THE THERMODYNAMIC EFFECTS OF SUBLIMATING, BLOWING
SNOW IN THE ATMOSPHERIC BOUNDARY LAYER

STEPHEN J. DERY
Dept. of Atmospheric and Oceanic Sciences, McGill University, 805 Sherbrooke St. W., Montréal,
Québec, H3A 2K6 Canada

PETER A. TAYLOR and JINGBING XIAO
Dept. of Earth and Atmospheric Science, York University, 4700 Keele St., North York, Ontario, M3J
1P3 Canada

(Received in final form 1 June 1998)

Abstract. A seasonal snowcover blankets much of Canada during wintertime. In such an environ-
ment, the frequency of blowing snow events is relatively high and can have important meteorological
and hydrological impacts. Apart from the transport of snow, the thermodynamic impact of sublimat-
ing blowing snow in air near the surface can be investigated. Using a time or fetch-dependent blowing
snow model named ‘PIEKTUK’ that incorporates prognostic equations for a spectrum of sublimat-
ing snow particles, plus temperature and humidity distributions, it is found that the sublimation of
blowing snow can lead to temperature decreases of the order 8€0abd significant water vapour
increases in the near-surface air. Typical predicted snow removal rates due to sublimation of blowing
snow are several millimetres snow water equivalent per day over open Arctic tundra conditions. The
model forecast sublimation rates are most sensitive to humidity, as well as wind speed, tempera-
ture and particle distributions, with a maximum value in sublimation typically found approximately

1 km downstream from blowing snow initiation. This suggests that the sublimation process is self-
limiting despite ongoing transport of snow by wind, yielding significantly lower values of blowing
snow sublimation rates (nearly two-thirds less) compared to situations where the thermodynamic
feedbacks are neglected. The PIEKTUK model may provide the necessary thermodynamic inputs or
blowing snow parameterizations for mesoscale models, allowing the assessment of the contribution
of blowing snow fluxes, in more complex situations, to the moisture budgets of high-latitude regions.
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1. Introduction

High-latitude regions of Canada, as well as many other parts of the world, are
prone to frequent snowstorms or even ground blizzards during their lengthy winters
(Stewart et al., 1995). These storms are often associated with sub-freezing temper-
atures and high winds, conducive to the development of blowing and drifting snow
which may seriously reduce optical visibilities and impede the activities of local
inhabitants and fauna. Blowing snow can also strongly influence the water budget
in regions with seasonal snowcovers, through the transport and redistribution of
snow by wind and the sublimation of airborne snow while in motion. This process

;l‘ Boundary-Layer Meteorologyg9: 251-283, 1998.
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of snow sublimation may then act as a significant source of moisture and a sink of
sensible heat in the high-latitude atmospheric boundary layer (ABL).

Although much research on the movement and properties of blowing and drift-
ing snow has been conducted (e.g., Kind, 1981; Schmidt, 1982a), it is only recently
that the potentially significant impact of blowing snow sublimation on the water
budget of high-latitude regions has attracted wider interest. Dyunin et al. (1991)
state, for instance, that the deforestation of northern lands may lead inevitably to
their aridization as the wind is now capable of transporting snow out of the region
while simultaneously stimulating the sublimation of blowing snow. Pomeroy et al.
(1997), using a ‘Distributed Blowing Snow Model’, claim that as much as 28% of
the winter snowfall in a small northern basin in the Arctic tundra was sublimated. In
addition, Pomeroy and Gray (1994, 1995) have argued that the transport of snow
in prairie fields may remove as much as 75% of the annual snowfall over a one
kilometre long fallow field, with about half of this amount sublimating into the
ABL. This implies that both the transport and sublimation of blowing snow are
factors that can no longer be neglected in assessing the wintertime water budgets
of wide, frozen areas such as the Arctic tundra and the Antarctic ice sheet (King
and Turner, 1997; Bintanja, 1998; Cullather et al., 1998). In addition, blowing snow
sublimation may have substantial effects on the heat and water vapour fluxes within
the ABL, as suggested by King and Anderson (1994) and King et al. (1996) for
Antarctica.

The purpose of this paper is to describe initial developments of a numerical
model named “PIEKTUK” (an Inuktituk word for blowing snow, also spelt “PIQ-
TUQ"), which incorporates particle size, temperature and moisture distributions
for a column of blowing snow, in either a time or fetch-dependent mode. This
investigation of blowing snow is conducted within the context of the ongoing
Mackenzie GEWEX Study (MAGS), the Canadian contribution to the international
Global Energy and Water Cycle Experiment (GEWEX), which closely examines
the water budget of the entire Mackenzie River Basin (Krauss, 1995). Due in part
to its northern location and the duration of its seasonal snowcover, the hydrology
of the Mackenzie River Basin may be sensitive to the impacts of blowing snow
(Lawford, 1993, 1994).

2. Numerical Model-PIEKTUK

A number of numerical models of blowing snow have been developed recently.
Some have focused on the erosion, transport and deposition of snow in surface
flows, perhaps more appropriate for engineering purposes (e.g., Liston et al., 1993;
Uematsu, 1993; Moore et al., 1994). Others, meanwhile, have attempted to deter-
mine the significance of blowing snow as a hydrometeorological feature of open,
windswept and snow-covered regions (e.g., Pomeroy, 1988; Pomeroy et al., 1993;
Mobbs and Dover, 1993; Bintanja, 1998). For this study we have developed two
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versions of PIEKTUK: one is a time dependent (PIEKTUK-T), and the other a
fetch-dependent (PIEKTUK-F), numerical model for a column of sublimating,
blowing snow. PIEKTUK is innovative (cf., for instance, with the steady-state
Prairie Blowing Snow Model or PBSM of Pomeroy, 1988) in that it considers the
thermodynamic feedbacks of sublimation on all the predictive quantities, namely
the temperature, moisture and particle distributions. Although some details of the
PIEKTUK algorithm are found in Déry and Taylor (1996) and elsewhere, there
have been modifications and a brief review of the blowing snow sublimation and
diffusion equations follows.

