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Abstract. Wind-induced snow transport has a strong influ-
ence on snow spatial variability, especially at spatial scales
between 1 and 500 m in alpine environments. Thus, the evo-
lution of operational snow modelling systems towards 100-
500 m resolutions requires representing this process at these
resolutions over large domains and entire snow seasons.
We developed SnowPappus, a parsimonious blowing-snow
model coupled to the state-of-the-art Crocus snow model
able to cope with these requirements. SnowPappus simulates
blowing-snow occurrence, horizontal transport flux and sub-
limation rate at each grid cell as a function of 2D atmospheric
forcing and snow surface properties. Then, it computes a
mass balance using an upwind scheme to provide eroded
or accumulated snow amounts to Crocus. Parameterizations
used to represent the different processes are described in de-
tail and discussed against existing literature. A point-scale
evaluation of blowing-snow fluxes was conducted, mainly at
the Col du Lac Blanc observatory in the French Alps. Eval-
uations showed that SnowPappus performs as well as the
currently operational scheme SYTRON in terms of blowing-
snow occurrence detection, while the latter does not give ac-
cess to spatialized information. Evaluation of the simulated
suspension fluxes highlighted a strong sensitivity to the sus-
pended particle’s terminal fall speed. Proper calibrations al-
low the model to reproduce the correct order of magnitude
of the mass flux in the suspension layer. Numerical per-
formances of gridded simulations of Crocus coupled with
SnowPappus were assessed, showing the feasibility of us-
ing it for operational snow forecast at the scale of the entire
French Alps.

1 Introduction

Mountainous areas in temperate regions usually experience
a seasonal snowpack. Its physical properties, depth and per-
sistence influence many local processes such as surface en-
ergy balance, soil temperature and vegetation productiv-
ity (Choler, 2015). They are critical to forecast and antic-
ipate snow-related hazards, especially avalanche triggering
(Schweizer et al., 2003; Morin et al., 2020a). On a larger
scale, snow melt-out is an important source of water for
downflow hydrological catchment, affecting water availabil-
ity for agriculture and ecosystems, human consumption, and
hydropower (IPCC, 2022). Besides, the topographic com-
plexity of mountainous environment promotes huge snow
cover spatial variability. Variations in elevation and aspect,
by influencing air temperature and radiative incoming fluxes,
are major predictors of this variability at all scales. However,
these simple patterns are made more complex by interac-
tion between wind flow, precipitation patterns and various
post-depositional processes (Mott et al., 2018). These inter-
actions, among other phenomena, include orographic effects
which tend to enhance precipitation on the windward side of
mountain ranges (at a scale 10—100 km), interaction between
wind flow and cloud formation processes, and preferential
deposition of snowfall at smaller scales (from dozens of me-
tres to kilometres). Finally, at scales of metres to hundreds of
metres, post-depositional processes, primarily wind-induced
snow transport, have a big influence on snow depth and prop-
erties. This variability has consequences for the aforemen-
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tioned processes and must thus be taken into account when
studying them.

During the last 40 years, numerous models have been de-
veloped to simulate snowpack evolution. They range from
simple one-layer models, often used in global climate mod-
elling or numerical weather prediction (NWP) models, to
detailed multilayer snowpack models explicitly represent-
ing processes like snow metamorphism and compaction.
These detailed models include Crocus (Vionnet et al., 2012),
SNTHERM (Jordan, 1991) and SNOWPACK (Bartelt and
Lehning, 2002). Crocus has been used for large-scale ap-
plications (Vernay et al., 2022; Vionnet et al., 2016) but
only at a very coarse resolution, which prevents adequately
representing snow spatial variability. In particular, it is cur-
rently used operationally for avalanche hazard forecasting in
French mountains at a massif range scale. High-resolution
applications including wind-induced snow transport were
limited to very small domains and/or short periods of time
(Vionnet et al., 2014) due to computational costs and limited
availability of high-resolution forcing data.

However, growing computational power paves the way for
moving large-scale operational systems towards resolutions
of a few hundreds of metres, also sustained by the perspec-
tive of assimilation of promising high-resolution observa-
tions (Deschamps-Berger et al., 2022). It requires represent-
ing phenomena driving snowpack variability at this scale, in-
cluding pre-depositional processes, which are increasingly
represented in non-hydrostatic atmospheric models up to
kilometre resolution, and post-depositional processes such as
wind-induced snow transport, which can be included within
the snowpack scheme. Regarding wind-induced snow trans-
port, various modelling approaches have been developed
for mountainous terrain including a fully explicit snow—
atmosphere coupling (Vionnet et al., 2014; Sharma et al.,
2021). However, this approach is not affordable in terms of
numerical cost on large temporal and spatial scales, explain-
ing the use of much simpler schemes in snow hydrology ap-
plications (Bowling et al., 2004; Pomeroy et al., 2007; Mac-
Donald et al., 2009), associated with snow models simpler
than Crocus.

In the abovementioned context of the increasing resolution
of snow modelling systems, the long-term project of CNRM
aims at performing simulations with Crocus at the scale of
the French Alps at 250 m resolution for operational purposes,
associated with a data assimilation framework requiring en-
semble runs of 50-100 members (Largeron et al., 2020;
Cluzet et al., 2022). The 250 m resolution allows a trade-off
between the need to precisely represent slopes and aspects,
influencing the mass and energy balance of the snowpack,
and the expected computational cost (Lafaysse, 2023; Baba
et al., 2019). In this context, a numerically efficient represen-
tation of wind-induced snow transport that can be coupled
to Crocus simulations is lacking, while this is necessary to
better account for its impact on avalanche forecasting over
French mountains. Two blowing-snow schemes coupled with
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Crocus exist: SYTRON (Vionnet et al., 2018) and Crocus—
Meso-NH (Vionnet et al., 2014). However, both are unsuit-
able for this geometry and resolution.

Thus, the goal of this paper is to describe and present the
first evaluations of a novel blowing-snow scheme, SnowPap-
pus, coupled to Crocus and able to be included in the afore-
mentioned large-scale simulation system. Point-scale eval-
uation of blowing-snow flux will be presented to discuss
the modelling choices. In order to avoid prohibitive com-
putational costs, this scheme shall not be much more com-
putationally intensive than the Crocus model itself, and it
will be forced with 2D wind fields downscaled from NWP
systems rather than coupled with 3D high-resolution atmo-
spheric models.

A major interest in coupling Crocus with a blowing-
snow scheme is its detailed representation of snow stratig-
raphy and microstructure as it may be an opportunity for the
simulation of snow transport occurrence (Guyomarc’h and
Mérindol, 1998; Lehning et al., 2000). Therefore, we test
the added value of microstructure-based parameterizations
of snow transport occurrence. Moreover, it allows Crocus
to be used as a tool for avalanche forecasting (Morin et al.,
2020b). Given that wind slabs formed by wind-induced snow
deposition are one of the main causes of avalanche trigger-
ing (Schweizer et al., 2003), a blowing-snow scheme cou-
pled with Crocus could become a powerful tool for avalanche
forecasting, even if evaluation of the simulated stratigraphy
is out of the scope of this study.

The paper is organized as follows: Sect. 2 presents useful
state of the art for blowing-snow flux modelling in order to
justify methodological choices for the SnowPappus model,
which is fully described Sect. 3. Section 4 presents the meth-
ods used to run and evaluate simulations. Sections 5 and 6
finally present and discuss the results.

2 Blowing-snow flux computation: state of the art
2.1 Blowing-snow occurrence

Transport is initiated when the fluid shear stress exerted near
the surface exceeds the weight of the grains and their cohe-
sion force (Schmidt, 1980), which occurs above a threshold
wind speed. In the case of snow, a threshold value U; above
which blowing snow occurs is commonly defined, although
initiation and persistence of transport may require different
wind speeds (Castelle et al., 1994; Michaux, 2003).

The threshold wind speed varies strongly as a function of
snow properties, ranging from 4 m s~! for freshly fallen snow
to 15 ms~! or even more for old refrozen or wet snow (Li and
Pomeroy, 1997; Guyomarc’h and Mérindol, 1998; Clifton
et al., 2006). The proposed parameterizations are based on
temperature (Li and Pomeroy, 1997), snow density (Liston
et al., 2007) or snow surface microstructural properties (Guy-
omarc’h and Mérindol, 1998; Raderschall et al., 2008). For-
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mulations have been used to assess the threshold wind speed.
Parameterizations based on snow surface properties (density
or microstructure properties) allow a wider range of thresh-
old wind speeds (typically from 4 to 12ms~! in Guyomarc’h
and Mérindol, 1998) thanks to the discrimination between
fresh and old snow.

However, they are consequently very sensitive to the sim-
ulated snow surface properties that can be highly uncertain
(Helfricht et al., 2018) and not always measurable. There-
fore, error compensation between the snow model and the
parameterizations may exist. The parameterization of Guy-
omarc’h and Mérindol (1998) for SnowPappus has been ex-
tensively tested with Crocus (Vionnet et al., 2013, 2018).

2.2 Horizontal blowing-snow fluxes
2.2.1 Notations and geometric considerations

In the following subsection, we discuss how the horizontal
blowing-snow flux can be estimated when transport occurs.
We define ¢ as the concentration of snow particles in the air
(kgm~3) and up as the horizontal speed of snow particles
(ms~1). Considering the transport-related physical variables
to only depend on the height z for simplicity, we can express
the horizontal snow flux (kg m2s 1) as g(z) = up(z)c(2).
Then, the integrated horizontal blowing-snow flux can be ob-
tained by Q = fq(z)dz (kgm~!s~1). O represents the total
mass of snow transported horizontally by units of length and
time. In this paper, we use g for fluxes at a given height and
Q for integrated fluxes.

2.2.2 Blowing-snow particle trajectories and transport
modes

When snow particles are detached from the snowpack, they
are usually considered to be subjected only to gravity and
drag force from the fluid (Bintanja, 2000; Kind, 1992), ne-
glecting particle collisions and possible electrostatic inter-
actions (Schmidt et al., 1999). Turbulent fluctuations of the
drag force that particles are exposed to are usually modelled
as turbulent diffusion processes (Bintanja, 2000; Gallée et al.,
2001; Vionnet et al., 2014; Sharma et al., 2021).

The trajectory of transported particles can exhibit differ-
ent shapes, corresponding to different transport modes. In
the limit case where turbulent diffusion has a negligible in-
fluence on the trajectory, a particle falls back on the snow
cover after a single jump of a few centimetres, with possible
rebounds. This corresponds to “saltation” transport. In the
opposite case, when turbulent diffusion plays an important
role, particles exhibit random motion on the vertical axis, so-
called “suspension”, and can reach much higher elevations
from decimetres to hundreds of metres above the surface.
However, both processes can be described with the same
dynamic equations (Nemoto and Nishimura, 2004) and the
transition between them is not clear, leading some authors to
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introduce “modified saltation” for intermediate trajectories
(Shao, 2005; Nemoto and Nishimura, 2004). A third mode
of transport, so-called reptation, has been described and cor-
responds to the rolling of big particles at the surface (Mott
et al., 2018) but is often neglected (e.g. Pomeroy et al., 1993;
Vionnet et al., 2014; Sharma et al., 2021).

Furthermore, snow transport is made more complex by
possible fragmentation and sublimation of snow particles
during transport and by complex feedbacks on near-surface
airflow (Melo et al., 2022; Comola and Lehning, 2017) and
snow surface properties (Vionnet et al., 2013). Saltation
in particular is still an open research topic, with some re-
cent fieldwork and experimental studies still unravelling new
saltation modes and mechanisms (Aksamit and Pomeroy,
2017; Mott et al., 2018).

