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Abstract. Recent regional model findings suggest that the aeolian erosion of surface snow is a significant contribution to
the overall Antarctic surface mass balance (SMB) through ice crystals sublimation and export outside of the ice sheet. Such
findings raise the question of the relevance of accounting for such a process also in global climate models. This study presents
the development of an intermediate-complexity parameterisation of blowing snow for the ICOLMDZ atmospheric general
circulation model, the atmospheric component of the IPSL Coupled Model. The parameterisation is designed to be a trade-off
between physical complexity and applicability in a general circulation model, with constrains on numerical cost and stability.
The parameterisation is evaluated with in situ observations using limited-area simulations over Adélie Land. The model exhibits
satisfactory results in terms of summer wind speed, temperature and intensity of blowing snow fluxes. In winter, blowing snow
intensity and occurrences are overestimated close to the coast, concurring with a positive wind speed bias. In terms of blowing
snow occurrences throughout the year, I[COLMDZ exhibits comparable performance with the regional atmospheric model
MAR. Boundary-layer moistening and cooling as well as changes in surface radiative fluxes due to blowing snow crystals are
also quantified in the simulations. Global simulations at standard global climate model resolution are carried out to investigate
how the Antarctic surface mass balance is modified with the activation of the blowing snow parameterisation. Results show an
overall decrease of the net snow accumulation in the escarpment region due to surface snow erosion and an increase along the

coast due to blowing snow deposition and increase in precipitation.

1 Introduction

The aeolian erosion of surface snow is an important component of the atmospheric branch of the Antarctic water cycle (Frez-

zotti et al., 2004). The snow mass sublimated during transport by the wind as well as its export out of the continent are net
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losses from the point of view of the ice sheet. Aeolian snow erosion, transport and deposition (processes commonly refered
to as drifting and blowing snow) have been shown to significantly affect the surface mass balance (SMB) of the Antarctic at
the local scale (e.g., (Lenaerts et al., 2012a; Amory et al., 2021)), especially in coastal and escarpment regions where strong
katabatic winds develop, leading to an intense export and sublimation of airborne snow (e.g. (Scarchilli et al., 2010; Palm
et al., 2017)). Subsequently drifting and blowing snow have been parameterised in a few meso-scale and regional atmospheric
models mostly for local to continental studies (e.g., Lenaerts et al. (2012b); Vionnet et al. (2014); Gallée et al. (2001); Gerber
et al. (2023)).

However, the effects of drifting and blowing snow - that we will hereafter combine into the single denomination of blowing
snow for convenience - on the overall Antarctic ice sheet climate and SMB are still debated. This particularly questions to what
extent a parameterisation of blowing snow processes in global climate models is relevant and justified.

Nonetheless, Le Toumelin et al. (2021) reveal significant effect of blowing snow on the surface radiative fluxes over coastal
Antarctica which suggests the possible importance of such a process for the surface energy budget over the ice sheet margins, a
region particularly critical for global climate due to the melting and destabilisation of ice-shelves as well as intense atmosphere
- sea ice - ocean interactions. Moreover, continental-scale regional simulations with the CRYOWRF model in Gerber et al.
(2023) suggest that 4.2% of the annual Antarctic precipitation is removed by drifting and blowing snow among which 1%
through direct export off the continent. This 4.2% estimate is quite similar to previous estimates using the RACMO model
(Lenaerts and van den Broeke, 2012), suggesting that blowing snow significantly influences the SMB of the whole Antarctic
ice sheet through export and sublimation (Gadde and van de Berg, 2024). In addition, blowing snow has been shown to affect the
formation and structure of clouds in polar regions when it results from the aeolian erosion of snow above sea-ice that contains a
significant amount of sea-salt. When blowing snow crystals sublimate in the atmosphere, sea-salt aerosols are released thereby
increasing the amount of cloud condensation nuclei and influencing cloud formation and microphysical properties (Yang et al.,
2019; Gong et al., 2023).