2.1. SUBLIMATION

Dyunin (1959) was one of the first scientists to emphasize the thermodynamic
effect of wind on ice or snow particles which may undergo, in part, a phase change
to water vapour. Using the results of Thorpe and Mason (1966), Schmidt (1972)
derived a model describing this process, now known as the sublimation of blowing
snhow. The process, essentially analogous to diffusional growth or evaporation of
water drops (see, for example, Rogers and Yau, 1989, or Pruppacher and Klett,
1997), is controlled by two principal factors: (1) the rate at which water vapour
is removed from the snow particle, and (2) the amount of thermal energy being
delivered to the same particle. The change in masgkg) of a blowing snow
particle of radius- (m) due to sublimation is given by (Thorpe and Mason, 1966):

— = |(27ro — -1
dr KNNuTa RvTa

L L T,
—1|+R, , (1)
KNwT, | R, T, NshDe;

whereos (dimensionless and negative) is the water vapour deficit with respect to
ice (e — ¢;)/e;, Wwheree ande; are the vapour pressure and its value at saturation
over ice, T, the ambient air temperature (KK the thermal conductivity of air

(2.4 x 102 W m~t K1), L, the latent heat of sublimation (2.8381C° J kg™?),

R, the gas constant for water vapour (461.5 3& 1), and D the molecular
diffusivity of water vapour in air (2.25< 10> m? s71). Dependence of the sub-
limation process on the ventilation velocitieg.] and the kinematic viscosity of

air (v) occurs through the Nusselt and Sherwood numbers, denoted respectively
by Nnu and Nsp, both equal to 1.79 + 0.6082, with Nge (= 2rV, /v) being the
Reynolds number. We také to be equal to the terminal velocities of the individual
suspended particles in still air (Schmidt, 1982b; Déry and Taylor, 1996). Horizontal
particle velocity components are assumed equal to the horizontal wind speed. The
net radiation transferred to the partictg, (W), is expressed by Schmidt (1991) as:

Qr = nrz(l_ap)Q*’ (2)
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wherea, represents the shortwave particle albedo @ndhe total incident radia-
tion (W m2).

From the rate of mass loss by sublimation (Equation (1)), the total sublimation
rate Qsup (kg M2 s71) for a column of blowing snow over a unit horizontal land
surface area is then found by (Equation (12) from Schmidt, 1982b):

qubI:f / N(z)f(r,z)d—mdrdz (3a)
o Jo dr

or
Osubl = f Gsubldz, (3b)
0

whereN is the number of suspended snow particles in a unit volumé@)(nf is the
relative frequency of a snow particle of radiugndgsyp is the local sublimation
rate per unit volume (kg ¥ s71). Although by definition bothQ s, andgsyp are
negative quantities, for simplicity we report sublimation rates with positive values
in Section 3.

2.2. THERMODYNAMICS

Since the sublimation of blowing snow acts as a source of water vapour and a
sink of sensible heat in the atmosphere, we take into account the heat required for
the sublimation of blowing snow as well as the moisture added when proceeding
forward from the time or point of blowing snow initiation.

The amount of heatd (J) per unit volume involved in sublimating an amount
dw (mixing ratio change, dimensionless and positive) of airborne snow in time d
(= dx/U (z) in the fetch-dependent case) is given by:

d0 = p,L, dw, (4a)
where
Pa dw = —gsup dt, (4b)

is the corresponding change in water vapour mass. Some of the heat required is
provided by radiation absorbed by the particles while the remainder is taken from
both the air at temperatufg and the snow particle, which, in the updated version

of our model, is assumed to be at the ice bulb temperalyreso that

40 = ~pcy AT, — pi T + [ QNFO )k (58)
0
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wherec, and¢; (J kg™t K1) are the specific heats of dry air at constant pressure
and of ice respectively, ang, andp, (kg m—2) are the dry air and snow drift densi-
ties. Following Dorsey (1940) and Langham (198Q)will vary with temperature

as:

¢; = 2115+ 7.79T, — To), (5b)

whereTy = 273.15 K. We use; at T,,; for the ice particles. We also use the ideal
ice bulb relationship (Rogers and Yau, 1989), ignoring possible differences of the
psychrometer constant, so that,

T,,=T1,— <?) [ws(Twi) —w] (6)

p

and the differential increment needed in Equation (5a) is

. (o7, + (&) dw] |
[1+ (L—p) aws/aTu,i]

(7)

The saturation mixing ratia; can be determined from

w, = 0.622—1_ ~ 06225 (8a)
(P —e) P

where P (Pa), the atmospheric pressure (;), is assumed constant. We use the

approximate result (Rogers and Yau, 1989) that

ei(Ty)=A exp<—§) , (8b)
whereA = 3.41 x 10° kPa andB = 6.13 x 10° K to obtainw,(T,,;) andw,(T,);

the latter will be needed in order to compute the ambient relative humidity RH
[Note that in this study we apply the term ‘relative humidity’ implicitly referring to

the relative humidity with respect to ice (R}, although standard meteorological
practice has the relative humidity computed with respect to water (RH), even at
temperatures: 0 °C (King and Turner, 1997).]

To summarize this section, the sublimation of blowing snow is computed by
integrating the change of mass over the spectrum of ice particles, then evaluating
the corresponding change in both water vapour and temperature, as well as the
vertically integrated sublimation rate. As such, it is, in theory, an improvement
from the PBSM, which assumes a constant (with fetch and height) temperature
and a constant (with fetch only) moisture profile (see Déry and Taylor, 1996, for
a discussion on the sub-saturation profile assigned to low-level air in the PBSM).
The Mobbs and Dover (1993) model is similar to PIEKTUK in that it considers the
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effects of sublimation on the moisture profile, but different in that it neglects any
feedbacks to the air temperature.

