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Abstract. Four one-dimensional, time-dependent blowing snow models are intercompared. These
include three spectral models, PIEKTUK-T, WINDBLAST, SNOWSTORM, and the bulk version of
PIEKTUK-T, PIEKTUK-B. Although the four models are based on common physical concepts, they
have been developed by different research groups. The structure of the models, numerical methods,
meteorological field treatment and the parameterization schemes may be different. Under an agreed
standard condition, the four models generally give similar results for the thermodynamic effects
of blowing snow sublimation on the atmospheric boundary layer, including an increase of relative
humidity and a decrease of the ambient temperature due to blowing snow sublimation. Relative
humidity predicted by SNOWSTORM is lower than the predictions of the other models, which
leads to a larger sublimation rate in SNOWSTORM. All four models demonstrate that sublimation
rates in a column of blowing snow have a single maximum in time, illustrating self-limitation of
the sublimation process of blowing snow. However, estimation of the eddy diffusion coefficient for
momentum (Km), and thereby the diffusion coefficients for moisture (Kw) and for heat (Kh), has
a significant influence on the process. Sensitivity tests with PIEKTUK-T show that the sublimation
rate can be approximately constant with time after an initial phase, ifKm is a linear function with
height. In order to match the model results with blowing snow observations, some parameters in the
standard run, such as settling velocity of blowing snow particles in these models, may need to be
changed to more practical values.
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1. Introduction

Blowing snow is a common phenomenon in many high latitude regions. For ex-
ample, over parts of the Arctic Ocean and Antarctica, blowing snow events occur
on about one out of four days (Déry and Yau, 1999a; Mann, 1998). It is not only an
important hydrological process, owing to its capacity for redistributing precipitated
snow, but also a significant meteorological process. During blowing snow events,
the sublimation of blowing snow particles can be a source of water vapour and a
sink of sensible heat.

Blowing snow observations were made, for example, during the British Antarc-
tic Survey’s second Stable Antarctic Boundary Layer Experiment (STABLE2) at
Halley in 1991 (Dover, 1993; Mann, 1998); on the American Great Plains at Lara-
mie, Wyoming in 1974 (Schmidt, 1982); and on the Canadian Prairies (Pomeroy,
1988).

The physics of blowing snow saltation and suspension is complex, since pro-
cesses are interactive. Accurate blowing snow observations are difficult to make.
Several problems occur with instruments, especially for the observations of particle
density, shape and size distribution and for relative humidity. These factors are
important for correctly estimating the sublimation rate. The process is also very
dependent on the surface conditions. Different observations may give different es-
timates of blowing snow parameters. For instance, the formula to calculate blowing
snow drift density in the saltation layer given by Pomeroy et al. (1993), based
on their observations over the Canadian Prairie, overestimated that observed by
Schmidt (1982) in Laramie. Our understanding of the physics of blowing snow is
still far from complete.

Recently, numerical models have been used as a tool to study this complex
phenomenon and its possible influence on the atmospheric boundary layer. Sev-
eral numerical models have been developed (Pomeroy et al., 1993; Liston, 1993;
Mobbs, 1993; Mann, 1998; Déry, 1998; Bintanja, 2000a); their application can
help in the design of field experiments, and in the identification of the sensitivities
of the sublimation rate to parameters and the need for accurate observations of
critical parameters. However, different models may give different results under
given conditions. For example, the sublimation rate in a column of blowing snow
calculated by one version of the Prairie Blowing Snow Model (PBSM) (Pomeroy,
1988; Pomeroy et al., 1993) is about 13 times that estimated by the steady state
fetch-dependent blowing snow model PIEKTUK-F (the name PIEKTUK is from
an Inuktituk word for blowing snow) in a wind speed of 20 m s−1 under certain
conditions (Déry et al., 1998). Hence, model intercomparisons and verification
become especially necessary.

In idealized circumstances, appropriate to large areas of homogeneous snow
cover, blowing snow can be considered as a one-dimensional, time-dependent pro-
cess. In this work, four one-dimensional, time-dependent models have been used.
Three of the models are based on a size spectrum of blowing snow particles, and
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referred to as spectral models; they are PIEKTUK-T developed at York Univer-
sity in Canada (Déry et al., 1998), WINDBLAST developed at Leeds University
in the United Kingdom (Mann, 1998) and SNOWSTORM developed at Utrecht
University in the Netherlands (Bintanja, 2000a). The fourth is the bulk version of
PIEKTUK – PIEKTUK-B, developed at McGill University in Canada (Déry and
Yau, 1999b), for coupled simulations using a mesoscale compressible community
(MC2) model (Benoit et al., 1997) with a simplified algorithm.

2. Model Descriptions

The three spectral models (PIEKTUK-T, WINDBLAST, SNOWSTORM) as well
as the bulk model PIEKTUK-B are one-dimensional blowing snow models in
which the elements are only allowed to vary in the vertical directionz and with
time t . The situation is assumed to be horizontally homogeneous with an unlimited
upwind snow fetch. The intercomparison is limited to pure snow surfaces with no
protruding vegetation or stubble, and with no falling snow. Nocturnal situations
are simulated so that solar radiation effects can be ignored. The intercomparison is
limited to strong winds and near-neutral conditions.

