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Abstract. The redistribution of snow by drifting and blow- wind flow and the snowpack characteristics. Particularly
ing snow frequently leads to an inhomogeneous snow masalong the margin of larger ice caps, persistent katabatic winds
distribution on larger ice caps. Together with the thermody-become often strong enough to effectively remove snow from
namic impact of drifting snow sublimation on the lower at- the surface and re-accumulate the eroded snow mass within
mospheric boundary layer, these processes affect the glaci¢he surrounding areas (e Boon et al, 201G Mernild et al,
surface mass balance. This study provides a first quantifi2006. Once snow particles become mobile, they can be ad-
cation of snowdrift and sublimation of blowing and drifting vected over long distances by the mean flow, while influ-
snow on the Vestfonna ice cap (Svalbard) by using the specifencing the turbulent structure of the atmospheric boundary
ically designed snow2blow snowdrift model. The model is layer. Snow particles that are entrained far upwards (above
forced by atmospheric fields from the Polar Weather Re-2 m) by turbulent eddies are generally referred to as blowing
search and Forecasting model and resolves processes onsaow, whereas the advection of snow mass within the sur-
spatial resolution of 250 m. The model is applied to the Vest-face layer is referred as drifting snow. During transport, part
fonna ice cap for the accumulation period 2008/2009. Com-of the snow mass is removed by sublimation, which modifies
parison with radio-echo soundings and snow-pit measurethe vertical temperature and moisture profiles of the near-
ments show that important local-scale processes are resolveslirface layer. The cooler and more humid air masses then
by the model and the overall snow accumulation pattern ishave a non-neglectable impact on the surface energy fluxes.
reproduced. The findings indicate that there is a significantSince the effect on mass balance can be strong, bridging the
redistribution of snow mass from the interior of the ice cap gap between drifting and blowing snow and the local-scale
to the surrounding areas and ice slopes. Drifting snow subimpact on glacier mass balance in polar regions has been ad-
limation of suspended snow is found to be stronger duringdressed by several glaciological studies (dagdicke2002
spring. Itis concluded that the redistribution process is strongBintanja 1998 Lenaerts et aj201Q 2012.
enough to have a significant impact on glacier mass balance. The importance of drifting and blowing snow in the Eu-
ropean Arctic has early been postulateddymann(1933.
Based on point field measurements in Nordaustlandet, he es-
timated that at least 1/8 of the total snow accumulation is
1 Introduction redistributed by wind. The first detailed accumulation map
of Nordaustlandet (Svalbard) has been providedSiohytt
In high Arctic regions, redistribution of snow mass by wind (1964, based on point measurements collected during the
drift has an importantimpact on the mass balance of glaciersgyedish glaciological expedition in 1957/58. Later, better in-

by the interaction of the inherent erosional capacity of the
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repeated ground penetrating radar measurements carried onorth-easterly directions prevalKdsmacher and Schneider
by Taurisano et al(2007 and Grabiec et al(201]). Both 2011).
studies substantially contributed to a better understanding Due to its location within the archipelago, Nordaustlandet
and a consistent idea of the spatial snow cover pattern on this less directly influenced by the warmer Atlantic air and wa-
two large ice caps on Nordaustlandet, Austfonna and Vestter masses. Its climatic setting is mainly governed by weather
fonna. Their findings have been recently affirmed by on-sitesystems that originate in the Barents Sea region to the east
snow measurements frololler et al.(20118 andBeaudon  (Taurisano et a).2007). These provide the major moisture
et al. (2017). Unfortunately, due to the heterogeneity of the source for precipitation during the winter seasémr{and
complex snowdrift processes a comprehensive, glacier widet al, 1997 with the absolute amounts partly depending on
spatio-temporal quantification by measurements prove to beea-ice coveragdrpgers et a.2007). During conditions of
a challenging task. easterly air flow, Vestfonna is located in the lee of its larger
This study presents the first spatio-temporal estimate ofand higher neighbour Austfonna, which leads to precipitation
snowdrift in the south-west part of the Vestfonna ice cap. Wesums being generally smalldiégen 1993.
discuss the processes involved and describe the mathemati- Snow accumulation throughout the slopes of Vestfonna
cal framework of the specifically designed three-dimensionalwas found to be mainly governed by terrain elevatigiller
snow2blow model. The model is then applied to the Vest-et al, 2011ab). Along the main ridges the pattern of accu-
fonna ice cap for the accumulation period 2008/2009. Modelmulated winter snow shows substantial zonal variability that
results are compared with radio-echo sounding measurediffers between individual year8€audon et al2011). The
ments and on-site snow-pit data. Finally, the contribution andprevalence of katabatic wind directions throughout the slopes
influence of individual components on the snow distribution of the ice capClaremar et a).2012 promotes radial drifting
is discussed in detail. snow trajectories while synoptic winds and thus less consis-
tent drifting snow directions dominate on the ridg&ler,
2012 Moller et al, 2013. Overall, the magnitude of snow
2 Study area accumulation across the ice cap shows high interannual vari-
ability and therewith reflects the synoptic forcirBe@udon
The ice cap Vestfonna covered a surface area of 2340 kmet al, 2017).
in 2005 @raun et al. 2017 and is thus the second largest
single ice mass of the Svalbard archipelago and among the
largest ice caps of the Eurasian Arctic (see Big.lts star- 3 Field observations
shaped ice dome is formed by an east—west oriented ridge
that extends over the main summit, Ahlmann. From the eastThis study makes use of different types of field data for val-
ern summit, which is the highest point of the ice cap (647 midation purposes, i.e. snow-depth information from radio-
over WGS84 (World Geodetic System 1984) ellips@daun echo sounding and snow-pit analysis as well as in situ me-
et al, 2011, a secondary ridge extends towards the north.teorological measurements at automatic weather stations.
Apart from these main ridges the morphology of Vestfonna A snow-depth profile that is acquired from radio-echo
is dominated by several land-terminating ice lobes and extensounding carried out in spring 2009 Brabiec et al(2011)
sive outlet glacier basins that form marine-terminating, calv-serves as a basis for the validation of the modelled snow ac-
ing glacier fronts. cumulation pattern (Figl). The first part of this profile that
The strongly maritime climate of Svalbard is character-is used in this study extends over 14 km and reaches from
ized by the contrasting influences of warm and humid Norththe forefield of the north-western land-terminating parts of
Atlantic air masses to the south and cold and dry Arctic airVestfonna up to the main ridge of the ice cap and further on
masses to the north-eaSvendsen et gl2002. The warm  to the Ahlmann summit. The second used part of the pro-
West Spitsbergen CurrentMalczowski and Piechur2017) file covers 32 km of the western part of the main ridge. The
frequently causes sea-ice free conditions along the westerariginal snow-depth soundings provide point data that are
part of the archipelago while the eastern areas are directlynevenly distributed along the profile line. For its applica-
influenced by cold Arctic Ocean currentogng 1997 with tion in model validation we smoothed the original data us-
closed sea-ice cover during most winters. Extratropical cy-ing a 21-point moving-window filter in order to eliminate lo-
clones mainly control the synoptic-scale variability in the cal outliers. Afterwards the smoothed profile data were av-
southern parts of the archipelago while the Arctic high pres-eraged to fit the 250 m pixel resolution of the modelling do-
sure system forms the strongest influencing factor for themain. Snow depth along the profile ranges between 0 and
northern parts§keie 2000. The synoptic forcing markedly 2.24 m. According to the measurements, three different types
imprints on the surface climate especially during the winterof altitude-dependent accumulation patterns are observable,
months Bednorz and Fortuniglk?011). The synoptic-scale i.e. inversion, precipitation and redistribution. At elevations
airflow across the archipelago is dominated by southerlybelow 350 m the snow accumulates in a permanent aggrega-
directions during the summer season while during wintertion wedge Grabiec et a].2011; Ahlmann 1933 and forms
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Fig. 1. Detailed map of the Vestfonna ice cap (UTM 34N, WGS84). The grey shading shows the approximate edge of the ice cap. The
locations of the automatic weather stations VF-AWS (accompanied by snow-pit measurement) are denoted as green dots, and single snow-p
measurements as red dots. The radio-echo sounding pro@eadfec et al(2011]) is indicated as a blue line. Contours show the elevations

