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Capturing the spatial and temporal variability of precipitation at fine scale is necessary for high-resolution modeling of snowpack and glacier mass balance in alpine terrain. In this study, we assess the impact of three sub-kilometer precipitation datasets on distributed simulations of snowpack and glacier mass balance with the detailed snowpack model Crocus for winter 2011–2012. The different precipitation datasets at 500-m grid spacing over the northern and central French Alps are coming from (i) the SAFRAN reanalysis specially developed for alpine terrain interpolated at 500-m grid spacing, (ii) the numerical weather prediction (NWP) system AROME at 2.5-km resolution downscaled with a precipitation-elevation adjustment factor, and (iii) a version of AROME at 500-m grid spacing. The spatial patterns of seasonal snowfall are first analyzed for the different precipitation datasets. Large differences between SAFRAN and the two versions of AROME are found at high-altitude and in regions of strong orographic precipitation enhancement. Results of Crocus snowpack simulations are then evaluated against (i) point measurements of snow depth, (ii) maps of snow covered areas retrieved from optical satellite data (MODIS) and (iii) field measurements of winter accumulation of six glaciers. The two versions of AROME lead to an overestimation of snow depth and snow-covered area, which are substantially improved by SAFRAN. However, all the precipitation datasets lead to an underestimation of snow depth increase at the daily scale and cumulated over the season, with AROME 500 m providing the best performances at the seasonal scale. The low correlation found between the biases in snow depth and in cumulated snow depth increase illustrates that total snow depth has a limited significance for the evaluation of precipitation datasets. Measurements of glacier winter mass balance showed a systematic underestimation of high-elevation snow accumulation with SAFRAN. The two versions of AROME overestimate the winter mass balance at four glaciers and produce nearly unbiased estimations for two of them. Our study illustrates the need for improvements in the precipitation field from high-resolution NWP systems for snow and glacier modeling in alpine terrain.

Keywords: precipitation, mountain, Crocus snowpack model, seasonal snow, glacier, mass balance

1. INTRODUCTION

Accurate estimation of winter precipitation stored as snow in mountainous terrain is critical for many applications. For hydrology, mountain snowpacks play a crucial role in providing spring and summer water resources for multiple purposes in different regions of the world (e.g., Viviroli et al., 2007; Mankin et al., 2015). The spatial and temporal evolution of avalanche hazard is also strongly impacted by snow accumulation and the changes in the physical properties of snow on the ground (e.g., Schweizer et al., 2003). Winter snow accumulation exerts also a strong control on the annual mass balance of mountain glaciers (Cuffey and Paterson, 2010; Réveillet et al., 2018; Roth et al., 2018). Finally, errors in the estimation of winter precipitation have the largest impact on snowpack modeling uncertainties (Raleigh et al., 2015).

Winter precipitation in mountainous terrain presents a large spatial and temporal variability influenced by topography at different scales (Mott et al., 2018). At the mountain-range scale, precipitation patterns are mainly driven by orographic precipitation (Roe, 2005; Houze, 2012). The forced ascent of air masses over topography leads to condensation and increased precipitation on the windward side relative to the leeward side of mountain ranges. Changes in the synoptic and local conditions also affect the snowfall limit and the partition between liquid and solid precipitation (Unterstrasser and Zängl, 2006). At the local scale, microphysical processes, such as the seeder-feeder mechanism (Mott et al., 2014) and preferential deposition of snowfall (Lehning et al., 2008) enhance the spatial variability of solid precipitation (Gerber et al., 2019). This multi-scale variability represents a challenge in obtaining reliable precipitation dataset in mountainous terrain.

Networks of gauges measuring precipitation in mountainous terrain are usually scarce so that interpolation techniques taking into account topography have been developed to derive spatially-continuous precipitation datasets. Thornton et al. (1997) proposed a method relying on a precipitation adjustment function depending only on elevation. This method is used to produce the Daymet precipitation dataset at 1-km grid spacing over North America. Other methods were introduced to better account for the influence of synoptic conditions on the relationship between precipitation and elevation used in the interpolation. Over the French mountains, Durand et al. (1993, 2009) developed the precipitation analysis system SAFRAN that combines gauge measurements with climatological gradients of precipitation computed for seven weather regimes. Outputs of SAFRAN are available per elevation-steps for areas of climatological homogeneity known as massifs. Over the same mountains, Gottardi et al. (2012) also used an interpolation method with a classification into weather patterns in their 1-km precipitation dataset. In the United States, Daly et al. (1994, 2008) developed the parameter-elevation regressions on independent slopes model (PRISM) using empirical relationships to account for the influence of elevation, windward and leeward slopes and coastal proximity. PRISM data are available at 4 and 0.8 km grid spacing over the United States. These gauge-based products suffer from limitations in areas where few data are available, for example at high-elevation (e.g., Gerbaux et al., 2005; Gutmann et al., 2012; Silverman et al., 2013; Henn et al., 2018). The measurements of snowfall amount with gauge is also affected by wind-undercatch (e.g., Rasmussen et al., 2012; Kochendorfer et al., 2018) which limits the final quality of the precipitation datasets (Adam and Lettenmaier, 2003).

Precipitation datasets derived from high-resolution atmospheric models constitute an alternative to gauge-based products. They can be obtained from continuous integrations of Regional Climate Models (RCM) or from the combinations of successive forecasts of Numerical Weather Prediction (NWP) systems. Ikeda et al. (2010) and Rasmussen et al. (2011) used the Weather Research and Forecasting (WRF) model (Skamarock and Klemp, 2008) in RCM mode to simulate seasonal snowfall over Colorado. They showed that a minimum grid spacing of 6 km is required to capture topographically-induced vertical motions and resulting snowfall. These results were then confirmed with different RCMs across several mountain ranges of the world: in the United States (Hughes et al., 2017; Jing et al., 2017), in Nepalese Himalaya (Collier and Immerzeel, 2015) and in the European Alps (Ban et al., 2014). Recently, Bonekamp et al. (2018) have shown the potential of WRF at 500-m grid spacing to capture the spatial variability of winter precipitation in Nepalese Himalaya. High-resolution NWP systems at kilometer scale have also been used to generate high-resolution atmospheric forcing for snowpack simulations in alpine terrain (Horton et al., 2015; Quéno et al., 2016; Vionnet et al., 2016; Luijting et al., 2018). These systems benefit from advanced data assimilation systems (e.g., Brousseau et al., 2008) but are still subject to analysis and forecast errors impacting simulated precipitation and the resulting snowpack simulations. Furthermore, they do not assimilate precipitation gauge measurements. Therefore, outputs of NWP systems can be combined with gauge measurements to provide high-resolution precipitation analysis (Soci et al., 2016; Fortin et al., 2018) but these products suffer from the same limitations as the gauge-based products in mountainous terrain (Schirmer and Jamieson, 2015).

