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Capturing the spatial and temporal variability of precigtion at ne scale is necessary for
high-resolution modeling of snowpack and glacier mass balace in alpine terrain. In this
study, we assess the impact of three sub-kilometer precipétion datasets on distributed
simulations of snowpack and glacier mass balance with the dailed snowpack model

Crocus for winter 2011-2012. The different precipitation dtasets at 500-m grid spacing

over the northern and central French Alps are coming from (ihe SAFRAN reanalysis
specially developed for alpine terrain interpolated at 50én grid spacing, (ii) the numerical
weather prediction (NWP) system AROME at 2.5-km resolution ainscaled with a

precipitation-elevation adjustment factor, and (iii) a veion of AROME at 500-m grid
spacing. The spatial patterns of seasonal snowfall are rsanalyzed for the different
precipitation datasets. Large differences between SAFRANnd the two versions of
AROME are found at high-altitude and in regions of strong ographic precipitation

enhancement. Results of Crocus snowpack simulations are #n evaluated against (i)
point measurements of snow depth, (ii) maps of snow covered r@as retrieved from
optical satellite data (MODIS) and (iii) eld measurementsf winter accumulation of
six glaciers. The two versions of AROME lead to an overestirtian of snow depth

and snow-covered area, which are substantially improved bySAFRAN. However, all
the precipitation datasets lead to an underestimation of sow depth increase at the
daily scale and cumulated over the season, with AROME 500 m pwiding the best

performances at the seasonal scale. The low correlation faul between the biases in
snow depth and in cumulated snow depth increase illustrateghat total snow depth

has a limited signi cance for the evaluation of precipitatin datasets. Measurements
of glacier winter mass balance showed a systematic underesnation of high-elevation
snow accumulation with SAFRAN. The two versions of AROME ovestimate the winter
mass balance at four glaciers and produce nearly unbiased eisnations for two of

them. Our study illustrates the need for improvements in th@recipitation eld from

high-resolution NWP systems for snow and glacier modeling ialpine terrain.
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1. INTRODUCTION example at high-elevation (e.@erbaux et al., 2005; Gutmann
et al.,, 2012; Silverman et al.,, 2013; Henn et al., ROIBe
Accurate estimation of winter precipitation stored as snowmeasurements of snowfall amount with gauge is also a ected
in mountainous terrain is critical for many applications. For py wind-undercatch (e.gRasmussen et al., 2012; Kochendorfer
hydrology, mountain snowpacks play a crucial role in providinget al., 201 which limits the nal quality of the precipitation
spring and summer water resources for multiple purposegjatasets4dam and Lettenmaier, 20)3
in dierent regions of the world (e.g.\Viviroli et al., 2007, Precipitation datasets derived from high-resolution
Mankin et al., 201p The spatial and temporal evolution of atmospheric models constitute an alternative to gauge-based
avalanche hazard is also strongly impacted by snow accuimnilat products. They can be obtained from continuous integrations
and the changes in the physical properties of snow on thef Regional Climate Models (RCM) or from the combinations
ground (e.g.Schweizer et al., 20p3Vinter snow accumulation  of successive forecasts of Numerical Weather Prediction
exerts also a strong control on the annual mass balance pfjwpP) systems.lkeda et al. (2010)and Rasmussen et al.
mountain glaciers ¢u ey and Paterson, 2010; Réveillet et al.(2011) used the Weather Research and Forecasting (WRF)
2018; Roth et al., 20).&inally, errors in the estimation of winter model (Skamarock and Klemp, 20D RCM mode to simulate
precipitation have the largest impact on snowpack modelingeasonal snowfall over Colorado. They showed that a minimum
uncertainties Raleigh et al., 20)5 grid spacing of 6 km is required to capture topographically-
Winter precipitation in mountainous terrain presents a largeinduced vertical motions and resulting snowfall. Theseultss
spatial and temporal variability in uenced by topography atwere then conrmed with dierent RCMs across several
dierent scales {lott et al., 201% At the mountain-range mountain ranges of the world: in the United Statesughes
scale, precipitation patterns are mainly driven by orographic:t al., 2017; Jing et al., 2Qlih Nepalese Himalay&Cllier and
precipitation (Roe, 2005; Houze, 201 The forced ascent of air Immerzeel, 2015and in the European AlpsBan et al., 2014
masses over topography leads to condensation and increasRédcently,Bonekamp et al. (201&)ave shown the potential of
precipitation on the windward side relative to the leewardWRF at 500-m grid spacing to capture the spatial variability
side of mountain ranges. Changes in the synoptic and loca@f winter precipitation in Nepalese Himalaya. High-resolutio
conditions also aect the snowfall limit and the partition NWP systems at kilometer scale have also been used to
between liquid and solid precipitatiorqiterstrasser and Zangl, generate high-resolution atmospheric forcing for snowpack
2009. At the local scale, microphysical processes, such as tegnulations in alpine terrain Horton et al., 2015; Quéno
seeder-feeder mechanismvi¢tt et al., 2013 and preferential et al., 2016; Vionnet et al., 2016; Luijting et al., J0These
deposition of snowfalll(ehning et al., 20Q8&nhance the spatial systems benet from advanced data assimilation systengg, (e.
variability of solid precipitation Gerber et al., 20)9This multi-  Brousseau et al., 200®ut are still subject to analysis and
scale variability represents a challenge in obtaining bldia forecast errors impacting simulated precipitation and the
precipitation dataset in mountainous terrain. resulting snowpack simulations. Furthermore, they do not
Networks of gauges measuring precipitation in mountainousassimilate precipitation gauge measurements. Therefotputai
terrain are usually scarce so that interpolation techniquesf NWP systems can be combined with gauge measurements
taking into account topography have been developed to derivid provide high-resolution precipitation analysi$dci et al.,
spatially-continuous precipitation datasetShornton et al. 2016; Fortin et al., 20)®ut these products su er from the same
(1997)proposed a method relying on a precipitation adjustmentlimitations as the gauge-based products in mountainousafarr
function depending only on elevation. This method is usedSchirmer and Jamieson, 2015
to produce the Daymet precipitation dataset at 1-km grid In the French mountains)ionnet et al. (2016and Quéno
spacing over North America. Other methods were introduced:t al. (2016)used the NWP system AROME at 2.5 km grid
to better account for the in uence of synoptic conditions on spacing Eeity et al., 20) 1o drive snowpack simulations with the
the relationship between precipitation and elevation usethsn  detailed snowpack model Crocusr(in et al., 1992; Vionnet et al.,
interpolation. Over the French mountainBurand et al. (1993, 2012. They showed that AROME captured mesoscale orographic
2009)developed the precipitation analysis system SAFRAN thairocesses leading to a more realistic regional snowpackoilitsia
combines gauge measurements with climatological graslientompared to simulations driven by the SAFRAN meteorological
of precipitation computed for seven weather regimes. Outputanalysis system. AROME-Crocus brought also improvements
of SAFRAN are available per elevation-steps for areas of terms of simulated daily snow accumulation (larger than
climatological homogeneity known as massifs. Over the sami cm per day) compared to SAFRAN-Crocus due partially to
mountains, Gottardi et al. (2012)lso used an interpolation the absence of undercatch correction in SAFRAN. However,
method with a classi cation into weather patterns in theikin ~ AROME-Crocus led to an overall overestimation of snow
precipitation dataset. In the United Stat&sly et al. (1994, 2008) depth due to (i) locally overestimated orographic precipitatio
developed the parameter-elevation regressions on indepéndesnhancement, (ii) biases in radiative forcing (iii) nomrsilated
slopes model (PRISM) using empirical relationships to accountind-induced snow erosion and (iv) underestimation of snow
for the in uence of elevation, windward and leeward sloped an compaction Quéno et al., 2016, 20).8These results were
coastal proximity. PRISM data are available at 4 and 0.8 kmbtained with a version of AROME running at 2.5 km grid-
grid spacing over the United States. These gauge-based psoduspacing whereas the operational version of AROME is currently
su er from limitations in areas where few data are availafide, running at 1.3 km Brousseau et al., 20jl@and a version at
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FIGURE 1 | Map of the simulation domain showing the topography at 500-ngrid spacing. Black dots show the location of stations measting snow depth (87 in
total). The glacier mask (see text for more details) appeais red (only available in France) and glaciers monitored blygg GLACIOCLIM observatory (blue boxes) are
listed. Contours (black lines) and names of the SAFRAN massiare also given on the map.