of the ice cap.

a surrounding snow band that is clearly visible on satelliteing to this study, the mean density of the snowpack lies in
images throughout the entire year. Within a small zone of thisthe range 300-400 kgmi. The snow-pit data are integrated
snhow band snow depth gradually decreases with increasin the discussion of qualitative model performance with re-
altitude. In contrast, snow depth above an altitude of 350 mspect to interannual persistence of the ice cap-wide snow-
tends to increase with altitude. Throughout the uppermostepth pattern.
parts of the ice cap the spatial distribution of snow depth Meteorological data from an automatic weather station op-
is mainly determined by snowdrift that results in frequent erated on the north-western slope of Vestfonna (VF-AWS,
sastrugi formation and thus in a high local-scale variability Fig. 1) since spring 2008 are used for validation of Polar
of snow accumulation. The radar measurements shown iWeather Research and Forecast model (PWRF) derived fields
Figs.5 and6 indicate both low and high frequency fluctua- of wind speed and direction, air temperature and relative hu-
tions of snow depth that can be attributed to short- and long-midity (see Table). The records used here comprise the pe-
wave sastrugi formation as it is especially visible betweenriod September 2008 to May 2009.
markers D and E.

Point related, multi-year snow-cover data from an exten-
sive snow-pit studyNloller et al, 20118 provide informa-
tion on snow depth and density for 21 points on Vestfonna
and nearby De Geerfonna for the period 2007-2010. Accord-

www.the-cryosphere.net/7/1287/2013/ The Cryosphere, 7, 128801, 2013



1290 T. Sauter et al.: Snowdrift modelling for the Vestfonna ice cap, north-eastern Svalbard

4 Physical processes in two-phase flow ilar to a thermally stable turbulent layer. As a consequence of
the stable stratification the density of the fluid-particle mix-
ture increases towards the surface. Therefore, friction veloc-

The redistribution of snow strongly depends on the availablejty ,, is not constant with height according 4@ = /7o/p,

turbulent kinetic energy of the atmospheric boundary layer,leading to a reduction of the turbulent exchange coefficient

and thus from the momentum flux and the surface shear efx,; — «u,z. Due to the change of the turbulent exchange
fects Liston and Sturm1998 Lehning et al. 2008 Bin-  coefficient, the wind speed gradient and thus the wind speed
tanja 2000. Once the surface shear stress exceeds the inncrease.

ertia and the cohesive bonds of the snow particles, transport

takes place. Within a thin surface layer the ejected particles

follow a ballistic trajectory under the influence of gravita- © Model description

tional force. The rebounds of these particles on the snow sur-

face, again, are able to eject more grains. This near-surfacgt General comments and model set-up

?gr?i:;:z ?gﬁ;ﬁg{lL;fggﬁ:ﬁ;ﬁ?g&?giiﬁg;g?t g]eetprc)arr?(\j/?r: gn(?nSnow erosion ar_ld _transport processes are inherently Iir_1ked

the momentum flux some of the particles withi.n the saltationto the charactenstlc_s qf the air flow and snow pro pgrtlgs.

. . . .. Therefore, the quantitative assessment of snow redistribution
layer may be entrained further upwards against their gravita-

. e requires an approximation of the buoyant, turbulent surface
tional force by turbulent d|ffu.3|on' and further §uspended .bywind field. Similar to previous studies (elgston and Sturm
the mean flow. Once the particle is in suspension the particl

EfL998 Naaim et al. 1998 Schneiderbauer et ak008 Bin-
velocity is assumed to be equivalent to the fluid velocity. . ’ i
Blowing and drifting of snow is considered to be a dilute tanjg 2009 Pomeroy and Gray199q Gauer 2001 Durand

two-phase flow consisting of solid snow patrticles in a fluid etal, 2009, th? interactions between parti_cles are neglected
. and snow particles are treated as a continuous phase solely
flows are given by turbulent fluid motion, which in turn is al%?eracting with the background ﬂO.W' The proposeq modgl
affected by the presence of the particles, Thus, snow parti-SOIVes the Reynolds averaged Nawer_—S_tokes equatlon_ using
' ’ thek—w turbulence model. The model is implemented within

P 9 oadable at the author’s web page.

length scales of the flow. It appears that if snow particles
are small compared to the turbulent length scale they tends 2 Governing equations

to absorb turbulent kinetic energéére and Crowge1989.

