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Abstract. A modelling study was undertaken to evaluate the more moderate than the high alpine zone and windflow sep-
contribution of sublimation to an alpine snow mass balancearation was not observed. An examination of the suitabil-
in the Canadian Rocky Mountains. Snow redistribution andity of PBSM’s sublimation estimates in this environment and
sublimation by wind, snowpack sublimation and snowmelt of the importance of estimating blowing snow sublimation
were simulated for two winters over an alpine ridge tran- on the simulated snow accumulation regime was conducted
sect located in the Canada Rocky Mountains. The resultby omitting sublimation calculations. Snow accumulation in
ing snowcover regimes were compared to those from manHRUs was overestimated by 30% when neglecting blowing
ual snow surveys. Simulations were performed using physsnow sublimation calculations.

ically based blowing snow (PBSM) and snowpack ablation
(SNOBAL) models. A hydrological response unit (HRU)-
based spatial discretization was used rather than a more comy-
putationally expensive fully-distributed one. The HRUs were
set up to follow an aerodynamic sequence, whereby eroded,owpack depth and density in the alpine zone of high moun-
snow was transported from windswept, upwind HRUSs to drift t3ins exert a strong control on the magnitude, timing and
accumulating, downwind HRUs. That snow redistribution gy ration of snowmelt as well as directly influencing alpine
by wind can be adequately simulated in computationally ef-gcology and avalanche formation (Jones et al., 2001). Snow-
ficient HRUs over this ridge has important implications for coyer increases the surface albedo and provides a colder sur-
representing snow transport in large-scale hydrology modelgace 1o interact with the atmosphere compared to snow-free
and land surface schemes. Alpine snow sublimation losses,gpes. Thus, there are marked differences in energy and
in particular blowing snow sublimation losses, were signif- mojsture fluxes over snow-covered and snow-free surfaces,
icant. Snow mass losses to sublimation as a percentage Qfhich have implications for evapotranspiration, permafrost,
cumulative snowfall were estimated to be 20-32% with thegq glaciers. Snowpack and snowcover characteristics in
blowing snow sublimation loss amounting to 17-19% of cu- g|pine zones are strongly influenced by wind through the ac-
mulative snowfall. This estimate is considered to be a con+jon of wind in entraining, transporting and sublimating snow
servative estimate of the blowing snow sublimation loss i”(Dyunin and Kotlyakov, 1980; &hn, 1980; Schmidt et al.,

the Canadian Rocky Mountains because the study transeqloga: Meister, 1989: Pomeroy, 1991).

is located in the low alpine zone where the topography is  gnow sublimation has been shown to be an important part
of alpine water balances (e.g. Kattelmann and Elder, 1991;
Marks et al., 1992; Strasser et al., 2008). Since snowmelt

Correspondence tal. W. Pomeroy has an extremely important role in regulating annual runoff,
BY (iohn.pomeroy@usask.ca) these winter sublimation losses can have an important effect
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on the hydrology of cold regions. Sublimation of snow is the velocity and an expression for the vertical gradient in un-
conversion of snow particles from solid to vapour, bypass-dersaturation during blowing snow events (Pomeroy et al.,
ing the liquid water phase. Snow sublimation requires an en-1993; Liston and Sturm, 1998). Other models allow a ver-
ergy input of 2.84 MJ kg (at 0°C and standard atmospheric tical humidity profile to develop by calculating a thermody-
pressure) and the vapour pressure at the snow surface musamic feedback (i.e. a negative feedback in the form of de-
be greater than that of the ambient air. Snow sublimationcreased water vapour deficit and temperature) during the sub-
rate calculations are based on Thorpe and Mason’s (196@)mation of blowing snow (Bintanja, 1998; Bintanja and Rei-
relationships for the sublimation rate of an ice sphere basegimer, 2001; [®ry et al., 1998; Bry and Yau, 1999; Bry and
on a balance of atmosphere-particle heat transfer and latenfau, 2001). This negative feedback in turn reduces calcu-
heat due to sublimation at the particle surface. Mass loss dukated sublimation rates. There is still debate over this model
to sublimation occurs, in order of decreasing efficiency, fromcomponent as some argue that atmospheric mixing during
wind transported snow, intercepted snow and from the snowblowing snow events entrains sufficient dry air so as to di-
pack. Strasser et al. (2008) showed that cumulative sublimaminish the effect of the negative feedback (Pomeroy and Li,
tion from snowpack, intercepted snow in forest canopies and000; Bintanja, 2001). The snow transport models presented
blowing snow amounted to 24% of snowfall over a one-yearby Doorschot et al. (2001) and Lehning et al. (2008) neglect
period in a mountainous region in southeast Germany. Ovethe sublimation of blowing snow patrticles.
70% of annual snowfall sublimated during wind transport at The interception of snowfall by forest canopies is hy-
certain summit crest and ridge locations. drologically important as intercepted snow is susceptible to
Wind transport of snow is a common phenomenon acrosgreater sublimation rates than snow on the ground. Though
high altitude and latitude cold regions that can signifi- snow interception by forest canopies and subsequent subli-
cantly affect snowcover distribution patterns both during mation is not a component of alpine snow mass balances, it
accumulation- and ablation-dominated periods. Snow transean be an important component of treeline snow mass bal-
port involves the horizontal redistribution of snow. Surface ances adjacent to alpine zones. The sublimation of inter-
snow is eroded and transported via saltation (Schmidt, 1986¢epted snow can be substantial as the ratio of snow surface
Pomeroy and Gray, 1990) and suspension (Budd et al., 196@rea to mass is large, allowing for the turbulent transfer of
Pomeroy and Male, 1992) from flat surfaces, hilltops, wind- heat to intercepted snow to be sufficient for sublimation to
ward slopes and sparsely vegetated surfaces to topographaxcur. Intercepted snow sublimation losses have been esti-
depressions, leeward slopes and more densely vegetated sunated to be 20-30% of snowfall at a subalpine forest site in
faces (Pomeroy et al., 1993; Liston and Sturm, 1998). Thethe continental United States (Montesi et al., 2004), only 4.5—
occurrence of blowing snow is dependent upon the local5.2% of snowfall in northern Idaho (Satterlund and Haupt,
boundary layer meteorology and physical characteristics 0fL970), and at a rate of 0.71 mm ddyat a subalpine forest
the snow surface. Blowing snow can proceed when the sursite in the Colorado Rocky Mountains (Molotch et al., 2007).
face wind speed exceeds a threshold wind speed dictated by The sublimation (or condensation) of snow on the ground
the snow cohesive bond forces, which depend on the thers ubiquitous where seasonal snowcover is present, though
mal and settling histories of the snowpack (Li and Pomeroy,the sublimation rate is small relative to that for blowing snow
1997a). Snow particles transported by wind are well venti-and for intercepted snow due to a smaller ratio of surface
lated and undergo sublimation in the presence of an unsatuarea to mass and a lower exposure to atmospheric ventila-
rated atmosphere (Dyunin, 1959; Schmidt, 1972, 1986). Theion. Surface snow sublimation losses during winter periods
blowing snow particle sublimation rate is controlled by at- have been estimated to be 0.36 mnt dh continental Swe-
mospheric turbulence, temperature, humidity, incoming ra-den (Bengtsson, 1980), 1-2 mmldin the eastern Canadian
diation and particle size. Blowing snow sublimation lossesRocky Mountains during Chinook events (Golding, 1978),
of 15 to 41% of annual snowfall have been estimated for theand 15% of snowfall at an alpine site in the Colorado Front
Canadian Prairies (Pomeroy and Gray, 1995), 28% of annuaRange (Hood et al., 1999).
snowfall over western Canadian Arctic tundra (Pomeroy et Hydrological and atmospheric models require some de-
al., 1997), 18-25% of winter precipitation over the Alaskan scription of blowing snow redistribution and sublimation that
arctic (Liston and Sturm, 2002), up to 20% of the annualis suitable for complex terrain for application to cold regions
precipitation over certain areas of the Antarctic ice sheet(Dornes et al., 2008). The large scale application of these
(Bintanja, 1998) and only 3.7% of snowfall during an aus- models in mountain and polar environments precludes a
tral winter period at Halley Station in Antarctica (Mann et finely distributed approach such as those employed for small
al., 2000). There are two general types of model representabasins (e.g. Liston and Sturm, 1998; Essery et al., 1999) and
tions of blowing snow sublimation that provide considerably some form of landscape aggregation is necessary. Given suit-
different estimates of blowing snow sublimations quantities.able single column estimates of snow transport and sublima-
One type calculates the sublimation of blowing snow par-tion, a particular difficulty lies in discretizing blowing snow
ticles using observed temperature and humidity forcing, arerosion and deposition zones. The accurate estimation of en-
expression for ventilation velocity as a function of friction hanced snow accumulation in drift zones is highly sensitive
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Fig. 1. Marmot Creek Basin landcover and station locations. Inset shows location of Marmot Creek Research Basin (credit: Chris DeBeer).

