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Abstract. Fragmentation of snow particles, where dendritic snowflakes transform ,t . #iMshapes upon impact

with surface and other particles during drifting and blowing snow events, plays a critical role in shaping. spow

d.ynamics. This phenomenon is important because it influences the size distribution and concentration "!f:É{"('
particles,

5 $6 snow

affecting mass flux and

rates. Here, we aim to quanti vely investigate the impact of snow particle fragmenta tion on sublimation. We

a drifting and blowing snow model considering the snow particle fragmentation process and the effects

of fragmentation on drifting and blowing snow. The results show that fragmentation enhances the sublimation of

airborne particle size distribution. The sublimation rate of

lgnore

Snow plays an important role in Earth's climate system because of its wide coverage and season-al variation, leading

15 to variable surface conditions. Sublimation i, o sigrrifi.^{ff*{r", snow surfac. t""ffij,réneat, mass, and

energy with the atmosphere. Snow sublimation includes static snow cover sublimation and dynamical snow particles

sublimation in air transportation. The latter process contains drifting snow sublimation (DSS) or blowing snow

sublimation (BSS). Water vapor transport in DSS has a significant influence on,fhe loqal, 
-hydrol,o,gi-cal 

cyclg apd

distribution, 
".O""rutt, 

in"gffiolar yffianclhigh alpine ,"rron.. For example ,#t#(:rffiffid#:,n#kroO

10

m/s. These findings have tions for improving the physical dynamic

model of drifting and blowing snow, which may contribute 1n hydrology and climate models

ai/ti /
1 Introduction

20 loss caused by drifting and blowing snow reaches 18.3 % of the whole and srro'\M amount each year

the sublimation amountdue to its

bout 50 To of lhe amount of snow cover every year et al., 2007)

Sublimation of snow particles is closely related to particle size, shape, and (Domine et al.,

2009). Sublimation changes with particle size meanwhile, the sublimation rate is affected by the particle size. When

blowing snow and changes the

in"r"utlJn % on average, q,nd

"s@a"tween 0.3 ^t(frr.s

(Pomerov and Jones. Igg6\9n'r""fT&6,t,igt,,futko

that of suspension snow particlu, in"."u.#76 To onaverage

salçating snow particles-:ll,t' " velocrhZs
, $MS}r6frictiony)n{

aU
bet/Plateau,the Ti

t_
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25 snow particles move in the air, their size will not only be diminished due to sublimation but also 'U#;g.ruulp*
due to collision with the surface and other particles. The phenomenon wherein particles collide with a surface during
saltation, resulting in the se,paration and deformation of the snowflakes into smaller-sized snow particles, is referred

to as fragmentation.P{efagmentation not only changes the size distribution of the snow granular system but also

chanses the snowpack's physical properties such as the surface albedo of snow cover (Domine et al., 2000).

3oîo'tffi!'" i" ontv-o'\#;ii1""*;"' ;;, ;;";;;;;;;";;;;;;;; "r tqsnow parric tes ù,,ing 1É
drifting snow. !!je-676ffr'using a statistical mechanics modelrcalculatflthe fragmented number of particles from

the perspective of energy and mass balance una "ffi onorytflthe effects of fragmentation on the particle size

distribution. However, in that work, the influence of fragmentation on the drifting snow flux and subsequent snow

sublimation has not been investigated. It is therefore essential to incorporate the fragmentation process into a
35 physical numerical model to quantitatively assess its effect on snow particle sublimation, especially from the micro-

scale perspective of indivjlual particles experiencing dynamic size changes during thet 
,y2;ement.," F previous "r({!(ffiKr", snowflakes have typically been represented uîff"vneres wirh a constant

diameter. However, given that snowflakes a#eurily a"n r{!{ond fragile granular {x,uiof, their diameters con-

tinuously change during saltation in the air (Sato et al., 2008; Walter et al., 2024). Consequently, the impact of
40 the dynamically evolving size distribution of snow particles cannot be ignored in the numerical simulation. This is

particula.rly crucial for accurately estimating sublimation rates and quantities, as a precise characterization of the
dynamically changing size of particles is fundamentally important.