2.2.3 Suspension transport modelling

Numerous models with different degrees of complexity have
been developed in order to simulate the air-blowing-snow
mixture. The most comprehensive ones represent both salta-
tion and suspension by coupling a computational fluid dy-
namics model with the simulation of individual particle mo-
tion and interaction with the snow bed in a Lagrangian mode
(Nemoto and Nishimura, 2004; Groot Zwaaftink et al., 2014,
Melo et al., 2022).

In order to deal with real-case applications, simplified
models have been developed. In the latter, snow concen-
tration in the suspension layer is computed in an Eule-
rian mode, the lower boundary condition being given by
a semi-empirical representation of saltation. The equations
governing particle concentrations usually include an advec-
tion term driven by the mean flow field, a sedimentation
term, a diffusion term to account for the effect of turbulent
diffusion motion and a sink term accounting for sublima-
tion. The most complete of these models like MAR (Gal-
lée et al., 2001), Crocus—Meso-NH (Vionnet et al., 2014),
SnowDrift3D (Schneiderbauer and Prokop, 2011a) and Cry-
oWREF (Sharma et al., 2021) are included within a 3D atmo-
spheric model and solve an equation of the following form,
sometimes with refinements to account for the influence of
blowing-snow particle size distributions on the concentration
profile (Bintanja, 2000; Déry and Yau, 1999; Vionnet et al.,
2014; Déry and Yau, 2001; Yang and Yau, 2008; Pomeroy
etal., 1993; Marsh et al., 2020), which are not presented here
for simplicity.

% +U(x,t).Ve(x,t) = V.(Kaqw(x,1)Ve(x, 1))
dc !
- Uf& ) (D

Kgnw is the turbulent diffusion coefficient of snow particles
(m2 s71), U the wind speed (m s, vr the terminal fall
speed of snow particles (ms~!) and s the sublimation rate
(kg m3s7).
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This equation can be simplified by being solved with a sta-
tionary state assumption and using a simplified wind profile
(Marsh et al., 2020) or even reduced to a one-dimensional
and stationary form by neglecting the effect of horizontal het-
erogeneity of wind speed on the concentration profile, like in
the Prairie Blowing Snow Model (PBSM) (Pomeroy et al.,
1993; Pomeroy and Male, 1992) and SnowTran3D (Liston
and Sturm, 1998). A possible form of the equation is then

ac ac ac
— (Ksnw(z)—) +vr— +s5(2) =0. 2)
0z 9z 0z

Several authors use additional hypotheses (Gordon et al.,
2009) including the following: (i) the influence of sublima-
tion on the suspension concentration profile is neglected, and
(i1) the diffusion coefficient of snow is proportional to the dif-
fusion coefficient of momentum Kg.,. Assuming a neutrally
stable stratified flow, it leaves

Kca kuyz

Kgw = =

snw ;_ ;_ ’ (3)
with ¢ a dimensionless quantity called the Schmidt num-
ber (Vionnet, 2012; Naaim-Bouvet et al., 2010) and u, the
wind friction velocity (ms™!). (iii) The net flux of particles
from the snow surface is assumed to be negligible. Note that
Eq. (1) also assumes that all snow particles have the same
terminal fall speed. With these four hypotheses, it can be
shown that the concentration profile in the suspension layer
follows a power law (Gordon et al., 2009; Naaim-Bouvet
et al., 2010).

c(z) xz7V withy = st 4
kuty

Despite the strong assumptions necessary to obtain this

power-law profile, it has been used successfully to fit ob-

served concentration profiles (Guyomarc’h et al., 2019;

Vionnet, 2012; Gordon et al., 2009; Mann et al., 2000).

The concentration profile in the suspension layer and thus
the flux in the suspension layer depend strongly on the y
exponent, itself depending on the terminal fall speed and the
Schmidt number. However, the only direct field measurement
of blowing-snow terminal fall speed was performed by Taka-
hashi (1985) in Antarctica. Estimations of ¢ are indirect and
mostly rely on concentration profile analysis (Vionnet, 2012;
Naaim-Bouvet et al., 2010). They might be affected by sev-
eral phenomena such as turbulent kinetic energy destruction
or incorrect estimation of v¢. Thus, it is easier to rely on di-
rect estimations of the y exponent from field observations
of concentration profiles rather than estimating it from the
physical parameters ¢ and vg. An effective terminal fall speed
vf = yku, can be defined. Analyses of a concentration pro-
file at Col du Lac Blanc in the French Alps and in Antarctica
(Vionnet, 2012) at a height of 0.1-1 m, as well as vf measure-
ments from Takahashi (1985), suggest that (i) observed v or

v has a large variability and ranges from 0.2 to 1.0ms™';
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(ii) “recent snow” and “old snow” regimes are distinguished,
with v increasing with snow age; and (iii) vf increases with
wind speed, at least in the case of recent snow. In this latter
case vf correctly fits the Naaim-Bouvet et al. (1996) param-
eterization. Possible theoretical explanations for these trends
include differences in shape between old and fresh snow par-
ticles and the ability of stronger winds to make bigger par-
ticles enter into suspension. These studies considered snow
that was recent, either during a precipitation event (Taka-
hashi, 1985; Vionnet, 2012) or when it was aged less than
1d.

2.2.4 Lower boundary condition for suspension
transport

In most blowing-snow models, the transition between the
saltation and suspension layer is treated assuming that the
height of the saltation layer can be defined and that the parti-
cle concentration at the top can be used as a lower bound-
ary condition for the suspension layer. However, detailed
saltation models (Melo et al., 2022; Nemoto and Nishimura,
2004) indicate that (i) there is a change in the decay rate with
height of snow particle concentration in the transition zone,
and (ii) a bimodal particle size distribution is observed in the
transition zone, with one mode associated with the biggest
particles vanishing above the transition zone and the other
mode associated with the smallest particles vanishing under
it. Nemoto and Nishimura (2004) argue that in this transition
zone, the smallest particles are still in suspension, whereas
the biggest are still in saltation motion. This suggests not
all saltating particles are able to enter the suspension state,
with only the smallest ones being picked up. Thus, we ar-
gue that the particle concentration at the top of the saltation
layer cannot be simply taken as a boundary condition, as it
is still a transition zone where some particles are in saltation
motion, without a significant effect of turbulent diffusion on
their trajectories, and some are in suspension motion. The
upper height of this transition zone can be estimated at 12—
14 cm from Melo et al. (2022) results. In the absence of pre-
cise information on this transition zone, the lower boundary
condition for suspension transport should preferably be ex-
trapolated from concentration measurements in the suspen-
sion layer rather than from estimation of the concentration in
the saltation layer.

Pomeroy and Male (1992) fitted field-observed suspension
flux and showed ¢(h¥92) = cfagl? is a suitable boundary condi-
tion to simulate fluxes in the suspension layer, with cz?l? the
concentration predicted by the saltation model of Pomeroy
and Gray (1990), which is detailed in the following sub-
section, and hF? =a x ui'27 with a = 0.0834 m—0-27 g1.27,
However, hF%? is clearly located in the transition zone be-
tween saltation and suspension, so the concentration profile
predicted by this model under 10-15 cm must be seen as an
extrapolation of suspension behaviour.

https://doi.org/10.5194/gmd-17-1297-2024
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2.2.5 Simple saltation models

Simple semi-empirical parameterizations have been devel-
oped to simulate the flux and concentration of blowing snow
in the saltation layer. Two of them, which were used in dis-
tributed snow transport models, will be compared in detail in
the following.

— Parameterization of Pomeroy and Gray (1990) (P90):

P90 P90 P90 o 2 2
Qsalt hsalt UpCqayy = A :1; *( ”;k )v (5)
u>
with A7 = 1. 62— 6)

where Qfagl? is the integrated saltation flux, hf;l?

estimation of the height of the saltation layer, pgi
the air density (kgm™3), A =0.68ms~! an empirical
constant, u; the threshold friction velocity and up =
2.8u{ the snow particle velocity. This formulation was
widely used without modifications or further testing in
blowing-snow models (Pomeroy et al., 1993; Liston and
Sturm, 1998; Bintanja, 2000; Gallée et al., 2001; Marsh

et al., 2020).

— Parameterization of Sgrensen (2004)—Vionnet (2012)
(S04):

S04 Pairui -2 -2 —1
ol =" (1-v2)(a+ov24ev), @

with V == and a, b and ¢ calibration parameters
(Sgrensen, 2004) They were calibrated as a = 2.6, b =
2.5 and ¢ = 2 in the case of snow (Vionnet, 2012). It was
used in the coupling of Crocus with Meso-NH (Vionnet
et al., 2014).

P90 and S04 give very different results. SO4 predicts a higher
flux by a factor of about 10, as highlighted by several authors
(Melo et al., 2022; Doorschot and Lehning, 2002). Despite a
physical basis, P90 and S04 are calibrated on measurements
from terrain observations in the case of P90 in various condi-
tions (and in particular wind speeds) and from a wind tunnel
experiment in the case of S04, conducted on a single, non-
cohesive snow type at a single wind speed and air tempera-
ture (Nishimura and Hunt, 2000). Thus, P90 seems to have
better empirical support than S04. However, measurements
carried out to calibrate P90 suffer from high uncertainties, in
particular concerning their height (Pomeroy and Gray, 1990),
and more complex saltation models support the magnitude of
S04 predictions (Doorschot and Lehning, 2002; Melo et al.,
2022).

Numerical and experimental works supporting S04 use
snow fluxes integrated up to 10—15,cm (Nishimura and Hunt,
2000; Melo et al., 2022), whereas the P90 formulation is

supposed to represent a flux between 0 and hfﬁ?, which is
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typically 1-4 cm in the range of speed explored in the ex-
periments of Pomeroy and Gray (1990) and Nishimura and
Hunt (2000). Thus, we argue that Qiﬁ? represents not only
the saltation transport but also the entire transition zone to-
wards suspension transport, whereas QP gives only the flux
at the base of the saltation layer. Thus, the two formulations

cannot be compared directly.

3 Model description
3.1 Crocus description

Crocus (Vionnet et al., 2012; Carmagnola et al., 2014) is a
detailed multilayer snow scheme in which each snow layer
is characterized by its mass, density, age, liquid water con-
tent, a historical variable stating if the layer has experienced
liquid water in the past and microstructural properties: the
optical diameter Dop; and the sphericity s. These properties
evolve in time by the representation of all main physical pro-
cesses (heat diffusion and phase changes in relation with each
layer energy budget, metamorphism, liquid water percola-
tion, compaction).

3.2 Blowing-snow occurrence

Consistent with Sect. 2.1, we assume snow transport occurs
when the wind friction velocity exceeds a threshold friction
velocity u; depending on the properties of the surface snow
layer. Three cases are distinguished: (i) following Vionnet
et al. (2013), if the layer contains or had formerly contained
liquid water, the snow is considered to be non-transportable.
(ii) In the case of dry snow older than 1 h, we use a threshold
wind speed which can depend on snow microstructure. Two
options were implemented.

— The default option GM98: u{ is calculated as a func-
tion of snow microstructure using the parameterization
of Guyomarc’h and Mérindol (1998):

U,
up =k—-—. (®)
In(fst)

0.75d—0.5s + 0.5 for dendritic snow 9)
—0.583g,—0.833s + 0.83 for non-dendritic snow,

where U; is the wind velocity at a reference height
heef =5m. d, s and g are the dendricity, the spheric-
ity and the grain size, which were the variables used to
describe snow microstructure in the oldest versions of
Crocus. They can be expressed as a function of spheric-
ity and optical diameter Dop (see Appendix D)

— Option CONS: threshold friction velocity is constant for
snow older than 1 h.

Geosci. Model Dev., 17, 1297-1326, 2024



1302

(iii) If the snow layer age is less than 1h, we again follow
Vionnet et al. (2013), fixing UtSm to 6ms™! during snowfall
events, in agreement with wind tunnel experiments of Sato
et al. (2008).