to both the snow mass available for deposition (controlled bywhich is characterized by sharp topographic gradients and
the area of the blowing snow erosion zone) and the area ovesteep slopes, Chinook winds and other strong wind features.
which the snow mass is deposited. Approaches haven been

developed in the context of avalanche forecasting (Durand e& .

al., 2001; Lehning and Fierz, 2008). Durand et al. (2001) Study site

developed an operational parameterization for snow redistri-

. . . . 2.1 Site description
bution over mountainous terrain, though an evaluation of a

spatially distributed application over actual terrain has notgisera Ridge (hereafter FR; 7' N; 11512 W, 2305—
been presented. Lehning and Fierz (2008) developed a snow322 ma s.l.) is an alpine ridge located within the Marmot
drift index to predict lee slope drifting over four terrain as- creek Research basin (MCRB; Fig. 1). MCRB is a 9.8km
pects. MacDonald et al. (2009) built upon Dornes et al.'syatershed located in the Rocky Mountain Front Ranges in
work and identified hydrological response units (HRUs) suit- Alberta, Canada. The general aspect is easterly. The basin
ablg for calcu!ating_snow redistribution calc_ulations in sub- g primarily montane with subalpine forest and alpine tundra
arctic mountains with moderate topographic roughness andiggetops. The basin landcover consists of dense lodgepole
ran a blowing snow model to estimate snow accumulationsine, mature spruce and subalpine fir forest at lower eleva-
quantities that compared well to field measurements. tions, larch, shrubs and grasses at and just below the treeline,
The purpose of this study is to evaluate the contributionand talus and bare rocks in the high alpine. MCRB is un-
of sublimation to the winter alpine snow mass balance in thederlain by glacial and post-glacial deposits ranging from 10
Canadian Rocky Mountains, with an emphasis on its impacto 30 m depth above bedrock, except at high elevations and
on the end-of-winter snow accumulation that largely controlsalong portions of the creek channels (Stevenson, 1967). Sea-
snowmelt runoff and the spring freshet in this headwater re-sonally frozen soils are present at higher elevations. Annual
gion. A particular focus will be on blowing snow since 1) it precipitation is typically around 900 mm with 60-75% be-
is the most efficient snow sublimation process, 2) model reping snow. Climate normals as recorded at the Kananaskis
resentations of blowing snow sublimation vary considerablyPocaterra station (ID 3053604; 1610 ma.s.l.) range from a
and 3) estimating snow accumulation regimes due to snowow of —11.1°C in January to a high of 11°€ in August.
redistribution is highly sensitive to the spatial discretization Temperatures are typically colder at MCRB since it is at a
of the model domain. The specific objectives are to iden-higher elevation. Marmot Creek itself is a tributary of the
tify HRUs that are suitable for simulating snow accumulation Kananaskis River and is part of the Bow River system. FR is
and redistribution over alpine topography in mountains with located above the treeline, where subalpine fir and larch give
strong winds, and to estimate the winter snow sublimationaway to sparse shrubs, exposed soils and grass. The highest
loss at an alpine site in the Canadian Rockies. The test arealevation of FR has a western boundary with an elevation
is in the Front Ranges of the Canadian Rocky Mountains.of approximately 2617 ma.s.l., and decreases in elevation
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Table 1. Average Fisera Ridge meteorological conditions during 2007/2008 and 2008/2009 winter simulation periods.

