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Abstract. Snow hydrological regimes in mountainous catchments are strongly influenced by snowpack heterogeneity resulting
from wind- and gravity-induced redistribution processes, requiring their modelling at hectometric and finer resolutions. This
study presents a novel modelling approach to address this issue, aiming at an intermediate complexity solution to best represent
these processes while maintaining operationally viable computational times. To this end, the physics-based snowpack model
FSM2oshd was complemented by integrating the modules SnowTran-3D and SnowSlide to represent wind- and gravity-driven
redistribution, respectively. This new modelling framework was further enhanced by implementing a density-dependent layer-
ing to account for erodible snow without the need to resolve microstructural properties. Seasonal simulations were performed
over a 1180 km? mountain range in the Swiss Alps at 25, 50 and 100 m resolution, using appropriate downscaling and snow
data assimilation techniques to provide accurate meteorological forcing. Particularly, wind fields were dynamically downscaled
using WindNinja to better reflect topographically induced flow patterns. The model results were assessed using snow depths
from airborne LIDAR measurements. We found a remarkable improvement in the representation of snow accumulation and
erosion areas, with major contributions from saltation and suspension as well as avalanches, and modest contributions from
snowdrift sublimation. The aggregated snow depth distribution curve, key to snowmelt dynamics, was significantly and con-
sistently matching the measured distribution better than reference simulations, from the peak of winter to the end of the melt
season, with improvements at all spatial resolutions. This outcome is promising for a better representation of snow hydrological

processes within an operational framework.

1 Introduction

Snow is a crucial water resource in mountainous areas, where snowmelt represents a significant part of the runoff (e.g. Li
et al., 2017). In the context of fast and marked changes of the cryosphere and water resources in the European Alps (Beniston
et al., 2018), monitoring the snow cover in mountainous countries like Switzerland is necessary to assess its contribution to the
streamflow in watersheds (e.g. Griessinger et al., 2019), to estimate its response to climate change in terms of runoff (e.g. Bavay
et al., 2013; Hanzer et al., 2018) or rain-on-snow events (e.g. Schirmer et al., 2022), or to better anticipate future consequences

on water scarcity (e.g. Brunner et al., 2019).
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When estimating the state of mountain snow cover, the main challenge is to capture its seasonal evolution and strong
spatial heterogeneity that occurs at different scales. Many studies have highlighted the bene ts of using kilometric resolution
meteorological data from numerical weather prediction models as input to snowpack models to represent most of the sources
of variability (e.g. orographic precipitation) at the mountain range scale (e.g. Vionnet et al., 2016; Quéno et al., 2016; Luijting
et al., 2018; He et al., 2019; Raparelli et al., 2023). At such scales, snow redistribution can usually be considered as part of
sub-grid processes.

At hectometric and ner resolutions, the ne scale variability of snow distribution also has a signi cant impact on catchment
hydrology (e.g. Luce et al., 1998). Anderton et al. (2002) showed that the decametric to hectometric variability of snow cover
is critical for larger-scale snowmelt runoff simulations. Several studies emphasized that the spatial distribution of snow cover
prior to the melt season is more important than spatial differences in melt behaviour for estimating cumulative snowmelt
dynamics in a catchment (e.g. Anderton et al., 2004; Egli et al., 2012). Brauchli et al. (2017) identi ed the effects of a more
heterogeneous snowpack on the melt season at the sub-basin scale, with an earlier onset of runoff and an extension of th
melt season due to shallower and deeper snow-covered areas, respectively. Several redistribution processes contribute to tt
slope-scale variability: gravitational redistribution in steep slopes (e.g. Sommer et al., 2015; Mott et al., 2019), wind-driven
snow transport (e.g. Pomeroy and Gray, 1995; Mott et al., 2018) and near-surface atmospheric effects on snowfall deposition
patterns (e.g. Wang and Huang, 2017; Gerber et al., 2019). Sublimation of suspended snow can also have a signi cant local
impact on the snowpack mass budget, although the overall contribution is usually small at the regional scale in alpine areas
(Strasser et al., 2008; Bernhardt et al., 2012; Groot Zwaaftink et al., 2013; Sexstone et al., 2018). Altogether, these redistribution
processes drastically alter snow distribution and their representation in snow cover models is crucial for snow hydrology beyond
hectometric resolution (Clark et al., 2011).