All these models are based on a series of assumptions about the suspended
particles,
(i) the blowing snow particles are spheres with the density of ice, since snow crys-

tal structures formed during precipitation are quickly reduced by mechanical
abrasion according to Schmidt (1972);

(ii) the volume concentration of blowing snow is high enough so that the snow and
air two-phase flow may be regarded as a continuum, and the concentration is
low enough that the interaction between particles can be neglected (Schmidt,
1972);

(iii) the particles have the same horizontal velocity as the parcel of the air in which
they are suspended (Schmidt, 1982).

A brief discussion of the four models and the parameters used for the purpose
of model intercomparison are given here. The detailed descriptions of each model
can be found separately (Déry et al., 1998; Déry and Yau, 1999b; Mann, 1998;
Bintanja, 2000a).

2.1. PARTICLE SIZE DISTRIBUTION AND DENSITY IN THE SALTATION LAYER

The construction of the models is similar in a number of respects. All models divide
the blowing snow into two layers: saltation and suspension. At the start, there are no
blowing snow particles in the suspension layer, and with time, small particles are
then diffused upwards and the suspension layer develops. Particle movements in
the suspension layer are controlled by turbulent diffusion and settling under gravity,
while sublimation leads to mass loss and size reduction of individual particles (in
the spectral models).
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The saltation layer acts as a lower boundary condition for the suspension layer.
In the spectral models, the particle size distribution follows a normalized, two
parameter gamma distribution in the saltation layer (Budd, 1966; Schmidt, 1982),
with

f (r) = rα−1e−r/β

βα0(α)
(1)

and

0(α) =
∫ ∞

0
rα−1e−r dr. (2)

Hereα is a dimensionless shape parameter, which is set to a value of 2 in the
standard run for the model intercomparison,β is a scale parameter with a length
dimension (m),r is the instantaneous radius of a particle (m). In the gamma distri-
bution,αβ is equal tor with r the mean radius, set to 75× 10−6 m in the standard
run. Since the saltation layer is considered as a thin, well-mixed layer,f is only a
function ofr in this context (i.e., not dependent onz).

In PIEKTUK-B, the size distribution is assumed to be given by the gamma
function at all heights, both in the saltation layer and in the suspension layer;f is
then not only a function ofr but also allows a height dependence ofβ (α is set to
a constant). Déry and Yau (1999b) constrain bothα andβ, estimated following a
special solution of the diffusion/sedimentation equation for blowing snow particles.
The blowing snow drift density in the saltation layer is set equal to a constantd =
0.2 kg m−3 in the model intercomparison.

In PIEKTUK-T and WINDBLAST, the particle number density is needed at the
lower boundary. Because the particle size distribution in the saltation layer satisfies
the two-parameter gamma distributionf (r), the particle number densityNlb is then
given by

Nlb = d/M, (3)

where

M =
∫ ∞

0

4

3
πr3ρif (r)dr (4)

is a mean mass of the particles (since
∫∞

0 f (r) dr = 1), with the density assumed
to be that of pure iceρi (= 900 kg m−3).

In PIEKTUK-B,Nlb is given by Equation (3) in the saltation layer. The classical
power law equation for suspended particle concentration, the so-called analytical
solution, is used to determine number density at other heights as

Na(z) =
∫ ∞

0
f (r)×Nlb

[
z + z0

zlb + z0

]−wT /κu∗
dr, (5)
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TABLE I

Particle size bin and bin numbers.

Models Bin size Number of Size

δr bins range

(µm) # (µm)

PIEKTUK-T 4 192 0–768

WINDBLAST 5 80 0–400

SNOWSTORM 10 48 0–480

wherezlb is the lower boundary height set to 0.05 m andz0 is the roughness length
set to 0.001 m.

It is worth noting that in SNOWSTORM, the particle conservation equation is
based on particle drift density. Therefore, instead of calculating the particle number
density, the mass distribution is calculated. The normalized discrete distribution
function for mass in a size bin (i), fmi , is given by

fmi =
fimi∑
(fimi)

, (6)

wheremi is the mass of one particle (4
3πρir

3
i ), and the summation is over all size

bins. In the saltation layer of SNOWSTORM, this normalized distribution is used
to distribute the total mass (or density) over each size bin by

di = d × fmi , (7)

wheredi is the mass in each size bin.
In a test with PIEKTUK-T, with the particle size distribution covering 0–400

µm in radius, the particle number density ratio between the numerical and ana-
lytical solutions,Rn, is 99.995%. The particle mass ratio between numerical and
analytic solutions,Rm is 98.11%. Table I shows particle size bin and bin number
for each spectral model, where all three models cover at least 0–400µm particles
in radius, and so cover most particles very well. A sensitivity test shows that the
bin size does not play an important role in the accuracy of the results.