500 m is used in support of airport operationsigelin et al., 2. METHODOLOGY
2019. This sub-kilometer version presents an even Iargerimterez.l. Study Area and Period

in mountainous terrain to better predict local terrain-indad -
This study focuses on the northern and central French Alps

phenomena and to drive snowpack simulations at su cient X )
resolution to explicitly capture part of the variability of pleand ~ ©Ver & domain covering 155 km (West-East)200 km (North-
South).Figure 1 details the topography of the region at 500-m

aspect in uencing snow evolutiorRevuelto et al., 20).8 . S g |
The main objective of this study is to assess the ability g9rid spacing. The highest summits (above 4,200 m) are located
AROME at 500-m grid spacing for snow and glacier mass baland@ the Mont Blanc mountain range (area 3 dfigure 1) and
modeling in the French Alps. Snowpack simulations were carrie@r€a@s above 2,000 m are widely spread across the domain which
out at 500-m grid spacing over the northern and central Frenchnakes it relevant to study winter precipitation dataset arieltes
Alps for winter 2011/2012. This paper places a speci c emphas&iowpack evolution in alpine regions. Several glaciers are also
on the importance of the precipitation forcing for sub-kiloneet located in the study area, mainly in the Mont Blanc, Vanoise,
snowpack simulations. It compares snowpack simulations driveGrandes Rousses, Oisans, and Pelvoux mountain ranges as shown
by AROME 500 m with simulations where the precipitation by the glacier mask ofsardent et al. (2014jeported in red
forcing is obtained from (i) AROME 2.5 km to assess the role obn Figure 1
model resolution and (ii) the SAFRAN analysis system takem as The study period goes from September 1st 2011 to June
reference precipitation dataset in the French mountains. Resu 30th 2012. This relatively short period was constrained by
of snowpack simulations are evaluated against (i) grourgeda the high computational request of AROME 500 m. Winter
measurements of snow depth at 87 stations, (i) maps of sno2011/2012 has been characterized by dry conditions witle it
covered areas retrieved from optical satellite data (MODHs8) a snow accumulation up to high altitude until the beginning of
(iii) measurements of winter snow accumulation at six gdagi December. Then, large precipitation amounts in December and
The paper is organized as follows: section 2 describes thg studanuary led to snow accumulation above average above 2,000 m
area, the di erent precipitation datasets, the numerical modg at the end of January. During this period, precipitation amaint
strategy and the veri cation method. Results are then dethil tended to be larger in the northern French Alps than in the
in section 3. The precipitation datasets are rst compared anaentral and southern parts. February was characterized gy dr
results of snowpack simulations are then presented. Sectionahd very cold conditions followed by warmer conditions in
contains a discussion about the main results of this stuthally, = March. The nal substantial snowfall were observed abo%Q,
section 5 summarizes the results and o ers concluding rermark m at the beginning of April.
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2.2. Precipitation Dataset and Atmospheric 2.2.2. SAFRAN Reanalysis
Forcing SAFRAN (Systeme d'Analyse Fournissant des Renseignements

In this study, we assess the impact of three precipitation etgas Atmosphériques a la Neige; Analysis System Providing
on distributed simulations of snowpack and glacier wintersma Atmospheric Information to Snow) [urand et al., 1993,
balance at 500-m grid spacing in the northern and central Eren 2009 is a meteorological reanalysis system specially developed
Alps (Figure 1). These hourly datasets are described below. Thefpr alpine terrain. SAFRAN provides hourly meteorological

cover the period from September 1st 2011 to June 30th 2012. information in 300-m elevation steps for 23 areas of the Frenc
Alps known as massifsF{gure ). These dierent massifs

2.2.1. AROME NWP System were de ned for their climatological homogeneityD(rand
AROME is the NWP system used by Météo France to providet al., 1998 The precipitation analysis in SAFRAN relies on
short-range forecast at high resolution (2.5 km from 2008 tabservations from automatic stations and manual statiaress
2015, 1.3 km since then)séity et al., 2011; Brousseau et al.the di erent massifs ( 300 stations in wintertime covering the
2016. AROME is particularly relevant to represent small-altitude range 500-2,500 m). For each massif, SAFRAN uses
scale processes in mountainous terrain including orographien objective analysis method based on optimal interpolation
precipitation and valley winds. In this paper, two methods ardo combine these observations with a climatological velrtica
considered to obtain hourly precipitation dataset at 500-nidgr pro le of precipitation computed for seven weather regimes. In
spacing from AROME. our study, SAFRAN total precipitation was interpolated on the
In the rst method, daily forecasts at 2.5 km issued at500-m grid depending on the elevation and the massif of each
the 0 UTC analysis time were considered asUnéno et al. grid cell of the domain as in/ionnet et al. (2016) SAFRAN
(2016)andVionnet et al. (2016)Successive hourly precipitation data are only available within the limits of the massifs sham
forecasts (solicC liquid) at 6-29 h lead time were extracted to Figure 1, at elevations higher than 600 m.
avoid precipitation spin up and combined together to generate
a continuous precipitation dataset at 2.5 km over the domair2-2.3. Atmospheric Forcing for Snowpack Simulations
of study Figure 1). This 2.5-km precipitation dataset was thenThe three precipitation datasets were integrated in di erent
downscaled to the nal 500-m grid using the precipitation Sets of atmospheric forcing for the detailed snowpack model

adjustment function proposed hyiston and Elder (2006) SURFEX/CrocusHrun et al., 1989, 1992; Vionnet et al., 2012
In addition to solid and liquid precipitation, Crocus requs¢he
1C (zs00m Z2.5km) following meteorological forcing: air temperature and specic
Psoom D P2-5km1 (Zsoom  Z2.5km) @) humidity at a given level (generally 2 m), wind speed at a

given level (generally 10 m) and surface incoming longwave
wherePsgom (in mm) and zsgom (in km) are the resulting total and shortwave radiation. These elds were taken from the
precipitation and the elevation on the 500-m grid, respectivelyAROME forecast at 500-m grid spacing using the same method
while P s5m and zo s are the total precipitation and the as inQuéno et al. (2016and Vionnet et al. (2016)successive
elevation from the 2.5 km grid bilinearily interpolated oneth forecasts from the 00 UTC analysis time at 6-29 h lead timewer
500 m grid. is a precipitation-elevation adjustment factor that combined together to generate a continuous atmosphericrigtci
depends on the seasoifil{ornton et al., 1997; Liston and Elder, These forcing were combined with the precipitation dataset to
2009. In our study, is set to 0.30 km?, the average of the generate three atmospheric forcing:

monthly values for the period from September to June reported ARO_0p5the precipitation are taken from AROME at 500-
in Liston and Elder (2006) m griaspacing

In the second method, a version of AROME at 500 m has ARO_2p5Dthe precipitation are taken from AROME 2.5 km
been used to dynamically downscale AROME forecast from downscaled on the 500-m grid

2.5 km to 500. M Over our region of_lnt(_erest. At 500 m, SAFRAN the precipitation are taken from SAFRAN
AROME uses similar physical parameterizations and dynamical interpolated on the 500-m grid.

options as the operational con guration at 2.5 kr8€ity et al.,
2019 with the exception of a more stable temporal schemd-or the forcing dataseSAFRANandARO_2p5Dthe separation
(predictor-corrector). AROME at 500 m diers in terms of between solid and liquid precipitation is based on a threstusld
vertical discretization (60 levels in the 2.5-km versiof, i@  AROME-500 m air temperature xed at C. In ARO_Op5the

the 500-m version). AROME at 500 m ran over a domainphase separation is directly provided by the cloud microphysical
covering 250 km (West-East) 250 km (North-South) and scheme running in AROME 500 m.