Post-deposition snow redistribution processes, in particular wind-driven snow transport, have been studied for several
decades (e.g. Dyunin and Kotlyakov, 1980; F6hn and Meister, 1983; Pomeroy and Gray, 1990), and many blowing snow
models have been developed with a wide range of complexity depending on the study context and application. The complexity
of blowing snow models can be broadly categorized according to the following three criteria:

— The three-dimensional turbulent diffusion equation can be resolved explicitly, as in the snowdrift module of the Alpine3D
model (Lehning et al., 2008), in the Snowdrift3D model (Schneiderbauer and Prokop, 2011), in the snow2blow model
(Sauter et al., 2013), in the coupled MesoNH-Crocus models (Vionnet et al., 2014) or, with a steady-state assumption, in
the PBSM-3D model (Marsh et al., 2020a). To mitigate associated high computational costs, some models alternatively
use a parameterization by vertical integration, as the PBSM model (Pomeroy et al., 1993), the SnowTran-3D model
(Liston et al., 2007) or, more recently, the SnowPappus model (Baron et al., 2024).

— The snowpack model coupled to the snowdrift module can cover a wide range of complexity, from simple models that do
not represent layer properties to detailed layered models that resolve snow microstructure. For example, studies based ol
SnowTran-3D (e.g. Bernhardt et al., 2009, 2010, 2012; Gascoin et al., 2013; Sexstone et al., 2018; Reynolds et al., 2020)
are embedded within the SnowModel modelling framework (one-layer snowpack; Liston and Elder, 2006). Recently, a



60

65

70

75

80

85

90

Lagrangian multi-layer version of the latter model (SnowModel-LG) has been developed (Liston et al., 2020). Marsh
et al. (2020a) associate PBSM-3D to the Snobal model (two-layer snowpack; Marks et al., 1999). Musselman et al.
(2015) use PBSM within the Distributed Snow Model (three-layer snowpack). The aforementioned models solve the
mass and energy budgets of the snowpack, hence providing snow layer properties such as density, temperature and liqui
water content, but do not resolve the snow microstructure properties, contrary to multi-layer models like SNOWPACK
(Lehning et al., 2002), used in Alpine3D (e.g. Dadic et al., 2010; Mott et al., 2010) and CRYOWRF (Sharma et al.,
2023) simulations, or Crocus (Vionnet et al., 2012), e.g. used by Vionnet et al. (2014) or Baron et al. (2024). The latter
snowpack models bene t from additional information on surface snow properties, which can improve the determination
of snow erodibility (Guyomarc'h and Mérindol, 1998; Lehning et al., 2000), compared to formulations based on air
temperature (Li and Pomeroy, 1997a) or snow density (Liston et al., 2007) used with the rst category of models.

— The meteorological data used to derive wind elds driving the models can vary, from spatial and temporal interpolation of
station measurements (e.g. Gascoin et al., 2013), statistical or dynamical downscaling of wind elds (e.g. Reynolds et al.,
2020), deep learning methods of wind eld downscaling (e.g. Le Toumelin et al., 2023), to high-resolution atmospheric
models, either to produce forcing elds (e.g. Bernhardt et al., 2009; Mott et al., 2010), or a full coupling of atmosphere
and surface processes (e.g. Vionnet et al., 2014; Sharma et al., 2023).

The level of complexity adopted in studies depends on the size of the simulation area (from a few square kilometers to local
mountain ranges) and study duration (from individual events to full seasons). These choices are guided by the necessity to
manage computational constraints and achieve a suitable model-resource equilibrium. The present study derives its objective:
and constraints from the context of the Swiss Operational Snow Hydrology Service (OSHD; Mott et al., 2023), performing
physics-based snow cover simulations over a large alpine domain covering the whole Switzerlandndt&@&ontal reso-
lution. Snow redistribution is not currently incorporated in the model. Yet, users of the OSHD simulations, such as the Swiss
Avalanche Warning Service, would bene t from simulations representing slope-scale variability. We investigate here the added
value of modelling snow redistribution at hectometric or smaller scales in the particular framework of intermediate-complexity
snowpack modelling enabling calculations over large domains with hourly updates.

