa et al. 2007; Bavera and
De Michele 2009). Interpolation introduces an additional
source of errors especially where SWE measurements do
not constitute a dense and extensive network. Maps of
SWE based on passive microwave measurements from sat-
ellites (Chang et al. 1976; Rango et al. 1979; Clifford 2010)
are available but the spatial resolution is lower than that
allowed by the advances in regional climate modeling [e.g.
ESA Globsnow SWE (Takala et al. 2011), AMSR-E/ Aqua
Global SWE (Tedesco et al. 2004; Tedesco and Narvekar
2010)]. Moreover the accuracy of SWE retrieval algorithms
based on passive microwaves is highly influenced by snow
conditions and vegetation cover (Foster et al. 2005; Clifford
2010; Takala et al. 2011). Conversely, assessments of snow
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duration and extension do not require data on the amounts
of stored precipitation, thus allowing analysis through high-
resolution satellite products using visible and near-infrared
reflectance of snow (Dozier 1989). Binary maps (snow/not
snow) are readily achievable from EO by several scientific
devices (e.g. TM, ETM+, AVHRR, MODIS, MERIS) and
methods (Gesell 1989; Ramsay 1998; Pepe et al. 2005; Frei
et al. 2012; Dietz et al. 2012; Rittger et al. 2013). Accord-
ingly, climatological indicators such as snow cover days
(SCDs) and SCA are provided from catchment to continen-
tal scales (Gao et al. 2011; Foppa and Seiz 2012; Hiisler
et al. 2014). In this context, the Moderate Resolution Imag-
ing Spectroradiometers (MODIS) employed by polar-
orbiting Terra and Aqua satellites provide the SCA product
(Hall et al. 2002) with 500 m spatial resolution. MOD10A 1
(Terra) and MYDI10A1 (Aqua) contain daily tiles with a
comprehensive observation of the study area per day. The
high temporal resolution of the images (for example com-
pared to that of Landsat and SPOT) allows to monitor daily
fluctuations of SCA as response to observed temperature
and precipitation. Such binary snow maps have been vali-
dated in many regions and under different conditions of
land cover. Overall, they showed accuracy with reference
to ground data over all seasons [for a review see Hall and
Riggs (2007)]. Gap-filling procedures are available to esti-
mate snow presence under clouds, preserving the tempo-
ral resolution of the product without significant losses of
accuracy [e.g. Parajka and Bloschl (2008a), Gafurov and
Bardossy (2009), Hall et al. (2010), Paudel and Andersen
(2011), Da Ronco and De Michele (2014)]. Besides the
validation issues, the multiple applications of satellite snow
products include data assimilation in Land Surface Models
(LSMs) (Rodell and Houser 2004; Sun et al. 2004; Zaitchik
and Rodell 2009).

Here, we firstly propose a validation methodology for
RCM with respect to the simulation of snow duration and
extension. The purpose is that of using signals and indica-
tors of snow cover dynamics extracted from satellite prod-
ucts avoiding ground-based measurements. In our opinion,
remote sensing datasets ensure some advantages when the
processes are analysed at the regional scale. For example,
on the Italian Alps few stations exist over 2000 m asl, while
snow covers the ground until summer for altitude >3000 m
asl. The assessment is based on 500 m-resolution remote
sensing data. Here, the observational dataset is derived
from MODIS binary snow products of MODI10A1 and
MYDI10A1. Cloud obstruction is removed by a recent pro-
cedure (Da Ronco and De Michele 2014) that has proved to
be more accurate than other existing methodologies when
applied to northern Italy. The high spatial and temporal res-
olution of these snow cover maps makes it possible to apply
the same evaluation to different resolutions of the RCM
and to different RCMs of the EURO-CORDEX project

(Kotlarski et al. 2014). However, the product is suitable for
assessing snow cover simulations performed at high spatial
resolution that can catch the topographic effects on climate
dynamics (Montesarchio et al. 2014).

Then, we assess the reliability of snow cover outputs
derived from the coupling of COSMO-CLM (Rockel et al.
2008) and TERRA_ML over the Po river basin, northern
Italy. The non-hydrostatic limited area model COSMO-
CLM was evaluated and used for simulating climate in the
Alpine region using different spatial resolutions (Bucchig-
nani et al. 2013; Haslinger et al. 2013; Feldmann et al. 2013;
Montesarchio et al. 2014; Bucchignani et al. 2016). It was
also run for predicting elevation gradients of climate change
in Europe, including snow cover (Kotlarski et al. 2012).
Recently, Klehmet et al. (2013) demonstrated the added
value of COSMO-CLM hindcast with respect to SWE esti-
mation from forcing NCEP-R1 reanalysis in Siberia. How-
ever, the assessment of the accuracy of COSMO-CLM snow
cover outputs in the Alpine region is still missing.

We investigate also how the model resolution affects the
reliability of snow cover simulations. Snow cover response
is highly influenced by local topographic features such as
slope, elevation and aspect. The elevation influences both
accumulation and melting, being representative of average
temperature, and the exposure to sunlight determines a dif-
ferent response of the areas facing north and south (Comola
et al. 2015). Slope and concavity make an area more or less
suitable to snow duration. The effects of these elements,
that in mountain vary over short distances, can be simu-
lated only with high spatial resolution. Recent studies by
Montesarchio et al. (2014) and Bucchignani et al. (2016)
have shown improvements in the simulated precipita-
tion and temperature patterns over the Alpine space using
a model setup with high spatial resolution [0.0715°and
0.125°, where the latter value is close to the highest reso-
lution considered in the EURO-CORDEX project (Jacob
et al. 2014)]. Snow cover simulations are expected to be
improved by the better representation of topography. This
point would highlight the added value of RCMs allowing
more realistic simulations of climate dynamics over the
Alps.

2 Case study: Po river basin and Italian alps

The Po is the major Italian river and one of the most impor-
tant fluvial system in Europe. It flows more than 650 km
eastward across northern Italy, draining 74 x 10° km?. The
basin area is located mostly in Italy, while minor fractions
in Switzerland and France. Considering the level of utiliza-
tion of water resources for agricultural and industrial pur-
poses, the Po valley is the focal point of the Italian national
economy. The Alpine region contributes for about 50 % of
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Fig. 1 Digital Elevation Model (DEM) of Italy at S00 m spatial res-
olution with the contour line of the Po river basin. The overlapped
image shows the MODIS SCA product from Terra observation at the
end of the 2008/2009 winter season, clipped over the basin bounda-
ries. Original pixel classes have been reclassified to snow, land (not
snow) and cloud (lack of information) before the application of the
cloud removal procedure. The transparency allows to highlight the
link between snow cover presence and altitude

its total discharge (Vanham 2012). Focusing on the topo-
graphic features of the basin, the tributaries of the Po river
collect water from mountain regions that reach altitudes
over 4500 m asl (Fig. 1). About 30 % of the area lies above
1000 m asl, where snow dynamics play an important role
in the hydrologic cycle. A recent study (Da Ronco and De
Michele 2014) showed that the SCA fluctuates from a per-
centage higher than 30 % of the entire basin in the middle
of the winter to 5 % in spring. This value reduces to <1 %
in summer, where snow is found only over glaciers in Lom-
bardia, Piemonte and Valle d’Aosta regions. The analysis
was carried out starting from remote sensing images.

