Dear editor,

Thank you very much for taking a lot of time to review our manuscript. We have carefully evaluated all
the critical comments and thoughtful suggestions, and revised the manuscript accordingly. Below are
the point to point responds.

Item 1: I would like to thank the authors for making substantial efforts to improve the scientific
quality of this re-submission. As noted by the reviewers, the paper offers a clear contribution to
the literature and the model description is concise and thorough, which should promote
replication of this study and the future application of the model by others.

Response: Thanks for the positive comments.

Item 2: carry out one final edit to improve the english grammar. As noted by one reviewer, a few
examples include:

- on line 69: “exiting” should be “existing”,

- suggest rewording terms “sublimation of blowing snow near surface” to be “sublimation of
near-surface blowing snow”

Response: Thanks. Following this suggestion, we have reworded the ‘exiting’ to be ‘existing” in line
71 of page 3, and reworded ‘sublimation of blowing snow near surface’ to ‘sublimation of near-surface
blowing snow’ in line 9, 10-11, 13, 15-16, 19-20 of page 1 in the revised manuscript. We also modified
some other errors in line 31 of page 1, line 54 of page 2, line 176-177 of page 8, line 370 of page 14,
line 380, 392, 409-410 of page 15, and the friction wind speeds in figure 13 of page 29 in the revised

manuscript.

Item 3: Previous referees have commented on this, but the issue remains. There appears to be a
numerical stability issue in the model that appears between 2 sec and 10 sec in the calculation of
saltating and suspended particles (i.e., as inferred from the noisy / wavy lines in Fig. 5). That
error impacts your estimates of sublimation (e.g., Fig. 9). While I don’t think this negatively
influences your results, it suggests that there may remain a bug in the model. What is happening
in the estimate of entrainment, in that specific time frame, that is causing the noise? If you run
the model, say, 1000 times to reproduce Fig 5, and plot the average values of those runs, does the

noise still remain? If not, this could point to a numerical solver issue.



Response: The reviewers are right. In our model, the movement of the saltating particles is described
by the Lagrangian particle tracing method. The mass change of saltating snow particles in the air is
controlled by two processes: one is the movement of snow particles fall into the snow bed, the other
one is that of snow particles take off from snow bed. The mass of snow in the air reach stability means
these two processes reach dynamic balance. That is, the number of falling particles is roughly equal to
that of lifted particles from surface. But it is still possible that there are fluctuations for mass of
saltating particles as shown in Fig. 5 and Fig. 9 because of the randomness of particles movement. This
phenomenon also occurred in other models using Lagrangian particle tracing method (for example,
McEwan | K. Willetts B B. Numerical model of the saltation cloud. Acta Mech. (Suppl.), 1(1991):
53-66; Nemoto, M., and Nishimura, K.: Numerical simulation of snow saltation and suspension in a
turbulent boundary layer, J. Geophys. Res., 109, 1933-1943, 2004). However, just as the reviewers said,
the curve of average values will be smooth if the model runs many times. We have added some

explanations for this phenomenon in line 233-236 of page 10 in the revised manuscript.

Item 4: Figure 2: I am surprised by the very close agreement between the authors’ model
estimates of mass concentration and the Pomeroy and Male datum at the lowest height in each
panel (i.e., the authors’ model exactly overlaps the left-most red dot in each graph). At all other
heights, there is some degree of difference, and that difference varies amongst the three panels.
Perhaps | do not understand a key model boundary condition. What is the reason for this
near-perfect agreement at the lowest measurement height?

Response: In this manuscript, the movements of saltating particles at the lower height are described by
Lagrangian particle tracing method. This method traces the motion of every saltating particle and
therefore its results are very close to the actual motions of the snow particles. However, for suspended
particles at higher height, their motion is controlled by diffusion equations in this manuscript. Due to
some assumptions used in the equations, the accuracy of the results might be lower. Even so, the error

between the simulation results and experimental results is within an acceptable range.

Once again, thank you very much for your comments and suggestions.
Best regards

Ning Huang and Guanglei Shi



A list of all relevant changes made in the manuscript
Line 9, 10-11, 13, 15-16, 19-20 of page 1
‘sublimation of blowing snow near surface’ has been reworded to be ‘sublimation of near-surface

blowing snow’.

Line 31 of page 1
‘the fluxes of sublimated blowing snow sublimation fluxes’
has been rewritten as

‘the fluxes of sublimated snow’.

Line 54 of page 2

‘than’ has been deleted.

Line 71 of page 3

‘exiting’ has been reworded to be ‘existing’.

Line 176-177 of page 8

‘with random particle size and vertical velocity V2GD >

has been rewritten as

‘with a random particle size D and a vertical velocity of V2GD .

Line 233-236 of page 10
‘It can be seen that there are some fluctuations at 2 sec - 10 sec. This is due to the randomness of
particle movement. And it also occurred in other models using Lagrangian particle tracing method

(McEwan and Willetts, 1991; Nemoto and Nishinura, 2004).” has been added in the manuscript.

Line 370 of page 14

¢.” has been added in the manuscript.