A few recent studies have explored different approaches to performing seasonal snowpack simulations, which encompass
snow redistribution over large domains, all while maintaining computationally viable costs. Mower et al. (2023) parallelized
SnowModel, including the SnowTran-3D module, to enable distributed snow evolution simulationsahbdizontal resolu-
tion over the contiguous United States. Baron et al. (2024) have chosen to use a simpli ed one-dimensional advection-diffusion
equation in their snowdrift module SnowPappus, which is coupled to the complex multi-layer snowpack model Crocus, with
a target horizontal resolution of 2%0. Vionnet et al. (2021) performed distributed snowpack simulations including parame-
terized gravitational redistribution (Bernhardt and Schulz, 2010) and snowdrift modelling with PBSM-3D, using a simpli ed
three-dimensional advection-diffusion equation (Marsh et al., 2020a), with an adaptative mesh resolution (Marsh et al., 2020b).
The present study introduces a different method to achieve an ef cient solution: an enhanced snow cover modelling technique

that comprehensively considers erodible snow layering and incorporates snow redistribution within an intermediate-complexity
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framework. This combination of methods offers a novel approach, with the aim of facilitating operational applications over
an entire mountain range throughout an entire winter season. After presenting modelling (Sect. 2) and evaluation methods
(Sect. 3), the model will be assessed against spatially distributed snow depth measurements (Sect. 4.1), with a quanti cation of
the impact of redistribution on the modelled snow hydrological mass budget (Sect. 4.2). Results will be discussed in Sect. 5.

2 Modelling methods
2.1 Modelling domain

The domain used for this study covers an area of Binfby 37.3km (1178.7km?) located in the eastern Swiss Alps around
Davos (Fig. 1). This area covers a wide range of elevations (fromm54G:1: to 3417m:a:s:l:), mostly in open terrain (77 %),
and includes valleys and ridges of different orientations. Forests and urbanized areas were excluded from the study to focus or
redistribution processes in open terrain. The prevailing wind directions in the region range from north-west to south-west.
A Digital Elevation Model (DEM) is generated on this domain at three different spatial resolutions(Zm and 25m)
over which spatially distributed simulations are performed. The DEM is derived from thergSolution DEM of the Federal
Of ce of Topography swisstopo. The 108, 50 m and 25m resolution domains contain 117868, 471472 and 1885888 grid
points respectively. Figure 1 also shows the evaluation subdomains BO, DO, D1 and D2, where D1 and D2 are part of DO.

2.2 Snowpack modelling

FSM2 is an intermediate-complexity snowpack model (Essery, 2015; Mazzotti et al., 2020), that explicitly resolves the snow-
pack mass and energy balance, including uxes between the snowpack and the atmosphere and uxes between the snowpac
and the underlying ground. However, contrary to detailed models like Crocus (Vionnet et al., 2012) or SNOWPACK (Lehning
et al., 2002), it does not resolve the snow microstructural properties. This model is therefore particularly suited for advanced
snow hydrological simulations, with a low computational cost (Magnusson et al., 2015). This is why a variant named FSM2oshd
was developed, and is currently used within the modelling framework of the OSHD (Mott et al., 2023). The differences between
FSM2 and FSM2oshd are described in detail by Mott et al. (2023). Snow-canopy interaction processes are represented in bott
models (Mazzotti et al., 2020), but were not considered in the present study, which focuses only on open areas. A summary of
all FSM2 variants mentioned in the present study is provided in Table 1.

In order to represent erosion and accumulation due to redistribution in this intermediate-complexity framework, a few modi -
cations were implemented. Indeed, the default layering scheme of FSM2 and FSM2oshd is a xed strati cation with prede ned
thicknesses (Essery, 2015), independent of snow properties (a maximum of 3 layers with top layecsncdrid20cm in
FSM2oshd), which is inherently limited in representing near-surface snow evolution. Cristea et al. (2022) highlighted the sig-
ni cance of layering and the thickness of the upper layer in modelling accumulation and melting processes. This becomes even
more important for redistribution mechanisms, as snow erodibility can change signi cantly throughout the snowpack stratig-
raphy due to varying microstructural properties. Of speci ¢ importance is the erodibility of surface snow. In cases where these