Temperature  Relative Ridge-top North-facing  South-facing
Humidity Wind Speed  Wind Speed  Wind Speed

Year €C) (%) (ms1 (ms1 (ms1
2007/2008 -7.7 68 3.3 3.9 25
2008/2009 -5.6 67 2.8 3.9 2.7

in an eastern and north-eastern direction with an elevatiormain corresponds to the snow survey transect. Snow depth
of approximately 2317 ma.s.l. at the treeline. The predom-was measured every 1-3m and snow density was measured
inant windflow is northerly to north-westerly. The north- every fifth depth measurement using an ESC30 snow tube
facing slope and the ridge-top are generally windswept andvhen possible. The snowpack was often too shallow to

the south-facing slope and further downwind forested areaneasure on the windswept north-facing slope and too deep

are snow deposition zones. (>120cm) to measure on the south-facing slope with the
ESC30 tube. Snow pits were dug when possible at the lo-
2.2 Field observations cations shown on Fig. 2. Snow density was measured in the

snow pit to depth by weighing samples obtained using a fixed

Observations from September through April 2007/2008triangular cutting device (Perla “Swedish Sampler”). To cal-
and 2008/2009 were used. Meteorological observationsulate mean snow water equivalent (SWE) for an HRU, the
from three stations located at FR (ridge-top, north-facing,mean measured snow density for a particular HRU was ap-
southeast-facing), from a mid-elevation forest clearing sta-plied to each depth measurement in that HRU.
tion (UC: upper clearing) at 1845ma.s.. 2km away and A vegetation survey was conducted along the FR snow
from a meadow station (HM: hay meadow) 4.8 km away atsurvey on 3 July 2008. A shrub count was performed
1437 ma.s.l. were used (Fig. 1). The ridge-top station is lo-within two 9mx9m grids (one on the north-facing slope
cated at the top of FR and measures air temperature, rela&nd one on the south-facing slope). Eight shrubs were
tive humidity, incoming shortwave radiation, incoming long- counted within the north-facing slope grid and 47 shrubs
wave radiation, wind speed and direction. The north-facingwere counted within the southeast-facing slope grid, yield-
and southeast-facing stations are located on the northern aridg 0.1 shrubs m? and 0.6 shrubs r? on the on the north-
southern faces of FR, respectively, and measure wind speedcing and southeast-facing slopes, respectively. Twenty-
and direction. Wind measurements were made at approxthree shrub height and width measurements were taken along
imately 2m above the ground surface. Average measurethe snow survey. Shrub measurements were performed man-
wind speed, temperature and relative humidity over the sim-ually with a ruler. The shrub height measurement was taken
ulation periods are presented on Table 1. to be the distance from the ground surface to the maximum

A Geonor T200B accumulating precipitation gauge wasVertical extent of the shrub. The shrub width measurement
installed in a sheltered area near the ridge-top FR station duwas taken to be the maximum girth of the shrub. Average
ing the fall of 2008. Thus, for 2008/2009, precipitation data Shrub height and width along the transect were 63cm and
from the FR Geonor gauge was used. Elevation-induced dif108 cm, respectively. Average shrub height was 51 cm and
ferences in precipitation exist between the FR and UC sitesB2cm on the north-facing and southeast-facing slopes, re-
2008/2009 FR precipitation data was correlated with precip-Spectively. Average shrub width was 107cm and 111cm
itation data from the UC Geonor T200B accumulating pre-0n the north-facing and southeast-facing slopes, respectively.
cipitation gauge to develop a multiplier (1.18) to extrapo- The shrub width measurements included the aggregation of
late 2007/2008 UC precipitation data to the FR site. Theseveral clumps of shrubs. Photographs taken with a cam-
Geonor precipitation gauge data were corrected for underera equipped with a hemispherical lens were analyzed with
catch according to the equation presented by MacDonald an§fLA software (Frazer et al., 1999) to determine the leaf
Pomeroy (2007). Atmospheric pressure is measured at tharea index (LAl) for the spruce forest downslope from the
HM station. Standard atmospheric pressure relationships angoutheast-facing station. An average LAl of 0.91 and an av-
known site elevations were used to estimate FR atmospheri€rage canopy height of 2.3 m was determined.
pressure from the HM observations. An airborne light detection and ranging (LIiDAR) data col-

Manual snow surveys were performed over FR during!€ction campaign was deployed over MCRB research during
2007/2008 and 2008/2009. The snow survey transect exAugust 2007. High-resolution digital elevation data was ob-
tended 200 m from the NF station over FR, beyond the SHained. A 10m DEM of MCRB was created using this high-
station and into the forested area (Fig. 2). The modelled dofesolution LIDAR data using Golden Software Surfer 8.00.
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Fig. 2. Fisera Ridgda) meteorological station, snow survey, snow pit and Geonor locationgjarsite photograph taken 16 April 2010
(credit: Logan Fang).