Line 376-377 of page 14-15

A new reference of ‘McEwan | K. Willetts B B. Numerical model of the saltation cloud, Acta
Mech.(Suppl.), 1, 53-66, 1991.” has been added in the manuscript.

Line 380 of page 15

‘> has been added in the manuscript.

Line 392 of page 15

‘L ayer’ has been rewritten as ‘Layer’.

Line 409-410 of page 15

‘Xiao J, Bintanja R, Déry S J, et al. An Intercomparison Among Four Models Of Blowing Snow[J].
Boundary-Layer Meteorology, 2000, 97(1):109-135.” is same as the following reference, and it has
been deleted.

Figure 13 in page 29
The friction wind speeds in Figure 13 is wrong, and it should be same as Figure 11.We have modified it
in Figure 13.
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The significance of vertical moisture diffusion on
drifting snow sublimation near snow surface

Ning Huang and Guanglei Shi

Key Laboratory of Mechanics on Disaster and Environment in Western China, Lanzhou University,
Lanzhou 730000, China

Correspondence to: Guanglei Shi (shigll4@Izu.edu.cn)

Abstract. Sublimation of blowing snow is an important parameter not only for the studying of polar
ice sheets and glaciers, but also for maintaining the ecology of arid and semi-arid lands. However,
sublimation-of-blowing-snew-near-surfacesublimation of near-surface blowing snow is often ignored in
the most of previous studies. To study sublimation—of-blewing—snownear—surfacesublimation of

near-surface blowing snow, we established a sublimation of blowing snow model containing both

vertical moisture diffusion equation and heat balance equation. The results showed that although

sublimation—of-blowing—snew-near—surfacesublimation of near-surface blowing snow was strongly

reduced by negative feedback effect, due to vertical moisture diffusion, the relative humidity near

surface doesn’t reach 100%. Therefore, the sublimation-of-blowing-snow-near-surfacesublimation of

near-surface blowing snow will not stop. In addition, the sublimation rate near surface is 3-4 orders of

magnitude higher than that at 10 m above the surface and the mass of snow sublimation near surface
accounts for even more than half of the total snow sublimation when the friction wind velocity is less

than about 0.55 m/s. Therefore, sublimation-of-blowing-snow-near-surfacesublimation of near-surface
blowing snow should not be neglected.

1 Introduction

Blowing snow is the main source of polar ice sheets and mountain glaciers at snowy area with
high latitude in the Northern Hemisphere (such as north of Canada, Greenland, etc), which have
profound influence on the global hydrologic cycle, climate change and ecological system. Extensive
studies have showed that sublimation of blowing snow is an important method to change the snow
distribution, especially in the polar ice sheets, highland mountains and areas with high latitude in
Northern Hemisphere. It has been shown the mass of sublimated blowing snow was equal to 18.3% of
annual precipitation in coastal Antarctica (Pomeroy and Jone, 1995), 22% of winter precipitation in
Arctic Alaska (Liston and Sturm, 2004), 17%-19% of annual precipitation in Rocky Mountains,
Canada (MacDonald et al. 2010), and 24% of annual precipitation in western Chinese mountains

(Zhou et al. 2014). In addition, the fluxes of sublimated blewing-snow sublimatien—Ffluxes-during
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blowing snow returned 10+50% of seasonal snowfall to the atmosphere in North American prairie
and arctic environments (Pomeroy and Essery, 1999). These results indicate that sublimation of
blowing snow is very important for studying of global and polar hydrological systems.

Some scientists (Pomeroy and Essery, 1999; Cullen et al., 2007; Marks et al., 2008; Reba et al.,
2012) used eddy covariance to directly measure sublimation of blowing snow. However, since this
method can only obtain information from a few points, it is difficult to be used to predict the whole
sublimation in snowy areas (Pomeroy and Essery, 1999; Cullen et al., 2007; Marks et al., 2008; Reba et
al., 2012). Therefore, studying the sublimation of snow using numerical model is highly demanded.

The sublimation of blowing snow particles is normally accompanied with heat absorption and
water vapor production, which will lead to decreased ambient air temperature and increased in humidity.
The latter will in turn inhibit snow sublimation, and the former will decrease the saturated vapor
pressure in the air, and subsequently inhibit the snow sublimation. Many researchers (Déry et al., 1998;
Bintanja, 2001a; Mann et al., 2000) believed that the sublimation of snow particles near surface would
be significant at the early stage of drifting snow process. However, the high concentration of snow
particles near surface would result in a rapid air temperature decrease and humidity increase. Therefore,
the humidity near surface would quickly reach saturation, leading to sublimation ceasing in the layer
with saturated humidity. Therefore, the sublimation of snow particles near surface was negligible in the
fully developed drifting snow (Déry et al., 1998; Bintanja, 2001a; Mann et al., 2000). However, some
researchers (Schmidt, 1982; Groot Zwaadtink et al., 2011) found that humidity near surface didn’t
reach saturation in the drifting snow in the field or wind tunnel experiments and believed that caused
by water transport (convection and diffusion). Déry and Yau (1999) fix the relative humidity at 95%
instead of 100% at the surface when simulating the blowing snow sublimation and found that the
time-integrated values of sublimation increased by 14% than-at 95% relative humidity compared with
that at 100% relative humidity. So they believed that humidity near surface is very important for the
simulations of blowing snow sublimation. Huang et al. (2016) calculated the snow sublimation in the
saltation layer by taking into consideration of the effect of horizontal moisture convection on the
non-homogeneous snow cover. Their results showed that sublimation of blowing snow in the saltation
layer could not be neglected in the presence of horizontal moisture convection. But they did not discuss
the sublimation near surface of areas such as polar ice sheets, snow-covered grassland, etc., where the

