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Abstract. Fragmentation of snow particles, where dendritic snowflakes transform into rounded shapes upon impact
with surface and other particles during drifting and blowing snow events, plays a critical role in shaping snow dynam-
ics. However, existing models of drifting and blowing snow often neglect the effects of snow particle fragmentation,
introducing uncertainties in the prediction of flow dynamics and sublimation rates. In this study, we incorporate a
snow particle fragmentation model into a well-developed wind blowing snow model to quantitatively investigate the
influence of fragmentation under varying wind conditions. Our results reveal that fragmentation within the saltation
layer generates smaller particles, leading to an increase in mass flux and subsequently enhancing sublimation rates
in drifting and bloxqgmfr SNOW. N/taftffy(re effects of fragmentation on sublimation are more pronounced for suspen-

sion particles tha: saltatlon particles, particularly under low wind conditions. This work highlights the critical role

10 of collision-induced fragmentation, wherein dendritic snowflakes are shattered into smaller particles during trans-
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portation. This quantitative assessment of fragmentation impact on snow sublimation underscores its importance
for improving the physical representation of drifting and blowing snow)aﬂhese_ﬁndingswh%émpeﬁantﬁmpﬁeaﬁens

potential applications’in snow hydrology and climate modeling.
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1 Introduction

Snow plays an important role in Earth’s climate system because of its wide coverage and seasonal variation, leading
to variable surface conditions. Sublimation is a significant process for snow surface to exchange heat, mass, and
energy with the atmosphere. Snow sublimation includes static surface sublimation and dynamic airbrone particle
sublimation. The latter process usually happens in drifting and blowing snow (DBS), in which snow particles follow
the air flow, driven by the wind. Water vapor transport created by snow sublimation has a significant influence on
the local hydrological cycle and distribution, especially in polar and high alpine regions. For example, in the coastal
area of Antarctica, ice sheet mass loss caused by DBS reaches 18.3 % of the whole DBS amount each year (Pomeroy
and Jones, 1996). In Antarctica, snow sublimation depleted approximately 17 - 20 % of its annual precipitation

(Déry and Yau, 2001). In Mongolia, snow sublimation depleted 20.3 - 21.6 % of annual snowfall (Zhang et al., 2008).
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On the Tibetan Plateau, due to its extremely dry, cold, and windy environmental condition, the sublimation amount
is very high, up to about 50 % of the amount of snow cover every year (Ueno et al., 2007).

W/m?) (Pomeroy and Essery, 1999). DBS sublimation is obviouslyl% than surface snow sublimation for 1)[/
The turbulence is stronger during DBS events. 2) Aerodynamically entrained particles from the surface enlarge the
contact surface with air. 3) The relative humidity decreases during DBS, which promotes a faster sublimation process.
Therefore, investigating the role of sublimation in DBS 13%:}3‘ tto accurately assess the water equivalent and
understand the interaction between land surface and atmosphere in cold areas, especially for polar regions.

In DBS, mass, momentum, and energy are transferred between the surface and atmosphere accompanied by snow
particle movement. Snowfall is the initial source of snow particles on the ground. Once the snow particles deposit
on the surface, they either start rolling on the ground, saltating near the surface entramedz)y the wz;d force, or
suspending in high air when wind speed exceeds the threshold value. During particle saltatmg, the}:ﬁ;,ufn-rﬁ‘o(ﬁ the
ground 5111;;;\3&1\(1/1;%; l‘)_fnéi&:p’:%ore particles g,stalt‘tyo move, which is called Splasmbove processes have
been well described in the current numerical models of DBS (Pomeroy and Male, 1992; Taylor, 1998; Lehning et al.,
2008; Vionnet et al., 2014; Sigmund et al., 2021; Yu et al., 2022; Melo et al., 2022). Early saltation models are
usually empirical mass transport equations, which are functions related to surface shear stress (Pomeroy et al., 1993;
Déry and Yau, 2001). These models are susceptible to the empirical parameters. /( Doorschot et al. (2004) developed
a numerical model for steady-state saltation by considering the aerodynamic entrainment and rebound processes,
which shows a more physical picture. Nemoto and Nishimura (2004) developed a new numerical model for saltation
and suspension that considers aerodynamic entrainment, grain-bed collision, and wind modification processes with
a distribution of grain sizes. Based on their model, a few MSIA; Z/}(;ang and Huang (2008), Wang and
Huang (2017), Yu et al. (2022), Hames et al. (2022), and Melo et al. (2022) &Lgcarrled out. However, the role of
sublimation in drifting snow has not been demonstrated in these models.