Such elements are strong motivations for assessing the effects of including blowing snow in a global climate model. Different
parameterisations of snow erosion and transport have been proposed so far (e.g., Gallée et al. (2001); Lenaerts et al. (2012b);
Vionnet et al. (2014); Sharma et al. (2023)) but to our knowledge, all of them were developed for meso-scale models and often
imply a complexity and an additional numerical cost - in particular due to the treatment of additional water species - that are not
always compatible with climate global runs’ constrains. Moreover their applicability with typical vertical grids and time steps
used in global models has not been assessed and questions regarding numerical integration aspects and validity of turbulent
mixing formulations can emerge.

The present paper presents the development and tests of an intermediate-complexity parameterisation of blowing snow for
the ICOLMDZ atmospheric general circulation model (AGCM). ICOLMDZ is currently being developed for carrying out
future projections of the Antarctic water cycle and past SMB reconstructions in the framework of the AWACA project (https:
/[cordis.europa.eu/project/id/951596) and including a blowing snow parameterisation has been identified as a development

priority.
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The paper is structured as follows. Section 2 presents the design of the parameterisation and its integration into the ICOLMDZ
model. Section 3 then presents two examples of application in regional simulations over Adélie Land and in global simula-
tions with a particular focus on the impact of simulated blowing snow on the Antarctic SMB. Section 4 closes the paper with

discussions and conclusions.

2 Blowing snow parameterisation in ICOLMDZ
2.1 Preamble: the ICOLMDZ AGCM and its application for polar research

The ICOLMDZ AGCM consists in the coupling of the DYNAMICO icosahedral dynamical core (Dubos et al., 2015) and
the physics of the LMDZ AGCM (Hourdin et al., 2020), the atmospheric component of the IPSL-CM global climate model
(Boucher et al., 2020). LMDZ has been used for several Antarctic studies, in particular for works on the Antarctic surface mass
balance (e.g., Agosta et al., 2013), for investigations on the oceanic forcing on the Antartic climate (Krinner et al., 2014), for
analyses of the boundary layer on the Plateau (Vignon et al., 2018) as well as for works on precipitation on the Antarctic coast
(Roussel et al., 2023), and stable water isotopes (Cauquoin et al., 2019; Dutrievoz et al., 2025).

Even though some work is underway to improve the representation of the surface snow over ice sheet surfaces in the OR-
CHIDEE model (Charbit et al., 2024), the land-surface component of the IPSL Earth System Model coupled with ICOLMDZ
(Cheruy et al., 2020; Arjdal et al., 2024), the exchanges of energy and water between the atmosphere and so-called ‘land-ice’
surfaces - encompassing both the Greenland and Antarctic ice-sheets - are still treated by a separate simple snow scheme in
the LMDZ model (Vignon et al., 2017; Le Moigne et al., 2022). This quite crude snow scheme assumes constant values for
the visible and near-infrared broadband albedos, constant values for the momentum and thermal roughness lengths and the
heat transfer in the snow is parameterised as a conductive process with a fixed thermal inertia whose value has been fixed to
that of typical snow found on the high Antarctic Plateau. Surface snow density is not a variable of the scheme. Melting is
parameterised as a bulk process and the melt water is directly transferred to the ocean. The refreezing of liquid water in the

snowpack is not taken into account.

In this study, we consider the version of the LMDZ physics package currently in development for the 7th exercise of the
Coupled Model Intercomparison Project (CMIP7). It is mostly based on that used for CMIP6 (Hourdin et al., 2020; Madeleine
et al., 2020) but we employ the new TKE-1 turbulent diffusion scheme developed in Vignon et al. (2024) that exhibits better
numerical properties as well as more robust and more easily tunable formulations of the different terms of the eddy diffusivity
coefficients compared to the previous TKE-I scheme of the model (Vignon et al., 2017). Moreover, this new scheme considers
a turbulent mixing length formulation that depends on the wind shear in stable conditions following Grisogono and Belusi¢
(2008) which is particularly important in flows with strong wind shear such as Antarctic katabatic jets. Wiener et al. (2025)
recently conducted an extensive assessment of the ability of ICOLMDZ to simulate katabatic winds along the Antarctic slopes
with this specific model configuration. They show that the model is able to reliably simulate the surface winds but also raise

the need for further development regarding the parameterisation of the snow surface roughness and albedo to better capture
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the spatio-temporal variability of the wind. Concurring with previous studies (e.g., Gallée et al., 2013; Vignon et al., 2019),
Wiener et al. (2025) also underline the difficulty to capture the correct location and magnitude of the coastal transition of the

katabatic layer through a so-called ‘katabatic jump’, which manifests as sudden decrease in surface wind speed in a few km.
2.2 General concepts of the blowing snow parameterisation