snow cover was very large and the water convection was very weak. Therefore, studies on the

2
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snow-sublimation in these regions are of great significance for the understanding of global hydrological
systems and ecosystems.

However, in the previous blowing snow sublimation model, the diffusion equation was often
used to describe the movement of snow particles. Although the equation is good on describing the
movement of small particles well, but it is difficult to describe the movement of large snow particles
which are mainly distributed in the near surface area (Déry et al., 1998; Xiao et al., 2000; Vionnet et
al. 2014). Huang et al. (2016) used the Lagrangian particle tracing method to describe the movement
of near-surface snow particles, and for the first time calculated the sublimation of saltating particles in
near surface region with non-uniform snow cover. But this model did not take into consideration of
turbulent suspension of snow particles. Furthermore, all the above existing models did not take into
consideration of the effects of vertical moisture diffusion on the sublimation.

In this study, a drifting snow model was first established to describe the movement of snow
particles of both saltating snow particles near surface and suspended snow particles in the higher
region. Then, a sublimation model of blowing snow was built in combination of the drifting snow
model, a vertical moisture diffusion equation and a heat balance equation. Next, sublimation of
blowing snow at three different wind speeds was calculated and the temporal evolution and vertical
profiles of temperature, relative humidity, mass concentration of snow particles and snow sublimation
rate were analyzed in details. At last, the proportions of the sublimation mass of snow particles near

surface to the total sublimation mass were also given.

2 Methods

2.1 Basic flow equations

The horizontal wind field satisfies the Navier—Stokes equation at the atmospheric boundary layer

(Nemoto and Nishimura, 2004).

du
EHF:O (D)

where « is the von Karman constant, p, is air density, u is the horizontal wind speed and F is the

reaction force of the snow particles on the flow field.
3
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2.2 Snow particle motion equation

The snow particles jumping from the bed are divided into saltating and suspended particles when
calculating snow particle movement. These two types of particles are distinguished based on the
particle size and flow field conditions. Then the saltating particles are calculated by Lagrange particle

tracing method, and the suspended particles are calculated by diffusion equation.
2.2.1 Judging criteria of saltating and suspended particles

The judging criterion of saltating and suspended particles is as follows (Scott, 1995):

{ws/(ku* )>1, saltation particle 2

w./(ku, )<1, suspension particle
where U, is the friction velocity and W, is the final sedimentation velocity of the particles which can

be calculated by the following equations (Carrier, 1953):

A AY
W =——+,[| — | +BD

s

D D
A =6.203, 3)
5.516
B — —pp g
8p,

where D is diameter of snow particle, o, is air viscosity coefficient, p, is the density of snow

particles, g is the acceleration of gravity.

2.2.2 Basic equations of saltating particles

The motion equation of the saltating particles is as follows (Huang et al., 2011),

v, (Y-, @
m =
d "L Vv
Yo Ger e [ LY 5)
m =-G+F +
dt L v
dx,
U 6)

dt g
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dt

where m is the mass of snow particle, G is the gravity of snow particle, u, and v, are the

horizontal and vertical velocity of air, respectively, U, and V, are the horizontal and vertical

velocities of snow particle, respectively, V. = \/(Up —Ua)2 +(V, —Va)2 is the movement relative
velocity of the snow particles in the flow field, F, and F_ are the buoyancy and traction forces of

snow particles, respectively, X, and y, are the horizontal and vertical positions of snow particles.

The splash function fitted by Sugiura and Maeno (2000) according to the observations of the low

temperature wind tunnel experiment was chosen,

S,(e,)= L evex (-e—vj (8)
A6 @) b

1 _ 2
5, (e,) = N exp{— —(e“ZGf‘ ) } )
o

s,(n)=,C,p"(1-p)"" (10)

where S (e, ),S, (e )and S,(n, ) are the probability distribution functions of the vertical

restitution coefficient €, horizontal restitution coefficient €, , and the number of grains ejected n,,

respectively.
2.2.3 Basic equations of suspended particles

The movement of suspended particles is described by the following vertical diffusion equation

according to horizontal uniformity condition (Déry and Yau, 1999),

aq 0 aq
—=—(K,—+wq)+S (11)
oy

o oy
where g is the snow particle mass concentration, Ks is the vertical diffusion coefficient, S is the

volume sublimation rate of snow particles, and K, =6xu.z, ¢ isas follows (Csanady, 1963),
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(12)

where B is the proportionality constant, w is the vertical turbulent fluid velocity, and we set g=1,