2.3. SUSPENSION OF BLOWING SNOW PARTICLES

For the suspension of aeolian sediments such as sand or dust, one would consider
a balance between the settling and turbulent diffusion processes only. However,
sublimation of blowing snow will result in a particle distribution that is contin-
ually shifting towards smaller particle sizes. Thus, for snow blowing at time t
above homogeneous terrain, we will assume that the snow particles of radius
(characterized by a bin subscrip},satisfy (Shiotani and Arai, 1967):

dF; ad JoF;

—L =K== S, 9a

dr 0z [ 0z i| * (%)
with

d ad ] ad ad

- _ 2 = i —, 9%b

dr 8t+U8x+V8y+W8Z (9b)

whereF; (= Nf;, if f; isthe normalized distribution) is the absolute number density
of particles (of average radius) in a size bin (m?® bin~!). Note thatx and y
are the horizontal directions andthe vertical direction associated with particle
velocities U, V, and W respectively. In the steady-state, two-dimensional (2D)
fetch-dependent case, we 8¢br = 9/dy = 0 whereas in the one (space) dimen-
sional (1D), time-dependent casgdx = d/dy = 0. Note that if the vertical air
velocity is zero we still have particle velocitie®, = —w, the terminal velocities
of the particles.

Other quantities in expression (9a) & gfor the eddy diffusivity and the source/
sink term S; associated with the transfer of particles through the spectrum as a
result of sublimation. This can be approximated with finite differences as:

i Oy
5; ~ [—Fmﬂ - Fd—rt] /A, (10)

dr
where particle bins are of constant sixe(m) and d-/dr (negative) is the time rate
of change in particle radius due to sublimation (mh)sIn the steady-state advective
case d/dr is replaced byU (z) dr/dx. The calculation of (i) is done by simply
using Equation (1) to compute the loss of mass, th time ¢ and then noting
the corresponding reduction in radius,, @f a particle of size;. It is assumed
that the d or dx step is sufficiently small thatrd< Ar. This can cause problems
for the smallest size bin & 1) where consideration of Equation (1) shows that
can go to zero in a finite time with a singularity in/dlir at that point. These very
small particles do not contribute significantly to the budgets and so we simply set
dr = Ar with complete removal of all particles from that size binifd- Ar.
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For eddy diffusivity, we follow Rouault et al. (1991) and set
KSO
(1 + 2 ) ’
1.56u2

to calculate the patrticle diffusion coefficient, whe€g, is the gas diffusion coeffi-
cient,

K, = (11a)

Ko = u,l(z) (11b)

and the coefficient 1.56 arises from an assumed ratio between the vertical velocity

variancen? andu?. Note thatu, is the friction velocity and the mixing lengfigm)
is specified through the equation

1 1 1

T .
l k(z + zo) Imax

(11c)

In Equation (11c) above; (= 0.4) is the von Karméan constang the roughness
length (or effective roughness length), dpgk a constant usually set equal to 40 m.
Values ofu, andzg are discussed in Section 3. In Equation (1Za)s the ‘counter
diffusion’ parameter, and when it is equal to zero, tlgn= K,o. With an increase
in ¢o, K; becomes smaller and, through the settling velogityis a function of
particle size. In the PIEKTUK calculations presented heseis taken as unity.
This is based on tests with values between 0 and 10. We found that there are only
small changes between results wighe 4 and 10, and witla, = 1 we obtain values
about midway between those with values of 0 and 4. In their spray droplet study,
Rouault et al. (1991) selected = 5 on the basis of comparisons with droplet
volume spectra but other factors are involved and we felt that a value of 1.0 was
representative. In this case Figure 1a shows the profik dbr particle radii of 50
and 100um. Figure 1b shows that the larger the particles, the smalleKthalue.
We note as well that Sommerfeld and Businger (1965) argued that particle eddy
diffusivities could be an order of magnitutkrger than the eddy viscosity (which
would lead toc, < 0); however their conclusion is based on limited data and
has sometimes been considered incorrect (Radok, 1968) but see Dyer and Soulsby
(1988). Other studies (e.g., Mobbs and Dover, 1993; King et al., 1996), indicate
Ks = KSO'

For settling velocity, we initially used Pomeroy’s (1988) formula,

o) =11x 10718, (12a)

to describe the dependence wfon particle size, where is in metres andv in

m s1. However, this was formulated for mean settling velocity and mean particle
size and predicts significantly higher settling velocities for lasg2d0 «m radius)
particles than those obtained from the drag formulae proposed by Carrier (1953)
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Figure 1.(a) K profiles for the standard case and different particles sizes, following Equation (11a).
(b) K as a function of particle radius at= 1 m, following Equation (11a).
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Figure 2.The variation of terminal velocity with particle radius using the Carrier (1953) and Pomeroy
(1988) formulae.

and others. In the results to be presented here we determine settling velocities by
assuming the Carrier formula for the drag coefficient,

24

Cy = — (1+ 0.0806Vge) . (12b)

Re

Settling velocities from the Carrier and Pomeroy formulae are shown in Figure 2.

Equations (9)-(12), plus the specification of the velocity profile, essentially
describe our model for snow particles of radiusn suspension. We solve the
diffusion equation for each particle size bin individually and then sum the particle
frequencies to obtain the snow drift density and sublimation rate at each height. The
excess of diffusion of snow particles from the saltation/suspension layer interface
to higher levels over settling back to the surface will replenish the concentration of
show particles that are being sublimated in the suspension layer.

2.4. VELOCITY PROFILE AND DIFFUSION OF THERMODYNAMIC QUANTITIES

The diffusion process is not limited to the snow particles and advection and dif-
fusion of potential temperature and moisture will also occur. We take the eddy
diffusivity coefficients for temperature and moisture to be the same as the gas diffu-
sivity (see Equation (11b)), and we also make no distinction between temperature
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and potential temperature in the snow microphysics equations above. Following
sublimation, heat and moisture will be redistributed within a column of blowing
snow. Cooling and moistening of the air will extend to higher levels than the
suspended snow since the snow particles are also subject to settling.