2.2. SUBLIMATION

In the spectral models, the rate of change in mass dm/dt (kg s−1) of a single particle
of radiusr due to sublimation is given as (Thorpe and Mason, 1966)

dm

dt
= 2πr(Rh − 1)

Ls
KNNuTa

(
Ls
RvTa

− 1
)
+ RvTa
NShDei

. (8)
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In each original model, the parameter values may be slightly different. For the
purpose of the model intercomparison, they all took on the same values. HereK is
the thermal conductivity of air taken as 2.4×10−2 W m−1 K−1, Ls the latent heat
of sublimation (2.835× 106 J kg−1), Rv the gas constant for water vapour (461.5
J kg−1 K−1), D the molecular diffusivity of water vapour in air (2.25× 10−5 m2

s−1, although this may be a little higher at 253 K),ei is the saturation water vapour
pressure with respect to an ice surface in Pa;Rh is the relative humidity with respect
to the saturation vapour pressure above an ice surface at ambient temperatureTa
in K. The initial conditions forRh andTa will be discussed later.NNu andNSh are
the Nusselt and the Sherwood numbers, noting that Lee (1975) demonstrated that
in a turbulent atmosphere subject to blowing snow, the Nusselt and the Sherwood
numbers are the same. For the model intercomparison, following Lee (1975) and
Thorpe and Mason (1966), all models assumed

NNu = NSh=
{

1.79+ 0.606N0.5
Re 0.7< NRe< 10.0

1.88+ 0.580N0.5
Re 10.0< NRe

(9)

with NRe(= 2rVr/υ) being the Reynolds number, whereυ is the kinematic vis-
cosity of air (1.53× 10−5 m2 s−1) andVr is the ventilation velocity (m s−1). Since
we assume that the particles in an air parcel move with air at the same horizontal
velocity, the ventilation velocity is then assumed to be equal to the settling velocity
of a particle (wf ). We exceed the range given by Lee (1975) for the second formula
in (9) (beyondNRe =200), but only very few large particles are involved and any
error should be small.

The local sublimation rate per unit volume (kg m−3 s−1) in PIEKTUK-T and
WINDBLAST is computed as

qsubl(z) =
∑
i

Fi
dmi
dt
δr, (10)

whereFi is the particle number density in each size bin predicted by the models
and dmi /dt is computed from Equation (8) withr = ri. In SNOWSTORM,qsubl

can be obtained by summing over the equation forSdi in Table III.
The total vertically integrated sublimation rate over a unit horizontal land area

isQsubl (kg m−2 s−1), and given by

Qsubl=
∫ ∞

0
qsubldz. (11)

If the density of water is 1000 kg m−3, 1 kg m−2 snow is equal to 1 mm water
depth. Therefore, the unit can also be written as mm day−1 Snow Water Equivalent
(SWE) after multiplication by 3600× 24.

The local bulk sublimation rateSb (kg kg−1 s−1) for a gamma distribution of
particles in PIEKTUK-B is given by the equation in Table III, whereqb is the
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TABLE II

Conservation equation.

Models Equation Closure scheme

PIEKTUK-T

WINDBLAST
∂Fi
∂t
= ∂wf Fi

∂z
− ∂w′F ′i

∂z
+ SF i First order

SNOWSTORM ∂di
∂t =

∂wf di
∂z −

∂w′d ′i
∂z + Sdi E-ε

PIEKTUK-B ∂qb
∂t
= ∂

∂z
(Kb

∂qb
∂z
+ vbqb)+ Sb Not applicable

blowing snow mixing ratio (kg kg−1), and the thermodynamic and diffusion terms
associated with the phase change are given by the coefficientsFk andFd (m s kg−1)
– see Déry and Yau (1999b) for more details.

2.3. THE CONSERVATION EQUATION OF SUSPENDED BLOWING SNOW

PARTICLES

Physically, all four models describe the variation in snow particle distribution based
on the effects of turbulent diffusion, settling and sublimation. In PIEKTUK-T and
WINDBLAST, the snow particle number density in each size bin (m−3 bin−1) is
used as the dependent variable. In SNOWSTORM, the snow drift density in each
size bin (kg m−3 bin−1) is used while in PIEKTUK-B, the blowing snow bulk
mixing ratio (kg kg−1) is the variable.

The particle size spectrum is shifted toward small particle sizes due to sublim-
ation, which is described bySFi, Sdi or Sb, as shown in Table III, wheremr is the
mass of a particle with radiusr, Nr is the number of particles in each size bin and
the change in particle radius is given by

dr

dt
=

dm
dt

4πr2ρi
. (12)

The turbulent diffusion of particles is represented in PIEKTUK-T and WIND-
BLAST by

w′F ′i = −Ks
∂Fi

∂z
, (13)

whereKs(z) is a specified eddy diffusivity coefficient for blowing snow particles.
In SNOWSTORM, the eddy diffusivity for particlesKs is assumed equal to

Km, whereKm is obtained from anE-ε closure scheme used for the momentum
equations (discussed below in Section 2.7).
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TABLE III

Net change due to sublimation.

Models Net change due to sublimation

PIEKTUK-T

WINDBLAST
SF i =

[
−Fi+1

dri+1
dt +Fi dri

dt

]
1r

SNOWSTORM Sdi = −mr ∂∂r
(

Nr
4πr2ρi

(
∂m
∂t

)
r

)
PIEKTUK-B Sb = qbNNu(Rh−1)

2ρi r̄2(Fk+Fd)

Instead of considering the equations for a spectrum of particles, a diffusion
equation for the blowing snow mixing ratioqb (kg kg−1) is solved in PIEKTUK-
B, as shown in Table II, whereKb is the same as the diffusion coefficient (Ks)
used in PIEKTUK-T. Also in PIEKTUK-B,vb (m s−1) is a settling velocity that
characterises the particle distribution - see later discussion.