As ICOLMD?Z is the atmospheric component of a climate model and not a meso-scale model developed for fine-scale studies
over snow-covered areas and complex terrains, the question of the degree of sophistication required for a new blowing snow
parameterisation must be raised. The answer of course depends on the objectives and on the desired applications and also on
the existing structure of the model namely the typical horizontal and vertical resolutions at which it is run and its physical
package. Here, we aim to equip [ICOLMDZ with a blowing snow scheme to better capture the main snow transport events that
can substantially affect the Antarctic SMB and potentially the polar hydrological cycle at a regional and continental scale.

We therefore follow an intermediate-complexity and sometimes heuristic approach as those initially taken for the MAR
and RACMO models (Gallée et al., 2001; Lenaerts et al., 2012b). This approach consists in calculating a blowing snow flux
between a fully parameterised saltation layer near the surface and the first model level at a few meters above the ground
surface. However, the specific content of blowing snow particles in suspension gy, is treated as an independent water variable in
the model - unlike in MAR for instance - to properly distinguish the blowing snow contribution to precipitation and radiative

effects from that of typical clouds. g is advected by the dynamical core and vertically transported by turbulent diffusion.
2.3 Surface snow erosion

The first part of the new blowing snow scheme is a parameterisation of surface snow erosion following Gallée et al. (2001) and
Amory et al. (2021). It consists in calculating a blowing snow flux from a fully parameterised saltation layer near the surface
to the first model level with a drag coefficient that is directly calculated from atmospheric variables at the first model level.
Snow erosion is calculated only over land-ice surfaces and therefore concerns only the Greenland and Antarctic ice sheets in
global simulations. Although we acknowledge the added value of additional vertical discretisation of the surface layer to better
capture the sharp gradients of blowing snow near the ground surface (Vionnet et al., 2014; Sharma et al., 2023), we choose a
simpler framework here to keep the standard vertical grid of the model and because we mostly aim to simulate the main aeolian
snow transport events during which the blowing snow is well mixed over the first meters of the atmosphere.

Following Gallée et al. (2001) and Amory et al. (2021), we assume that blowing snow particles are ejected from the saltation
layer when the friction velocity u, exceeds a threshold value u, ; that reads:

pi P _
u*,t = U*,tO ( v _ emax(ovps ps,oo)
ps,O Ps

where p; =917 kg m~3, and ps,o = 300 kg m 2 are two fixed parameters corresponding to the density of ice and fresh snow

respectively. w. ¢o is the so-called standard threshold friction velocity equal to 0.211 m s~*. The rightmost exponential term

3

has been added here to limit the erosion to occur when the surface snow density p, approaches ps oo =450 kg m™°, as in

Amory et al. (2021). It is worth recalling that the surface snow density p, is not a variable of the surface scheme over land-ice
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surfaces in the model. Therefore, we have to provide an estimate of ps to properly compute the erosion threshold. For this
purpose, while LMDZ is not coupled to an advanced snow scheme over ice sheets, we propose a relatively simple heuristic
approach.

