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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, leadrng to an increase in mass flux and subsequently enhancing sublimation rates

in drifting and bloyigs snow. lpta#{vlthe effects of fragmentation on sublimation are more pronounced for suspen-
'16f

sion particles thafi"Jaltation particles, particularly under Iow wind conditions. This work highlights the critical role

of collision-induced fragmentation, wherein dendritic snowflakes are shattered into smaller particles during trans-

portation. This quantitative assessment of fragmentation impact on snow sublimation underscores its importance

forimprovingthephysicalrepresentationofdriftingandblowingsnow.s
potentialappIications1insnowhydrologyandclimatemodeIing.
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1 Introduction

10

15 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 particie

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

20 the local hyclrological cycle and distribution, especially in polar and high alpine regions. For example, in the coastal

area of Antarctica, ice sheet mass loss causecl by DBS reaches I8.3 % of the whole DBS amount each year (Pomeroy

and Jones, 1996). In Antarctica, snow sublimation depleted approximately 17 - 20 % of its annual precipitation

(D6ry ancl Ya1, 2001). In Nfongolia, snow sublimation depleted 20.3 - 2L6 % of annual snowfall (Zhang et al.' 2008).
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On the Tibetan Plateau, due to its extremeiy dry, cold, and windy environmental conclition, the sublimation amount
25 is very high, up to about 50% of the amount of snow cover every year (Ueno et al., 2007).

-f:lfti'o/ OeS sublimation fluxes (40 - 60 W/m2) are more than twice as high as srrrface sublimation fl'xes (20 - 30 ,.r' 
\V/m2) (Pomeroy and Essery, 1999). DBS srrbtimation ," oo"r-r^r/g;M;;;;;;r;r,r.i,,::;":;k,"k/"otr,*n
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 lBS, which promotes a faster slblimation process.

30 Therefore, investigating the role of sublimation in DBS irgt[#t*I#(!((Srurut"ty 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 entrained hv the wipd force, or

35 suspending in-il-s|t *:";pp.l"speed exceeds the threshold valrre. Durin, ourrr"r{, tn"yffik rnu
ground surface and may bjidlilmore particlesJfr"turWomove, which is called splash. The above processes have

been well described in the current numerical models of DBS (Pomeroy and iVlale, 19g2; Taylor, 1g98; Lehning et al.,
2008; Vionnet et al., 2014; Sigmund et al., 2021;Yt et aL,2022; Nlelo et a1.,2022). Early saltation models are

usually empirical mass transport equations, which are functions related to surface shear stress (Pomeroy et al., 1993;

40 D6ry and Yau, 2001). These models are susceptible to the empirical parameters.y'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 collisio4, an$rwind modification processes with
a distribr-rtion of grain sizes. Based,on their modet, ut"*\Mit&7{#Krt{(i,4i^"rand Huang (2008), lvang and

45 Huang (2017), Yu et al. (2022), Hames et aL (2022), and N{elo et aL (2122)ffiarried 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

and environmental conditions.

sublimation in DBS, to assess

50 Zwaaftink et 11; Huang
and shi,2017; Dai and Huang, 2014; vionnet et a1.,2014; sharma et al.,201g) and

55

Thorpg and Nlason (1966), in which the sublimation rate is related to the particle sizek ilr4renlThis T-NI model has been implemented jn the'cirireni-snow model to estimate the

the amorrnt of s'blimr olana4 
--rtionyvurt(caused{ DBS on a small scale (meters) (Groot

(Sharma et aI., 2023; Gadde and Berg, 2024). The nnmerical simulation resr,rlts from the above models all show that
snow srrbiimation is an important snow physical process.tllat c4nngt h9 jgnored in DBS. In these small-scale/snow
modets. ach singie snow particle s tLajectolj .![{!;;fu#l{t'kfrr.diameter is unchanged. A{so, th"
parameLerization of srrblimation in those ffi;"*^"ltr"; models is from these small-s.ol"/rno* models, baserl/
on the same assumption.