The evolution of turbulence in the presence of snow parti-The turbulent flow is assumed to be incompressible, so that
cles is a function of the Stokes numbgr, which is given  the continuous continuity equation reduces to

by the ratio of the particle relaxation time and the charac-,

teristic timescale of energy containing eddies (Kolmogorov—- = 0. Q)
timescaler = (v/€)%?). Assuming that the particle diame- °*

ters of drifting snow are typically in the range 10-400um  Taking the particle buoyancy and Boussinesq approxima-

and the Kolmogorov length scale of the atmosphergis ( tion into account while neglecting the Coriolis force, the ex-
(U3/e)l/4) n ~ 1 mm leads to & < 1. Such a small Stokes tended momentum equation can be written using Einstein’s

number implies that the particles enhance the dissipation ofUMmation notation as
turbulent energy in order to keep the particles in suspensiondu; 1 dp 5 3%u; 5 bs 2
This reduces the available turbulent energy for further en-dr  p ox; o0 + Mgz 8%y 2)
trainment. _ !
Elgobashi(1994) likewise described interaction effects of +iagl1— (O — o).
particle-laden flows byst and the average volumetric parti- wherex; (i=1,2,3) are the Cartesian coordinates andare
cle concentration. Since the average volumetric snow particléhe Cartesian components of the velocity vector. The fourth
concentration of suspended snow is usually below?A8in- term on the right side describes the particle buoyancy. The
tanjg 2000 Gauer 2001, Schneiderbauer et ak008, and Boussinesq approximatiog{1 — (6 — 6p)] considers den-
thus the average distance between the patrticles is large consity changes due to temperature variations in the lower at-
pared to their size, it is feasible to neglect interaction effectsmosphere and primarily forces the katabatic surface winds.
(Crowe et al, 1996 Elgobashi1994. As shown byBintanja ~ The 8 (1.0 x 103K ~1) is the coefficient of thermal expan-
(2000 the presence of particles also modifies the mean windsion. All remaining terms are similar to the common Navier—
velocity profile. Snow particles in suspension are balancedStokes equation (e.¢gtull, 1988. Proceeding from the in-
by the particle-fluid drag force and the counteracting gravity stantaneous internal energy equation the conservation equa-
force. If this equilibrium is perturbed by turbulent motion the tion of the potential temperature can be derived, and finally
air parcels experience an anomalous buoyancy, which is simbecomes
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Table 1. Notation.

1291

Table 2. Coefficients used for the — w turbulence model (values
are adopted frorfrerziger and Petj 1996).

esalt efficiency of saltation [O< eggit < 1]
g gravitational acceleration [m‘g] =2 B=0075 B*=0.09 of=0c*=2 e=p*wk
. . 9 : : k =%
hsalt saltation layer height [m]
k turbulent kinetic energy [fs—2]
ion flux [kgm2s~1 , . I
de erosion fix (kgm S .] o 1 with the production rate of kinetic energy by the shBaand
qd vertical turbulent diffusion flux [kg m<s—-] buovancvB. estimated b
gs horizontal flux in saltation layer [kg T? s~1] yancybk y
. . —1
gsalt snow mass f!ux in thﬁ saltation layer [kgths 1] b % 3& % 5
Us friction velocity [ms™] k="t 9x + ax: ) 9xs (6)
Usalt horizontal saltation particle velocity [nT$] J ! J
Uth friction velocity threshold [ms?] and
w terminal velocity [ms1]
z height above surface [m] By = lﬁkgﬂ- @)
Pr, Prt  laminar and turbulent Prandtl number [] Pri 0z
total incident radiation [W m? . o . .
O otalincident ra |a_|on[ . ] The equation for dissipation uses the inverse timeseoale
Vv mean particle settling velocity [nT] .
o . 1 that determines the scale of turbulence:
W ventilation velocity [m s -]
o k — w model coefficient do dujo P.AB s 0 v\ dw 8
Br.Bf  k—wmodel coefficients T ox; & k+Bo—pre +§j ”"ﬂ,?) ax; |’ ®)
B coefficient of expansion [K1] _ _ _
8ij Kronecker delta with the corresponding buoyancy temBy,, given as
0 potential temperature [K] w
K von Karman constant B, = E(a + L (max(Bx, 0) — By). 9)
Keff heat transfer coefficient [%15]
v kinematic viscosity [ s] The buoyancy production term®, and B,, consider the
vt turbulent viscosity [rAs] thermal stratification of the atmospheric flow and can be
0s snow density [kg m?] source or sink terms. Based on these equations the turbulent
0 air density [kg n3] viscosity is defined as
a,j, o) k— o model coefficients
0 surface shear stress [kgths™2] b= k (10)
s snow mass in saltation layer [kgTH] o
Pmax max. par.t'de concentration (.Steady'State) lkgth The various empirical constants are given in Table the
Ys, Uy sublimation-loss-rate coefficients [-] o
o 1 current model structure the enhanced dissipation of turbulent
1) turbulent dissipation [57] S . .
kinetic energy by snow particles is neglected, even though
this effect is present.
The rate of snow mass changgs/dt is described by the
continuum equation for conservation of mass:
30 3Ou;) 9 a0 3 3 (psu; 3 3 3
e i (Keﬁ_) =0, (@ 20 0@a) O (05 iy (9%) gy
o Ox; ax; 0x; ot ax; dxz \ 0x3 t J sub
—_ — —_—
whereas temperature changes by radiative forcing and phasé" an i av)

change of water are neglected in this study. The heat trans- gjnce we make the simplifying assumption that the rela-

fer coefficientcess is a function of the laminar and turbulent ;o velocity between the two phases is always zero there is
Prandtl numberPr and Prt, given as