If snow precipitation has occurred during a given time step, the snow density is assumed to be that of fresh snow p, (. If all
the snowfall accumulated during the time step has been eroded, we consider the erosion of the underlying snow layer whose

density value p; is determined with a simple model of densification with snow age:

Ps = Ps,0+ (Ps,00 — Ps,0) (1 —e /) (1

where ag is the snow age (reset to 0 at snowfall occurrence) and 74 is a snow densification time scale. As we do not a priori
know, for each time step At, the time length that corresponds to the erosion of fresh snow - i.e. the snowfall accumulated
during the time step - and that corresponding to the erosion of the older underlying snow layer, we assume that the fresh snow
erosion occurs during a fraction wy of At that depends on the relative difference between the fresh snow erosion flux Er and
the snowfall during the time step Sf: wy = e_(%)

To account for the negative feedback of snow erosion on snow density (Amory et al., 2016, 2017) as well as the effect of

rainfall on density (Marshall et al., 1999), we propose a simple heuristic expression for the surface snow densification time

scale 74:

— Pps _ _Pr
Tg = Max(Tq min,Tdoe b=t 't

) o~ max(F.0.)y 2)

where 74 ¢ is the densification time scale in absence of snow erosion, rain and melting. It has been set to 10 days following
careful inspection of the evolution of the snow density in MAR simulations over the Antarctic (not shown). 7q 4 1S the
densification time scale in presence of very intense snow ablation or rain. It has been set to 1 day, which correspond to the
rain-induced snow densification time scale according to Marshall et al. (1999) and to the average duration of drifting-snow
events - and for exhaustion of erodible snow to be reached - according to Antarctic observations in Amory (2020). P4 (resp.
P.) is the precipitation flux of blowing snow (resp. rainfall flux) at the surface and P, ; (resp F;.;) a threshold value set to
0.01 kg m~2 s~!. The rightmost term accounts for the sharp decrease in 7; during snow melting, T, being the snow surface
temperature, Tp = 273.15 K and ATy =1 K.
The depth of the saltation layer is calculated following Pomeroy (1989):

Rsait = 0.0843u, 3)

The concentration of aeolian snow at the top of the saltation layer - i.e. the lower boundary condition for g - is estimated
using steady-state and vertically-homogeneous model of saltation layer of Pomeroy (1989) as in Gallée et al. (2001):

€salt 2 2
— 4
ghsalt (u* b t) ( )

4b,salt =

s

where e4q1; = (3.25u, )~ is the saltation efficiency. It is worth mentioning that the parameterisation of saltation for large-scale
models is an active area of research (Melo et al., 2024) and we leave the assessment of the ¢ s,;; formulation sensitivity for

future studies.
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The vertical blowing snow flux from the surface towards the atmosphere pw’q;| then reads:
S

pw,qz = —PUxQbx = maX(—PCDbU(C]b - qb,salt)aFmax) (5)
s

where p is the air density, gy, is the turbulent scale of ¢, and F},,,, is a higher-bound for snow erosion. The latter is calcu-
lated such that all the snow in the saltation layer cannot be removed during one single time step (and is therefore time-step
dependent). We take the drag coefficient for blowing snow Cp;, equal to that for heat and water vapor. In presence of drifting
or blowing snow, the Monin-Obukhov similarity theory - on which are based the surface turbulent bulk flux formulae used in
models - fails in correctly predicting the turbulent fluxes of sensible and latent heat. In fact, exchanges of heat and moisture
associated with aeolian snow particles sublimation make the assumption of height-constant turbulent fluxes in the surface layer
no longer valid. This leads to strong underestimations of sensible and latent heat exchanges (Sigmund et al., 2022). To the
authors knowledge, there is currently no reliable formula for the turbulent drag coefficients for heat, moisture and blowing
snow in presence of aeolian snow transport in the surface layer, especially for application in models with a first atmospheric

level at a few meters above the ground surface. We leave this aspect for further research.

2.4 Turbulent transport

The specific content of blowing snow is vertically mixed by the TKE-I turbulent diffusion scheme of LMDZ through the
resolution of the diffusion equation:

Oqp 1opw'qy 10 0
-2 =_- =2 (oK, — 6
Ot | yurd p 0z p Oz (p b@qu) ©)

Once the K, eddy diffusion coefficient has been calculated at vertical model layer interfaces, such an equation is numerically
solved with an implicit approach through the inversion of a tri-diagonal matrix. K, is taken proportional to that for momentum

K, ie.:
Ky = G Km @)

There is a lack of clarity in the literature about the values of (. While Déry and Yau (2001) sets (;, =1 in their blowing
snow simulation, observations of Mann (1998) suggest (; values greater than unity. Amory et al. (2021) emphasise that such a
parameter can be tuned to compensate for a likely overestimation or underestimation of the settling velocity of blowing-snow
particles. In the present study, we set (; = 1 and will preferentially adjust the settling velocity defined hereafter.