centered over the region of study. For each day from September

1st 2011 to June 30th 2012, a 30-h forecast issued at 00 UR:3. Snowpack Simulations

was generated with AROME 500-m with initial and lateralSnowpack simulations driven by the dierent atmospheric
boundary conditions taken from the operational version & 2. forcing described in section 2.2.3 were performed using the
km. As in the rst method, successive forecasts of liquid andletailed snowpack model SURFEX/Croclsun et al., 1989,
solid precipitation at 6—29 h lead time were then extracted and992; Vionnet et al., 20)Zoupled with the ISBA land surface
combined together to generate a continuous precipitatiormdat model within the SURFEX interfaceDécharme et al., 2011;
at 500-m grid spacing. Masson et al., 20)3The default physical options are used for all
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processes as de ned lmafaysse et al. (201 'Hor reproducibility to June 30th 2012 and for three sub-periods: (i) early snow-
of results, the code version used in this study is taggedeason (October, November, and December; OND), (ii) mid-
as Vionnet_Frontiers201én the SURFEX repository (https:// winter (January, February, and March; JFM) and (iii) late
opensource.umr-cnrm.fr/projects/surfex). Distributecbsvpack  season (April, May, June; AMJ). Three elevation bands were
simulations were carried out over the 500-m grid from Septemb also considered to compute the scores: (i) 600-1,500 m (25
1st 2011 to June 30th 2012. Eects of terrain slope andtations), (i) 1,500-2,000 m (39 stations) and (iii) 2;68000
aspect on incoming shortwave radiation as well as terraim (23 stations). None of the selected stations was located
shading due to the surrounding topography were included asbove 3,000 m. Despite their altitudinal and spatial coverage
in Revuelto et al. (2016) (Figure 1), these point measurements are a ected by a limited

The initial soil state was provided by a 1-year spin up usingpatial representativenessr(inewald and Lehning, 20} %hat
AROME operational forcing at 2.5 km interpolated over thecan impact the evaluation of gridded snowpack simulations.
500-m grid. A speci c initialization was used over glaciedz In particular, the local slope at the station location may di er
areas to ensure glacier presence during the whole simulatidnom the slope resolved at 500-m grid spacing. In addition,
period as inRevuelto et al. (2018)The six deepest layers in the evolution of the snowpack at these locations is potentially
Crocus were used to initialize the ice pro le over the grid psin  in uenced by wind-induced snow transport and preferential
covered by glaciers. They were initialized with a densityevaf ~ deposition of snowfall (e.g/Mott et al., 2013 that are not
917 kg m 3 and a temperature of 273.16 K. Their initial thicknesssimulated in our Crocus experiments and that can a ect the
was set to 0.01, 0.05, 0.25, 1.25, 6.25, 31.25 m, resultiag irvaluation of model performance®(éno et al., 2016
total initial ice thickness of 39.06 m. The extent of glaied Daily snow depth variationd, HS were also considered since
areas was based on the glacier inventorigafdent et al. (2014) they provide additional information on the processes respalesi
and is shown onFigure L SURFEX/Crocus ran assuming nofor errors in simulated snow depthQuéno et al., 2096 in
interaction between snow and vegetation asVimnnet et al.  particular the quality of the precipitation forcings¢hirmer and
(2016)and Quéno et al. (2016)hich limits the reliability of the Jamieson, 20)5They were analyzed in two ways. First, observed
snowpack simulations in forested areas. and simulated HSwere computed at each station. The Equitable

Threat Score (ETSSupplement Section Lwas then computed

to quantify the skill of each snowpack simulation for di erent
2.4. Data and Evaluation Methods thresholds ofl HS(1, 5, 10, 20, 40, and 60 cm). CumulafeHS
2.4.1. Snow Depth Data by category were also computed asSohirmer and Jamieson
Snow depth measurements were taken from two sources: ((2015)and Quéno et al. (2016)This analysis was carried out
a network of automatic stations measuring hourly snow depttor several elevation bands (600-1,500, 1,500-2,000-3,000
using ultra-sonic sensors and (ii) a network of manual stasi m) to identify if the dierent snowpack simulations led to
located in ski resorts where an operator measures snow deptinder- or over-estimation ofl HS for the di erent categories.
twice a day on a xed snow stake from the opening to theln addition, cumulative sums of the positive daily snow depth
closing dates of the ski resorts (typically from early Decemidbe variations,6 1 Hsc, were computed at each station with a snow
late March/early April). Stations were selected followingesal depth record covering the full season. 26 stations were used.
criteria. First, the stations had to be within the boundarief Observed and simulate@; 4 at the end of the winter were
the SAFRAN massifé~(gure 1). Then, only stations where the nally compared.Currier et al. (2017used such method when
di erence between the model elevation and the actual terrairevaluating di erent datasets of solid precipitation in the @lgic
elevation at the location of the station is lower than 150 m inMountains (USA).
absolute value were kept for model veri cation. Similar eria
have been previously applied in studies evaluating distribute2.4.2. MODIS Snow Cover Images
snowpack simulations in the French Alps and Pyrenégsénho  MODIS fractional snow cover images were used to evaluate the
et al., 2016; Vionnet et al., 20Q16'he threshold on elevation spatial variability of the simulated snow cover. The MOD10A1
di erence is mainly applied to limit error in snowpack simulatio product Collection 6 Riggs et al., 20)7distributed by the
resulting from error in precipitation phase. Overall, 87 staso NSIDC (National Snow and Ice Data Center) was selected in our
measuring daily snow depth were available for model evalnati study due to its spatial (500 m) and temporal (daily) resolatio
in our study (Figure 1). The bias and mean absolute error Masson et al. (2018)ave also shown signi cant improvements
between the elevation of the stations and the correspondingf the MOD10A1 product Collection 6 compared to the older
points on the 500-m grid are 18 and 63 m, respectively. The Collection 5 in the French Alps. As iMasson et al. (2018)
stations cover an altitudinal range from 631 to 3,000 m withMOD10A1 Collection 6 maps of Normalized Di erence Snow
a median elevation of 1,700 m (upper quartile: 2,030 m; loweindex were converted into maps of snow cover fraction follayvi
quartile: 1,408 m). Only ve stations are located above@/80  the method proposed bgalomonson and Appel (2004)

Snow depth observations available daily at 06 UTC were Maps of snow cover fraction from MODIS were rstly used
used to derive error statistics [bias and root mean squar& visually compare the geographical extent of observed and
error (RMSE)] of the simulated daily snow depth for thesimulated snow cover at di erent stages of the snow seasan. Fo
snowpack simulations driven by di erent atmospheric forcings this purpose, binary maps of simulated snow cover were obtained
These errors statistics were computed from October 1st 201ising a Snow Water Equivalent (SWE) threshold of 20 kd ias
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TABLE 1 | Characteristics of glaciers monitored by the GLACIOCLIM obseatory.

Glacier Lat. () Lon. () Area (km 2) Elev. range (m) Number of drilling cores
Argentiere 45.95 7.00 12.4 2,370-3,020 32
Mer de Glace 45.90 6.95 28 2,130-3,530 23
Gébroulaz 45.29 6.63 3 2,690-3,390 24
Saint Sorlin 45.16 6.17 25 2,680-3,170 28
Sarennes 45.12 6.13 0.09 2,860-2,940 4
Glacier Blanc 44.94 6.38 55 3,050-3,270 14

Latitude and longitude are the coordinates of the approximate center of the gtéers. The elevation range corresponds to the range of elevations of the driticores used to compute
winter surface mass balance.