In the French mountains, Vionnet et al. (2016) and Quéno et al. (2016) used the NWP system AROME at 2.5 km grid spacing (Seity et al., 2011) to drive snowpack simulations with the detailed snowpack model Crocus (Brun et al., 1992; Vionnet et al., 2012). They showed that AROME captured mesoscale orographic processes leading to a more realistic regional snowpack variability compared to simulations driven by the SAFRAN meteorological analysis system. AROME-Crocus brought also improvements in terms of simulated daily snow accumulation (larger than 10 cm per day) compared to SAFRAN-Crocus due partially to the absence of undercatch correction in SAFRAN. However, AROME-Crocus led to an overall overestimation of snow depth due to (i) locally overestimated orographic precipitation enhancement, (ii) biases in radiative forcing (iii) non-simulated wind-induced snow erosion and (iv) underestimation of snow compaction (Quéno et al., 2016, 2018). These results were obtained with a version of AROME running at 2.5 km grid-spacing whereas the operational version of AROME is currently running at 1.3 km (Brousseau et al., 2016) and a version at 500 m is used in support of airport operations (Hagelin et al., 2014). This sub-kilometer version presents an even larger interest in mountainous terrain to better predict local terrain-induced phenomena and to drive snowpack simulations at sufficient resolution to explicitly capture part of the variability of slope and aspect influencing snow evolution (Revuelto et al., 2018).

The main objective of this study is to assess the ability of AROME at 500-m grid spacing for snow and glacier mass balance modeling in the French Alps. Snowpack simulations were carried out at 500-m grid spacing over the northern and central French Alps for winter 2011/2012. This paper places a specific emphasis on the importance of the precipitation forcing for sub-kilometer snowpack simulations. It compares snowpack simulations driven by AROME 500 m with simulations where the precipitation forcing is obtained from (i) AROME 2.5 km to assess the role of model resolution and (ii) the SAFRAN analysis system taken as a reference precipitation dataset in the French mountains. Results of snowpack simulations are evaluated against (i) ground-based measurements of snow depth at 87 stations, (ii) maps of snow covered areas retrieved from optical satellite data (MODIS) and (iii) measurements of winter snow accumulation at six glaciers. The paper is organized as follows: section 2 describes the study area, the different precipitation datasets, the numerical modeling strategy and the verification method. Results are then detailed in section 3. The precipitation datasets are first compared and results of snowpack simulations are then presented. Section 4 contains a discussion about the main results of this study. Finally, section 5 summarizes the results and offers concluding remarks.

2. METHODOLOGY

2.1. Study Area and Period

This study focuses on the northern and central French Alps over a domain covering 155 km (West-East) × 200 km (North-South). Figure 1 details the topography of the region at 500-m grid spacing. The highest summits (above 4,200 m) are located in the Mont Blanc mountain range (area 3 on Figure 1) and areas above 2,000 m are widely spread across the domain which makes it relevant to study winter precipitation dataset and related snowpack evolution in alpine regions. Several glaciers are also located in the study area, mainly in the Mont Blanc, Vanoise, Grandes Rousses, Oisans, and Pelvoux mountain ranges as shown by the glacier mask of Gardent et al. (2014) reported in red on Figure 1.
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FIGURE 1. Map of the simulation domain showing the topography at 500-m grid spacing. Black dots show the location of stations measuring snow depth (87 in total). The glacier mask (see text for more details) appears in red (only available in France) and glaciers monitored by the GLACIOCLIM observatory (blue boxes) are listed. Contours (black lines) and names of the SAFRAN massifs are also given on the map.



The study period goes from September 1st 2011 to June 30th 2012. This relatively short period was constrained by the high computational request of AROME 500 m. Winter 2011/2012 has been characterized by dry conditions with little snow accumulation up to high altitude until the beginning of December. Then, large precipitation amounts in December and January led to snow accumulation above average above 2,000 m at the end of January. During this period, precipitation amounts tended to be larger in the northern French Alps than in the central and southern parts. February was characterized by dry and very cold conditions followed by warmer conditions in March. The final substantial snowfall were observed above 1,500 m at the beginning of April.

2.2. Precipitation Dataset and Atmospheric Forcing

In this study, we assess the impact of three precipitation datasets on distributed simulations of snowpack and glacier winter mass balance at 500-m grid spacing in the northern and central French Alps (Figure 1). These hourly datasets are described below. They cover the period from September 1st 2011 to June 30th 2012.

2.2.1. AROME NWP System

AROME is the NWP system used by Météo France to provide short-range forecast at high resolution (2.5 km from 2008 to 2015, 1.3 km since then) (Seity et al., 2011; Brousseau et al., 2016). AROME is particularly relevant to represent small-scale processes in mountainous terrain including orographic precipitation and valley winds. In this paper, two methods are considered to obtain hourly precipitation dataset at 500-m grid spacing from AROME.

In the first method, daily forecasts at 2.5 km issued at the 0 UTC analysis time were considered as in Quéno et al. (2016) and Vionnet et al. (2016). Successive hourly precipitation forecasts (solid + liquid) at 6–29 h lead time were extracted to avoid precipitation spin up and combined together to generate a continuous precipitation dataset at 2.5 km over the domain of study (Figure 1). This 2.5-km precipitation dataset was then downscaled to the final 500-m grid using the precipitation adjustment function proposed by Liston and Elder (2006):
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where P500m (in mm) and z500m (in km) are the resulting total precipitation and the elevation on the 500-m grid, respectively, while P2.5km and z2.5km are the total precipitation and the elevation from the 2.5 km grid bilinearily interpolated on the 500 m grid. χ is a precipitation-elevation adjustment factor that depends on the season (Thornton et al., 1997; Liston and Elder, 2006). In our study, χ is set to 0.30 km−1, the average of the monthly values for the period from September to June reported in Liston and Elder (2006).

In the second method, a version of AROME at 500 m has been used to dynamically downscale AROME forecast from 2.5 km to 500 m over our region of interest. At 500 m, AROME uses similar physical parameterizations and dynamical options as the operational configuration at 2.5 km (Seity et al., 2011) with the exception of a more stable temporal scheme (predictor-corrector). AROME at 500 m differs in terms of vertical discretization (60 levels in the 2.5-km version, 90 in the 500-m version). AROME at 500 m ran over a domain covering 250 km (West-East) × 250 km (North-South) and centered over the region of study. For each day from September 1st 2011 to June 30th 2012, a 30-h forecast issued at 00 UTC was generated with AROME 500-m with initial and lateral boundary conditions taken from the operational version at 2.5 km. As in the first method, successive forecasts of liquid and solid precipitation at 6–29 h lead time were then extracted and combined together to generate a continuous precipitation dataset at 500-m grid spacing.

2.2.2. SAFRAN Reanalysis

SAFRAN (Systeme d'Analyse Fournissant des Renseignements Atmosphériques à la Neige; Analysis System Providing Atmospheric Information to Snow) (Durand et al., 1993, 2009) is a meteorological reanalysis system specially developed for alpine terrain. SAFRAN provides hourly meteorological information in 300-m elevation steps for 23 areas of the French Alps known as massifs (Figure 1). These different massifs were defined for their climatological homogeneity (Durand et al., 1993). The precipitation analysis in SAFRAN relies on observations from automatic stations and manual stations across the different massifs (~300 stations in wintertime covering the altitude range 500–2,500 m). For each massif, SAFRAN uses an objective analysis method based on optimal interpolation to combine these observations with a climatological vertical profile of precipitation computed for seven weather regimes. In our study, SAFRAN total precipitation was interpolated on the 500-m grid depending on the elevation and the massif of each grid cell of the domain as in Vionnet et al. (2016). SAFRAN data are only available within the limits of the massifs shown on Figure 1, at elevations higher than 600 m.

