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Abstract: We evaluated distributed and semi-distributed modelapproaches to
simulating the spatial and temporal evolution obwnand ice over an extended
mountain catchment, using the Crocus snowpack mode distributed approach
simulated the snowpack dynamics on a 250-m gridblemg inclusion of terrain
shadowing effects. The semi-distributed approactuksited the snowpack dynamics for
discrete topographic classes characterized by tdbeveange, aspect, and slope. This
provided a categorical simulation that was subsetiyispatially re-projected over the
250-m grid used for the distributed simulations.eTétudy area (the upper Arve
catchment, western Alps, France) is characterizeddmplex topography, including
steep slopes, an extensive glaciated area, and swwer throughout the year.
Simulations were carried out for the period 198%80using the SAFRAN
meteorological forcing system. The simulations wevenpared using four observation
datasets including point snow depth measuremesasogal and annual glacier surface
mass balance, snow covered area evolution basexptaal satellite sensors, and the
annual equilibrium-line altitude of glacier zoneaterived from satellite images. The
results showed that in both approaches the Croawsvgack model effectively
reproduced the snowpack distribution over the spehod. Slightly better results were
obtained using the distributed approach becauiselitded the effects of shadows and
terrain characteristics.
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1. Introduction

The dynamics of the accumulation and melting ofwsiand ice in mountain areas has
major effects on the timing and level of dischafgen rivers in downstream areas.
One-sixth of the Earth’s population depends diyeati the water supply from snow and
ice melt in mountain areas (Barnettal, 2005). Thus, significant research effort has
been applied to the study of snow and ice dynatnidhese regions (Egli and Jonas,
2009; Lehninget al, 2011; Lopez-Morenet al, 2013; McCreightt al, 2012), with
particular focus on mountain hydrology (DeBeer &ameroy, 2009; Lopez-Moreno
and Garcia-Ruiz, 2004; Oreillat al, 2014; Viviroli et al, 2007). The snowpack
dynamics and its spatial extent also control mamumtain processes, including soil
erosion (Meusburgeet al, 2014), plant survival (Wip€&t al, 2009), and the glacier
surface mass balance (Lopez-Morestoal, 2016; Réveilletet al, 2017; Soldet al,
2013).

Some of the most dangerous natural hazards in raouateas are also directly related
to the distribution of the snowpack and ice, aneirtevolution over time. This is the
case for snow avalanches (Schweieerl, 2008), and floods in mountain rivers and
downstream areas (Gagtlal, 2015). To enable anticipation of the occurrerfcenow-
related hazards and to reduce the threat to popogagnd infrastructure (Berghuigs
al., 2016; Tacneet al, 2014); various models have been developed tmdepe and
forecast the evolution of the snowpack on a dailgub-daily basis.

Detailed snowpack models (Bartelt and Lehning, 200@Bnnet et al, 2012) are
increasingly coupled with hydrological models toeiast river discharges, and this
depends on reliable simulation of snow and ice inglfAvanziet al, 2016; Brauret
al., 1994; Lehninget al, 2006). The more accurate the information on sramkp
dynamics, the better will be the discharge forecdsised on hydrological models.
However, the spatio-temporal distribution of theowpack is highly variable in
mountain areas (LOpez-Morem al, 2011, 2013; Scipidet al, 2013; Seidekt al,
2016), and the runoff from mountain catchments ddpeon many interrelated
processes that are highly variable in space ane, tincluding infiltration, surface
runoff, groundwater recharge, freezing of soil, #mel snowpack distribution (Seyfried
and Wilcox, 1995). For example, in areas where spergists throughout the year the

snowpack dynamics has a major impact on groundvsiteage (Hood and Hayashi,
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2015). Finally, snowpack models are also combingl ather models and techniques
to forecast avalanche hazards (Bartelt and Leh2@@2; Durandet al, 1999).
Reproducing snowpack dynamics in heterogeneous faounareas remains
challenging. Some snowpack processes, includingdimduced redistribution and
small scale topographic control on the snow distidn (Mott et al., 2010; Revueltet
al., 2016a; Schirmeet al, 2011; Trujilloet al, 2007; Vionnet et al., 2013) have not yet
been fully integrated into numerical snowpack medehich can be used operationally.
Moreover, the additive nature of snowpack dynanme®lves discrepancies between
observed and simulated snowpacks, which can aceatenalver the simulation period
(e.g., Raleigtet al, 2015).

The various approaches available for running snolpsimulations range from
punctual simulations (snowpack dynamics simulatdéf particular location having
specific characteristics) to semi-distributed arnstribbuted approaches that simulate
snow dynamics over broad areas.

The semi-distributed approach involves simulating snowpack evolution over areas
defined using discrete values for topographic ‘e including altitude, aspect, and
slope (Fiddes and Gruber, 2012, 2014). The Frewcherical chain S2M (SAFRAN-
SURFEX-MEPRA,; Lafaysset al, 2013), simulates the snowpack evolution using a
semi-distributed approach. In this chain the SURRFEBA-Crocus snowpack model
(Vionnetet al, 2012; hereafter referred to as Crocus) is appieat a semi-distributed
discretization of the French mountain ranges tamiige the avalanche hazard for
various topographic classes. Semi-distributed Hgdical simulations are also widely
used, which involves discretizing catchments inyalrblogic response units (HRU),
with the flow contribution from the HRUs being redtand compounded into an overall
catchment discharge (Nestdral, 2012; Pomerowgt al, 2012). This simulation method
is also applied to river discharge forecasting muntain areas, with the output of semi-
distributed snowpack simulations used as inputthéohydrological models (Braust
al., 1994).

The other modeling approach to simulating snowphgtamics over extended areas is
distributed simulations. This method involves siatign of the temporal evolution of
environmental variables (e.g., snowpack or othelrdlpgical variables) over a gridded
representation of the terrain. In this approacht#ein is not discretized in classes;

rather, it explicitly considers the characteristfesg. elevation, slope, aspect) for each
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pixel when simulating its snowpack evolution. Baghproaches (distributed and semi-
distributed) have advantages and disadvantagesicydarly the lower computing
resource requirements of semi-distributed simutaticand the more accurate terrain
representation of distributed simulations. Some wgrawk processes cannot be
reproduced using the semi-distributed approachudimg wind-induced snow
redistribution, small scale topographic controlpoécipitation, and terrain shadowing
effects (Grinewalét al, 2010; Revueltet al, 2014; Vionnekt al, 2014). However,
evaluating the performance of these simulation @ggres depends on the intended use
of the simulations (Carpenter and Georgakakos, 200 et al, 2015). Similarly, the
results obtained will depend on the spatial scalk the quality of the meteorological
forcing model, and whether it is distributed or selistributed (Quencet al; 2016;
Vionnet et al, 2016). Many studies have compared the performafideydrological
models based on distributed and semi-distributgucgzhes in reproducing streamflow
dynamics for alpine watersheds (Grussoral, 2015; Kling and Nachtnebel, 2009; Li
et al, 2015), but none have directly analyzed and coatpeepresentation of the spatio-
temporal evolution of the snowpack using these Ktimn approaches. This is
significant because direct implementation of theshpyomising advances in simulation
requires the use of distributed simulations. Thishie case for assimilation of satellite
data (Charroi®t al, 2016; Dumongt al, 2012a; Thireket al, 2013); the inclusion of
small scale processes in simulations, includingwsrelistribution by wind (Schirmest
al.,, 2011; Vionnetet al, 2014); and gravitational or topographic controfs snow
movements (Bernhardt and Schulz, 2010; Christeal, 2010; Revuelt@t al, 2016a).
Thus, comparison of distributed and semi-distridigamulations is needed to evaluate
potential improvements, based on similar simulagetups (including the same study
period and area, meteorological forcing, and sitiainitialization). The newest
meteorological models provide high spatial resolutinformation on the evolution of
atmospheric variables (Seigt al, 2010); this is an improvement that distributed
snowpack simulations can fully incorporate.