2

and w’=u,

2.2.4 Aerodynamic entrainment

The aerodynamic entrainment equation of Shao and Li (1999) is chosen,

u)
N, =Vu,[1-—* |D (13)

u

e

where N, is the number of snow particles taking off due to aerodynamic entrainment, ¢ is a
non-dimensional coefficient, approximately equal to 1x10~, u, is the friction velocity, and U,

is the threshold friction velocity.
2.3 Sublimation formula

The sublimation formula is as follows (Thorpe and Mason, 1966),

dm D(RH -1
hall 7D(RH ~1) (14)
L L RT
S ( S _1)+ vV a
KNuT, RT, ShK e,

where RH is the relative air humidity, T, is air temperature, L_ is the latent heat of sublimation

a

(equal to 2.84x10° J kg?), K, is the air thermal conductivity, R, is the gas constant of water vapor

v

(equal to 461.5 J kg* K™), K, is the molecular diffusion of water vapor of atmosphere, e, is the

S

saturated vapor pressure relative to the ice surface. Nu and Sh are the Nusselt and Sherwood

numbers, respectively (Thorpe and Mason, 1966; Lee, 1975),

1.79 + 0.606 Re”® 0.7<Re<10
Nu = Sh = (15)
1.88+0.580 Re*® 10 < Re < 200

e

where R bV is Reynolds number.
L,

a
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2.4 Heat and humidity equations

The air heat and humidity equations are as follows (Déry and Yau, 1999; Bintanja, 2000),

00 0 00\ LS
—=—| K,— |- (16)
ot oz 0z p,C

K, =xuz+K, 17
oh 0 oh S
—=—| K,— |+— (18)

ot oz o4 el
K, =xuz+K, (19)

where K, and K, are the molecular diffusion coefficients of heat and water vapor, respectively,

and C is the specific heat of air.
2.5 Initial and boundary conditions

The initial potential temperature #,=263.15K , and the initial absolute temperature is

T -6, [ﬂj (20)
P,

where p is atmospheric pressure and its initial value is

yg
p=p, exp(— j (21)
Rdeo

where p, =1000hpa, R,=287JKg'K™ is the gas constant for dry air.
The initial relative humidity profile is

RH =1-R_In(z/z,) (22)

where z, is the surface roughness, and its value is 3x10°m at snow bed (Nemoto and Nishimura,
2001), and R, =1.9974x10".

The conversion relationship of relative humidity and specific humidity is

€
q=0.622-——RH (23)
p-e,

where e, =610.78exp[21.87 (T —273.16)/(T —7.66)]

The calculation area is set to 1 m in length, 10 m in height, and 0.01 m in width. The time step is
7



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

107 s for saltating particles, 10?s for suspended particles, and 105 for wind, and the calculation time

is 1500 s. The motion of saltating particles is only calculated for 10 s in consideration of the practical

simplicity, since saltating particles will stabilize within a few seconds. The data of saltating particles

in the air and the jumping particles from bed are then replaced by the data averaged in 10 s. The

threshold friction velocity is 0.21 m/s (Nemoto and Nishimura, 2001).

The size distribution of snow particles used in this paper fits the results of Schmidt’s (1982) field

observations (Fig. 1).

2.6 Calculation process

@)

O]

®)

(4)

®)

(6)
U]
(®)

3

The calculation process of our model is as follow,

We set a logarithmic wind field as the initial wind field, and give the first take-off particle with a

random particle size D and a vertical velocityim.

All the snow particles in the air are divided into saltating particles and suspended particles by Eq.
2-3. The movement of saltating particles is calculated by Eq. 4-7 and the movement of
suspended particles is calculated by Eq. 11-12.

If the snow particles fall on the bed, they will rebound and eject other particles which are on the
bed. This process will be calculated by Eq. 8-9.

If the bed shear stress is greater than the threshold value, particles are entrained from their

random positions on the snow surface at vertical speed V26D and the number of
aerodynamically entrained snow particles can be calculated by Eq. 13.

The reaction force of the snow particles on the flow field is calculated by EQq.4-5 due to
Newton's third law, and then the new flow filed is calculated by Eq.1.

The air temperature and humidity are calculated by Eq. 16-19.

The sublimation of snow particles is calculated by Eq. 14-15.

The step (2)-(7) will be recycled until the end of the simulation.

Results and Discussion

In order to verify the judging criteria in Eq.2, we divided the particles into sets varied by 10 xzm

8



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

(1-600 zzm), and used Eq.16 to simulate all the jumping particles. Then we accumulated the mass of
snow particles in the air from small to large particles until the mass was equal to 99.9% of the total
mass of snow particles in the air, recorded the particle diameter D,,, and compared it with the
threshold particle diameter D, calculated by Eq.2. The results are shown in Tablel.

As shown in Table 1, particles with diameter larger than the threshold diameter do not enter into
air according to the vertical diffusion, indicating that these particles can not be described by the
diffusion equation. Thus, the judging criteria in Eq.2 are reliable.