Wt

Keff = — +

Prt

v
Pr’

(4)

no need to use a combined phase continuity equation as it
reduces to the equivalent single phase flow equation. This
approach considers snow patrticles solely as a passive tracer
with a constant total density of the air-snow mixture. Particu-

The Reynolds averaged momentum equation is closed udarly within the lower region of the surface layer this leads to
ing thek—w turbulence model. The equation for the turbulent @ slight underestimation of the mass flux. Assuming a snow
kinetic energyk, reads as

ok dujk
—+
Jat 3Xj

— Pt Bi— Bk —— [<v+1) 8_wi| . ()

} * .
0x; oy ) 0x;

www.the-cryosphere.net/7/1287/2013/

drift density of 0.2 kg m3 the error would be less than 7 %.
The drifting snow flux in the direction ispsu; and therefore
the net flux due to the fluid motion is given by the diver-
gence of the mass flux (term Il). Term IV gives the mass loss

The Cryosphere, 7, 128801, 2013
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Table 3. Model parameters.

Parameter Symbol Value Unit Reference Comments

Erosion efficiency esalt 5x10~4 - Naaim et al(1998

Fallout velocity % 0.2 ms1 Bintanja(2002 assuming a mean particle radius of 60 um
Fresh snow density Ps 200 kg nm3  Bennand Evan201Q very dense freshly fallen snow

Density of ice Di 900 kg n3 Bintanja(2001)

Snow particle albedo ap 0.1 - Déry et al.(1998

Laminar Prandtl number Pr 0.7 -

Turbulent Prandtl number Pr¢ 0.9 -

Kinematic viscosity v 1.73x10° més1

of suspended snow by sublimation. Besides the vertical enTaking into account the particle-saturation ratio the corrected
trainment of snow particles by turbulent diffusion, there is afriction velocity uS°" can be written as
downward flux—V ¢ due to gravity (term Ill). For the sake )
of simplicity the terminal fallout velocity’ is assumed tobe  corr _ F (uh — ( bs >

o % * th — Ux) . (14)
constant (see Tab®. The total amount of drifting and blow-
ing snow mass depends on the erosion flux and accumulation
flux, respectively, which are discussed in detail in the next
section.

Pmax

If the drifting snow density reaches saturatipRax, the
friction velocity reduces to the friction threshold velocity and
entrainment is suppressed. In case the saltation layer contains
no particles the corrected and uncorrected friction velocities
are equal. The maximum concentratigpay is estimated
The snow mass within the saltation layer primarily gains by by the following semi-empirical relationshi?¢émeroy and
the aerodynamic entrainment of snow particles from the un-Male, 1992,
derlying snowpack. According tAnderson and Haff1991) 2
the erosional mass fluge is assumed to be proportional to ¢, .. — ﬁ (1_ h) . (15)

. *

5.3 Erosion and accumulation flux

2
the excess surface shear stress, Uy

ge = esai(pu? — pau’). (12) By replacingu, by u°"in Eq. (12), the final erosion flux,

Once the surface shear streg$ exceeds the friction 5 2
threshold velocit articles are ejected from the snow- 0]
Yuth P J e =é€salt| O |:(uth - M*)< > ) + u*:| - p”tzh . (16)

pack. The efficiency of the erosional process is described b)g
theesai. The friction threshold velocity strongly depends on
the physical properties of the snowpack. Through the pro4s obtained. Once the threshold velocity exceeds the friction
cess of kinetic and melt-freeze metamorphosis the snowpactelocity deposition is possible. Similar Beyers et al(2004

is in a constant state of change. Both processes modify théne deposition flux is simply related to the downward flux
snow density and hence the kinetic resistance of the snow(gq. 11) and the shear stress ratio.

pack. The friction threshold velocity is therefore assumed to ) )
be proportional to the snow densityalter et al, 2004, da=Vo- max(uth ; us ’ 0) (17)

uh = 0.0195+ (0.021,/ps). (13) “ih

¢m ax

. . 5.4 Sublimation
Typical values foruy, are in the range of 0.3n7$ for

loose fresh snow to 0:6 m'$ for consplidated fim. Based The approximation of the sublimation-loss rates of sus-
on these values saltation starts at wind speggof about  pended snow follows that ofiston and Sturm(1998,
7-14ms* for consolidated snow and of about 4-11mMs  schmidt(1972 1991, Pomeroy and Gray1995, Pomeroy

for fresh snow (cfPomeroy and Gray1990. However, the et al.(1993, Bintanja(2000 andNaaim et al(1998 and is
ejected particles do have a strong impact on the prevaﬂmg;iven as

flow which affects the mass exchange process. The force ex-
erted by the particles on the wind field lowers the wind shear
stress and consequently reduces the capacity to eject furthgs = [ ¥ (2)¢:(z)dz. (18)
particles. To allow for such effect the friction velocity is cor- i,

rected by the particle-saturation ratidgaim et al. 1998.

Z
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The sublimation-loss-rate coefficientss represent the fact that sublimation of drifting snow is a self-limiting pro-
time rate of change of snow particle mass as a function ofcess, in the sense that the intensity depends on the saturation
the mean patrticle siza(z), so that deficit of the environment. Neglecting the feedback mech-
anism on the atmospheric profiles can therefore lead to an

dm(z) . . . . .
overestimation of snow drift sublimation.
V(o) = =, (19)
m(z) . o
5.5 Discretization
and
4 5 The domain is subdivided into a finite number of small con-
m(z) = énpiF(Z) . (20)  trol volumes, and fluxes are approximated by surface and
. volume integrals. The model is integrated forward in time
The change in mass, using an implicit Euler scheme with adaptive time stepping.
3 0 . All convection terms are implicitly solved and discretized us-
dm 270 — RNuTa [ﬁa - 1] ing an upwind differencing scheme for stability reasons. The

dt - L. [A B 1] 4 R, Ta ’ (21) Laplacian terms, in turn, are discretized by central differenc-
KNuTa| RvTa VShDe; ing. The set of partial differential equations are solved us-
ing the PISO (pressure implicit with splitting operators) al-
gorithm to enforce mass conservation at each time step (see
Ferziger and Petj 1996. At each time step wind velocity
and temperature are predicted using the pressure from the
previous iteration. Usually, the wind velocities do not satisfy
the continuity equation at this time and the wind velocities
need to be corrected. The correction procedure modifies the
pressure field by solving the Poisson equation. At this point
the continuity equation is satisfied, but the velocity and pres-
sure do not satisfy the momentum equation. Therefore, the
7(z) = 4.6 x 107 °;70258, (22) correction process is iterated until the velocity field satisfies
both the momentum and continuity equations.