3 Models used wind

A suite of physically based algorithms were used to simulate Ep

snow accumulation over FR. The algorithms were combined l

within the Cold Regional Hydrological Modelling platform

(CRHM; Pomeroy et al., 2007). CRHM is an object-oriented

hydrological modelling platform developed for Canadian en- Suspension Layer

vironments (e.g. boreal forest, mountain forests, alpine tun-

dra, muskeg, arctic tundra and prairies). The spatial dis- Fq, Fousp

cretization is in the form of HRUs with a conceptual land- —

scape sequence or water flow cascade. CRHM has a mod-

ular structure in that a model is created by selecting from lg .

a library of process modules. The following CRHM mod- FL Q Q.h Q. Qp -

ules were used in this study: Global and Sldpsi (radia- v v v |

tion calculations with adjustments for aspect, elevation and + Snow U ,

slope), PBSM (snow transport and sublimation), SNOBAL EQ %Q

(snowmelt), Canopy (adjusts shortwave and longwave ra- «-— - °_ _ _ _ 1=

diation exchanges beneath needleleaf forest canopies and Jetch distance

accounts for canopy effects on water mass balance at the )

ground surface). Fig. 3. Control volume for blowing snow mass fluxes and snowmelt
The snow mass balance over a uniform element of a land<"¢"%-

scape (Fig. 3) is the result of snowfall accumulation, the dis-

tribution and divergence of blowing snow fluxes both within 3.1 Global and SlopeQsi

and surrounding the element, and sublimation and melt from

the snowpack. The terms presented on Fig. 3 are describelin® CRHM Global module calculates theoretical clear-sky
in the CRHM module subsections. direct and diffuse solar radiation. Global calculates the the-

oretical direct beam component of solar radiati@hy, ac-
cording to Garnier and Ohmura (1970) and the diffuse clear-
sky radiation component)4ir, according to List (1968) as

Saltation Layer

www.hydrol-earth-syst-sci.net/14/1401/2010/ Hydrol. Earth Syst. Sci., 14, 14052010
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the blowing snow transport out of the element (kg'rs—1)
which is the sum of snow transport in the saltation and sus-

Quir=1 - p"'[(sinf cosH ) (—COSASINZ) —sinH (SINAC0SZ) pension layersFsar and Fsusp Vi is the horizontal diver-
+(CO0¥ coSH ) c0SZ] cos’ + [ co¥ (CosASInZ) gence Eg(X)dxis the vertically integrated blowing snow sub-
+(sing cosz) ] sin (1) limation rate (kgnm*s™t) over fetcrll distance (m), E is

the snowpack sublimation (kgms~1) and M is snowmelt
—2o-1
Qdif = 0.5((1—aw —ac) Qext— Qdir) @ (kgm=s.

Since PBSM is for fully-developed blowing snow con-
where/ is the intensity of extraterrestrial radiatiop,is the  ditions, PBSM is restricted to minimum fetch distances of
mean zenith path transmissivity of the atmospherés the 300 m following measurements by Takeuchi (1980). Blow-
optical air mass (calculated from Kasten and Young, 1989)ing snow transport fluxes are the sum of snow transport in the
§ is the declination of the su#, is the latitude H is the hour  ggjtation and suspension layeFsait and Fsysp(Kg m1s1,
angle measured from solar noon positively towards wést, respectively. Saltation of snow must be initiated before snow
is the slope azimuth measured from the north through eastransport can occur in the suspension layer and blowing snow
Z is the slope angleyy is the radiation absorbed by water syblimation can occur.
vapour (7%)ac is the radiation absorbed by ozone (2%) and  Fy is calculated by partitioning the atmospheric shear
Qextis the extraterrestrial radiation on a horizontal surface atstress into that required to free particles from the snow sur-
the outer limit of the earth’s atmosphere. face, to that applied to nonerodible roughness elements (ex-

The SlopeQsi module calculates incident solar radiation posed vegetation) and to that applied to transport snow par-
on slopes based on the ratio of measured incident shortwavgcles (Pomeroy and Gray, 1990). Estimation of the thresh-
radiation on a level plane and the calculated clear-sky di-old condition and shear stress required to free particles from
rect and diffuse shortwave radiation on a level plane (fromthe surface follows the procedure of Li and Pomeroy (1997).
Global). The shear stress applied to vegetation is estimated following
Pomeroy and Li (2000). Mechanical turbulence controls at-
mospheric exchange during blowing snow, thus shear stress

PBSM calculates two-dimensional blowing snow transportspzaelgu;?;?i?eusmg the Prandtl-voraknan logarithmic wind

and sublimation rates for steady-state conditions over a land- . .
. The aerodynamic roughness lengih (m) is controlled
scape element using mass and energy balances. PBSM was

s o . L y the saltation height and is calculated using coefficients
initially developed for application over the Canadian Prairies, . L . .
that were derived from extensive field observations in a level

characterized by relatively flat terrain and homogeneous Crop -t . .
cover (e.g. Pomeroy, 1989: Pomeroy et al., 1993). Certai ocation with fully developed saltating flow (Pomeroy and
9 Y, ' Y 2 : ray, 1990). Recent work has raised uncertainty in the tur-

assumptions and parameterizations in PBSM were derive . .
. . : . . ulent exchange processes during blowing snow. Doorschot
from field observations in the Canadian Prairies and there- .
. . ) : . . “et al. (2004) showed that the aerodynamic roughness length
fore should be applied outside this environment with caution., \ L . )
. . : . 'in alpine terrain is more influenced by surrounding topog-
However, versions have been applied to variable vegetation

height (Pomeroy et al., 1991), over alpine tundra (Pomeroyraphy than by the saltation height. According to their find-

1991), arctic tundra (Pomeroy and Li, 2000) and mountain—mgs’ Zo in this environment may b? underest|mated by the
; : Pomeroy and Gray (1990) formulation. According to Helga-
ous subarctic terrain (MacDonald et al., 2009) and show an
o ; . . son (2010) and Helgason and Pomeroy (2005), the advected
ability to simulate winter snowpack evolution. The model : : . .
. . . turbulence associated with surrounding topography primar-
is used here because it has well tested comprehensive sna ; X
o : . Ily enhances shear stress via horizontal turbulence and con-
transport and sublimation calculations and considers the ef- : .
iderably less so via vertical turbulence. So the effects on

fect of vegetation. Full details of the model are presentedS

particle lift and vertical fluxes such as sublimation may be
by Pomeroy and Gray (1990), Pomeroy and Male (1992), ) o i
Pomeroy et al. (1993) and Pomeroy and Li (2000). muted. For this reason, it is assumed that snow-atmosphere

: exchange in alpine environments can be adequately simu-
The snow mass balance over a uniform element of a land-