Thus, the spatial and temporal evolution of the snow
cover over the basin is a core issue for characterizing the
hydrologic regime of the river, as well as for assessing its
susceptibility to changing climatic conditions.

3 Datasets

3.1 MODIS snow covered area maps

MODIS is the Spectroradiometer on board Terra and Aqua
satellites and provides powerful data for studying the Earth
system. MODIS products include MOD10AI1, a set of

daily data available from February 2000 that contains snow
maps from the Terra satellite. Similarly, MYDI10A1 are
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products derived from the MODIS on board the Aqua sat-
ellite, launched in May 2002. MOD10A1 and MYDI10A1
contain daily snow albedo (Klein and Stroeve 2002), frac-
tional snow cover (FSC) (Salomonson and Appel 2004,
2006) and the snow cover daily tiles (SCA). The latter are
binary maps (snow/not snow) (Fig. 1), named SCA, avail-
able in the National Snow and Ice Data Center (NSIDC).
Here, we used SCA maps which belong to Collection 5 of
MODIS snow products (Riggs et al. 2006). In MOD10A1/
MYDI10A1 SCA, cloud masks are derived from MOD35,
with daily temporal and 1 km spatial resolution. Each pixel
not masked by clouds is processed by the snow mapping
algorithm SNOMAP (Hall et al. 2001) which performs
tests to identify snow in the image. SNOMAP involves a
grouped-criteria technique which uses the Normalized Dif-
ference Snow Index, (NDSI), and other spectral threshold
tests (Hall et al. 1995, 2001; Klein et al. 1998). Our choice
of adopting the binary product, instead of the fractional
one, is due to its wider use in the last decade, that led to
numerous assessments of its reliability (Hall and Riggs
2007). On the Alps, a comprehensive assessment for Aqua
and Terra products was provided by Parajka and Bloschl
(2006) for Austria. That validation area presents similari-
ties with our study region, which adjoins Austria for a small
part. In Europe, another recent evaluation in the French
Pyrenees is reported in Gascoin et al. (2015). Considering
the good performances shown by MYD10A1/MODI10A1
in all the cases, these MODIS datasets seem ready to be
used as reference observations for assessing RCM simula-
tions. The value of MODIS SCA data is confirmed by their
wide use in hydrology and climate studies, including data
assimilation in Land Surface Models (LSMs) (Rodell and
Houser 2004; Zaitchik and Rodell 2009).

3.2 Cloud-reduced and cloud-free snow cover maps

MODI10A1 and MYD10A1 snow cover daily tiles present
a cloud coverage. As consequence, the temporal resolution
of the data reduces. Several procedures have been proposed
for mapping snow despite cloud obstruction (Parajka and
Bloschl 2008a; Gafurov and Bardossy 2009; Parajka et al.
2010; Paudel and Andersen 2011). Methods are based on
spatio-temporal combinations of MODIS data and in some
cases they allow a reconstruction of snow cover with an
accuracy comparable to that of the source product [see
Chang and Hong (2012) for a review]. Recently, Da Ronco
and De Michele (2014) proposed an innovative solution
for cloud gap-filling descending from the adaptation and
combination of previous methodologies. First, the proce-
dure involves conservative temporal filters and a spatial fil-
ter based on the snowline elevation (Parajka et al. 2010).
Remaining clouds are basically processed by a 6-day back-
ward temporal filter, which classifies each cloud cell on
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the basis of its most recent observations within the previ-
ous week. A seasonal filter intervenes for assessing snow
presence where clouds cover the same area for more than 1
week. The final product consists of 10 years (2003-2012)
of cloud-free daily maps of snow cover, suitable for hydro-
logic and climate studies. The compromise to accept for
having cloud-free images is a reduction of the reliability of
the observational dataset. However, this solution showed
higher accuracy for daily snow mapping on the Italian
Alps when compared to previous techniques. The detailed
validation of the cloud removal procedure can be found in
Da Ronco and De Michele (2014). The average decrease
of accuracy from the source MOD10A1 SCA map to the
cloud-free product is about 4 %. The bias was computed at
the pixel scale on more than 40 validation days. Consider-
ing that underestimation and overestimation errors balance
in the gap-filling steps, the variables computed at the basin
scale, such as the snow cover fraction (SCF), are expected
to maintain a reliability even higher than that ensured for
a given cell. To have an additional confirmation that the
procedure does not influence the results of the comparison,
some of the analyses will be repeated basing on the outputs
of the first step of the cloud removal. The first step of the
procedure (Step 1) combines Aqua and Terra images of the
same day and it reduces the cloud mask taking advantage
from these two available observations (i.e. a certain area
may be cloud covered at the Terra overpass, but cloud-free
few hours later, when Aqua overpasses the region). Thus,
assuming that Aqua and Terra SCA have the same accuracy,
Step 1 does not decrease the reliability of the observational
dataset. The limitation is that the reduced cloud masks
are still very intrusive after Step 1 and it is not possible to
derive information such as the snow cover days per year.
However, the snow cover fraction can be computed consid-
ering, for example, those days having <5 % cloud coverage
after Step 1. The threshold imposed to the cloud percent-
age is necessary. In fact, when the satellite field of view is
mostly obstructed, it is likely that clouds are not distributed
homogeneously over snow free and snow covered areas.
This could lead to an erroneous estimation of the snow
cover fraction as it is computed as the ratio between snow
covered area and total cloud-free area.

3.3 Snow cover maps from COSMO-CLM

The regional climate simulation has been carried out with
COSMO-CLM (Rockel et al. 2008), in the configuration
optimized at CMCC (Bucchignani et al. 2016). COSMO-
CLM is a non-hydrostatic regional model developed by the
CLM Community. It is the climate version of COSMO-LM
weather model (Steppeler et al. 2003), initially developed
by the Deutscher Wetterdienst (DWD) and then by the Con-
sortium for Small-scale Modeling (COSMO). Thanks to its

Table 1 Main features of COSMO-CLM simulation setup

COSMO-CLM version 4.8_clm19
Horizontal resolution 0.0715°
Number of vertical levels 40

Soil model TERRA_ML
Number of soil levels 7

Integration scheme Runge-Kutta, 3rd order
40 sec

Tiedtke (1989)

Time step
Convection scheme

masl

Latitude

! 15 L
8°E 11°E 14°E
Longitude

Fig. 2 Orography of the computational domain of simulation used in
COSMO-CLM runs. A mesh of 224 x 230 points with the resolution
of 0.0715° is adopted. The physical domain, where the results can be
considered significant, is obtained from the computational domain
excluding the relaxation zone (15 grid points from each boundary)

non-hydrostatic formulation, COSMO-CLM can be used
to perform simulations at a very high horizontal resolution
(between 1 and 50 km), allowing a better representation of
subgrid scale physical processes and convective phenom-
ena. From a mathematical point of view, the Navier-Stokes
equations are used to express the atmospheric physical
laws. In addition, several parameterizations are included
to consider phenomena taking place on unresolved motion
scales (Doms et al. 2011). From a numerical point of view,
the integration method is the Runge-Kutta scheme. It is
worth noting that, in the framework of PRUDENCE (Chris-
tensen and Christensen 2007) and CORDEX (Giorgi et al.
2009) projects, COSMO-CLM has revealed a good capa-
bility in reproducing the mean climate properties of the
analyzed areas, providing similar results to those shown by
the other RCMs involved (Table 1).