In fact, snow particles, one of the most easily

tation - a process that occnrs during ,uttutu4{
deformable and fragile grannlar systems, inevitably unclergo fragmen-

lvhere particle-particle ancl palticle-snrface collision canse snowfe,kds

L
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1r^fir*
to break apart and Yt.m 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 r'tl"."Tgl-o5.ftmin the air, the reduction in size of a moving-+ra*f,ietrejr*fF#-a t;::i,r.[*t *(

breakage and sublimation. In turn, the dynamically varying size of snow particles will rF(""t their rne+i such

as changing their trajectories, which fnrther influences the mass flux 
""Oi;"))tpTtion-rate. 

However' this mutual

physical feedback caused by fragmentation in DBS has f-gxef been reported, ind the relevant model is stilV$!{&

To date, there is only one model (Comola et al., 2017) considering the fragmentation of snowlarticles during

driftingsnow.Thatstudy,usingastatisticaImechanicsmodel'"uI.ulut",.n"irqe4"m-pparticlesfrom
the perspective of energy and mass balance and analyzes the effect of fragmentation on the particle size distribr-rtion.

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

o{"" t/*S Zo't? ?--
particles. L /

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

processes that govern snow-atmosphere interactions

75 2 Model description

The model by Huang and 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 clispersion function to characterize their movement dynamics. R ttrresnota I Q
80 grain size was used to separate the sattating and suspend", ;;";. tr".*rolL.tlrtaJ; ;;1rrrorp" u'a { :

Nlason, 1966) is used to calculate the sublimation of DBS. The feedback of particle motion and particle sublimation

to the wind.field, air temperature, and air humidity are also considered'

frC co^ot*!*Of:r!&th" o,rtvppe arirtit'f{X"a e@.onrid"i€no- particle fragmentation, is a one-dimensional,

non-CFD (computational fluid dynamics) statistical approach. \Vhile it incorporates particle fragrnentation, it does

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

evaluated in their framework. il,tarlf/
Bnilding on tlre lyr#p"dtfi"9@*Huang and Shi (2017),',ve incorporated the fragmentation moclel o/

pwspfComola et al. (2017) and set up a compr-ehensive DBS model. This new model addresses the limitations

of Comola's model and provides a more comprehensive description of the interactions between particle fragmentation

90 and the wind field. The particle fragmentatio n is nowpefftaken into consideration in the saltation splash process'

t{erer we reintroelttee thenrbrieffy-- at' P//d}/S "'

representation of the ^?:"#:!:rW.rOJ?^" size changes of individual particles in the air' This advancement

allows for a more u"".,.uiJ'biJi'i'.[ib-ii^of snow particle sublimation rates, offering critical insights into the micro-scale @
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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):

A. "..dudu.
*@rn"z"l *l ) + fp:o (1)

{hc
where z is'lieight above SJdxtrface, p1 is the air density, n, is the von Karman constant, u is the wind speed, and, f o
is the feedback force of the airborne snow particles.

The air temperature and humidity equation2 y6pq.(2) and (3), respectively, satisfying the horizontal uniformity
conditionnare formulated according to (Bintanja, 2000):/

H: *r*,ffi*t, (2)

where d is the air potential temperature , Ke - nu*z IIfu is the turbulent heat exchange coefficient, I(7 is the
molecular diffusion coefficien/of heat, and .9e is the sublimation heat feedback of the airborne snow particleryu* is

the friction velocity. / Au{

Eo^ A 3o .

a; : u@nfi) + se (3)

where q, is the water vapor mixing ratio, Ko: K,u,*z+I{, is the water vapor turbulent exchange coefficient, I{,
is the molecular diffusion coefficieni of water vapor, 

^9n is the sublimation humidity feedback of the airborne snow
particles.

2'2 snow saltation 
qMd/J:

The motion of saltating snow particles can be described as five sub-processes, *hich-.,[e 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, uruaUyf;ie-
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 r (Anderson and Haff, 1g91):

N": A(r - rt) (4)

where No is the number of aerodynamic entrainment particles per unit area per unit time, A[l/-1s-1] is an
empirical coefficient, and 4 iTthreshold surface shear stress. The particle size distribution /(d) follows a Gamma
Distribution, 'llrrL

?
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)a-l
f(d.\: u .-d/u ,t,l \-'/ o't(o) lu ,//rL
where a and, p are shape and inverse scale parameters, ci is particle diameter. 