2 Model description

45

50

A comprehensive drifting ancl blowing snow mod.el *u" *gd a"veloped by Huang and Shi (20I7).It describepthe
saltating snow particles near the surface in a Lagran giu(*uy and the suspended snow particles above the surface

in an Enlerian way. A threshold grain size was.nsed to*ffi't*. saltating and suspended particles. The Thorpe

and Nlason model (Thorpe and Nlason,'1966) .kur"d to calculate the sublimation of drifting and blowing snow.

The feedback of particle motion and partiqle sublimation to the wind field, air temperature, and air humidity y$art
also consiclered. Particle fragnentati on.yÂL<re taken into consideration in the saltation splash process. Here, we

reintrochrce/them briefly.
/

2.L Air flow

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

Nislrimura, 2004):

frror','tftftl* Tp:o (1)

,



alottz
55 where z is height y6 tn surface, p;
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densitv, o ir%l.t Karman constant, u iV*inaspeed, and f, is the feedback

e.{2)autl p)1rcr7æfr"rclg1 ar.16r*o/arL/aueroln1 h
uationMatisfying the horizontal uniformity conditio n:pW @intaffi ,

l/t
IS âIT

force of the airborne snow particles.

The air temperature and humidity eq

2000b):

a0a
æ82

a0
(Ke )+^90ôz
//d

60 where d is air potential temperature, K9 nu*zl Kr is

coefficients of heat, and ,Se is the sublimation heat feedback of the airborne snow

ralact'/g

(2)

, K7 is the molecular diffusion

ôq, o ,,, ôqu

E: ar\n'E
thé

where q, itwater

)+ sn

pa.rticles, arP /i fù. frblitn

(3)

K" is the molecular

(5)

65

70

vapor mixing ratio, Ks : Ku*z + 1(" is the water vapor turbulent

diffusion coefficient of water vapor, ,9n is the sublimation humidity feedback of the airborne snow particles

dor:0"r'@T@) e-d/ P

2.2 Snow saltation

f /uorlo/ wrul), a// {furz
The motion of saltating snow particles can be described as five sub-processes: - k/)fpuA J

(1)Aerodynamic enrrainmenr -l/* dn'hra/ lZ_
The snow particles start to mo,re whe'nîind speed reaches "y6"value (namely fluid threshold, usually-presented

by friction velocity) to, ugffisnow surfac 
"j ffii. cailJd aerodynamic entrainment. The-ratio of aerodynamic

entrainment is known as a linear function of the surface shear stress r (Anderson and Haff, 1991):*---=- Q

No: A(r - rt) (4)

uùi*"we
where No is the number of aerodynamic entrainment particles per unit arcapergw{ rlry-t" 1] is an empirical

coefficient, and 16 is threshold surface shear stress. The particle size distribution /(d) follows ,FCu 
^uDistribution:

nilere ft d44ry ate --.

,"Wfn
d'l*

tog*6a threshold heigl rt75 There are two ways

on the{ollowability. The lifting velocity of aerodynamic êntrainment

motion pattern of snow particles. The most used way is

layef which is easy to apply. However, the threshold value is empiricalto divide the saltation lavet-and susDension

^,{f#fr,#,Kffiffiffit,*",
t

atrrrgC. The other way is basecl

2or4),

which steady state of saltation.

80 (2)

is not sdLsitive to the

Porti"{'"traiectory

'rÇ"r*/r/rfi a
3

/(re..
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theiTÉajectories can be described by Newton's second law:After the snow particles are lifted into the air,

dr* æ: ld-rng

where rn is the ma^ss of the snow particle, r(r,z) is the location of the particle, /a is the drag force by fluid, g is the

(6)

the surface

85

gravitational acceleration.

(3) Splash function ,
In this model, \ry'e use 

lt{Vrobabtlity functions to d.escribe the movement after purti"'t{i^pacting
(Sugiura and Maeno, 2000). The restitution coefficient in the vertical direction Sr("o), the restitution coefficient in
the horizontal direction Sn(un) and the number of particles ejected from the surface n, felte+*s-tÀeseA*n€tieas-

arc alcfhcc/ ar.Él/àwl:

S,(u,):ffi" * (7)