: . ated using roughness length calculations derived from mea-
scape (e.g. a HRU) is a result of snowfall accumulation an : . .
C I i . surements over saltation and vegetation roughness in open
the distribution and divergence of blowing snow fluxes both

within and surrounding the element given b and flat terrain.
9 9 y Fsuspis calculated as a vertical integration from a reference

3.2 Prairie blowing snow model

ds [Eg(x)dx height near the top of the saltation laykx, to the top of the
S @W=P=p [VH . F(X)JF—} —E-M  (3)  plowing snow boundary layer), given by Pomeroy and
Male (1992)

wheredS/dtis the surface snow accumulation (kgfrs™1),
P is snowfall (kgnt?s™1), p is the probability of blow-
ing snow occurrence within the landscape elemdntis

Hydrol. Earth Syst. Sci., 14, 1401415 2010 www.hydrol-earth-syst-sci.net/14/1401/2010/
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4) the number of hours since the last snowfall and the ambient

U 7 15 locations in the Canadian prairies and are calculated from
Fsusp= T/U(Z)In (Z—>dz
h atmospheric temperature.

wherek is von Karman's constant (0.41)x is the friction
velocity, n is the mass concentration of blowing snow at

heightz (m) andzo is the aerodynamic roughness heiglil.  gNOBAL (Marks et al., 1998, 1999) calculates the amount of
is governed by the time available for the vertical diffusion of snowmelt using the energy equation and was developed for
snow particles fronk, calculated using turbulent diffusion deep mountain snowcover. SNOBAL represents the snow-
theory and the logarithmic wind profiles« increases with .\ ar as two layers: a surface active layer of fixed depth
friction velocity and is estimated as given by Pomeroy andang 5 jower layer that represents the remaining snowpack.

Male (1992). o _ SNOBAL was previously applied at MCRB by DeBeer and
For fully-developed flow it is constrained @=5 m. Shear Pomeroy (2009).

stress is assumed constathtZr=0) up toz, and suspension
occurs under steady-state conditiods/@r=0). As suspen-
sion diffuses from the saltation layer, saltation must be activ
for suspension to proceed.

3.3 SNOBAL

Snowmelt in either layer occurs when the available energy
exceeds that required to bring the snow layer temperature
€above 0°C. The amount of snowmelt (depth of water equiv-

; o ) .. alent per unit time) is calculated using
Eg is calculated as a vertical integration of the sublimation

rate of a single ice particle with the mean particle mass beingys = Om (6)
described by a two-parameter gamma distribution of particle phiB
size that varies with height. The calculation of the sublima-whereQn is the energy available for melt,is the density of
tion rate of a single ice sphere is based on Thorpe and Mawater,hs is the latent heat of fusion (333.5kJk andB is
son'‘s (1966) relationships based on a balance of atmospheréhe fraction of ice in a unit mass of wet snow (0.90m is
particle heat transfer and latent heat due to sublimation at théalculated from the energy equation as
p_articlte) surface. The vertically integrated sublimationrate isg  — 0, + O+ Qe+ Qg+ Qp+AU /At (7
given by

b

whereQy, is the net radiation (incoming and outgoing short-
1 dm wave and longwave radiation)y, is the convective sensi-
ke :/ME(Z)U(ZMZ (5) ble heat flux,Qe is the convective latent heat fluQg is
0 the conductive ground heat flux?p is the advective heat
wherem is the mean mass of a Sing|e ice partide at heightfrom rainfall, Oona is the small-scale advective heat from bare
z. The rate that water vapour can be removed from the iceground andAU/Ar is the change in internal energy of the
particle’s surface layedm/di is calculated assuming parti- SNOW mass.
cles to be in thermodynamic equilibriumim/dtis controlled Snow albedo,«, during winter is estimated using the
by radiative energy exchange, convective heat transfer to th&ethod outlined by Gray and Landine (1987). The albedo
particle, turbulent transfer of water vapour from the particle depletion was approximated by three lines of different slope
to the atmosphere and latent heat associated with sublimdepresenting three periods: pre-melt, melt and post-melt.
tion, and is given by Schmidt (1972) assuming the particle Sublimation (and condensation)E, at the snow-
ventilation velocity to be equal to the particle terminal fall atmosphere interface is diagnosed from the latent heat flux,
velocity. Eg calculations are highly sensitive to ambient rel- and sublimation (condensation) at the snow-soil interface is
ative humidity, temperature and wind speed (Pomeroy et al.calculated from the specific humidities of the snow and soil
1993; Pomeroy and Li, 2000). layers and a diffusion coefficient (Marks et al., 1998). Lig-
Field observations show that blowing snow is a phe-Uid water in the snowpack is first evaporated using the ratio
nomenon that is unsteady over both space and time. Thef latent heat of vaporization to sublimation &t® (0.882).
time steps most frequently used in PBM studies (i.e. 15, 30T he remaining diagnosed evaporative loss is calculated as ice
or 60 min) do not always match the highly variable and inter- Sublimation. Half of the sublimated ice decreases snowpack
mittent nature of blowing snow. In addition, small scale spa-depth but does not alter its density. All of the evaporated lig-
tial variability in snowcover properties produces sub-elementuid water and the other half of sublimated ice decrease the
(e.g. grid cell or HRU) variability in snow transport. Li and snowpack density and specific mass.
Pomeroy (1997b) developed an algorithm to upscale blowing SNOBAL ensures numerical stability by using a variable
snow fluxes from point to area. The probability of blowing time-stepping scheme that is dependent on the snowpack spe-
sSnow occurrencep, is approximated by a cumulative nor- cific mass. There are three snow mass thresholds (60, 10 and
mal distribution as a function of mean wind speed (location1 kg N2 or mm SWE) that activate the use of different time
parameter), the standard deviation of wind speed (scale pastep durations. The longest time step is used when the snow
rameter). Empirical equations for the location and scale pamass is above 60kgmi and the shortest time step is used
rameter were developed from six years of data collected awhen the snow mass is below 1 kgfn
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3.4 Canopy 300 ‘ ‘ |
. Forest |3F- ‘ RT | NF