For a single snow particle sublimation process, the sublimation rate is well described in the model proposed by
Thorpg and Mason (1966), in which the sublimation rate is related to the particle size and environmental conditions.
This T-M model has been implemented glﬂtheﬂrgfsnow model to estimate the sublimation in DBS, to assess
the amount of subhmatichausesz DBS on a small scale (meters) (Groot Zwaaftink et al., 2011 Huang
and Shi, 2017; Dai and Huang, 2014; Vionnet et al., 2014; Sharma et al., 2018) and ’w‘s(cféf{ %kllometexs
(Sharma et al., 2023; Gadde and Berg, 2024). The numerical simulation results from the above models all Show that
snow sublimation is an important snow physical process, t&a;g tC;;I;I‘lyt bzl,l nored in DBS. In these small-scaled snow
models, theytr; frack each single snow paltl(}@ s tldjectmy,__y_mnswiepmg paltlcle diameter is unchanged. Also, the
parameterization of sublimation in those 1Me scale;l snow models is from these small—scale}/ snow models, based
on the same assumption.

In fact, snow particles, one of the most easﬂy deformable and fragile granular systems, inevitably undergo fragmen-

tation - a process that occurs during saltat)}g' where particle-particle and particle-surface collision cause snowflakes
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to break apart and deformr into smaller particles. This fragmentation not only alters their dynamic behavior by
changing particle size (Sato et al., 2008; Walter et al., 2024) but also significantly impacts the sublimation rate,

as the sublimation of snow particles is closely linked to their size, shape, and specific surface area (Domine et al., |

2009). For agm Wm the air, the reduction in 51ze_aﬁ_a_mmng_pa~lti;1ele—mm=‘e-he=ﬁf is a JOlIlt effect of
breakage and sublimation. In turn, the dynamically varying size of snow particles will such

as changing their trajectories, which further 1nﬂuences the mass flux and su/blglatlon rate. However, this mutual
m deter/

physical feedback caused by fragmentation in DBS has ry,vef been reported and the relevant model is still l_a,cla-n'g'

drifting snow. That study, using a statistical mechanics model, calculates the fragmented number of%partlcles from

the perspective of energy and mass balance and analyzes the effect of fragmentation on the particle size distribution.

However, it did not explore the impact of fragmentation on drifting snow flux or the subsequent sublimation of snow

particles. ys

In this work, we introduce the snow fragmentation model into the drifting snow model, enabling a more realistic

representation of the movement and dynamic size changes of individual particles in the air. This advancement
repreSen tation ?

allows for a more accurate prediction of snow particle sublimation rates, offering critical insights into the micro-scale
e isienbe

processes that govern snow-atmosphere interactions.

2 Model description

The model by Huang énd Shi (2017) is a simulation framework for DBS, which is able to simultaneously describe
the behavior of both saltation and suspension particles. In our model, the saltation particles are described using an
Euler-Lagrangian tracking method, which captures the saltating motion of particles. For suspension particles, which
are typically smaller in size, we employ a dispersion function to characterize thelr rnovement dynamics. A threshold
grain size was used to separate the saltating and suspended particles. The I.thQe and Magson model (Thorpe and
Mason, 1966) is used to calculate the sublimation of DBS. The feedback of particle motion and particle sublimation

to the wind field, air tempelature and alr humldlty are also considered.

al. 204
71[6 Comolaes/imodel ) P the only one dnftlng model }h’ﬁ: consider s gnow particle fragmentation, is a one-dimensional,
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non-CFD (computational fluid dynamics) statistical approach. While it incorporates particle fragmentation, it does

not couple the particles with the wind field. As a result, the effects of fragmentation on the wind field cannot be

evaluated in their framework. /
Mh/l

Building on the W ;Je-p( Huang and Shi (2017), we incorporated the fragmentation model

ypesﬁf Comola et al. (2017) and set up a comprehensive DBS model. This new model addresses the limitations
of Comola’s model and provides a more comprehensive description of the interactions between particle fragmentation

and the wind field. The particle fragmentation is now W taken into consideration in the saltation splash process.
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2.1 Air flow