Equation (9) is very sensitive to the initial microstructure
properties of falling snow, related to wind speed following
Vionnet et al. (2012).

As the parameterization of Guyomarc’h and Mérindol
(1998) is not valid during snowfall, a novelty introduced in
SnowPappus is a modified value of U; during snowfall, rep-
resenting the weaker cohesion of ice bonds in new snow. This
approach differs from Vionnet et al. (2013), who instead ad-
justed falling snow properties without modification of Us.

Comparative evaluation of the two techniques will be pre-
sented in the next section. Note that this hypothesis leads to
an instantaneous increase in the threshold wind speed when
snow age reaches 1 h.

3.3 Horizontal blowing-snow flux
3.3.1 Suspension transport

To define a model suitable for our large-scale application, a
trade-off between model complexity and accuracy was nec-
essary. The numerical cost of fully coupled models prevents
their use for our target domains and resolution. Besides, two-
dimensional wind speed input may limit the added value of
three-dimensional solving of the advection—diffusion equa-
tion (Eq. 1). Finally, the target resolution (250 m) is close
to or even bigger than the topographic scales able to stop
or enhance transport. As a consequence, the effects of sub-
grid variability of the wind field may dominate the effects of
its resolved variability between grid cells. All these reasons
led us to choose to solve the simple 1D advection—diffusion
equation, as this approximation may not be the limiting fac-
tor for model uncertainty at our target resolution.

For simplicity, we assume a neutrally stable and stratified
flow, with the well-known logarithmic wind speed profile.

U(z) = %m <i> (10)

20

U is the horizontal wind speed (m g1 ), uy the wind friction
velocity (m s~1), z the height above the snow surface (m), k
the von Karman constant (dimensionless) empirically found
to be equal to 0.41 and z( the roughness length of the surface
(m). Knowing wind speed at a reference height zfoc, we de-
duce u, by inverting Eq. (10). We use a constant roughness
height zo = 1 x 1073 m, which is the default SURFEX value
for snow.

Following the four hypotheses described Sect. 2.2.3, we
use the power-law profile to describe the particle concentra-
tion in the suspension layer, additionally taking the following
lower boundary condition:

c(zr) = cr, an
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with z; a reference height (m) and ¢; a reference concentra-
tion (kg m~—3), which will be detailed in Sect. 3.3.2. Then we
have

(5) =
c(z) =c| — with y = , (12)
Zr ku
with vf the effective terminal fall speed described in
Sect. 2.2.3.

In suspension motion, snow particles are embedded in the
atmospheric turbulent airflow; consequently, simple suspen-
sion models assume their horizontal mean velocity u,(z) is
equal to wind speed U(z) (Marsh et al., 2020; Liston and
Sturm, 1998; Pomeroy and Gray, 1990). We also use this hy-
pothesis in our work.

With all these elements, we can express the total suspen-
sion snow flux as

hmax

CrZrUs
Gsusp(2)dz =

Qt,int = k(l——)/)

h susp

hmax —r+l hmax 1
[("22) (")
Zr 20 -y
—y+l
- <—h5“5p> (m <—hsus"> - )] (13)
Zr 20 l—y

with hgysp the minimum height of the suspension layer and
hmax the maximum height of the suspension layer. Following
Pomeroy and Male (1992), we use z; = P2 and ¢; = cn
(defined Sect. 2.2.4 and 2.2.5). Parameterizing vf and ¢ is
necessary to compute Oy, and will be the subject of the
following paragraph.

Fetch distance influences suspension transport by limiting
the height suspended particles can reach. Here, we follow
Pomeroy et al. (1993) and consider hpax to grow with the
fetch distance Ilfecn (distance after a slope break or an ob-
stacle preventing transport). This strong approximation of an
abrupt fall in particle concentration above hp,x generally has
little influence on the flux computation, except at very high
wind speeds when the flux profile becomes non-integrable.
More details on that topic are given in Appendix B.

In order to parameterize vli‘, we define from
Vionnet (2012) observations v;i o = 0.8 ms~! and
v;’jﬁesh =min(0.38u, +0.12,0.8 ms ™) (parameteriza-
tion from Naaim-Bouvet et al., 1996). Then, in SnowPappus,
the effective terminal fall speed is set to
V) fre 1) ifd >0and A <0.05 d

Vold ifd=0 (14)
v?old(l —-F)+ U}.freshF otherwise ,

£
o
g
Vg

with A the age of the surface snow layer and F =
[max(1, d—'”)]_l, where d is the dendricity of the snow sur-
face layer (Vionnet et al., 2012; Carmagnola et al., 2014).
Our distinction between “old” and “fresh” regimes is arbi-
trary. We are always in the fresh snow case during a precip-
itation event and move to the old snow regime with more or
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less speed depending on d,,. This adjustable quantity is set
by default to 0.5 (dimensionless) as a result of calibration on
Col du Lac Blanc data; its sensitivity is assessed in the fol-
lowing evaluations (Sect. 4.3).

3.3.2 Saltation transport and transition with
suspension

In the following subsection, we present how to compute the
transport flux in the region under 10-15 cm height where the
transport is a priori not pure suspension. It includes the salta-
tion layer and the so-called “transition zone”.

To overcome this difficulty, in the following, we denote
QO;nr the blowing-snow flux integrated up to a height of
hsusp = 10-15 cm (15 cm in the final code) and Q;knf its value
at an infinite fetch distance (see below). We include in Snow-
Pappus two methods to compute it, respectively based on P90
and S04 saltation models.

— S04. Qi = 030 (Eq. 7)

— P90 + SnowPappus. We separate the lower atmosphere
into two sublayers: (1) between the snow surface and
hP92 (defined in Sect. 2.2.4, used for the lower bound-
ary condition for suspension) and (2) between h"% and
h*"P In layer 1, we consider the behaviour of Pomeroy
and Gray (1990) can be applied so that the speed of
snow particles is up = 2.8u,; and ¢ = cfaglg (Eq. 5). In
layer 2, the SnowPappus suspension behaviour is ex-
trapolated, with u, = U(z) and ¢ following Eq. (12).
Thus the flux integrated between the surface and Agysp
is computed by

Qe = 01+ 02, (15)
l’lP92
P90, P90 P90 hP92
0= / Csalt Up dz = Qsalt hPW’ (16)
0 salt
hsusp —v;‘
. Z Uk
0, = f c(z)U(z)dz with c(z) = Cfﬁ?(ﬁ) f (17)
P92

Both methods are represented schematically in Fig. 1, and
their outputs will be compared in Sect. 5.1.

Most blowing-snow models finally alter snow saltation
fluxes considering the increasing relationship between flux
and fetch distance (Pomeroy et al., 1993; Liston and Sturm,
1998; Bowling et al., 2004; Marsh et al., 2020). We fol-
low this literature and use the parameterization proposed in
SnowTran3D (Liston and Sturm, 1998). We consider Q3 ; =
Qine f (sercn) and csae = f (rerch) g, With f (rereh) = (1~
exp(—3[f7%“)). [* =500m represents the fetch length at
which the saltation flux reaches 95 % of its steady-state value
(Pomeroy et al., 1993).

Figure 2 shows the influence /g, has on the total trans-
port flux, which is very strong in the first hundreds of me-
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Figure 1. Schematic representation of the suspension and saltation
layers and of the transition zone between them. The fluxes com-
puted by the two saltation models S04 and P90 are represented
schematically, as well as the “P90 4+ SnowPappus” method, com-
bining the P90 saltation model and the SnowPappus suspension
model.

1.4
—— old snow

fresh snow /‘
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Figure 2. Ratio between the total modelled transport rate O and its
value for the default fetch value /ge¢c, = 250 m as a function of fetch
distance. The cases of fresh snow, i.e. dendritic snow with u;" =
0.27ms~! (orange curve), and old snow, i.e. non-dendritic snow
with uf =0.39m g1 (blue curve), are compared, both for a wind
friction velocity of 0.6 m s~1 (which approximately corresponds to
a 2m wind speed of 12ms™ 1.

tres. In a mountainous environment, we can expect the typi-
cal fetch distance to be in this range and mostly lower than
our resolution (250 m). For simplicity we chose to use by de-
fault a constant fetch distance on the whole grid of lfech =
250 m, which is a strong hypothesis. Different methods and
algorithms exist to compute fetch in complex topographies
(Bowling et al., 2004; Marsh et al., 2020) and could be in-
cluded in a future version of SnowPappus.
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3.4 Sublimation

Two different parameterizations of blowing-snow sublima-
tion rate ggyp (kg m~2 s_l) were implemented in SnowPap-
pus with the default choice of the simplified blowing-snow
model (SBSM) parameterization (Essery et al., 1999).

The first is an implementation of the SBSM parameteri-
zation from Eq. (6) of Essery et al. (1999) and the SBSM
(2022) documentation:

Ulom®
X ,
25000

Usate X 137.6
F(T)

dsubl = (18)
with the F(T') expression given in Appendix C, [Lga the un-
dersaturation, U1p, the 10 m wind speed (m s") and T the
air temperature (K).

The second is from Eq. (9) of Gordon et al. (2006) is

Tp

4 U B
T ) Ut pagsitsatc (a) , for U > U, (19)

gsubl = A(

with gs; the saturation specific humidity, p, (kg m~3) the air
density, U and U; (m) the wind and 5 m wind threshold for
transport, A = 0.0018, and B = 3.6.

3.5 Mass balance

This section describes how SnowPappus simulates mass ex-
changes between neighbouring grid cells once the amount
of horizontal transport flux has been computed for each
pixel. The snow transport direction is the same as the wind
direction. Therefore, the problem simplifies as solving the
mass balance equation. We define Q= Qjpr+ Qgusp a5
the total vertically integrated horizontal blowing-snow flux
(kgm~!s~1). The mass balance can be solved using the fol-
lowing continuity equation:

Qdep(x, ¥, 1) = V. Q(x,y,1) — gsubi (¥, ¥, 1), (20

with ggep (kg m~2s71) the pixel snow deposition, ggyb
(kgm~2s~!) the snow transport sublimation and V. 0, the
total snow transport flux divergence. All these quantities are
expressed by sloping snow surface units. Indeed, Within the
SURFEX grid configuration, each grid point has a defined
slope angle 6, and each grid cell is considered to have a

2
ground surface (f‘se(sg) with /res the grid horizontal resolution
(m). In order to preserve mass balance of the domain, at a

given point we assume

V.0,=(V.0Q)naccos(0) = (ZM

faces lres

_Z Qt,out(x’yvt)>cos(9)’ (21)

faces lres

with (V. Q)fa the flux divergence computed as it would be
on a perfectly flat terrain (kg ms~2).
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(V.0Qp)nat can be expressed as the sum of the total snow
transport flux Q, leaving and entering the grid cell (in and
out) by surface unit. The SnowPappus model uses a regular
Cartesian mesh grid discretization with cell-centred storage.
This means each simulation point is regularly dispersed on
the simulation zone with each simulation point representing a
squared pixel of fixed size. Our mesh grid being cell-centred,
we do not compute the transport fluxes at the pixel faces, as
needed for the continuity equation (Eq. 21). To obtain these
values, an upwind scheme (Patankar, 2018) has been imple-
mented; i.e. the zonal and meridian components of the fluxes
at the face are assumed to be equal to the zonal and merid-
ian flux computed at the centre of the upwind pixels (in both
directions):

Qt(isjvt)ZQt<iil’j:tlvt>v (22)
2 2

with i and j being the grid coordinates of the centre of pixels
and i+ % and j+ % the pixel’s border, as illustrated by Fig. 3.