This study provided a comprehensive evaluation eshidistributed and distributed
snowpack simulations for a mountain catchment, gushe Crocus snowpack model
(Brunet al, 1992; Vionneet al, 2012). We firstly assessed the ability of the sldd
simulate the snowpack evolution at a local scatespecific stations having continuous

snow observation data. For these stations, thetpaihsimulations accounted for local
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topographic characteristics. These punctual sinmatenabled initial analysis of the
capacity of the model to subsequently evaluate dis&ibuted and semi-distributed
approaches to simulating the snowpack dynamics avaoader area, using the same
meteorological forcing. The simulation results datéa using the distributed and semi-
distributed approaches were compared with obsemnatior the snow covered area
based on MODIS satellite sensors, the glacier serfaass balance (winter, summer,
and annual), and the glacier equilibrium-line alté derived from satellite images
(Landsat, SPOT, and ASTER). This enabled assessofetite use of distributed
simulations for analysis of snow and ice dynamidse simulations were based on data
for the upper Arve catchment (French Alps) for #8eyears from 1989 to 2015.
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2. Study area

The upper Arve catchment is located in the westdips, France, between the northeast
slopes of the Mont Blanc massif and the southwkxgies of the Aiguilles Rouges
massif. The catchment extends from the headwafetisecArve River to the town of
Chamonix (Fig. 1), and includes major tributariesrging melt water from three
glaciated areasAfveyron de la Mer de Glace, Arveyron d’Argenticéaéd Bisme du
Toun to the main river. The upper Arve catchment cev205 kmi and has a high
degree of topographic heterogeneity, with steepesdn some areas, and gentle slopes
on large glaciated areas and at the lower elevatioes of the valley, which is a typical
U-shaped glacial valley. Elevation ranges from 162@225 m.a.s.l., with 65% of the
surface area above 2000 m.a.s.l. Glaciers cover @3We area (Gardemt al, 2014),
and 22% is covered by forests, mainly in the loelevation areas. The water discharge
regime is strongly dependent on the snow melt dycarduring spring and early
summer, with the major contribution of melt wateonfi glacierized areas occurring
during late summer and autumn; this is termed a-glecial regime of river discharge
(Viani et al, submitted). The Mont Blanc and Aiguilles Rougeassifs are also highly
spatially heterogeneous, having various slopes aspkcts over a wide range of
elevations in glaciated and non-glaciated areags #ffects the spatio-temporal
evolution of snow and ice.

The area is one subject to severe flood hazards.iFta consequence of the steepness
of the terrain, which results in a rapid hydrol@jicesponse to precipitation, the
typically rapid meteorological changes that occor this mountain area (mainly
associated with convective episodes during spring aummer), and the high

population densities and infrastructure in thedratof the valley.
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3. Methods

3.1. Simulation setup

We used the Crocus snowpack model to simulateeitimpdral evolution of snow and
ice in the upper Arve catchment. Crocus is a maylat model that simulates snowpack
evolution based on the energy and mass exchangesdye the various snow layers
within the snowpack, and between the snowpack enuhterface with the atmosphere
and the soil (i.e. the top and bottom of the sn@umn). The maximum number of
layers in Crocus is set to 50. Crocus is implentbintethe externalized surface model
SURFEX (Vionnetet al, 2012). Within SURFEX (Massoat al, 2013), Crocus is
coupled to the multilayer land surface model ISBA-O{Interaction between Sail,
Biosphere and Atmosphere; diffusion version; Decteet al, 2011).

The meteorological forcing required to drive thenperal evolution of the simulations
was obtained from the SAFRAN meteorological analysistem (Durandt al, 1993).
This provides the atmospheric variables neededuio IBBA-Crocus, including air
temperature, specific humidity, long wave radiatialirect and diffuse short wave
radiation, wind speed, and precipitation phase etd. SAFRAN was specifically
developed to provide meteorological forcing for mt@in areas at a suitable elevational
resolution. The SAFRAN analysis combines obsemafiodata obtained from
automatic weather stations with manual observatioitls the guess from the global
numerical weather prediction system ARPEGE (Cougre Thépaut, 1994). We used
SAFRAN re-analysis, which benefitted from meteogital observations not available
in real time (Duranckt al.,2009a, 2009b). This analysis system can provideuts! for
punctual simulations, or semi-distributed outputs.the first case the analysis is
performed directly for the elevations of the stasianvolved, while in the second case
the analysis is performed for 300-m elevation bahtd®oth cases the spatial extent of
the analysis is approximately 1000 km2. These regitknown as “massifs”) were
defined by Durandet al (1993) who took climatic homogeneity into account this
study the SAFRAN analysis was only used for that pathe Mont Blanc “massif”
which covers the entire study catchment. SAFRAN &SIRFEX/ISBA-Crocus
(hereafter SAFRAN-Crocus) are used in avalanchardaforecasting in France, using
the S2M chain (Lafaysset al, 2013); this takes account of the altitude, aspaot

slope classes (semi-distributed simulation).
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3.2. Punctual, semi-distributed, and distributepgrapches

The temporal evolution of snow and ice was simdlatging punctual, semi-distributed,
and distributed approaches, based on the same nolegioal forcing.

Punctual simulation

Punctual snowpack simulations were performed fer filve Météo-France stations
within the study area, based on the elevation, eslgnd aspect for each station.
Punctual simulations included a topographic maskfa 50-m digital elevation model
(DEM) to account for any terrain shadowing effect simulation of the incoming

shortwave radiation (provided by the SAFRAN metémgizal model).

Semi-distributed simulation

Snow and ice semi-distributed simulations wereiedrout based on the topographic
classes of the SAFRAN model (300-m elevation bafidsn 900 m.a.s.|. to 4100
m.a.s.l) for eight aspect classes (north, northeast, southeast, south, southwest, west,
and northwest) and two slope values °(28hd 40). For each elevation band a
simulation over flat terrain (no aspect classifimal was also carried out. These
topographic classes are the same as those useddanche forecasting (Lafaysee
al., 2013). To consider snow and ice evolution omiglized and non-glacierized areas,
two distinct simulations were run for all terrailagses, one involving a given thickness
of ice to initialize the simulation, and anotheitialized using bare ground (see section
3.3).

In a final stage the snowpack semi-distributed &tns were assigned or re-projected
onto the pixels of the study area DEM (the same DM for distributed simulations;
250x250 m grid size). The pixels were categorizecbaling to the semi-distributed
terrain classes: slopes from 0 to° Mdere considered flat, those from 11 t& 3Cere
assigned to the 2Gslope class, and those > 30vere assigned to the 40lass. From
this categorization of the DEM the snowpack simatabutputs were assigned to each
terrain class for all time steps. Thereby, for etiote step a snow and ice distribution
map was generated that spatially distributed thmei-siéstributed snowpack simulation
obtained for the various terrain classes. This kegbatomparison of the two approaches
based on the same observation dataset.

Distributed simulation

The distributed snowpack simulations were perforiimed DEM having a 250x250 m
grid spacing and covering the 205 %mf the study area. As SAFRAN reanalysis
8
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provides semi-distributed outputs, the meteorolalgiorcing at hourly time steps was
spatially distributed over the 250-m grid DEM usBpgcific routines that accounted for
the topographic characteristics of each grid dmked on interpolated meteorological
variables for the closest terrain classes (Vioneéetal, 2016). However, the
meteorological model used was the same for all lsitians, and only minor differences
occurred because of the need to include the topbgraharacteristics of each pixel.
The distributed Crocus simulations included thevaien, aspect, slope, soil, and land
cover characteristics for each pixel (the last tabtained from ECOCLIMAP-
II/Europe; Farouxet al, 2013) to simulate the evolution of the snowpaako(v and
ice). A routine to account for the topographic shaithg effect of short wave radiation
(Revueltoet al, 2016a) was included in the distributed simulatiohhe inclusion of
particular pixel features and topographic shadoviéndpe main difference between the
semi-distributed and distributed methods. Figush@ws a schematic representation of
distributed and semi-distributed simulation appheec

3.3. Simulation initialization

Snowpack simulations were run for the period 198952 However, the ISBA ground
state (including temperature and soil humidity) tnbse initialized to accurately
reproduce the evolution of the snowpack. A spinsirpulation for the 1988-89 snow
year (1August 1988 to 31 July 1989) was repeated iterigtit® times, to ensure a
realistic ground state when launching simulations.

