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Abstract: 
This papcr discusses thc developmc~it and testing of snow algorithnis with specific rcfcrcucc to their usc and 
application in land surface models. New algorithms, developed by the authors, for estimating snow interception 
in forcst callopies, b lowi~~g snow transport and sublimation, snow cover depletion and opcn environmcnl 
s n ~ \ ~ n l c l t  arc compared with LieId measurements. Exisling algorilhmr are discussed and co~nparcd with field 
observations. Recommendations are made with respect to: (a) dcnsity of new and aged snow in opcn and forcst 
c~~vironmcnts; (b) interccptio~l of snow by cvcrgrecn canopies; (c) redistribution and sublimation ois11o~1 water 
cquiv:ilcnt by blowing snow; (d) dcplclion in snow-covcrcd area during snowlnclt; (c) albedo decay during 
snowmcll; ( f )  turbulcnl transfcr during snowmclt: and (g) soil heal flux during ~neltwater ~ntiltration into 
Si.oz.cn soils. 

Preliminary evidtnce is presented, suggesting tlial one ~ l s t ive ly  advanced land surf~im model, CLASS, 
significantly underestinlates the liming of snowrncl~ and snowmclt rates in opcn c~lvironmcnts despite 
ovcrcstimating radiation and turbulent contributions to ~nclt. 'The cause(s) may bc due to overcsti~nation of 
ground heat loss and other filetors. 1t is rccomrnended that Surtl~er studies of snow encrgctics and soil hcat 
transfer in frozen soils be undertaken to provide improvc~ncnts for lalid surf:ice models such as CLASS. with 
particular attention paid to cstitblishing thc reliability of tllc modcls in invoking closurc of the ctlcrgy equation. 
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INTRODUCTION 

Algorithms that describe snow processes are importan1 components of land surface schemes for general 
circulation models (GCMs) because much ofthe Earth's land surrace is covered with snow and ice and strong 
snow----climate feedbacks have been identified Trom niodel outp~lt (Cess el 01.. 1991; Thomas and Rowntree, 
1992; Randall ct a/., 1994) and measuren~ents (Karl pi  ol., 1993). Land surface models have been used as the 
surface interr~ce ror GCMs and are proposed as the modelling interface between the hydrological and 
almospheric systems in coupled almosplieric/hydrological models. As the demand Tor more sophisticated 
and physically realistic land surface models increases, so does the need to assess current algorithms and 
recommend [.he next phase or in~pro\lements. The objectives or this paper :1re: to exanline several snow 
processes that are important in the prairie, boreal rc>rest and arctic environmeuts; to evaluatc popular 
algorithms describing thcse processes, in particular onc relatively advanced model, the Canadian Land 
Surface Scheme, CLASS (Verseghy, 1991; Verseghy et a/., 1993); and to recolllmend new process-based 
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algorithms developed from the authors' studies where app1ic;lble. Whilst a selection of thc many othcr 
models are referred to (e.g. Si~nple Biosphere Model, SiB, Sellers el al., 1996; Max-Plitnck-Institut, MPI, 
Loth ct (!I., 1993; Europenn Centre for Medium-Range Weather Forecast. ECMWF, Viterbo and Beljaars. 
1995; Interaction between Soil, Biospl~ere and Atmosphere. ISBA. Douville el 01.. 1995; United Kingdom 
Meteorological Ofice, UKMO. Esscry. 1997; National Center for Atmospheric Research, NCAR, hlarshall 
and Oglesby, 1994), CLASS algorilhms are selected Tor attention because they treat snow processes in a 
con~prehensive nrailner compared with many other land surface schemes, and they should be expected to 
work well in Canadian el~vironinents. 

The snow processes considered here include: (a) snow interception by rorest canopies, (b) snow redistribu- 
tion and sublimation by blowing snoxJ, (c) snow densitication and dcpth variability, (d) depletion in snow- 
covered arca during ablation, (e) decay in the albedo of patchy snow covers during melt and (f) melting or 
complete snow covers. Comparisons are nlade of process-based i~lgorithms, land surl'ace schelnc algorithnls 
and   nod el diagnostic output with field data collected in northern prairie, arctic and southern borcal forest 
environlnents over several decades. To illustrate the difficulty in evaluating improve~nents to complex snow 
models, the changes to CLASS snow calculations that occur when a new process algorithm is coded into 
CLASS 2.6 are demonstrated. 

EXPERlMENTAL SITES AND DATA COLLECTION 

.Tite,s 
Sites for data collection were chosen in the prairie (Sad Lake/Sask:doon), boreal forest (Waskesiu) and 

arctic (Trail Valley) regions of westela and northern Canada. All locations experience several continental 
climates with winter temperatures ranging from just above 0 "C down to approximately -40 "C and relatively 
low annual snowlall. The mean corrected annunl snowfall totals (in terms or water equivalent) at the three 
sites are of the order of: Bad Lake/Saskatoon, 120 Inm; Waskcsiu, 150 mm; and Trail Vanlley, 170 mm. 