This scheme was preferred to a linear interpolation of
fluxes because it simplifies the mass balance closure in pre-
venting snow mass creation. In our use case, the linear in-
terpolation method would need extra steps with “gradient
limiters” to ensure this (Greenshields and Weller, 2022). Be-
sides, the effect of fetch on the transport flux may cause the
flux to respond to the change in the wind and snowpack con-
ditions with a lag of a few hundred metres, the same order of
magnitude as a grid cell.

We consider a given grid cell, on which local horizontal
transport rate is written Q; out. We consider the four neigh-
bouring cells respectively located north, south, west and east
of the cell. We call Q;; withi =1, ..., 4 the horizontal trans-
port rates on these cells and call n; the unitary normal vector
going in the corresponding direction. With the upwind nu-
merical scheme to obtain the pixel-face-crossing values, we
obtain the following continuity equation for our SnowPappus
model, where W i, is the unitary vector in the wind direction
(i.e. parallel to U).

Ayt
(V.Q)fu= Y. Q“l—ymm<wdir.ni,0)
i=1,4 res
9 ’t
3 —Q’*“‘;(x VD (Warn,0) (23)
i=l4 res

(V.0 fa was defined in Eq. (21), with min(W g;;.n;, 0) and
max(W gr.1;, 0) respectively giving the flux direction coef-
ficient (same as wind direction) crossing each face normally
for the in and out direction.

The code implementation of Eq. (23) is explained in more
detail in Sect. 3.7.
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Figure 3. Illustration of the differences between the upwind scheme and a more classic linear scheme for a 1D ideal case. Dots represent the
flux estimated for each pixel by in Eq. (23). Crosses (x) represent the flux value crossing the pixel face. In the linear scheme, the flux value
leaving the pixel is the linear interpolation between the two-pixel cell centre values. The flux crossing the pixel face can be very different
from the cell-centred computed value. The border flux being linearly interpolated, the border value can be unrealistic. This behaviour can
cause interpolation to move erosion out of the expected zone (usually summits, the windiest zone). In the upwind scheme, the flux value

crossing the pixel is identical to the cell-centred computed value.

3.6 Influence of snow transport and deposition on snow
surface properties

As, despite qualitative knowledge of the processes, almost no
observation-based parameterization of the influence of snow
transport on snow surface properties (Comola et al., 2017;
Mott et al., 2018; Amory et al., 2021) is available in the liter-
ature, only the following simple considerations were imple-
mented in SnowPappus to represent it.

— Snow deposited by a transport event (when ggep > 0)
has the properties of rounded grains with sphericity s =
1 and dendricity d = 0, as well as relatively high density
p=250kgm™3.

— Wind-induced metamorphism might also either origi-
nate from subgrid snow transport or horizontal displace-
ment of snow with erosion and deposition flux com-
pensating for each other. Thus, the preexisting param-
eterization for wind-induced snow metamorphism from
Vionnet et al. (2012) can still be activated, but con-
sidering the SnowPappus threshold wind speed instead
of the original formulation. It makes the surface snow
layers slowly become denser and evolve towards small
rounded grains approximately linearly with time. The
impact is tested in Sect. 4.3

3.7 Implementation in SURFEX

SnowPappus is implemented inside the SURFEX/ISBA land
surface scheme, which computes the evolution of soil and
snow properties sequentially. Distributed hardware and needs
of communication among grid cells require the use of the
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MPI protocol (Clarke et al., 1994) to be able to run dis-
tributed simulations over large domains in a short time.

At the beginning of a new simulation, an unpublished do-
main decomposition already implemented in SURFEX is ap-
plied to split the domain into subdomain stripes. The algo-
rithm is designed to balance as much as possible the number
of grid cells between the different cores, but all the points
with the same zonal coordinate are always gathered on the
same core. Therefore, the maximum number of subdomain
stripes for an experiment is the number of lines of the do-
main. Each subdomain is associated with an MPI thread.

For each time step and subdomain, the SnowPappus rou-
tine is called before each iteration of the snowpack scheme. It
computes the horizontal transport rate, Q,, and the blowing-
snow sublimation rate, ggp, for each grid point, according
to the surface properties computed in the previous time step.
Then, once Q, and ggyp; are computed for all pixels, this in-
formation is shared with the processors associated with the
adjacent grid point by a blocking MPI communication. After
this phase, the erosion—deposition rate can be computed with
Eq. (23) and converted into an amount of snow to remove or
add to the snowpack. If there is net erosion, snow is directly
removed in the SnowPappus routine. Otherwise, the falling
snow amount and properties are computed in the SnowPap-
pus routine and then given as snowfall input to the Crocus
snow scheme.

The Crocus routine is called after SnowPappus. It deals
with adding snow to the snowpack and modifying snow lay-
ers according to snowfall and SnowPappus outputs. If snow-
fall and wind-driven snow deposition occur simultaneously,
the amount of added snow is the sum of the two. Its den-
sity and microstructure variables are a weighted average

Geosci. Model Dev., 17, 1297-1326, 2024
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Figure 4. Description of how the SnowPappus routine is organized in the SURFEX framework and how it connects with the Crocus snow

model.

of falling snow and blowing-snow properties. The detailed
equations for this process are described in Appendix E. The
Crocus routine then takes back the original Crocus model
course and makes the properties of snow evolve through
metamorphism, heat diffusion, compaction and percolation.
Those processes are summarized in Fig. 4.

It is important to note that transport rate and snowpack
evolution are solved in a decoupled mode (one after the
other). Therefore, the deposition rate ggep is computed in-

Geosci. Model Dev., 17, 1297-1326, 2024

dependently from the amount of snow available on the con-
sidered grid point, which can make the amount of snow re-
moved from the point higher than the available snow mass. In
this case, the mass balance is not respected. The cumulative
amount of this “ghost snow” is stored in a variable to check
that it remains small. To prevent this behaviour from occur-
ring, limitations on @, and gy are made. The condition is
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the following:

w

qsubl =
step

W lres
< — O« -
Qt = (tstep qubl) cos(0) ,

with W being the snow mass for each pixel in kgm~2 and
Istep the computation time step (s).

4 Evaluation: methods
4.1 Study area

For demonstration and evaluation purposes, we run simula-
tions over a test zone covering the whole Grandes Rousses
massif in the French Alps with a spatial resolution of 250 m.
It covers 14443 grid points (900 km?). This area exhibits
a complex topography, with elevation ranging from 700 to
more than 3500 m, involving a large range of temperature
conditions and snow coverage duration. For this test zone,
most winter storms come from north-western flows. Besides,
to demonstrate the ability of SnowPappus to be run over large
domains, we also set up a simulation domain containing the
whole French Alps with about 868 000 simulation points.
Both domains are illustrated in Fig. 5

4.2 Meteorological forcing

The Crocus snow model needs various atmospheric forcing
variables: liquid and solid precipitation, incoming shortwave
and longwave radiation, air temperature and humidity, and
wind speed and direction. In this work, all these variables
but the wind are given by the SAFRAN reanalysis (Ver-
nay et al., 2022) over geographical units called “massifs”
of about 1000 km? in which meteorological conditions only
depend on elevation at a vertical resolution of 300 m. Here,
all meteorological variables are interpolated on a 250 m res-
olution simulation grid, at the exact elevation of each grid
point, derived from a DEM at this resolution (as in Re-
vuelto et al., 2018, and Deschamps-Berger et al., 2022). The
DEM was created by averaging on each grid point the 5m
resolution RGE Alti® DEM provided by the Institut Ge-
ographique National at the scale of France. Snow transport
modelling is strongly sensitive to the quality of the wind
forcing (Musselman et al., 2015). Consequently wind fields
taking into account the effect of local topographic features
were preferred to the very large-scale SAFRAN wind fields.
Here, kilometre-scale wind fields are first extracted from the
AROME NWP model at a 1.3 km resolution (Seity et al.,
2011; Brousseau et al., 2016), downscaled at a 30 m resolu-
tion using the DEVINE downscaling method (Le Toumelin
et al., 2022) and finally resampled at 250 m using a sim-
ple average. The DEVINE method benefits from the use
of convolutional neural networks to downscale winds from
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AROME to high-resolution local topography based on pre-
liminary training with wind speeds simulated with the ARPS
atmospheric model (Xue et al., 2000). Previous evaluations
of DEVINE have shown that, contrary to basic wind interpo-
lation methods, DEVINE is able to improve wind speed esti-
mations compared to raw NWP model outputs and to repro-
duce several characteristics of terrain-forced flow (speed-up
on crests, windward deceleration, channelling through gaps
and passes) prone to influence drifting snow episodes.

4.3 Evaluation data

Blowing-snow flux data are available for three stations in the
Grandes Rousses test zone. One of these is the Col du Lac
Blanc observatory where long-term monitoring of blowing-
snow fluxes and of various atmospheric forcings has been
performed (Guyomarc’h et al., 2019). In particular, a vertical
profile of snow particle counters (SPCs) (Sato et al., 1993)
recording blowing-snow fluxes at four different heights is lo-
cated at a particularly wind-exposed location. An estimate
of vertically integrated flux between 0.2 and 1.2 m above the
snow surface has been provided from these measurements
from 1 December to 1 April since 2010 (Guyomarc’h et al.,
2019). We use these data to evaluate blowing-snow occur-
rence and fluxes.

The other sites are the Huez (FHUE) and Chambon
(FCMB) stations of the ISAW network already used in
blowing-snow studies (Vionnet et al., 2018; He and Ohara,
2017). They are equipped with snow height, temperature
and wind measurements as well as Flowcapt sensors (Chritin
etal., 1999), which record integrated blowing snow from O to
2 m above the ground surface. Trouvilliez et al. (2015) indi-
cate that Flowcapt sensors of different generations give simi-
lar results with respect to SPC if a threshold value higher than
1gm~2s~! is taken. However, they can be partially buried
under snow depending on snow height, and their reliability
in terms of estimated flux is still debated in the literature
(Cierco et al., 2007; Trouvilliez et al., 2015; Vionnet et al.,
2018). Thus, similarly to Vionnet et al. (2018), we use them
only to evaluate the blowing-snow occurrence. Flowcapt data
available from ISAW stations were specifically cleaned up as
described in Vionnet et al. (2018) (Sect. 3.1).

In complement to these direct transport measurements,
which are available only for a few sites, we used a
snow height map derived from Pleiades stereo-images
(Deschamps-Berger et al., 2020; Marti et al., 2016). It
is obtained as the difference between two surface eleva-
tion models computed with Pleiades data, one during a
snow-free period (end of summer) and the other in winter
(16 March 2018). The Pleiades snow depth map includes a
few no-data areas, where the quality of observations is lower.
In addition, we filtered unrealistic values out of the [—0.5 m;
20m] range. Negative snow heights are kept as removing
them would slightly positively bias the averages. This map is
approximately 2 m resolution and covers an area of 168 km?,
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shown in Fig. 5b . In order to be compared with our simula-
tions, it was resampled to 250 m resolution as in Deschamps-
Berger et al. (2022). The entire 250 m pixel is set to no data if
more than 70 % of the 2 m pixels have no data. According to
previous Pleiades snow map evaluations (Deschamps-Berger
et al., 2020), snow height standard error can be estimated be-
tween 0.3 and 0.4 m at this resolution.