. 1 r,e6 u\290 Sn@ù : ---;..:;,e ---iir-
t/2tro2

(8)

n": ckp""(I- p)*-"' (9)
vfurt irg-

-SttWtdu " is the horizontal component velocity of the impact/grain,u;, is the vertical component velocity of the

i^gu$Woln, u", isthe horizontal component velocity tf th.jffi{cruirr, una u", is the vertical component .,"lo.ity of
thefl:*tfstain.er-upafu4istheverticalrecoverycoefficient, e6:u.rfuiristhehorizontalrecoverycoefficient,n"

95 is tlre numb 
", 

otffigsnow grains . S,("o) is the probability distribution functi on of eu, Sn(en)is the probability
distribntion function of ei,, and S"(n") is the probability distribution function of n". f(a) is the gamma functior.,tll,t(/
Ck:mll|n"l(m-,,.)Y,thecombina'tionnumberfi"p,obubilityforparticlesu,".ÈËt".impact(@

-2D+Tf 
is 

"oirrIat"d-9,Æ,2ft,(it7 /g brruule drrt pt?) .:

p(f) : r

where

(10)

?
100 j.p.-ryhr66, o2 is the turbulence velocity variance and ru, is the settling of

particle falls back to the ground (initial velocity ui> 0.5 mf s), ydEquation 1

Eiletfaîe the number of snow particles w1g(>, is the ratio of particle size before and after fragmenta

1

l+s?'us

et at., 2017) S (ry" /z) t"
/.rhl (q-,il1,/5 (a/zct

then

5
-A/:l

7

I
I

\/
N : 75ut- 2.5,0.5 < ?ri < 1.5

tioy aril4

(6,0+rTt>0.5

pcrcé- 4

aQu"
(11)
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À: -o. u.i+o.rYs( ui ( 1.1)

À: -o.1uz +0.^o ( u; ( 1.5

À:0.2*.> r.5

The velocity of the newly produced

@tl,,'f-Gt

aliXn "

(r2)

4,*l? ui,t/r
snow particles after crushing is the same as the size of the snow pafiicles t!z(

d,m nd,(RH-l)- n&ut*jr-tl /r?\
dt:m \rul

where rn is the particle mass, d is the particle diameter, ? is fhe air temperature, RH is the air relative humidity,

Q" is the solar radiation which snow particles absorb//, K is the heat conductivity, ,R, is the gas constant of water//
vapor (461.5 JlkglK), D is the molecular diffusivity of water vapor? e" is the saturated vapor pressure relative to

115 the ice surface, Nz is the Nussel number and Sâ is the Sherwoods number.

(5) Feedback to air

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

force:

an equivalent body

110

are broken, and the direction angle of the exit velocity is the same as that of the original snow particles.

(4) Sublimation hfiil.t
The drifting snow sublimation is calaiated.//the Thorpe and Mason model (Thorpe and Mason, 1966),/

r,:-Ti'"' il (14)

VrrO, U is the volume of this vertical grid,
exphirt

L20 where /o is the feedback body force of the airborne particles in a vertical

125

l/ is the number of the airborne particles in this vertical grid, faa is the drag force of tlne'i11, particle in the grid.

The volume sublimation rate in each grid can be calculated as:

--1V?s:-+>,T (15)

i:l

where rni is the mass of the 'i17 particle in the grid.

Then, the sublimation feedback to air temperature and humidity are:

^ L.S\'^ -uH _ (16)
p.tt-

^.95o:-' pf

where L":2.84x 106 J/kg

rate, and C : 1006 ,l kgk
/
:

(r7)

is the latent heat of sublimation, S is the volume drifting and blowing snow sublimation

is the specific heat of air.

5

130
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Figure 1. Flowchart of the

@ll,ffi

?
and blowing snow model

2.3 Snow suspension

tl,jilas"ùhlre
In the simulation, we define a threshold radius for jtffi suspension and saltation particles (Huang and Shi, 2017),

tlre threshold radius is calcualted V/ rn" Rouse ,11116".,

hea ao

ilrarJu.
Ëil6, u* is the friction velocity, {w" is the

R*: t"

1

r./rrt
(18)

, êt'c/ k ti . ..
Therefore, the conditions for

(20)