Wuslrcsirr, ,Sirsku~chtvi;ui~: Rpurtr(lp C r e ~ k .  The Beartrap Creelz Basin (53.9'N, 106.1 W, 550 111 a.s.1.) is 
locatcd near Waskcsiu within Prince .Albert National Park. Sitcs in this basin wcre instru~ncnted in 1992 for a 
series of forest hydrological process experiments for the Canadian GEWEX and Prince Albert Model Forest 
studies. The region is dominated by mixed-wood southern boreal forest. Its cliinate is continental boreal with 
cold winters and snow cover from late October to April (Harding and Pomeroy. 1996; Pomeroy and Dion, 
1996; Pomeroy e t a / . ,  1997a). 

Experiments were conducted from a tower in a mature jack pine (Pirlus hurrbicr) stand in the Beartrap 
Crcck. Thc site is level, has a wintcr lcal' + sleanl arca ol' 2.2 m',im2, a canopy coverage of 82% and an 
avcragc tree Ileight or  19 + 3 In. Over the pcriod of study, from Novcrnber 1994 to April 1995, the low lying 
carpct of sphagnum moss and kinnikinnick (bearbcr1-y) was covercd by snow. 

Snskutoon, Sr,slccltc.hen~nn: Kenrcii f i v i ~ .  Thc Kernen Farm, located just east or the city of Saskatoon 
(52 "N, 107 'W, 500 111 a.s.1.) is an experimental rescarch krill operated by the University of Saskatchewan. It 
is situated on il flat, opcn, lacustrine plain, which is cropped to cereal grains and pulse crops under dryland 
Lhnning. The climate of the arca is subhumid and typical of the northern prairie parkland transition, with 
cold winters and snow cover fro111 Novenlber to March/April. Experiments were conducted in March 1994 
and 1996 on fallow and stubble fields on snow accumdation. s~low cover depletion, areal albedo and the 
energelics of snowmelt (Shook, 1995; Shook and Gray. 1997). 

Irnirik. North\rest Terri/orics: Trail Vul l~y Creek. The Trail Valley Creek basin (68 '45'N, 133 30'FV, 
150 m a.s.1.) located 50 km north of lnuvik, was instrumented for hydrological process and basin modelling 
cxpcrilnc~lts in 199 1 .  Currenlly, thcse studies form part orthc Canadian GEWEX programme. The basin has 
a low arctic clima~c wilh snow cover rrom September to May. Vegctatioll is predominalely tundra (70%) 
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interspersed with large arcas oS shrub tundra (21%) and sliiall pockcts oS transitio~ial forest tundra (1%) 
(Marsh and Pomeroy, 1996). The basin has high rolling plateaux, with incised valleys run~iing east -west. 
Shrubs and forest dominate slopes and valley bottoms. whilst tundra dominates the plateaux. Deep snow 
drifts, which accumulate in the lee of abrupt changes in topography, cover about 8% of the basin (Pomeroy 
et 01.. 1997b). Experiments were conducted using observations of micrometeorological variables made from 
a tower locatcd on a tundra plain with excellent opcn, uiiil'orm rctch characteristics. 

Bad h ~ l i e .  Sa.sli(~/~~he~~~ocrn: Creigh/o)l IVater.sher1, Sniirh Trihutarjv. The Bad Lake 'Watershed (51 "23'N, 
108"26'W, 650 in a.s.1.) in south-~wstern Saskatchewan was established as a research brisili under the 
Tnternational Hydrological Decade Programme and iiistrumented for hydrological research, beginning in 
the late 1960s. Tlie basin is largely cultivated (c. 70% of the n ~ a )  in the produclion of cereal grains, pulses 
and leguliics by dryland farming. Of the remaining area, 30% is rangeland and 10% is native shrub, grass 
and Sar~iiyards. The topography of the basin ranges Kroiii poorly drained, level plains to nloderately and 
steeply rolling upland areas, such as the Creighton and S~iiith tributaries, which contain deeply incised 
channels. Its climate is scmi-arid and typical of northern grasslands, with dry, cold winters and hot suiiimers. 
Snow covers on the basin exhibit high seaso~ial and i~iterannt~al variability. 111 high snow years, the snow 
cover normally fo1111s ili November and disappears in April. in years with light snows the snow cover fornis 
and ablates several tinies over the winter. with final ablation in March. During low snow years, the major 
accumulations are found in waterways a~id  within and surrounding windbreaks owing to redistribution of 
the s~iowfall by wind. Experiments lo nieasure sliow-covered area, small-scale aiid lal-ge-scale albedo and 
surf~ce energy balance weir: conducled during snowniell. periods in 1972 and I973 (O'NciU, 1972; O'Neill 
and Gray, 1973). In 1973 and 1974 extensive snow surveys were conducted over various landscape types 
during midwinter and during the snowmelt period (Srcppulin and Dyck, 1974). 

M~thndolog.~ 
h1crcorologicol .~ /u t io i i~ .  At Waskesiu. a variety of ~iieteorological i~islrume~its were mounted on the 27 111 

tower in the centre o r  tlie pilie stand (Pomeroy et o f . ,  1997a). Parameters used to run CLASS (radiation, air 
temperature, humidity, wind speed) weic liieasured above tlie forest canopy. At the top of the tower, two 
'Kipp and Zonen' short-wave radiometers and one 'Middleton' net radiometer measured the incoming and 
reflected short-wave radiation aiid net radiation, respectively. The radiometers were cleaned weekly and 
often more frequently when snowfall occurred. Air temperature/humidity was measured using a 'Vaisala' 
HhlP35CF hygrothermometer and wind speed was measured using a 'kVeathertronicsl cup anemometer. In 
addition, the ground heat flux was lneasured using REBS heat flux plates and snow and soil teiiiperatures 
were measured using therniocouples. Campbell 21x niicrologgers were used to co~ltrol instrun~ciits and 
record data. 