4.4 Point-scale evaluations
4.4.1 Local simulation set-ups

The accuracy of wind forcing is known to have a major influ-
ence on any evaluation of a snow transport model (Vionnet
et al., 2018). Consequently, we first run and evaluate local-
scale simulations at Col du Lac Blanc forced by observed 5 m
wind speed in order to distinguish the contributions of wind
speed errors and model errors to our results. Wind speed
sensors as well as SPCs are located on the same mast at
the station AWS Col described in Guyomarc’h et al. (2019).
Their height above the surface is variable and recorded con-
tinuously, allowing for the estimation of 5m wind speed as-
suming a logarithmic wind profile and a roughness length
zo = 2.3 mm. The other meteorological variables are inter-
polated from SAFRAN reanalysis as for 2D simulations. In
this configuration, blowing-snow fluxes are computed by the
model but do not result in any erosion or deposition. These
local simulations were performed from 1 August 2010 to
1 August 2020 with a soil temperature initialized by a spin-
up from 2000 to 2010. At Col du Lac Blanc, fetch distance
in the mean wind direction as defined in Sect. 3.3.1 was es-
timated to be 110 =20 m, as the mean distance between the
SPC sensors and the centre of accumulation zones identified
from Vionnet (2012, Fig. 4.24). We thus fixed /fe(ch = 110 m
in the blowing-snow flux simulations.

Several model configurations were used to investigate the
simulated blowing-snow occurrence and are described here.

— SnowPappus: Run A. This is the SnowPappus default
configuration with wind-induced snow metamorphism
deactivated (see Sect. 3.6). The GM98 option is used
for threshold wind speed (see Sect. 3.2).

— SnowPappus: Run B. This is the SnowPappus default
configuration with wind-induced snow metamorphism
activated.

— SnowPappus: Run C. This is SnowPappus with the
CONS option (see Sect. 3.2), with 5m threshold wind
speed equal to 9ms~! for snow older than 1h. Note
that the 9ms~! was calibrated to provide the optimal
Heidke skill score (see in Sect. 4.4.2) among different
tested values (not shown).

— Vionnet2013. This is SnowPappus with parameters
putting it in the exact same configuration as Vionnet
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et al. (2013) for wind speed threshold calculation and
falling snow properties (see Sect. 3.2).

Additionally, to investigate the sensitivity of the simulated
fluxes of blowing snow to d,, (Sect. 3.3.1), we tested three
modified configurations of the Run B configuration with d,,
values of 0, 0.5 and 1.

4.4.2 Evaluation of blowing-snow occurrence

We evaluate the blowing-snow occurrence using the same
framework as Vionnet et al. (2018), allowing comparisons
with the SYTRON operational system, which can be consid-
ered a benchmark. Contrary to SnowPappus, Sytron is based
on an eight-aspect idealized geometry (Vionnet et al., 2018).
Both systems share the Guyomarc’h and Mérindol (1998) pa-
rameterization for threshold wind speed calculation. As in
Vionnet et al. (2018), we consider blowing snow to be ob-
served if the blowing-snow flux measured by the SPC and
integrated between 0.2 and 1.2m exceeded a threshold of
1gm~'s™! and simulated if a non-zero blowing-snow flux
was simulated, and we define blowing-snow days as days
with more than 4 h (consecutive) of blowing snow.

Here, the study was conducted for the whole 2010-2020
period, while Vionnet et al. (2018) considered only the 2015-
2016 season. As in Vionnet et al. (2018), the false alarm rate
(FAR), probability of detection (POD) and Heidke skill score
(HSS) are used to evaluate the different set-ups:

poD= -2, (24)
a+c
b
FAR= ——, 25)
a+b
2ad — b
HSS (ad — bo) (26)

T atoct+d) +a+bb+d)

with a, b, ¢ and d being the number of true positive, false
positive, false negative and true negative events, respectively.
HSS varies between —1 and +1, with 41 for perfect agree-
ment and 0 for a random forecast.

These scores were first applied to the four model configu-
rations previously described and to new runs of the SYTRON
system to cover the same evaluation period and share the
same code version of SURFEX—Crocus. For Sytron, as in
Vionnet et al. (2018) (although not mentioned in the original
publication), the occurrence of blowing snow is considered
detected if a non-zero flux is simulated for at least one of the
eight slope aspects.

The occurrence scores are then applied to the 2D simula-
tion outputs for the 2018-2019 season, driven by simulated
wind fields as described in Sect. 4.1. The evaluation is carried
out at Col du Lac Blanc station and at both ISAW stations.
Each station was associated with the closest grid point from
its location.
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4.4.3 Evaluation of blowing-snow fluxes

Integrated blowing-snow fluxes between zmin = 0.2m and
Zmax = 1.2m, called Qy int, were evaluated against SPC data.
Modelled flux is computed at each time step by integrating
suspension fluxes between zmin and zmax as in Eq. (13).

Note that the blowing-snow flux below 20cm in height
cannot be accounted for in this evaluation, although it may
represent a significant contribution to the total flux. Observed
data are available with a 10 min time step. For evaluation
purposes, model output and SPC fluxes were first averaged
hourly. As the observed fluxes cannot be used when precip-
itating particles prevail, periods when at least one “mean”
concentration profile was observed were removed. Consider-
ing the other missing data, 4947 h of data are considered in
the evaluation.

To assess the ability of SnowPappus to capture the long-
term magnitude of wind-induced snow transport, monthly
averages of simulated fluxes were compared to the observed
ones, keeping only the months when at least 15d of valid
observed data are available. Hourly data were also classi-
fied distinguishing two cases: (i) days with snowfall accord-
ing to SAFRAN reanalysis and (ii) days with no snowfall.
Observation-derived wind friction velocity was also clas-
sified in 20 equally distant wind speed intervals (interval
widths are about 0.064 ms~!). Averaged observed and mod-
elled fluxes by category and wind speed step were computed
and compared. Less than 20 h of data were available by wind
steps for uy >0.95ms™!, so these wind speeds were not con-
sidered.

These scores were applied to the three variants of Run B
configuration (three values of d,;,).

4.5 2D evaluations

For sensitivity analysis and 2D evaluations, three two-
dimensional simulations with different model configurations
were run on the Grandes Rousses test zone.

— CTRL: SnowPappus is deactivated.

— TRANS: SnowPappus is activated with the “default”
configuration, including wind-induced snow metamor-
phism. Blowing-snow sublimation is deactivated.

— TRANS+SUBL: same as TRANS but with sublimation
activated with the SBSM method (see Sect. 3.4).

They were run from 1 August 2017 at 06:00 UTC to 1 Au-
gust 2019 at 06:00 UTC. Soil temperatures were initialized
by a model spin-up from 1 August 2007 at 06:00 UTC to
1 August 2017 at 06:00 UTC in a similar configuration ex-
cept for the wind, which also comes from SAFRAN during
the spin-up period. The TRANS simulation was used for nu-
merical performance assessment and local evaluation of the
blowing-snow occurrence.

https://doi.org/10.5194/gmd-17-1297-2024
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Snow height simulated on 16 March 2018 at 10:00 is
compared with the Pleiades snow height map. The forest,
glaciers, lakes and cities on the domain are masked for both
the Pleiades observations and simulations using the mask de-
fined in Appendix F. An additional mask of the no-data pix-
els in the Pleiades data is applied to the simulations.

5 Results
5.1 Comparison of saltation parameterizations

We now compare the outputs of the S04 and SnowPappus +
P90 methods (see Sect. 2.2.4), which compute the blowing-
snow flux up to Agysp = 10-15 cm. The results of the method
SnowPappus + P90 depend on the value of /gysp. Thus, we
computed the blowing-snow flux with this method between
0 and 10cm (height of the Nishimura and Hunt, 2000, ex-
periment) and between 0 and 15cm (height used by Melo
et al., 2022, to compare S04 with their more complex salta-
tion model). Results are presented in Fig. 6 and show that the
predicted fluxes by both models give close results for fric-
tion velocities lower than 0.6ms~!. We conclude that the
huge difference observed between S04 and P90 is resolved
at low wind speed by adequately representing the bottom
of the suspension layer, which is implicitly included in the
S04 formulation. Both formulations give a flux of the same
order of magnitude, and thus experimental and theoretical
validations of S04 are also in agreement with SnowPappus.
At high wind speed, both formulations diverge (around 0.6—
0.7ms~! for hsusp =10cm, 0.8-0.9m s~! for 0-15 cm), with
P90 + SnowPappus fluxes tending to curb down. This be-
haviour is clearly due to the fast growth of 2P? with wind
speed, making the low P90 saltation flux applied to most of
the 0—15 cm layer. It must be noted that observations and sim-
ulations used for validation of the formulations are in the
range 0.2-0.85ms~! (Pomeroy and Gray, 1990; Pomeroy
and Male, 1992; Nishimura and Hunt, 2000; Melo et al.,
2022). Hence, both formulations might give unreasonable re-
sults at higher wind speeds. Thus, we argue both P90 and
S04 give consistent results compared with other parameteri-
zations in the literature for low to moderate wind speed.

By default, we choose to use the P90 4+ SnowPappus op-
tion in SnowPappus, as it gives a more coherent link between
saltation and suspension and because of better empirical sup-
port of P90.

5.2 Comparison of simulated blowing-snow flux with
simple parameterizations in the literature

Before evaluating SnowPappus against observations, the re-
lationship between Q, and wind speed is illustrated in Fig. 7
for fresh and old snow and compared to other estimates from
the literature. It stresses that, due to a lower terminal fall
speed of snow particles, fresh snow exhibits much higher
transport rates than old snow. The model of Essery et al.

Geosci. Model Dev., 17, 1297-1326, 2024
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Figure 5. (a) Limits of the two domains used for simulations in the article. The small Grandes Rousses test zone is used for two-dimensional
simulations presented in Sect. 5.6. The full Alps domain was used to test the possibility of running simulations on the entire French Alps
(see Sect. 6.4). (b) Topographic map of the Grandes Rousses. The location of the Col du Lac Blanc experimental site (blue dot) and of the
two Flowcapt sensors of the ISAW network (red dots) are indicated. The extent of the Pleiades snow depth maps is also drawn (dashed black
rectangle). Equidistant iso-elevation lines are represented. Data from RGE ALTI® were used to generate these maps.

(1999) exhibits results almost identical to the “old snow”
case of SnowPappus. Compared with empirical observations
of Mann et al. (2000), SnowPappus transport rates simulated
in both cases are in the range of the spread of observed val-
ues, at least for wind speeds lower than 20 m s~!. The fresh
snow case seems to approximately correspond to the upper
bound of observations. These observations show that at least
the magnitude of SnowPappus flux is plausible.

5.3 [Evaluation of blowing-snow occurrence at Col du
Lac Blanc

HSS, FAR and POD of the different set-ups are compared in
Fig. 8 for all days and for the days without snowfall. Proba-
bilities of detection range typically from 80 % to 90 %, and
false alarm rates from 30 % to 40 % considering the whole
period. FAR values are higher (40 %—60 %) considering only
days without snowfall.

The SnowPappus default option (Run A) exhibits slightly
lower FAR and POD than the approach of Vionnet et al.
(2013) (Run D), which leads to similar HSS, in particular
when considering only days without snowfall. Accounting
for wind-induced snow metamorphism option (Run B) only
slightly modifies the scores and did not improve the detec-
tion of blowing occurrence. All these methods including a
threshold wind speed that depends on the properties of sur-
face snow exhibit high false alarm rates and do not perform
better than using a constant 5 m threshold wind speed in no-

Geosci. Model Dev., 17, 1297-1326, 2024

snowfall conditions (Run C). In addition, SnowPappus, with
its different options, and the SYTRON operational model ex-
hibit similar scores.