The CRHM Canopy module calculates energy and water in- s | | ower | |
put to the snow surface beneath a needleleaf forest canop ‘ ‘ |
and is fully described in Ellis et al. (2010). £ 20 | —— |17 Feb 2008

Shortwave transmissivity through the forest canopy is < \ — |16 Mar 2008
given by a Beer-Bouger type formulation given by a varia- & ;|\ | ] X;:Zzggg
tion of Pomeroy and Dion’s (1996) formulation (Pomeroy et —:22 Apr 2008
al., 2009) c% 100

1.081cog0)PAI

e eXp( Sin(@) ) ®) 1
where@ is the solar angle above the horizon (radians) and 0 : . ' )
PAI' is the effective winter plant area index. Multiple re- 0 50 100 150
flections within the canopy are not explicitly account for and Transect Location (m)
there are not separate calculations for canopy foliage, trunks
and gaps. Fig. 4. Observed snow depth along Fisera Ridge transect. The

Enhanced longwave irradiance to the surface from the forboundaries of the five HRUs are indicated by the dashed lines.
est canopy is calculated. The incoming longwave radiation

tothe snowpack beneath the forest candgy;, is given by Observed snow depth from the five dates shown on Fig. 4

Llt=vL | +(1—v)ero T (9) show that .the qutial snow depth pattern is temporally sta-
ble over winter. Five HRUs were selected based on the ob-
where v is the sky view factor.e; is the forest thermal served snow depth patterns shown in Fig. 4. The north-facing
emissivity (unitless),o is the Stefan-Boltzmann constant slope HRU (NF) is located from 127 to 181 m, the ridge-
(Wm~2K~%) andT; is the forest temperature (K). top HRU (RT) is located from 90 to 127 m, the upper south-
Canopy also estimates the canopy throughfall of rain andtacing slope (SF-upper) is located from 28 to 90 m, the lower
snow, the canopy interception and evaporation of rain, thesouth-facing slope (SF-lower) is located from 0 to 28 m and
canopy interception and sublimation of snow, the unloadingthe Forest HRU is located from 0 to15 m.

of intercepted snow and the drip of intercepted rain. The HRUSs follow a fixed aerodynamic sequence in that
Canopy interception of snowfall and sublimation of inter- ha model always transports snow from upwind to downwind

cepted snow is calculated using relationships presented byirus. The HRU snow transport sequence is-NRT — SF-

Pomeroy et al. (1998). The amount of intercepted snow i,pper— SF-lower Forest (i.e. NF snow transport reaches

calculated as all of RT, SF-upper, SF-lower and Forest; SF-upper snow
Is=1I% (1_e—clps/1;) (10) traps_p.ort only reaches SF'—Iower and Fo.rest; etc.). The gtatlc
definition of the HRU locations and relative lengths is a sim-

where C; is the dimensionless canopy-leaf contact per plified representation of the actual spatiotemporal snow re-
ground, Ps is snowfall andl¢ is the maximum intercepted distripution patterns. This assumption is appropriate at this
snowload which is estimated as a function of the maximumlocation. Snow transport rates scale approximately with the
snowload per unit area of branch, the density of falling snowfourth power of wind speed (Pomeroy and Male, 1992; Es-
and effective leaf area index (LAI'). The sublimation of in- Sery et al., 1999). Fig. 5 shows a fourth power of wind
tercepted snow is calculated by adjusting the sublimation ratéPeed £*) rose (sum of«* binned by direction) for the ob-

of an ice sphere by an intercepted snow exposure coefficierterved wind speed and direction at the Fisera Ridge ridge-
(Pomeroy and Schmidt, 1993). top station over the study periods. It is clear from this figure

that northerly-to-northwesterly blowing snow events domi-
_ _ o nate snow redistribution at this location. Furthermore, chang-
4 Fisera ridge parameterization ing HRUs sizes during a model run would add considerable

) complexity to the calculation of mass balances for HRUs.
HRUs were selected by grouping snow depths measured Key CRHM model parameters are presented in Table 2.

along the FR transect (Fig. 4). These manual snow deptb].he Canopy module was only applied to the Forest HRU.

measurements captured the spatial variability in wind €XPOA|| CRHM model parameters were set based on either field

sure _along the FR transec_:t, Whlch exert; a stronger Controrlneasurements or default/typical values with the exception of
on winter snow accumulation at this location than does SOIaR/egetation height on the NF and RT. Shorter shrub heights

radiation and vegetation. than measured were needed to scour enough snow from these
HRUs. PBSM is parameterized for densely spaced, narrow
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Table 2. Key CRHM model parameters for Fisera Ridge HRUs.

NF RT SF-upper SF-lower Forest

Length (m) 116 37 62 28 15
Aspect £ from north) 345 30 101 93 94
Slope ) 26 18 20 18 16
Vegetation height (m) 0.14 0.17 0.82 0.92 2.3
Vegetation density (shrubsTA) 0.1 0.1 0.6 0.6 0.5
Maximum canopy snow load (kgTﬁ) - - - - 3
Plant Area Index () - - - - 0.91

crop stalks and grass. Shorter vegetation heights parameter M
were required to represent sparse shrubs on the NF and R 4 E+07
HRUs. This indicates that the PBSM parameterization for
the aerodynamic roughness height of vegetation may not be NW 3 E+07 NE
suitable for such shrubs and should be revised. Average HRU
aspect and slope were determined from the DEM. A blowing
snow fetch distance of 300 m was specified for each HRU as
this is the minimum value required for the fully-developed '
flow calculations performed by PBSM. For SNOBAL cal- 1.E§07
culations, the maximum active layer thickness was fixed at
0.1 m and snow surface roughness length was set to 0.001 ¥V i I E
Simulations were performed for 2007/2008 and
2008/2009 applying the ridge-top station air tempera-
ture, relative humidity and incoming longwave radiation
observations to all HRUs. The north-facing meteorological
station wind speed data was applied to the NF, the ridge-top
meteorological station wind speed data was applied to the W SE
RT, and the southeast-facing meteorological station wind
speed was applied to the SF-upper, SF-lower and Forest. In:
coming shortwave radiation observations from the ridge-top
station (considered a flat plane) were applied to each HRU

after adjustments for aspect and slope made by the GIOballig. 5. Sum ofu® binned direction for Fisera Ridge-top station for

and ,SIOpeQSI modules. ReﬂeCted_ radiation from adjacent 2007/2008 and 2008/2009. Scale is the fourth power of wind speed
terrain was captured by the radiometer measurements %4“4).