Considering the steady state of saltation, the horizontal wind field satisfies the following equations (Nemoto and
Nishimura, 2004):

du du
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where z is height above }% surface, py is the air density, & is the von Karman constant, u is the wind speed, and f,
is the feedback force of the airborne snow particles.
The air temperature and humidity equationa ,a«xé‘ Eq. (2) and (3), respectively, satisfying the horizontal uniformity

condition/are formulated according to (Bintanja, 2000):

06 9] o6

—=—(Kyg—)+S 2
Bt = 5z Rop,) T )
where 6 is the air potential temperature, Ky = ku.z + Kr is the turbulent heat exchange coefficient, K1 is the

molecular diffusion coeﬂicier% of heat, and Sy is the sublimation heat feedback of the airborne snow particlesyu, is

the friction velocity. audf
Oqy 0 . 0gy
ot = s o) TS 3)

where ¢, is the water vapor mixing ratio, Ky = kusz+ K, is the water vapor turbulent exchange coefficient, K,
is the molecular diffusion coefficient of water vapor, S, is the sublimation humidity feedback of the airborne snow

particles.

2.2 Snow saltation
namely :

The motion of saltating snow particles can be described as five sub-processes, swhich are aerodynamic entrainment,
particle trajectory, splash function, sublimation, and feedback to air.

(1)Aerodynamic entrainment

The snow particles start to move when the wind speed reaches a critical value (namely fluid threshold, usuallygi‘—e—
sented by friction velocity) for a given snow surface; this is called aerodynamic entrainment. The rate of aerodynamic

entrainment is known as a linear function of the surface shear stress 7 (Anderson and Haff, 1991):
No=A(T—1) (4)

where N, is the number of acrodynamic entrainment particles per unit area per unit time, A[N~'s7!] is an

empirical coefficient, and 7 is,threshold surface shear stress. The particle size distribution f (d) follows a Gamma

Distribution: “//LL
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where o and /3 are shape and inverse scale parameters, d is particle diameter.

COWWON
There are two ways to describe the motion pattern of snow particles. The most /msed way is to define a threshold

height to divide the saltation and suspension layers, which is easy to apply. However, the threshold value is empirical
and varies significantly in the existing literature. The other way is ﬁéﬁm the particle size, which is based
on the traceability. The lifting velocity of aerodynamic entrainment particles is set to V2gd (Dai and Huang, 2014),
where ¢ is gravitational acceleration, which is not sensitive to the steady state of saltation.

(2) Particle trajectory

After the snow particles are lifted into the air, their ballistic trajectories can be described by Newton’s second
law:
NP ©
where m is the mass of the snow particle, r(z,z) is the location of the particle, fq is the drag force by fluid, g is the
gravitational acceleration.

(3) Splash function Fdf/;"(/( he ¢y i

In this model, we use probability functions to describ%,b(movement after p/s,pt—idé’s' impacting the surface (Sugiura

and Maeno, 2000). The restitution coefficient in the vertical direction Sy (ey), the restitution coefficient in the

horizontal direction Sy (e;) and the number of particles ejected from thé surface n, are defined as follows:
-2

€ _eu
Sv(ev) ot ba%(a)e b (7)
1 _(ep—n)
Si(en) = =€ (8)
Yigea
Mg = C’rnnupn.c (1 o p)m—ne (9)

where v, is the horizontal component[velocity‘of the impacting grain, vy, is the verticaljcomponenf, velocity of the
impacting grain, ve, is theyhorizontalfcomponent’Felocity of the ejected grain, and vey is the vertlcallcomponen‘d-
velocitylof the ejected grain. e, = vey /vy is the vertical recovery coefficient, ej = vex /vy is the horizontal recovery
coefficient, n. is the number of ejected snow grains. S,(e,) is the probability distribution function of e,, Si(ep)
is the probability distribution function of ey, and Se(n.) is the probability distribution function of n.. I'(a) is the

gamma function, C% =m!/[n.!(m —n.)!] is the combination number.