The heat and mass transfer at the particle surface is de- Boundary conditions at all boundaries must be given in or-
scribed by the dimensionless Nusselt numberand Sher-  der to solve the equations. If no cyclic conditions are used,
wood numbeiSh, defined as the vertical profiles for wind (speed and direction), blowing
snow density, temperature and turbulent kinetic energy must
be provided at the inlets. The erosion and accumulation flux
at the surface boundary are implemented as boundary condi-
tion for the continuity equation of snow mass. The sublima-
Re(z) = 2r W(z) (24) tion flux is calculat.ed after the. field correction is carried out

v and the snow continuity equation has been solved.

is controlled by the rate at which water vapour is removed
from the snow particle and the available amount of thermal
energy, wherer is the water vapour deficit with respect to
ice, T the environmental air temperatuié the thermal con-
ductivity of air (0.024 W nt1 K—1), Ls the latent heat of sub-
limation (2838x 10° Jkg 1), Ry the gas constant for water
vapour (4615 Jkg 1 K—1), and D the molecular diffusivity

of water vapour in air (25x 10->m2s~1). The mean radius

of snow patrticleg vary with height as:

Nu = Sh =179+ 0.606 Re(z)®>, (23)

with Re being the particle Reynolds number:

wherev is the kinematic viscosity of air and, the ventila-

tion velocity, which is assumed to be equal to the particle sizes |deal case study

dependent terminal velocity. Followingomeroy and Male

(1992 we estimate the terminal velocity as 6.1 Initial and boundary conditions

W(z) =1.1x 10" F(x)*%. (25)  In the following an ideal test case is set up to demonstrate
the model behaviour. In order to compare the results with
b other models, a similar set-up to that proposemo et al.
y (2000 is chosen. To drive the atmospheric boundary layer
. op) O (26) fI_ow an _initial negr-surfac«_e logarithmic Wirlld profile is pro-
vided with a friction velocityu, = 0.87 ms ™+ and a rough-
whereap represents the shortwave particle albedo, assumedess lengthyg = 0.001 m. The atmospheric boundary layer
to be 0.1, and), the total incident radiation. is neutrally stratified having a constant potential tempera-
The effect of sublimation on the vertical profiles of tem- ture 6 = 25316 K up to 300 m. Above 300 m, temperature
perature and humidity is not included in this work, since the gradually increases with a vertical temperature gradient of
near-surface atmosphere is mostly saturated and will probad.005 K nT! providing a capping inversion. The pressure
bly contribute only a minor fraction to the surface mass bal-field is initialized according the hypsometric equation,
ance (see Tabld). This simplified assumption ignores the

The net radiation absorbed by the partiof&sis described
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Fig. 2. Profiles of blowing snowdrift density predicted after = 60, Fig. 3. Evolution of the turbulent viscosity profiles for the ideal case
600 and 3600 s for the ideal case study. study.

steep as those presentedXigio et al.(2000. The character-

istic timescale of the entrainment process, and therefore the
), (27) vertical distribution of the particle density is related to the

turbulent viscosity; (see Fig3).
where the surface pressysgis assumed to be 1000hPaand  The local sublimation rates are shown in FAgAt the sur-
Ry is the gas constant for dry air (287 JKK ™). The rel-  face the sublimation rate is zero, since the relative humidity
ative humidity profile decreases linearly from 100 % at thes set to 100 %. Despite the small saturation deficit near the
surface to 70% at 100 m. Above that level relative humid- ground, sublimation rates show a clear maximum which is
|ty is kept constant. For the ideal case simulation the partiClea consequence of the |arge number of partides_ The Coo|ing
drift density at the lower boundary is set to a constant valueand moistening of air due to the sublimation process reduces
of 0.2kgnT3, the sublimation ratesntanja 200Q Déry et al, 1998 Xiao

CYC”C lateral boundary conditions are used in both hori- et a|’ 2000 For the moment the thermodynamic feedback

zontal directions, while a stress free condition is used at theyf syblimation on the boundary layer is not included in the
top. The domain height is set to 1000 m in order to avoid thatsnow2blow model and local sublimation rates are constant
mass is transferred across the top boundary. The horizontah time. The vertical integrated sublimation rate in the sus-
grid spacing is 100 m. The grid consists of 150 vertical lay- pension layer is about 0.58 mm This rate is 1.8 times as
ers gradually increasing from the surface to the top with ahigh as the sublimation rates simulatedgry et al.(1999
constant cell ratio of 1.25. USing this ratio the first cell cen- for the same 10 m nominal wind Speed_ Consequenﬂy, the
treis located at 0.11 m. model overestimates the sublimation rates and attention must
be given when interpreting the sublimation results.

= exp _i
P = Do Rafo

6.2 Model results

F_lgure2_shows the evolution of the ver.tlcallsnow driftden- 7 \sestfonna Ice Cap

sity profile atr =60, 600 and 3600s. It is evident, that snow

particles are efficiently entrained further upwards by the7.1 Numerical set-up

turbulent eddies. In the lower atmospheric boundary layer

(z < 5m) the turbulent diffusion and particle settling are The snow2blow model is applied to the south-western
already balanced after 600s. Snowdrift density varies lit-part of Vestfonna (79149.029 to 80°0409.647 N,

tle with height in the near-surface region<€ 0.2m), but  18°1233.253 to 19°5817.844 E) with a horizontal resolu-
slightly exceeds the densities simulated by PIETUK, WIND- tion of 250 m. For this study the domain top is set to 3000 m,
BLAST and SNOWSTORM Xiao et al, 2000. However,  consisting of 5 vertical layers in the near-surface layer (5m)
above this level snowdrift density decreases at a quicker rateand further 40 vertical layers above. The vertical layer height
Thus the resulting vertical snow drift density profile is not as gradually increases with a constant cell expansion ratio of
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Table 4. Mean monthly temperature and relative humidity with respect to ice at the automatic weather stations De Geerfonna and VF-AWS.
Two measurements at different heights (2.1 and 3.9 m) are given for the AWS Vestfonna. Temperature and relative humidity at the AWS De
Geerfonna is measured at a height of 1.9 m.