For near-neutral atmospheric conditions over homogeneous teir@inis de-
termined by the log-law velocity profile, as in the Prairie Blowing Snow Model or
PBSM, described by Pomeroy et al. (1993) (hereafter P93). We set:

eff
U(Z) _ u, In |:Z +ZO:| , (13a)
K 20

whereuf™ is an effective friction velocity (m &) that takes into account flow
density effects in the suspension layer (Pomeroy and Male, 1987; Pomeroy, 1988).
Thus,

0.5
uiﬁ(z):u*( Pa ) . (13b)
pa + Py

This is not entirely consistent with a constant stress layer or Equation (11c),
but the logarithmic profile is consistent with observations and differences will be
small for most heights. The assumed constant shear stress throughout the layer has
stress equal tp,u2. In this context note that a test withax = 200 m andbo will
be discussed below.

In the present model we assume that there are no changes to the horizontal ve-
locity, or to the turbulence as a result of either the presence of suspended snow or of
thermal stratification since, in high winds, we anticipate that density stratification
and related effects will be small (see Déry and Taylor, 1996).

2.5. INITIAL AND BOUNDARY CONDITIONS

Values of the initial £ or r = 0) and boundary conditiong)(must be assigned
for the calculations in the suspension layer. In the present work we set the top
boundary,z,;,, to be equal to 1000 m, well above the heights that we expect to be
influenced over the times or fetches considered here. At that level temperature and
humidity gradientsd/dz) and the particle frequencies are assumed zero.

Lower boundary conditions are imposed at a height(m), and we follow
the method adopted in the PBSM (P93) by assuming a lower boundary for the
suspension layer to be at:

0 —1.838
2y = [z;°-544+ <In i“) /1.55] , (14)

r

wherep, is the snow drift density at a reference height= 0.0562&.) and we
take p, = 0.8 kg nT3 as in P93;ps4: is the mean saltation snow drift density
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(kg m~3). Note thatz;, does not necessarily coincide with, the saltation layer
height (see Déry and Taylor, 1996). Modelling the saltation layer as well as the sus-
pension layer might be a preferable approach but the processes within that layer are
extremely complex (e.g., Pomeroy and Gray, 1990; Anderson and Haff, 1991). The
empirical Equation (14) used above, and the particle size distribution assumed for
that level, are based on an examination of observational data by Pomeroy (1988).
We take the initial particle frequencies and the snow drift density in the sus-
pension layer to be zero exceptzat where they are assumed to equal the values
in the saltation layer. This differs from the approach adopted in the PBSM, which
assumes a specified vertical distribution of suspended particles at a fetch of 300 m
as the starting point for downwind application of the model. In our saltation layer
the value of the total snowdrift densitysa: (kg m~2), is dependent on the current
and threshold surface shear stresses such that (Pomeroy, 1988):

2
P (Zip) = Psalt = 0.4615[1 — %] [t (15)

whereu,, (m s1) is the threshold friction velocity for wind transport of snow. The
saltation layer is assumed to be fully-developed at r = 0 and invariable, such

that it provides a continual source of particles for the suspension layer. The size
distribution of blowing snow patrticles has been observed to follow the 2-parameter
gamma distribution (Budd, 1966; Schmidt, 1982b). Thusz,atwe assign the
normalized number density,, to be:

a—1 —a
Fram) =" ex?( /PP , (16)
()

wherea (dimensionless) ang (m) are the shape and scale parameters of the
gamma distribution, an@ denotes the gamma function. In the saltation layer, it
is common to assume that= 5 and that-,,, the mean patrticle radius, is 1@0n
(Pomeroy, 1988) although variation is these parameters can be expected with chang-
ing environmental conditions. Recent analyses of Antarctic data by the Univer-
sity of Leeds group have suggested, however, valuas of2 andr,, = 75 um
(Mobbs, personal communication). Tests with both values will be described. Since
the gamma distribution also has the property that o8, theng and subsequently
the particle size distribution af,, are easily found.

The gamma distribution in Equation (16) is normalized such that its integration
over the particle spectrum is unity. Since the particle frequency must satisfy the
following relationship (Pomeroy and Male, 1988):

4 00
Psalt = énPiN(Zlb)f fr, zp)r3dr, (17)
0

in which we take the density of ice = 900 kg nT3, we can then obtain the total
number of particles per unit volume/(z;;,) and henceF;(z;;,). By takinga = 5
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and a nominal 10-m wind speéfio = 15 m s* with threshold for transpoi/1, =
5m st, we obtain, following P93, values af. = 0.75 m st andu,, =0.18 ms?,
and then find thaiV(z;,) = 9.09 x 10’ m—3 while with « = 2 we haveN (z;,) =
5.09 x 10’ m3.

At z;, we assume that the surface is insulating and the temperature gradient,
dT,/dz = 0. However, there will certainly be situations where the surface sensible
heat flux is different from zero and other conditions are appropriate. The relative
humidity is fixed at 100%.

2.6. NUMERICAL ASPECTS

Once the background environmental conditions are assigned, PIEKTUK first de-
termines the blowing snow transport rate for the steady-state saltation layer and
the boundary conditions on suspended snow particles for the lowest level of the
suspension layer (as described above). The model calculations proceed by march-
ing forward froms or x = 0, computing profiles of the concentrations in each size
bin plus temperature and absolute humidity at each step. These are obtained by
an implicit (in x or ¢) finite difference scheme. A transformation franto ¢ = In

[(z + zo)/zo] is used for the vertical coordinate and central differences are used
in ¢. This allows for higher accuracy near the lower boundary of the suspension
layer. Convergence tests were made to verify independence of results relative to
A¢ andAx or At and satisfactory agreement was obtained with analytic solutions
for cases with no sublimation argax = 00, i.e.,1(z) = «(z + zo).

2.7. OTHER PROCESSES

The diffusion, suspension and sublimation of blowing snow, as we have seen, can
be rather complex to describe. Nonetheless, other processes that may affect wind-
blown snow such as the precipitation of new snow, or the collision and fractionation
of snow particles, have not been included so far. They do, however remain im-
portant processes that may need to be considered for the precise modelling of
blowing snow. The precipitation of snow will seriously complicate the situation
by adding snow particles or snowflakes with different properties to the suspended,
blowing snow, at the top boundary of the model. The collision of particles while
in transport may also produce a higher number of relatively small particles than
would otherwise be expected.