145 Particle fragmentation was not considered in Sugiura and Maeno’s splash function. We added it when a particle-
bed collision happens. The probability for particles breaking after impact is calculated according to Comola et al.
(2017):

L

J1+Z

where 02 = 2.5u?2 is the turbulence velocity variance which refers to the fluctuations in velocity caused by turbulent

p(f)=1- (10)

150 eddies (Stull, 1988). w, is the settling velocity of snow particles. When a snow particle falls back to the ground
(initial velocity v; > 0.5 m/s), Equation 10 is used to determine whether it breaks, a/’dﬁen) the number of snow

acconh’mé o A .
particles N is calculated By Eq. (11), anW the ratio of particle size before and after fragmelltagigghagain following

Comola et al. (2017), Sl
omola et al. (2017), byFq—{t2r= iS cerfreeherfed accom/l’pg,'/b % A2
. - J

N =15v; — 2.5, 0.5<v; <15

. (11)
N = ?(6’01 = 19), v; > 1.5
155
A=—04v;+0.7, 0.5<v;<1.0
A=—01v;+04, 1.0<v;<1.5 (12)

A=0.25, v; > 1.5 Hd
The velocity and the direction angle of the newly produced snow particles is kept/sﬁme as that of the original
snow particles.
(4) Sublimation %M

160 The drifting snow sublimation is calculated using the Th@Wodel (Thorpe and Mason, 1966):

dm _ md(RH —1) - 2% (g5 — 1)

_ ~ RNuT\R,T — (13)
Tz s 8,7
dt KNu (RUT - 1) g ShDe,

where m is the particle mass, d is the particle diameter, 7" is the air temperature, RH is the a.irﬁ relative humidity,
Specific
Qr is the solar radiation which snow particles absorb, K is the heat conductivity, R, is th{ygas constant of water
vapor (461.5 J/kg//K), D is the molecular diffusivity of water vapor, e, is the saturated vapor pressure relative to
165 the ice surface, Nu is the Nusseltnumber and Sh is the Sherwood/ number.
(5) Feedback to air use an

The airborne particles have a significant effect on airflow. To consider this effect, We/&Tu/ixEIent body force one ?
, s

grid is calculated as: &
N f?ﬂ/c/e{(,,
1 1
fp =715 Sdi (14)
. i=1
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where

’/-—_7
170/ V is the volume of the grid, N is the total number of the airborne particles in the grid, fg; is the drag force of the

14, particle in the grid.

The volume sublimation rate in each control volume mesh can be calculated as:

N
1 dm;
m (15)

V£t

S:

where m; is the mass of the i, particle in the grid.

175 Then, the sublimation feedback to air temperature and humidity are}' r CI‘[)(:aLI ve /7 g

180

LS
o 16
4 pr ( )
Sq — E (17)
Pr

where L, = 2.84 x 10% J/kg is the latent heat of sublimation, S is the volume DBS sublimation rate, and C' = 1006
J/kg//K is the specific heat of air.

2.3 Snow suspension

In the simulation, we define a diameter threshold for distinguishing suspension and saltation particles (Huang and

Shi, 2017), the threshold diameter is calcualted based on the Rouse number:

Bl (18)

Ky

Therefore, the conditions for determining the saltation and suspension snow particles are (Scott, 1995) :

Ry > 1,saltation

Ry <1,suspension

S
185 The suspended snow follo%he vertical diffusion equation (Déry and Yau, 2002):

dgs 0 9qs
= —(K
ot 8,2(] *dz

where ¢ is the suspended snow particle mixing ratio, Ky = dru.z is the diffusion coefficient of suspended particles,

+ wegs) + S (19)

w; is the terminal velocity. The ¢ follows (Csanady, 1963):

1
e (20)
1 + ‘32‘)(‘2

w’2

190 where 3 = 1 is the proportionality constant, w’ is the vertical turbulent fluid velocity, and we set w2 = u2. A flowchart

of the model is shown 76 Fig. 1 to illustract the new splash function.

n
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Figure 1. Flowchart of the drifting and blowing snow model.