The simulation analyzed here has been carried out by
using as initial and boundary conditions the ERA-Interim
Reanalysis (Dee et al. 2011), produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF).
In this way, the model performances have been evaluated
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in “perfect boundary conditions”, so that only the uncer-
tainties related to the RCM have been taken into account,
avoiding those introduced by the usage of a global climate
model outputs as initial and boundary conditions. The
entire control simulated period is 1979-2011, but the tem-
poral window considered for the analyses is 2003-2011.
This is due to the need to fit the temporal coverage of the
cloud-free dataset of snow cover (2003-2012) used to per-
form the comparison with the regional model output. So,
the model results are not influenced by initial conditions.
The horizontal resolution adopted is 0.0715° (about 8 km)
and the simulated domain covers the whole Italian penin-
sula (Fig. 2). The dataset used to compute the orography
in COSMO-CLM is the Global Land One-kilometer Base
Elevation (GLOBE, http://www.ngdc.noaa.gov/mgg/topo/
globe.html), provided by the National Geophysical Data
Center. It includes the orographic height of the global land
surface at a resolution of 30 arc seconds (about 1 km). The
orographic value for each COSMO-CLM grid point of a
specific area of interest at the required resolution is then
generated by performing an average of the values reported
in the GLOBE dataset. More details about the main char-
acteristics of COSMO-CLM and the setup used to perform
the simulation are described in Bucchignani et al. (2016).

Land-surface interactions in COSMO-CLM are modeled
by the soil model TERRA_ML (Grasselt et al. 2008), whose
aim is to calculate temperature and specific humidity at the
ground, solving equations describing thermal and hydrolog-
ical budgets (Davin et al. 2011). Hydrological processes are
modeled through various interactive reservoirs of water at
the surface and in the soil to predict the liquid water stored.
At each time-step, and for each cell, the mass balance is
solved in the storages. Water accumulates in the intercep-
tion reservoir (which contains all surface water including
dew on plants and on the soil), in the snow reservoir (con-
taining snow but also frozen surface water and rime) and in
the seven soil layers. Reservoirs communicate via infiltra-
tion, percolation and capillary movements. Even melting of
snow and freezing of water in the interception reservoir dis-
place water content from a storage to another. Focusing on
the snow module, the snow reservoir is fed by snow coming
from the lowest atmospheric layer and rime from the inter-
ception reservoir. Water leaves in the form of evaporation or
snowmelt. The latter either infiltrates or slips as surface run-
off, depending on the soil water content. The water budget
per unit area within the snow layer reads as

dW;
dt

Pw =P, —E;—I;— Ry (1)
where p,, (kg/m3) is the density of water, W, (m) is the
snow water equivalent, Ej[kg/ (mzs)] is the evaporation
from the snow reservoir, Py [kg/ (mzs)] is the precipitation
rate of snow, I [kg/ (mzs)] is the infiltration into the soil
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and R [kg/ (m?Zs)] is surface runoff. I, and R; come from
snowmelt. Here, only P; works as input from the atmos-
pheric part of the model. All the other variables are calcu-
lated within the context of the snow module in TERRA_
ML. Several snow cover features (e.g. average density,
depth, surface temperature, albedo) are provided as out-
puts. In this study we look for the binary information about
snow cover presence. With this aim each calculation unit is
identified as snow covered whenever the modelled SWE is
>1 cm.

A more detailed description of this module and of the
physical parameterizations used in COSMO-CLM are
reported in Doms et al. (2011).

4 Methods

Here, we propose a methodology to extract information
about snow cover duration and extension from MODIS
SCA maps and we compare these with the RCM outputs,
avoiding ground-based data. MODIS data are appropriate
to perform these analyses as their spatial resolution (500 m)
is higher than the one used to carry out state-of-art regional
climate simulations.

4.1 Snow cover extent

During the year, the basin experiences a relative SCA, SCF
(Snow Cover Fraction), which ranges from the surface of
glaciers (SCF ~ 0) to the entire domain (SCF = 1). In
regions with complex topography, the variability of snow
cover dynamics over horizontal distances is certainly
smaller than that caused by altitude. Reporting the infor-
mation on snow cover presence on a Digital Elevation
Model (DEM), the fraction of area covered by snow can be
computed either for the entire basin or per altitude range
classes (ARCs). Hence, observed SCF(t,z1 <z < 22)
will provide the SCA at a certain time ¢ and for the zone
between the elevations z; and zp. The time dependence of
SCF(z1 < z < 72) across the melting season represents the
depletion curve (Schaper et al. 1999; Brander et al. 2000;
Seidel and Martinec 2002, 2004). Referring to remote
sensing snow products, snow depletion curves were used
for snowmelt-runoff forecasting purposes since the timing
of the processes can be inferred [e.g. Rango et al. (2003),
Lee et al. (2005), Parajka and Bloschl (2008b)]. In assess-
ing snow cover simulations driven by RCM, the time series
of SCF is derived from both MODIS images and RCM
simulations. A comparative study can be performed using
observed and simulated accumulation timings and deple-
tion curves. Over the year, sudden increases of SCF reflect
extensive snowfall within the basin. In contrast, SCF gen-
tly decreases in the melting season due to the increasing
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temperatures. The slope of each depletion curve, d.S;gF , 1S

directly linked to large-scale melting rates. In the RCM
snow simulations it will indirectly reflect/affect tempera-
ture bias in spring.

The main limitation in comparing simulated and
observed values of SCF at the basin scale is that the maps
may present similar snow cover extent but inconsistent
snow distribution.

4.2 Altitudinal distribution of snow covered areas

Snow cover dependence on altitude can be inferred cou-
pling snow cover maps with a DEM having the same spa-
tial resolution. Thus, each cell contains a double infor-
mation on snow presence and elevation. We define the
snowline as the average elevation of snow covered areas
(Parajka and Bloschl 2008a; Da Ronco and De Michele
2014). The snowline has important impacts on the eco-
system, since its annual trend reflects snow persistence
at mid and low elevations (Hantel and Maurer 2011;
Hantel et al. 2012). Its altitude is suddenly lowered by
wide snowfalls during the accumulation season, while it
increases progressively in spring and summer. The tem-
poral variability of the snowline during the melting sea-
son is a concise information about the rate of snow cover
depletion. The snowline is calculated from both MODIS
SCA and RCM-derived snow cover maps. The compari-
son would provide an indication of RCM performance
in simulating snow cover distribution over altitudes and
its inter-annual variability. MODIS snow cover maps are
matched with the DEM used in the cloud removal pro-
cedure (Da Ronco and De Michele 2014), having 500 m
resolution. On the other hand, the source dataset used to
compute the orography in COSMO-CLM is the Global
Land One-kilometer Base Elevation (GLOBE, spatial
resolution of about 1 km), provided by the National Geo-
physical Data Center. The RCM computes the elevation
of the calculation grid points at the required resolution
by performing an average of the values reported in the
GLOBE dataset. This information can be coupled with
that on snow cover presence for the same point at each
calculation time-step.

4.3 Snow cover duration

For a given location, snow cover duration indicates the
number of days with snow at the ground. This variable is
highly influenced by local topographic features such as
aspect, slope and shadow. However, the altitude becomes
the driving factor increasing the spatial scale of observa-
tion. The duration of snow cover will be quantified globally
over the area of interest using the snow duration curves,
and locally using the snow duration maps.