2.2.3. Atmospheric Forcing for Snowpack Simulations

The three precipitation datasets were integrated in different sets of atmospheric forcing for the detailed snowpack model SURFEX/Crocus (Brun et al., 1989, 1992; Vionnet et al., 2012). In addition to solid and liquid precipitation, Crocus requires the following meteorological forcing: air temperature and specific humidity at a given level (generally 2 m), wind speed at a given level (generally 10 m) and surface incoming longwave and shortwave radiation. These fields were taken from the AROME forecast at 500-m grid spacing using the same method as in Quéno et al. (2016) and Vionnet et al. (2016): successive forecasts from the 00 UTC analysis time at 6–29 h lead time were combined together to generate a continuous atmospheric forcing. These forcing were combined with the precipitation dataset to generate three atmospheric forcing:

• ARO_0p5: the precipitation are taken from AROME at 500-m grid spacing

• ARO_2p5D: the precipitation are taken from AROME 2.5 km downscaled on the 500-m grid.

• SAFRAN: the precipitation are taken from SAFRAN interpolated on the 500-m grid.

For the forcing datasets SAFRAN and ARO_2p5D, the separation between solid and liquid precipitation is based on a threshold of AROME-500 m air temperature fixed at 1°C. In ARO_0p5, the phase separation is directly provided by the cloud microphysical scheme running in AROME 500 m.

2.3. Snowpack Simulations

Snowpack simulations driven by the different atmospheric forcing described in section 2.2.3 were performed using the detailed snowpack model SURFEX/Crocus (Brun et al., 1989, 1992; Vionnet et al., 2012) coupled with the ISBA land surface model within the SURFEX interface (Decharme et al., 2011; Masson et al., 2013). The default physical options are used for all processes as defined in Lafaysse et al. (2017). For reproducibility of results, the code version used in this study is tagged as Vionnet_Frontiers2019 in the SURFEX repository (https://opensource.umr-cnrm.fr/projects/surfex). Distributed snowpack simulations were carried out over the 500-m grid from September 1st 2011 to June 30th 2012. Effects of terrain slope and aspect on incoming shortwave radiation as well as terrain shading due to the surrounding topography were included as in Revuelto et al. (2016).

The initial soil state was provided by a 1-year spin up using AROME operational forcing at 2.5 km interpolated over the 500-m grid. A specific initialization was used over glacierized areas to ensure glacier presence during the whole simulation period as in Revuelto et al. (2018). The six deepest layers in Crocus were used to initialize the ice profile over the grid points covered by glaciers. They were initialized with a density value of 917 kg m−3 and a temperature of 273.16 K. Their initial thickness was set to 0.01, 0.05, 0.25, 1.25, 6.25, 31.25 m, resulting in a total initial ice thickness of 39.06 m. The extent of glacierized areas was based on the glacier inventory of Gardent et al. (2014) and is shown on Figure 1. SURFEX/Crocus ran assuming no interaction between snow and vegetation as in Vionnet et al. (2016) and Quéno et al. (2016) which limits the reliability of the snowpack simulations in forested areas.

2.4. Data and Evaluation Methods

2.4.1. Snow Depth Data

Snow depth measurements were taken from two sources: (i) a network of automatic stations measuring hourly snow depth using ultra-sonic sensors and (ii) a network of manual stations located in ski resorts where an operator measures snow depth twice a day on a fixed snow stake from the opening to the closing dates of the ski resorts (typically from early December to late March/early April). Stations were selected following several criteria. First, the stations had to be within the boundaries of the SAFRAN massifs (Figure 1). Then, only stations where the difference between the model elevation and the actual terrain elevation at the location of the station is lower than 150 m in absolute value were kept for model verification. Similar criteria have been previously applied in studies evaluating distributed snowpack simulations in the French Alps and Pyrenees (Quéno et al., 2016; Vionnet et al., 2016). The threshold on elevation difference is mainly applied to limit error in snowpack simulation resulting from error in precipitation phase. Overall, 87 stations measuring daily snow depth were available for model evaluation in our study (Figure 1). The bias and mean absolute error between the elevation of the stations and the corresponding points on the 500-m grid are −18 and 63 m, respectively. The stations cover an altitudinal range from 631 to 3,000 m with a median elevation of 1,700 m (upper quartile: 2,030 m; lower quartile: 1,408 m). Only five stations are located above 2,500 m.

Snow depth observations available daily at 06 UTC were used to derive error statistics [bias and root mean square error (RMSE)] of the simulated daily snow depth for the snowpack simulations driven by different atmospheric forcings. These errors statistics were computed from October 1st 2011 to June 30th 2012 and for three sub-periods: (i) early snow-season (October, November, and December; OND), (ii) mid-winter (January, February, and March; JFM) and (iii) late season (April, May, June; AMJ). Three elevation bands were also considered to compute the scores: (i) 600–1,500 m (25 stations), (ii) 1,500–2,000 m (39 stations) and (iii) 2,000–3,000 m (23 stations). None of the selected stations was located above 3,000 m. Despite their altitudinal and spatial coverage (Figure 1), these point measurements are affected by a limited spatial representativeness (Grünewald and Lehning, 2015) that can impact the evaluation of gridded snowpack simulations. In particular, the local slope at the station location may differ from the slope resolved at 500-m grid spacing. In addition, the evolution of the snowpack at these locations is potentially influenced by wind-induced snow transport and preferential deposition of snowfall (e.g., Mott et al., 2018) that are not simulated in our Crocus experiments and that can affect the evaluation of model performances (Quéno et al., 2016).

Daily snow depth variations, ΔHS, were also considered since they provide additional information on the processes responsible for errors in simulated snow depth (Quéno et al., 2016), in particular the quality of the precipitation forcing (Schirmer and Jamieson, 2015). They were analyzed in two ways. First, observed and simulated ΔHS were computed at each station. The Equitable Threat Score (ETS, Supplement Section 1) was then computed to quantify the skill of each snowpack simulation for different thresholds of ΔHS (1, 5, 10, 20, 40, and 60 cm). Cumulated ΔHS by category were also computed as in Schirmer and Jamieson (2015) and Quéno et al. (2016). This analysis was carried out for several elevation bands (600–1,500, 1,500–2,000, 2,000–3,000 m) to identify if the different snowpack simulations led to under- or over-estimation of ΔHS for the different categories. In addition, cumulative sums of the positive daily snow depth variations, ΣΔHS+, were computed at each station with a snow depth record covering the full season. 26 stations were used. Observed and simulated ΣΔHS+ at the end of the winter were finally compared. Currier et al. (2017) used such method when evaluating different datasets of solid precipitation in the Olympic Mountains (USA).

2.4.2. MODIS Snow Cover Images

MODIS fractional snow cover images were used to evaluate the spatial variability of the simulated snow cover. The MOD10A1 product Collection 6 (Riggs et al., 2017) distributed by the NSIDC (National Snow and Ice Data Center) was selected in our study due to its spatial (500 m) and temporal (daily) resolution. Masson et al. (2018) have also shown significant improvements of the MOD10A1 product Collection 6 compared to the older Collection 5 in the French Alps. As in Masson et al. (2018), MOD10A1 Collection 6 maps of Normalized Difference Snow Index were converted into maps of snow cover fraction following the method proposed by Salomonson and Appel (2004).