COt+1rMOn

There are two ways to describe the motion pattern of snow particles. The mostgsed way is to define a threshold

height to divide the saltation and suspension layers, which is easy to apply, I.Iorygver, the threshold value is empirical

and varies significantly in the existing literature. The other *uy i, a"{€!##ARt' the particle size, which is based

on the traceability. The Iifting velocity of aerodynamic entrainment particles is set to 1/ffi (Dai and Huang, 20L4),

where .g is gravitational acceleration, which is not sensitive to the steady state of saltation.

(2) Particle\ trajectory I

After the s4ow partfcles are lifted into the air, their ballistic trajectories can be described by Newton's second

law:

dr (6)
|rL dt: Id- rng

where rn is the mass of the snow particle, r(r, z) is the Iocation of the particle, /a is the drag force by fluid, g is the

gravitational acceleration.

(3) Splash function

In this model, we use probability functions to

parhVc ftql
des crib g[b,/movement aft'er ryffi i^p u"f,t he s urface ( S ugiur a

and Maeno, 2000). The restitution coefficient in the vertical direction S,(e,), the restitution coefficient in the

135 horizontal direction Sn(en) and the number of particles ejected from,SXe surface ne are defined as follows:"&

-o.-l
s,(e,): #1,,;-+

(7)

1 Gn pt2

Sn@il: 

-e--t;-
V 21ro"

(8)

n. : Ckp"" (7 - p)*-""

the impacting grain, r.ri, is the velocity of the

(e)

where ui" is the

140 impacting grain, verticaltcompgnegy'-

horizontal recovery

'r.r"" is the the ejected grain, and u", is the

velocltylot tne eJecteo graln. e? u.alufu is the vertical recovery coefficient, eh: u"r/ui, is the

coefficient, n" is the number of ejected snow grains. Su(e,) is the probability distribution functiQn of eo, Sn("n)

is the probability distribution functionof e6, and Su(n") is the probability distribution function of n". f(a) is the

gamma function, Ck' : mll[n"!(m - ??")!] is the combination number'
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dm
dt

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):

1p(f) :1 -

-
lr+ft

(10)

where a2 :2.5u? is the turbulence velocity variance which refers to the fluctuations in velocity caused by turbulent
150 eddies (Stull, 1988). u.," is the settling velocity of snow particles. lVhen a snow particle falls back to the ground

(initial velocity ui > 0.5 m/s),

particles lr i, "utcut*fie'qff
t'tr*",

is e/ca/akzl accodltgh 
E rt ,

+l^!
kevl,{ame

Y941
Tbdtpt{pfmodel (Thorpe and Mason, 1906)

Equation 10 is used to determine whether it breaks. the number of snow

(11), andr$the ratio of particle size before and after following
Comola et al. (2017) , fufuffi

N:I\at-2.5, 0.5<tr4<1.5

ua ) I.5N:f,$ut+rs), (1 1)

(12)

as that of the original

160

),: -0.4ut1O.7, 0.5 < o2 < 1.0

A : -0.1or * 0.4, 1.0 < ua < 1.5

,\ : 0.25, ui ) 1.5

The velocity and the direction angle of the newly produced snow particles is
snow particles.

(4) Sublimation

The drifbing snow sublimation is calculated using the

nd(RH - 1)- #ef - 1)

(e*a - t) +
where rn is the particle mass, d is the particle diameter, ? is the air temperature, RH is

Q' is the solar radiation which snow particles absorb, K is the heat conductivitv. R, is

(13)

the ait-relative humidity,
Sxcfri

tWe/SaA constant of water

vapor pressure relative to

uJC4n
we@iGlent body force one Al'-r

ta/ "/ir
(14)

vapor (461.5 JlkgllK), D is the molecular diffusivity of water vapor, e" is
the ice surface, l/z is the Nurr"l%u-ber and sh is the sherwood/number

(5) Feedback to air /

the saturated

The airborne particles have a significant effect on airflow. To consider this effect,

grid is calculated as:

fatr
i:7

fo: -i

6



wlrcre--
tTol V is the volume of the grid, N is the total number of the airborne particles in the grid, /aa is the drag force of the

I
'i16 particle in the grid.