At Saskatoon and Trail 'Valley Cleek, 3 m towers were erected in large, uniform, open, snow-covered 
plains. Silnilar equipment lo  that used at Waskesiu was deployed along with an eddy correlatioii system at 
Saskatoon. This systelli comprised a 'Solent' ultrasonic aneliionieter and a 'Can~pbell Scientific' Kryplon 
hst liygrometcr. Instantaneous lileasurelnents ofverlical wind speed. air teniperature and specific humidity 
were niade at I0 Hz and covariance was calculated over 15 minutes. The eddy correlation systeni and all 
other equi:pment were controlled and logged by Ca~ilpbell 21x microloggers (Shook and Gray, 1997). 

At Sad Lake, sinililar radiation equipment was employed over grassland along with standard meteoro- 
logical equipment 011 a 10 m tower used in a climatological statiori operated by tlie Atniosplieric Environ- 
ment Service, Environment Canada (Gray and Granger, 1988). The site is treeless with excellent felch. Snow 
depth and soil temperature were also monitored. 

Sno~v J d l .  accun~~~kutic~t~ orrd itztercc>ption. Snowt'all nicasurcmciits were made with Nipher-sliieldcd AES- 
stylc cylinders emptied daily (Bad Lakc) or wcckly (Waskcsiu) or as necessary (lnuvik). Tlie readings were 
corrected for wind-iiiduccd undercatcli by procedures described by Goodison e /  ul. (1998). At Waskesiu, 
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half-hourly esti~iiates of snowfall rate were niade using a snow particle detector (Brown and Pomeroy, 1989), 
whose counts were given a mass based on weekly snowPal1. Snow accumulation was determined from areal 
snow surveys following the recornmelidations listed by Pomeroy and Gray (1995). Ten-point siiow surveys 
under the pine canopy were used in 'CVaskesiu. whilst longer (+lo0 point) surveys were used in open 
environments. 

liiterception was determined tiom the difTereiice between snotvfall and subcanopjl snowfall or from the 
weight of snow on a suspended pine tree, weighed with a load cell at Waskesiu (Hedstroin aiid Pomcroy, 
1998). To provide areal averages 01' snowlall, subcanopy s~lowfall was compared to the accumulations 
delerinined by s~iow survey during cold periods and adjusted to provide an arcal indicator of subcanopy 
snowfall. The diffel-ence between si~owfall and arcally avel-agcd subcanopy s~lowfall was related to the weight 
of snow on the siispended trce just after new snow events. The ratio of the difference to weight was used to 
estiiiiate the canopy snow interceptioii load in ~iim snow water equivalent. 

SNOW ACCLIMULATION PROCESSES 

Interception by forest canopies can store up to 6076 of cumulntive snowfall by midwinter in cold boreal 
forests, which results in a 30--.40% annual loss of snotv cover over the winter in many coniferous lorest 
erivironmeiits (Pomeroy and Gray. 1995). Following interception, most snow reniailis in the canopy where it 
is exposed to a relatively warn1 and dry atmospliere (Lundberg and Halldin, 1994). As a i-esult, relatively high 
ratcs of sublimation occur from intercepted snow, and more snow sublimates than eventually unloads to the 
surface (Pon~eroy and Schniidt, 1993; Pomeroy aiid Gray, 1995; Harding and Porneroy. 1996). .Ill order to 
calculate the amount of sublimation lrom inlerceptd siiow, it is i~llportant to know the amount of snow 
collected in the canopy so that appropriate exposure times cat1 be determiued. For example, given a constant 
sublilnation rate, an underestimation of interception will result in a shorter exposure time for sublimation 
and a decrease in seasonal sublimation. 

Most land surlace sche~iies do not separate canopy snow from surlace snow. CLASS and SiB do consider 
canopy snow load, but consider the snow interception process in a siliiilar ll~anner to rainl'all interception. 
For instance, CILASS calculates snow interception as a linear function of snowhll, with a tilaxiinum 
intercepted snow depth (kglm2) equal to 0.2LA1, where LA1 is the leaf area index (m2im2). 

Field data on snow interception collected for a pine forest in Beartrap CIreek, Saskatchetvan are shown in 
Figure 1. I~iterception measured by Nipher-shielded a ~ o w  guu,yc<s is lor periods where there were no major 
releases or unloading of intercepted snow. Interception iileasured via a ~ v ~ i g h c d  tree is expressed as an areal 
average sliow water equivalent, SWE. It is seen that as much as 9 mm SWE can be iilrercepted in this canopy 
and that interception increases with snowfall up to snowl'all amounts or about 16 mm SWE, above which 
interception does not illcrease rurther. CLASS-nlodelled intemption for a such a stand would reach a 
maximum of 0.44 kg/m2, more than an order of magnitude less than the measured interception. 