in Quéno et al. (2016)Second, we quantitatively compared thethe end of the snow accumulation period (late April-beginning
temporal evolution of observed and simulated snow cover areaf May). The uncertainties at each drilling cores are evaldia
(SCA). In this case, a threshold value of 50% on the snow covat 200 kg m 2 (Thibert et al., 2008 The summer surface
fraction was applied to derive binary maps of snow cover frommass balance is measured at the same location as WSMB, using
MODIS. The comparison of SCA was carried out for the regiorstakes inserted in snow and ice. Measurements are collected
within the limits of the SAFRAN massifd-igure 1) and for at several dates throughout the summer until the beginnifig o
several elevations bands within these limits (600-1,5@D0%+ October considered as the beginning of the snow accumuiatio
2,000, 2,000-2,500 m, above 2,500 m). We also evaluated fsason. Measurements points over these glaciers cover ogavera
spatial similarity between the observed and simulated S@#gus higher altitudes (between 2,000 and 3,500 m, depending on the
the Jaccard index], as inQuéno et al. (2016and Revuelio glacier) than the conventional stations measuring snow lept
et al. (2018)J is the ratio between the intersection between Values of simulated WSMB were obtained for each glacier
the observed @) and the simulated § snow cover area and and each Crocus simulation. Simulated WSMB is computed
their union: as the dierence of simulated SWE between the observation
. dates (beginning and end of the snow accumulation period)
JO\ S K . . R R -
- - (2) for the simulation pixels in which drilling cores are located
iors WSMB simulated by Crocus includes the accumulation of
snowfall and mass loss due to surface sublimation and melt,
that can potentially occurs during the accumulation season.
|Error statistics (bias and RMSE) were derived for each Crocus
limitations (e.g.,Parajka et al., 20)2Cloud obstruction and simqlation and each glacier. For the Argentiére and 'V'.ef de€la
glaciers, error statistics were also computed for drillingeso

terrain shadowing reduce the availability of data. In amtdlif . .
. . o above 2,600 m, since these points are less prone to snow melt
the accuracy of MOD10ALl is lower in forested area. This is alsQ™ . - o
uring the accumulation season than the drilling cores teda

the case for our snowpack simulations that did not account for . .
. ! . at lower elevation. We nally compared simulated and obsdrve
snow/canopy interactions. Therefore, a careful selecti@s w

applied to select days and pixels used to compute SCAJandWS'vIB as a function of elevation.

First, only days where the total cloud cover was below 15% wer S|m||_ar to snow dept_h meas_ureme_nts (sectlon_ .2'4‘1)’ the
.~comparison between gridded simulations and drilling cores

considered for the analysis. Then, for each selected daglspix . _ .
y agisp measurements is also a ected by the limited representats&ne

that were covered by clouds or those where MODIS gave ng . : "
. . . of the measurements. In addition, preferential deposition of
data were removed from the analysis. Finally, pixels covere o .
. snowfall and gravitational snow transport inuence snow
by forest were also removed. Details on the forest mask are

given inSupplement Section Zand in Figure S1 Observed and accumulation over glaciers (e.@gdlc etal, 2010.; He|fI’.ICht etal,
. o Lo 2019 and are not represented in the Crocus simulations. These
simulated SCA for the remaining valid pixels were compared.

processes can create regions of preferential snow accuomnulati
over glaciers relative to surrounding non-glacierized aaig

2.4.3. Glacier Winter Surface Mass Balance S i - X
Winter surface mass balance (WSMB) data from six glacier@m'Iar e'e,Va“O“ Gascoin ,et al., ZOJ@nd di erences of snow
ccumulation between adjacent glaciev&hguth et al., 2006

across the French Alps were used. Their location is shown o -~ : : .
Figure 1 and Table 1 depicts their main characteristics. These\one of the drilling cores used in this study are located in area
glaciers are part of the GLACIOCLIM observatorgi and ©f glacier fed directly by avalanches.

Vincent, 201). The surface mass balance (meaning the sum of

winter surface mass balance and summer surface mass balang_e RESULTS

expressed in kg n?) is currently retrieved at distinct points

over the entire glacier using the glaciological methaiey ~ 3.1. Comparison of Precipitation Datasets

and Paterson, 20)OWSMB is measured using drilling cores andFigure 2 presents the maps of accumulated snowfall from
density measurements over accumulation and ablation atea 8eptember 1st 2011 to June 30th 2012 for the dierent

JD

Jvalues range from 0 to 1, with the value of 1 representing
perfect match between the observed and simulated SCA.
MODIS snow cover data are aected by severa
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FIGURE 2 | Total snowfall from September 1st 2011 to June 30th 2012 forte different precipitation datasets{A) AROME 500 m (ARO_0p5)(B) downscaled
AROME 2.5 km (ARO_2p5D), andC) SAFRAN. Maps(D-F). differences between the datasets. SAFRAN data are only ailable within the limits of the massifs (black
lines). Map(A) shows the location of the four transects detailed orfFFigure 4.

precipitation datasets as well as the di erence maps between tlobtained for the Mont Blanc massif characterized by the highe
datasets. On these maps, SAFRAN data are only presented witlglevations in the French Alpd-igure 1). Cumulated snowfalls
the limits of the massifs since they are not available oetsid tend to be lower in the southeast part of our region of inteyest
addition, Figure 3 gives the average annual snowfall for eacHor example over the Queyras massif.

massif and each dataset. For all datasets, total snowfatidses Figure 3 shows large di erences between the precipitation
from the massifs located on the northwest foothills of therfete  datasets. Indeed, seasonal snowfall averaged over allabsifm
Alps (Chablais, Aravis, Bauges, Chartreuse, Verdeéitgire 1)  reaches 546 mm iiSAFRAN 684 mm in ARO_Op5and 737
toward the inner and higher massifs, such as Mont Blananm in ARO_2p5D The largest di erences (over 30%) between
Vanoise, Haute Tarentaise, Belledonne, or Grandes Rousses.SAFRANand the two datasets derived from AROME are found
particular, the maxima of seasonal snowfall for each datiaset in high-altitude massifs located in the inner French Alps (Mon
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FIGURE 3 | Total snowfall from September 1st 2011 to June 30th 2012 aveaged over the massifs shown onFigure 1 for the three precipitation datasets. All refer to
the total snowfall for all the massifs. The massifs are orded from North to South as onFigure 1.

Blanc, Haute Tarentaise, Vanoise, Haute Maurienne, andr@is seasonal snowfall iMRO_Op5and ARO_2p5Dcompared to
Figure 1). Figures 2E,Fshow that ARO_2p5Dand ARO_Op5 SAFRANare generally found on the leeward side of the main
have similar patterns of di erences of cumulated snowfallhwit mountain ranges (Pelvoux dfigure 4C Vercors orFigure 4D).
SAFRAN.ARO_2p5Destimates more snowfall theARO_0p5 SAFRANdoes not present the variability between the upwind
over the massifs, except for three of them located along théddso  and downwind sides of the massifs because of its assumption of
with Italy (Haute Tarentaise, Haute Maurienne, and Thabor)  climatological homogeneity (section 2.2.2).

Four cross sections of total snowfall and topography from
north-west to south-east are shown Bigure 4to illustrate more . .
in details the di erences between the datasets. These temse3-2- Snowpack Simulations
are aligned along the general axis of prevailing westertiels a The three precipitation datasets described in the previous
northwesterlies and cut through the main mountain ranges of€ction were used in combination with other atmospheric
our study area. OveralARO_Op5and ARO_2p5Dagree well forcing from AROME 500 m to drive snowpack simulations
in their estimation of seasonal snowfall across all tramsec With Crocus. These simulations are evaluated below in terms
Local dierences can be found near the summits of thedf snow depth, snow-covered area and snow accumulation
di erent massifs but no systematic pattern can be identi ed.over glaciers.
Figures 4A,Calso suggest tha8RO_OpSsimulates less snowfall
on the leeside of some mountain ranges (Chablai§igure 4A;  3.2.1. Snow Depth
Grandes Rousses and Pelvouxfigure 4C). When compared Table 2 provides detailed error statistics for simulated snow
to SAFRAN a good agreement is found for regions of lowdepth for dierent time periods throughout the winter and
elevation (below 1,500 m; Bauges eigure 4B, Chartreuse on several elevation bands. When all elevations are considgred
Figure 4Q. At higher elevation, the estimations &RO_Op5 best performances (lower RMSE and bias) are obtained with
and ARO_2p5Ddiverges from the one provided BJAFRAN  SAFRANfor the whole snow season as well as for the di erent
The largest discrepancies between the datasets are foundsab-periodsARO_Op5orings improvements when compared to
the rst signi cant topographic barriers on the windward side ARO_2p5Dwith a reduction of 9% in the overall RMSE and
of the dierent mountain ranges. For example, the 2,000-m33% in the overall bias. However, both simulations still pnése
topographic rise at the border between the Maurienne and th&arge positive biases and large RMSE that are mainly explained
Vanoise massifs leads to snow accumulation for the two éétas by model performances above 1,500 m. Indeed, below 1,500 m,
based on AROME that can reach three times the value estimateide three snowpack simulations give similar results withighs|
with SAFRAN (Figure 4B). Similar e ects are found for the tendency to underestimate snow depth, especiallyieO_0p5
Mont Blanc massiffigure 4A) and the Belledonne and Grandes andSAFRANnN mid-winter (January to March). On the contrary,
Rousses ranges-igure 4C). Regions of lower estimations of above 1500 m, positive biases and large RMSE are found with
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FIGURE 4 | Cross sections of total snowfall from September 1st 2011 to dne 30th 2012 for AROME 500 m (blue), downscaled AROME 2.5 kngfeen), and
SAFRAN (red) along four transects, with topography plottedn the right axis in gray. The location of the transects is gén in Figure 2. The name of the SAFRAN
massifs crossed by the transect is given above each graph. Ne that the transect length varies from one gure to another.