the ridge-top station, therefore all HRUs received the same

contribution of reflected radiation relative to total incoming

radiation. This approach for taking into account reflections 2. a simulation omitting the calculation of blowing snow

deviates somewhat from reality; however this approach sublimation.

produced excellent radiation for snowmelt modelling in

the same environment (DeBeer and Pomeroy, 2009). It isfhe suppression of blowing snow sublimation calculations

not necessary to model topographic shading for this stud)has a non-linear effect on snow transport rate calculations.

because it is accounted for in the ridge-top measurement§iven a surface snow erosion rate, it is obvious that propor-

and it is suitable to assume identical effects over this shortionally more snow is transported when sublimation is sup-

model transect. pressed. However, the steady-state snow erosion rate is partly
Two simulations were performed for each period using thelimited by the instantaneous drift density. Thus, the surface

same parameterization in order to investigate the suitabilitySnOW erosion rate is concomitantly suppressed with the blow-

of PBSM's sublimation calculations in this environment and ing snow sublimation rate.

the importance of blowing snow sublimation on the snow

mass balance in this environment:

2E+

S

1. a baseline simulation that includes calculations of blow-
ing snow transport and sublimation, snowpack sublima-
tion and snowmelt; and
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Fig. 6. Observed and simulated snow accumulation#&”007/2008 andb) 2008/2009.
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Fig. 7. Observed and simulated snow accumulation omitting blowing snow sublimati¢a)f®07/2008 andb) 2008/2009.

5 Results tion was evaluated using model bias, root mean squared error
and coefficient of determination (goodness of fit), given by
Simulations were performed at 15-min intervals from 20 Oc- S aSWEsim ~

tober 2007 to 30 April 2008 and from 24 September 2008 toMB =
19 April 2009. Figures 6 and 7 show observed and simulated
snow accumulation over HRUs for the baseline simulations
and simulations omitting blowing snow sublimation, respec- g\ icr > (@ SWEsim — ¢ SWEops)?

> SWEpps ()

. : 12
tively. Tables 3 and 4 show end-of-winter snow accumula- n (12)
tion, cumulative snowmelt, transport in to and out of HRUs,
blowing snow sublimation, snowpack sublimation and subli- |, » (¢ SWEsim — 2 SWEpps)? (13)
mation of intercepted snow in the Forest HRU for the base-~ ~— =~ 2

W —aSW )
line simulations and simulations omitting blowing snow sub- 2 (e WEops—rSWEobs
limation, respectively. where SWEjy, and SWEps are the simulated and observed

SWE, respectively.« is the fractional area of the HRk
is included so that the model evaluation statistics reflect the
) ) relative size of different HRUs that make up the FR transect.
6 Discussion SWHEyps s the average observed SWE of all HRUs at all ob-
servations dates: is the number of observation-simulation
Table 4 shows model evaluation statistics for all simulationspairs used to evaluate RMSE. Positive and negative MB in-
over the entire simulation period. Simulated snow accumula-dicate the fraction by which SWE is either overestimated or
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Table 3. Summary of cumulative baseline model results for (a) 2007/2008 and (b) 2008/2009 (quantities are ) kgankets indicate
quantity as percentage of snowfall).

Snow Snow Blowing Intercepted
Snow on Snowmelt Transport Transport Snow Snowpack Snow
ground Snowmelt In Out Sublimation Sublimation Sublimation

@
NF 95 (200 44 (09 O (0) 145 (31) 187 (40) 31 (6.7) - -
RT 141 (30) 16 (03) 13 (28 149 (32) 175 (38 9.8 (2.1) - -

SF-upper 468 (103) 1.6 (04) 13 (28) 59 (1.3) 53 (1.2}14 (-3.0) - -
SF-lower 679 (150) 1.6 (0.4) 213 (47) 0O (0) O  (0)-15 (-3.2) - -
Forest 731 (161) 0.3 (0.1) 437 (9%6) O (0) 0O (0)-15 (-3.3) 152 (34)

Transect 353 (78) 23 (05 - - - — 8 (190 28 (0.6

(b)

NF 40 (98 7.0 (179 0 (0) 127 (31) 152 (37) 85 (21) - -
RT 142 (34) 1.2 (0.3) 23 (05 101 (24) 114 (27) 63 (15 - -

SF-upper 342 (82) 3.7 (0.9) 18 (43) 16 (3.8) 17 (40) 55  (13) - -
SF-lower 542 (133) 14 (03) 188 (46) 0 (0 O (00 52 (13 - -
Forest 597 (147) 28 (0.7) 346 (85) O (0) O (0 29 (7.2) 82 (20)
Transect 269 (65) 3.8 (09) - - - - 69 (17) 62  (15)

Table 4. Summary of cumulative model results without blowing snow sublimation for (a) 2007/2008 and (b) 2008/2009 (quantities are
in kg m—2; brackets indicate quantity as percentage of snowfall).