2.4. WIND PROFILES

In all four models, the methods to deal with wind profiles are slightly different.
In PIEKTUK-B and PIEKTUK-T, we simply specify a logarithmic vertical profile
with prescribedu∗ andz0 values. In SNOWSTORM, the wind speed is determined
from a solution of the equations in Table IV, whereu′w′ is parameterized by an
E-ε scheme including consideration of density stratification associated with the
presence of snow particles.

In WINDBLAST, a full atmospheric boundary-layer model is used based on the
equations in Table IV, whereu andv represent thex andy velocity components
respectively, and whereu′w′, v′w′ are evaluated by a first-order closure scheme,

u′w′ = −Km∂u
∂z
, (14)

v′w′ = −Km∂v
∂z
. (15)

The eddy diffusivityKm is discussed later. The geostraphic wind is (ug, vg) with
fco the Coriolis parameter.

2.5. HEAT AND MOISTURE FIELDS

In all four models, the control equations for heat and moisture are as shown in
Table V, whereδq andδθ are local rates of change in mixing ratio and potential



AN INTERCOMPARISON AMONG FOUR MODELS OF BLOWING SNOW 117

TABLE IV

Wind profile in the model.

Models Wind speed Closure scheme

PIEKTUK u = (u∗/κ) ln[(z+ z0)/z0] Not applicable

∂u
∂t
= − ∂u′w′

∂z
+ fco(v − vg)

WINDBLAST First order
∂v
∂t
= − ∂v′w′

∂z
− fco(u− ug)

SNOWSTORM ∂u
∂t
= − ∂u′w′

∂z
E-ε

TABLE V

Heat and moisture.

Models Heat/moisture Closure scheme Heat source

PIEKTUK-T

WINDBLAST

SNOWSTORM

 ∂q
∂t
= − ∂w′q ′

∂z
+ δq

∂θ
∂t
= − ∂w′θ ′

∂z
+ δθ


first order

first order

E-ε

Air/particle

Air

Air

temperature due to sublimation. In all cases fluxes and gradients are related by eddy
diffusivities,Kw orKh.

In WINDBLAST, SNOWSTORM and PIEKTUK-B, the thermal capacity of
the suspended snow is neglected, and heat is taken only from the air. In PIEKTUK-
T, the heat is taken from both air and particles to maintain the sublimation, but this
difference has little impact on the results (see Déry et al., 1998, for details).

2.6. EDDY DIFFUSION COEFFICIENT

In the models considered here, the eddy diffusion coefficients for water vapour
(Kw), heat (Kh) and blowing snow particles (Ks) are assumed proportional to the
eddy viscosity (Km), so that

Kw = β1Km, (16)

Kh = β2Km, (17)

Ks = β3Km. (18)

Here,β1, β2 and especiallyβ3 are controversial parameters andβ3 has been
taken both significantly greater than and less than unity in the literature (see, for
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TABLE VI

Eddy coefficients in the model.

Models Eddy coefficient Mixing length (m)

PIEKTUK Km = u∗l 1
l
= 1

φsf κ(z+z0) +
1

φsf lmax

WINDBLAST Km = l2S The same as PIEKTUK-T

S =
[(

∂u
∂z

)2+
(
∂v
∂z

)2
] 1

2

SNOWSTORM Km = cE2

ε Not applicable

example, Sommerfeld and Businger, 1965; Lees, 1981; Dyer and Soulsby, 1988;
Mann, 1998). In our model intercomparison, we have simply takenβ1, β2 andβ3

all equal to 1, although see the brief discussion in Section 4.2.
In PIEKTUK and WINDBLAST, near the ground, the mixing lengthl (see

Table VI) increases with height and reaches a maximumlmax at upper levels. Meas-
urements suggest that the value oflmax is about 40 m in a neutral boundary layer
(Taylor, 1969).

In PIEKTUK, φsf is equal to 1.0, considering only the neutral case. In WIND-
BLAST, the reduction in turbulent mixing due to stable stratification is considered
(see Mann (1998) for details); for the eddy coefficient in SNOWSTORM, refer
to Bintanja (2000a). In the formula forKm in SNOWSTORM in Table VI,c is a
constant,E is turbulent kinetic energy andε is the viscous dissipation rate, where
E andε are calculated from prognostic equations.

In PIEKTUK, Km does not change with time. In WINDBLAST and
SNOWSTORM, it decreases but the change with time is small, especially at lower
levels where the blowing snow occurs. In PIEKTUK,Km increases steadily with
height until reaching or approaching a maximum value. In WINDBLAST,Km in-
creases with height, reaches a maximum value and then decreases with height.Km
in SNOWSTORM increases steadily with height and the value at upper levels is
much larger than that in the other models, as shown in Figure 1. This leads to some
significant difference in the model results – to be discussed later.