5.4 Evaluation of blowing-snow occurrence in 2D
simulations

Scores of blowing-snow detection obtained with 2D simula-
tions at Col du Lac Blanc, Huez and Chambon stations are
shown in Fig. 9. HSS and POD are low in this configura-
tion using wind speed downscaled at 250 m grid spacing us-
ing the DEVINE approach. At Col du Lac Blanc, the HSS
is lower than the HSS obtained for point-scale simulation
forced by observed wind speed. This decrease in HSS mainly
results from a strong decrease in POD (Fig. 9b). It suggests
that the accuracy of the downscaled wind speed and/or the
250 m spatial resolution of the simulation is the main cause
of the skill deterioration, as confirmed by the significant dis-
crepancies between observed and simulated wind speeds at
the three stations (Fig. 11), with a variable skill between
Col du Lac Blanc (R2 =0.71, RMSE=3.3ms™!), Huez
(R? =0.49, RMSE = 2.5ms~!) and Chambon (R? = 0.42,
RMSE = 3.0ms™ ) stations and a significant underestima-
tion of the highest wind speeds at all sites.
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Figure 6. Comparison of the predicted flux in the saltation layer
and the transition with suspension (up to 10-15 cm) with the two
methods described in Sect. 2.2.5 based on P90 (blue curve) and S04
(green curve). The P90-modelled flux is computed up to (i) the in-
tegration height 192 which corresponds to the entire “saltation”
layer; (i1) 10 cm, which is the height at which integrated measure-
ments by Nishimura and Hunt (2000) are used to calibrate the S04
parameterization; and (iii) 15 cm, which is the height used by Melo
et al. (2022) to compare S04 with a more complex saltation model,
with good agreement shown (red curves). Here, all the modelled
fluxes are computed for a threshold wind speed us; = 0.39m s,
and the type of snow used in SnowPappus is old (non-dendritic).

5.5 Evaluation of blowing-snow fluxes at Col du Lac
Blanc

Figure 11a shows the simulated monthly averaged fluxes be-
tween 0.2 and 1.2 m (Qy,int) at Col du Lac Blanc as a function
of the observed ones for the three tested d,, values. As ex-
pected, fluxes clearly increase when d,, decreases because
it makes the terminal fall speed closer to the fresh snow
regime. Simulated Q¢ iy is of the same order of magnitude
as the observed one. It is clearly overestimated when d,, = 0,
clearly underestimated when d,, = 1 and slightly underesti-
mated when d,,, = 0.5. In all cases, modelled fluxes seem to
correlate well with observed ones but with a strong disper-
sion. In particular, one specific month has a simulated flux 8
times higher than the observed one regardless of the d,, value
and will be discussed in Sect. 6.1.1.

Figure 11b shows average simulated and observed fluxes
as a function of the Sm wind velocity for days with and
without snowfall for wind friction velocities between 0 and
0.95ms~!. Simulated and observed fluxes show the same
dependency with u,., the flux remaining negligible under a
threshold wind speed and then increasing in a steady non-
linear way. Moreover, both observed and simulated fluxes are
higher during days with snowfall than during days without
snowfall. Therefore, we can state that SnowPappus correctly
reproduces the dependency of blowing-snow flux on snow

https://doi.org/10.5194/gmd-17-1297-2024
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Figure 7. Total blowing-snow flux @ predicted by SnowPappus as
a function of 5 m wind speed for old and fresh snow (red lines, see
Fig. 2 for old and fresh snow discrimination). The blue line repre-
sents the flux predicted by a simplified theoretical model (Essery
et al., 1999) assuming zp = 1 mm, and the grey line represents an
empirical formula derived from observations in Antarctica (Mann
et al., 2000) with Q = 1.504u3-14* and taking zo = 5.6 x 10> m
( I:rrrl )2 as the authors of the studies. The dashed grey lines rep-
resent the upper and lower bounds of the observed flux, roughly
estimated from Fig. 6 of the article.

age and wind speed. In particular, the relationship between
O¢.int and wind speed is very close to the observed one in the
case of d,, =0.5.

5.6 Sensitivity analysis and evaluation of 2D
simulations

Comparisons of the influence of transport and blowing-
snow sublimation on snow depth simulations at the end of
the 2017-2018 snow accumulation season are displayed in
Fig. 12. Wind-induced snow transport has a visible and spa-
tially heterogeneous influence on snow depth at high eleva-
tions (above approximately 2500 m), but this influence re-
mains quite weak (dozens of centimetres) except near the
highest crests, where up to 2-3 m of snow ablation is sim-
ulated at the top of them, along with an equivalent accumula-
tion zone usually on the south-east slope directly below. The
sensitivity of the simulation to sublimation activation is low
compared to the snow transport effect (Fig. 12b), rarely more
than 10 cm.

Then, we compare simulated snow depth maps with and
without blowing-snow transport (TRANS and CTRL) with
the Pleiades snow depth map. They are shown in Fig. 13.
In CTRL simulations, no small-scale snow depth variability
is visible, which is in clear contrast with the Pleiades im-
age. In contrast, small-scale snow depth patterns are clearly
visible at high elevation in the TRANS simulation. It makes

Geosci. Model Dev., 17, 1297-1326, 2024
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Figure 8. Evaluation of the detection of blowing-snow days with point-scale SnowPappus simulations and SYTRON operational system.
HSS (a, d), POD (b, e) and FAR (c, f) of different SnowPappus configuration and other models, computed from all days independently (a, b,
¢) and only for days with no snowfall (d, e, f) are represented. As more detailed in Sect. 4.4.2, Run A is default SnowPappus configuration,
Run B is the same with wind-induced snow metamorphism, Run C uses a constant threshold wind speed for dry snow older than 1h and
Vionnet2013 is supposed to reproduce the configuration described in Vionnet et al. (2013).
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Figure 9. Blue bars: HSS, POD and FAR for the detection of blowing-snow days in 250 m resolution simulations against Flowcapt data from
ISAW stations of Huez (fhue) and Chambon (fcmb) and SPC data from Col du Lac Blanc (clb). Orange bars: same scores in point-scale
simulations with the same SnowPappus configuration forced by observed wind speed (Run A in Fig. 8).

the snow depth probability density function above 2700 m
much closer to observations for the TRANS simulation, al-
though the spatial variability is still underestimated. Visu-
ally, small-scale spatial variability is clearly higher in the
Pleiades image than on modelled snow depth maps. Thus,
strong regular patterns of ablation—deposition visible in the
simulations are less obvious in observations. In spite of this,

Geosci. Model Dev., 17, 1297-1326, 2024

we can note that the location of the simulated snow abla-
tion zone, on the top of the crests, seems to often correspond
to pixels with a smaller observed snow height than the sur-
roundings. However, the intensity of the patterns often seems
misrepresented, in particular on some crest summits where
simulated erosion is very strong compared with observa-
tions, which is visible in the snow height distribution. Despite
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Figure 11. (a) Simulated monthly averaged Q¢ jn¢ at Col du Lac Blanc as a function of SPC-observed fluxes for three different values of
dy,. The 1: 1 line representing equality between the model and observations is drawn in black. The dashed lines are Theil-Sen regression
fits (Wilcox, 1998) of each model configuration. Ratios of model-observation differences of total cumulated fluxes (p) and the correlation
coefficient (r) are indicated in the legend. (b) Observed and modelled Qy i (With the same model configuration as (a)) averaged by 5 m wind
velocity intervals as a function of the interval mean wind friction velocity. Dashed lines are computed from the data for days with snowfall

and plain lines with the data for days without snowfall.

these limitations, representing wind-induced snow transport
significantly raises point-to-point Pearson correlations p be-
tween observations and simulations at high elevation. Indeed,
above 2700 m, we obtain pctrr = 0.12 (p value > 0.05) and
PTRANS = 0.34 (p value < 0.05).

6 Discussion

6.1 Point-scale blowing-snow flux and occurrence
computations

SnowPappus model outputs depend on two major steps,

which are (i) computing the local blowing-snow fluxes and
(ii) computing snow redistribution among grid points. Be-
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sides, they are highly dependent on wind speed (Fig. 7).
Thus, we first discuss the model skill of point-scale simu-
lations at Col du Lac Blanc forced by observed wind speeds.
It will allow us to discuss our theoretical choices and their
limits in terms of blowing-snow flux computation.

6.1.1 Quality of point-scale flux prediction and
comparison with other studies

Blowing-snow occurrence detection in SnowPappus and the
SYTRON operational system (Vionnet et al., 2018) is based
on formulations derived from the Vionnet et al. (2013) algo-
rithm (hereafter VI13). We performed a long-term evaluation
of this process within SnowPappus, VI13 and SYTRON at
Col du Lac Blanc observatory for the 2010-2020 period. It

Geosci. Model Dev., 17, 1297-1326, 2024
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Figure 12. (a) Snow depth difference (m) between the TRANS and CTRL simulation on 16 March 2018, which approximately corresponds
to the end of the accumulation season. (b) Snow depth difference (m) between TRANS+SUBL and TRANS simulations.
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Figure 13. (a) Simulated snow depth map on 16 March 2018 at 10:00 computed with the TRANS configuration (snow transport activated)
for the region covered by the Pleiades image. White pixels are those which are not included in the analysis for reasons described in Sect. 4.3.
(b) Simulated snow depth map with the CTRL configuration (snow transport deactivated). (¢) Observed snow depth map with stereo Pleiades
imagery, resampled at 250 m resolution. (d) Probability density distributions of snow depth simulated with TRANS and CTRL configura-
tions and observed with Pleiades. Mean snow depth is represented as dashed lines (note that Pleiades and TRANS mean snow depths are
superposed). Only pixels above 2700 m are considered. The 2700 m isoline is highlighted in red in panels (a), (b) and (c).
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can be compared to other evaluations of VI13 and SYTRON
systems performed at the same site in the 2001-2011 and
2015-2016 periods, respectively (Vionnet et al., 2013, 2018).
Our results show that VI13, SnowPappus and SYTRON ex-
hibited similar scores and are coherent with the previous
evaluation of VI13 in a different period. All three methods
give reasonable but perfectible detection scores with a large
false alarm rate, even if Vionnet et al. (2013) argued in a
similar context that it may mainly concern events with very
low simulated blowing-snow fluxes. However, the previous
evaluation of SYTRON by Vionnet et al. (2018) showed bet-
ter performances, with a perfect detection of blowing-snow
events on a daily timescale at Col du Lac Blanc for one win-
ter, which differs notably from our own SYTRON evalua-
tion. We were able to retrieve the original simulation outputs
of Vionnet et al. (2018) and applied our evaluation process
to these data (see “Code and data availability”), obtaining
results very close to ours. Thus, after discussion with the au-
thors, it is clear that the issue comes from irreproducible data
post-processing applied to the SPC data to compile results at
the daily timescale.

In terms of fluxes, evaluation of the monthly averaged
blowing-snow fluxes integrated between 0.2 and 1.2m was
performed with different parameterizations of the effective
terminal fall speed vf. It shows SnowPappus is able to sim-
ulate satisfactory average fluxes at Col du Lac Blanc if vf is
adequately calibrated. However, simulated fluxes suffer from
a high standard deviation of the error, leading to a low cor-
relation between observed and simulated data. A particular
outsider monthly value can be identified in Fig. 11, but, given
the meteorological condition during the associated month
(see Appendix Fig. Al), it probably comes from a detector
failure rather than from a model overestimation. Moreover,
Fig. 11a shows that the flux dependency on wind speed and
snow age is correctly reproduced by SnowPappus. Overall,
this point-scale evaluation of snow fluxes at Col du Lac Blanc
shows that SnowPappus provides good orders of magnitude
of blowing-snow suspension fluxes and occurrence when an
observed wind forcing is used. However, the model exhibits
a strong uncertainty at the event timescale.