The representation of turbulent transport by a diffusion process is always open
to criticism as an over-simplification of an extremely complex process and we
recognize this limitation of the model. The model results to be presented below are
critically dependent on the lower boundary conditions specified, especially those
relating to the particle size distributiot (r, z) and the height at which it is ap-
plied, z;,. The empirical approach used here was adopted more from necessity than
conviction and we consider this as the weakest link in the model’s construction.
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Despite these limitations we believe that the present model can provide some in-
sight into the thermodynamic impacts of blowing snow in the ABL and we present
some sample results in the following sections. Our initial application of the model
will be for simple, 1D, step changes from non-blowing to blowing snow over flat
terrain. In nature many situations will involve continuous, 2D, changes in terrain,
topography, and the nature of the snowcover. All of these factors may need to be
considered at some point in the future.

3. Results

We present results for the steady-state, fetch dependent model (PIEKTUK-F). Re-
sults from PIEKTUK-T are quite similar, after allowing for the transposition of
time and fetch. PIEKTUK-T results are relevant to the onset of high winds with
blowing snow over vast snow-covered plains (e.g., in Antarctica), while PIEKTUK-

F results are more applicable to limited areas of blowing snow.

3.1. BASIC MODEL RESULTS

We use the following environmental conditions as the basic state for our ‘standard’
model run:T, = —10°C with initial RH,, or RH,q = 70% except at;, and below
where RH remains fixed at 100%, witl®, = 120 W n12 anda, = 0.1. Following
Pomeroy (1988), a nominal 10-m wind speed is also selected from which quantities
such as:, (= 0.02264/17%) andz (= 0.06:2/g) are derived. As in Section 2.5, we
choosel/1g= 15 m s%, giving u,, = 0.75 m s* andzo = 0.0035 m, while the initial
particle concentration is zero at all heights except at the saltation/suspension layer
interface. The usual particle bin size is 4 um and the sublimation calculations
are performed for particles of mean radius for each bin from 2 to.264

The evolution of the snow drift density,) profile is first examined in Figure 3.
Note the log scales and the ranges of both axes. This figure shows that a steady
state between the processes of diffusion, settling and sublimation of blowing snow
particles is soony{ ~ 100 m) reached near the surfage{ 1 m). However, snow
particles require a longer fetch to diffuse to higher levels where-> 0 and a
steady-state profile is unlikely to be attained even after a fetch of 10 km for blowing
show. For comparison, the limiting case in which settling balances the diffusion of
show particles, i.e. excluding sublimation, is determined analytically and included
in Figure 3. Note that this analytical solution, based on the summation of the classic
power law solution for single size particles (Anderson and Hallet, 1986), is based
onli(z) ~ k(z + zp), rather than Equation (11c). However, the analytic solution
corresponds well with our modelled results o< 10 m where the sublimation
process is cut off at relatively short fetches dne&t «(z + zg). Above this, the
analytical solution decays only slowly with height in regions where the sublimation
process is still effective, for the fetches considered here. Note that the inclusion of
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Figure 3. The profiles of blowing snow drift density forecast by PIEKTUKxat= 0.1, 1.0 and
10.0 km for our standard case withg= 15 m s'1, T, = —10°C and RH,g = 70%. The analytical
profile without sublimation (ANALYSIS’) is also shown.

10

a sublimation term in Equation (9a) may also imply that, in an equilibrium or near
equilibrium situation with ongoing sublimation of wind-blown snow, a net vertical
flux of snow patrticles is to be expected (Kind, 1992).

Figure 4 depicts the downwind development of ambient air temperature profiles
after the onset of blowing snow at= 0. The profiles show, as expected, that near
the surfacel, decreases with fetch under a weak thermal inversion before reverting
back to—10°C aloft. Atx = 10 km, the temperature near the surface has decreased
by about 0.58C. ABL observations of temperature also suggest that thermal in-
versions are common in blowing snow events (Budd et al., 1966; Schmidt, 1982h).
Note that these temperature decreases represent the additional cooling and the evo-
lution of increased temperature gradients as the result of sublimation. In practice
there may also be a flux of heat at the ground leading to modified cooling rates and
temperature gradients.

Changes in the moisture profiles are significant, with the mixing rat@nd
RH, profiles increasing with fetch. Figure 5a shows that, within the blowing snow,
w, decreases with fetch as a result of lower air temperatures; on the other hand,
w increases as ice particles are converted into water vapour=At0 km, we see
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Figure 4.The profiles of temperature forecast by PIEKTUKvat 0.5, 1.0, 5.0 and 10.0 km, for the
standard case.

from Figure 5b that the near-surface air< 2 m) is nearly saturated (RH> 95%)

while RH, is > 90% forz < 10 m. Figure 6 shows the predicted evolution of
temperature and relative humidity (with respect to ice) widtz ~ 1 m and 10 m.

One can see that near the surfage=(1 m) RH, increases rapidly from 70% to

~ 90% in the first few hundred metres and then slowly climbs towards saturation.
At z = 10 m the humidity has risen to approximately 90%aby 10 km. These
results are in contrast to the relative humidity assumptions made within the PBSM
and, in that sense, are one of the more controversial predictions.