TABLE 2 | Error statistics (in cm) for simulated snow depth against aiervations for winter 2011-2012 for four time periods: (1) €ober—-December (OND), (2)
January—March (JFM), (3) April-June (AMJ), and (4) over thatire snow season (All).

Period Experiments All 600-1,500 m 1,500-2,000 m 2,000-3,00 O m
Nobs 3,463 1,200 1,321 942
Moyops 40 16 46 59
OND SAFRAN 18 ( 3) 12( 4) 18( 7) 24 (5)
ARO_Op5 28 (1) 14 ( 4) 24 ( 4) 42 (14)
ARO_2p5D 29 (3) 12( 2) 22( 1) 46 (16)
Nobs 7,503 2,046 3,320 2,137
MoYopbs 119 65 131 184
JFM SAFRAN 38 (0) 29( 9) 32( 2) 51 (11)
ARO_Op5 51 (12) 33(8) 49 (10) 66 (33)
ARO_2p5D 57 (22) 323) 53 (23) 79 (37)
Nobs 3,476 1,002 1,461 1,013
MoYops 54 3 37 129
AMJ SAFRAN 36 (7) 12( 1) 36 (6) 50 (14)
ARO_O0p5 73 (34) 170Q) 60 (27) 113 (79)
ARO_2p5D 78 (39) 14(1) 67 (33) 120 (83)
Nobs 14,442 4,248 6,102 4,092
MoYobs 85 37 90 125
All SAFRAN 34 (1) 22 ( 6) 31( 1) 46 (10)
ARO_0p5 53 (14) 26 (5) 48 (11) 76 (40)
ARO_2p5D 58 (21) 247) 52 (20) 85 (43)

For each sub-period, statistics are given for all stations and per elation band. RMSE and bias (in parentheses) are shown. Lowest RMSE and bida @bsolute value) are highlighted
in bold. Nops and Moyeps represent the number of observations and the average snow depth (in cm), spectively.
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FIGURE 5 | Equitable Threat Score (ETS) for daily snow depth variatisnl HS, for different thresholds for the different snowpack simaltions and for several elevation
bands: (A) 600-1,500 m, (B) 1,500-2,000 m, and (C) 2,000-3,000 m. The upperx axis shows the number of observations per category.

FIGURE 6 | Cumulated daily snow depth variations1 HS, by categories in the observation dataset and the differerénowpack simulations for several elevation
bands: (A) 600-1,500 m, (B) 1,500-2,000 m, and (C) 2,000-3,000 m. The upperx axis shows the number of observations per category.

ARO_0p5nd ARO_2p5DThey increase with elevation and are  The total amount of snow accumulation in the observations
maximal above 2,000 m in late snow season (Aprilto June).  and the simulations is larger between 1,500 and 2,000 m
We then used snow depth time series to study more in detail@Figure 6B) since more observations are available for this
positive daily snow depth variation,HS and how they were elevation band (see section 2.4.1 and the uppexis of each
related to the errors statistics in snow depth presentetaible 2  graph onFigure 6). For all elevation bands, the lowest snow
Figures 5 6 show the ETS and the total amount of observed andiccumulation category (1-5 cm) is overestimated for alldDe
simulatedl HSfor di erent categories. The same elevation bandssimulations. It is also the case for the category (5-10 croyab
as inTable 2were considered. For all precipitation datasets and.,500 m. On the contrary, higher snow accumulation categgori
elevation bands, the skill decreases with increasing aslation  are underestimated by all Crocus simulations. Below 1500 m,
threshold SAFRANpresents the best skill for thresholds up to 10the three precipitation datasets lead to similar results fighkr
cm per 24 h for all the elevation bandsigure 5. ARO_Opsand  categories: daily snow accumulation in the range 20-40 cm is
ARO_2p5Dhave similar skills for thresholds up to 10 cm per 24 hstrongly underestimated while no daily accumulation aboQe 4
whereasARO_2p5Dshows the best skill for the 20 cm per 24 hcm is captured. Above 1,500 m, the underestimation is more
threshold. For higher thresholds, the limited sample sizekena pronounced bySAFRANthan by ARO_Op5and ARO_2p5Din
impossible any reliable interpretation. the range 20—60 cm. In this rangBRO_2p5D0s systematically
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FIGURE 7 | Times series of simulated and observed snow depth and cumutave sum of positive daily snow depth variations at 2 statics (A,B) Grande Parei and
(C,D) Les Rochilles. The location of the stations is shown ofrigure 1.

closer to the observations thaARO_Op5 Finally, no daily Figure 9 compares the biases in simulated snow depth
accumulation larger than 60 cm is captured by the simulationeomputed from October 1st to June 30th for 26 stations with
above 1,500 m. the biases in simulated cumulative sum of positive daily snow

Positive daily snow depth variations were then cumulatedlepth changet 1 ysc, computed over the same period. It shows
for 26 stations covering the di erent elevation bandsgure 7  that a positive bias i 1 ysc Systematically led to a positive bias
shows the example of time series of snow depth and cumulativie simulated snow depth (see for example Les Rochilles station
sum of positive daily snow depth variation8;1 ysc, for two  on Figures 7C,D. This is especially the case f&RO_2p5D
stations located above 2,000 Rigure 8 compares observed and (Figure 90 for which 7 among 8 snow depth biases above
simulated6 1 ysc at the end of the winter and shows an overallC50 cm were associated with positive biasessinsc. On
increase in observefl 1 ygc with elevation. Observe6 1 4z the contrary, no clear relationship can be identi ed for tibas
larger than 600 cm at the end of the winter are found for ve presenting a negative bias @y ysc. For SAFRAN(Figure 9A),
stations, all located above 2,000 m. The general underastim 15 stations have a positive bias in snow depth among the 25
of 1 HSabove 10 cmKigure 6) leads to an underestimation of ones with a negative bias 61 nsc. Similar conclusions are
6 1 Hsc at the end of the winter for all simulations. It reaches -reached forARO_Op5Figure 9B) and ARO_2p5D0(Figure 9C).

31 % forSAFRAN(Figure 8A), -22 % forARO_Op5Figure 8B)  This shows that biases in positive daily snow depth change are
and -18 % forARO_2p50(Figure 8C). SAFRANhas the highest not the only processes responsible for the generation of biase
coe cient of determination despite its overall negative ia simulated snow depth as already reportedinéno et al. (2016)
Among the two datasets based on AROMERO_Op5has the andLuijting et al. (2018)For example, the symbols highlighted
best performances with a higher coe cient of determinatiomda  in red on Figure 9 correspond to a high-altitude station located

a lower RMSE thadRO_2p5D in the Oisans massifFigure 1). A detailed analysis of the snow
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FIGURE 8 | Comparison of measured and simulated cumulative sum of posie daily snow depth variation at the end of the season for 26tations. Results of three
Crocus simulations are considered(A) SAFRAN (B) ARO_Op5and (C) ARO_2p5DOn each graph, the dashed line represents the ling = x and different symbols are
used as a function of the stations elevation. Error statists (Bias, RMSE, and coef cient of determination, R) are given for each simulation.