2.7. SETTLING VELOCITY OF BLOWING SNOW PARTICLES

The terminal velocity (wT ) of spheres of pure ice in still air can be calculated by
analytically solving the equation of the particle motion with a balance between
gravity and the drag force, if Carrier’s (1953) formula for drag coefficient,

CD = 24

NRe
(1+ 0.0806NRe) (19)
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Figure 1.Profiles of eddy coefficients for momentum. The eddy coefficients for water vapour, heat
and suspended blowing snow particles are assumed to be equal to that for momentum in the standard
run.

is used.
However, the settling velocity (wf ) of natural blowing snow particles in a tur-

bulent flow is generally not equal towT . Determination ofwf is an important
and complex issue. At present, our knowledge of the settling velocity is not well
established. Wang and Maxey (1993) showed that, in homogeneous turbulence the
average settling velocity of a small rigid spherical particle, subject to a Stokes drag
force, can increase by as much as 50% over the terminal velocity in still air while
for larger particles, subject to a non-linear drag force, the net non-linear increase
in average settling velocity due to turbulence is reduced. Businger (1965) pointed
out that oscillations of the fluid vertical velocity may reduce the settling velocity
considerably, especially for particles with Reynolds numbers large enough to be
above the Stokes range. The irregularity of real blowing snow particles may reduce
their settling velocity relative to the idealized spherical particles. If we letγ be the
ratio betweenwf andwT (γ = wf /wT ), γ is unlikely to be equal to 1, although,
in the standard run, we setγ equal to 1. A discussion onγ and the sensitivity of
sublimation rate to it will be given later.
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In PIEKTUK-B, a representative terminal velocity for the particle distributions
is specified by the weighted average as

vb(z) =
∫∞

0 wf r
5F(r, z)dr∫∞

0 r5F(r, z)dr
. (20)

See Déry and Yau (1999a) for further details; ther5 weighting is based on an
empirical assessment.

2.8. INITIAL AND BOUNDARY CONDITION

The initial near-surface logarithmic wind profile is set withu∗ =0.87 m s−1 andz0

= 0.001 m in all models. We assume that the initial potential temperature (θ0) is
a constant, independent of height (θ0=253.16 K in the standard run). The absolute
temperature is then

Ta = θ0

(
p

p0

)κa
, (21)

whereκa = 0.286.
The initial pressure distribution is based on the hypsometric equation,

p = p0 exp(− zg

Rdθ0
), (22)

wherep0 is the air pressure atzlb (taken as 1000 hPa) andRd is the gas constant
for dry air (287.0 J kg−1 K−1).

The initial relative humidity,Rh, profile is set to

Rh(t = 0) =
{

1− Rs ln(z/zlb) for z < 100 m
0.7 for z ≥ 100 m

(23)

whereRh is equal to 100% at the lower boundaryzlb and decreases with height
until z = 100 m.Rh is 70% at 100 m and above withRs = 0.039469.

The model domain and vertical grid differ between the models, as shown in
Table VII. In the four models, the fluxes of heat on the upper and lower boundaries
are set to zero. In PIEKTUK, the particle number density is set to the value in the
saltation layer at the lower boundary with no change with time and is zero at the
upper boundary. In SNOWSTORM, the particle drift density is set to a constant
value at the lower boundary and the flux is set to zero at the upper boundary. In
WINDBLAST, Monin–Obukhov theory with Owen’s adjustment to surface-layer
similarity for the saltating particles is applied at the lower boundary and the particle
number density is set to zero at the upper boundary. For more details, refer to Mann
(1998).
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TABLE VII

Model domain and vertical grid numbers.

Models Depth Vertical grid

(m) #

PIEKTUK-T 1000 128

WINDBLAST 2500 150

SNOWSTORM 1000 76

PIEKTUK-B 1000 24

TABLE VIII

Lower boundary condition.

Models Particles Heat flux Moisture

PIEKTUK-T, -B Number density 0 Rh = 100%

WINDBLAST Monin–Obukhov M–O M–O

SNOWSTORM Drift density 0 Rh = 100%

3. Results from the Models under Standard Conditions

3.1. DRIFT DENSITY

Figure 2a shows the blowing snow drift density (ρs, kg m−3) predicted by the
models att = 1 min and 60 min. As expected, the four models show that the blowing
snow drift density decreases rapidly with height. An analytical solution is also
shown, obtained by neglecting sublimation and considering a steady state with a
balance between turbulent diffusion and settling under gravity for uniform size
particles. Whenl = κ(z + z0), the equation can be solved analytically, as shown
in Equation (5). This solution, summed over the particle spectrum, is labelled as

TABLE IX

Upper boundary condition.

Models Particles Heat flux Moisture

PIEKTUK-T, -B Density = 0 0 Rh = 70%

WINDBLAST Flux = 0 0 Rh = 70%

SNOWSTORM Flux = 0 0 Rh = 70%
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the ‘ANALYSIS’ solution in Figure 2a. The evolution of drift density profiles from
the four models shows that the profiles approach the analytic solution with time
at higher levels. Note however that in practice the balance between gravitational
setting and turbulent diffusion may never be reached for small particles (Kind,
1992) at all height.

Since sublimation is neglected in the analytic solution, the numerical predic-
tions from all models with sublimation and the sameu∗ andl should have smaller
drift densities (at the same height and at all times) than those computed from the
analytic solution. However, near the surface (well below 10 m) where the density
is largest, the numerical solutions are close to the analytic one. Above this level,
the speed of approach to the analytic solution is different for different models. The
drift density in SNOWSTORM soon reaches a steady state and the profile of drift
density at 5 min (not shown) is very close to that at 60 min. This result is probably
related to the largerKs , see later discussion of the sensitivity tests.