De Geerfonna

Sep Oct Nov Dec Jan Feb Mar Apr May
T [°C] -1.1 -10.3 —13.7 —13.2 —18.4 —-17.4 —17.6 —23.4 —6.0
RH [%] 96.2 100.0 100.0 100.0 93.5 100.0 100.0 100.0 93.9
Vestfonna
Sep Oct Nov Dec Jan Feb Mar Apr May
T[°C] -21/~21 -11.3-11.2 -145/-141 -14.0~13.8 -18.8-184 —-18.2-17.8 -17.7~17.3 —20.7-205 —8.4/-8.1
RH [%)] 95.3/93.4 100.0/100.0 100.0/100.0 100.0/100.0 —/100.0 100.0/100.0 100.0/100.0 100.0/100.0 100.0/100.0

Up to now, no parameterization scheme for the snow cover
evolution is included, which might account for the snow den-
sification processes. However, in order to prevent that the en-
tire snow cover is eroded at once only the present day fresh
snow is allowed to redistribute. This is an acceptable assump-
7 tion given the fact that the high wind velocities lead to a rapid
densification of the upper snow covdddller et al, 20119
and formation of sastrugi. Snowdrift model parameters used
for the simulations are given in TabBe
- Weather conditions in the study region are homogenized
and downscaled to 1day temporal and 2km spatial reso-
lution on the basis of weather observations and the polar-
optimized PWRF. The regional reanalysis from the PWRF
is based on the six-hourly Global Forecast System (GSF)
global gridded analysis of the National Centers for Environ-

: : : : : : : : mental Prediction (NCEP) with a spatial resolution 0f°1.0

0 1 2 3 4 5 6 7 Lateral boundary conditions for the downscaling are given

Local sublimation rate [10° kg m™ s™] by NCEP low resolution real-time global sea surface temper-

ature analysis (NCEP RTG SST) with a spatial resolution of

Fig. 4. Vertical profile of the local sublimation rate in the suspension 0.5 and Advanced Microwave Scanning Radiometer-EOS

layer. (AMSR-E) daily sea-ice concentrations with a spatial resolu-

tion of 12.5km. The static geographical fields of the PWRF

‘model are initialized using the United States Geological Sur-
vey (USGS) standard datasets. The applied downscaling pro-

bulent near-surface wind field and the derived fluxes there :
cedure features a telescope two-way nesting of three polar

from. The decision to highly resolve the surface layer was : . .
gy Y stereographic domains (30, 10 and 2 km horizontal resolu-

drawn at the expense of the horizontal domain size, be—t_ The i q i of thi i | d input
cause any additional vertical layer increases the computa—'on)' € Innér domain of this nesting 1S used as input to

tional cost exponentially. The daily atmospheric fields from the ;nowaIow modgl. All three domains are resolved in 28
PWRF with a horizontal resolution of 2 km are mapped or]tovertlcal layers reaching up to the 50 hPa level. The temporal

the snow2blow grid. It is then forced by the lateral bound- reprocessing from the original six-hourly to the final daily

aries of the PWRF, so that an independent internal turbulenij?talseztg 1'5 d_(lfge us;ng th:}thmethr(])d _prelzsented!/li?[ys_smtr_l
wind field can evolve. The snow mass flux at the boundaries: & - (2010). The set-up of the physical parameterizations

for the saltation layer is given by the formulationRdmeroy Efirtgi Zr\:\él:‘l;iolrnc\)/t/jiilmizsoggtivated tyines et al(2011) and

100
|

10

z [m]

0.1

1.25. This set-up allows for a better representation of the tur

and Gray(1990:
0.68p _
Gsalt=— uth(u? — u2 ). (28) 7.2 PWRF model evaluation
*

The performance of the PWRF generated atmospheric fields
was evaluated with data from the VF-AWS. Figutshows

the observed wind conditions at the VF-AWS and the clos-
ds(itx. 7) = 0.8- exp—1.55(4.784: ;0544 — ;=054%  (29)  est PWRF grid point, respectively. Frequent strong winds of

The inflow snow density profile for the suspension layer is
given byPomeroy and Mal€1992):
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up to 15ms?! are observed from the south-easterly direc- the katabatic wind speeds and tends to have a more southerly
tion, clearly indicating the persistent katabatic wind flows. wind component (Fig7). Air temperatures at 2 m height var-

In contrast, the more fluctuating north-westerly flows areied at the VF-AWS betweer-37.9 and +5.8C during this
weak during the entire observation period. For validationperiod. Observed and modelled air temperatures significantly
the best out of the four closest PWRF model grid pointscorrelate with an? = 0.98, but show a neglectable cold bias
was chosen and compared with the observati@iarémar  of —0.05K, which is a problem of the PWRF model that
et al, 2012. The PWRF wind speed at 10 m height was was previously reported for the study regi@igremar et a).
corrected to the corresponding sensor height at 2.4 m using012.

the Monin—Obukhov theory for stable boundary laysiu(l, Figure8 shows the spatial distribution of the uncorrected
1988, while the Obukhov length has been derived from the snow water equivalent (SWE) field for the accumulation pe-
PWRF output variables. The model slightly overestimatesriod September 2008 to May 2009 obtained from the PWRF
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Fig. 7. Wind direction and speed measured at the VF-AWS (left)
and modelled by the PWRF (right).

model run. Snow distribution is predominantly controlled by
altitude ranging from 0.2 mw.e. (water equivalent) in coastal
areas to 0.6 mw.e. in higher regions along the ridge of the ice
cap. The general increase of SWE with altitude is consistent %
with studies carried out b@rabiec et al(2011) andM?oller i
et al. (2011h. However, these studies also emphasize that mwea

drifting and blowing snow often lead to local-scale deviation T T R )
from this dominant pattern.