It is worth noting here that we neglect the effect of blowing snow on local stratification in the buoyancy production of TKE
(Gallée et al., 2001) as its contribution to the overall TKE budget and its impact on the overall TKE profile are generally small
above the first meter above the ground (Bintanja, 2000).
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2.5 Sublimation, melting and precipitation

The parameterisation of blowing snow sublimation is inspired by that commonly used for cloud ice crystals detailed in Prup-
pacher et al. (1998). For a monodispersed population of spherical ice crystals of density p, and radius 7y, the loss of g, due to

sublimation reads (Rutledge and Hobbs, 1983; Muench and Lohmann, 2020):

) _ 90
ot sub ot sub
6 v
= g (1 L), ®)

perri (A’ + B') Qsi

where ¢, is the specific humidity of the air, g,; the saturation specific humidity with respect to ice, A" and B’ two thermody-
namic functions of temperature whose detailed expressions are given in Pruppacher et al. (1998). v, is a tuning coefficient
that controls the intensity of the sublimation process and whose default value has been set to 0.1 after preliminary comparisons
of observed and simulated near-surface relative humidity fields (not shown). The sublimation rate is limited to prevent the
specific humidity to exceed saturation with respect to ice. The effect of blowing snow sublimation on the evolution of tem-
perature and water vapour is taken into account. It is worth noting that during strong blowing snow events, significant amount
of blowing snow can enter a relatively dry layer leading to intense and abrupt sublimation which can be quite challenging to
resolve in time with the typical coarse time steps used in AGCMs. In fact, both ¢, and g; can substantially vary during a time
step At and given that the sublimation rate depends on the two variables, the numerical resolution of Eq. (8) is a highly relevant
issue for a blowing snow parameterisation in an AGCM. We propose here a ‘double implicit’ numerical treatment for both ¢

and g, that is Eq. (8) then reads:

o —ah| it - ©)
At b At <ub
6p @t A
— 1— v +At 10
Vsub pbﬂ"f’%(A/ I B,)( qiz )Qb ( )
which after some rearrangement can read:
At AN gt At
wsubqf(qlﬁ*“)Q + (1 + VoubAt — Yaub gt Yo = ) g — b =0 (11)
st st st

which is a second order polynomial that always has a positive solution for qé*At.

Figure 1 shows the evolution of ¢, and ¢, during an idealised sublimation experiment with arbitrarily prescribed initial
conditions. Different numerical resolution methods are tested: i) the proposed ‘double implicit’ method; ii) a fully explicit
method in which ¢, and ¢, at the right-hand side of Eq. (8) are treated explicitly; iii) a method with an exact resolution of Eq.
(8) in @4 - classical linear ordinary differential equation - and explicit treatment of ¢, ; and iv) an exact resolution in ¢, and

an explicit treatment of ¢,. The time step used here is 15 min i.e. the common value used for the LMDZ physics in particular
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Figure 1. Idealised blowing snow sublimation experiment through the resolution of Eq. 8 with different numerical methods (details in the
main text of Sect. 2.5 ). Initial conditions are 7' = 260 K, P = 95000 Pa, RH; = 80 %, q» = 10 g kg~ *. The time step used is 15 min. Panel
a (resp. b) shows the evolution of g, (resp. g»). The solid black lines show the reference solution obtained with a 1 s time step (for which all
methods converge) In panel a, the dotted black line shows the saturation value with respect to ice. Note that the blue and yellow curves are

so close that they look superimposed.

during CMIP6 (Hourdin et al., 2020). Our ‘double implicit’ method does not exhibit an oscillating behaviour and it is the
closest to the reference curve.