Maps of snow cover fraction from MODIS were firstly used to visually compare the geographical extent of observed and simulated snow cover at different stages of the snow season. For this purpose, binary maps of simulated snow cover were obtained using a Snow Water Equivalent (SWE) threshold of 20 kg m−2 as in Quéno et al. (2016). Second, we quantitatively compared the temporal evolution of observed and simulated snow cover area (SCA). In this case, a threshold value of 50% on the snow cover fraction was applied to derive binary maps of snow cover from MODIS. The comparison of SCA was carried out for the region within the limits of the SAFRAN massifs (Figure 1) and for several elevations bands within these limits (600–1,500, 1,500–2,000, 2,000–2,500 m, above 2,500 m). We also evaluated the spatial similarity between the observed and simulated SCA using the Jaccard index, J, as in Quéno et al. (2016) and Revuelto et al. (2018). J is the ratio between the intersection between the observed (O) and the simulated (S) snow cover area and their union:
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J values range from 0 to 1, with the value of 1 representing a perfect match between the observed and simulated SCA.

MODIS snow cover data are affected by several limitations (e.g., Parajka et al., 2012). Cloud obstruction and terrain shadowing reduce the availability of data. In addition, the accuracy of MOD10A1 is lower in forested area. This is also the case for our snowpack simulations that did not account for snow/canopy interactions. Therefore, a careful selection was applied to select days and pixels used to compute SCA and J. First, only days where the total cloud cover was below 15% were considered for the analysis. Then, for each selected day, pixels that were covered by clouds or those where MODIS gave no data were removed from the analysis. Finally, pixels covered by forest were also removed. Details on the forest mask are given in Supplement Section 2 and in Figure S1. Observed and simulated SCA for the remaining valid pixels were compared.

2.4.3. Glacier Winter Surface Mass Balance

Winter surface mass balance (WSMB) data from six glaciers across the French Alps were used. Their location is shown on Figure 1 and Table 1 depicts their main characteristics. These glaciers are part of the GLACIOCLIM observatory (Six and Vincent, 2014). The surface mass balance (meaning the sum of winter surface mass balance and summer surface mass balance, expressed in kg m−2) is currently retrieved at distinct points over the entire glacier using the glaciological method (Cuffey and Paterson, 2010). WSMB is measured using drilling cores and density measurements over accumulation and ablation area at the end of the snow accumulation period (late April-beginning of May). The uncertainties at each drilling cores are evaluated at ~ ±200 kg m−2 (Thibert et al., 2008). The summer surface mass balance is measured at the same location as WSMB, using stakes inserted in snow and ice. Measurements are collected at several dates throughout the summer until the beginning of October considered as the beginning of the snow accumulation season. Measurements points over these glaciers cover on average higher altitudes (between 2,000 and 3,500 m, depending on the glacier) than the conventional stations measuring snow depth.


Table 1. Characteristics of glaciers monitored by the GLACIOCLIM observatory.
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Values of simulated WSMB were obtained for each glacier and each Crocus simulation. Simulated WSMB is computed as the difference of simulated SWE between the observation dates (beginning and end of the snow accumulation period) for the simulation pixels in which drilling cores are located. 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 simulation and each glacier. For the Argentière and Mer de Glace glaciers, error statistics were also computed for drilling cores above 2,600 m, since these points are less prone to snow melt during the accumulation season than the drilling cores located at lower elevation. We finally compared simulated and observed WSMB as a function of elevation.

Similar to snow depth measurements (section 2.4.1), the comparison between gridded simulations and drilling cores measurements is also affected by the limited representativeness of the measurements. In addition, preferential deposition of snowfall and gravitational snow transport influence snow accumulation over glaciers (e.g., Dadic et al., 2010; Helfricht et al., 2015) and are not represented in the Crocus simulations. These processes can create regions of preferential snow accumulation over glaciers relative to surrounding non-glacierized area at similar elevation (Gascoin et al., 2013) and differences of snow accumulation between adjacent glaciers (Machguth et al., 2006). None of the drilling cores used in this study are located in areas of glacier fed directly by avalanches.

3. RESULTS

3.1. Comparison of Precipitation Datasets

Figure 2 presents the maps of accumulated snowfall from September 1st 2011 to June 30th 2012 for the different precipitation datasets as well as the difference maps between the datasets. On these maps, SAFRAN data are only presented within the limits of the massifs since they are not available outside. In addition, Figure 3 gives the average annual snowfall for each massif and each dataset. For all datasets, total snowfall increases from the massifs located on the northwest foothills of the French Alps (Chablais, Aravis, Bauges, Chartreuse, Vercors; Figure 1) toward the inner and higher massifs, such as Mont Blanc, Vanoise, Haute Tarentaise, Belledonne, or Grandes Rousses. In particular, the maxima of seasonal snowfall for each dataset is obtained for the Mont Blanc massif characterized by the highest elevations in the French Alps (Figure 1). Cumulated snowfalls tend to be lower in the southeast part of our region of interest, for example over the Queyras massif.


[image: image]

FIGURE 2. Total snowfall from September 1st 2011 to June 30th 2012 for the different precipitation datasets: (A) AROME 500 m (ARO_0p5), (B) downscaled AROME 2.5 km (ARO_2p5D), and (C) SAFRAN. Maps (D–F): differences between the datasets. SAFRAN data are only available within the limits of the massifs (black lines). Map (A) shows the location of the four transects detailed on Figure 4.
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FIGURE 3. Total snowfall from September 1st 2011 to June 30th 2012 averaged over the massifs shown on Figure 1 for the three precipitation datasets. All refer to the total snowfall for all the massifs. The massifs are ordered from North to South as on Figure 1.



Figure 3 shows large differences between the precipitation datasets. Indeed, seasonal snowfall averaged over all the massifs reaches 546 mm in SAFRAN, 684 mm in ARO_0p5, and 737 mm in ARO_2p5D. The largest differences (over 30%) between SAFRAN and the two datasets derived from AROME are found in high-altitude massifs located in the inner French Alps (Mont Blanc, Haute Tarentaise, Vanoise, Haute Maurienne, and Oisans; Figure 1). Figures 2E,F show that ARO_2p5D and ARO_0p5 have similar patterns of differences of cumulated snowfall with SAFRAN. ARO_2p5D estimates more snowfall than ARO_0p5 over the massifs, except for three of them located along the border with Italy (Haute Tarentaise, Haute Maurienne, and Thabor).

Four cross sections of total snowfall and topography from north-west to south-east are shown on Figure 4 to illustrate more in details the differences between the datasets. These transects are aligned along the general axis of prevailing westerlies and northwesterlies and cut through the main mountain ranges of our study area. Overall, ARO_0p5 and ARO_2p5D agree well in their estimation of seasonal snowfall across all transects. Local differences can be found near the summits of the different massifs but no systematic pattern can be identified. Figures 4A,C also suggest that ARO_0p5 simulates less snowfall on the leeside of some mountain ranges (Chablais on Figure 4A; Grandes Rousses and Pelvoux on Figure 4C). When compared to SAFRAN, a good agreement is found for regions of low elevation (below 1,500 m; Bauges on Figure 4B; Chartreuse on Figure 4C). At higher elevation, the estimations of ARO_0p5 and ARO_2p5D diverges from the one provided by SAFRAN. The largest discrepancies between the datasets are found at the first significant topographic barriers on the windward side of the different mountain ranges. For example, the 2,000-m topographic rise at the border between the Maurienne and the Vanoise massifs leads to snow accumulation for the two datasets based on AROME that can reach three times the value estimated with SAFRAN (Figure 4B). Similar effects are found for the Mont Blanc massif (Figure 4A) and the Belledonne and Grandes Rousses ranges (Figure 4C). Regions of lower estimations of seasonal snowfall in ARO_0p5 and ARO_2p5D compared to SAFRAN are generally found on the leeward side of the main mountain ranges (Pelvoux on Figure 4C; Vercors on Figure 4D). SAFRAN does not present the variability between the upwind and downwind sides of the massifs because of its assumption of climatological homogeneity (section 2.2.2).
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FIGURE 4. Cross sections of total snowfall from September 1st 2011 to June 30th 2012 for AROME 500 m (blue), downscaled AROME 2.5 km (green), and SAFRAN (red) along four transects, with topography plotted on the right axis in gray. The location of the transects is given in Figure 2. The name of the SAFRAN massifs crossed by the transect is given above each graph. Note that the transect length varies from one figure to another.