Similarly, to adequately replicate the snow and égelution over glacierized areas a
glacier initialization was performed. Thus, for thienulations a sufficiently thick ice
layer (several tens of meters) was incorporate@dtbrthe snow layers to ensure glacier
presence during each season in the glacierizeds.are® Crocus is a multilayer
snowpack model that simulates the energy and nmschanges between the various
snowpack layers, it also enables simulation ofglaeier surface mass balance (Dumont
et al., 2012a; Gerbawet al, 2005; Lejeuneet al, 2013). Glacierized areas were
initialized at the beginning of each snow seasoAyfust) using a 40-m ice thickness
(if the total ice thickness was less than this &glwhich ensured that it was present for
the entire snow season (from 1 August of one ye&1t July of the next year). Thus,
the six deepest Crocus layers were initialized \aittiensity value of 917 kgfhand a
temperature of 273.16 K (the Crocus default derasity temperature values for ice, and

representative of temperate glaciers). The thicknek these layers progressively

9
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transitioned from a shallow thickness for the uplpger (0.01 m) to thicker layers in
the deepest part of the ice (with a 5-fold differefactor between one layer and the one
above); this resulted in a total ice thickness @08 m. The ice initialization was also
performed during the spin-up of soil to reprodube ground state over glaciarized
areas. The extent of glacierized areas was bas#teanost recent data on their surface
area, inventoried in 2012 (Rabatet al, 2013). Although other historic surface
inventories of glacierized areas within the uppeveAcatchment were available (1986
and 2003; Gardengt al, 2014), the most recent inventory was used forpkaity
because the change in the glacierized surface laebseen the inventoried dates
represents less than a 1% of the total study sdeea.

3.4 Evaluation strategy

The availability of direct snow and ice observasidior mountain areas is limited.
Broadly, when the time between observations istshioe spatial extent is limited and
oppositely, when large areas are observed, thedexhfpequency is low. Consequently,
evaluation of the performance of a model in repoiuiy the snowpack evolution is
difficult because of a lack of information. Althdugve did not evaluate a hydrological
model in this study, the “observation scale” defin®y Bloschl and Sivapalan (1995)
aided assessment of the representativeness of thdalde observations. The
observation scale is defined by: i) the spatialfieral extent (coverage) of a dataset; ii)
the spacing (space and time resolution) betweepleamand iii) the integration volume
(time) of a sample (also known as support). Thiessetcriteria can rarely be optimized
simultaneously. Hanzest al. (2016) introduced a representation to depict thalsility

of an observation dataset to evaluate model pedence To evaluate the simulations in
this study we used four datasets basedionsitu snow depth from Météo-France
stations; the snow covered area (SCA) from MODI&gdses; the punctual glacier
surface mass balance (SMB); and the glacier equitibline altitude (ELA) from
Landsat/SPOT/ASTER. Based on the radar charts mezsdy Hanzeet al. (2016),
shown in their Figure 5, it was possible to fullyakiate the simulations using the four
observation datasets available for this study. dh&lyses presented below enabled us
to draw conclusions about the impact of the methosisd on the various spatio-
temporal scales considered, also enabling an dvevaluation of the simulation

platform.

10
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The four datasets used in evaluation of the sirarlatare described below. Not all
simulations (punctual, semi-distributed, and distréd) were evaluated using all four
observation datasets. The punctual snow depth ations only provided a preliminary
evaluation of the simulation setup in terms of ogjcing the temporal snowpack
evolution, so only punctual snow depth observatiwaee used in the evaluation of this
simulation approach. The three other datasets (2@A4,glacier SMB and ELA) were
used in evaluating the semi-distributed and disted simulations, as these datasets had
the appropriate spatial and temporal extents netmlaedsess the performance of these
two approaches.

Punctual snow depth observations

The Météo-France observation network has 5 statiotise study area (Fig. 1), located
at different elevations. Some of these stationsiiaed data during all snow seasons
throughout the entire study period, including atdsie Aiguilles Rouges (2365 m.a.s.l.),
Chamonix (1025 m.a.s.l.), and Le Tour (1470 m.x.<ther stations were installed
later, and provided observational data since tr#4495 snow season (Lognan station;
1970 m.a.s.l) and since the 2003-04 snow seasoRl€igere station; 1850 m.a.s.l.). At
these stations the temporal evolution of the sneptld was observed at daily or sub-
daily time intervals, and these data were usedviuate SAFRAN-Crocus in non-

glacierized areas during winter and spring (periwils snow presence).

Snow cover area based on the MODIS sensor

i) Evolution of the snow covered area

Many studies have demonstrated the usefulness oDIEOmages for snow cover
mapping in mountain areas (Gascetral, 2015; Klein and Barnett, 2003; Parajka and
Bloschl, 2008). The MODIS mission database provikbes temporal coverage (the
mission was launched in 2000, and obtains dailygesy so enabled a comparison
between the simulated and observed snow cover tamolior 14 snow seasons (out of
the 26) simulated on an almost daily basis (corspasg were limited by cloud cover in
the study area). Sub-pixel snow monitoring of thve cover at 250-m spatial
resolution was performed using MODImLab softwarerfidntet al, 2012b; Sirguet

al., 2009). Multispectral fusion between MODO2HKM (500; bands 3-7) and
MODO02QKM (bands 1 and 2) (Sirguey al, 2008), enabled this software to generate
images at 25& 250 m spatial resolution to derive various snoe-gooducts. We used

the unmixing_wholesnow (UWS) product, as it hasnbskown to outperform other

11
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snow—ice products for assessing evolution of thé $Charroiset al, 2013). We also
considered the cloudiness product in MODImLab tteeine the proportion of the
catchment affected by cloud cover. Generation efUhWS and cloudiness products in
MODImLab software was based on the same DEM usethéosnowpack simulations.
This ensured a direct match between of observatiwh simulation pixels. To avoid
errors related to cloud presence in the study aoe&; days having cloud cover
representing < 20% of the total surface area wensidered in the analysis.

The UWS threshold for considering a pixel to bevsromvered was set to 0.35 (i.e.,
fractional snow cover > 35%; Charraes al, 2013; Dedielet al, 2016). Three snow
depth threshold values (0.10, 0.15, and 0.20 m d@a<t al, 2015; Quéncet al,
2016) were examined to consider a pixel as snowrealvin the simulations.

The temporal evolution of the snow covered areaA)S@thin the study area predicted
by each simulation approach (semi-distributed asttiduted) was analyzed in terms of
the root mean squared error (RMSE), the mean aesemor (MAE), and R for
comparisons between simulations and observatidms tdmporal evolution of the SCA
for specific snow seasons was also analyzed tosssHee difference between
observations and simulations in different time pasi The SCA evolution in forested
areas was not evaluated, and these areas weredriagke analysis.

i) Evaluation of spatial similarity

The spatial similarity between the observed andukited SCA was evaluated for each
simulation approach based on two similarity metrite Jaccard index (J), and the
average symmetric surface distance (ASSD). As tite aglls coincided because the
simulations and observations were based on the &M, we were able to obtain
binary maps of snow presence from the simulated @psbrved maps, using the
thresholds established.

The Jaccard index is the ratio of the intersectietween the observed (O) and the
simulated (S) SCA and the union of O and S (Equatio The index values range from
0 to 1, with a value of 1 representing a perfectcimebetween the observed and
simulated SCA.