In order to verify the reliability of the blowing snow model in this paper, we compared our mass
concentration results with those of the field observations (Fig.2). The red dots in Fig. 2 are the field
observation results near Saskatoon, Canada in 26 January 1987 (Pomeroy and Male, 1992) and the
black line in Fig.2 is our numerical simulation results using the same conditions in the above field
observation results. It is clear from Fig.2 that our simulation result is basically consistent with those
observed in the field, demonstrating the reliability of our simulations. It can be seen from Fig. 2 that
there are some discontinuities in our results, and the discontinuity is at a height of about 0.1m, which
is approximately equal to the maximum height of the saltating particles (Fig. 10a) for snow particles
near the height of 0.1m is rare. Therefore the randomness of snow particles’ number and their sizes at
0.1m is relatively large, which leads to the discontinuity of snow mass concentration. This problem is
more serious in case the wind speed is smaller, for the smaller the wind speed is, the fewer number of
snow particles in the air (See Fig.2a). It’s much improved when the wind speed is higher (see Fig.2c).

We also verify the reliability of our simulation by comparing our sublimation results with that of
the field observations (Fig.3). The red lines in Fig. 3 are the observation results of Schmidt (1982) in
Wyoming, U.S.A, in 1982. The black line represents the simulated results obtained at the same
environmental conditions as those of Schmidt's. It can be seen that the total sublimation rates
calculated using our model (black line) are approximately the same as Schmidt’s results, and the
sublimation rate at 0.01 m is two orders of magnitude larger than that at 0.1 m. These results
demonstrate that our results are reliable too.

We further compared our results with corresponding results of other models under the same

conditions. The black line in Fig. 4 represents the result of the sublimation rate of suspended particles

calculated by our model (u.=0.89,T =253.15K ). The other four lines are the results calculated by

9
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Xiao et al. (2001) using four existing blowing snow sublimation models, in which the sublimation of
saltating particles near surface was neglected. It is shown from Fig. 4 that all the sublimation rates of
suspended particle increase with height first, and then start to decrease, reaching peak at about 0.1 m.
Our results are higher than those of Xiao et al. (2001). The sublimation rate of the four models is zero
below at height 0.05 m, which is different with the result of our model and Schmidt (1982) in Fig. 3.
This is because the relative humidity below height of 0.05 m is set to 100% in the above-mentioned
four models, but not in our model.

Fig. 5 is the temporal evolution of the mass of saltating particles and suspended particles for
various friction velocities. It is shown that the masses of saltating and suspended particles increase
with time, and eventually reach steady. The mass of saltating particles is much higher than that of
suspended particles at the steady state. The time for saltating particles to reach steady state is about 2

s, while that is about 300 s for suspended particles._It can be seen that there are some fluctuations at 2

sec - 10 sec. This is due to the randomness of particle movement. And it also occurred in other models

using Lagrangian particle tracing method (McEwan and Willetts, 1991; Nemoto and Nishinura,

2004).

Fig. 6 shows the changes of temperature and humidity with height at initial state and at 1500 s. It
is shown that air temperature and relative humidity are changed by sublimation of blowing snow
particles, and the amplitude of these changes increase with the friction velocity. The greater wind
velocity will lead to more snow particles into the air and undergoing sublimation and subsequently
more dramatic changes in air temperature and relative humidity.

Fig. 7 and Fig. 8 show the temporal evolution of temperature and relative humidity at various
heights. It is clear from in Fig. 7 and 8 that the amplitude changes of temperature and relative
humidity decrease with height increasing and sublimation becomes weaker with height increasing
while the relative humidity becomes constant of about 2 s at 0.01 m and about 300 s at 10 m,
consistent with the corresponding values for suspended snow particles. This is because the main part
of snow particles near surface is saltating particles, while that in upper air is mainly suspended
particles (Fig. 10).

Fig. 8 also shows that the relative humidity near surface with three friction velocities does not

reach saturation when the blowing snow particles saturate, indicating that the snow sublimation does

10
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not stop. Moreover, the vertical diffusion of water vapor can effectively reduce the negative feedback
effect.

It can be seen from Fig. 9a that the sublimation rate of saltating particles shows a trend of first
increasing then decreasing with time. Its peaks at 2s and gradually decreases and reaches a steady
state at about 300 s. The negative feedback effect on saltating particles is very obvious and the time to
reach a steady state is about 300 s. Because the mass of saltating particles increases with time during
the first 2 s, with a greater amplitude than that of relative humidity, and the saltation sublimation rate
increases with time. However, the mass of saltating particles basically stays unchanged after 2 s,
while the relative humidity near surface gradually increases. Therefore, the sublimation rate decreases
with time. The relative humidity near surface also reaches steady after 300 s, resulting in the stability
of sublimation rate. The saltating particles distribute mainly near surface, where the amplitude change
of relative humidity is strong, resulting in a strong negative feedback effect on saltating particles.