4.3.1 Snow cover duration curves

For a chosen domain, the snow cover duration curve is
defined as the fraction of the year in which snow covers an
area equal or greater than a certain value. We calculate it
as the complement of the cumulative distribution function
(cdf) of the daily SCA. Given a reference year, let n, indi-
cate the total number of observations and n,; the number of
days with SCF < scf. One can easily evaluate the exceed-
ance frequency

— nd
F(SCf) =1- ; (2)
y
Daily percentages of SCA, the observed values of SCF,
are computed by dividing the number of pixels classified
as snow by the whole number of pixels within the domain.
The frequency F decreases while increasing scf . The snow
duration curve is the plot of F versus scf. The value of this
graph descends from the joint information of snow exten-
sion and duration. In our opinion, the snow cover duration
curve can be seen as a signature of a certain region reflect-
ing its topographic and climatic features at regional scale.
However, it does not contain any information on the tim-
ing of the processes. The snow duration curve simulated by
RCMs can fit the observed one even though the time series
of SCF are inconsistent.

4.3.2 Snow cover duration maps

The snow cover duration map (Brander et al. 2000; Sei-
del and Martinec 2002; Tong et al. 2009; Gao et al. 2011;
Foppa and Seiz 2012; Hiisler et al. 2014) consists of grid-
ded values of snow cover days (SCDs) per calendar year,
per hydrologic year, or per season. It maintains the same
spatial resolution of the source satellite product since a
binary information on snow presence is available pixel by
pixel. Each cell is thus associated with a value that repre-
sents the number of days with snow cover, ranging from
0 to 365/366. Using MODIS data, Foppa and Seiz (2012)
derived such maps for Switzerland and provided a quantita-
tive evaluation in comparison to three in-situ snow obser-
vation sites representing different climatological regimes.
An example of MODIS-derived snow cover duration map
is included in Fig. 3 for the Po river basin. Here, the appli-
cation of a cloud removal procedure becomes determinant
for assessing the number of days with snow at the ground.
Snow cover days are provided even by the RCMs, comput-
ing the number of days with simulated snow depth higher
than a certain threshold. The value of this map for assess-
ing RCM snow cover simulations descends from the local
scale of the information, which allows to investigate in
detail particular areas such as those surrounded by moun-
tains but located at low altitude. There, the model is asked
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Fig. 3 Example of snow cover duration map for year 2004, derived
from MODIS SCA product for the Po river basin. Each pixel is asso-
ciated with an integer value ranging from 0 to 365/366 (snow cover
days)

to reproduce physical processes whose forcings vary sig-
nificantly over small distances due to the prominent eleva-
tion gradient.

In order to compare the model outputs with MODIS
observations, it is necessary to remap the data on a com-
mon grid. In this study, as already performed in Kotlarski
et al. (2014), the coarser grid has been used as reference;
so, MODIS SCDs have been upscaled to the COSMO-CLM
grid. In this way, a value of snow cover duration derived
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from observations is associated to each RCM spatial unit
and it can be compared against simulated SCDs. The resam-
pling can be performed with different techniques. Exploiting
the standard tools for spatial analysis, it is possible to apply
a bilinear resampling to the MODIS-derived snow cover
duration maps. However, this resampling method excludes
a high number of cells belonging to the source map from the
computation that produces the 8 km grid values. Thus, we
preferred to produce resampled snow cover duration maps
where each 8 km cell contains the average value of snow
cover duration of its nearest 256 (500 m) cells. If some of
these cells lie outside the basin boundaries, the mean value
is computed exploiting only the elements inside.

5 Results

The RCM is run at 0.0715° resolution. Precipitation and
temperature fields at this resolution were recently pro-
duced, showing improvements with respect to 0.125° simu-
lation (Montesarchio et al. 2014; Bucchignani et al. 2016).
A comparative study between snow cover simulations per-
formed at different model resolutions has been carried out.
The target is the investigation of the benefits provided by
a better representation of the Alpine orography in regional
climate simulations.

Altitude is the key topographic element affecting snow
cover dynamic since it strongly influences temperature and
precipitation. In Figs. 4 and 5, we provide a comparison
between the orography used in the climate simulation and
that exploited in the processing of satellite observations. The
latter comes from a 8 km resampling of the 500 m DEM
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Fig. 4 Comparison between the 8 km resampling of the 500 m DEM (a) and the orography generated by COSMO-CLM for the 8 km simulation

over the study domain (b). a 8 km resampled DEM. b CCLM orography
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Fig. 5 Altitudinal distribution of the cells in COSMO-CLM orogra-
phy and in the 8 km resampled DEM. The x-axis label represents the
elevation in the middle of the equal 400 m intervals

which supported the steps of the cloud removal procedure.
The gap between 500 m and 8 km resolutions is important.
Therefore, we matched each cell of 8 km COSMO-CLM
orography with its nearest 256 pixels of the 500 m DEM.
The location of each cell is identified by its centroid, whose
coordinates are given in UTM WGS84 in both maps. Then,
the average values are delivered to the altitudes of the new
grid cells. From Fig. 5 one might state that the distribu-
tion of the pixels over altitude is quite similar considering
the entire basin. However, the spatial information found in
Fig. 4 shows that in the tight and lengthened valleys, such
as the Dora Baltea and Adda river basins (see Fig. 1 for the
spatial location of such areas), the orography of COSMO-
CLM is more regular with lower differences between the
altitude of ridges and valleys. Moreover, COSMO-CLM

Fig. 6 Comparison between 1
observed (cloud-free MODIS —— SCF MODIS
SCA product) and simulated So0841 SCF CCLM 8 km
(COSMO-CLM 8 km) daily 5 —e-- <SCF> MODIS
(—) and average monthly (—o—) o —*- <SCF> CCLM 8 km
values of Snow Cover Fraction lt 0.6
for the Po river basin over the %
period January 2003—December O 0.41
2011 3

o

& 0.2

Snow Cover Fraction

JanQ7 Jan08 Jan09

Snow Cover Fraction
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orography presents a smaller number of pixels over 2500 m
asl and its highest value remains below 3100 m asl (the 8
km resampled DEM reaches 3600 m asl). These differences
could influence the results of snowpack simulation entail-
ing lower differences between cells when compared to that
derived from MODIS data.

5.1 Simulation results with COSMO-CLM
at resolution 0.0715°

5.1.1 Snow cover extent

The temporal behavior of SCF is shown in Fig. 6 for 9
years. We report observed and simulated daily and average
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Fig. 7 Observed [cloud-free MODIS SCA product (a, b) and
basic combination of Aqua and Terra data (¢, d)] versus simulated
(COSMO-CLM 8 km) average weekly values of Snow Cover Frac-
tion for the Po river basin. The straight line y = a - x + b is found by
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monthly values of SCF . It is possible to notice the inter-
annual changes in the trend of the snow extent. Overall,
the seasonal variability of SCF is well reproduced by the
COSMO-CLM simulation. Systematic disagreements
affect the melting season, when the simulated snow cover
disappears faster. In the depletion phase, the spatial reso-
lution becomes determinant since snow extent reduces
progressively, approaching zero in the late spring. While
from the satellites we can observe directly an area with
altitude over 4700 m asl computing a snow cover fraction
>0 over all the year, the elevation of the nearest COSMO-
CLM cell is more similar to the average altitude of several
snow-free MODIS cells. The simulation of the physical
processes is expected to reproduce the average condition of
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linear regression. The panels report even the Pearson r coefficient.
Period January—June of year 2003 (a, ¢) and 2008 (b, d). a Cloud-
free, 2003, b Cloud-free, 2008. ¢ Step 1, 2003. d Step 1, 2008



Comparing COSMO-CLM simulations and MODIS data of snow cover extent and distribution over...