Solutions forρs tend to zero with increasing heights; with time increasing,
the heights at whichρs → 0 increase. This illustrates the development of the
suspended blowing snow layer.

Figure 2b shows the profiles of particle number densities from each model.
These correspond to the drift densities in Figure 2a, but generally show a slower
(though still large) variation with height since there are smaller particles at the
higher levels. Among the spectral models, SNOWSTORM predicts the lowest
particle numbers above 1 m after 60 min; the curve labelled as ‘ANALYSIS’ is
also shown in the figure.

PIEKTUK-B is anomalous in that it assumes a number density profile matched
to the analytic power-law solution. The profile differs slightly from the similar
‘ANALYSIS’ solution because of differences in the particle bin size used for these
computations (16µm in PIEKTUK-B). Within PIEKTUK-B, this number density
profile is assumed to be independent of time and the increases in snow drift density
with time shown in Figure 2a, apart from diffusion within this bulk model, are
caused by increases in particle mean radius – see also discussion of Figure 3 below.

3.2. MEAN RADIUS AND SIZE DISTRIBUTIONS

In all models, the particle mean radius decreases with height (Figure 3) since only
smaller particles are diffused to higher levels. For a given height, SNOWSTORM
predicts the largest mean particle radius, followed by PIEKTUK-T and WIND-
BLAST, while PIEKTUK-B predicts a substantially smaller mean radius than
those from the spectral models, even smaller than the analytic solution (labelled
as ‘ANALYSIS’ in Figure 3), especially at upper levels.

The mean radius at fixed height reduces with time in the spectral models.
Sensitivity tests with PIEKTUK-T without sublimation also show that the mean
radius decreases with time at fixedz and tends to the steady-state analytic solu-
tion. Diffusion is assumed equally effective for all size particles while settling is
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Figure 2.Profiles of blowing snow drift (a, upper) and number (b, lower) density predicted by the
models after 1 and 60 min. The analytical solutions without sublimation, labelled ‘ANALYSIS’, are
also given.
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Figure 3.Profiles of particle mean radii forecast by the models after 1 and 60 min. The analytical
solution, labelled ‘ANALYSIS’ is also shown.

stronger for larger particles; initially, diffusion is greater than settling. With time,
larger particles settle faster than smaller ones, reducing mean sizes even though the
concentration increases. Meanwhile, sublimation of snow particles makes the size
distribution move towards even smaller sizes. However, the particle mean radius
given by PIEKTUK-B increases with time at a fixedz.

As mentioned before, we assumed that the size distribution in the saltation
layer follows the gamma distribution in the spectral models. The measurements
by Schmidt (1982) suggest that the size distribution in the suspension layer also
approximately follows a gamma distribution. The results from the three spectral
models also predict approximate gamma distributions in the suspension layer. The
three models all show that theα parameters in these gamma distributions generally
increase with height and time (Figure 4), which indicates that the distributions
become narrower and more symmetric. In PIEKTUK-T,α increases with height
above 0.1 m more rapidly than in SNOWSTORM and WINDBLAST. The reason
for the change ofα with time and height may partly be because the smaller
particles become smaller with time due to sublimation and because the relative
radius change is larger for smaller particles. Recall that in PIEKTUK-B,α = 2 and
is constant throughout the vertical domain, explaining in part the lower values for
the profiles of mean radius predicted by this model.

Figure 5 shows the particle size distributions and their time evolution for the
four models at 1 m high. At this level, most of the particles are smaller than 50
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Figure 4.Profiles of theα parameter from the models after 1 and 60 min; note that theα parameter
is a constant (= 2) in PIEKTUK-B.

µm, and with time, the particle number densities increase. However, the increase
is different in the different models. The particle number density in SNOWSTORM
is smallest at 60 min, corresponding to the drift density results in Figure 2a or
the number density in Figure 2b. The results from the three spectral models are,
however, generally similar.

3.3. RELATIVE HUMIDITY , TEMPERATURE AND LOCAL SUBLIMATION RATES

WINDBLAST and PIEKTUK-T generally predict similar profiles of relative hu-
midity as shown in Figure 6 and the relative humidity after 60 min is above 95%
for z < 100 m. SNOWSTORM predicts smaller relative humidity values after 60
min, and has results less than 70% for largez. Though the region we are mainly
concerned with is the near surface layer where the blowing snow occurs, the sens-
itivity test shown later explains that the lower relative humidity values aloft are the
results of assumingKw to be linear with height.

Figure 7 shows vertical profiles of the local sublimation rate. The sublimation
rate decreases with time since the relative humidity increases and the temperature
decreases due to the sublimation itself. The lower boundary condition of relative
humidity has been fixed at 100% and the sublimation rate is therefore zero at
zlb. The local sublimation rate reaches a maximum value just abovezlb where
the particle number density is relatively large, even though the relative humid-
ity is high. Above this level, the particle number density becomes smaller and
the local sublimation rate decreases with height. Since the relative humidity in
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Figure 5.Particle number density distribution atz = 1 m predicted by the spectral models after 1 and
60 min.

Figure 6. Profiles of relative humidity predicted by the models after 1 and 60 min; 100% relative
humidity is set at the lower boundary.
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Figure 7.Profiles of local sublimation rate for the suspension layer predicted by the models after 1
and 60 min.

SNOWSTORM is lower than in the other models att = 60 min, the sublimation
rates in SNOWSTORM are noticeably larger.