It is shown in Fig. 9b that sublimation rate of suspended particles increases with time and
finally reaches steady at about 300 s. The negative feedback effect on suspended particles is not
obvious. The mass of suspended particles increases with time during the first 300 s with an amplitude
larger than that of the relative humidity. So the suspended sublimation rate increases with time. Then
the mass of suspended particles and relative humidity both reach their steady states, leading to the
sublimation rate of suspended particles becomes constant. Since the suspended particles mainly
distribute in upper air where the amplitude change of relative humidity is weak, therefore, the
negative feedback effect on suspended particles is also weak.

Although the effect of negative feedback on saltating particles is stronger than that on suspended
particles, the sublimation rate of saltating particles is still greater than that of suspended particles,
indicating that the sublimation of saltating particles is very strong even under the effect of negative
feedback.

Fig. 10 shows that the mass concentration of snow particles increases with friction velocity and
decreases with height, and the mass concentration of saltating particles is much higher than that of
suspended particles. It can be seen from Fig. 10a that saltating particles mainly distribute at height
below 0.1 m, which is consistent with the previous experimental results (Takeuchi, 1980).

Fig. 11 shows that sublimation rates increases with friction velocity. The sublimation rates of
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saltating and suspended particles show a trend of decrease after increasing, reaching peak at about
0.01 m for saltating particles, and about 0.1 m for suspended particles. This is because the mass
concentration and relative humidity of snow particles decrease with height, while temperature
increases. However, mass concentration of saltating particles changes more strongly than that of
suspended particles with height. Therefore, sublimation rate of saltating particles reaches peak at
lower height.

Table 2 shows that the sublimation rate at 0.01 m is two orders of magnitude faster than that at
0.1 m, consistent with the experimental results in Fig. 3, and it’s 3-4 times faster than that at 10 m,
although the negative feedback effect near surface is stronger than other regions. Because the mass
concentration of snow particles near surface is much higher than that in other regions (Fig. 8), and
water vapor near surface is not saturated, the sublimation rate near surface is much faster than that in
other regions.

The snow sublimation near surface was ignored in most previous studies (Déry et al., 1998; Xiao
et al. 2000; Vionnet et al. 2014). That is, to define a wind velocity related height, below which saltating
particles move, saltating particles are moved due to wind velocity below certain height. Assuming that
moisture below the height is saturated, therefore the snow sublimation would not be counted in the
region (Déry et al., 1998; Xiao et al. 2000; Vionnet et al. 2014). Three heights at several wind velocities
proposed by Déry et al. (1998), Pomeroy and Male (1992), and Xiao et al. (2000) were respectively
given in Table 3 (The height by Vionnet et al. (2014) was the same as that of Pomeroy and Male
(1992)). Fig. 12 shows the actual ratio of our simulated sublimation mass below the three heights to the
total. It is clear that all the sublimation masses below the three heights account for more than half of the
total sublimation mass. This is because the main part of snow particles is saltating particles (Mellor,
1965), which mainly distribute in near surface region. Although sublimation near surface leads to
significant changes in temperature and humidity, which have a strong inhibition effect on sublimation,
moisture near surface does not reach saturation due to the vertical diffusion of water vapor, resulting in
continuous snow sublimation. Therefore, the main part of the sublimation mass is sublimation of
saltating particles. Thus, it is not appropriate to neglect blowing snow sublimation near surface in
previous reports methods (Déry et al., 1998; Xiao et al. 2000; Vionnet et al. 2014). Fig. 12 also shows

that the proportion of the sublimation mass near surface decreases with friction velocity. Because more
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snow particles can enter into upper air with increased wind velocity, which will lead to decrease in
proportion of snow particles near surface, the proportion of the sublimation mass near surface will
decrease as well.

Fig.13 shows the vertical profiles of vapor flux. It is clear that vapor flux increases rapidly in
near surface region, where most of saltating particles move, and slows down greatly after reaching a
certain height. Because there is no horizontal flux of water vapor, the water vapor flux at any height
must be equal to the total amount of water vapor generated per second below the height. So most of
the water vapor is coming from near surface regions. It also can be seen from Fig. 13 that vapor flux
increases with friction velocity, similar to that for humidity (Fig.5) and moisture diffusion coefficient

(Eq.17).

4 Conclusions

We have established a blowing snow sublimation model with consideration of vertical moisture
diffusion and heat balance, to study the snow sublimation near surface in large snow cover area in this
paper. The simulation results showed that the blowing snow sublimation decreases air temperature
while increases air humidity. Meanwhile, the snow sublimation is reduced by the negative feedback
effect of temperature and humidity, especially at near surface region, in agreement with previous
researches. However, moisture near surface is not saturated due to the vertical moisture diffusion, so
snow sublimation near surface is a continuous process. The sublimation rate near surface is even
larger than that in the upper air, because mass concentration of snow particles near surface is much
higher than that in other regions. The sublimation rate at 0.01 m is two orders of magnitude greater
than that at 0.1 m, and is 3-4 orders of magnitude greater than that at 10 m. Furthermore, at low wind
speed, the mass of sublimation near surface accounts for more than half of the total sublimation mass,
and could not be neglected. Most of the air vapor in blowing snow is from near surface region.
Therefore, blowing snow sublimation near surface should be taken seriously in the study of snow
sublimation and water vapor transport in the future.