A major strength of our evaluation is the long-term pe-
riod encompassing 10 winter seasons, while most previous
studies evaluating simulated blowing-snow fluxes in seasonal
snowpack conditions only considered a few blowing-snow
events taken within a period of time of typically 1 month
(Pomeroy and Male, 1992; Naaim-Bouvet et al., 2010; Vion-
net et al., 2014). Considering the dispersion of the monthly
averaged fluxes we obtain, such short evaluations may be
strongly biased. In particular, Naaim-Bouvet et al. (2010)
evaluated a formulation of blowing-snow flux which is very
close to ours in the case of fresh snow but assuming an infi-
nite fetch. Contrary to us, their model overestimated the flux
by an order of magnitude, which could be due to the com-
bined effect of the infinite fetch assumption and the speci-
ficity of the two considered events. Longer-term evaluations
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of blowing-snow fluxes could be found in Antarctica. For
example, an evaluation of the monthly averaged flux sim-
ulated by the MAR model in Antarctica was performed at
two stations with 2- and 8-year time series (Amory et al.,
2021). Correlation coefficients of 0.6 and 0.8 were obtained
between observations and the model. The correlation we ob-
tain is close to or lower than their results for the first sta-
tion, although the results are not fully comparable (different
seasonality of the fluxes, use of simulated wind speed, etc.).
Qualitatively, all the mentioned studies obtained a strong dis-
persion of model errors which is consistent with our results.

However, the use of Flowcapt and SPC data during pre-
cipitation events for evaluation purposes is questionable. In-
deed, some field evaluations suggest that the less rounded
snow particle shape in these conditions leads to bias of the
flux estimates (Sato et al., 2005; Trouvilliez et al., 2015).
Moreover, both instruments do not distinguish blowing-snow
particles from precipitating snowflakes, which by themselves
can be responsible for fluxes of typically 0.1 to 10 gm~2s~!
(Vionnet, 2012, Fig. 4.17b; Vionnet et al., 2017, Fig. 7). This
may deteriorate our results for blowing-snow occurrence, as
we did not take this possibility into account.

6.1.2 Sensitivity, added value and robustness of
microstructure-dependent parameterizations

We performed blowing-snow suspension flux evaluations
making the parameter d,,, which influences the terminal fall
speed, vary within a range which is compatible with the
current state of knowledge. Results show that (i) the value
dy, = 0.5 allows for simulations of realistic average fluxes
and (ii) the value of the flux is strongly influenced by d,,,
which can make its cumulative value vary by almost a factor
of 3 in the explored range. d,, controls the terminal fall speed
of suspended particles, so it highlights the extreme sensitivity
of suspension to this parameter, which is for now imprecisely
known.

On the other hand, results for the blowing-snow occur-
rence at Col du Lac Blanc suggest that the differences be-
tween the VI13 method and SnowPappus do not lead to sig-
nificant differences in the quality of the simulations. Con-
sequently, in the current state of knowledge, both methods
can be used. Results also show that the wind-induced snow
metamorphism option seems to have only a very small effect
on the simulated blowing-snow occurrence. It means it might
not enhance the quality of simulation in the alpine environ-
ment, although complementary evaluations of its impact on
the snow stratigraphy would be required, in particular within
2D configurations of the model. Moreover, for the first time
to our knowledge, we compared the results of these param-
eterizations based on microstructure to a much simpler one
where the wind speed threshold depends only on whether or
not snow was deposited less than 1h ago. It emphasizes the
fact that a well-calibrated constant threshold wind speed per-
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forms as well or even slightly better than those parameteriza-
tions.

However, considering some limits in our study, the above
statements must be taken with caution. Indeed, only blowing-
snow fluxes integrated between 0.2 and 1.2m were evalu-
ated, which ignores what happens in the saltation layer and
in the saltation—suspension interface. Moreover, evaluations
and calibrations of flux and occurrence were applied to only
one site, with particular climate and environmental condi-
tions. The calibrations of d,, and of the constant-threshold
wind speed may be overcalibrated to this site and thus not di-
rectly valid or optimal at other sites. The absence of added
value of Guyomarc’h and Mérindol (1998) at Col du Lac
Blanc may indicate that it does not capture the temporal vari-
ability of threshold wind speed at this site or that simulated
snow surface properties are not relevant.

6.1.3 Uncertainty in the parameterizations used

Local flux evaluation results suggest that the complexity
of parameterizations, at least for suspension fluxes and
blowing-snow occurrence, is not directly linked with model
accuracy. Indeed, our simple suspension model exhibited a
very high sensitivity to the snow particle effective terminal
fall speed vf, which is also involved in more complex sus-
pension models (Bintanja, 2000; Vionnet et al., 2014). Thus,
enhancing our knowledge of this parameter and its link to
snow properties may allow a larger improvement of suspen-
sion flux simulation than making the models more complex.
Besides, simplification of the threshold wind speed depen-
dency on snow properties, as well as the inclusion of wind-
induced snow metamorphism, did not significantly change
the blowing-snow occurrence prediction skill. It could be ex-
plained by the fact that the interest in such parameterizations
can also be limited by intrinsic errors of the Crocus model
in terms of surface properties. The hypothesis that a unique
threshold wind speed can be used for initiation and stop of
the transport in given conditions may also affect this conclu-
sion, as well as the time step of the model, which is longer
than the duration of individual continuous transport events
(Doorschot et al., 2004). Consistent with our results, it must
be noticed that a recent development in MAR by Amory et al.
(2021), including among others a simplification of the thresh-
old wind speed parameterization, led to an improvement of
the model skill.

Finally, there are many “blind points” of the snow trans-
port literature that limit the possibility to parameterize some
phenomena which may have a strong influence. For exam-
ple, we could not find any study about the influence of the
slope on snow saltation transport, whereas it was shown to
influence sand transport (White and Tsoar, 1998) and steep
slopes are common in complex terrain. Besides, many wind-
induced snow transport events occur during snowfall (Vion-
net et al., 2013). However, saltation fluxes and initiation were
never studied during snowfall events to the best of our knowl-

Geosci. Model Dev., 17, 1297-1326, 2024

M. Baron et al.: SnowPappus v1.0

edge, whereas snowfall obviously changes snow cohesion
and properties and interacts with grain ejection mechanisms.
Finally, quantitative information about the action of trans-
port on snow surface properties is still lacking, despite some
recent results on density evolution (Sommer et al., 2018;
Amory et al., 2021). We think field or wind tunnel measure-
ments of snow specific surface area (SSA) and density in
snow deposition zones, as well as observations of their tem-
poral evolution during blowing-snow events, would maybe
allow testing and improving the hypothesis we had for Snow-
Pappus development.

6.2 Use of SnowPappus in distributed simulations
6.2.1 Added value of SnowPappus in 2D simulations

Two-dimensional simulations of the Grandes Rousses test
zone (see Sect. 5.6) showed that activating snow transport
has a significant influence on snow height spatial distri-
bution at high elevation at the end of accumulation sea-
son, reaching up to 2-3 m of erosion—deposition near high
alpine crests. Comparable snow height differences were ob-
tained with PBSM-3D (Vionnet et al., 2021). Moreover, com-
parisons with the Pleiades image show that this effect re-
sults in a qualitative and quantitative improvement of agree-
ment between simulations and observations, with an in-
crease in snow height variability and a moderate but signifi-
cant improvement of point-to-point correlation. Thus, includ-
ing wind-induced snow transport in hectometre-scale sim-
ulations seems to be promising, although strong errors re-
main. In particular, erosion patterns seem overestimated near
crests, while overall snow spatial variability is still under-
estimated in simulations. These improvements and limita-
tions are quite coherent with those observed in Vionnet et al.
(2021), which is to our knowledge the only other published
quantitative evaluation of simulated snow depth patterns in a
full winter season blowing-snow simulation.

However, activation of blowing-snow sublimation seems
to have a limited effect on simulations. Previous modelling
studies in alpine terrain (Vionnet et al., 2014; Strasser et al.,
2008; Sexstone et al., 2018) also found a relatively low con-
tribution of blowing-snow sublimation, although some sug-
gested it can have an important local impact near crests
(Strasser et al., 2008; Sexstone et al., 2018).

6.2.2 Sources of uncertainty and limitations of the
study

In addition to the previously discussed uncertainty in local
flux simulation, distributed simulations are hampered by sev-
eral other sources of uncertainty, which could explain the
high remaining errors in 2D simulations with transport.
Indeed, the extent of areas strongly influenced by trans-
port typically encompasses a few grid points. Thus, we can
expect results to be hampered by strong numerical errors
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and discretization issues, as suggested by previous studies at
25-200 m resolution (Lehning et al., 2008; Bernhardt et al.,
2009; Griinewald et al., 2010). In particular, overestimation
of erosion patterns was often found above 25 m resolution
(Vionnet et al., 2021; Lehning et al., 2008). Besides, low res-
olution makes local evaluation of a distributed model diffi-
cult at such resolution in complex terrain, as gridded me-
teorological forcings, in particular wind, and consequently
simulated snow conditions may not be representative of lo-
cal conditions observed by sensors. For example, poor results
for blowing-snow occurrence were obtained when using 2D
simulations, which is partly explained by the important dif-
ference between the value of this wind taken at the closest
grid point and the local one.

Beyond this resolution issue, blowing-flux computation is
highly sensitive to wind (e.g. Essery et al., 1999; Mann et al.,
2000; Schneiderbauer and Prokop, 2011b), making it largely
dependent on the quality of wind forcing, which could eas-
ily become a major limiting factor for local blowing-snow
flux assessment. Moreover, it may become even more limit-
ing for the prediction of spatial erosion and deposition pat-
terns (Musselman et al., 2015). The improvement of wind
field assessment in mountainous areas is beyond the scope of
this study but has recently been investigated by several au-
thors (Raderschall et al., 2008; Helbig et al., 2017; Dujardin
and Lehning, 2022). Therefore, the possibilities for improve-
ments in snow transport modelling depend heavily on the on-
going advances in this area.

Finally, snow depth pattern differences between the model
and observations come from both a misrepresentation of
wind-induced snow transport and other sources of errors. In
particular, precipitation forcing at high altitudes also suffers
from high uncertainty, which usually leads forcing errors to
prevail in snow simulation systems that are not forced by lo-
cal observations (Raleigh et al., 2015; Schlogl et al., 2016;
Giinther et al., 2019). A detailed sensitivity analysis of spa-
tialized snow simulations to precipitation forcing, blowing-
snow representation and model resolution is provided by
Haddjeri et al. (2023). It shows that both components highly
interact in any evaluation of 2D simulations and that results
ignoring these uncertainties should be considered with cau-
tion. However, the added value of SnowPappus to simulate
the spatial variance of snow depth and snow melt-out date at
high elevations and around crests is confirmed by Haddjeri
et al. (2023), with more satellite observations than the ones
used in this paper.

6.3 Limits of applicability

SnowPappus development relied mostly on parameteri-
zations inferred from observations averaged on a 7.5-
10 min period and performed in environments with seasonal
snowpack and at mid-latitudes (Pomeroy and Gray, 1990;
Pomeroy and Male, 1992; Vionnet et al., 2012), which ap-
proximately corresponds to our goals in terms of time step
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and environment for our model applications. Use of these
parameterizations at much smaller time steps or in very dif-
ferent snow conditions may result in bias. In the case of time
step, these concerns are due to the fluctuating nature of wind
and non-linear dependence of blowing-snow-related quanti-
ties on it. Besides, moving to much higher resolutions than
250 m or simpler topographies would possibly require a bet-
ter treatment of non-local effects by explicitly taking fetch
distance into account and solving a 3D advection—diffusion
equation.

6.4 Applicability at large scale

The technical possibility to apply SnowPappus in large-scale
simulation was one of the targets of this work. The detailed
evaluation of its computing performance is provided in Ap-
pendix G and shows that the computing time of the SnowPap-
pus physical routine is negligible compared with the one of
Crocus. However, scalability issues caused by MPI commu-
nications in a highly parallel environment are an important
limitation. Despite these current limitations, we were able to
perform a yearly simulation on a domain covering the full
French Alps (see Fig. 5) in 17h of simulation time using
only one computing node. It means daily operational sim-
ulations implying 8 d of simulations in the current French
system (Morin et al., 2020b) would require only 30 min of
computing time on one node, which is affordable. Therefore,
the main criterion for using SnowPappus in an operational
system in the near future will be our ability to demonstrate
its added value in snow cover simulations rather than com-
putation time limitations.