FIGURE 9 | Comparison of snow depth biases computed from October 1 to June 30 with biases in cumulative sum of positive daily snow dep change over the
same period at 26 stations. Results of three Crocus simulains are considered:(A) SAFRAN (B) ARO_Op5and (C) ARO_2p5DOn each graph, different symbols are
used as a function of the stations elevation. The red circleBighlight the results at a speci c station which are discussd in the text.

depth time series at this station (not shown) revealed thé th high elevation for the Chablais and Aravis massifs). For the
station was exposed to wind-induced snow erosion which is nahner massifsARO_Op5and ARO_2p5Dtend to overestimate
simulated by the model. Therefore, biases in cumulated pesit the snow cover compared tSAFRANand MODIS in several
daily snow depth variations do not translate necessarilgally areas characterized by a strong topographic enhancement of

into biases in snow depth. snowfall in AROME and identi ed onFigure 4 This is for
example the case of the peaks lying at the northwestern side of
3.2.2. Snow Cover Area the Vanoise massif. On March 16th, snow cover is present for

Figure 10compares simulated and observed snow covered aredl the massifs for the three simulations. Only the largdeyal

at three stages of the snow season: (i) beginning of wintexf the French Alps are snow free. This pattern is consistent with
(November 11th 2011), (ii) end of winter (March 16th 2012)the MODIS data but the snow cover area is less extended in the
and (i) mid-Spring (May 14th 2012). On November 11th, no observations for the massifs of the foothills (Vercors, @eaise,
snow is present on the foothills of the French Alps in theBauges). These massifs are partially covered by forests (see
observation as well as in the dierent simulations (except aSupplement Section Pwhich (i) alter the quality of the MODIS

Frontiers in Earth Science | www.frontiersin.org 12 August 2019 | Volume 7 | Article 182



Vionnet et al. Precipitation Datasets for Snow and Glacier

ARO 0p5 ARO 2p5D SAFRAN MODIS

]

-

o

N

1

Q

K}

£

[}

>

[}

4

]

-

o~

-

o

N

=

%}

1)

©

=

©o

-

o~

-

o

N

>

©

=

<

-

: Clouds -No Data or Water
0 50 100
Snow cover fraction (%)

FIGURE 10 | Maps of snow covered fractions simulated by Crocus driven byhe three forcing datasets and observed by MODIRight) for three dates of winter
2011-2012: 11 November 2011 (Top), 16 March 2012 (Middle) and 14 May 2012 (Bottom) . Results of SAFRANexperiment are only shown within the limit of the
massifs (red lines).

snow product in these regions (e.¢arajka et al., 20)2and  cover area and Jaccard Index for di erent elevation bands Th
(i) make snowpack simulations less reliable in these regionevaluation is only carried out for non-forested areas astineed
since the model was not con gured to account for snow/canopyn section 2.4.2. For November 2011, the simulated SCA nesnai
interactions. On May 14thARO_Op5AR0O_2p5DandSAFRAN nearly constant in all three Crocus simulations and tends to
in a lower extent show a large overestimation of snow cover ohe higher than MODIS SCA, especially above 2500 m. In this
the foothills and a better agreement for the inner massifs. elevation band, MODIS SCA slightly decreases in November,
A more quantitative comparison of model performances ispartially due to an increase in the number of missing data
given onFigure 11 It shows the temporal evolution of snow due to low incidence on north-facing slopeSAFRANbetter
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FIGURE 11 | (Left) Temporal evolution of observed and simulated snow cover agefor several elevation bands and for all elevations. Veréicerror bars for MODIS
observations show the uncertainty associated with cloud @sence and missing data;(Right) Temporal evolution of Jaccard index for the three Crocus exgriments.
The vertical bars represent the cloud coverage. Only MODIS iges with a cloud cover below 15% were used to compute the Jacard index. The vertical orange lines
on each graph represent the dates shown orFigure 10.

captures thanARO_Op5and ARO_2p5Dthe spatial variability 1,500 m in all simulations. Below this elevation, all sintiolas

of the snow cover during this period (higher Jaccard Index)overestimate SCA in mid-winter wittARO_Op5performing
The large increase in SCA in December is then well-captured dyest (lowest di erences with observation). However, it skow
the di erent Crocus simulations at all elevations and follave similar performances in terms of snow cover similarity corgzir
by a mid-winter period (January and February) characterizedo SAFRANand ARO_2p5D From March 2012, all Crocus
by a full snow coverage and Jaccard index near 1 abowmulations tend to overestimate the snow cover area duttieg
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TABLE 3 | Error statistics (in kg m 2) for simulated winter surface mass balance against obsertians collected at drilling cores for six glaciers of the Freh Alps for
winter 2011-2012.

Glaci Elev. range N obs Moy obs SAFRAN ARO_0p5 ARO_2p5D
acler

(m) ©) kgm 2) (kgm 2) kgm 2) (kgm ?2)

R 2,370-3,020 32 1,304 350 ( 69) 740 (640) 662 (568)

Argentiere

2,600-3,020 22 1,526 311 ( 262) 489 (442) 438 (390)

2,130-3,530 23 1,416 482 ( 267) 554 (486) 727 (615)
Mer de Glace

2,600-3,530 11 1,749 636 ( 544) 479 (391) 614 (443)
Gébroulaz 2,690-3,390 24 1,167 333 ( 234) 492 (442) 268 (166)
Sarennes 2,860-2,940 4 1,645 685 ( 661) 179 ( 88) 185 (90)
Saint Sorlin 2,680-3,170 28 1,382 574 ( 558) 127 ( 60) 114 ( 7)
Glacier Blanc 3,050-3,270 14 1,368 281 ( 219) 422 (386) 256 (238)

RMSE and bias (in parentheses) are shown for the Crocus experimentsiden by different precipitation forcing. Lower RMSE and bias (in absolute ual) are highlighted in bold. Nps
and Moyops represent the number of drilling cores and the average winter surfaamass balance (in kg m 2), respectively. The location of each glacier is given dfigure 1 . The elevation
range corresponds to the range of elevations of the drilling cores uskto evaluate the simulations.

melting period, especially fohRO_Op5and ARO_2p5Dwhich  transport as well as gravitational snow transpaéregeillet et al.,
is consistent with the overestimation of snow depth reported i 2017 that are not implemented in the model. This point is
Table 2 for the period April-June. SAFRANprovides the best further discussed in section 4.

agreement in terms of snow cover similarity during this pelio The other four glaciers are all located above 2,600 m.
SAFRANexperiment systematically underestimated WSMB of
3.2.3. Glacier Winter Mass Balance each of these glaciers, especially for the Sarennes and Saint

We used winter surface mass balance (WSMB) measurementsSarlin glaciers (Grandes Rousses massgure 1) where the
point locations of six glaciersTéble 1and Figure 1) to provide underestimation reaches40%. For these two glacie/SRO_0p5
complementary evaluation data, in particular at high elevati and ARO_2p5Dprovide estimations of WSMB within the range
Indeed, above 2,500 m, only ve stations measuring snow deptbf uncertainty of the measurements. This suggestsAlR®_0p5
were used in section 3.2.1 and MODIS data bring only limitecand ARO_2p5Dcapture well high-elevation snowfall for this
information since snow was present most of the time betweemassif but without fully reproducing the spatial variability o
November and June at high elevatiofrigure 10. Table3 snow accumulation for Saint Sorlin glacier. Finally, for the
provides the overall error statistics of simulated WSMB farrea Gébroulaz glacier and the Glacier BlaARO_Op%verestimates
glacier whilg=igure 12shows the observed and simulated WSMBthe winter snow accumulation by 38 and 28%, respectively.
as a function of elevation for each glacier. A detailed aiglysimproved performances are obtained wi&RO_2p5Dwith an
(not shown) revealed that the average contribution of abtat overestimation decreasing to 14% for Gébroulaz glacier &6l 1
(surface sublimation and melt) on simulated WSMB is just 1.1%or Glacier Blanc.
with a maximal contribution of 6.3% for the Crocus simulatio
driven by SAFRAN precipitation for the lowest drilling cores on
the Argentiére glacier. Therefore, di erences in WSMB betwee4. DISCUSSION
the Crocus simulations are mainly explained by di erencedia t S .
precipitation forcing. 4.1. Precipitation Datasets in the French