__lons|
" lous|

J (1)

The ASSD is complementary to J, as it evaluatesligtance between the boundaries of
the observed and simulated SCA. ASSD is basedamtbdified directed Hausdroff

distance between boundaries (Dubuisson and Jad#; Kee Quénet al, 2016 and
12
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Sirgueyet al, 2009 for more details). The ASSD unit is metensg the smaller the
distance the better the match between surface loiesd The Jaccard index and ASSD
were calculated for the 2001-02 to the 2014-15 sm®asons. To assess the
performance of the two SCA simulation approachessfeecific periods, the 2006-07
and 2007-08 snow seasons (both of which were desized by low average levels of
snow accumulation) and the 2011-12 and 2012-13 seasons (characterized by high
levels of snow accumulation) were analyzed for bbthaccumulation period (January,
February, and March; JFM) and the melt period (Mawe, and July; MJJ).

Glacier surface mass balance

Glaciers located in the Mer de Glace and Argentisub-catchments have been
monitored, in a sufficient number of measuremecations for our analysis, since 1995
by the French Service National d’Observation GLACIOM. During this period field
data were obtained twice per year, during the mawinjend April-May) and minimum
(around October) snow accumulation periods. Theda dnabled calculation of the
SMB for summer (SSMB; annual difference between iheximum and minimum
acquisitions), winter (WSMB; annual difference beém the minimum of the previous
year and the maximum acquisitions), and annuallg\iB; year to year differences in
the minimum acquisitions) at each individual pouft the network (Fig. 3). The
observation procedure involved use of glaciologicethods (Cuffey and Paterson,
2010) to retrieve the surface mass balance fovdhieus time periods (SSMB, WSMB,
and ASMB). Stakes (markers over the glaciers) ateup in both accumulation and
ablation areas throughout the glaciers, and seatethe evolution of the various zones
of the glaciers. The spatial distribution of thaksts is shown in Figure 3. For further
information on the methods for SMB data collectispe Réveilleet al. (2017).

The observations of SMB for the various time pesiat more than 65 locations
encompassing different glaciers enabled assessvhémé snow and ice evolution over
glacierized areas, as these measurements included and ice ablation (SSMB) and
snow accumulation (WSMB) periods. Thus, the sinmdatSMB for the same
observation periods and locations were computeédas Crocus results. With this
information, a linear regression ané ®efficient were computed for each sub-basin for
the three periods, and these were used to medsarperformance of the modeling
approaches. The simulated (distributed and serrifdlised) and observed temporal

evolutions of the SMBs were compared based on teRAN elevation bands (the
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average and standard deviation for all points witbach band were calculated). To
assess any elevational dependence of the SMBetsoisal evolution of the observed
and simulated SSMB, WSMB, and ASMB were comparedvio snow seasons having
opposite characteristics (high and low levels afveraccumulation) for the Mer de

Glace glacier, which had a large gradient for assgslevational dependence.

Glacier equilibrium-line altitude

The glacier equilibrium-line altitude (ELA) is thennual maximum elevation of the
snow—ice transition over glacierized areas. Sin@@41lthe temporal evolution of the
ELA for the five largest glaciers in the study afess been monitored using various
satellite sensors (Rabatet al, 2013, 2016). Data on the inter-annual evolutibthe
ELA for the Tour, Argentiére, and Mer de Glace @& (and its main tributaries, the
Leschaux and Taléfre glaciers) was available ferditire study period

Images from Landsat 4TM, 5TM, 7 ETM+, SPOT 1-5, ASTER were used to obtain
the ELA for the study period. The spatial resoluta these images ranges from 2.5 to
30 m. The method of snow line delineation using tispéctral images combining
green, near-infrared, and short-wave infrared bdwadsbeen fully described by Rabatel
et al. (2012). The satellite acquisition date dependsvanious factors including the
availability of satellite images for the study araad cloud presence, but images
obtained during the period of minimum snow accuttimta (late August to early
October) were used to obtain the ELA. Thus, theukted ELA was obtained for the
same dates as the satellite acquisitions. Becabisteo difference in the spatial
resolution of the simulation (250 m) and satelibservationsg 30m), the average and

standard deviations of the ELA were compared.
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4. Results

4.1. Punctual snow depth

The observed and simulated snow depth evolutiorthi®@r2007-08 and 2012—-13 snow
seasons (low and high average snow accumulatiors,yesspectively) for the five
stations are shown in Figure 4. The snow depthutiesl shows the capacity of the
SAFRAN-Crocus model chain to reproduce the tempevalution at locations having
differing topographic characteristics.

It is important to note that the results shown iguFe 4 indicate the capacity of the
simulations to reproduce snow depth dynamics atiipgoints having well known
topographic characteristics. Punctual simulatiamdude the impact of surrounding
topography on incident solar radiation (terrain ddwing masks). Additionally, the
meteorological forcing was taken at the statiorvaien (SAFRAN forcing not yet
discretized on elevation bands). Nevertheless,sfiaial scale of the meteorological
forcing was that of the Mont Blanc SAFRAN massifiefefore the spatial variability of
solid/liquid precipitation within the massif is niatken into account.

Some snow accumulation events were underestimatedverestimated in the
SAFRAN-Crocus simulation, evident in discrepanclestween the simulated and
observed snow depths, including for the Le Tourefestimation) and La Flégére
(underestimation) stations for the 2007-08 snovws@eaDespite these discrepancies
resulting from meteorological forcing, the simuthtevolution of the snow depth
appeared reliable, in particular during melt pesiod

Table 1 shows the RMSE and bias errors betweemaigms and simulations at the
five stations. There was a high level of variapilitetween the errors for the various
stations, mainly because all local effects were inoluded in the simulations. It is
noteworthy that the number of observations avatlaid the time periods (which could
have marked differences on total seasonal snownadation) affected the significance
of the RMSE and bias for the various stations (@dl)l The RMSE values ranged from
20.8 to 66.6 cm and the bias ranged from —19.19td 4m. These values are small
relative to the total snowpack thickness (snow ldeygiservations were commonly >
200 cm, and in some cases exceeded 300 cm). Howvrethe Aiguilles Rouges
station the RMSE and bias estimates were higher fibrathe other stations. This may
be because this station is exposed to major widdded snow transport episodes that

were not accounted for in the simulation. In additio these events, this station is also

15



The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-184

Manuscript under review for journal The Cryosphere The Cryosphere
Discussion started: 27 September 2017 Discussions
(© Author(s) 2017. CC BY 4.0 License.

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

affected by forecasting errors related to the nretegical forcing, such as the large
underestimation for the first snowfall in 2007-08.

4.2. Snow Cover Area evaluation

Figure 5 shows an example of the SCA obtained ugiegUWS product for 24 July
2008, and the corresponding simulated snow deptérrdened using the distributed
approach. This date was selected because it whzud-itee day with high elevation
areas covered by snow.

Table 2 shows the SCA simulation results estimhgesid on 0.1, 0.15 and 0.2 m snow
depth thresholds compared with the observed UW3b (threshold), for the 2008—09
and 2009-10 snow seasons (average snow accuma)atiodight of these results we
selected a 0.15 m snow depth simulation threshmiddéciding whether a pixel was
snow covered.

i) Evolution of the snow covered area

The results of simulation of the SCA in the studgaafor 10 of the 14 snow seasons
(for ease of visualization) based on MODIS data sdrewn in Figure 6. This figure
shows that both approaches were able to reprothec8E€A evolution based on MODIS
images. During winter and early spring, when laageas of the catchment are covered
with snow, there was a high degree of consistenstyvéen the observations, and
simulations based on each approach. In contrasingdsummer and early autumn,
when snow is only present at high elevations angrmferential accumulation areas,
there was less consistency between observationsiandations, particularly for the
semi-distributed simulations.

Figure 7 shows the SCA evolution for four non-cangize snow seasons, two having
low levels of snow accumulation (2006—07 and 2087s€asons) and two having high
levels of snow accumulation (2011-12 and 2012-H83a@es). In winter the simulation
slightly overestimated the SCA compared with obsgowns, but during summer and
autumn the simulations underestimated the SCA. Mewehe distributed simulations
most closely reproduced the observed SCA (Tabldn3gnll four seasons the semi-
distributed simulations generated larger underegémof the SCA during summer and
early autumn.