3965

the calculation unit. Thus, the simulation at 8 km resolu-
tion is subjected to this limitation when compared with the
high-resolution MODIS maps. In winter, average monthly
SCA is well reproduced by COSMO-CLM for most of the
testing years. Overestimation affects especially 2004/2005
and 2007/2008 accumulation months. Increasing the scale
of observation, the evaluation of the simulation of daily
SCF should take into account that our observational data-
set is the result of spatial and temporal filtering of MODIS
images for cloud removal. In particular, extensive snowfalls
may be observed with a few days of delay. With respect to
this evidence, peak timings seem rightly captured for all the
study period. During the accumulation season, daily snow
cover extents are usually overestimated. Since peaks are the
results of wide snowfalls within the domain, causes of disa-
greement should be sought in temperature and precipitation
bias.

Figure 7 reports the relationship between observed and
simulated average weekly values of SCF from January to
the end of June for 2003 and 2008. Beyond the observed
and the simulated series of the average weekly SCF,
SCFyps,i and SCFy;y, i, in Fig. 7, we report the coefficients of
the straight line that best fits the data, y = a - x + b, found
using the method of least squares. The Pearson correlation
coefficient ( r ) is given as well. In case of perfect agree-
ment, the linear regression returns a = 1, b =0 and r = 1
(Krause et al. 2005). Note that values of a >1, found for
all the years, suggest that the model systematically overes-
timates the difference between higher (winter) SCFs and
smaller (spring) SCFs in the analysed temporal window.
Focusing on the lower SCF values, it appears clearly that
COSMO-CLM underpredicts the SCA in spring. The com-
parison for the entire study period is provided in Table 2
considering the first half-year as a whole (January—June)

and the melting season of each year (March—June). There,
we report the Nash-Sutcliffe efficiency index (Nash and
Sutcliffe 1970), NSE, and the values of the root mean
square error, RMSE (Chai and Draxler 2014). NSE is
expressed as

S (SCFops i — SCFyim )?

NSE =1 — —
Z?:l(SCFobs,i - SCFobs)2

(©)

and ranges between 1 (perfect fit) and —oo. If the efficiency
is lower than zero, it indicates that the mean value of the
observed time series is a better predictor than the model.
The values of NSE in Table 2 demonstrate that COSMO-
CLM always beats the mean of the observed time series.

The same test is then repeated using snow cover maps
having <5 % cloud coverage after being processed by Step
1 of the gap-filling procedure, which combines Aqua and
Terra data to get a cloud-reduced image. The results con-
firm what found using the cloud-free snow maps as obser-
vational dataset, even if the sample size is lower and usu-
ally composed of several continuous days of clear-sky
[Fig. 7 panel (c) and panel (d)]. For this reason, we con-
sider this second comparison less reliable than the first one
for assessing model performances.

5.1.2 Snow depletion curves

The snow depletion curves shows the progressive disap-
pearance of the snow cover in spring. The temporal vari-
ability of SCF(t,z1 <z < z) is reported for two altitude
bands (500 <z < 1500 and z > 1500 m asl) using its
daily and average weekly values. The separation of the
domain in different altitude range classes (ARCs) can high-
light whether the bias found for SCF is mainly due to the

Table 2 Values of NSE and

) . Year CF: Mar—Jun CF: Jan—Jun Step 1: Jan—Jun

RMSE from the comparison of

observed (cloud-free “CF” and NSE RMSE NSE RMSE NSE RMSE Np

cloud-reduced “Step 1” MODIS

SCA) and simulated values of 2003 0.83 0.02 0.89 0.04 0.89 0.03 29

SCF 2004 0.75 0.05 0.78 0.06 0.89 0.06 18
2005 0.89 0.04 0.77 0.06 0.72 0.05 35
2006 0.74 0.05 0.76 0.07 0.85 0.08 18
2007 0.72 0.03 0.80 0.03 0.77 0.03 21
2008 0.15 0.05 0.61 0.06 0.98 0.02 19
2009 0.73 0.04 0.93 0.05 0.96 0.04 18
2010 0.59 0.06 0.82 0.07 0.86 0.06 8
2011 0.79 0.03 0.82 0.05 0.92 0.03 29

When the reference dataset is composed of cloud-free maps, the comparison between the average weekly
SCF is provided. The last three columns are related to the comparison between simulated and observed
daily SCF , where the reference SCA is computed using Aqua and Terra maps processed by Step 1 of the
cloud removal procedure (Da Ronco and De Michele 2014). Only those images with remaining cloud cover
percentage lower than 5 % are exploited, whose amount is reported in the field Np
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Fig. 8 Comparison between observed (cloud-free MODIS SCA
product) and simulated (COSMO-CLM 8 km) average snow deple-
tion curves for two altitude ranges (between 500 and 1500 m asl and
above 1500 m asl). The daily (—) and average weekly (—o—/—x—)
values of Snow Cover Fraction are computed for each day (or week)
as mean over the 9 year sample (2003-2011)

mountainous part of the basin or to the middle altitudes.
RCM performances in snow cover simulation may depend
on altitude, as shown in Steger et al. (2013).

Instead of reporting the model performances for all the
years separately, we grouped the 9 curves using the aver-
age values obtained for a given date, or a given week, in the
period 2003-2011 (Fig. 8). The simulated depletion rate is
clearly overestimated for both ARCs. A slight overestima-
tion of SCF exists only in the late winter for the area above
1500 m asl. Focusing on the higher altitude band, COSMO-
CLM snow cover extent reduces to less than half of the
observed after April. The relative error increases accord-
ingly. The snow cover disappears before June, when remote
sensing observations still detect a not-negligible snow cov-
ered area. Here, the spatial resolution is determinant for
reproducing the orographic effects on snow cover patterns.
For altitudes below 1500 m asl snowmelt completes before
April, while in the MODIS images snow lasts for at least 1
month later. Considering each year individually, we found
that the underestimation of SCF affects all springs. The
individual figures are not reported for brevity.

5.1.3 Snow cover distribution

The temporal variability of the snowline along the year is
represented in Fig. 9, where the average altitude of SCAs
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Fig. 9 Comparison between observed (cloud-free MODIS SCA
product) and simulated (COSMO-CLM 8 km) snow lines for each
year. Both the daily (—) and average weekly (—e—) values of the
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is given. Daily and average weekly values are reported.
In spring, the observed snow lines are well reproduced by
the model. There is agreement between the growth rate of
snow covered altitudes from March to the end of May. The
snow lines show differences in the late spring, when the
snow extent is too limited to be captured by RCM simu-
lations performed at 8 km resolution. Sudden decreases of
the average snow cover elevation reflect occasional exten-
sive snowfall and are properly detected by COSMO-CLM.
Considering also the disagreement between the DEMs
involved, which have a different source and spatial resolu-
tion, COSMO-CLM snowline simulations appear satisfac-
tory for all the years. The comparison between the snow-
line for the different years (Fig. 9) reveals the capability
of COSMO-CLM in simulating the inter-annual changes
of snow cover distribution with elevations. For example, it
is possible to note the evident differences between snow-
lines following the mild winter 2006/2007 and the cold
winter 2008/2009. In the first case the average elevation of
the SCas reaches 2500 m asl before the end of March. In
March 2009 the snowline altitude is still lower than 2000 m
asl, reaching 2500 m asl about 1 month later. The different
behavior is accurately captured by the RCM.