Among these glaciers, two of them are located in the MonAlpS
Blanc massif and cover large elevation ranges: the Argenti€This paper rst compared three precipitation datasets at 500-m
and Mer de Glace glaciersifure ). The largest di erences grid spacing in the French Alps: two of them were derived from
in seasonal snowfall between SAFRAN and the two versiorike NWP system AROMEARO_O0p5 dynamical downscaling
of AROME were found in this regionHigures 2 3). In terms  from AROME 2.5 km;ARO_2p5D simple downscaling from
of WSMB, SAFRAN experiment provided the best results AROME 2.5 km) and the third one was obtained from the
(lower RMSE and bias) for both glaciers. However, it did noiISAFRAN analysis. The two precipitation datasets based on
capture the increase in snow accumulation with elevation andROME show larger areal-mean total snowfall than SAFRAN
strongly underestimated WSMB above 2,600 Tale 3. Both  for most of the massifs considered in this studyigure 3.
simulations driven by AROME led to large overestimated WSMB.arge di erences between AROME and SAFRAN are found
(Figure 12. Above 2,600 m, this overestimation ranges betweeim (i) areas of high-elevation and (ii) along the topographic
22 and 29% depending on the glacier and on the version dfarriers located on the windward side of the di erent mountai
AROME.Figure 12also shows that the three Crocus simulationsranges Figure 4). These di erences are consistent with the
cannot reproduce the spatial variability of snow accumulatio results of Vionnet et al. (2016)obtained for AROME 2.5
over these two glaciers which is strongly in uenced by locakm. At high elevation, the di erences between AROME and
processes, such as preferential deposition, wind-driven sno8AFRAN are similar to the di erences obtained between the
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FIGURE 12 | Winter surface mass balance (in kg m2) for winter 2011-2012 of six glaciers of the French Alps as aufiction of elevation derived from observations
and simulated with Crocus driven by the three forcing datass. The location of each glacier is given orfrigure 1. For each dataset, the line represents the best- tted
linear regression of winter surface mass balance as a funoti of elevation. No regression line is shown for Sarennes gir since it covers a too narrow elevation
band. The error bars on the observation points represent théypical measurement error. Note that different elevatioranges are used for each glacier.

WRF atmospheric model and the gauge-based PRISM datasgtowfall, due to its assumption of climatological homogeneit
for di erent mountains ranges of the US (e.gsutmann et al., within each massif.

2012; Silverman et al., 2013; Jing et al., pOlfey are partially The two precipitation datasets based on AROME led to
explained by the limited number and reliability of stationssimilar spatial patterns of seasonal snowfall with snowfall
measuring precipitation at high-elevation used in SAFRANcontours that closely follow topography contouEsdure 2). This

in the French Alps or PRISM in the US. In addition, the illustrates the strong in uence of the underlying topography
climatological vertical prole used as the initial precipimt  on the precipitation simulated by a high-resolution NWP
guess in SAFRAN presents uncertainties at high-elevatibe. T system Rasmussen et al., 2011; Hughes et al., 2017; Jing et al.,
topographic barriers along on the windward side of the mounmtai 2017. On average over the French Alps, AROME 500 m
ranges correspond to areas of strong vertical motions in AROMEimulated 7% less total snowfall than AROME 2.5 km with
which, combined with moisture supply, favor large condermati simple downscalingRigure 3). This di ers from the work ofJing
rates and enhanced snowfall, similar to what was found byt al. (2017)that obtained a slight increas€1.3%) in mean
Rasmussen et al. (20Mith WRF in the mountains of Colorado. snowfall with WRF at 1.3 km compared to WRF at 4 km in
SAFRAN cannot reproduce this intra-massif variability ofthe Yellowstone area in the US. Di erences betwddRO_0p5
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and ARO_2p5Dcan be explained by (i) a ner representation of underestimation of daily snow depth increase found with our
terrain-induced precipitation inARO_0Op5and (ii) the value of three precipitation datasets. On the other harighiéno et al.
the precipitation-elevation adjustment factor used to doeals  (2016)found an underestimation of snow compaction in Crocus
the precipitation of AROME 2.5 km. Indeed, this factor hasthat can compensate for the underestimation of daily snow klept
been derived byThornton et al. (1997)using measurements increase when considering error statistics for total snowtde
from rain gauges in the Northwestern USA. It is widely used forThis illustrates the di culty of evaluating precipitation dasets
distributed snowpack modeling_{ston and Elder, 2006 This  on snow height because this variable involves the modeling o
factor could be adjusted for the French Alps using precipitatio other uncertain processes (in particular, density of fallings,

dataset speci c of this are&(ttardi et al., 2012 snow compaction) and might not be representative of errors in
] ) snow mass in some cases.
4.2. Impact on Snowpack Simulations Measurements of winter surface mass balance for 6 glaciers

Snowpack simulations driven 4YRO_Op5and ARO_2p5Ded  were considered to provide additional evaluation data, éafigc
to a general overestimation of snow depth above 1,500 m that high-elevation where few stations measuring snow depth
increases with elevatioMéble 2. Using SAFRAN precipitation are available. Our study showed a systematic underesbmati
reduced the positive bias in snow depth above 1,50@oeno of high-altitude snow accumulation over the six glaciers
et al. (2016) Vionnet et al. (2016)and Luijting et al. (2018) using SAFRAN precipitationFigure 12). This underestimation
reached similar conclusions in terms of total snow depth gsinincreases with elevation. These results are in agreemeht wi
AROME at 2.5 km to drive Crocus in the Pyrenees, theprevious studies§erbaux et al., 2005; Révelllet et al., 2017, 2018;
French Alps and Norwegian mountains. Errors statistics inRevuelto et al., 20)8Using 17 years of measuremerigyveillet
snow depth are nonetheless improved ®RO_Op5compared et al. (2017)found that SAFRAN solid precipitation are
to ARO_2p5DQuéno et al. (2016also showed that AROME underestimated by a factor 1.5 on average at the glacier scale
improved the representation of the snow cover variabilityfor the Argentiere, Mer de Glace, Saint Sorlin and Gébroulaz
compared to SAFRAN in the Pyrenees. Such improvement is ngflaciers. In our study, the average factor reaches 1.3 f&seth
found in our study withSAFRANshowing a better representation four glaciers for winter 2011/201Zgble 3, in the range of inter-
of snow-covered area observed by MODIS thARO_Op5 annual variability reported byréveillet et al. (2017Compared
and ARO_2p5Din fall and spring time Figure 11). The to SAFRAN ARO_Op5and ARO_2p5Dbrought substantial
overestimation of snow accumulation in regions of orographi improvements for the Sarennes and Saint Sorlin glaciersédcat
precipitation enhancement simulated by AROME may explairin the Grandes Rousses rang&#g(re 12). For the rest of the
the di erences during the fall Kigure 10. In springtime, the glaciers, they led to an overestimation of WSMB, especially for
overestimation of snow cover can be associated with thergenethe Argentiére and Mer de Glace glaciers in the Mont Blanc
overestimation of snow depth above 1,500 m ARO_Op5 massif whereARO_Op5and ARO_2p5Dsimulate the largest
andARO_2p5D seasonal snowfall in the French Algadure 3). This illustrates
Daily snow depth variations were considered to analyze morthat the quality of AROME precipitation at high-altitude is
in details the results obtained with the di erent precipitatio highly variable across the di erent massifs of the French Alps
datasets as inQuéno et al. (2016)and Currier et al. Despite the overestimation of WSMBRO_0Ops=ndARO_2p5D
(2017) Figure 6 shows that all precipitation datasets led tocapture well the relative change of WSMB with elevation for
an underestimation of daily snow depth change larger tharthe Mer de Glace and Gébroulaz glaciers, suggesting that these
10 cm that resulted in an underestimation of cumulatedsystems can provide relevantinformation on the local gracié
daily snow depth increase withPARO_Op5 providing the precipitation with elevation. Further speci ¢ work is requit¢o
best performances (lowest RMSE) among the three datasdistter understand the relative contribution of snowfaltiadility
(Figure 8). RecentlyChampavier et al. (2018pund the same with elevation and local processes (preferential depositiamg-
underestimation for SAFRAN-Crocus at 10 stations meagurininduced and gravitational snow transport) in determiningeth
daily new snow depth on snow boards in the French Alps.nal pattern of snow accumulation over each of these glaciers.
The general overestimation of snow depth with AROME is not The evaluation of snow depth simulations was restricted to
explained by an overestimation of snowfall height (exceptates 87 stations and the WSMB of glaciers was evaluated at 125
stations) as shown oRigure 9, con rming the earlier ndings drilling cores. As mentioned in sections 2.4.1, 2.4.3, tipeset
of Queno et al. (2016)Iin particular, as inQueno et al. (2016) measurements are a ected by a limited spatial representativit
wind-induced snow erosion, not simulated in the con gum@ti and coverage. High-resolution maps of snow depth from
of Crocus used in our study, can explain part of the overalkirborne platforms (LiDAR or photogrammetry) (e.dglglfricht
positive biases in snow depth found for high-altitude staton et al., 2012; Painter et al., 2016; Voegeli et al., R@uld
In addition, errors in daily snow depth change are not onlyallow a stronger assessment of model performances over large
explained by errors in daily precipitation amount and phaseareas. For example, mountain-range scale snow-cover u#yiab
Indeed, they are a ected by errors in simulated new snow dgnsi resulting from orographic precipitationHouze, 201pis only
and new snow compaction in Crocuslelfricht et al. (2018) partially captured by the point measurements. This limits our
have shown that the parameterization of Crocus consistentlgbility to quantify the expected large impact of the assumption
overestimated new snow density at four well-instrumentedf climatological homogeneity in SAFRAN on the snow cover
sites in the European Alps. This can explain the consistentariability within each massif. Regions of overestimatedwsn
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depth due to the strong orographic precipitation enhancemen{WSMB) for 6 glaciers of the region. Major conclusions of the
in AROME would be also more clearly identi ed. In addition, model evaluation are summarized below.