3.2. Snowpack Simulations

The three precipitation datasets described in the previous section were used in combination with other atmospheric forcing from AROME 500 m to drive snowpack simulations with Crocus. These simulations are evaluated below in terms of snow depth, snow-covered area and snow accumulation over glaciers.

3.2.1. Snow Depth

Table 2 provides detailed error statistics for simulated snow depth for different time periods throughout the winter and several elevation bands. When all elevations are considered, the best performances (lower RMSE and bias) are obtained with SAFRAN for the whole snow season as well as for the different sub-periods. ARO_0p5 brings improvements when compared to ARO_2p5D with a reduction of 9% in the overall RMSE and 33% in the overall bias. However, both simulations still present large positive biases and large RMSE that are mainly explained by model performances above 1,500 m. Indeed, below 1,500 m, the three snowpack simulations give similar results with a slight tendency to underestimate snow depth, especially for ARO_0p5 and SAFRAN in mid-winter (January to March). On the contrary, above 1500 m, positive biases and large RMSE are found with ARO_0p5 and ARO_2p5D. They increase with elevation and are maximal above 2,000 m in late snow season (April to June).


Table 2. Error statistics (in cm) for simulated snow depth against observations for winter 2011-2012 for four time periods: (1) October–December (OND), (2) January–March (JFM), (3) April–June (AMJ), and (4) over the entire snow season (All).
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We then used snow depth time series to study more in details positive daily snow depth variations, ΔHS, and how they were related to the errors statistics in snow depth presented in Table 2. Figures 5, 6 show the ETS and the total amount of observed and simulated ΔHS for different categories. The same elevation bands as in Table 2 were considered. For all precipitation datasets and elevation bands, the skill decreases with increasing accumulation threshold. SAFRAN presents the best skill for thresholds up to 10 cm per 24 h for all the elevation bands (Figure 5). ARO_0p5 and ARO_2p5D have similar skills for thresholds up to 10 cm per 24 h whereas ARO_2p5D shows the best skill for the 20 cm per 24 h threshold. For higher thresholds, the limited sample sizes make impossible any reliable interpretation.
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FIGURE 5. Equitable Threat Score (ETS) for daily snow depth variations, ΔHS, for different thresholds for the different snowpack simulations and for several elevation bands: (A) 600–1,500 m, (B) 1,500–2,000 m, and (C) 2,000–3,000 m. The upper x axis shows the number of observations per category.
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FIGURE 6. Cumulated daily snow depth variations, ΔHS, by categories in the observation dataset and the different snowpack simulations for several elevation bands: (A) 600–1,500 m, (B) 1,500–2,000 m, and (C) 2,000–3,000 m. The upper x axis shows the number of observations per category.



The total amount of snow accumulation in the observations and the simulations is larger between 1,500 and 2,000 m (Figure 6B) since more observations are available for this elevation band (see section 2.4.1 and the upper x axis of each graph on Figure 6). For all elevation bands, the lowest snow accumulation category (1–5 cm) is overestimated for all Crocus simulations. It is also the case for the category (5–10 cm) above 1,500 m. On the contrary, higher snow accumulation categories are underestimated by all Crocus simulations. Below 1500 m, the three precipitation datasets lead to similar results for higher categories: daily snow accumulation in the range 20–40 cm is strongly underestimated while no daily accumulation above 40 cm is captured. Above 1,500 m, the underestimation is more pronounced by SAFRAN than by ARO_0p5 and ARO_2p5D in the range 20–60 cm. In this range, ARO_2p5D is systematically closer to the observations than ARO_0p5. Finally, no daily accumulation larger than 60 cm is captured by the simulations above 1,500 m.

Positive daily snow depth variations were then cumulated for 26 stations covering the different elevation bands. Figure 7 shows the example of time series of snow depth and cumulative sum of positive daily snow depth variations, ΣΔHS+, for two stations located above 2,000 m. Figure 8 compares observed and simulated ΣΔHS+ at the end of the winter and shows an overall increase in observed ΣΔHS+ with elevation. Observed ΣΔHS+ larger than 600 cm at the end of the winter are found for five stations, all located above 2,000 m. The general underestimation of ΔHS above 10 cm (Figure 6) leads to an underestimation of ΣΔHS+ at the end of the winter for all simulations. It reaches -31 % for SAFRAN (Figure 8A), -22 % for ARO_0p5 (Figure 8B) and -18 % for ARO_2p5D (Figure 8C). SAFRAN has the highest coefficient of determination despite its overall negative bias. Among the two datasets based on AROME, ARO_0p5 has the best performances with a higher coefficient of determination and a lower RMSE than ARO_2p5D.
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FIGURE 7. Times series of simulated and observed snow depth and cumulative sum of positive daily snow depth variations at 2 stations: (A,B) Grande Parei and (C,D) Les Rochilles. The location of the stations is shown on Figure 1.
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FIGURE 8. Comparison of measured and simulated cumulative sum of positive daily snow depth variation at the end of the season for 26 stations. Results of three Crocus simulations are considered: (A) SAFRAN, (B) ARO_0p5, and (C) ARO_2p5D. On each graph, the dashed line represents the line y = x and different symbols are used as a function of the stations elevation. Error statistics (Bias, RMSE, and coefficient of determination, R2) are given for each simulation.



Figure 9 compares the biases in simulated snow depth computed from October 1st to June 30th for 26 stations with the biases in simulated cumulative sum of positive daily snow depth change, ΣΔHS+, computed over the same period. It shows that a positive bias in ΣΔHS+ systematically led to a positive bias in simulated snow depth (see for example Les Rochilles station on Figures 7C,D). This is especially the case for ARO_2p5D (Figure 9C) for which 7 among 8 snow depth biases above +50 cm were associated with positive biases in ΣΔHS+. On the contrary, no clear relationship can be identified for stations presenting a negative bias in ΣΔHS+. For SAFRAN (Figure 9A), 15 stations have a positive bias in snow depth among the 25 ones with a negative bias in ΣΔHS+. Similar conclusions are reached for ARO_0p5 (Figure 9B) and ARO_2p5D (Figure 9C). This shows that biases in positive daily snow depth change are not the only processes responsible for the generation of biases in simulated snow depth as already reported in Quéno et al. (2016) and Luijting et al. (2018). For example, the symbols highlighted in red on Figure 9 correspond to a high-altitude station located in the Oisans massif (Figure 1). A detailed analysis of the snow depth time series at this station (not shown) revealed that this station was exposed to wind-induced snow erosion which is not simulated by the model. Therefore, biases in cumulated positive daily snow depth variations do not translate necessarily directly into biases in snow depth.
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FIGURE 9. Comparison of snow depth biases computed from October 1 to June 30 with biases in cumulative sum of positive daily snow depth change over the same period at 26 stations. Results of three Crocus simulations are considered: (A) SAFRAN, (B) ARO_0p5, and (C) ARO_2p5D. On each graph, different symbols are used as a function of the stations elevation. The red circles highlight the results at a specific station which are discussed in the text.