2.4 Model verification
above jmum/

To verify the model, we compared simulated particle size distribution, subhmatlpné and mass concentration to
observational data. We first compare the particle size distribution at all heights” with field observation data of Gordon
and Taylor (2009) and Nishimura and Nemoto (2005), shown in Fig. 2. The sxmulat,edyresults are in consistent with 1

-

size distribution range and variation trend co ?ared to field observation. Overall, the size dlstrlbutlon variation
dose fo

)
with height deviates more significantly )thhe-rm'a:rsulface (0.02 m to 0.1 m), compared to that{ﬁfh%e

(0.12 m to 1.13 m). The proportion of smaller-sized particles increases when considering the fragmentation (blue
columns in Fig. 2), which is closer to the observation results (white columns in Fig. 2). For particles m_.Zglg-EG{
between 0.12 m to 1.13 m, particle size is in a narrow range of 0-90 pm. In contrast, within the saltation layer (up
to 0.1 m in height), particle sizes display a broader distribution, ranging from 50-450 pm, and ;ﬁﬁ»fgf 7&3‘?d average
particle size decreases, with 1nc1easmg height. However, this trend is not evident in the field, which might be due

medirement ghalleases i
to the-eompleRitios-of-the field envirormitent compared to ideal simulation, as well as limitations in the accuracy of#ug

measuremerit sensors.

Fig. 3 shows the comparison of the total sublimation rate .between the numerical simulation and the field ob-

servation data (Schmidt, 1982). Comparing th;r‘slei Jt;vv ctyves we see that the sublimation rate is the same order
of magnitude, which shows that the model is s-t:étarlﬂv‘farcalculatmg the sublimation rate of blowing snow. The
mass concentration from the simulation and from field observations for the same friction velocity and temperature
is shown in Fig. 4 (measured by Pomeroy and Male (1992) near Saskatoon)@y,(a(/q) : ) nawme ™ /Z,u,,,

The suspension sublimation rate from this paper and from other sublimation models unde1 the same condltlons

are compared (Fig. 5) i The black line is the sublimation rate of suspension in the case of fragmentation of snow

particles, and the other five curves are the simulation results of suspension sublimation of jump without breaking
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Figure 2. Particle size distribution at all heights.
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of snow particles (Xiao et al., 2000; Huang and Shi, 2017). ’The results demonstrate that drifting snow sublimation

. . . . — . .
1s important, particularly in the near-surface saltation layer. However, most previous models underestimate the

215 sublimation rate near the surface, which significantly impacts the assessment of the drifting snow sublimation.
Accounting for fragmentation increases the sublimation 1‘ate\b§kapproximately 1.3 times, which suggests that it is

necessary to_',ga&rclude snow particle fragmentation in DBS models.

M
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Figure 5. Comparison of suspension sublimation rates with other blowing snow models. (Xiao et al., 2000; Huang and Shi,

2017) (ux = 0.87 m/s, zo = 0.001 m, Tp = 253.16 K)

3 Results
3.1 Fragmentation effects on particle size distribution

220 The fragmentation of snow particles first leads to changes in their size distribution, releasing numerous smaller
particles. Simulations were conducted to analyze the effgct of fragmentation on particle size distribution. al

Simulations are conducted witl & same friction velocity u. = 0.45 m/s, and /d same initial mean particle size d = 200

pm. As shown in Fig. 6, the size ({;stribution pattern for particles, without considering fragmentation, follows the log-

normal distribution function y 7). When considering fragmentation, the proportion of smaller-sized particles

225 (< 100 pm) increases, while the overall proportion of larger-sized particles decreases. This results in a decrease in

the average particle size.
3.2 Fragmentation effects on snow particle number

Fig. 7 presents the temporal evolution of the concentration of snow particles suspended in the air. It is observed

that the number of saltation particles increases over time until reaching a steady state, regardless of the presence
230 of fragmentation. It is noted that when fragmentation processes are taken into consideration, the steady-state
concentration of snow particles is consistently higher at all wind speeds. Under low wind speed (u. = 0.3 m/s), the —--,‘
particle number increases by 42 %. Under high wind speed (u. = 0.5 m/s), the particle number increases by \ (U
%. This suggests that the fragmentation contributes to the total number of snow particles in the air. Furthermore,
Fig. 7 also reveals that the increase of particle number resulting from fragmentation is notably more pronounced °

235 at lower wind speeds. However, the increase rate of the particle number is lower than that of the high wind speed.