We will continue to develop our model in the future. Two possible improvements in the future
are that: (1) extend the model to three dimensions and take into consideration of the effects of

turbulence on the sublimation of both saltating and suspended particles in the atmospheric turbulent
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boundary layer, which will lead to a more accurate and realistic model; (2) propose a parametric
model of the blowing snow sublimation, which will provide parameterized values for the mesoscale

climate model of the polar ice sheet, the alpine glacier, snowy area with the high latitude and so on.

Acknowledgements. This work is supported by the State Key Program of National Natural Science
Foundation of China (91325203), the National Key Research and Development Program of China
(2016YYFC0500900), and the Innovative Research Groups of the National Natural Science Foundation
of China (11121202).

References

Bintanja, R.: Snowdrift suspension and atmospheric turbulence. Part I: Theoretical background and
model description[J], Boundary-Layer Meteorology, 95, 343-368, 2000.

Bintanja, R.: Snowdrift Sublimation in a Katabatic Wind Region of the Antarctic Ice Sheet[J], J. Appl.
Mete., 40, 1952-1966, 2001.

Carrier, C.: On Slow Viscous Flow, Tech. rep., Office of Naval Research, Contract Nonr-653(00),
Brown University, Providence,RI, 1953.

Csanady, G. T.: Turbulent Diffusion of Heavy Particles in the Atmosphere, Journal of Atmospheric
Sciences, 20, 201-208, 1963.

Cullen NJ, Molg T, Kaser G, Steffen K, Hardy DR, Energy-balance model validation on the top of
Kilimanjaro, Tanzania, using eddy covariance data, Annals of Glaciology, 46, 227-233, 2007.

Déry, S. J., Taylor, P. A., and Xiao, J.: The thermodynamic effects of sublimating, blowing snow in the
atmospheric boundary layer, Boundary-Layer Meteorol, 89, 251-283, 1998.

Déry, S. J., Yau, M. K.: A bulk blowing snow model, Boundary Layer Meteorol, 93, 237-251, 1999.

Groot Zwaaftink, C. D., H. Lowe, R. Mott, M. Bavay, and M. Lehning: Drifting snow sublimation: A
high-resolution 3-D model with temperature and moisture feedbacks, J. Geophys. Res.—Atmos.,
116, 971-978, 2011.

Huang, N., Sang, J.B. and Han, K.: A numerical simulation of the effects of snow particle shapes on
blowing snow development, J. Geophys. Res., 116, 2693-703, 2011.

Huang N, Dai X, Zhang J.: The impacts of moisture transport on drifting snow sublimation in the
saltation layer, Atmospheric Chemistry & Physics, 52, 1-18, 2016.

Lee, L.W.: Sublimation of Snow in a Turbulent Atmosphere, Ph.D. Thesis, Graduate school of the
University of Wyoming, University of Wyoming, Laramie, U.S.A., 1975.

Liston, G.E., Sturm M.: A snow-transport model for complex errain, J. Glaciol., 44, 498-516, 1998

MacDonald, M. K., Pomeroy, J. W. and Pietroniro, A: On the importance of sublimation to an alpine
snow mass balance in the Canadian Rocky Mountains, Hydrol. Earth Syst. Sci.14, 1401-1415,
2010.

Mann, G. W., Anderson, P. S., and Mobbs, S. D.: Profile measurements of blowing snow at Halley,
Antarctica, Journal of Geophysical Research: Atmospheres, 105, 24491-24508, 2000.

Marks D, Reba ML, Pomeroy J, Link T, Winstral A, Flerchinger G, Elder K, Comparing simulated
and measured sensible and latent heat fluxes over snow under a pine canopy, Journal of
Hydrometeorology, 9, 15061522, 2008.

McEwan | K. Willetts B B. Numerical model of the saltation cloud, Acta Mech.(Suppl.), 1, 53-66,

14




377 |
378
379
380 |
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

1991.

Mellor, M.: Optical measurements on snow. CRREL Res. Rep. 1965, 169.

Nemoto, M., and Nishimura, K.: Numerical simulation of snow saltation and suspension in a
turbulent boundary layer, J. Geophys. Res., 109, 1933-1943, 2004.

Pomeroy J. W., and Essery R. L. H.: Turbulent fluxes during blowing snow: field tests of model
sublimation predictions, Hydrological Processes, 13, 2963-2975, 1999.

Pomeroy J. W., and Male D. H.: Steady-state suspension of snow, Journal of Hydrology, 136, 275-301,
1992.

Pomeroy, J. W., and H. G. Jones: Wind-Blown Snow: Sublimation, Transport and Changes to Polar
Snow. Chemical Exchange Between the Atmosphere and Polar Snow. Springer Berlin
Heidelberg, 453-489, 1996.