3.2.2. Snow Cover Area

Figure 10 compares simulated and observed snow covered area at three stages of the snow season: (i) beginning of winter (November 11th 2011), (ii) end of winter (March 16th 2012) and (iii) mid-Spring (May 14th 2012). On November 11th, no snow is present on the foothills of the French Alps in the observation as well as in the different simulations (except at high elevation for the Chablais and Aravis massifs). For the inner massifs, ARO_0p5 and ARO_2p5D tend to overestimate the snow cover compared to SAFRAN and MODIS in several areas characterized by a strong topographic enhancement of snowfall in AROME and identified on Figure 4. This is for example the case of the peaks lying at the northwestern side of the Vanoise massif. On March 16th, snow cover is present for all the massifs for the three simulations. Only the large valleys of the French Alps are snow free. This pattern is consistent with the MODIS data but the snow cover area is less extended in the observations for the massifs of the foothills (Vercors, Chartreuse, Bauges). These massifs are partially covered by forests (see Supplement Section 2) which (i) alter the quality of the MODIS snow product in these regions (e.g., Parajka et al., 2012) and (ii) make snowpack simulations less reliable in these regions since the model was not configured to account for snow/canopy interactions. On May 14th, ARO_0p5, ARO_2p5D, and SAFRAN in a lower extent show a large overestimation of snow cover on the foothills and a better agreement for the inner massifs.
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FIGURE 10. Maps of snow covered fractions simulated by Crocus driven by the three forcing datasets and observed by MODIS (Right) for three dates of winter 2011–2012: 11 November 2011 (Top), 16 March 2012 (Middle) and 14 May 2012 (Bottom). Results of SAFRAN experiment are only shown within the limit of the massifs (red lines).



A more quantitative comparison of model performances is given on Figure 11. It shows the temporal evolution of snow cover area and Jaccard Index for different elevation bands. The evaluation is only carried out for non-forested areas as mentioned in section 2.4.2. For November 2011, the simulated SCA remains nearly constant in all three Crocus simulations and tends to be higher than MODIS SCA, especially above 2500 m. In this elevation band, MODIS SCA slightly decreases in November, partially due to an increase in the number of missing data due to low incidence on north-facing slopes. SAFRAN better captures than ARO_0p5 and ARO_2p5D the spatial variability of the snow cover during this period (higher Jaccard Index). The large increase in SCA in December is then well-captured by the different Crocus simulations at all elevations and followed by a mid-winter period (January and February) characterized by a full snow coverage and Jaccard index near 1 above 1,500 m in all simulations. Below this elevation, all simulations overestimate SCA in mid-winter with ARO_0p5 performing best (lowest differences with observation). However, it shows similar performances in terms of snow cover similarity compared to SAFRAN and ARO_2p5D. From March 2012, all Crocus simulations tend to overestimate the snow cover area during the melting period, especially for ARO_0p5 and ARO_2p5D which is consistent with the overestimation of snow depth reported in Table 2 for the period April-June. SAFRAN provides the best agreement in terms of snow cover similarity during this period.
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FIGURE 11. (Left) Temporal evolution of observed and simulated snow cover area for several elevation bands and for all elevations. Vertical error bars for MODIS observations show the uncertainty associated with cloud presence and missing data; (Right) Temporal evolution of Jaccard index for the three Crocus experiments. The vertical bars represent the cloud coverage. Only MODIS images with a cloud cover below 15% were used to compute the Jaccard index. The vertical orange lines on each graph represent the dates shown on Figure 10.



3.2.3. Glacier Winter Mass Balance

We used winter surface mass balance (WSMB) measurements at point locations of six glaciers (Table 1 and Figure 1) to provide complementary evaluation data, in particular at high elevation. Indeed, above 2,500 m, only five stations measuring snow depth were used in section 3.2.1 and MODIS data bring only limited information since snow was present most of the time between November and June at high elevation (Figure 10). Table 3 provides the overall error statistics of simulated WSMB for each glacier while Figure 12 shows the observed and simulated WSMB as a function of elevation for each glacier. A detailed analysis (not shown) revealed that the average contribution of ablation (surface sublimation and melt) on simulated WSMB is just 1.1% with a maximal contribution of 6.3% for the Crocus simulation driven by SAFRAN precipitation for the lowest drilling cores on the Argentière glacier. Therefore, differences in WSMB between the Crocus simulations are mainly explained by differences in the precipitation forcing.


Table 3. Error statistics (in kg m−2) for simulated winter surface mass balance against observations collected at drilling cores for six glaciers of the French Alps for winter 2011–2012.
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FIGURE 12. Winter surface mass balance (in kg m−2) for winter 2011–2012 of six glaciers of the French Alps as a function of elevation derived from observations and simulated with Crocus driven by the three forcing datasets. The location of each glacier is given on Figure 1. For each dataset, the line represents the best-fitted linear regression of winter surface mass balance as a function of elevation. No regression line is shown for Sarennes glacier since it covers a too narrow elevation band. The error bars on the observation points represent the typical measurement error. Note that different elevation ranges are used for each glacier.



Among these glaciers, two of them are located in the Mont Blanc massif and cover large elevation ranges: the Argentière and Mer de Glace glaciers (Figure 1). The largest differences in seasonal snowfall between SAFRAN and the two versions of AROME were found in this region (Figures 2, 3). In terms of WSMB, SAFRAN experiment provided the best results (lower RMSE and bias) for both glaciers. However, it did not capture the increase in snow accumulation with elevation and strongly underestimated WSMB above 2,600 m (Table 3). Both simulations driven by AROME led to large overestimated WSMB (Figure 12). Above 2,600 m, this overestimation ranges between 22 and 29% depending on the glacier and on the version of AROME. Figure 12 also shows that the three Crocus simulations cannot reproduce the spatial variability of snow accumulation over these two glaciers which is strongly influenced by local processes, such as preferential deposition, wind-driven snow transport as well as gravitational snow transport (Réveillet et al., 2017) that are not implemented in the model. This point is further discussed in section 4.

The other four glaciers are all located above 2,600 m. SAFRAN experiment systematically underestimated WSMB of each of these glaciers, especially for the Sarennes and Saint Sorlin glaciers (Grandes Rousses massif, Figure 1) where the underestimation reaches −40%. For these two glaciers, ARO_0p5 and ARO_2p5D provide estimations of WSMB within the range of uncertainty of the measurements. This suggests that ARO_0p5 and ARO_2p5D capture well high-elevation snowfall for this massif but without fully reproducing the spatial variability of snow accumulation for Saint Sorlin glacier. Finally, for the Gébroulaz glacier and the Glacier Blanc, ARO_0p5 overestimates the winter snow accumulation by 38 and 28%, respectively. Improved performances are obtained with ARO_2p5D with an overestimation decreasing to 14% for Gébroulaz glacier and 18% for Glacier Blanc.