5.1.4 Snow cover duration curves

The snow cover duration curve has been computed for
each year, showing that the inter-annual variability of
basin-scale snow duration retrieved from MODIS data is
well reproduced by the simulation. Since the exceedance
frequency of SCF is derived from the time series SCF(¢)
(Fig. 6), systematic overestimations and underestimations
of the snow cover extent reflect also on the snow cover
duration. Thus, the snow duration is mostly overestimated
for the higher values of SCF , which characterizes the win-
ter months. On the contrary, the duration of the lower snow
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covered fractions is underestimated as result of the early
depletion of the modeled snow cover. At the basin scale, in
all the considered years observed and simulated snow dura-
tion curves intercept around the snow cover fraction that is
exceeded in about 100 days. Such days are those included
in the winter season (December—March), when snow cover
extent exceeds 20 % of the domain. These results allow
to affirm that snow cover extent and duration are overes-
timated by COSMO-CLM in winter, while a clear ten-
dency to underestimate is detectable during the spring. As
a summary, in the left panel of Fig. 10, we reported the
mean snow cover duration curve, evaluated as the aver-
age number of days having SCF greater than scf, ng, where
0 < scf < 1. ngis computed as average of 9 values, belong-
ing to the 9 years. In addition, the shaded regions represent
the area between the maximum and minimum values of ny
found within the 9 year sample. It should be pointed that,
fixed a certain value of scf, the maximum n, derived from
observation and that obtained from COSMO-CLM could
belong to different years. That said, the maximum variabil-
ity between the 9 curves obtained from COSMO-CLM is
similar to that extracted from MODIS SCA. In Fig. 10, the
central panel includes the same analysis but limiting the
domain to the area that lies above 1500 m asl. Even when
only considering the mountainous area, the duration of the
lower values of SCF (linked to late winter and spring) is
underestimated (be aware that the comparison loses its
meaning for the values of SCF close to 0, due to the differ-
ent spatial resolution of the two datasets). In winter, when
the upper part of the domain tends to be entirely snow cov-
ered (SCF ~ 1), COSMO-CLM overestimates the large-
scale snow duration. Averaged over the 9 years, the number
of days having this altitude range completely snow covered
reaches 100 days in the simulation. On the other side, from
the satellite observations we found that SCF = 85% is
exceeded in about 100 days on average. Finally, the right
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Fig. 12 Maps of average snow cover duration bias (COSMO-CLM-
MODIS) computed over the entire year [panel (a)], over the period
December—January—February [panel (b)] and over the period March—
April-May [panel (c)]. The values reported represent the average bias
for the 9 year period. Blue pixels indicate underestimation of snow
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cover duration, while red cells indicate overestimations. When only
one season in considered, the maximum bias is +/— 90 days. On
annual basis it can vary from —365(—366) to +365(+366) days of
snow cover. a Whole year, b Winter, ¢ Spring
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panel of Fig. 10 reports the observed and simulated average
snow cover duration curves for the lowest ARC (z < 1000
m asl), which contains more than half of the river basin.
Here, one can notice that the life of snow cover extent is
slightly shorter in COSMO-CLM for all scf values.

5.1.5 Snow cover duration maps

We report in Fig. 11 MODIS and COSMO-CLM derived
snow duration maps following a mild winter (Dec 2006—
Feb 2007, average temperature within the basin of about 3 °
C) and a cold winter (Dec 2009—-Feb 2010, 1 °C). Values
range from 0 to 365 days, since the considered period is
the calendar year. Here, the assessment must consider that
the observational dataset undergoes firstly a procedure of
cloud removal, which preserves the daily resolution of
the information, and secondly a resample from the 500 m
resolution of the MODIS images to the 8 km resolution of
COSMO-CLM grid. Both of these procedures are sources
of uncertainty. With respect to this limitation, the coupling
of COSMO-CLM and TERRA_ML generates snow cover
duration maps able to reproduce the inter-annual variabil-
ity of the snow cover days. The higher temperatures char-
acterizing the winter months in 2006/2007 impact on snow
duration at the annual scale, due to the lower accumulation
and the anticipated snowmelt affecting mid elevations. This
process is substantially captured by the model. Overall, the
spatial pattern of the snow cover duration over the Po river
basin is rightly simulated by the COSMO-CLM experiment
in all the testing years.

Snow duration maps have the added value of providing a
spatially-distributed information on the bias (Fig. 12). This
allows to locate those areas most affected by errors. The
bias is computed at the pixel scale as difference between
simulated and observed Snow Cover Days (SCDs):

SCDspias = SCDsgiy — SCDs p %)

When assessed at annual scale, it ranges from —365(—366)
to +365(4+366) days having snow at the ground. Overall,

Month

COSMO-CLM presents a tendency to overestimate snow
duration on the Alps [Fig. 12 panel (a)]. Simulated snow
cover duration follows the topography properly and in
agreement with the maps derived from MODIS data, show-
ing, however, a smoother distribution of values over the
altitudes. Under- and over-estimations of snow duration
affect especially the transition altitudes, where orographic
effects play a key role. The disagreements are basically
contained within a range of £50 days of snow cover. The
tendency to overestimate is linked to the overestimation of
winter SCF, and it is evident in valleys relatively narrow
and lengthened such as the Aosta and Adda valleys, drained
by Dora Baltea and Adda rivers respectively (see Fig. 1 for
the spatial location of these basins). Here, the simulated
snow cover durations are more similar to those of the sur-
rounding reliefs, while a stronger altitudinal gradient is
found in the resampled observational dataset. Systematic
underestimation of the snow cover days characterizes the
northeast part of the domain, in Lombardy. What we found
at the annual scale is the sum of the winter and spring bias.
In particular, the overestimation of the snow cover days in
the major Alpine valley is due to the high overestimation
of snow duration in winter [Fig. 12 panel (b)]. In spring
[March—April-May, Fig. 12 panel (c)], the underestimation
of snow cover duration is most evident for the transition
elevations. This outcome reflects the anticipated complete
snowmelt highlighted by the depletion curves in Fig. 8.
A slight tendency to overestimate snow cover duration in
spring can be noticed only in the northwest mountain zone,
near the highest peaks of the Gran Paradiso and Monte
Bianco groups.

5.2 COSMO-CLM 0.0715° versus 0.125°

We investigated whether improvements in modeling the
snow cover behavior occur in COSMO-CLM simulations
performed at 8 km resolution respect to the 14 km model
setup. Enhancements should be ensured by a better repre-
sentation of the orography, whose effects on climate are

@ Springer



P. Da Ronco et al.

400 ‘
I MODIS SCA
350 - EECCLM8km ||
I CCLM 14 km

n,(SCF>scf)

0 0.2 0.4 0.6 0.8 1
Snow Cover Fraction (scf)

Fig. 14 Observed (cloud-free MODIS SCA product) versus simu-
lated (COSMO-CLM) average snow cover duration curves for the
Po river basin. The simulations are performed at 8 and 14 km model
resolutions. The shaded area represents the range between the mini-
mum and maximum values of ny found in the 9 year sample for each
value of SCF

determinant in complex mountain domains (Dutra et al.
2011; Kotlarski et al. 2012; Steger et al. 2013). Montesar-
chio et al. (2014) showed improvements in climate simu-
lations for the Alps comparing COSMO-CLM simulations
run at 8 km resolution with respect to 14 km. Benefits
should be reflected even by TERRA_ML variables such as
snow cover extent and duration.