135

determining the saltation and suspension snow particles;(Scott, 1995) :

nte
I ^* 

,I,saltat,ion

Io" = 
r,suspens,ion

The suspend"a ,ro*/toltorf,tne vertical diffusion equation (Déry and yau, 2002):/
* - *r^"uf; *æ"q")+ s (1e)

where q" is the suspended snow particle mixing ratio, 1(" : 6nu*z is the diffusion coeffi.cient of suspended. particles,

lu" is the terminal velocity. The ô follows (Csanady, 1g63):

ô-
7+ Et

7ilt 2

140 where ,6 : 1 is the proportionality constant, tll is the vertical turbulent fluid velocity, and we set nlz : u?. A flowçhart

is shown as Fig.t t"p6t*@"ew splash frrrctionyÉ a{/ûe wo"A
t/lutlrafc llé

6

Wind velocity, air temperature, humidity

EndI>I"^n

Aerodynamic entrainment

drd,n

Saltation mode Suspension mode

Feedback

True

Particle trajectory Lower boundaryNew
âirborne

Splash function Diffusion equation

Feedback

True

False

False

Drifting snow sublimation Blowing snow sublimation
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Figure 2. Comparison of total sublimation rate for this paper and field observation (Schmidt, 1982) (u. : 0.63 mf s, zs :

7 x l}-a m,'f : 267.45 K)

(st *;4 //ez) .

tion rate and mass concentratio t/o n/rrrn*Élua/ /arh '
comparison of the total sublimation rate between the numerical simulation and the field observa-

. ef the sublimetien r*te under the eertre eenditien* Comparing the two curves) we the sublimation rate

is the same

blowing snow

Fig. 3 shows the the same frictional velocity and tem-

150 perature January 18, 1987 near Saskatoon (Pomeroy

and Nlale, 1992)

this paper sublimation models under the same conditions {earê
of suspension in the case of fragmentation of snow

2.4 Model

To verify the mo we

Fig. 2

L45 tion

grtÉoû,er of magnitude, which shows that the model ,Mfdfrculating the sublimation rate of

i4nn r! éû n cerhdtb {** d,au/a/w
ôgg:g{on }etfeen' t he Vffiéht anffiId

line is the sublimation rate

particles, and the other five curves are the simulation results of suspension sublimation of jump without breaking of

155 snow particles (Xiao et al., 2000; Huang and Shi, 2017). The results show that the fragmentation of snow particles

FpyXtA the sublimation of suspension snow particles.

ëhhanccs
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Figure 5. Size distribution with and without considering the particle fragmentation.

3 Results
Sjma/art:'arc are cavrdwclv/wiflt

3.1 Fbagmentation Effects on Distribution

stlow particles fi.rst leads to changes in their size distribution, releasing numerous smaller

imulations were conducted to analyze the effect of fragmentation on particle size distribution.

O

C)

d
C)
!E

0.18

0.r6

0.14

0.t2

0. l0

0.08

0.06

0.04

0.02

0.00

The fragment

160

frict d 200 pm. As

size distribution pattern for particles, without considering fragmentation, follows the normal

(yellow bar). When considering fragmentation, the proportion of smallersized particles (< 100 prm) increases, while

the overall proportion of larger-sized particles decreases. This results in a decrease in the average particle size.

165 3.2 Fbagmentation Effects on Snow Particle Number

Fig. 6 presents th.e 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 co,nsistently higher at all wind speeds. Under low wind speed (u* : 0.3 m/s), the

@artic]enrrmberin,,"o"{{+z%.Underhiglrwinclspeed(z*:o.5m/s),theapgld/particlenumber
in"r"ore?26 %. Tliis suggests that the fragmentation contributes to the total number of snow particles in the air.

Furthermore, Fig. 6 also reveals that the increase of particle number resulting from fragmentation is notably more

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

ion velocity u*:0.45 m/s, and fr" initiut mean particle size shown in Fig. 5, the
reil/y

distribution function v
?

I

L70
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L75 transfer of kinematic 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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Figure 6. (a) Saltating particle number variation with time

number and ratios of saltation snow particles in the air.