4. DISCUSSION

4.1. Precipitation Datasets in the French Alps

This paper first compared three precipitation datasets at 500-m grid spacing in the French Alps: two of them were derived from the NWP system AROME (ARO_0p5: dynamical downscaling from AROME 2.5 km; ARO_2p5D: simple downscaling from AROME 2.5 km) and the third one was obtained from the SAFRAN analysis. The two precipitation datasets based on AROME show larger areal-mean total snowfall than SAFRAN for most of the massifs considered in this study (Figure 3). Large differences between AROME and SAFRAN are found in (i) areas of high-elevation and (ii) along the topographic barriers located on the windward side of the different mountain ranges (Figure 4). These differences are consistent with the results of Vionnet et al. (2016) obtained for AROME 2.5 km. At high elevation, the differences between AROME and SAFRAN are similar to the differences obtained between the WRF atmospheric model and the gauge-based PRISM dataset for different mountains ranges of the US (e.g., Gutmann et al., 2012; Silverman et al., 2013; Jing et al., 2017). They are partially explained by the limited number and reliability of stations measuring precipitation at high-elevation used in SAFRAN in the French Alps or PRISM in the US. In addition, the climatological vertical profile used as the initial precipitation guess in SAFRAN presents uncertainties at high-elevation. The topographic barriers along on the windward side of the mountain ranges correspond to areas of strong vertical motions in AROME which, combined with moisture supply, favor large condensation rates and enhanced snowfall, similar to what was found by Rasmussen et al. (2011) with WRF in the mountains of Colorado. SAFRAN cannot reproduce this intra-massif variability of snowfall, due to its assumption of climatological homogeneity within each massif.

The two precipitation datasets based on AROME led to similar spatial patterns of seasonal snowfall with snowfall contours that closely follow topography contours (Figure 2). This illustrates the strong influence of the underlying topography on the precipitation simulated by a high-resolution NWP system (Rasmussen et al., 2011; Hughes et al., 2017; Jing et al., 2017). On average over the French Alps, AROME 500 m simulated 7% less total snowfall than AROME 2.5 km with simple downscaling (Figure 3). This differs from the work of Jing et al. (2017) that obtained a slight increase (+1.3%) in mean snowfall with WRF at 1.3 km compared to WRF at 4 km in the Yellowstone area in the US. Differences between ARO_0p5 and ARO_2p5D can be explained by (i) a finer representation of terrain-induced precipitation in ARO_0p5 and (ii) the value of the precipitation-elevation adjustment factor used to downscale the precipitation of AROME 2.5 km. Indeed, this factor has been derived by Thornton et al. (1997) using measurements from rain gauges in the Northwestern USA. It is widely used for distributed snowpack modeling (Liston and Elder, 2006). This factor could be adjusted for the French Alps using precipitation dataset specific of this area (Gottardi et al., 2012).

4.2. Impact on Snowpack Simulations

Snowpack simulations driven by ARO_0p5 and ARO_2p5D led to a general overestimation of snow depth above 1,500 m that increases with elevation (Table 2). Using SAFRAN precipitation reduced the positive bias in snow depth above 1,500 m. Quéno et al. (2016), Vionnet et al. (2016), and Luijting et al. (2018) reached similar conclusions in terms of total snow depth using AROME at 2.5 km to drive Crocus in the Pyrenees, the French Alps and Norwegian mountains. Errors statistics in snow depth are nonetheless improved for ARO_0p5 compared to ARO_2p5D. Quéno et al. (2016) also showed that AROME improved the representation of the snow cover variability compared to SAFRAN in the Pyrenees. Such improvement is not found in our study with SAFRAN showing a better representation of snow-covered area observed by MODIS than ARO_0p5 and ARO_2p5D in fall and spring time (Figure 11). The overestimation of snow accumulation in regions of orographic precipitation enhancement simulated by AROME may explain the differences during the fall (Figure 10). In springtime, the overestimation of snow cover can be associated with the general overestimation of snow depth above 1,500 m in ARO_0p5 and ARO_2p5D.

Daily snow depth variations were considered to analyze more in details the results obtained with the different precipitation datasets as in Quéno et al. (2016) and Currier et al. (2017). Figure 6 shows that all precipitation datasets led to an underestimation of daily snow depth change larger than 10 cm that resulted in an underestimation of cumulated daily snow depth increase with ARO_0p5 providing the best performances (lowest RMSE) among the three datasets (Figure 8). Recently, Champavier et al. (2018) found the same underestimation for SAFRAN-Crocus at 10 stations measuring daily new snow depth on snow boards in the French Alps. The general overestimation of snow depth with AROME is not explained by an overestimation of snowfall height (except at some stations) as shown on Figure 9, confirming the earlier findings of Quéno et al. (2016). In particular, as in Quéno et al. (2016), wind-induced snow erosion, not simulated in the configuration of Crocus used in our study, can explain part of the overall positive biases in snow depth found for high-altitude stations. In addition, errors in daily snow depth change are not only explained by errors in daily precipitation amount and phase. Indeed, they are affected by errors in simulated new snow density and new snow compaction in Crocus. Helfricht et al. (2018) have shown that the parameterization of Crocus consistently overestimated new snow density at four well-instrumented sites in the European Alps. This can explain the consistent underestimation of daily snow depth increase found with our three precipitation datasets. On the other hand, Quéno et al. (2016) found an underestimation of snow compaction in Crocus that can compensate for the underestimation of daily snow depth increase when considering error statistics for total snow depth. This illustrates the difficulty of evaluating precipitation datasets on snow height because this variable involves the modeling of other uncertain processes (in particular, density of falling snow, snow compaction) and might not be representative of errors in snow mass in some cases.

Measurements of winter surface mass balance for 6 glaciers were considered to provide additional evaluation data, especially at high-elevation where few stations measuring snow depth are available. Our study showed a systematic underestimation of high-altitude snow accumulation over the six glaciers using SAFRAN precipitation (Figure 12). This underestimation increases with elevation. These results are in agreement with previous studies (Gerbaux et al., 2005; Réveillet et al., 2017, 2018; Revuelto et al., 2018). Using 17 years of measurements, Réveillet et al. (2017) found that SAFRAN solid precipitation are underestimated by a factor 1.5 on average at the glacier scale for the Argentière, Mer de Glace, Saint Sorlin and Gébroulaz glaciers. In our study, the average factor reaches 1.3 for these four glaciers for winter 2011/2012 (Table 3), in the range of inter-annual variability reported by Réveillet et al. (2017). Compared to SAFRAN, ARO_0p5 and ARO_2p5D brought substantial improvements for the Sarennes and Saint Sorlin glaciers located in the Grandes Rousses ranges (Figure 12). For the rest of the glaciers, they led to an overestimation of WSMB, especially for the Argentière and Mer de Glace glaciers in the Mont Blanc massif where ARO_0p5 and ARO_2p5D simulate the largest seasonal snowfall in the French Alps (Figure 3). This illustrates that the quality of AROME precipitation at high-altitude is highly variable across the different massifs of the French Alps. Despite the overestimation of WSMB, ARO_0p5 and ARO_2p5D capture well the relative change of WSMB with elevation for the Mer de Glace and Gébroulaz glaciers, suggesting that these systems can provide relevant information on the local gradient of precipitation with elevation. Further specific work is required to better understand the relative contribution of snowfall variability with elevation and local processes (preferential deposition, wind-induced and gravitational snow transport) in determining the final pattern of snow accumulation over each of these glaciers. The evaluation of snow depth simulations was restricted to 87 stations and the WSMB of glaciers was evaluated at 125 drilling cores. As mentioned in sections 2.4.1, 2.4.3, these point measurements are affected by a limited spatial representativity and coverage. High-resolution maps of snow depth from airborne platforms (LiDAR or photogrammetry) (e.g., Helfricht et al., 2012; Painter et al., 2016; Voegeli et al., 2016) would allow a stronger assessment of model performances over large areas. For example, mountain-range scale snow-cover variability resulting from orographic precipitation (Houze, 2012) is only partially captured by the point measurements. This limits our ability to quantify the expected large impact of the assumption of climatological homogeneity in SAFRAN on the snow cover variability within each massif. Regions of overestimated snow depth due to the strong orographic precipitation enhancement in AROME would be also more clearly identified. In addition, snow depth measurements from airborne platforms would allow to quantify the impact of small-scale winter precipitation processes (cloud-dynamical processes and advection of solid hydrometeors, Gerber et al., 2019) that are not represented in the precipitation datasets used in our study. Over glaciers, the quantification of the snow accumulation from LiDAR or photogrammetry requires to take into account the effects of the glacier dynamics (Sold et al., 2013). Finally, the comparison between simulated and observed high-resolution maps of snow depth would benefit from the explicit simulation of wind-induced snow transport (e.g., Vionnet et al., 2014) and gravitational snow transport (Bernhardt et al., 2010) in our distributed snowpack simulations.