Figure 13 shows the temporal evolution of SCF report-
ing the mean monthly values found in the 9 year period.
The 14 km experiment substantially overestimates SCF' in
December, January and February. This helps in maintaining

higher percentage of spring snow cover extents. However,
considering the depletion rate dS[gF , the 8 km simulation
provides a more accurate slope of the depletion curves.
Overall, observing the average monthly values over the
entire year, 8 km COSMO-CLM provides the best agree-
ment with observations, balancing SCF overestimation in
winter and underestimation in spring. Table 3 gives a quan-
titative assessment of this outcome by comparing observed
and modeled average weekly values of SCF from January
to June. The 8 km simulation reduces the RMSE over the
entire study period. The same statistic, computed using the
cloud-reduced maps from the first step of the cloud removal
procedure, confirms the better performance of the high-res-
olution experiment.

The greater capability of the 8 km setup in simulating
the relationship between snow cover duration and snow
cover fraction at the basin scale can be seen in Fig. 14. The
observed average snow cover duration curve is well repro-
duced by the 8 km experiment. The 14 km setup shows
greater overestimations of the snow duration in winter and
underestimations in spring. This behavior emerges in all
the years of validation.

Overall, these outcomes support the idea that high model
resolutions ensure a more realistic representation of the cli-
mate in complex mountain domains. The better capability
of the 8 km RCM in reproducing the observed atmospheric
forcings in the Alpine space is reflected in the spatio-tem-
poral evolution of the snow cover.

6 Discussion and conclusions

The temporal window covered by several remote sensing
products already exceeds a decade. Regarding snow cover

Table 3 Values of NSE and

) Year COSMO-CLM 0.0715° COSMO-CLM 0.125°

RMSE from the comparison of

observed (cloud-free MODIS Cloud-free Step 1 Cloud-free Step 1

SCA) and simulated (COSMO-

CLM 8 and 14 km setups) NSE RMSE RMSE NSE RMSE RMSE

average weekly values of SCF

during the period January—June 2003 0.89 0.04 0.03 0.71 0.05 0.05
2004 0.78 0.06 0.06 0.62 0.08 0.06
2005 0.77 0.06 0.05 0.40 0.09 0.09
2006 0.76 0.07 0.08 0.58 0.09 0.07
2007 0.80 0.03 0.03 0.27 0.05 0.06
2008 0.61 0.06 0.02 0.50 0.06 0.06
2009 0.93 0.05 0.04 0.81 0.09 0.09
2010 0.82 0.07 0.06 0.61 0.10 0.06
2011 0.82 0.05 0.03 0.69 0.05 0.04

@ Springer

Regarding the 14 km experiment, the last column contains the RMSE evaluated with respect to cloud-
reduced images available after combining Aqua and Terra data. In this case, the comparison is limited to
those days having <5 % cloud cover after being processed by Step 1 of the cloud removal procedure (Da
Ronco and De Michele 2014)
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dynamics, in perspective the tools based on EO (Earth
Observation) will acquire more importance for validat-
ing climate models, supporting gridded datasets based on
ground measurements. In fact, the latter require spatiali-
zation techniques for evaluating point values in space and
they need a dense network of ground stations.

This paper presents a methodology to assess snow cover
simulations by RCMs using high-resolution EO maps. We
account both for snow cover duration, distribution and
extension performing basin-scale and cell-scale evalua-
tions. Some analyses are performed at the year-scale, while
others investigate spring and winter independently. The
detection of the spatial and seasonal behavior of the bias is
definitely important as it can direct the investigation of the
sources of RCM inaccuracy.

The methodology presented here can be applied to dif-
ferent RCMs using as reference binary snow cover maps
from EO. As an application, we have assessed two snow
cover simulations driven by the Regional Climate Model
COSMO-CLM. The RCM is coupled with the multi-layer
soil and vegetation model TERRA_ML. Remote sensing
data from MODIS are used as observational dataset after
a pre-processing of the binary products in MOD10A1 and
MYDI10A1 (2003-2011). The variables under examina-
tion are snow cover duration, distribution and snow cover
extent. Referring to these outputs, COSMO-CLM is capa-
ble to reproduce their inter-seasonal and inter-annual vari-
ability with a good level of accuracy when run at 8 km res-
olution. Even the timings of the snow processes are rightly
captured, as well as snow cover duration at the basin-scale.
However, systematic bias emerges both in winter and
spring while increasing the temporal scale of analysis. In
particular, the results show that the depletion rate during the
melting period is overestimated leading to early complete

snowmelt for all altitude bands and to the underestimation
of snow cover duration. This would adversely affect the cli-
mate simulations in the atmospheric layers, given that snow
cover changes significantly the surface albedo and the sur-
face temperature. Since topographic effects impact on snow
cover dynamics, we studied whether a higher spatial reso-
lution of the model provides advantages in simulating vari-
ables such as snow cover extent and duration. The results
indicate that snow cover extent and duration approach
those observed in winter increasing the model resolution
(from 14 to 8 km). Hence, a higher resolution is beneficial
to simulate the accumulation processes of the snow cover
on the Alps. This outcome agrees with what found by Mon-
tesarchio et al. (2014) for the same case study, comparing
8 and 14 km simulated temperatures with the observations.
On the contrary, determinant advantages do not emerge for
modeling spring snow cover extent, even though the slope
of the depletion curve is more similar to the observed one
when the 8 km setup is used. With respect to snow cover,
the causes of disagreement with observations shown by all
model setups could descend from the parameterization of
the snow processes in TERRA_ML or from biases in the
forcing inputs as temperature or precipitation. In Fig. 15 we
link the temporal trend of the snow cover extent to temper-
ature and precipitation bias in the COSMO-CLM 8 km run.
Simulated Alpine temperature is compared to the average
values from the E-OBS gridded dataset (Van der Schrier
et al. 2013) while precipitation is compared to that derived
from the EURO4M dataset (Isotta et al. 2014). The plot
refers to the period January—December 2004, but a similar
behaviour characterized the other years. Figure 15 indicates
that the overestimation of winter snow cover extent can be
reasonably linked to temperature underestimation. On the
one hand, underestimation of regional temperature implies
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a wider domain subjected to conditions suitable to snow-
falls. On the other hand, lower temperatures make it dif-
ficult to have important melting during winter. As response,
larger areas with snow on the ground contribute in main-
taining low temperatures due to the high snow albedo. In
addition, average precipitation is slightly overestimated
during the winter months, thus increasing snow amounts
accumulating on the ground. Regarding the underestima-
tion of snow cover extent and duration in spring, the rea-
sons for COSMO-CLM inaccuracy might be sought in
TERRA_ML snow module where snowmelt is modeled. In
fact, Bucchignani et al. (2016) showed that the same model
setup underestimates spring temperatures, which in itself
should protect snow cover from early melting. Further
investigations will be directed to this issue.