For nea^r-surface saltation particles ,r6rnfrw#gX
180 and suspended particles

u* :0.3,0.4 and 0.5 m/s. (b) Increment
ilncler
y't2é*,na

3.3 Fbagmentation Effects on Mass Concentration and Mass Flux
i//wh'/rs

Fig. 7 that the variation in the mass concentration of saltating

of snow particles enhances the concentration of
and suspended particles Fig. 7(a) depicts

-a+rif showing that fragmentation enhances the transport of saltating 1S

because the fragmentation of snow number of air-borne saltation pa^rticles, more saltation
particles take part in the splash the saltation particle number iy6" jr#When the

185 friction velocitv varies from 0.3 m/s to 0.5 m/s, the increment proportion of fragmentation mass concentration
increases from 19 To to 3 Ya, which means the fragmentation only has strong efiects on the mass concentration under

with heisht. The frasmentation
a / lc ve l( c / osc /a //r à t urlace.
, epùaIly.*flpxer a$ffies

weak wind conditio:

n".ffi(!:,"{:(f,nFig.7(b)thattherr,rassconcentration,ofthe"u,,.##',n"*
particles ig llre air is higher, when considering snow particle fr3,gmentation. This is f"rorr"3f7(V( " ^fffi{('r!il:ffi(, Wgrkd4ù6,now fragmentation. *ttirt t'ou"hri{kpossibility to^ffina-2fr*ro"io"o W",

.^xrr /era/J. ' '/ ô/eahanV

tarfu

-u"=0.3m/s.no 

fragmcntation - - u=0.1m/s,ûagmentrtioû

- 

u"=0.4m/s,no fiagnrentation - - u,-O.4mls,fragrnentation

- 

u.=0.sn/s,no fragnlcnlation - - u.:0.5D/s,lragnentation

l-90

10
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Under the same friction velocity, the mass flux of near-surface (< 0.01 m) snow particles
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195 3.4 FYagmentation effects on Sublimation Rate

The sublimation rates of saltating and suspended snow particles increase with
This enhancement is more significant

profound effect on sublimation under

Yo to 6 Yo when the friction velocity increases from 0.3

200 sublimation particles, the sublimation rate also decreases

i nn/r w alo/ r u //r, no"/r/
frug.n",itotài/os shown in Fig. 9

increases from 81 % to 70 %, considering

indicates that snow fragmentatior hu$dror"
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Figure 9. Sublimation rate

3.5 Effects of Size
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3.5.1 Average Particle Diameter

As is shown in Fig. toç^|ffi|, with the increasing value of a or p, thenumber 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.
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Figure 10. Number of snow pafticlesyua4.sstifrf,ti^".
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Here we chose three different values of 0 with the same *ffiJi.-"ter d.:2OO ptm. In these three cases,, tt',e *6 L

proportion of the particles larger than the threshold diameter is 73 %(blue), 85 % (green) and 96 % (purple)' 
/ 

ln0fcla{
As shown in Fig. 10(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

particle size distribution increases almost linearly with the time. This is because, only snow particles with a larger

size than threshold diameter, more snow particles will join the fragmentation.

4 Conclusion

a,/
ThisrworkinvestiSate/the significant role of snow particle fragmentation on driftirLg"F* and. blowing snow. We

{o!'!Krn"rfragmenta'tion not only alters the pa,rticle size distribution, but also increases the number, concentration
,/
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and mass flnx of snow particles. Subsequently, this phenomenon affects the sublimation rate o|;@ffig stow
particles

fe/urc5 rcrlr"HlC

mass con-

yhk-{
snow particles.

The sublimation rate of saltating snow % on average, and that of suspension snow particles

tyrk*ru

@lJ.ffi

of particle-atmospheric
nfol//.(Ct'
Supp}i# the theoretical and prediction metho{

% on average when the friction
ls

0.3 m/s to 0.5 m/s. The differences in sublimation

230
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Our work provides insights into the complex dynamics of drifting and blowing snow. It provides a deeper un-
derstanding of the physical process of snow particle fragmentation during saltating/suspencling in the air. This
indicates the importance of fragmentati on;n)L(arifting and blowing snow numer ir^,t ^ra.frlr**"1'fi#("0.,
is a two-dimensional numerical model, which could not be applied to larger regions, especially for complex terrains.

eXDanJ;on
240 Therefore, th" g!çt*otttmnon of this model into a three-dimensional drifting snow model in the future is necessary.

The results transfer, heat .t:ans&f
and

the ate amorrnt of snow sublimation during drifting and blowing snow, which should be further
implemented in gw{e related atmospheric and climate models.{
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