Using the terrain aspect classification for sensiibuted simulations it is possible to
evaluate the impact of terrain shadowing effecteni~the eight orientation classes we

identified two main groups: those having a northaspect (N, NW, NE) and those
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having a southern aspect (S, SE, SW). Figure 8 sliogvobserved and simulated SCA
evolution for high and low snow accumulation seasiwnrelation to these two terrain
classes. The variability in the SCA was well captufor both aspects by both the semi-
distributed and distributed simulations. Error mesties for the SCA simulated in
relation to the north and south aspects (Tablesd45) were lower for the distributed
simulations compared with the satellite observatiolloreover, the SCA temporal
evolution shown in Figure 8 shows that overall $hraulation underestimated the SCA,
during late spring and summer in northern aspéais.southern aspects, simulation of
the SCA evolution was poorer during winter.

ii) Evaluation of the spatial similarity

The spatial similarity between the observed andukited SCA is exemplified in the
temporal evolution of the Jaccard index and ASS&bl& 6 shows the average values
for J and ASSD for the entire study period and tfee 2006—07 and 2007-08 show
seasons (low levels of snow accumulation) and 1212 and 2012-13 snow seasons
(high levels of snow accumulation).

The higher scores found during seasons having leigkls of snow accumulation were
expected because of the larger areas covered lwy. stigure 9 shows the temporal
evolution of the Jaccard index and ASSD for higld &w level snow accumulation
seasons. Although the difference between the biged and semi-distributed
simulations was low for most dates, the Jaccardxndalues for the distributed
simulations were higher, showing a greater capdoitysimulating the SCA (Table 6).
Similarly, ASSD values were lower for distributdchslations, which showed reduced
distances between the limits of snow free and snowered areas. The differences
between the two approaches are also evident iavbeage values shown in Table 6.
The performance of the simulations appeared tedifietween periods of maximum
and minimum snow accumulation (Fig. 9). Table 7vehdhe average Jaccard and
ASSD index values obtained for the JFM and MJJogiesrifor the four snow seasons
analyzed in detail (high and low level snow accuatioh seasons). The better
performance of distributed simulations was a resfibetter reproduction of the SCA
evolution, and their ability to capture better slgbatterns in heterogeneous mountain
terrain. Not surprisingly, the values in Table Boalshow higher scores for both

simulations during winter and early spring, whea 8CA was high.
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4.3. Glacier surface mass balance

Analysis of the glacier surface mass balance edadeessment of the effectiveness of
simulations of the seasonal and annual evolutioanofv and ice on glacier surfaces.
Figures 10 and 11 show the simulated and obseeragdral evolution of the surface
mass balance for the 300-m elevation bands. Thiese good agreement between
observations and simulations with respect to yeamretar SMB variability. During
winter the snow accumulation at high elevations waderestimated. For elevations
above 2700 m.a.s.l. a higher positive glacier SM#s wbserved, and the difference
between the observed and simulated SMB increasehligaier elevations. During
summer, when solid precipitation has no or margintiience in low elevation areas
and little influence at higher elevations, the olzed and simulated SMB values were
similar for elevations above 2100 m.a.s.l. for kher de Glace glacier, and above 2400
m.a.s.l. for the Argentiére glacier. Nevertheldsshigh elevation areas the SSMB
deviation was also underestimated on the simulatidhis was probably because of the
lower level of snow accumulation simulated duringiter (using SAFRAN model)
which induces an earlier complete melting of snowhie simulation in low elevations.
This is presumably because of more rapid melting@finsulated from solar radiation
by the snow layers above, and because of the ingbaetriations in wind speed or long
wave radiation on the simulation.

Combination of the simulated WSMB and SSMB producad ASMB that
underestimated snow accumulation at high elevatfen8000 m.a.s.l.) and melting at
low elevations (2400 m.a.s.l. for the Argentiéraogr, and < 2400 m.a.s.l. for the Mer
de Glace glacier). Thus, the glacier ASMB includatmmer and winter variations,
which in some cases negated each other. The congraerformance of the simulations
in reproducing the SMB between high and low elevrstiis clearly illustrated in Figure
12. This shows the altitudinal dependence of theBSigk two snow seasons, one
having a low level of snow accumulation and theeoth high level. The simulated
SSMB, WSMB, and ASMB values for both approacheseuestimated the observed
values at both low (higher negative loss of watgriealents observed) and high (lower
positive loss of water equivalents observed) elematreas. Nevertheless, the SMB
simulations at intermediate elevations correctfyroduce the observed values, and the
temporal evolution of the SMB for the 20 years i and 11) was well reproduced

by the simulations.
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The performance of simulations in reproducing gla@MB must take account of the
areal extent at differing elevations. Elevation8080 m.a.s.l. represent 37% and 52%
of the surface areas of the Argentiere and Mer tredsglaciers, respectively. The
Argentiére glacier has < 10% of its surface ardavbe400 m.a.s.l., and the Mer de
Glace glacier has < 7% below 2100 m.a.s.l. Thels¢ive extents of glacierized surface
area show that for large areas of the glacierSMB was accurately reproduced by the
simulations. However, for large glacierized areheré were marked differences
between the observations and simulations; althahghyear-to-year evolution was
accurately reproduced, this demonstrates the mecbtrove simulation methods.

In general, the distributed simulation values foe SMB were slightly closer to the
observed SMB values than were those from the séstriltited simulations. Table 8
shows that the RMSE values were lower for the itlisted simulations and the’R
values were higher for most periods in both gléoést areas. However, the WSMB
simulations obtained using the semi-distributed rapgh were slightly better at
reproducing the SMB.

4.4. Glacier Equilibrium Line Altitude

The temporal evolution of the ELA for the five lagy glaciers in the study area is
shown in Figure 13. Overall, and despite differean@e the spatial resolutions of
simulations and observations of ELA, the ability tbe simulations to capture the
temporal evolution of the ELA during the 26 yeafgsh® study was satisfactory, with
lower variations found for distributed simulatidies most seasons.

Table 9 shows the average absolute differenceseleetwbservations and simulations
and the linear adjustments for the five glaciersese results show a systematic positive
bias on the simulated ELA which is consistent wikle summer underestimation

revealed by the previous tests.
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5. Discussion

5.1. Overview of SAFRAN-Crocus performance

The observation dataset used in this study enabldtilevel spatio-temporal validation
of the performance of snowpack simulations at ttedesof a large alpine catchment.
The analysis of the results of semi-distributed digdributed simulations provided a
holistic evaluation of the snow and ice dynamicsthe study area. Overall, the
SAFRAN-Crocus simulations have shown a good cajpabdn reproducing the
temporal evolution and spatial variability of snend ice during the study period.

The simulations were evaluated using snow depth flain five Météo-France stations.
Their ability to reproduce a bulk variable suchsasw depth suggests that the main
simulation processes were satisfactory, especiigse related to the various
components of the energy and mass balance. Thedinds are consistent with
previous evaluations of the SAFRAN-Crocus systemréddet al, 2009a; Lafaysset
al., 2013).