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

(15)

where rna is the mass of. the ia6 particle in the grid

L75 Then, the sublimation feedback to air temperature and humiditV arc1 fc|TcCch'rc! :

s
1$a-'
V z-/ d,t. i:l

(16)

.9
,s

o: pf
(17)

where -L" :2.84x 106 J/kg is the latent heat of sublimation, .9 is the volume DBS sublimation rate, and C:1006

180 J lkgl lX 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:

R*: t" (18)
KU*

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

^ L"S
Do: - pfc

0q" 0 ,,. 0q"

E: ar\n"E

Rw ) T,saltat'ion

R1, ( 1, suspens'ion

185 The suspended snow vertical diffusion equation (D6ry and Yau, 2002)
Sr

bnofhe

+Tr"g") + S (1e)

where g" is the suspended snow particle mixing ratio, K": 6rcLt*z is the diffusion coefficient of suspended particles,

T.u" is the terminal velocity. The d follows (Csanady, 1963):

d- (20)
t , 02.f2

u'

where 9 : I isthe proportionality constant, u;' is the vertical turbulent fluid velocity, and we set ul2 : u?. A flowchart

of the model is shown # f is I to ilhmtract the new splash function.
T
ln

1

190
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Wind velocity, air humidity

Endr>1""n

Aerodynamic entrainment

drd,n

Saltation mode suspension mode

Feedback

True

Particle trajectory Lower boundaryNew
airborne

Splash function Diffusion equation

Feedback

True

False

False

Drift ing snow sublimation Blowing snow sublimation

Figure 1. Fiowchart of the drifting and blowing snow model.

2.4 Model verification
a/tategrour'"/

To verify the model, we compared simulated particle size distribution,

observational data. trve first compare the particle size distribution at all with field observation data of Gordon
195 and raylor (2009) and Nishimura and Nemoto (2005), shown in Fig. 2. The sim.iraffresults are_in consistent with ?

size distribution range and variation compared to field observation. Overall, the size
lrr-lhL

distribution variation

(0.02 m to 0.1 m), compared to thu&,were&u

sublimat and mass concentration to

200

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

servation data (Schmidt, 1982) . Comparing theses . we see that the sublimation rate is the same order

the sublimation rate of blowing snow. Theof magnitude, which shows that the moclel is
c.t

mass concentratio[ from the simulation and from field observations for the same friction velocity and temperature
is shown in Fig. 4 (measured by Pomeroy and Nlale (1992) near Saskato on)Q*at/a) na4efthr* .

2L0 The suspension sublimation rate from this paper and from other sublimation the same conditions
are comparecl (Fig. s)]fi" black line is the sublimation rate of snspension in the case of fragmentation of snow
particles, ancl the other five cllrves are the simuiaticin results of snspension sublimation of jump witholt breaking

with height deviates more
t

(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 W-
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 heighi), particle sizes display a broader distribution, ranging from 50-450 pm, and the simylated average

particle size decrea$es
uTuu.ur.Lncilnn*il)llltipc'easing 

height. However, this trend is not evident in the fr"1#fi({ffijn, o" 0,,"
to.tlre'ccr@ifbe-e'f-thd field.sr++norrffit compared to ideal simulation, as well as limitations in the accuracy of+lL4-_

U9!!E J€ff€r1t sensors.

)
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Figure 3. Comparison of total sublimation rate for this paper and field
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of snow particles (Xiao et al., 2000; Huang and Shi, 2017)
. 
results demonstrate that drifting snow sublimation

However, most previous models underestimate theis important, particularly in the near-surface

215 sublimation rate near the surface, which significantly impacts the assessment of the drifting snow sublimation.
Accounting for fragmentation increases the sublimation rate\approximately 1.3 times, which suggests that it is
necessary togdfcllde snow particle fragmentation in DBS models.

tt

$ru/akd 
Height(m) 

/*Figure 4. comparisotn{;;.;;.ncunt.atio., 1/1n* rcn) una field observations2(pomeroy and wtate, rco{(u* : 0.31
mfs,T:265K) c

?