450000 470000

Fig. 8. Snow accumulation in mw.e. from the PWRF model runs
7.3 Discussion on snowdrift over the period September 2008 to May 2009. The arrows mark
regions of special interest which are discussed in detail in the text.
The modelled distribution of SWE on the Vestfonna ice The locations of snow-pit measurements are denoted as red dots
cap for the period September 2008 to May 2009 is Sho\,\m(_location labelling i_s adapted froMbIIer e_t al.(20_11k)). The blue
in Fig. 9. Snow is heterogeneously distributed across the"€ Shows the radio-echo sounding profileGrabiec et al(201)
domain ranging between 0.11 mw.e. in the south-east and’ May 2009.
0.49mw.e. in higher regions. This corresponds to a total
snow loss of~ 10-20 % along the ridge by blowing snow. At
the ice cap slopes the total snow loss is about 5-15 %. Partdistances of less than 50 m caused by sastrugi formation. Due
of the eroded and suspended snow mass is later accumulatéal the limited information on the spatial distribution, it re-
in the undulating north-western forefield of the ice cap. In mains uncertain whether the deviations represent a system-
regions of disturbed flow, re-accumulation can be more tharatic pattern or are purely random. Particularly at the slopes,
0.1 mw.e. for the accumulation period 2008/2009. In thisthe snow2blow has difficulties reproducing the variability of
way, the De Geerfonna ice body receives between 15 anthe snow distribution (see Tab#. The low variability indi-
20 % of its total snow mass by drifting snow, which therefore cates that there is not enough snow eroded and redistributed
is an important term for the local mass balance. Snow mas#n this zone.
blowing away from the ice cap to the open sea was not quan- The occurrence of drifting and blowing snow events follow
tified in this studyJaedickg2002) estimated that snow mass a pattern similar to the SWE distribution (see Hi@). Blow-
loss to the open sea only accounts for 0.2% of the precipiing and drifting of snow occur most frequently (38—40 %) at
tated mass in Svalbard. In most areas near the ice fringe angind-exposed regions, such as the higher elevated regions
the western forefield accumulation and erosion are widelyalong the ridge. In the realm of the isolated upstream ice
balanced. In contrary, the largest snow mass losses of 0.10bodies (including De Geerfonna) and the ice cap slopes 30—
0.25mw.e. (30-50 %) are found in the south-east of the mair84 % of snow erosion occurs. Lower frequencies (20-24 %)
ridge. A comparison of modelled snow depths with radio- are generally found in the forefield of the ice cap and on the
echo soundings and snow pits shows that there is a bias afouth-eastern slope. This might be one of the reasons why
+0.07 mw.e. along the ridge, while at the De Geerfonna snowthe model does not erode enough snow in this area. These
is underestimated by about0.08 mw.e. by the model (see patterns imply that drifting snow events are triggered by the
Table5). However, these errors are insignificant in the light superposition of the paramount flow and katabatic winds,
of the spatial variability of snow water equivalent, which whereas the katabatic component is less efficient. This re-
sometimes may vary betweet0.13 m w.e. within very short  sult is similar to observations @rabiec et al(2011), who
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Table 5. Standard deviation and mean of the snow water equivalent [m] of the radar-echo sounding measurements, snow2blow model and
PWRF at the slopes and the ridge, respectively. The measured snow water equivalent at De Geerfopgs {SéEed on snow-pit data.

SWEpg SWEsigpe oswe (slope) SWhEidge oswe (ridge)

Measurements 0.48 0.29 0.10 0.34 0.04
snow2blow model 0.40 0.34 0.05 0.39 0.01
PWRF 0.34 0.49 0.06 0.56 0.01

ETTET

mw.e.q L] Snow profile measurements
Radio-echo sounding
— Zones discussed in text

Fig. 9. Modelled snow depths in mw.e. after the accumulation season 2008/2009 (left) and ASTER satellite image from 17 August 2000
(right, UTM 34N, WGS84). The arrows mark regions of special interest which are discussed in detail in the text. The locations of snow-
pit measurements are denoted as red dots (location labelling is adapteifithen et al.(20110). The blue line shows the path of the
radio-echo sounding measurements in May 2009.

found that air circulation patterns over Nordaustlandet andthe nearby Backabreen and De Geerfona are clearly repro-
the mesoscale surface roughness play a major role in snowuced by the snowdrift model. Together with the radar-echo
redistribution on the interior of Vestfonna. The magnitude sounding (Figs5, 9) it appears that after the 2—-3 km wide
of the modelled katabatic wind component along the slopesnow band SWE on the ice cap slopes decreases rapidly
varies between 1-2m$ at 2m height during the winter within a short distance of 2km (marker B in Figsand5).
months, and thus leading#g < 0.1 ms 1. The glacierwind  This decrease in SWE with altitude in the vicinity of the ice
components may be underestimated as a consequence of tedge is also observed in most years by the snow-pit mea-
assumption of homogeneous surface temperatures, which afurements at location V2 and V#6ller et al, 2011H. The
fects the buoyancy term and subsequently the occurrence afeneral spatial distribution along the slopes and the higher
drifting snow events at the slopes. regions is reproduced by the model, as indicated in Eig.
Indeed it is observed that katabatic glacier winds redis-Discrepancies are found in the region of the snow band and
tribute snow from the slopes to the ice edge forming a per-in the section between kilometre 54 and 58 along the radar-
sistent surrounding snow band (see arrows in BjgSince  echo sounding path. The former one is most likely due to the
the snow band exists all year, it is very likely that more ac- limitations of the 250 m grid cell resolution in reproducing
cumulation takes place at these zones or less snow is erodethe complex small-scale topography and its curvature pattern
Although katabatic winds might be underestimated, the dis-along the ice cap margin. Furthermore, the sudden change
tribution of the snow band along the Vestfonna margin andin mesoscale terrain roughness at the glacier fringe increases
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Fig. 11.Interseasonal variability of the mean snowdrift sublimation
within the near-surface layer (below 10 m) at the location VF-AWS
for the period 2008/2009. The boxes spread between lower and up-