Tlie CLASS snow interceplion routines produce results that are at odds with measured interception Tor 
snowl'all events larger than about 3 iiini snow water equivalent (swE'). As a result, daily snow accuniulation 
fluxes in conil'erous forests are misrepresented. To reliiedy this situation the following snow interception 
routine, which is a silnplification ofthat developed by Hedstroni and Ponleroy (1998), is reconliiiended. The 
routine is consistent with field observations that snow interception efficiency decreases with snow canopy 
load and snowfall amount and increases with canopy density (Pomeroy and Gray. 1995; Hedstrom and 
Pomeroy, 1998). Modelling this bel~aviour provides interception, I (kg,/m2). as a function of a dimerisionless 
snow unloading coefxcient. c. the diKerence of the maximum snow load, I* ,  and initial sriow load. I, (kg/m2), 

'Snow water equivalent, or SWE, ir expressed as nllu of equivalent &arcr per unit area or. alternatively. as kg/m2 of snow. 
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Snowfall (mm SWE) 
Figure 1. Snow iuterception ofjack pine wnopy at Waskesiu, Saskatchewan. n~e:lsureci using the differnice. in ctbove and below canopy 

snowfall. converted to amal SWE using snow survcy measurenienrs (Hedstrom and Pomeroy, 10!)8) 

an expo~lenlial f~~ncl ion of snowfall, Y (kg/m2 for a unit tiine), and the canopy density, C, (proportional 
coverage) as (Hedstrom and Pomeroy, 1998): 

This expression is independent of time-step except for the unloading coenicicnt. c. Empirical evidence 
suggests that a value of c = 0.7 is appropriate Tor hourly time-steps. I* is found as a function ofLA1 (m2/m2). 
a tree species coetticient, Sp (kgjm') and fi-esh snow density, p, (kg/m3) following Hedstrom and Pomeroy 
(1.998) 

Schmidt and Gluns (1991) present field measurements that suggest values for Sp of 6.6 for pine and 5.9 kg/ 
m' for spruce. The values for coeflicients and constants in Equation (2) are empirially derived and hence 
based on the units expressed above. 

Thc process-based snow interception routine spccilies i~lcreasillg interception efficiency with LA1 and 
decreasing efficie~lcy wilh ins-easing snowfall and initial interception as shown in Figure 2 for a pine canopy. 
A comparison of nlodellcd and measured snow jnterception (Figu~r: 3) shows that this is in agreenlent wit11 
the observed behaviour or  snow jnterception in boreal Lbrest environn~enls. 

Redistribution of snow by wind rclocatcs snow cowrs and produces notablc inlransit subli~uation of 
blowing snow (Dyunin, 1959; Schmidt, 1972; Pomeroy, 1989). Relocation involves a horizontal illass f ux of 
snow proportional lo the lburlh power of wind speed, and subli~llation of a vertical flux of water vapour 
proportional to the fifth power of wind speed. depending on fetch. The snow accumulalio~l flux, Q A ,  over 
some fetch distance, F, during blowing s~low unay be described as 
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- - - - -  -Lo = 1.0 mm SWE 
Lo = 3.0 mm SWE --- Lo = 5.0 mm SWE 

-..-.. P=2.0 mm SWE 
-P=lO.O mm SWE --- Pz20.0 rnm SWE 

Figure 2. Perfbrnranw or thc proces9-b;ised s~iow interception nrodcl for ralips oT(a) 1cararc.n inden. (h)s~~owBil  and (c) itritial snow loi~d 

where QR is downwind blowing snow transport (kg!in/s) and QE is sublin~ation (kglmls). As evident from 
Equation (3), at the largc spatial scales (fetches) of GCM grid cells, sublimation beconles tlle most inlportant 
blowing snow flux, though transport strongly affects subgrid variability (smaller fetches) in sno\v accumula- 
tion. Rcported annual fluxes of blowing snow sublimation mnge from 15% Lo over 40% (depending on 
climate, fetch and land use) oCnnnual snowfall on the Canadian Prairies (Pomeroy e/ nl., 1993: Ponleroy and 
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Measured Interception (mm SWE) 

Figure 3. Measured and modelled snow interception. Cornpi~riso~i of the measurements from above and below canopy snowfall gauges, 
scaled-up using snuw surveys and the results of the inte~~vption model for Beartrirp Crcek. 1993 1996 

Gray, 1995), 28% of annual snowfall on tundra in the westcrn Canadian Arctic (Pon~croy er al., 1997b) and 
32% of annual snowfall on the Alaska north slope (Benson, 1982). Blowing snow sublinlation rates are 
highcr lhan those expectcd Ibr stationary snow because oT thc great exposure and ventilation that the snow 
crystals undcrgo whcn lifted by the wlnd and blown downfield (Dyunin, 1959; Schmidt, 1972; Pomeroy. 
1989). 

Land su~f>icc schen~cs do not incorporate blowing snow processes. This deficiency can result in appreciable 
errols 111 calculations or  snon acci~mulation [or open environments. For instance, in the Trail Valley Creek 
tundra basin In the westcrn Canadian Arctic, Pomeroy et ul. (1997b) measured an October- May snow~all of 
190 lllm SWE. Thc area is not subject to winter melting and lias cold winte~ air temperatures with mininlal 
surface snow evapor;~tion. In May 1997. the maximum seasonal accuinulalions of snow water by landscape 
type wcre 68 mm on tundra. 252 mm on shrub tundra and 617 mm in drift areas (steep slopes). Similar 
magniludcs of ditference belwecn snow accumulation and snowfall are notcd In thc Canadian Prairies, 
though coupled blo~vinp snow and snowlllell calculations arc rcquircd to identify the causal factors becausc 
of the more variable winler cllmale or the rcgion (Pomcroy and Li, 1997). 