When blowing snow particles enter an air layer with positive Celsius temperature, we make them melt and evaporate with a
temperature dependent time scale 7,,, that decreases with increasing temperature defined as:

_T-Tg
m — Tm Tm =
Tm = Tmo€ Tm—To (12)

with 7,,0 = 10 min and 7T},, = 278.15 K. Furthermore, following Gerber et al. (2023) we make all blowing snow sublimate if
qp < 4db,min with db,min = 10710 kg kgil-
Blowing snow particles sediment through the resolution of the sedimentation equation:

gy | _ 1 0pwyge

ot sed Cp Oz (13

with wy, the blowing snow settling velocity that we assume constant and equals w, = 0.5 m s~1, value that concurs with
blowing snow terminal velocity estimations by Mann et al. (2000). It is worth noting that the simulation of the blowing snow
flux and net snow erosion is particularly sensitive to this parameter which can be made reasonably varied between 0.2 and

0.6 m s~! depending on the particle size considered. The value of 0.5 m s~! has been set as it gives the most reasonable values
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of blowing snow fluxes in preliminary simulation tests in Adélie Land (not shown). Eq. (13) is numerically resolved implicitly
in time. During their fall, blowing snow particles which initially have the temperature of the overlying layer are ‘thermalised’

with the ambient air such that the mixture of air and crystals has a unique temperature at each level.
2.6 Radiative effects

We take into account the radiative effect of blowing snow through the change of cloud fraction o, assuming that it scales with

the mean-mesh specific content of blowing snow:

Qe tor = min(o, + min(&, 1),1) (14)
qot

with g, the value for which we assume that all the mesh is covered with a blowing snow cloud. This parameter is absolutely
not constrained by any observation and it is set arbitrarily to a value corresponding to intense and widespread blowing snow
events in our simulations: 1.0 g kg .

The radiative scheme of LMDZ then considers the total ice water content i.e. the sum of the specific cloud ice water content

with the specific blowing snow water content using a common parameterisation of ice crystal effective radius (Madeleine et al.,
2020).

3 Applications in Antarctica
3.1 Model configuration and comparison with in situ observations
3.1.1 Simulation configurations

Two ICOLMDZ simulation configurations will be considered in the study. To evaluate the fine-scale performances of ICOLMDZ
to simulate the Antarctic katabatic flow and blowing snow, a regional configuration over Adélie Land is first used. The Adélie
Land is particularly known for the intense and persistent katabatic winds originating from the interior of the continent (Parish
and Bromwich, 2007; Davrinche et al., 2024) and sometimes leading to intense blowing snow events (Amory, 2020; Vignon
et al., 2020). This region is also equipped with instrumental systems giving information about blowing snow flux and occur-
rence and was considered in several studies to evaluate the simulation of blowing snow transport (e.g., Gallée et al., 2013;
Amory et al., 2015, 2021; van Wessem et al., 2018). The regional Adélie Land configuration has been set-up in Wiener et al.
(2025) and leverages the new limited-area model (LAM) configuration of ICOLMDZ (Raillard et al., 2024). It consists in a
domain (Figure 2) with a 20-km horizontal resolution and a 95 7 vertical level grid of LMDZ with the first model level at ~8
m above the ground in the coastal antarctic region (Hourdin et al., 2020). The topography is taken from the dataset of Schaffer
and Timmermann (2016) which relies on the Bedmap-2 product. The period covered for the LAM simulations is the 2011 year
which encompasses the period considered for the evaluation of the blowing snow scheme of the model MAR (January 2011) in

Amory et al. (2015). Sea surface temperature, sea-ice cover and lateral forcing are provided by the ERAS reanalysis (Hersbach
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Figure 2. Terrain topography in the limited-area simulation configuration grid over Adélie Land. Red dots show the location of the D47 and

D17 stations.

et al., 2020).