PIEKTUK-B predicts less sublimation than that predicted by the spectral mod-
els at lower levels (z < 10 m fort = 1 min) but this is balanced by more sublimation
at higher levels. We attribute this primarily to the differences in number density
profiles (Figure 2b).

As a result of the sublimation of blowing snow particles, the near-surface po-
tential temperature decreases (Figure 8), and at 1 min, the four models give very
similar temperature profiles. As the process develops, at 60 min, SNOWSTORM
predicts the lowest near-surface temperatures, because the sublimation rate in
SNOWSTORM is the largest. The temperature predicted by WINDBLAST is the
highest near the surface.

3.4. TEMPORAL EVOLUTION OF THE VERTICALLY INTEGRATED

SUBLIMATION AND TRANSPORT RATES

For many applications, the vertically integrated rates are the most important predic-
tions of the models. Figure 9 shows the time evolution of the vertically integrated
sublimation rate in a column of blowing snow. As before, the sublimation rate
predicted by SNOWSTORM is the largest among the four models on account of
the lower relative humidity. We notice that the higher sublimation rate is not the
result of particle density; the particle density in SNOWSTORM (Figure 2a) is no
larger than that in other models because of its linearKs . The sublimation rate in
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Figure 8.Profiles of potential temperature predicted by the models at 1 and 60 min.

Figure 9.Temporal evolution of the vertically integrated sublimation rate in the suspension layer of
a column of blowing snow.
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Figure 10.Temporal evolution of the vertically integrated transport rate.

WINDBLAST is smallest among the models. PIEKTUK-B predicts a peak sublim-
ation rate about 2 min, while in SNOWSTORM, the maximum occurs later (about 6
min). The maximum values predicted by PIEKTUK-T and WINDBLAST occur at
the same time at about 3 min. Under the conditions set for the intercomparison, the
sublimation rates range from about 2–4 mm day−1, corresponding to a relatively
large (64–128 W m−2) latent heat flux.

Figure 10 gives the temporal evolution of the vertically integrated transport
rate

∫∞
zlb
Uρs dz, with those predicted by PIEKTUK and WINDBLAST increasing

with time. The transport rate in SNOWSTORM increases, and reaches a maximum
value then decreases slowly. This temporal change tendency of the transport rate in
SNOWSTORM may be related to itsKs, which increases with height linearly and
decreases with time, as analysed in the next section. The transport rate predicted
by PIEKTUK-T is the largest, but all models predict comparable results.

4. Sensitivity Tests

4.1. SENSITIVITY TO lmax

The results presented above suggested a number of sensitivity tests, and these tests
have been performed with the PIEKTUK-T model. One sensitivity test has been
designed to test the effect of the eddy diffusion coefficient on the model predictions.
Notice that we have assumed that the eddy coefficients for water vapour, mixing
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ratio and blowing snow particles are all equal to that for momentum. Therefore, the
change onKm is also applied toKs, Kw andKh. Within PIEKTUK-T, we change
the maximum mixing lengthlmax (see Table VI) to 5000 m instead of 40 m as in
the standard run. This effectively corresponds toKm varying linearly withz, as in
SNOWSTORM.

Drift density profiles show that whenlmax is equal to 5000 m, the density profiles
are very similar to those predicted by SNOWSTORM in Figures 2a and 2b. The
vertical diffusion of particles withlmax = 5000 m fails to lead to higher density,
however, since most particles are restricted to the lower levels where the change in
lmax has little impact onKm, as can be seen in Figure 1.

As in the profiles predicted by SNOWSTORM in Figure 6, the relative humidity
profile simulated by PIEKTUK-T withlmax= 5000 m at 60 min also gives values
less than 70% at higher levels and the relative humidity is smaller than that with
lmax= 40 m at lower levels. Since the initial temperature decreases with height, the
initial saturation mixing ratio decreases with height. As a result, the initial mixing
ratio as a function of relative humidity and saturation mixing ratio also decreases
with height. In other words, there exists a gradient of mixing ratio with height. In
the model, it is the mixing ratio that is diffused and the largelmax allows ‘drier’ air
(Rh = 70%, but with lower temperature and lower mixing ratio) to be mixed down
from above. The performance of PIEKTUK-T withlmax = 5000 m is very similar
to that of SNOWSTORM in this respect.

The transport rate withlmax = 5000 m in Figure 11a shows that the mass flux
reaches an approximately stable value around 10 min instead of increasing with
time. However, this is different from the prediction with SNOWSTORM, in which
the transport rate (Figure 10) reaches a maximum value and then decrease slowly.
The reason may be that theKs in PIEKTUK-T is fixed while it becomes smal-
ler with time in SNOWSTORM. In PIEKTUK-T withlmax= 5000 m, since the
relative humidity is far from saturation due to increased vertical diffusion, the self-
limitation of sublimation is lessened. The vertically integrated sublimation rate
predicted by PIEKTUK-T withlmax= 5000 m appears to reach a steady state of
about 4 mm day−1 (Figure 11b). The sublimation rate in SNOWSTORM reaches
a maximum value with time and then decreases, as for the transport rate previously
analysed. It is clear that the value of the sublimation rate can be strongly influenced
by assumptions concerning the eddy diffusion coefficient for moisture above the
blowing snow. If we do not consider the effect of the feedback of sublimation
in blowing snow, the model estimates an upper bound for sublimation rate. The
curves labelled ‘FTW’ (Fixed Temperature and Mixing ratio) in Figure 11b show
these upper bounds. The change in FTW due to the differentlmax is not as great as
the change in the standard runs due tolmax because FTW has disabled the diffusion
on mixing ratio and the difference is caused only by the differentKs .