Reba, M. L., Pomeroy, J., Marks, D., & Link, T. E.: Estimating surface sublimation losses from
snowpacks in a mountain catchment using eddy covariance and turbulent transfer
calculations. Hydrological Processes, 26, 3699-3711, 2012.

Schmidt, R. A.: Vertical profiles of wind speed, snow concentration, and humidity in blowing snow,
Boundary-L-ayer Meteorol, 23, 223-246, 1982.

Scott, W. D.: Measuring the erosivity of the wind, Catena, 24, 163—175, 1995.

Shao, Y. and Li, A.: Numerical modeling of saltation in the atmospheric surface layer, Boundary Layer
Meteorol, 91, 199-225, 1999.

Sugiura, K. and Maeno, N.: Wind-tunnel measurements of restitution coefficients and ejection
number of snow particles in drifting snow: determination of splash functions, Boundary Layer
Meteorol, 95, 123-143, 2000.

Takeuchi, M.: Vertical profiles and horizontal increasing of drifting snow transport, J. Glaciol. 26,
481-492, 1980.

Thorpe, A. D. and Mason ,B. J.: The evaporation of ice spheres and ice crystals, Br. J. Appl. Phys., 17,
541-548, 1966.

Vionnet, V., Martin, E., Masson, V., Guyomarc'h, G., Naaim-Bouvet, F., Prokop, A., Durand, Y., and
Lac, C.: Simulation of wind-induced snow transport in alpine terrain using a fully coupled
snowpack/atmosphere model, Cryosphere, 7, 2191-2245, 2014.

Wever, N., Lehning, M., Clifton, A., Riedi, J. D., Nishimura, K., & Nemoto, M., Yamaguchi, S., Sato,
A.: Verification of moisture budgets during drifting snow conditions in a cold wind tunnel. Water
Resources Research, 45, 171-183, 2009.

Bintania_ R Déry a An-lInte

Xiao, J., Bintanja, R., Déry, S. J., Mann, G. W., & Taylor, P. A.: An intercomparison among four
models of blowing snow, Boundary-Layer Meteorology, 97, 109-135, 2000.

Zhou, J., Pomeroy, J. W., Zhang, W., Cheng, G., Wang, G., & Chen, C.: Simulating cold regions
hydrological processes using a modular model in the west of china, Journal of Hydrology, 509,
13-24, 2014.

15



Table 1: Comparison of D, and Dy,

u, =0.35ms™ u, =0.41ms™ u, =0.54ms™
Dy, 80.55um 87.84um 102.61um
Dogos <80um <90um <110um

Table 2: Sublimation rate at 1500s for snow particles at various heights (*: friction velocity (m/s); **: height

(m); ***: sublimation rate (kgm=s™))

u. =0.35ms™ u. =0.45ms™ u. =0.55ms™
h=0.01" 371E-047 4.05E-04 4.21E-04
h=0.05 1.22E-05 2 31E-05 3.18E-05
h=0.1 6.11E-07 3.08E-06 5.37E-06
h=1 1.68E-07 1.12E-06 2.29E-06
h=5 2.93E-08 2.88E-07 7.52E-07
h=10 8.44E-09 1.09E-07 3.31E-07

Table 3: Height of most of saltating particles distributed below at various friction velocities

u, =0.35ms™ u, =0.45ms™ u, =0.55ms™
Déry et al. (1998) 0.0196m 0.0253m 0.0316m
Pomeroy and Male(1992) 0.0222m 0.0306m 0.0395m
Xiao et al.(2000) 0.05m 0.05m 0.05m
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Figure 1: Particle size distribution used in this paper, which fits the results of Schmidt’s (1982) field

observations.
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Figure 2: Comparison of mass concentration for this paper and field observation (a:
U, =0.35ms™;T =268.65K ; b: u, =0.41ms™;T =268.65K ; c: u. =0.54ms™;T =268.65K ). The results of red

dot are from near Saskatoon, Canada in 26 January 1987.
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Figure 3: Comparison of sublimation rate obtained this paper and by Schmidt (1982) (a:
U, =0.632ms™,T = 267.45k ; b: u, =1.072ms™,T = 265.65K ). The results of red line are from the data

observed by Schmidt (1982) in Wyoming, U.S.A, in 1982.
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Figure 4: Comparison of sublimation rate for this paper and four blowing snow’s models (Xiao et al., 2000).

The friction velocity is set to 0.89m/s, and the temperature is set to 253.15K.
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b: suspended particles)
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Figure 6: Vertical profiles of temperature and relative humidity
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Figure 7: Temporal evolution of temperature for various heights
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Figure 8: Temporal evolution of relative humidity for various heights
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Figure 9: Temporal evolution of saltation sublimation rate and suspension sublimation rate (a: saltating

particles; b: suspended particles)
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Figure 10: Vertical profiles of mass concentration for saltation and suspension (a: saltating particles, b:

suspended particles)
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Figure 12: The ratio of sublimation mass below three heights to the total. Sublimation mass below a certain
height is the sublimation mass that was ignored by other’s models (Déry et al. 1998; Pomeroy and Male,

1992, and Xiao et al., 2000).
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