N 1 L per quartiles of the values with the median shown as the thick line in
400w Aa AR between, the whiskers extend the boxes by 1.5 times the interquar-

. - . . tile range. Values outside this range are considered as outliers.
Fig. 10. Drifting snow frequency in the period September 2008 to

May 2009, defined as the ratio of days with non-zero erosion flux
and the total number of days. The locations of snow-pit measure-

. S Drifting and blowing snow sublimation shows a sea-
ments are denoted as red dots (location labelling is adapted from | | ith blimati tes betw 2_39
Mbller et al.(20118). The blue line shows the radio-echo sounding SCN&' CYCl€ With average sublimation rates between 2—5%

profile of Grabiec et al(2011 in May 2009. in April/May (see Fig.11). During the winter months 1-2 %
of the total suspended snow is sublimated. The seasonal vari-
ability can be attributed to the interplay between saturation

the turbulent kinetic energy and decreases the vertical windleficit, temperature and wind speed. Particularly in spring,
shear. This process weakens the katabatic wind at the glaci@onditions are favourable when high saturation deficits oc-
slope, and thus the suspension capacity of the flow. Snoveur simultaneously with strong winds and moderate temper-
accumulated by this process is not captured by the modelatures. As mentioned in Seét2, sublimation rates could be
To account for this process a large eddy simulation modeloverestimated due to the missing feedback mechanism in the
is required, rather than a Reynolds averaged model, in ordesnow2blow model. Given that the air mass near the surface
to resolve the small-scale flow pattern in detail. The overesds very moist during the winter time, we argue that the error
timation of erosion between kilometre 54 and 58, however,is relatively small compared to other uncertainties.
can be probably attributed to boundary effects.

For the sake of clarity, drifting snow sublimation is dis- :
cussed for the location VF-AWS, and has been integrateci3 Conclusions
over the lower atmospheric boundary layer (10m. Smce.This paper presents a high-resolution (250 m) spatial esti-

no verupal moisture measuremer_us are avalla_ble, the Vert'f'nation of snowdrift over the Vestfonna ice cap during the
cal profile of the undersaturatian is given by (iston and

accumulation season 2008/2009. Blowing and drifting snow

Sturm 1998 Dery and Tayloy1996 are frequent processes (10-25 %) which significantly mod-
_ I —0.027 ’ 30 ify snow accumulation distribution of the entire ice cap. In

(@) = om( @) (30) particular, along the wind exposed zones about 10—-20 % of

where oy is the undersaturation measured at the sensofhe primarily accumulated snow is redistributed to periph-
height z;n, and T is the relative humidity offset described eral zones and must be considered a loss term for the ice cap

by mass balance. In this way, ice bodies such as the De Geer-
fonna receive up to 20 % additional snow mass. Based on the
I'=1-0.027In(zrH). (32) results, three characteristic erosion zones can be identified on

Vestfonna ice cap: (lipversion zongdecrease of SWE with
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altitude; (2)precipitation zongincrease of SWE similar to ice cap (Nordaustlandet, Svalbard), Geogr. Ann., 93, 287-299,
the precipitation gradient; and (Bdistribution zonewhere 2011.

the spatial distribution of snow is characterized by blowing Bednorz, E. and Fortuniak, K.: The occurrence of coreless winters
and drifting of snow triggered by the paramount flow. These in central Spitsbergen and their synoptic conditions, Polar Res.,

zones correspond to snow radar observatiorGrabiec et al. BSO] 2DOl|1' dE b. 1: Glaci d alaciation. Hodder Ed
(2011). Whether blowing snow from sea-ice surfaces provide e:;t'ion' égfo vans, . J.: Glaciers and glaciation, Hodder Edu-

additional snow mass is still an open question. There is a pro:

d iation in drifti d blowi bii . Beyers, J., Sundsbg, P., and Harms, T.: Numerical simulation of
nounced variation in driiting an owing snow sublimation three-dimensional, transient snow drifting around a cube, J. Wind

during the simulation period with a maximum in April/May Eng. Ind. Aerod., 92, 725-747, 2004
with mean sublimation rates of 2-3%, and a minimum in Bintanja, R.: The contribution of snowdrift sublimation to the sur-
winter with mean rates between 1-2 %. These rates could be face mass balance of Antarctica, Ann. Glaciol., 27, 251-2509,
overestimated by the model and must treated with caution. 1998.
A detailed analysis of the effect of drifting snow sublimation Bintanja, R.: Snowdrift suspension and atmospheric turbulence.
on surface sublimation was not performed in this study, but Part I: Theoretical background and model description, Bound.-
will be covered in the future. _Lay. Meteorol., 95, 343-368, 2000. o _

Further work will also include drifting and blowing snow Bintanja, R.: _Sqowdr|ﬁ sublimation in a katabatic wind region of
processes into the calculation of glacier mass balance and g 1€ Antarctic ice sheet, J. Appl. Meteorol,, 40, 1952-1966, 2001.
more detailed description of snowpack processes. In genera% ntanja, R.: A new power-law relation for the vertical distribu-
. . tion of suspended matter, Bound.-Lay. Meteorol., 104, 305-317,
the snow2blow model captures the spatial snowdrift pattern, 5,
but underestimates the erosion at the ice cap slopes. In thigoon’ S., Burgess, D., Koerner, R., and Sharp, M.: Forty-seven
context more work has to be done on the simulation of the vears of Research on the Devon Island Ice Cap, Arctic Canada,
small-scale wind field. The available data do not allow a rig-  Arctic, 13-29, 2010.
orous validation of the model and the results. Obviously theBraun, M., Pohjola, V., Pettersson, R.,oMer, M., Finkelnburg,
validity of the model must be confirmed and proven in the R., Falk, U., Scherer, D., and Schneider, C.: Changes of glacier
future by comparing the outcomes with high-resolution data. frontal positions of Vestfonna (Nordaustlandet, Svalbard), Geogr.

Ann., 93, 301-310, 2011.
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