It has been concluded in Déry et al. (1998) that the increase in sublimation rate
due to the increase inlmax is not significant. That is because the initial temperat-
ure and mixing ratio were set to constant values with height by them. Under this
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Figure 11a.Temporal evolution of the transport rates predicted by PIEKTUK-T withlmax = 40 m
and 5000 m. Whenlmax is equal to 5000 m,Km increases approximately linearly with height.

Figure 11b.Temporal evolution of the vertically integrated sublimation rate in the suspension layer
of a column of blowing snow under the same condition of Figure 11a. Curves labelled ‘FTW’ are
also plotted forlmax = 40 m and 5000 m, respectively.
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condition, the change of mixing ratio was only due to the sublimation in blowing
snow; there was no gradient of mixing ratio at higher levels. The largerlmax, and
therefore largerKw, made little difference to the mixing ratio or relative humidity.
Consequently, the sublimation rate had no significant change withlmax.

4.2. SENSITIVITY TO RATIOS γ AND β3

When these numerical models are run to match observed particle drift densities, it is
generally assumed that the settling velocity of particleswf is equal to the terminal
velocity of particles in still air (γ = 1.0), as in the model intercomparison. However,
this assumption is open to challenge. The larger drag force on non-spherical snow
particles than on spherical particles, and the smaller density of snow particles com-
pared to pure ice, may significantly reduce the terminal velocity of the particles.
For the larger blowing snow particles, where the Reynolds number is well above
the Stokes range, following Sommerfeld and Businger (1965), the particle settling
velocity in turbulent flow is reduced. As a result, the models generally predicted a
smaller drift density than those observed. Whenγ is set to 0.2, a relatively large
number of particles remains in the suspension layer. Model results can then be
greatly improved in comparison with observations and a reduction in the settling
velocity may be sufficient to explain the snow density profiles.

However, instead of reducingγ , many researchers have increasedβ3 to adjust
the model performance. In Mann (1998),β3 has been taken as 5 in order to match
observations from STABLE2. Whenβ3 is equal to 5, the particle drift density
profile is shown in Figure 12. As we can see from this figure, increasingβ3 or
decreasingγ by a factor of 5 results in similar changes to particle drift density.
However, the sublimation rates in a column are quite different. Whenγ = 0.2 and
β3 = 1, the maximum sublimation rate is around 7 mm day−1, while the maximum
value can reach 25 mm day−1 with γ = 1 andβ3 = 5 as shown in Figure 13. This is
because reducing the settling velocity also means reducing the ventilation velocity.
As a result, the predicted sublimation rate withγ = 0.2 should be smaller than
that for the same particle density underβ3 = 5, as seen in Figure 13, although the
particle drift density is almost the same.

Though other work also showed thatβ3 could be larger than 1, as in Lees (1981)
and Sommerfeld and Businger (1965), this is still very questionable because the
conclusion may be based uponγ = 1. Meanwhile, Bintanja (2000b) demonstrated
that the particle concentration gradient reduces the eddy coefficients, even though
there was no difference betweenKm andKs . Rouault et al. (1991) argued that the
‘counter-diffusion’ of particles always reduces the eddy coefficient for particles
and gaveβ3 as a function of particle settling velocity and friction velocity, which
is always less than 1.

We realised that eitherβ3 or γ should probably be a function of the particle size
andz, and further investigation of this is in process.
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Figure 12.Profiles of suspended blowing snow drift density predicted by PIEKTUK-T with different
Ks (β3 =Ks/Km) or settling velocitywf (γ = wf /wT ) from the standard run.

Figure 13.Vertically integrated sublimation rate in the suspension layer of a column of blowing snow
predicted by PIEKTUK-T with differentKs (β3 =Ks/Km) or settling velocitywf (γ =wf /wT ).
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5. Conclusion

Four one-dimensional, time-dependent, blowing snow models are intercompared.
The models generally give similar results for most variables but some details of the
bulk model predictions differ from those of the spectral models. The models give
similar tendencies for most results. The models are sensitive to ambient factors
such as initial temperature, wind speed, relative humidity and the particle size
distribution in the saltation layer. Sensitivity tests for these were performed in Déry
et al. (1998). In addition to these factors, parameters such as eddy viscosity (Km)
are very important. A linearKm for all height may not be appropriate for these
models.

All the model results presented were obtained under idealized conditions in
order to intercompare the numerical models themselves, rather than with observa-
tions. However, we realize that the more important work lies in the comparison
of the model results with field observations. To achieve satisfactory agreement,
some parameters, such as settling velocity of blowing snow particles, may have
to be adjusted. Decreasing the settling velocity by a factorγ = 0.2 or increasing
theKs with β3 = 5 will increase the particle drift density in order to better match
the observed data. However, the predicted sublimation rates are different. Further
study of these parameters is necessary for the correct prediction of the sublimation
rate in blowing snow.
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