The Prairic Blowing Snow Model (PBSM) (Pomcroy. 1989; Pomeroy PI nl., 1993) has bccn redeveloped for 
con~patibility with GCMs, incorporating features for independent dcte~minalion of the transport threshold 
for drifting (Li and Pomeroy, 1997a), upscaling blowing snow fluxes using probability theory (Li and 
Pon~croy, 19971>), improved vegetation paranletcrizations, slnlplified calculations for variablc fetches and 
landscapc-based snow mass balanccs that include snowillclt [Pomcroy t7t 01.. 1997b; Pomeroy and Li. 1997). 
For instance, instantaneous blowing snow fluyes calculatcd for a point using a singlc-column, fctch- 
dependent calculation, (I,, where s is either R or E, may be upscaled to n large uniCorm area such as a grid 
cell, g. using the probability of occurrence with respect to wind speed, u (m/s), which fits a cumulative normal 
distribution, as 
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The parameters of the distribution, i and 6 ,  are controllcd by thc air tempertiture, T ('C). and age of the 
snowpack, A (hours). where, following Li and Pomeroy (1997b) 

and 

PBSM simulations li)r l'alloul and gully land surfaces, upscalcd using this technique, along s l th  the results 
of exlensivc landscape-based sunreys lor the Bad Lake Basin in 1974 are shown in Figure 4. The relative 
agrecmcnt bctwcc~l model and ohservatlons in both fallow field (transport oirt and sublimalion dominated) 
and gully (t~;insport in dominated) landscapes suggests that both thc small-scale and large-scalc snow mass 
balanccs can be simulated by a blowing snow model of this typc (transport out of Fallow must equal 
transport into gully and accumulation at eilher sitc must also balance any sublimation present). The seasonal 
subliination and transport losses over the l'allow field were 24 and 15% of annual snowkill, respect~vely, 
presuming a fetch of 1 km, had the l'ctch bccn 3 km the sublimatio~l loss would have been 1.5 timcs this value, 
i.e. 36%. In the gully, the increases in snow xcumulation owing to blowing snow transport ranged from 50 
to 100% of cumulatlvc snowfall. The data fro111 the Arctic and Praine environments illustrate the need to 
incorporate blowing snow routines into CLASS for lnore accurate grid- and subgrid-scale representations of 
seasonal snow accumulatio~~ and sublimation. 

Snoxv density estimatcs arc inlportatit for dctennining snow dcpth (whcn walcr cquivalcnt is known), heat 
cal~acity. thcrmal conductivily and radiation extinction. Many land surl'acc schemes either assume an 
averagc snow density of 250 kg/m3 (e.g. UKMO, Essery, 1997) or calculale average snow dcnsity, assuming a 
density for lies11 snow of 100 kg!'m3 and an exponential increase in dcnsity with time up to a maximuin value 
(c.g. CLASS. Verseghy tpt trl., 1993; ISBA. Douville cr a!., 1995). For these sul~ulations appropriate initial 
snowf:ill densities, mechanisms lor density increase afler deposition and appropriate maximum snow 
densities arc important. 

Contrary to the assunlption of constanl new snowl'all density equal to 100 kghn3, the averagc density or 
new fallen snow can vary widely, but for most parts or Canada it has been round to Fall in a range between 50 
and 120 kg!m" Lower values are found duringcold, dry conditions and higher values are found in wet snow 
formed at warm temperatures (Pomeroy and Gray, 1995). Rather than a constant value, it is reconlmendcd 
that the algorithm developed by Hedstronl and Po~ileroy (1998) be used to calculate the density of fresh 
snow, p,(fresh), as a function of air temperature. This algorithm. which is based on extensive measurements 
by the US Army Corps of Engiileers (1956) and Schmidt and Gluns ( 1  99 1 )  is 

where T is the air temperctLurc in "C. Thc algorithm plovides for a rapid decrease in fresh snow (tensity as 
teinpcraturc dcclincs froni 0 to -12 'C, and little further dccl-easc for colder temperalures. 

Following deposition, the density of new snow increases rapidly; however, the ratc of increase depcnds on 
the proccssc.r causing the increase. e.g crystal metnmorphlsm In the snowpack, crystal settlement, melt and 
wind packing. Examples of density increases owing to wind packing and crystal settlement arter wind 
packing show dramatic. episodic increases. Goodison ei ol. (1981) nleasurcd rates of snow density increase or 
8 13 kg/m3 h during snowstorms in Ontario (up to 12 11) and approximately 7 kg!n17 h imniediately after 
snowfall (up to 6 h) in conditions without blowing snow or melting. Gray er (11. (1970) rou~id that density for 
cold prairic s~lowpacks incrcascd at approximately 9 kgi1n3 11 during blowing snow storms (up to 24 h). For 
wcll-exposed s110u7 in areas sul?jecl to snow storms and blowing snow it is appropriale to model episodic 
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(a) Open fallow field, Bad Lake, SK, 1973-1974 
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@) Steep shrubcovered slopes, Creighton Watershed, SK, 1974. 