A1
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This indicates that at higher wind speeds, the degree of fragmentation becomes more intense due to the transfer

of kinetic energy to the internal energy of the particles. Therefore, during the processes of particle-bed surface and

particle-particle collisions, the release rate of particles from snow particle fragmentation is higher under stronger

wind conditions.
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240 3.3 Fragmentation effects on mass co?centration and mass flux
J

%ﬁ{ ij?b"f‘
For near-surface ;am particleg, Fig. 8 illustrates )br{ the variation in the mass concentration of saltating and

suspended particles with height. The fragmentation of snow particles enhances the concentration of both saltating
and suspended particles, at levels close to the surface. Fig. 8(a) depicts the mass flux versus height above the
surface, showing that fragmentation enhances the transport of saltating particles near the ground. This is because

245 the fragmentation of snow particles increases the number of air-borne saltation particles, more saltation particles .
take part in the splash process, further increasing the air saltation particle number. When the friction velocit_}'fixfé{r{i»‘z/*gg‘r /
from 0.3 m/s to 0.5 m/s, the increment proportion of fragmentation mass concentration increases from 19 % to 3 ?
%, which means the fragmentation only has strong effects on the mass concentration under weak wind conditions.

For particles suspended further aloft, it is shown in Fig. 8(b) that the mass concentration of the suspended snow

250 particles at the same height is higher and the overall suspension height is higher, when considering snow particle
fragmentation. This is because of smaller and lighter particles created by snow fragmentation, which have higher
possibility to be entrained and suspended to higher levels.

’»:F@( We same friction velocity, the mass flux of near-surface (< 0.01 m) snow particles is larger with snow

fragmentation than without, as shown in Fig. 9. It is concluded that fragmentation increases snow particles transport.
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Figure Q.Ne’rt;c’a;mass flux distribution of snow particles with/without considering fragmentation, under wind conditions
of ux = 0.3, 0.4, and 0.5 m/s.

255 3.4 Fragmentation effects on sublimation rate

The sublimation rates of saltating and suspended snow particles increase with fragmentation implemented in the
model, as shown in Fig. 10. This enhancement is more significant at lower friction velocity, indicating that snow
particle fragmentag{ion ha;f more profound effect on sublimation under such conditions.

. &)
%r‘a_wwind Speed % 0.3 m/s, the average sublimation rate of saltation 71[)‘articles incrgfwses by 2OZ> due to

or & 4 &)
260 fragmentation, from 1.56x1072 kg/m?/Ys to 1.87x10~2 kg/mQ/Xs. However, ‘as—the wind speed increaseste 0.5
m/s, this increase drops to 3 %, from 4.37x102 kg/mZ/XS to 4.49x1072 kg/mz/Xs, indicating that the impact of
behavior

fragmentation on the sublimation rate diminishes under stronger wind conditions. Thiwend' can be attributed to
the fact that higher wind speeds enhance particle transport and mixing, which reduces the relative contribution of
fragmentation to.the overall sublimation process. <
ehavior ] 1
265 A similar t}nd—is observed for suspension particles at higher altitudes.}:f a wind speed of 0.3 m/s, the average
sublimation rate of suspension particles increases by 8 times, from 1.09x10~6 kg/m?//s to 9.8x1076 kg/m?//s
when fragmentation is considered. .m—wind gpeed ingj_eases—&e‘o 0.5 m/s, this growth decreases to 50 %, from
3.7x107% kg/m?//s to 5.7x1076 kg/m?2//s. While the effect of fragmentation on sublimation remains significant at
higher wind speeds, the reduction in growth indicates that other factors, such as increased turbulence and particle
270  dispersion, may play a more prominent role in driving sublimation under these conditions.
Overall, snow fragmentation has a more pronounced effect on sublimation rate of suspension particles than for

saltation particles. This difference can be attributed to the longer residence time and greater exposure of suspension
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Figure 10. Sublimation rate versus height. (a) Saltation particles. (b) Suspension particles.