In Figure 7 we can see the particle distributions assumed=atz;, and pre-
dicted atz ~ 1.0 m andx = 1 km, with and without sublimation. In addition the
analytical distributions for infinite fetch with no sublimation are shown for com-
parison (analysis). First note the change in particle distributions with height, with
fewer ice particles asincreases and particle distributions tending towards smaller
sizes. Forz ~ 1.0 m, we see that the particle distribution affected by sublimation
is shifted towards the left as sublimation leads to an increased number of relatively
small particles and a decreased number of relatively large particles (note the change
in radius and number scales in the figures). This result was anticipated by Déry and
Taylor (1996) who have shown the effects of sublimation alone on the evolution of
a blowing snow particle distribution. Mean particle radiys &€ N~ [ r F(r) dr)
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Figure 6. The evolution with fetch of ambient air temperatui@ Y and relative humidity (RE) at
z ~ 1 mandz ~ 10 m above the blowing snow surface, for the standard case.

is plotted as a function of at a fetch of 1 km in Figure 8. Also plotted are results
from our computations with a version of the PBSM and the mean radii for the
‘analysis’ solution with infinite fetch and no sublimation. The PBSM uses results
from Pomeroy and Male (1992), who developed a power law relationship based on
Schmidt's (1982b) field measurements of blowing snow, given by:

r=4.6 x 10_5Z_0'258, (18)

wherer andz are in metres. This gives larger mean particle sizes compared to
the modelled and analytical solutions in the lowest metre or so of the ABL, and
smaller mean sizes above (although there are very few particles there and the lower
section is more significant). The ‘analysis’ solution has larger mean particle radii
than PIEKTUK forz > 1 m, presumably because sublimation reduces the size of
all particles at these levels.

For a fetch of 1 km and varying 10-m nominal wind speeds, we now present in
Figure 9 the vertically integrated horizontal transport rate of blowing sQ@W;s,
(kg m~1 s71) in the suspension layer determined from

QTsuspZ‘/u U(2)ps(z) dz, (19)

together with snow sublimation rates in the suspension layer, calculated as in Equa-
tion (3a). As expected there is a very strong, non-linear dependence on wind speed.
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Figure 8.The profiles of mean particle radii in the PBSM and calculated by PIEKTUK=afl km,
and the analytical solution without sublimation, labelled ‘ANALYSIS’, for the standard case.

Table | provides some of the values for the transport and sublimation rates in the
suspension layer fdi,o = 10, 15, 20 and 25 nT$ from both PIEKTUK and from

our version of the PBSM. Note the significantly lower predictions of the sublima-
tion rate from the PIEKTUK model for strong winds. The PBSM and PIEKTUK
forecasts of transport rates in the saltation layer are identical as we assume the
same constant snow drift density and particle velocities within this layer. Transport
rates in the suspension layer differ as a result of differences in predicted or assumed
snhow drift density between the two models.

We now consider the effect of the predicted changes in temperature and humid-
ity on the vertically integrated sublimation rate as a function of downwind fetch
(Figure 10) for our standard case. The curve labelled ‘FTW’ (fixed temperature
and mixing ratio) shows the PIEKTUK forecasts@®@§,, when the thermodynamic
quantities are kept fixed at their assigned initiat(0) values. Results show that the
inclusion of the effects of sublimation on the relative humidity distribution in our
blowing snow model leads to much reduced sublimation rates in the suspension
layer. In the FTW run, and in the PBSM, the temperature and moisture profiles
remained unchanged with increasingrom their initial values. In this situation,
our model predicts thaDs,, approaches a constant of about 0.4 mm &now
water equivalent (swe). For large our FTW model should have an asymptotic
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Figure 9. The vertically integrated transport and sublimation rates for the suspension layer of a
column of blowing snow with varying wind speed.at= 1 km, as determined by PIEKTUK with
RH,0 = 70% andr, = —10°C.

TABLE |

The transport rates for the saltation lay@Tgg) and the suspension layer
(QTsusp as well as the vertically integrated sublimation rat@s,(,) pre-
dicted by PIEKTUK and by our version of the PBSM, for varying nominal
10-m wind speedsl(;) at a fetch of 1 km

Model Uio OTsalt OTsusp Osubl

msH @mlslh @mls?l mmh?lswe)
PBSM 10.0 5.92 16.69 0.0693
PIEKTUK 41.59 0.0324
PBSM 15.0 11.21 128.5 0.7552
PIEKTUK 175.8 0.1277
PBSM 20.0 16.80 672.7 3.905
PIEKTUK 538.8 0.2938
PBSM 25.0 22.71 2329.0 12.32
PIEKTUK 1378.1 0.5213
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TABLE Il
Assumed variation ofiy, zg, psaly andz;, with wind
speed
Uio Us 20 Psalt b
ms? ms1hH m  (kgm3) (m)
10.0 0.45 0.0012 0.86 0.0248
15.0 0.75 0.0035 0.58 0.0456
20.0 1.10 0.0070 0.41 0.0741
25.0 1.46 0.0130 0.31 0.1127

steady state with a local balance between upward diffusion, downward settling and
sublimation effectsy;), and a constant vertically integrated sublimation rate. This
would not be the case with the PBSM model, which has a continually deepening
suspension layer and a sublimation rate that continues to increase.with

When the temperature and humidity are allowed to vary, we have just seen that,
with increasingyx, the near-surface air tends to become saturated and sublimation is
constrained. We refer to this as ‘self-limitation’. In the basic PIEKTUK prediction,
beyondx ~ 1 km, Qsup Starts decreasing with fetch and is about one third of the
value predicted with fixed, andw profiles atx = 10 km. This would indicate that
both our FTW calculations and the PBSM, in which the feedback from sublimat-
ing blowing snow on the temperature and humidity fields is not considered, may
significantly over-estimate blowing snow sublimation rates. This will be especially
so at long fetches, but will also apply at the short fetches (of order 1 km) for which
the PBSM was developed and tested.

The differences between PIEKTUK and PBSM results gy, listed in Ta-
ble | arise partly from the humidity change factor and partly from the differences
between our predicted variations of particle size distribution with height and those
assumed, based on observations, in the PBSM. They are included to indicate the
magnitude of the differences, even at a fetch as short as 1 km.

In the PIEKTUK model with sublimation affecting the temperature and humid-
ity fields, we assume that the asymptotic situation far downstream would eventually
depend upon the upper boundary conditions imposed on temperature and humidity,
but could have 100% relative humidity and minimal sublimation (not zero because
of the radiation term in Equation (1)). The boundary layer would, however, have
exceeded our constant flux layer assumption and we should not place too much
emphasis on this asymptotic behaviour.