Distributed information on the snowpack evolutioonfi the MODIS sensor enabled
evaluation of the simulation results on a suitatdeporal scale. Although many
MODIS images were discarded because of cloud ctivey, demonstrated the capacity
of SAFRAN-Crocus to simulate the spatial distribatiof the SCA over time for large
areas having high spatial heterogeneity. The 144ye® period spanned is longer than
in all previous similar evaluations, and at a higbpatial resolution (Quénet al,
2016). Evaluation of the spatial similarity betwesimulations and observations
(Jaccard index and ASSD) showed that the SCA dpaditern was well reproduced.
The simulated SCA for winter was in close agreemetit observations, as most of the
study area was covered by snow. In contrast, dustmgmer the performance of
simulations declined, as evidenced by the incréas&SSD and the decrease in the
Jaccard index. As small scale topographic effdwd$ tontrol snow accumulation on
preferential accumulation areas were not includethée simulations, deviations from
observations would have increased for certain gsriparticularly the late melt period.
These processes, which are mainly driven by sropbdraphic features, can be long-
lasting during the late melt period (Revuettbal, 2016b; Sturm and Wagner, 2010).
This was particularity evident in comparisons & gtores for the 2006—07 and 2007—-
08 periods with those for the 2011-12 and 2012-e®@s (Table 3). The differences

in response may have originated from the higheighteof glacier melt processes in

20



The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-184

Manuscript under review for journal The Cryosphere The Cryosphere
Discussion started: 27 September 2017 Discussions
(© Author(s) 2017. CC BY 4.0 License.

609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641

years with shallow snow depth. For these yearsgtu capability of the model on
reproducing snow melting is lumped because the gfietsibution is not appropriately
simulated.

The availability of observations of the glacier SMer a long time period provided an
opportunity to evaluate the performance of the &ians in capturing the snow and
ice temporal evolution over a wide range of elewati over glacierized areas.
Contrasting simulation performances were foundhia various elevation bands, and
changed with the time period involved (summer, wintor annual scales). The
performances in simulating the SMB for the Argemti@and Mer de Glace glaciers
differed at high and low elevations. Although theserved SMB was always higher
than the simulated one for elevations exceedind 2i@Ppthe opposite was observed for
areas having elevations below 2100-2400 m. As d#meporal variability of solid
precipitation generally explains the temporal Vaility of the WSMB (Réveilletet al,
2017), it is important to consider differences bedw simulated and observed solid
precipitation, and how these could affect undemgation of the SMB in simulations.
Studies in the same study area and nearby glasigygest that at high elevations the
SAFRAN reanalysis may underestimate solid predipitaat ratios ranging from 1:1.2
at 2000 m.a.s.l. and 1:2.0 at 3200 m.a.s.l., witeerage of 1:1.5 at the glacier scale (
Gerbauxet al, 2005; Réveilleet al, 2017; Vianiet al, submitted). This mainly results
from the lack of precipitation observations at hajavations available for assimilation
into the SAFRAN reanalysis; consequently divergsrinerease with elevation. Despite
this shortcoming, the simulations captured theriatenual fluctuation of the WSMB for
all elevation bands. During summer the SMB could explained by temperature
variability in the two glaciers (Réveillet al, 2017), thus simulations results are closer
to observations, particularly at higher elevatiols.summer, most precipitation is
liquid, and so has little impact on the energy beg¢aof the glaciers (Hock, 2005); this
may explain the improvement in summer simulatiarsfost elevations.

It has recently been shown that Crocus is ablectwrately simulate snow albedo
(Réveilletet al, in prep), which is important because of its ieflege on the surface
mass balance (Essery and Etchevers, 2004; Esseay 1999). However, it has been
demonstrated that Crocus results are directly feby uncertainties in the estimation
of long wave radiation and wind (Réveillet al, in prep). Such effects may be

significant for elevations where the snow compieteklts during summer and do not
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insulate ice from the atmosphere during late mesdsen,; this includes the low elevation
areas of glaciers, where high SSMB errors weredoédt the annual time scale, glacier
differences between the observed and simulated &tMBgh elevations during winter
and at low elevations during summer were reducedus®z the SMB underestimates for
winter (note these were negative/positive at high/klevations) were compensated for
by more accurate simulations during summer, anel vécsa. Regardless of these errors,
SAFRAN-Crocus was able to replicate the interannaablution of the SMB.
Additionally, there was a good match between olmems and simulations for the
2100-2400 to 3000 m.a.s.l. elevation bands for Mex de Glace and Argentiére
glaciers, respectively; these elevation bands epessed large proportions of the
glaciers (approximately 40 and 53%, respectively).

For the entire study period the SAFRAN-Crocus satiahs effectively reproduced the
observed inter-annual evolution of the study ardéacigr ELA. However, some
differences were evident, particularly on steeplarcigrs, because the high spatial
heterogeneity was not well captured by the simometi For mid-latitude mountain
glaciers, the annual evolution of the ELA can besidered to be a good proxy for the
glacier surface mass balance (Braithwaite, 1984pakh et al, 2005). Thus,
observations of the glacier SMB, together with tEA, provide for a complete
evaluation of glacier temporal evolution.

5.2. Limitations of the evaluations performed

Although the observation dataset enabled compréreesaluation of the simulations,
it had limitations. First, the discrepancy in sahtscale between the SAFRAN
meteorological analysis and the snow depth obsenstand the low number of
stations, limited the interpretation of resultsterms of the simulated snow depth.
Differences in the temporal evolution of snow degibtween observation and
simulations were in part associated with the urvesbsub-massif spatial variability in
the level of precipitation, as previously descritfPdrandet al, 2009a; Lafaysset al,
2013; Vionnetet al, 2016). In situ observations are also subject to local effects
associated with the topographic control at eaadh, sitcluding exposure to dominant
winds, which markedly affects the snow depth dymamBuch effects remain difficult
to capture in snowpack modeling (Dadical, 2010a; Listoret al, 2007; Revueltet
al., 2016a; Schirmeet al, 2011; Vionnetet al, 2014), and were not included in the

modeling involved in our study. Discrepancies oraging from the snow-rain limit can
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also influence the snow depth. Stations at higlvatien (Aiguilles Rouges: 2365
m.a.s.l.) are typically not affected by this pheemeon during winter, as the°©
isotherm is located at lower elevations. In confri&sv elevation stations (Le Tour:
1470 m.a.s.l.; Chamonix: 1025 m.a.s.l.) are padigtaffected by differences between
the simulated and observed snow-rain limit, eveimduwvinter. In mid-latitude regions
including the Alps, elevational shifts in thé@isotherm cover a significant variation
throughout the year, including the elevations wresaeh of the stations in this study is
located.
Data on the spatial extent of SCA derived from MSDinages enabled distributed
evaluation of the simulations. However, its usefgkin analysis of the performance of
spatial simulations is limited, as it does not paevinformation on other snowpack
variables, and imposes restrictions on the spegidlution. Satellite observations also
involve uncertainty, depending on the routines i@gpfor generating the final product
and the thresholds used to decide whether a pigal @ covered by snow. We adopted
a 0.35 UWS threshold for considering a pixelas smmwered in satellite imagery
(Charroiset al, 2013; Dedietet al, 2016). We also performed an analysis to select th
simulated snow depth threshold for consideringxaldib be snow covered. The 0.15 m
threshold selected is consistent with values replart previous studies (Gascahal,
2015; Quéncet al, 2016). In addition to the above issues, satgliteducts can have
errors for specific dates. For a small number ofsdduring the study period the SCA
obtained from MODIS images did not describe thé eggent of snow cover. For these
days the SCA did not match the temporal SCA evatutibserved on previous and later
dates. Furthermore, days having the maximum clamekrcallowed in our analysis
could have + 20% SCA variability. This induces umaity in the observation for
certain dates which can be greater than this optkel classification as snow covered
in the simulations (note the £ 0.05 m snow depiineshold tested). In addition, pixels
classified as snow covered in which bare soil mayeha non-negligible extension
(pixels close to the 0.35 UWS threshold) could ddtrce discrepancies between
observations and simulations, mainly during summer.
Glacier surface mass balance observations alsolviviimitations. For instance,
infrequent glacier SMB observations for certain penal windows limited evaluation of
the simulated SMB. The spatial sampling involvedhia glaciological method can also
be a significant source of uncertainty, especi@helevation bands for which there are
23
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a limited number of observations. Additionally, tagerage SMB obtained for the
elevation bands can lump the high SMB spatial éitg that occurs within a specific
band. For most years and all the elevation bandsutitertainty associated with the
average SMB measurements (x 0.2 m water equivakRétgilletet al, 2017) was
exceeded by the uncertainty associated with thereagons for each band. This could
have affected the results presented here, indgcdliat the standard deviations for the
observed SMB values should be retained when amajythie results of the simulations.
The simulations underestimated the observed SMBttferlowest elevations having
SMB observations, despite the temporal variabitiging replicated. This may have
been related to errors in precipitation and phase, in this regard differences in the
snow—rain limit could be important. Additionaliyhe impact of local effects is more
important at low elevations, as glaciers are marefined in valleys that have very
steep slopes and adjacent high mountains. In lewa&bn areas, where ice is exposed
to the atmosphere for longer periods during the ysaow does not insulate ice from
the atmosphere since it has disappeared), diffeseimcmeteorological forcing variables
including wind and temperature can have a markédeince on simulation results
(Réveilletet al, submitted). Similarly, at low elevations the ggas are usually covered
by debris, as is the case for the Mer de Glaceigglathis was not considered in our
simulations, but differences in the behavior of $hew—ice interface in debris-covered
areas could be expected to affect the simulatisuli® (Lejeunet al, 2013).