particles to the airflow, which amplifies the impact of fragmentation on their sublimation rates. In contrast, saltation

particles, which are closer to the surface and are subject to more frequent impact and splash processes, experience

a relatively weaker influence from fragmentation as wind speed increases.
3.5 Effects of size distribution on fragmentation
The averaged particle diameter is defined as d = ax 3, where a and f3 are the shape and scale parameter, respectively.
a adjusts the peak position and 3 controls the width of the distribution (the higher the value, the wider the size
distributes).
3.5.1 Average particle diameter
au

As/i{shown in Fig. 11(a) and (b), With‘}h{increasing value of o or 3, the number of fragmented snow particles
increases, and the fragmentation efficiency is higher. This indicates that the larger particles have a higher fragment
extent, and this is because larger particles can produce more small snow particles.
3.5.2 Size proportion

O L})Mf@t’{ 5,
We setp three cases with the same mean diameter d = 200 ym but different o and /ypara.meters. These differences

in o and 3 result in particle systems with varying size distributions. In these three cases, the proportion of particles
with diameter larger than the threshold diameter is 73 % (blue), 85 % (green), and 96 % (purple), respectively.
As shown in Fig. 11(c), the fragmentation is significant under the same mean averaged diameter when the large

particles take a higher proportion in a granular system. The fragmentation number of snow particles with different
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290  particle size distribution increases almost linearly with time. This is because, only snow particles with a larger size f

th&{rll/ reshold diameter, more snow particles will join the fragmentation. Pufence 1w nele @7

4 Discussion

In this study, we investigated how particle fragmentation affects snow transport and sublimation processes. We found
that when fragmentation is considered, the particle size distribution is modified, lead1n<T to an expected increase.
295 in snow sublimation during DBS. This occurs because fragmentation generates a gf?eater number of smaller-sized
particles, which increases the average specific surface area of transported snow. Since the sublimation rate is directly
proportional to the specific surface area, the presence of smaller particles enhances sublimation. Additionally, the
smaller particles produced by fragmentation reduce the averaged diameter of surface snow particles, leading to
a lower threshold velocity of aerodynamic entlalnment As a result, more particles are lifted from the surface and

300 transported by wind, further increasing the number of paltlcles available for sublimation during transport. Moreover,

dh/”/éé/f{(f(’ /;1 Ji{’ﬁ;‘z"' ﬂz\(ljvé”&-jd“
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the sublimation rate is directly proportional to the mass concentration of drifting snow particles, amplifying the
overall sublimation effect.
However, fragmentation has a limited impact on the overall mass flux profile, with notable changes primarily'

observed in the near-surface layer. Specifically, when fragmentation is considered, the mass flux below 0.01 m
305 increases. This increase is mainly attributed to changes in mass concentration of suspension particles, for the mass | *
concentration of saltation particles remains largely unchanged. This indicates that fragmentation predominantly ?
occurs within the saltation layer but primarily contributes to the mass in the suspension layer. This is because| ~

smaller fragmented particles are more easily transported by wind forces, exhibiting greater flowability in air and

reaching higher altitudes.
310 Moreover, the fragmentation of the snowflakes produces smaller-sized particles that remain in saltation and suspen-

althe surface—.

sion, while deposited particles alter the §urfac§ size distribution. These changes in par,ticle ’E e distribution influence

snow surface properties, such as albedo (Manninen et al., 2021), spow microstruc Gig;gtﬂatzic snow cover sublimation

rate (Albert and Mcgilvary, 1992), and surface roughnergsﬁztrger snow particles reduce multiple scattering g@ﬁts/

because light travels longer paths within larger particles, leading to increased absorption, particularly in the near-
315 infrared spectrum. Thus, lag’rger Snow })articles have a loﬁnow albedo. Smaller snow particles, with their higher

specific surface area, M@’%@-mm scattering _eventts within the snowpack and reduce the absorption

of solar radiation, tg/z'.;‘;é;l’-lgzh?mng a hig}'l',’;xlbedo, especially in the visible spectrum. The variation of snow surface

size distribution due to fragmentation in DBS influences the surface energy balance by changing the snow surface

albedo. Additionally, smaller grains affect the snow thermal conductivity, mechanical stability, and the retention
320 of impurities, which can_further reduce albedo and accelerate snowmelt. Therefore, this variation of snow surface

properties plays a critical role in determining the energy exchange between the snowpack and the atmosphere.