Snow Snow Blowing Intercepted
Snow on Snowmelt Transport Transport Snow Snowpack Snow
ground Snowmelt In Out Sublimation Sublimation Sublimation

(a)
NF 174 (38) 16 (03) 00 (0.0) 273 (59) 0.0 (0.0 12 (2.6) - -
RT 283 (61) 16 (03) 7.0 (150 18 (40) 0.0 (0.0 0.9 (0.2) - -

SF-upper 489 (107) 1.6 (04) 27 (60) 59 (1.3) 0.0 (0.01-14 (-3.1) - -
SF-lower 785 (173) 1.6 (0.4) 318 (70) 0.05 (0.0) 0.0 (0.0-15 (-3.4) - -
Forest 859 (190) 0.3 (0.1) 564 (124) 0.0 (0.0) 0.0 (0.0-16 (-3.5) 152 (34)

Transect 433 (95) 15 (0.3) - - - - 00 (0.0) —-44 (-1.0)

(b)

NF 141 (34) 1.7 (0.4) 0.0 (0.0) 181 (44) 00 (0.0) 88 (21) - -
RT 253 (60) 1.2 (0.3) 05 (0.1) 108 (26) 0.0 (0.0) 58  (14) - -

SF-upper 362 (87) 2.7 (0.7) 20 (48 16 (3.8) 00 (00) 55  (13) - -
SF-lower 598 (147) 1.4 (0.3) 244 (60) 0.0 (0.0) 0.0 (0.0) 52  (13) - -
Forest 701 (172) 1.6 (0.4) 449 (110) 0.0 (0.0) 0.0 (0.0) 29 7 82 (20)
Transect 339 (82) 1.9 (0.4) - - - - 00 (00) 62 (15

underestimated throughout the simulation, respectively, andhe variation in observed SWE a®$=0.0 indicates that the
describes the reproduction of total snow mass over all themodel did not simulate any of the variation.

HRUs. The RMSE gives a measure of the variation of resid-  snow accumulation was well simulated with CRHM when
uals between observed and simulated snowcover in mm SWging the observed wind speed data. 2007/2008 was not
and described how well the snow mass is distributed on thejmylated to the same accuracy as 2008/2009 as snow ac-
various HRUs. The coefficient of determination gives a mea-cymulation was overestimated on the SF-upper throughout
sure of the accuracy of the model in simulating the observeghe simulation and snow accumulation was overestimated on
SWE. AR“=1.0 indicates that the model perfectly simulated the SF-bottom during February but matched observed snow
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Table 5. Model evaluation statistics for baseline simulations and simulations omitting blowing snow sublimation.

Omitting blowing
Year Baseline snow sublimation
RMSE MB R! RMSE MB R?

2007/2008 132 013 087 226 043 0.62
2008/2009 51 0.05 0.97 12.2 0.29 0.1

Table 6. Model evaluation statistics only for final pre-melt measurement dates for baseline simulations and simulations omitting blowing
snow sublimation.

Omitting blowing
Year Baseline snow sublimation
RMSE MB R! RMSE MB R?

2007/2008 9.5 0.09 0.96 23.0 0.34 0.76
2008/2009 6.8 —-0.01 0.97 17.2 0.25 0.82

accumulation at the end of the simulation in April 2008. Ob- when blowing snow sublimation calculations were omitted,
served SF-upper snow accumulation was lower than cumuthe total amount of snow eroded from the surface was lower
lative snowfall in 2007/2008 whereas simulated snow accu-because it was limited by the ability of the atmosphere to
mulation in this HRU slightly exceeded cumulative snow- transport snow. Omitting blowing snow sublimation calcu-
fall. It is possible that snowfall was overestimated during lations resulted in a substantial overestimation of the snow
2007/2008 since precipitation data from a lower elevationmass available for melt at the end of winter (Table 5). This
was extrapolated to FR. Simulations show that snow accumuerror would cause substantial difficulties in accurately simu-
lation on the windswept HRUS (NF and RT) were reduced tolating snowcover ablation and runoff during melt-dominated
10-34% of cumulative snowfall whereas snow accumulationperiods from May—June.

on the downwind HRUS (SF-lower and Forest) increased by  Estimated blowing snow sublimation losses over the tran-
33-61% of cumulative snowfall due to snow redistribution sect were 19% for 2007/2008 and 17% for 2008/2009. These
by wind. Model results indicate that 40-58% of the snow plowing snow sublimation losses were substantial and impor-
mass loss on the windswept HRUs can be attributed to theant to the winter water balance of the alpine ridge. Sublima-
combined effects of blowing snow sublimation and snow- tion losses of this magnitude are considered to be a conserva-
pack sublimation, with 64—95% being attributed to blowing tive estimate of alpine blowing snow losses in the Canadian
snow sublimation alone. Simulated snowmelt was small oveiRocky Mountains since the model transect is located in a low
both winter periods, having amounted to less than 1% loss oflpine area where windflow separation over the ridge-top was
snow mass. Simulated snowmelt and snowpack sublimatiomot observed. It is believed that blowing snow sublimation
resulted in an approximately equal loss of snow mass duringosses are greater in the high alpine zone where the topogra-
2007/2008, with the net condensation simulated on the SFphy is sharper and steeper and flow separation occurs.
upper, SF-lower and Forest nearly balancing the sublimation - gatisfactory FR snow mass balance closure suggests that
simulated on the NF and RT. Simulated snowpack sublimapgsy can be applied with caution in this environment and
tion loss was 15% during 2008/2009 and significantly ex-nat the use of the minimum PBSM fetch distance parame-
ceeded the simulated mass loss due to snowmelt. Simulategd, (300 m) is adequate in this environment. Boundary layer

mass loss due to snowpack sublimation was nearly as great fyelopment for fetches shorter than this in complex terrain
that due to blowing snow sublimation over 2008/2009. Subli- 5, poorly understood and so the parameter is left to its min-

mation of intercepted snow in the treeline HRU (Forest) wasjnum value (based on the limits of PBSM physics) until a
significant as 34% and 20% of snowfall was estimated to suby,ore realistic parameterization is be developed.
limate from this HRU during 2007/2008 and 2008/2009, re-

i The observed SF-lower snow accumulation was greater
spectively.

than the Forest snow accumulation in 2008/2009, whereas

Omitting blowing snow sublimation calculations resulted the opposite was true during 2007/2008 and for the simula-
in an overestimation of snow accumulation on all HRUs dur-tions. Observed wind speeds were generally higher during
ing both periods. Though more snow transport was simulated®007/2008 than 2008/2009 (higher mean and less positive
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