Model predictions of local sublimation rat,, are shown fot > z;;, in Fig-
ure 11 to vary considerably with height and fetch. Near the point of blowing snow
initiation, relative humidities are still low neay;, allowing for relatively high rates
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Figure 10.The vertically integrated sublimation rates for the suspension layer of a column of blowing
snow with varying fetch fot/19=15m s1 as determined by PIEKTUK. See text for details on the
curve labelled ‘FTW'.

of gsupr However, the moisture content increases with fetch and this corresponds
to lower values ofjs,, Near the surface. For largemwe require more time or fetch
before significant numbers of particles diffuse upwards. The competing processes
are illustrated at = 10 m wheregg,p is higher for a fetch of 1 km than for either
0.1 km (few patrticles present at that level) or 10 km (humidity at 10 m increased to
reduce sublimation). Nonetheless we note that in all three cases, the maximum in
gsubl IS associated with the significant snow drift densities near the saltation layer.
Note that, even at;, where the air is assumed to be saturated, the sublimation
rate can be above zero as a result of the radiation term in Equation (1). In general,
however, with unsaturated air, the radiation term will be small.

The perturbations in sensibl@¢) and latent Q) heat flux profiles caused
by the sublimation of blowing snow are shown in Figure 12 at 1 and 10 km.
PIEKTUK assumes, at the point of blowing snow initiation, no sensible or latent
heat flux (except af;;,). As expected, the heat fluxes are of opposite signs. There
is a maximum inQ g of about 90 W m? and a minimumQy of approximately
—40 W nt? atx =1 km andz ~ 10 m, while theQ g, Qy extrema are approxi-
mately 74 W nt2 and—45 W nt2 atx = 10 km andz =~ 40 m. The contribution
of blowing snow sublimation to the heat fluxes may therefore be significant, partic-
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Figure 11.The local sublimation rategsyp) for the suspension layer of a column of blowing snow
atx = 0.1, 1 and 10 km, for the standard case.

ularly for cold Arctic or sub-Arctic environments where in winter-time, nights are
long and daytime incoming solar radiation at the surface may not reach 106°W m
Energy to sublimate the snow is essentially being drawn from the air above the
blowing snow while latent heat is being added there. A simple picture is of sensible
heat diffusing down from above into the suspended snow region, sublimating snow
and being converted to latent heat then diffusing upwards, out of the blowing snow
‘processor’. There is a net upward flux of total he@i,(+ Q > 0) contributed by
latent heat flux from the lower boundary, the cooling of air in the suspension layer
plus any radiation absorbed by the blowing snow.

Note that the surface boundary conditions (Section 2.5) assume no sensible heat
flux but there may be a latent heat flux. The latent heat flux at the lower boundary
of the model can be thought of as emanating from the saltation layer. Without
saltation the effective roughness length andralues would be smaller and these
fluxes would be reduced.

3.2. ENSITIVITY EXPERIMENTS | — INITIAL AND BOUNDARY CONDITIONS

In developing a numerical model such as PIEKTUK, it is essential to examine the
sensitivity of the output to the assigned background, initial and boundary condi-
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Figure 12.The perturbations in sensibl@g;) and latent QO g) heat fluxes as a result of blowing
snow sublimation forecast by PIEKTUK in a column of blowing snow, 1 and 10 km downwind from
blowing snow initiation, for the standard case.

tions and to the model assumptions. In this section, we test the model by varying
the background, initial and lower boundary conditions on temperature, relative
humidity, wind speed and incoming solar radiation. Variation in the top boundary
conditions do not affect the results presented here. In Section 3.3 we address the
sensitivity to some of the model’'s assumptions. Parameters other than those being
adjusted are the same as in our standard case described in Section 3.1.

Figure 13 presents the vertically integrated sublimation rates in the suspension
layer of blowing snow with increasing fetch and varying initial temperature (con-
stant with height ak = 0) but with all other parameters as before. As shown by
Pomeroy and Gray (1995), sublimation rates are reduced with decreasing ambient
air temperatures due to reductionsejiiT,). In our results there are variations in
QOsubi by a factor of about five between thel °C and the-30°C curves.

The model is also quite sensitive to the relative humidity assigned to the ABL.
Figure 14 shows the results when the initial relative humidity with respect to ice
(RH,o) is set to a constant value throughout the whole blowing snow column but
varies forz > z;;, andx > 0. At z;, we assume RiH= 100% as before. As expected
sublimation rates decrease with increasing relative humidity but the reduction is
not simply proportional to (106- RH,), as it would be if relative humidities were
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Figure 13.The vertically integrated sublimation rates forecast by PIEKTUK in the suspension layer
of a column of blowing snow for varying fetch. The environmental parameters are as b&fgre (
=15 m s1, RH,q = 70%), except for the ambient air temperaturel{ —10, —20 and—3C°C)
assigned to the ABL at = 0.

invariant withx andz. Even with RH, as low as 30% we are unable to increase
sublimation rates to those obtained from the FTW calculations and,a0RF)%
(Figure 10).

By controlling the snow drift density profile, the wind speed profile is a key
determining factor in predicting the sublimation rates. Model results are shown
in Figure 15 for 10 m st < U;o < 25 m s*. Higher wind speeds promote the
turbulent diffusion of snow particles to higher elevations than at low wind speeds,
thus increasin@sup. There is an impact through the lower boundary conditions,
since the snow drift density at the lower boundary (Equation (15)) reduces with
u,, and thus wind speed, for sufficiently high valuas & +/3u,, = 0.31 m s?,

Uy > 7.54 m s1). There is, however, an added complication due to the variation
in the height ofz;;, with pgayt.

Further tests examined the variation in sublimation rates with the particle albedo
and incoming solar radiation. We found that increasipg by factor of three,
from 120 W n12 to 400 W n12 could increaseQs,p by about 20% with zero
albedo, while reducing@.. to zero (or setting the albedo to unity) lower@d,p by
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Figure 14.As in Figure 13 withT, = —10°C, U1g = 15 m s'1 and with RH,q values of 30, 50, 70
and 90% at =0 forz > z;.

about 8%. These changes are not usually as important as changes in temperature,
humidity or wind speed, as noted by Pomeroy and Gray (1995).