Figure 4. Snow accumulation modelled [or (:I) open Reltl or t:3llow at Bad Lalie, SK. 1973-,1974 and (b) steep shrub-covered s l o p s  at 
Creighron Watershed. SK, 1074 using PBSM and SWE nicasurcd Cro~n extellsix snow surveys 

increases in density. For non-melting snow in opcn areas and hourly wind speeds greatcr than 7 m/s, it is 
recommended that snow density increase at a rate of 9 kg/& h during the wind event, up to a maximum that 
is controlled by snow depth. 

Various curves describing the seasonal increase in mean snow density in different environments are 
reported by Gray a11d Prowse (1093). These may be used to estimate the density increase due lo meramorph- 
ism, which is the primary mechanism in cold. sl~cltcred environn~enls. For many sheltered environments 
(borcal forest, mountains), relalively slow density i~~crcascs of the order of 25 kgirn3 month arc cvident 
during the cold laic-winter (February-.March). Snow~nelt causes rapid increases in apparent density (as 
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measured with a gravillletric device), with strong diurnal variation owing to inclusion oflneltwater in poirs 
of the solid phase of the snowpack. Melting snowpack densities range between 350 and 500 kg/m3. with 
lower values in the inorning and higher values later in the day as nleltwater is generated as a snow cover is 
primed (Pomeroy arid Gray, 1995). 

The association between maximum cold snow density and depth has been examined in detail by Shook 
and Gray ( 1  994) [iom 2400 measurements in the Ca~ladian Prairies. For shallow, aged, wind-blown silow 
(mean depth, d < 60 cm), there is small covariance between depth and density and the mean density call be 
taken as 250 kg/m3 (Shook and Gray, 1.994). For deeper snow (r l> 60 cm), there is a covariailce between 
depth and density and the measurements ol'Shook and Gray call be used to modify an expression Tor density 
given by Tabler 01. (1990), which is based on extensive field measurements of the deilsities of snow drifts in 
Wyoming, USA. The for111 of the expression that matches density nleasurclnents on the Canadian Prairies is 

in which p, is the Inearl snow density (kgjm3) corresponding to lllea~l snow depth ((1. cm). Equation (8) givcs 
the inean density for aged, seasonal, wind-blown snow, providing a maximum value for a non-melted snow 
cot1er in an open environment. 

In forested and sheltered environments, the episodic density increase with snowl'all is not apparent. 
However, dry snow densities for fo~ested (boreal, mountain forest. maritime) ellvironments with shallow 
snow (depth < 1 m) reach an approxi~nate maximum valae equal to 250 kg!m3 (Gray and Prowse. 1993). 
Actual values will vary about this mean in response to metamorphism, which is sensitive to soil and air 
temperatures as well as snow depth. Equation (8) can be used to set a rnaxi~llum snow densily for deep 
mountain snowpacks that settle as a result of the weight of snow. since the derivation of the expression 
included observations taken in coastal mountain envn-onmcnts. 

Sputiul ~ariurion it1 Ivoler equivalent 
The small-scalc, spatial variation of the snow water equivalent (SWE) withill a landscape type is well 

recognized. and before n~elt begins is due lo wind redistribution of snow and the release or  intercepted snow. 
Knowledge of this variation is cspccially important for c2llculating the snow-covered area at various stages oS 
ablation. as explained in khe next section of this paper. The spatial variation in SWE in forest environlllents is 
primarily a result of variations in winter leaf area (up to 70°h, Pomeroy and Goodison, 1997) and proxiinity 
to individual trees (up to 40%, Woo and Steer, 1986; Jones, 1987; Sturm. 1992). In open environments, 
spatial variations in SWE are a result of wind exposure, topography and vegetation. Gray et ol. (1979) show 
SWE on brush-covered hillslopes is over 10 ti~nes greater than that on bare soil hilltops in a prairie 
environment. 

Table 1 lists representative, average values for the coeficient of variation (CV) of SWE that have been 
calculated from tllousailds of samples monitored in seasonal snow covers near the time of peak accumulation 
on various landscapes in prairie, arctic and boreal forest environments. The trends exhibited by these data 
are consistent with the iindings reported in the literature (c.g. Woo and Marsh, 1977: Pomeroy el al., 1997b) 
and field observations. 

I. The variability in SWE on land with a taller vcgctative cover is generally lowcr. Vegctation dampens the 
variability in water equivalent owing to landform. The denser thc vegetation, the greater thc effect. 
Howevcr, because of snow interceplion, evergreen forests produce a greater variability than do deciduous 
forests. 

2. Snow accumulation patterns are affected by Lhosc topographic Lc'aturcs that cause mcljor divergence in air 
flow patterns, and thcrcrore in snow erosion and dcposition. n l ~ s  n evident in thc largcr values of the 
coeflicienl of barintion I'or thc crests or hills and the Icc of abrupt slopes. 
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Table I. Rcprcscntntive valucs f ix  thc coeficicnt of variation of wntcr cquiv~lcnt of snow covcrs (CV) on various 
landscapc~ in pn~iric, arctic iind holcal forest environnlc~lts in latc winter 

Region Land usc and La~ldform CV 
vcretation 

Prai~ics Fallow 

Sca ttcrcd brush 

'Treed fannywrds 

Arctic 'Tundra 

Shrub tundrii 

Sparse 
Forest tundnl 

Borcal tbl-est Black sprucc 
Maturc jack pine 
Mixed aspcn...white 
spruce 
Young jack pilie 
Rmcnt clear-cut 
Rcccnt burn 