Our study fits within a line of contributions dealing with
the reliability of RCM snow cover simulations (Riisidnen
and Eklund 2012; Kotlarski et al. 2012; Klehmet et al. 2013;
Steger et al. 2013). First of all, it suggests some innovative
directions for comparing RCM outputs with observations,
introducing EO data and some derived products. The strat-
egy presented here can work in parallel to other validation
methods that make use of ground measurements of snow
depth or SWE. For example, the recent study by Steger et al.
(2013) presents a detailed evaluation of different RCMs
forced by the ERA-40 re-analysis (Uppala et al. 2005) in
Switzerland. For comparing model results and observations
at 110 stations, they firstly converted the measured snow
depths to SWE. Secondly, they mapped the result on the
ensemble mean orography using non-linear SWE lapse rates
as suggested in Foppa et al. (2007). Then, they carried out
the validation excluding those cells having altitude >2100 m
asl, since only one station above this height had long-term
data, and the assessment period was restricted to December-
April for all the measuring points. The most of the zones
excluded from the validation fall right on the border with
the Italian Alps. Nonetheless, in the climate projection part
the winter season encompassed the period November—April
and the elevation bands considered exceeded 2500 m asl,
involving regions and periods that were not explored in the
validation due to the lack of data. The unavoidable gaps left
by a dataset that cannot be collected with continuous and
uniform distribution over wide and complex domains can
be overcome using satellite observations. The availability of
EO data does not depend on altitude or season, especially
when the source products are processed to reduce cloud
obstruction [note that in the Alps the latter affects mostly
winter months and altitude over 1000 m asl as shown in Da
Ronco and De Michele (2014)]. Focusing specifically on
COSMO-CLM, in the work by Kotlarski et al. (2012) the
snow field of the RCM is considered for proposing a trend
of Alpine snow cover dynamics, as consequence of chang-
ing atmospheric forcings. However, there is no evaluation
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of the reliability of these snow cover simulations. Klehmet
et al. (2013) used the ESA GlobSnow products to compare
COSMO-CLM forced by NCEP-R1 to global reanalyses for
the period 1987-2010. They demonstrated the added value
of COSMO-CLM in representing a more realistic spatio-
temporal evolution of SWE if compared to that provided by
NCEP-R1 itself. However, the outcomes refer to Siberia, the
resolution of the RCM is about 50 km and the model setup
includes an improved version of the COSMO-CLM snow
module included in TERRA_ML. The topographic and cli-
matic differences between the regions make the results by
Klehmet et al. (2013) non-transferable to the Alpine space.
Discussing the performances of COSMO-CLM in the
context of other regional climate simulations, we can com-
pare our results to those reported in Steger et al. (2013) for
different RCMs and for their ensemble mean. The spatial
domains of analysis are complementary as Steger et al.
(2013) investigated the northern valleys of the Alps, in
Switzerland, while our focus is on the southern region fac-
ing Italy. A direct and exhaustive comparison is not possible
since the variables investigated in our study do not include
snow density and snow water equivalent and the spatial res-
olutions are different. Both studies conclude that the ERA-
driven RCMs are able to reproduce the basic spatial pat-
tern of snow cover and the inter-seasonal and inter-annual
variability of its response. In the assessment of COSMO-
CLM performance, we consider snow cover duration as
key variable. Even Steger et al. (2013) provide information
on snow cover duration bias but only for elevations lower
than 1000 m asl and for the period December—April. Spe-
cifically, for the lowest ARC (z < 1000 m asl) they high-
light the underestimation of the life of the snow cover with
respect to observations, affecting all the tested RCMs. On
annual basis, the 8 km COSMO-CLM simulation ensures
good agreement with observed snow cover duration for all
altitude bands. A spatial pattern of the bias exists, having
greater overestimations of snow duration in the western
Alps and a slight propensity to overestimate in the cen-
tral and east slopes. Even if the bias does not reveal a uni-
form tendency to underestimate snow duration within the
basin, for altitudes lower than 1000 m asl the snow cover
duration curves derived from both 8 and 14 km COSMO-
CLM experiments strengthen the conclusion proposed by
Steger et al. (2013). Indeed, the duration of the simulated
snow cover extent is slightly underrated by both setups in
the lowest ARC. However, what we found at the year scale
is the sum of a clear tendency to overestimate snow dura-
tion in winter and to underestimate it in spring. Focusing
on spring, mid and low altitudes are heavily affected by
underestimation all over the Po river basin. Thus, a clear
underestimation of snow duration exists only in the melting
months in our experiment. To get other points of compari-
son between our work and Steger et al. (2013), we could
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hypothesize that SWE overestimates imply larger SCA and
longer snow duration while SWE underestimates suggest
lower snow coverages and earlier disappearance of snow
in spring. These are all variables governed by the same
key meteorological forcings: the simulation of colder and
rainier winters compared to the observations conducts to
the overestimation of SWE but also to a longer duration of
coverage and, reasonably, excessive extension. Steger et al.
(2013) indicate noticeable underestimations of mean win-
ter SWE (period December—April) in the majority of the
models for the region below 1000 m asl and, in some cases,
between 1000 and 1500 m asl, with lower bias for the sec-
ond ARC. As already mentioned, in the COSMO-CLM
experiments these altitude range classes are subjected to
greater errors respect to the highest ARC. The bias affects
both SCDs and SCF but its sign depends on the season and
on the spatial location. Thus, our results do not fully con-
firm what stated in Steger et al. (2013). Then, Steger et al.
(2013) report a slight tendency to overestimate mean win-
ter SWE in the highest altitude range where the validation
was performed (1500-2100 m asl), affecting the majority
of the models. Focusing on the accumulation months, we
found overestimation of the snow cover extent and duration
in the mountain part of the domain, in agreement with the
outcome by Steger et al. (2013). The common conclusion is
that some bias in the atmospheric forcings may exist deter-
mining the overestimation of snow inputs in winter for the
Alpine space. The first suspicion falls necessarily on under-
estimation of temperature, but both studies indicate also the
pronounced overestimation of precipitation in mountain as
a possible culprit. This point is relevant since the observa-
tional snow data used for the comparison in our manuscript
and in that by Steger et al. (2013) are manipulated for being
comparable with RCMs snow cover outputs. Despite this,
they conducted to similar conclusions.

Thanks to the snow cover duration maps, a novel aspect
that emerged from our investigation is that, taking narrow
and lengthened valley such as the Dora Baltea and the Adda
river basins, the variability of snow cover days with alti-
tude is less pronounced than that obtained from MODIS.
There, altitude varies strongly over short distances at both
sides of the valleys and the model, even if it is run at really
high resolution (8 km), does not capture the pronounced
variation of the snow cover days between neighboring
cells. As result, in these valleys the snow cover duration is
clearly overestimated in winter. This outcome can be seen
as response of the smoother topography used in COSMO-
CLM compared to the resampling of the 500 m DEM. The
8 km model setup allows to catch this behavior that would
be difficult to uncover adopting resolutions in the order of
20 km. In fact, where topography changes suddenly over
short plain distances, a 20 km square cell can cover entirely
the area between one side of the valley and the other.

The conclusions presented here about the bias depend-
ence on the RCM spatial resolution could be tested by
incoming investigations which consider 2.2 km snow cover
outputs from COSMO-CLM.
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