A second configuration is then used to assess the overall effect of the blowing snow parameterisation once activated in
typical climate runs, especially on the Antarctic SMB. It consists in running the global ICOLMDZ model in a so-called
‘AMIP’ mode meaning that the model is forced with monthly-mean sea surface temperature and sea-ice cover as well as mean
aerosols and ozone concentrations. The same 95-vertical grid is employed and we use a horizontal resolution of ~150 km
(corresponding to nbp = 60 in the Dynamico namelist file). Simulations are carried out over a 5-year period (2000-2004). To
ensure a robust comparison between simulations with and without blowing snow and to compare them with contemporary
in situ SMB observational data, the wind components are nudged towards the ERAS reanalysis with a timescale of 6 h. The
nudging is applied only in the mid and high troposphere, that is above the hybrid model level corresponding to a reference sea

level pressure of 700 hPa, in order to keep the dynamical interactions between blowing snow and low-level circulation.
3.1.2 Observational datasets for model evaluation

In situ measurements of blowing snow are rare due to the remoteness and harsh environment of Antarctica. Active remote
sensing retrievals of Antarctic blowing snow from satellite do exist (Palm et al., 2017) and although they provide valuable
information at the continental scale, they are quantitatively uncertain and give reliable data in clear-sky conditions, above a

height of ~ 30 m and at a frequency corresponding to the satellite revisit time which make them not always easy to use for

10
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quantitative model evaluation. In this study, we leverage a 1-year time series of in situ measurements collected at the D17
(138.7°E, 67.4°S) and D47 (139.9°E, 66.7°S) stations, located respectively at 10 and 110 km from the coast along a shore-to-
Plateau transect between the coastal Dumont d’Urville station in Adélie Land and the inland Concordia station (Figure 2). At
D17, near-surface air temperature, humidity, wind speed are sampled at 6 levels along a 7-m mast (Barral et al., 2014; Amory
et al., 2016) while at D47, temperature, humidity and wind are measured at a single level (= 2.8 m for wind, ~ 2.2 m for
temperature and humidity) with an automatic weather station (AWS, Amory, 2020). At both stations, meteorological records
were complemented with blowing-snow measurements made with 2G-FlowCapt™™ sensors. The instrument consists of a 1-m
long tube containing electroacoustic transducers that measure the acoustic vibration caused by the impacts of wind-borne snow
particles on the tube. They then provide an estimate of the horizontal snow mass flux - including all forms of wind-driven snow
- along the sampling height. In 2011 during our period of interest, two 2G- FlowCapt™ sensors were operating at D47: the
first one between 0 and 1 m a.g.l. and the second one between 1 and 2 m a.g.l. At D17, only one 2G- FlowCapt™ installed
between 0 and 1 m a.g.l. was operating at this time. The meteorological and blowing snow measurement systems as well as
statistics of blowing snow events are extensively presented in Amory (2020). In the present study, we use a processed and
formatted data set described and distributed in Amory et al. (2020). It is worth emphasising that measurement uncertainty
for the 2G-FlowCapt™ is not known. The instrument was shown to generally underestimate the snow mass flux relative to
integrated estimates from reference Snow Particle Counters but the sign of the bias reverses when additional precipitation is
present. Overall, while the instrument is well suited to detect the occurrence of blowing snow events, the quantification of the
blowing snow flux remains quite uncertain and value should be interpreted with caution. We refer to Amory (2020) (see their
Sect. 2.3.3) for an extensive discussion on 2G-FlowCapt™" accuracy and performances.

To assess the realism of the Antarctic SMB in global ICOLMDZ simulations, we also use the same SMB observations
as in Agosta et al. (2019). Those observations are from the GLACIOCLIM-SAMBA dataset detailed in Favier et al. (2013)
and updated by Wang et al. (2016), which follows the quality-control methodology defined by Magand et al. (2007), and
from accumulation estimates from Medley et al. (2014), retrieved over the Amundsen Sea coast (Marie Byrd Land) with an
airborne-radar method combined with ice-core glaciochemical analysis. We discard observations covering less than 3 years and
observations starting before 1979, except if they cover more than 10 years after 1950. We linearly interpolate the ICOLMDZ
SMB at observation locations, and then we average observed and interpolated SMB on ICOLMDZ grid cells, which we do
by weighting with the observed accumulation duration, as in Agosta et al. (2019). At the end, we obtain 308 grid-average

accumulation observations.
3.1.3 Comparison between observational data and model fields in Adélie Land

Wind speed values U are evaluated at the measurement height £ using a common logarithmic extrapolation from the values at
the first model level at z; ~ 8 m and the simulated roughness length value zy:

log (h/z0)