3.3. ENSITIVITY EXPERIMENTS Il — MODEL ASSUMPTIONS

The choice of settling velocity can lead to substantially different sublimation rates.
With a lower settling velocity, a particle may stay longer in the suspension layer
and the sublimation rate may increase. To counter this, a lower settling velocity,
and ventilation velocityV,, leads to less sublimation. When the patrticle radius is
120 m, the settling velocity is 0.94 nT$in Pomeroy’s formula (Equation (12a))
and 0.78 m st in Carrier's (Equation (12b)), with correspondiidke values of
14.66 and 12.17 respectively. The rate of loss of mass can be A@82 for the
Pomeroy case and 0.028y s™* for Carrier. The results predicted in PIEKTUK
in Figure 16 show that the sublimation rate of a column of blowing snow using
Pomeroy’s settling velocity formula is larger than that with the Carrier specifica-
tion.

In a previous version of the model, the particle diffusion coefficient was as-
sumed to be equal to the gas diffusion coefficiéip, neglecting the particle
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Figure 15.As in Figure 13 withT, = —10°C, RH,q = 70% and values of 10, 15, 20 and 25 m's
for the 10-m nominal wind speed/; o,

counter diffusion effect. With the largef;o more particles are in suspension and
this leads to a higher sublimation rate for a column of blowing snow (Figure 17).

In the PIEKTUK standard run, the parameter in the gamma function, de-
scribing the particle size distribution at,, is taken as 5 and the meap in the
saltation layer is taken to be 1@0m. As mentioned before, analysis of Antarctic
data suggests that may be closer to 2 and,, to 75 um. Whena = 2 more
large particles are present in the distribution of particle sizes. The modelled size
range should be enlarged to allow for this. Figure 18 shows the sublimation rate
whena is 5 and 2, and,, is 100 and 75um. Decreasingr results in slightly
reduced sublimation rates. The mean radius in the saltation layer is, however, the
more important parameter. When the particles are smaller, more particles enter
the suspension layer through turbulent mixing, reach higher levels and remain in
suspension longer. Therefore, the sublimation rate is larger than that when larger
particles exist in the saltation layer.

For completeness in the model, the particle temperature is assumed to be at
the ice bulb temperature instead of the ambient temperature. Results have shown,
however, that the difference due to this change is negligible and that for practical
purposes the particle can be assumed to be at the ambient temperature.
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Figure 16.The vertically integrated sublimation rates forecast by PIEKTUK in the suspension layer
of a column of blowing snow for varying fetch. The environmental parameters are for the standard
case but two different assumptions for terminal velocity are contrasted.

The maximum value of the mixing length.ax is taken as 40 m in the standard
PIEKTUK runs but values of,ax of 200 m and>x have been tested. The increase
in sublimation rate due to the increaseljfy is not significant. The peak value
of sublimation rate is 0.1278 mnThwith /.« = 40 m, and 0.1335 mm and
0.1351 mm ht with /2 = 200 m ancbo, respectively.

4. Discussion

It is evident from the results presented in the previous section that the inclusion of
thermodynamic variables in our blowing snow model leads to decreased tempera-
tures and increased humidities. This subsequently yields reductions of suspended
snow sublimation compared to predictions with either our own model with the ther-
modynamic effects suppressed, or from other models, notably the PBSM, which
exclude these effects. The forecast sublimation rates of 1-12 Trevee shown

in Table | agree generally with the findings of Schmidt (1982b), Dyunin et al.
(1991), Mobbs and Dover (1993) and Bintanja (1998), and suggest that the PBSM
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of Pomeroy et al. (1993) may over-estimate the contribution of sublimation to the
fluxes of snow, especially at long fetches.

A determining factor in applying our model to estimate sublimation rates for
northern regions such as the Mackenzie River Basin may well be the fetch available
for the development and maintenance of a blowing snow boundary layer. In the
Canadian Prairies, impediments to blowing snow occur on average every 0.5 to
1 km (Pomeroy, personal communication). For Arctic tundra conditions, we might
expect the relatively unobstructed fetch for blowing snow to increase, perhaps to
a few kilometres, so that sublimation rates could be strongly modified by negative
thermodynamic feedbacks.

The results presented in this paper indicate that the blowing snow sublimation
process is particularly sensitive to the environmental conditions of temperature, hu-
midity, and wind speed in addition to the particle distributions. In order to facilitate
tests of PIEKTUK against experimental data, future field experiments on blowing
snow should include these critical measurements. The integration of PIEKTUK, or
of calculations based on it, into other models would also allow the examination of
more complex and realistic situations, including blowing snow over gentle topogra-
phy, the presence of snowfall and the possible dynamical interactions between the
ABL and the blowing snow boundary layer. This would then provide the necessary
thermodynamic inputs to, or blowing snow parameterizations for, numerical mod-
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Figure 18.As in Figure 16 except for variation of particle size distribution assumeg, at

els such as MC2, the Canadian mesoscale compressible community model (Benoit
et al., 1997) or MM5, the Pennsylvania State University/NCAR mesoscale model
(Grell et al., 1993), and allow an assessment of the importance of blowing snow
fluxes on the moisture budgets of high-latitude regions.

5. Conclusions

We have presented in this paper a blowing snow model which includes processes
that modify the ambient particle, humidity and temperature distributions found in
an atmospheric boundary layer with blowing snow. In comparison to a previous
model, the Prairie Blowing Snow Model or PBSM of Pomeroy (1988) and Pomeroy
et al. (1993), our PIEKTUK model predicts that the blowing snow sublimation
process is self-limiting, yielding substantially smaller sublimation rates (as much
as two-thirds less) in comparison to situations when the thermodynamic feedbacks
are neglected. Although ambient air temperature changes are small (of the order
of —0.5°C), the relative humidity can increase significantly near the snow surface
and may approach saturation with respect to ice when sublimation is occurring.
The humidity assumption, as stated by King et al. (1996), becomes the critical pa-
rameter in evaluating sublimation rates in blowing snow. Future field experiments
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examining wind-blown snow should include detailed observations of the spatially
evolving humidity field so that modelled results may be tested.
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