snow depth measurements from airborne platforms would
allow to quantify the impact of small-scale winter precipidsiti
processes (cloud-dynamical processes and advection of solid
hydrometeors,Gerber et al., 20)9that are not represented

in the precipitation datasets used in our study. Over glagiers
the quanti cation of the snow accumulation from LiDAR or
photogrammetry requires to take into account the e ects of
the glacier dynamicsold et al., 2003 Finally, the comparison
between simulated and observed high-resolution maps of snow
depth would bene t from the explicit simulation of wind-indwed
snow transport (e.g.Vionnet et al., 201t and gravitational
snow transport Bernhardt et al., 20)0in our distributed
snowpack simulations.

In our study, the inuence of the dierent precipitation
datasets on snowpack simulations were quanti ed and dismliss
in simulations where all the atmospheric driving data, extbpt
precipitation, were obtained from AROME 500 m. These forcing
were potentially a ected by biases that impact the snowpack
simulations Raleigh et al., 20)5In particular, errors in the
longwave and shortwave radiative forcing represent a larges
of uncertainty Quéno et al., 20)8and impact the simulated
energy balance and resulting snow melt. Errors in wind speed
can also a ect the magnitude of turbulent uxes simulated by
Crocus and the resulting melR¢veillet et al., 20)8They will
also aect the density of falling snowvionnet et al., 201p
leading to potential errors in simulated daily snow accuntiola
Snowpack simulations driven by an ensemble of atmospheric
forcing (Vernay et al., 200)5could be used to better estimate
these uncertainties. Simulated total snow depth is also acct
by the uncertainty on various processes in the snowpack model
especially those a ecting the surface energy balance, incodati
the turbulent uxes Gchlogl et al., 20)61t is expected to be
lower than forcing uncertainty Raleigh et al., 20)5ut can
still have a signi cant impact on the scoreBgsery et al., 2013;
Lafaysse et al., 20117

5. CONCLUSIONS

This study aims at evaluating the impact of di erent precipitati
datasets on sub-kilometer snowpack simulations in the Hienc
Alps. Toward this goal, we used the NWP system AROME at
500-m grid spacing to produce the atmospheric forcing required
to drive the detailed snowpack model Crocus. To assess the
impact of the precipitation forcing, we carried out two additad
snowpack simulations using precipitation forcing from (i) a
simple downscaling of AROME 2.5 km using a precipitation-
elevation adjustment factor and (ii) the SAFRAN reanalysis,
specially developed for alpine terrain, interpolated at 500-m
grid spacing. For these simulations, the rest of the atmospher
driving data were obtained from AROME 500 m. The three

AROME 500 m and AROME 2.5 km with simple
downscaling provided similar snowfall patterns strongly
in uenced by the topography of the French Alps. They
signicantly dier from the SAFRAN precipitation

in (i) areas of high elevation where SAFRAN is less
reliable due to the limited number of stations entering
the analysis and (ii) along topographic barriers on
the windward side of mountain ranges characterized
by strong orographic precipitation enhancement
in AROME.

Snowpack simulations driven by the two precipitation
datasets obtained with AROME strongly overestimated snow
depth above 1,500 m with a positive bias increasing with
elevation. It led to an overestimation of snow-covered area
in spring time. Crocus driven by SAFRAN precipitation
signi cantly reduced the average positive bias in snow depth
and improved the representation of the snow cover evolution.
Crocus driven by SAFRAN precipitation presented the best
skills in estimating daily snow depth increase up to 10
cm per 24 h but strongly underestimated increases above
this threshold. AROME 500 m and AROME 2.5 km with
simple downscaling improved the estimation of daily new
snow depth by Crocus for these categories. Uncertainties in
modeling of falling snow density and new snow compaction
in Crocus a ect these results.

Cumulated daily snow depth increase over the winter is
underestimated by the three snowpack simulations with
Crocus driven by SAFRAN precipitation providing the
strongest underestimation. It showed that errors in sndiwfa
amount are not the only explanation for the positive biases
in total snow depth. Therefore, error statistics in total
snow depth have only a limited signi cance when analyzing
the impact of di erent precipitation datasets on snowpack
simulations.

WSMB measurements for six glaciers provided valuable
information on the performances of the dierent
precipitation datasets at high-altitude. Crocus driven by
SAFRAN systematically underestimated high-elevatiomsno
accumulation for each glacier. Improvements were obtained
with AROME precipitation with non-biased WSMB for
two glaciers and an overestimation for the remaining four
glaciers. All snowpack simulations in our study did not
capture the spatial variability of snow accumulation for
the dierent glaciers due to missing processes, such as
wind-induced snow transport, preferential deposition of
snowfall and gravitational snow transport.

The evaluation datasets used in this study suer from a
limited spatial representativeness. High-resolution maps of
snow depth derived from airborne platforms are required
to further quantify in details the errors in simulated snow
depth associated with the assumption of climatological

snowpack simulations were evaluated against an ensemble of homogeneity for each massif made in SAFRAN, the intensity

snow observations: (i) ground-based measurements of snow
depth at 87 stations, (ii) satellite-derived maps of snoweced
areas and (iii) observations of glacier winter surface rbatance

of the orographic precipitation enhancement in AROME and
the role of near-surface winter precipitation processes not
captured by the three precipitation datasets.
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This study constitutes the rst evaluation of the potentiadda MR collected and provided glacier mass balance data.
limitations of a sub-kilometer NWP system for snowpack andMD provided the MODIS data. LQ made the comparison
glacier mass balance modeling in alpine terrain. Only littledbetween snow cover simulated by Crocus and observed
improvement was found compared to the precipitation dataseby MODIS. All authors contributed to the preparation of
derived from AROME 2.5 km with a simple downscaling. Furtherthe manuscript.

multi-year evaluation is required to better assess the perdoce

of AROME 500 m for contrasted winter seasons. This studfFUNDING

placed a speci c emphasis on precipitation but sub-kilometer

NWP system can also bring valuable information in complexnstitutional funding from CNRM (Météo France/CNRS)
terrain for other meteorological variables, such as wineesind  is acknowledged.

direction (e.g.Horvath et al., 2012; Vionnet et al., 2013 his

can potentially improve the simulation of wind-induced snow ACKNOWLEDGMENTS
accumulation in high-resolution snowpack simulations (g.g
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