- 
This Paper (Simulation)

r Pomeroy & Male (1992)

I

/to



Without fi'agtnentation (Fluang & Shi,20l 7)

- 

Snowstolm

- 

Windblast

- 

Piektuk-'l'

- 

Piektuk-B

- 

This Paper (Sublimation)

0.1

e 0.0r

bo

S o.oot

tE-4

lE-5 2 4 6 8 19x10-6

Suspension sublimation rate ( kg/rn3/s)

0

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

2017) (u-:0.87 mfs, zs:0.001 m, ?o:253.16 K)

3 Results

220

3.1 Flagmentation effects on particle size distribution

The fragmentation of snow particles first leads to changes in their s.ize distribution, releasing numerous smaller

particles. Simulations were conducted to analyze the effeqb of fragmentation-on particle size distribution. 
"/

Simulations are conducte d,*iffiu^e friction velocitffl*: 0.45 mls, anffime initial mean particl." "i"Ja: ZOO

pm. As shown in Fig. 6, the size Jistribution pattern for particles, without considering fragmentation, follows the log-

normal distribution htnction.llpffiWhen considering fragmentation, the proportion of smaller-sized particles

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

the average particle size.

3.2 FYagmentation 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

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/sLl$
particle number increases by 42 %. Under high wind speed (u* : 0.5 m/s), the particle number increases bf 23

%. 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

225

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

230
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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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wind conditions of z* : 0.3, 0.4 and 0.5 m/s.

240 3.3 Flagmentation effects on mass cojcentration and mass flux

4runtVorr, -/
For near-strrfacey/lrttidn particlef Fig.8 illustrates2ffi, 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

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. lVfr"n tt 
" 

friction u"to"tffit

from 0.3 m/s to 0.5 m/s, the increment proportion of fragmentation mass concentration increases from 19 Yn to 3

%, which means the fragmentation only has strong effects on the mass concentration under weak wind conditions.

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

2SO 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.

fe( )eaotlte same friction velocity, the mass flnx of near-surface (< 0.01 m) snow particles is larger with snorv

fragmentation than without, as shown in Fig. 9. It is concluded that fragmentation increases snow particles transport.
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255 3.4 FYagmentation 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 fragmentation has;a, more profound effect

4f ayl*agvrtnaL"p"edaf0.3 m/s, the* average

260 fragmentation, from 1.56x10-2 kglmzl\s to 1.g

saltation pprticles incrryses

Ho*.u"r,f;,ffiwind sleed

on sublimation under such conditions.

sublimation rate of

7x70-2 ksl^'
m/s, this increase drops to 3 To, fuom 4.BTx70-2 kslrn2l\ to +. x10

,\
49

by 20 due to

0.5

the impact of
fragmentation on the sublimation rate diminishes under stronger wind attributed to
the fact that higher wind speeds enhance particle transport and mixing, which reduces the relative contribution of
fragmentEtio,n toJt-r9 overall sublimation process. n7 6ih"iii"'r 6f265 A similar;lgx*is observed for suspension particles at higher altitudes.rAfagg_sp"ed 

,of 
0.3 m/s, the average

sublimation rate of suspension particles increases bv 8 times, from 1.09x10*6 kglrnz l/s to 9.8x10-6 kglrn2 lls
whenfragmentationi,"on.ia","^W";;;,thisgrowthdecreasesto50%,from
3.7x10-6 kglm2lls to 5.7x10-6 kglm2lls. While the effect of fragmentation on sublimation remains significant at
fiigher 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

/,t
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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

275 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 : a x B, where a and B are the shape and scale parameter, respectively.

a adjusts the peak position and p 
"o.rtroi, 

iiJilI?h of the distribution (the higher the value, the wider the size

distributes).

lo-3 l0-2 l0-r 100 lol t0-l l0-: l0-r 100 lol

280

285

. Jfte"!-."d this is because larger particles can produce more small snow particles.

3.5.2 Size proportion
cowCZaral

fVegaafftnree cases with the same mean diameter a:ZOO pm but different ct and lrrbarametel's. These diffetences

in a and p result in particle systems with varying size distributions. In these three cases, the proportion of particles

with diameter larger than the bhreshold diameter is73o/o (blue),85 % (green), and 96 % (purple), respectively.