Flat plains: slightly to lnodcratcly rolling topogsaphy with gentle 
slopes 
Botto~n (bed) of widc watcrways; l a r g  sloughs and depressions 
Crests of hills. knolls, 2nd ridges 
All landforms 
Flat plains; bottom (bed) of widc tvatcrways: largc sloughs and 
depressions; slightly to omder:ilely rolling topography with gentle 
slopes 
Crcsts of hills, knolls, and ridges 
Lee of abrupt, sharp slopcs 
Bottom (bed) of waterways. e.g. gullies, sloughs and depressions 
Liu! of abrupt sharp, slopes 

Flat plains, uplalid plateaux. slight to niodcriitcly rolling 
topography 
Valley bottonis 
\'alley sides (drifts whcrc slopcs gtcatcr thiln 9') 
Flat plains, slightly to modcratcly roll~ng topography 
Valley bottoms 
Valley sides (drifts where slopcs grcater tlinn 9') 
E~poscd  hillsidc and forest edge 
Slicltcrcd 

All landfor~ns 

Estimates or CV detcsn~ined by direct ficld ~lleasurement may vary appreciably around the values listed in 
Table 1 because: 

(a) thc landscapc classificlition is qualilative and subjective; 

(b) land use and landform features air not tnutually independent; 

(c) CV will \';try with factors other than landscape featt~rcs, e.g. with dilTesences in proccsscs a lh t i ng  snow 
nictamorpliism, snowfiill distribution, redistribt~tion of snow by wind, interceplion and sanlple size. 
Many of the processes that cause redistribution affect the standard deviation and mean of SWE quite 
difTerently; and 

(d) intcrannual changes in mean SWE associated with variable snowfiill may allcr the CV even with littlc 
change in proccsscs lhal lead to tlie net redistribution tlux. 

SNOWMELT PROCESSES 

The sllow~nelt period is onc of rapid changes in land-almospherc exchange since albedo, turbulent fluxes, 
iiltcrnal s~low cncrgy and surface temperature undergo dramatic alteration as thc snow cover bccomcs wet 
and is lhcn depicted. Hydrology is also strongly affwtcd since snown~clt watcl- tlows through thc pack and 
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either infiltrates, evaporates or provides the spring Lresllet. In many northern cnvironme~lts the spring freshet 
is the largest annual rulloff event. comprising approximately 50. YO and 70% of annual flow for boreal forest, 
prairie and arctic environments. respectively (Gray. 1970; Helherington. 1987; Woo, 1990). It is therefore 
critical for atmospheric and hydrological models to determine properly areal energy fluxes, radiative and 
turbulent exchange with the snowpack, internal energy changes and energy excllange with the ground during 
the melt period. T11is section examiilcs the change in snow-covered ai-ea during melt and nlell energetics. 

St~onf c.ovcJr d~~pletiot I 

Most snow covers disintegrale inlo a mosaic of patches of s~lovv and 'bare' grouild as they ablate. This 
disinlegration affects thc geometry and area of snow cover, which affects the energetics of the melt proccss 
and thc contributing areas ofmelt, runoff, infiltration and soil watcr recharge. In order to include the effects 
ol'thc patchiness of a snow cover on thesc coillponents in snownlclt si~nulations it is nccessary to incorporate 
in the algorithm a n~easure of tllc gco~nctrical character of the snow field during ablation. Most land surface 
algorith~lls do not considcr thc decrease in snow-covcred area during snowmelt. CLASS, howcver, does 
when the mean depth of snow is < 10 cm, the limiting snow depth after which bare patches begin to  appear 
(Donald el a/., 1995). It calculates snownlelt as the volume ofn~cltwater produced per unit area of grid cell. 
This quantity, M, the resultant melt, is the resulr of the application of Ad,,, applied melt, that inel[ per unit 
area of snow which occurs over snow. Therefore, the fraction of snow cover, inust be known to calculate 
M ti-0111 I&. Tllc two quantities are i-clated by 

R ~ C I X  the areal Liaction or  snow cover, li, is 

in which L', is the mass of snow per unit over the grid (kg/n12) and p, is the snow density (kg/m3). 
TRO assun~ptions used by Equation (10) coilflict with the spatial statislics of most natural ablaling silow 

fields. They are: 

(a) areal snow cover depletion starts when the mean snow depth is equal to 10 cm, and 

(b) the spatial distribution of s~low water is unilorm. 

Shook (199 3, 1995) and Shook el ul. (1993, 1994) demonstrated that in enviro~~ments where the melt flux is 
relatively uniform over an arca. the kaclal character of Lhe spatial distribution of thc writer equivalent 
controls thc gco~llelries or  the soil and ~ 1 1 0 ~ ~  patches or an ablating sllow cover. 