Some issues were also evident in evaluation ofEth&. For the smallest glaciers, a
reduced number of pixels having the 250-m pixebliggon were considered. As the
ELA observations were based on Landsat, SPOT antERSsatellite images (2.5-30
m resolution) the spatial variability of the simiidm made it difficult to identify the
glacier margins. The combination of problems inirdighating glaciated areas over
smaller ice bodies, and the smooth topography ctexiaing the simulations compared
with real terrain, could cause simulation erronssimaller glaciers.

5.3. Distributedss. semi-distributed approaches

In this study we performed distributed and semiriisted snowpack simulations using
the same model and evaluation setup (including inggalization, meteorological
forcing, projection on the same grid, observati@tabases). Thus, both approaches
were affected by the same methodological limitatiomhe simulation results were

consistent with the observed SCA evolution usinthbapproaches. However, better
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results were obtained from the distributed simatatj especially during late summer.
The energy balance was more accurately simulatatieirdistributed approach, as it
accounted for terrain shadowing effects on inconsotar radiation. The distributed

simulations also accounted for the specific charistics of each pixel rather than
categorization based on topographic classes. Ts$teildited approach also produced
more accurate simulations of the SCA for the vaitime periods, particularly during

the late melt period. Similarly, spatial similarigyaluation (Jaccard index and ASSD)
also showed that the distributed approach wastklighiperior at reproducing the SCA
distribution. The semi-distributed approach besienulated the temporal evolution of
the SCA for areas having a southern aspect, beafusmrain shadowing effects in

areas having a northern aspect are not appropyriatehsidered. Oppositely, the

simulation in northern aspects obtained with thetriiuted approach is superior
because these are able to include terrain shadawitige simulations.

Based on the glacier SMB scores and their tempavalution, we concluded that the
best simulation approach depends on the seasolvéavdrhus, the WSMB evaluation

showed that similar results were obtained using tthe methods. In contrast, the
distributed approach was better at simulating tB&B. The similar performances of

the semi-distributed and distributed simulationsrdpwinter, but the better results for
the distributed simulations for summer resultedhia distributed approach providing
greater accuracy at the annual scale. The bettitseobtained for both glaciers

analyzed for a long time period (ASMB) using thetdbuted simulations suggests that
this approach is likely to provide more reliablsuks over longer periods.

The distributed simulation of the ELA generally sleal closest agreement with
observations, but for certain years the semi-tiisteéd simulations most accurately
reproduced the observed values. Thus, it is naiplesto conclude that one approach
to reproducing the ELA was superior. This uncettaimay be related to the coarse
pixel size, which did not enable the high spatiatehogeneity of the terrain to be
captured. The annual ELA covers a small area ofkheiers (it represents the snow line
limit between snow-free and snow-covered areasy, tinus the effect of spatial

heterogeneity is likely to be significant.

Overall, the distributed simulations were betteregiroducing observational data. Thus,
distributed simulations, which better represent $patial heterogeneity of mountain

areas, in general produce more accurate snowpackilagions, and are the
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recommended modeling approach. However, dependimgthe purpose of the
simulations and the accuracy required, other factoust be considered. For instance,
semi-distributed simulations have lower computiegource requirements; in this study,
the distributed approach had computing requiremirdswere a factor of 100 greater.
The accuracy of semi-distributed simulations inroelpcing the snowpack evolution
over large areas makes them useful in many apiolicat

5.4. Future perspectives on distributed snowpavkilsitions

Simulating the snowpack evolution in mountain aréaschallenging. Although
advances in meteorological/snowpack models andlation approaches are improving
the reproduction of observational data, inaccusaiemain. Many studies have
highlighted the potential to improve snowpack modgeby assimilating observational
data (Griessingest al, 2016; Thirelet al, 2013). Satellite data enables the distribution
of the snowpack over large areas to be determiaed,the assimilation of such data
into snowpack models has been shown to signifigantprove the simulation results
(Charroiset al, 2016). In distributed snowpack simulations alndiséct satellite data
can be assimilated, in contrast to the semi-disteitt approach. Additionally,
meteorological forcing models having high spatesdalution are improving simulations
of the spatial pattern of meteorological variabiesmountain areas (Schirmer and
Jamieson, 2015; Vionnedt al, 2016; Weusthoffet al, 2010). This will improve
snowpack simulations (Foérstet al, 2014; Quéncet al, 2016), even though it is
challenging to combine high resolution numericalather prediction models with
precipitation measurements assimilation in analysistems. Interest in distributed
snowpack simulations will be enhanced when reliabigh spatial resolution
meteorological forcing data are available, as ahily simulation approach can take full
advantage of such data. Further research is needegarameterizing small scale
snowpack processes for incorporation in modelingluding wind driven snow
transport (Dadicet al, 2010b; Winstralet al, 2012), avalanche snow redistribution
(Bernhardt and Schulz, 2010), and topographic ocbmatn snow distribution (Revuelto
et al,. 2016a). Inclusion of these processes, togetlitbrthe incorporation of reliable
meteorological forcing and satellite data, assitioita will improve the accuracy of

snowpack simulations over extensive mountain areas.
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6. Conclusions

This study provided a detailed assessment of thigyadf the SAFRAN-Crocus system
to simulate the snow and ice dynamics in compl@inelterrain using distributed and
semi-distributed simulation approaches. The studg wndertaken in the upper Arve
catchment in the western French Alps, with simalai run for the 1989-90 to the
2014-15 snow seasons.

A preliminary evaluation of the simulations was qdeted based on observations of
snow depth derived from five meteorological stagiavithin the study area. This was
only performed using punctual snowpack simulatigasprovide an initial assessment
of model performance over non-glaciated terrainsfite some discrepancies between
observations and simulations, the model reliabpyoduced the snow depth, especially
during melt periods.

In regard to the spatial scale of snowpack simuatiover extended areas, the semi-
distributed and distributed simulations were coregausing the same observation
datasets, including: (i) the temporal evolutiontlod snow-covered area based on data
from the MODIS sensor; (ii) measurements of surfa@ss balance of glaciers within
the upper Arve catchment; and (iii) observationatiadon the annual evolution of the
equilibrium-line altitude for the various glaciersnsidered.

Both simulation methods accurately reproduced theluton of the SCA during
accumulation events, as they relied on the samearw@bgical forcing data. For the
winter to early spring period, when the study aiealmost completely covered by
snow, there was little difference between the tywpraaches. However, for the melt
period the distributed simulations better reprodutte observations.

The simulations for low elevations and elevation®2200 m.a.s.l. underestimated
(negative underestimation in low elevations anditp@sin high) the observed SMB.
Nevertheless, the results of both simulations viri@ose agreement with observations
at mid-elevation areas, and adequately reprodulcedobserved annual SMB at all
elevations. Overall, the distributed simulationslged better results.