In our study, the influence of the different precipitation datasets on snowpack simulations were quantified and discussed in simulations where all the atmospheric driving data, except the precipitation, were obtained from AROME 500 m. These forcing were potentially affected by biases that impact the snowpack simulations (Raleigh et al., 2015). In particular, errors in the longwave and shortwave radiative forcing represent a large source of uncertainty (Quéno et al., 2018) and impact the simulated energy balance and resulting snow melt. Errors in wind speed can also affect the magnitude of turbulent fluxes simulated by Crocus and the resulting melt (Réveillet et al., 2018). They will also affect the density of falling snow (Vionnet et al., 2012) leading to potential errors in simulated daily snow accumulation. Snowpack simulations driven by an ensemble of atmospheric forcing (Vernay et al., 2015) could be used to better estimate these uncertainties. Simulated total snow depth is also affected by the uncertainty on various processes in the snowpack model especially those affecting the surface energy balance, in particular the turbulent fluxes (Schlögl et al., 2016). It is expected to be lower than forcing uncertainty (Raleigh et al., 2015) but can still have a significant impact on the scores (Essery et al., 2013; Lafaysse et al., 2017).

5. CONCLUSIONS

This study aims at evaluating the impact of different precipitation datasets on sub-kilometer snowpack simulations in the French 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 additional 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 atmospheric driving data were obtained from AROME 500 m. The three snowpack simulations were evaluated against an ensemble of snow observations: (i) ground-based measurements of snow depth at 87 stations, (ii) satellite-derived maps of snow-covered areas and (iii) observations of glacier winter surface mass balance (WSMB) for 6 glaciers of the region. Major conclusions of the model evaluation are summarized below.

• AROME 500 m and AROME 2.5 km with simple downscaling provided similar snowfall patterns strongly influenced by the topography of the French Alps. They significantly differ 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 significantly 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 affect 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 snowfall 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 significance when analyzing the impact of different precipitation datasets on snowpack simulations.

• WSMB measurements for six glaciers provided valuable information on the performances of the different precipitation datasets at high-altitude. Crocus driven by SAFRAN systematically underestimated high-elevation snow 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 different 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 suffer 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 homogeneity for each massif made in SAFRAN, the intensity of the orographic precipitation enhancement in AROME and the role of near-surface winter precipitation processes not captured by the three precipitation datasets.

This study constitutes the first evaluation of the potential and limitations of a sub-kilometer NWP system for snowpack and glacier mass balance modeling in alpine terrain. Only little improvement was found compared to the precipitation dataset derived from AROME 2.5 km with a simple downscaling. Further multi-year evaluation is required to better assess the performance of AROME 500 m for contrasted winter seasons. This study placed a specific emphasis on precipitation but sub-kilometer NWP system can also bring valuable information in complex terrain for other meteorological variables, such as wind speed and direction (e.g., Horvath et al., 2012; Vionnet et al., 2015). This can potentially improve the simulation of wind-induced snow accumulation in high-resolution snowpack simulations (e.g., Vionnet et al., 2014).
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Glacier Lat. () Lon. () Area (km?) Elev. range (m) Number of drilling cores

Argentiére 45.95 7.00 124 2,370-3,020 32
Mer de Glace 45.90 6.95 28 2,130-3,530 23
Gébroulaz 45.29 6.63 3 2,600-3,390 24
Saint Sorfin 45.16 6.17 3 2,680-3,170 28
Sarennes 45.12 6.13 0.09 2,860-2,940 4
Glacier Blanc 44.94 6.38 55 3,060-3,270 14

Latitude and longitude are the coordinates of the approximate center of the glaciers. The elevation range corresponds to the range of elevations of the dfilling cores used to compute
winter surface mass balance.
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OPS/images/feart-07-00182-t003.jpg
iadior Elev. range Nobs Moyobs SAFRAN ARO_0p5 ARO_2p5D

(m) 5] (kgm=2) (kgm=2) (kg m™2) (kgm=2)
. 2,370-3,020 32 1,304 350 (~69) 740 (640) 662 (568)
Argentiere

2,600-3,020 22 1,626 311 (-262) 489 (442) 438 (390)
2,130-3,530 23 1,416 482 (—267) 564 (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 Sorfin 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 experiments dfiven by different precipitation forcing. Lower RMSE and bias (in absolute value) are highiighted in bold. Nops
and Moyaps represent the number of dfiling cores and the average winter surface mass belance (in kg m=2), respectively. The location of each glacier is given on Figure 1. The elevation
range corresponds to the range of elevations of the drilling cores used to evaluate the simulations.
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Period Experiments Al 600-1,500 m 1,500-2,000 m 2,000-3,000 m

Nobs 3,463 1,200 1,821 %42
Moyaps 40 16 46 59
OND SAFRAN 18(-3) 12(-4) 18(-7) 24(5)
ARO_O0pS 28(1) 14 (—4) 24(-4) 42 (14)
ARO_2pSD 29(3) 12(-2) 22(-1) 46 (16)
Nobs 7,503 2,046 3320 2,187
Moyabs 119 65 131 184
JFM SAFRAN 38(0) 29(-9) 32(-2) 51(11)
ARO_0p5 51(12) 33(-8) 49(10) 66 (33)
ARO_2pSD 57(22) 2@ 53(29) 7987)
Nobs 3476 1,002 1,461 1,013
Moyabs 54 3 37 129
AMJ SAFRAN 36(7) 12(-1) 36(6) 50 (14)
ARO_O0pS 73(34) 17(0) 60(27) 113 79)
ARO_2pSD 78 (39) 14(1) 67 (33) 120 (83)
Nobs 14,442 4,248 6,102 4,002
Moyabs 85 37 90 125
Al SAFRAN 34(1) 22(-6) 31(-1) 46 (10)
ARO_0pS 53(14) 26(-5) 48(11) 76 (40)
ARO_2pSD 58(21) 24.(1) 52(20) 85(43)

For each sub-period, sttistics are given for all stations and per elevation band. RMSE and bias (in parentheses) are shown. Lowest RMSE and bias (in absolute value) are highlighted
in bold. Nops and Moyeps represent the number of observations and the average snow depth (in cm), respectively.
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