As shor,vn in Fig. 11(c), the fragmentation is significant under the same mean averaged diameter when the large

particles take a higher pr-oportion in a grannlar system. The fragmentation number of snow particles with differ-ent

3.5.1 Average particle diameter

t&u
As,i(shown in Fig. 11(a) and (b), with.jhdincreasing value of a

increases, and the fragmentation efficiency is higher. This indicates

or B, the number of fragmented snow particles

that the larger particles have a higher
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4 Discussion

In this study, we investigated how particle fragmentation afiects snow transport and sublimation processes. \,Ve found
that when fragmentation is considered, the particle size distribution is modified, leading to an expected increase
in snow sublimation during DBS. This occurs because fragmentation generates {g!"%r-""mber of smaller-sized
particles, which increases the average specific surface area of transported snow. SinJe 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, Ieading to
a lower threshold velocity of aerodynamic entrainment. As a result, more particles are lifted from the surface and
transported by wind, further increasing the number 

"t o\"]*rr*ilable for sublimation during transport. Nloreover,

A,ny' d /ccraa,re )n "rwt/tt farglaart,

Diameter (prn)

8000 200

-o:5, 
p=40

_0=5, B:50

-0=s, 
p=60

riiM,
Dianeter 1trrm)

-0:2, 
p=100

-0:4, 
B=50

-u:10, 
ll=20

//



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 f,o 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

rate (Albert and Vlcgilvary, 1992), and surface snow particles reduce multiple scattering pr#
because light travels longer paths within larger particles, leading to increased absorption, particularly in the near-

315 infrared spectrum. Thus, snow icles have u lo#[.ro* albedo. Smaller snow particles, with their higher
tuu

scattering;lrrefts within the snowpack and reduce the absorption

, especiallv in the visible spectrum. The variation of snow surface

specific surface area

a higlt'ralbedo

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;fit*fu( reduce albedo and accelerate snowmelt. Therefore, this variation of snow strrface

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
lrl [n'rga'"/ LftwrYi .fndw

Y

of solar radiation,

In this we

s)rn"
carried ont a numerical simulation to investigate the snow particle fragmentation and sublimation

model is based on an Euler-Laqrangian methqd to track the tra.jectories of individual snow particles.

blimation processes, *" i^pI:kg{(":Ifl,Xffir?t#dffkJrn ul.,,lut", the sublimation rate of snorvTo account for str

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

The simulation incorporates key physical processes in DBS, including particle-particle interactiongafragmentation

cft-re to collisions. The model was validated with experimental data from previous str-rdies. This integrated method

/T



provides a detailed understanding of the dynamics of snow particles and their sublimation during snow particle

11 transport.

3N 
' 

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 snspension

particles, and the , such as slrow sublimation. The model was validated using experimental
dnzl

data from previons reliability. This integrated approacvp{W offers a comprehensive

understanding of snow particle dynamics and sublimation during transport in DBS events.

340 Based on this model, this work investigates the significant role of snow particle fragmentation in DBS. lVe find

that fragmentation not only alters the particle size distribution but also increases the number, concentration, and

mass flux of particles in DBS. Subsequentl v, tnffpffiKiW^trect/thesublimation rate of airborne snow particles.

Specifically, fragmentation reduces the average particle size, creating smaller particles that are more prorle to sub-

limation. The effects of fragmentation on sublimation are more pronounced for suspension particles tnaf6ttution
345 particles, particularly under low wind conditions.

Investigating the effects of particle size distribution on the sublimation rates, we find that the sublimation ratl
is enhanced for particles with a larger average diameter and a higher proportion of larger particles. These resuits

underscore the importance of accurately representing fr-agmentation and size clistributions in snow transport models. .
Our simulation results are consistent with previous observational data, suggesting the validity of the model.

350 Furthermore, a comparison of simulation results considering or ignoring fragmentation of snow particles, shows that
our sublimation rates arc2-4 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.

355 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, !he, etpansion of this model

into a three-dimensional drifting snow model in the future is necessary. Nloreover, 
";y"ruffiiJ. unoth". important

360 factor in influencing the sublimation rate of snow particles, such as density, ,i,"tffid';pecific surface area. Future

numerical simulation should be carried out regarding crystal habitt factors.

The simulation resttits provide detailecl insights into the physical processes of particle-atmospheFmomentum

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

prediction method for accurately assessing ,h-"31;E rr"r" amount of snolv sublimation during DBS. These findings have

365 important implications for imporiving the representation of snow transport ancl sublimation processes in atmospheric

and climate moclels, which can enhance predictions of snolv mass balance and its broacler environmental impacts.
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