Based on comparison with ELA data obtained fromouer satellites at the end of
summer, the SAFRAN-Crocus accurately reproducedntee-annual variability of the
snowpack over glaciated areas. However, differenbesveen observations and
simulations were evident, particularly for the slestl glacierized areas, where the

spatial resolution of the simulations did not eeathle high spatial variability of the
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topography to be included. In addition, based an EhA evaluation, the distributed

approach was slightly better at reproducing thevgraek dynamics.

Overall, the results of this study demonstrated distributed simulations were better at
reproducing snowpack dynamics in the alpine terirour study area. Distributed

simulations take account of the specific topograpthiaracteristics of each pixel and
also the effects of terrain shadowing by surrougdireas. Inclusion of these two effects
over long time periods led to better results beoigained using the distributed

approach. Distributed simulations will facilitatecorporation of the latest snowpack
modeling advances, including assimilation of sagetlata and the use of higher spatial

resolution meteorological forcing models.
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1224 Figure 11: Temporal evolution of the observed and simulassm{-distributed and
1225 distributed) SMB for the Mer de Glagtacier for the seven 300-m elevations bands for
1226 the period 1994—-2013. The points show the averagereation and simulation values
1227 for the same measurement locations, and the viebéra show the standard deviations
1228 for those values.
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Figure 12: Altitudinal dependence of the observed and siredlgsemi-distributed and
distributed) SMB for two snow seasons (2007-08: lewel snow accumulation; and
2012-13: high level snow accumulation) at the Medace glacier.
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1233
1234 Figure 13: Observed and simulated evolution of the ELA fag flve glaciers during
1235 the study period, based on the same dates asftirabe satellite image acquisition.
1236
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1248

1249
1250
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1252

Tables
Num. Obs.
Observatory RMSE Bias[cm] Period
[cm]
Chamonix 23.3 12.1 1983-2015 6704
Le Tour 29.6 13.0 1985-2015 6323
Nivose Aiguilles  go s 494 1083-2015 5902
Rouges
La Flegere 45.0 -19.1 2003-2015 1231
Loanar 20.¢ 1.¢€ 1994-201F 5964

Table 1 Error statistics (bias and RMSE) between simdlated in situ snow depth
observations for the five meteorological statianthie study area for periods for which
observations were available. The locations of thgans are shown in Figure 1.

Threshold
R2 RMSE[cm] MAE
SCA[0,1] SD [m]
0.1 0.821 12.64 8.36
0.35 0.15 0.828 12.51 8.24
0.2 0.815 12.86 8.54

Table 2 UWS performance for various snow thicknessesctedeas thresholds for the
2008-09 and 2009-10 snow seasons. Bold valuesaiedibie selected snow depth
threshold.

Period Approach R? MAE RMSE
Semi-

Entire period distributed 0.815 10.47 15.28

(2001-2015)  Distributed 0.822 8.35 12.64

2006-07 to Semi- 0.744 10.756 16.903
2007-08 distributed

Distributed 0.756 8.74 14.82

2011-12 to Semi- 0.881 11.56 15.58
2012-13 distributed

Distributed 0.895 7.99 11.10

Table 3 RMSE, MAE and Rvalues for the observed and simulated SCA (bareti®
distributed and semi-distributed approaches) faious time periods for the entire

study area.
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Period Approach R? MAE RMSE
~Semi- 0.71 10.12 16.04
Entire period distributed
(2001-2015) _
Distributed 0.72 7.60 12.84
Semi- 0.58 11.26 18.36
2006-07 to distributed
2007-08
Distributed 0.59 8.61 15.62
Semi- 0.82 11.30 16.38
2011-12 to distributed
2012-13
Distributed 0.84 7.79 11.69

Table 4 RMSE, MAE and Rvalues for the observed and simulated SCA (baseteon

distributed and semi-distributed approaches) foious time periods for those parts of
the study area having a northern aspect (N, NE, .NW)
Period Approach R? MAE RMSE
Semi-
distributed 0.851 10.23 14.99
Entire period
(2001-2015) L
Distributed 0.856 9.89 14.21
~Semi- 0.80 10.17 16.48
2006-07 to distributed
2007-08 .
Distributed 0.815 10.34 16.21
Semi- 0.902 10.98 15.00
distributed ' ' '
2011-12 to
2012-13 o
Distributed 0.905 8.25 11.81

Table 5 RMSE, MAE and Rvalues for the observed and simulated SCA (basati®
distributed and semi-distributed approaches) foious time periods for those parts of

the study area having a southern aspect (S, SE, SW)
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1264
1265
1266
1267

1268
1269
1270
1271
1272
1273
1274
1275
1276
1277

The Cryosphere

Period Approach Jaccard ASSD
Entire period _Semi- 0.817 0.912
(2001-2015) distributed

Distributed 0.832 0.975

2006-07 to _Semi- 0.783 0.920
2007-08 distributed

Distributed 0.801 0.952

2011-12t0 o°om- 0.826 0.897
2012-13 distributed

Distributed 0.836 0.952

Discussions

Table 6: Average values of the Jaccard index and ASSD saloe each simulation
approach for various time periods.

Period Approach Jaccard Index ASSD
JFM MJJ JFM MJJ
Semi- 0.9535 0.802 0.687 1.152
2006-07  gistributed
Distributed 0.9557 0.823 0.704 1.104
Semi- 0.950 0.793 0.717 1.062
200708 gistributed
Distributed 0.951 0.809 0.724 1.043
Semi- 0.968 0.756 0.711 0.983
2011-12  gistributed
Distributed 0.967 0.754 0.734 0.994
Semi- 0.980 0.790 0.199 1.271
12012-13  gistributed
Distributed 0.990 0.799 0.198 1.250

Table 7: Average values of the Jaccard index and ASSDdoh simulation approach
for the maximum (JFM) and minimum (MJJ) snow acclation periods.
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Glacier Period Approach RMSE MAE R2 slope Intersect
Semi- 0.53 0.42 0.537 0.52 0.33
WSMB jistributed
e Distributed 052 | 040 051 0458  0.467
Semi- 0.96 0.78 0.72 0.56 -1.47
Arg SSMB istributed
L Distributed ~ 0.76 | 661 084 0737 -1.04
Semi- 1.21 0.99 0.71 0.55 -1.22
ASMB  gistributed
Distributed 1.05 0.85 0.78 0.679 -1.02
Semi- 0.72 0.56 0.64 0.53 0.093
WSMB  gistributed
____________________ Distributed 157 115 083 043 037
Semi- 1.46 1.17 0.75 0.55 -1.33
Mdg SSMB istributed
e Distributed ~ 1.19 | 08 086 067 094
Semi- 1.72 1.33 0.75 0.52 -1.45
ASMB distributed
Distributed 1.57 1.15 0.83 0.587 -1.03

1278 Table 8:RMSE, MAE, R values for the slope and intersection in linegustehents
1279 between the observed and simulated SMB for Merldeg3Mdg) and Argentiére
1280 (Arg) glaciers.

1281
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1282
Glacier Approach  Avg Dif Std. Dev Slope R2
(Differences)

Semi- 155.11 69.62 0.715 0.420

Mdg distributed
Distributed ~ 88-57 48.90 0.869 0.627
Semi- 158.34 101.84 0.188 0.102

Les distributed
Distributed ~ 110.73 109.67 0.560 0.586
Semi- 105.14 59.25 0.4936 0.2336

Tal distributed
Distributed ~ 80-12 41.87 0.766 0.476
Semi- 105.14 59.25 0.339 0.528

Tour distributed
Distributed 8433 68.71 0.625 0.715
Semi- 63.89 42.87 0.270 0.103

Arg distributed
Distributed ~ °4-92 31.85 0.578 0.381

1283 Table 9: Average differences, standard deviations, sloghefinear adjustment, and
1284 R2 values for the observed and simulated ELA for teGlace (Mdg), Leschaux

1285 (Les), Talefre (Tal), Tour and Argntiere (Arg) diars.
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