U(h) = U(Zl) log (21/2;0)

5)
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A similar approach is considered for temperature. At D17, we consider the highest measurement level at ~ 7 m a.g.l, i.e. the
closet to the first model level height, to limit the influence of the extrapolation. Given the failure of the Monin-Obukhov similar-
ity theory in presence of blowing snow (e.g., Sigmund et al., 2022), the common Monin-Obukhov based humidity interpolation
assuming a pseudo-logarithmic profile from surface and first model level values is not adapted. Therefore, relative humidity
fields are not vertically extrapolated and direct comparison between first level model fields and observations are shown for

qualitative assessment.

The representation of the blowing snow transport will be evaluated through comparison of occurrence and amplitude of the

horizontal blowing snow flux defined as:
F, = pq,U (16)

with U the horizontal wind speed, p the air density and g, the specific blowing snow content. Note that the 2G-FlowCapts™
see all type of particles, including snowflakes falling from common clouds. However, the cloud scheme of LMDZ does not
provide the specific content of snow as precipitation are diagnosed at each time steps (Madeleine et al., 2020), which prevent
from properly calculating a flux including all type of ice crystal categories from model outputs. While the 2G-FlowCapt™
provide a mean value over a 1-m height either between 0 and 1 m a.g.1. or between 1 and 2 m a.g 1., the near-surface horizontal
flux calculated by the model is by essence a mean value over the full first model layer, which is much deeper than 1 or 2 m.

A direct quantitative comparison of flux magnitude between observations and simulation output is therefore very delicate.
One possibility for the D47 site is to compute a mean value over the first model layer depth after a vertical extrapolation of
the flux from the measurements of the two superimposed 2G-FlowCapt ™. While the vertical profile of the particle mass flux
follow an exponential decay in the saltation layer (Martin and Kok, 2017; Melo et al., 2024), we do not a priori know the
vertical shape of the flux profile in the whole atmospheric surface boundary layer. By default, a linear extrapolation method is
therefore used, excluding negative flux values. Note that cases for which the flux at the highest 2G-FlowCapt™ is stronger
than that at the lowermost one have been filtered out. Those cases generally correspond to strong flux values and for which the
two measures are close, and the extrapolation leads to unrealistically large flux values over the first model layer depth. At D17,
the presence of one single 2G-FlowCapt™ in 2011 makes it impossible to apply this method. Nonetheless, the extrapolation
method is also very uncertain, because of the default linear extrapolation used and because it accumulates the measurement
uncertainties associated with the two 2G-FlowCapt™ . Be that as it may, quantitative flux magnitude comparison should thus
be interpreted with a lot of caution and for D47, both extrapolated and local flux measurements at 1 and 2 m will be shown
when evaluating the model.

Blowing snow occurrence is evaluated by counting the number of significant blowing snow transport event - at the hourly
time step - in both the models and observations. Amory et al. (2021) consider a significant blowing snow event if the hourly-

mean flux exceeds a threshold of 1 g m=2 5!

. As this threshold was used for fluxes at a 1 m height, we applied the above-
explained extrapolation method at D47 to provide an equivalent value for a mean flux integrated over the full first model layer.

AtD47 a1 gm™2 s~! flux measured by the 2G-FlowCapt™ between 0 and 1 m value corresponds to values ranging between
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0.047 and 0.14 g m~2 s~! with a mean of 0.072 ¢ m~2 s~! once integrated over the first model layer depth. In the model, we
thus assume that there is significant blowing snow event when the hourly-mean intensity of the flux at the first layer exceeds
0.072 g m~—2 s~ L. In the observations, we detect a blowing snow event using the 2G-FlowCapt™ between 0 and 1 m and

consider the 1 g m~2 s~ ! threshold.

It is worth emphasising that the comparison between model and observations would be much easier if ICOLMDZ were run
with another vertical grid including a first model level at 1 or 2 m a.g.l.. However, we want here to develop and evaluate a
blowing snow parameterisation using the standard global climate configuration of the model, for which a very shallow first
model layer should be avoided for numerical cost issues. Moreover, ch<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>