7 Conclusions

This paper presents SnowPappus, a new blowing-snow
model coupled with the Crocus state-of-the-art snow scheme.
It aims to be part of a future operational system running dis-
tributed snowpack simulations over the entire French moun-
tains at 250 m grid spacing. SnowPappus is a simple model
computing blowing-snow fluxes using semi-empirical pa-
rameterizations to represent saltation and solving suspension
in a one-dimensional stationary state, like models such as
PBSM (Pomeroy et al., 1993) or SnowTran3D (Liston and
Sturm, 1998). It includes newer results on the terminal fall
speed of snow particles (Naaim-Bouvet et al., 2010; Vionnet,
2012), which have a strong influence on the simulated snow
fluxes, and a parameterization of the threshold wind speed
based on Crocus-simulated microstructure properties. Sev-
eral options are available to represent threshold wind speed,
suspension, sublimation and wind-induced snow metamor-
phism. MPI parallelization handles the data sharing between
neighbouring points required to compute snow redistribution
on parallel computers. Performance tests show that Crocus
coupled with SnowPappus is able to run a simulation over
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the full French Alps during an entire snow season within a
reasonable computation time.

Local evaluations of suspension snow flux and blowing-
snow occurrence using observed wind fields to drive Snow-
Pappus were also performed. They show that SnowPappus
is able to simulate reasonable average suspension fluxes if
the effective terminal fall speed of suspended snow particles
is adequately calibrated and that blowing-snow occurrence is
satisfactorily captured. However, the simulation outputs have
a strong uncertainty, which is coherent with previous results
obtained with other models. Numerous badly known physical
parameters and understudied parameters limit improvements
of the parameterizations used. Moreover, uncertainty linked
to parameterization is combined with uncertainties in forc-
ing wind speed. Therefore, it may lead to local fluxes being
strongly different from the simulated one. They will have to
be understood more as a “first guess” than as a quantitative
estimate.

Despite these uncertainties, evaluation of simulated snow
depth patterns against a satellite-derived snow depth map
showed a significant improvement in snow spatial variabil-
ity and spatial correlation with observation. Complementary
evaluations of the simulated snow spatial distribution against
other satellite data confirm this conclusion in spite of the
prevailing uncertainty of meteorological forcing in such a
context (Haddjeri et al., 2023) (snow depth maps from satel-
lite stereo imagery, snow cover maps for satellite optical im-
agery). The 250 m resolution is, however, a challenging spa-
tial scale for snow simulations that is not able to fully solve
snow transport processes. Parameterizing the effect of sub-
grid topography on transport fluxes (Bowling et al., 2004)
would therefore be a promising way to improve the realism
of simulations.
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Appendix A: Supplementary figures
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Figure Al. Modelled and SPC-measured 0.2—1.2 m blowing-snow flux during January 2018. SAFRAN-modelled air temperature and solid
precipitation, as well as measured wind speed, are also represented. This month is a clear outlier in the comparison between observed and
modelled fluxes presented in Fig. 11. Here we see that, during the two main modelled events of the month (17 and 21 January), no flux
is detected by the SPC, despite high wind (15-20 m s—h, negative temperatures in the previous weeks preventing the formation of an ice
crust and co-occurring heavy snowfall, which should bring continuously transportable snow. It seems to indicate either an undetected SPC
deficiency or big errors in the forcing fields during this month rather than a model failure.
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Figure A2. Comparison between the height Amax given in
Sect. 3.3.2 used as an upper bound for suspension transport (blue
curve) and the one computed with Eq. (10) from Pomeroy et al.
(1993) (orange curve). Both heights are plotted as a function of the
fetch distance as defined in Sect. 3.3.2.
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Figure A3. Visualization of the maximum thread execution time
spent in the different parts of SnowPappus (named as in Fig. 4) and
spent in the other snow routines. This time is mainly dedicated to
running the Crocus snow model.
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Figure A4. Visualization of the proportion of time spent in the
SnowPappus routine among all snow-related routines (“full snow
routine” in Fig. 4) in terms of computing time.

Appendix B: Maximum height of the suspension layer

Following Pomeroy et al. (1993), we assume the maximum
height reached by particles in the suspension layer is limited
by the time available to diffuse ¢4 so that Apax = kutq. Con-
sequently, suspension transport grows with fetch distance. In
SnowPappus, we additionally assume this is valid no matter
the fetch distance. We also simplified the expression used by
Pomeroy et al. (1993) to get an analytical expression, obtain-

ing Nmax = Asaie + SR

(20 )
pares the exact and approximated formula and shows that
their difference is small. This approach assumes an abrupt
end of the suspension layer at the height 4y,x, which is not
realistic. However, it influences the model outputs only if
a significant flux occurs above hp.x. We can show that it
happens only when wind speed exceeds 30-40ms~! (y be-
comes lower than 1, making the flux profile not integrable)
or if hpyax s less than &~ 30 cm when lfecp < 10-20 m.

. Appendix Fig. A2 com-

Appendix C: Expression of F(T)

F(T) used in Eq. (18) is expressed as follows (Essery et al.,
1999):

F(T)= L (LM 1)+ ! (C1)
" arT \RT Dps’

with T the air temperature (K), Lg the latent heat of ice sub-
limation, M the molar mass of water (kg mol~!), R the uni-
versal gas constant (J K~ mol~!) and p, the water vapour
saturation density (kg m™3).
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Appendix D: Conversion formula between old and new
Crocus microstructure formalism

In the current version of SURFEX, the microstructure of Cro-
cus is described with two prognostic variables: the optical
diameter Dop; and the sphericity s. In this article, we often
refer to the dendricity d and grain size g; which were used
in older versions of Crocus (Vionnet et al., 2012). Carmag-
nola et al. (2014) proposed formulas linking Dqyy, s, g5 and
d. However, some errors were detected in this work, leading
us to use another formula to get grain size from Dgp and s.
This formula is presented here:

Dopt — 20 (1 —
) opt o S)'

1+s o1

8s =

The formula from Carmagnola et al. (2014) is used to com-
pute the dendricity d from s and Dopt.

Appendix E: Properties of deposited snow in the case of
simultaneous snowfall and wind-driven redeposition

We consider here the case when during a time step, a mass
msp and mps (kgm~2) of snow respectively coming from
solid precipitation and wind-driven redeposition has to be
added to the snowpack during a simulation time step. Optical
diameter Dpg and sphericity sgs of the deposited windblown
snow are given in Sect. 3.6. Solid precipitation sphericity ssp
and optical diameter Dsp are computed as in the default Cro-
cus configuration, described in Vionnet et al. (2012). In this
case, a layer of total mass m = mgp + mpg is added to the
snowpack. Its properties s and D are given by the weighted
average of blowing-snow and solid precipitation properties.

s MSPSsP + mBsSBS

(ED)
msp + mas
D D
D= mgsp Dsp + mps Dgs (E2)
mgsp + mas

Appendix F: Masks applied to 2D simulations and
observations

The forests, glaciers, lakes and rivers, and cities in the study
zone are masked in our simulations and observation datasets.
For the forest mask, the BD FORET® V2 dataset has been
used (IGN©, 2021a) with a masking threshold of 25 % of
forested sub-pixel area. Lakes and rivers are masked follow-
ing data from BD TOPO® (IGN©, 2021b) and glaciers fol-
lowing the Randolf glacier inventory. A pixel is masked when
more than 50 % of the surface of a pixel is covered. In the
valley, the urban areas around the cities of Bourg d’Oisans,
Allemont and Saint Michel de Maurienne are also masked.
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Appendix G: Numerical performance

In this section, we describe the numerical performance of the
SnowPappus model to discuss its suitability for the goal of
applicability in large-scale systems operated at hectometre
resolution.

Computation time was measured for 1 complete simula-
tion year on the simulation domain covering the Grandes
Rousses range (Sect. 4.1). Computations are done using one
node of the current Météo-France supercomputer made of
two AMD Rome 2.2 Ghz CPUs, giving a total 128 comput-
ing cores and 256 Gb of node RAM. For the Grandes Rousses
domain, the maximum possible number of threads is 101 (see
Sect. 3.6) To time the execution of different parts of the code
on a distributed set of cores, we use the DrHook profiling tool
(Saarinen et al., 2005). To obtain the user run time of non-
overlapping and blocking code sections, we sum the maxi-
mum computing thread time for each code section.

Figure A3 shows the maximum thread execution time for
each code section of the SnowPappus blowing-snow model
and compares these durations to the full snow routine of
SURFEX, which contains mainly the SnowPappus routine
and the Crocus snow model, for different degrees of paral-
lelization. Its execution time decreases sharply with the num-
ber of threads used but reaches a plateau at 60 cores and
above. Almost all of the SnowPappus computing time is ded-
icated to MPI communications. Therefore, the proportion of
time spent in the SnowPappus routine grows with the number
of threads used, eventually becoming more time-consuming
than Crocus (it is shown more visually in Appendix Fig. A4),
indicating it benefits less than Crocus from increased paral-
lelization. It can be explained by the increased number of
MPI blocking communications. Indeed, communication time
and waiting time between threads should grow with the num-
ber of subdomains as the workload cannot be equally shared
among them.

Code and data availability. The SnowPappus blowing-snow model
is developed in the framework of the open-source SURFEX
project. The source files of SURFEX code are provided at
https://doi.org/10.5281/zenodo.7687821 (Baron et al., 2023d) to
guarantee the permanent reproducibility of results. However, we
recommend that potential future users and developers access the
code from its Git repository (git.umr-cnrm.fr/git/Surfex_Git2.git,
Minvielle, 2024) to benefit from all tools of code management (his-
tory management, bug fixes, documentation, interface for technical
support, etc.). This requires a quick registration, and the procedure
is described at https://opensource.umr-cnrm.fr/projects/snowtools_
git/wiki/Install_SURFEX (last access: 1 March 2023). The version
used in this work is tagged as SnowPappus-v1.0. A user man-
val, describing the SURFEX namelist options related to Snow-
Pappus, is available at https://doi.org/10.5281/zenodo.7681340
(Baron et al., 2023a). More general information about SUR-
FEX use can be found at https://opensource.umr-cnrm.fr/projects/
snowtools_git/wiki and https://www.umr-cnrm.fr/surfex/ (last ac-
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cess: 6 February 2024). The DEMs used in this study originate
from the RGE Alti® website. They can be downloaded freely at
https://geoservices.ign.fr/documentation/donnees/alti/rgealti (IGN,
2024). Raw data from ISAW network stations are freely avail-
able at http://iav-portal.com/index.php?nav=iodmisawlist&lang=
en&search=&center=&sort_field=center&sort_asc=1 (IAV Tech-
nologies, 2024). The data from Col du Lac Blanc station
are available at https://doi.org/10.17178/CRYOBSCLIM.CLB.all
(Cryobs-Clim-CLB, 2000) and are described by Guyomarc’h
et al. (2019). AROME downscaled wind forcing used for sim-
ulations on the Grandes Rousses test zone is available at
https://doi.org/10.5281/zenodo.7681661 (Baron et al., 2023c). In-
put data, namelists, and instructions to run the model and pro-
duce most of the plots and simulations related to point-scale
evaluations presented in this paper are available for download at
https://doi.org/10.5281/zenodo.7681551 (Baron et al., 2023b). In
the same folder, codes generating some additional results not shown
in the article are available (see Sects. 4.4.2 and 6.1.1). Codes
and necessary data to generate the results of the 2D evaluations
are available at https://doi.org/10.5281/zenodo.10204742 (Baron,
2023).
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