These findings highlight the importance of incorporating particle fragmentation processes into spatially distributed
surface energy balance models. This can improve the accuracy of snowpack mass balance assessments, enhance
predictions of seasonal snow dynamics, and better represent snow transport and sublimation processes in atmospheric

325 and climate models.

5 Conclusion
Al /ﬁhjam/ L/aw/'fgj Jngw

In this study, we carried out a numerical simulation to investigate the snow particle fragmentation and sublimation

during(DBS | The model is based on an Euler-Lagrangian met od to track the trajectories of individual snow particles.

o , e rpe and Hdjon 47(? J o

To account for sublimation processes, we implémented the T-¥modeél, widch calculates the sublimation rate of snow

330 particles based on their size, temperature, and the surrounding environmental conditions. .

The simulation incorporates key physical processes in DBS, including particle-particle interactiong‘(fragmentation

due to collisions. The model was validated with experimental data from previous studies. This integrated method
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provides a detailed understanding of the dynamics of snow particles and their sublimation during snow particle
transport.

In this study, we developed a drifting snow model that incorporates the snow particle fragmentation process. This
model simultaneously accounts for both the dynamic processes, including the movement of saltation and suspension
particles, and the thermodyn'amic processes, such as s/now sublimation. The model was validated using experimental
data from previous stugisé(sc?gg‘tgﬁ;ﬁf? ?:ﬂia}gﬁft)}lfw This integrated approach/,/@.e/ nyd‘él offers a comprehensive
understanding of snow particle dynamics and sublimation during transport in DBS events.

Based on this model, this work investigates the significant role of snow particle fragmentation in DBS. We find
that fragmentation not only alters the particle §ize distribution but also increases the number, concentration, and
mass flux of particles in DBS. Subsequently, thj _p;fggggdmf affec?s/ the sublimation rate of airborne snow particles.
Specifically, fragmentation reduces the average particle size, creating smaller particles that are more prone to sub-
limation. The effects of fragmentation on sublimation are more pronounced for suspension particles thaz%g;ltation
particles, particularly under low wind conditions.

Investigating the effects of particle size distribution on the sublimation rates, we find that the sublimation ra{g
is enhanced for particles with a larger average diameter and a higher proportion of larger particles. These results
underscore the importance of accurately representing fragmentation and size distributions in snow transport modelsu.

Our simulation results are consistent with previous observational data, suggesting the validity of the model.
Furthermore, a comparison of simulation results considering or ignoring fragmentation of snow particles, shows that
our sublimation rates are 2-4 times higher than other previous model results. This is because fragmentation reduces
the snow particle’s size, and increases the number of airborne particles, which are more susceptible to sublimation.
By integrating fragmentation into the numerical model, this study marks a significant step forward in understanding
and quantifying the effects of particle dynamics on snow sublimation.

Our work provides insights into the complex dynamics of DBS. It provides a deeper understanding of the physical
process of snow particle fragmentation during saltating/suspending in the air. This indicates the importance of
fragmentation in the numerical models of DBS. However, the used model is a two-dimensional numerical model,
which could not be applied to larger regions, especially for complex terrains. Therefore, i]{l}eb ?xpansion of this model
into a three-dimensional drifting snow model in the future is necessary. Moreover, c.rystal}a.bi-t—s is another important
factor in influencing the sublimation rate of snow particles, such as density, sizé, gnd’speciﬁc surface area. Future
numerical simulation should be carried out regarding crystal habigg factors.

The simulation results provide detailed insights into the physical processes of particle—atmosphel&:momentum

transfer, heat and mass transfer, from a single particle perspective. This work provides the theoretical foundation and

prediction method for accurately assessing the > accurate amount of snow sublimation during DBS. These findings have

important implications for imporiving the representation of snow transport and sublimation processes in atmospheric |

and climate models, which can enhance predictions of snow mass balance and its broader environmental impacts.
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