Doilald et (11. (1995) also showed clearly the snow dcpth distribution for snowpacks in southern Ontario 
followcd a three-parameter log-normal distribution. Oilce Lhe limiling snou7 dcpth was rcached, Ihc dcpth 
distribution followed a two-paramctcr log-normal probability density function. Using this [unction, Donald 
(1992) derived a si~llplc 'melt n~odcl' wherc Ihe theoretical average snow depth and fraction of snow (I;,) 
curves could bc described through a uniform downward shift (applied snowmclt, MI, )  of the dcpth 
distribution. The rcnlaining snow-covered arca fraction, 4, is given by (Donald pr ul., 1995) 
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where 11 and a are the mean and the standard deviation oT the snow depth at the limiting value and ~ J Y ~ C  is an 
error function. Note that the definition of i. corrects an error it1 the paper by Donald e i  ul. (1995). The 
corresponding expression for the average snow depth over the entire grid cell area. fi, resulting from the same 
distribution shift oT Ma was solved analy ticallp as (Donald et ( I / . ,  1995) 

Shook (1995) noted that thc spatlal frequency distr~butioll or the snow1 water cqitivalenl (SWE). as 
opposcd to snow depth, of a natural snow covcr can often be approximated by thc log-normal probability 
density function, which hc exprcsscd in lincar fo1-111 as 

wherc the tcrms arc: SLVE, snow watcr equivalent having irn cxcccdance probability equal to that oT the - 
frequency Fdctor, K [sce Chow (1954) Tor calculation procedure]; SWE, mcan snow water equivalent; and 
C'V, coeflicient of variation. Figure 5 plots point measurements of SWE and fitted log -normal distributions 
for tliree landscapes in a prurie environment Tor (a) a relatively flat field in wheat stubble, (b) an undulating 
field of fallow and (c) a relatively Ilat low area with scattered brush. The respective coelIicients of 
determination (r2) between the measured and fitted SWE values for the landscapes are 0.92, 0.98 and 0.99, 
respectively. 

Shook (1995) also notcd that thc snow cover depiction curvc is produced by applying the snowmclt wtc 
evenly ovcr tlic SWE fi-equcncy distribution. Thc applied snowmclt is dcsignatcd MI, and represents thc total 
a~nount of snow melted at any point in lhe snow cover. If therc is no covi~riailce between depth and density of 
snowpacks (as is thc case Tor shallow snow) thcn the algorithm oS Donald e /  al. ( 1995) can bc applied without 
modification and applicd nlelt is equivalcnt io thc shirt in the snow dcpth distribution, M;,.  Theresore, under 
conditions where thc melt flux over an area 1s approximately uniform, a reasonable represcntation 01' the 

500 -1 A Fallow 

Frequency Factor, K 

400 - 
E 
E - 300 - 
$ 

200 - 

100 - 

Figure 5. Lop...llol.lnal distribution fitted to point ~lieasurenlellts of SWE taken an open l:~ndscapcs in brush, fallow and wheat- 
stubble ...-. Sniith Tributary, SK, 1972 

9 Stubble 
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Simulation Day 
Figure 6 .  Snow-covered area depletion curves modelletl by applying a const:lnt. uniform melt rate to snow covers whose SWE have a 
log-..normal distribution. Fractiollal sllow cover is plotted against time froni an initial SWE of 130 mrn for v;~rious coeficients of 

variation of SWE. CV 

depletion of snow-covered area (I;,) during ablatiori can be obtained by nlelting the frequency distribution of 
SWE or solving directly using Equations (I  1) and ( I  2). 

The results of this procedure are den~onsti-ated in Figure 6,  which plots the decrease in Fs over time Tor a 
constant melt rate, assuming initial conditions of a log-.nornlal distribution oTSWE ~ 4 t h  various C V  values. 
The results show chat the snlaller Ihe CV, the inore mpid the depletion ot' Fs. This creild is the result of the 
increased peakedness of the freql~ency distribution of SWE with dcc~easing CV. The s~llaller the CV, the 
larger the numbcr of SWE vali~es groupcd near to the mean. 

The snow-covered area depletion algorith~il developed by Shook (1995) was tested using data collected on 
tlie Sniith Tributary at Bad Lake in 1972, with tnelt rates driven by a tempcraturc-index model. The results 
are shown in Figure 7 and denionstrate masonable correspondence between n~odelled and measured areal 
depletion of snow cover (Shook, 1995). 

Land surface schemes calculnte the energy available for snownielt (Q,,,) by an energy balance equation. 
Therefore, ass~~ming a continuous snow cover 

Thc terms of Equation (14) are Q,,, net radiation; Q,,. turbulcnt flux of sensible heat exchanged at the surl'ace 
duc to a difference in tanperiltuse between thc surl'acc and overlying air; Q,, turbulcnt flux of latent encrgy 
exchanged at the surface d~ le  to vapour niovemerit as a result of a diITcrence in vapour pressure between the 
surface and overlying air: Q:,. energy advected to the snowpack from rainfall or other processes; Q,. ground 
heat flux due to conduction; Ll. internal energy: and I. time. With the exception of Q ,  and dLJ/dt, the various 
terms in Equation (14) are exanlined bclow with respect to measurements, lrind surface scheme representa- 
tions and process algorithms. Discussions of the Q, term havc bee11 recently providcd by Liston (1995), 
Shook (19'15) and Marsh pt crl. (1997), whilst Malc (1980) and Marsh and Woo ( 1984) providcd a de~ailed 
examination of dU,l!dt. 
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Fi~wm 7. Modclled and measured snow cover dcpletioii curves during snow ablation on the Smith Tributary in 1972 

Hudi(~/ion. The radiation balance in land surface schenles is typically composed of long- and short-wave 
tenlls. The long-wave balalice as aKected by sno.ril depends on the surface temperature. which is ~iorrnally 
solved for by an iterative solution of an eliergy balance at the surface. Actively melting snow has a surface 
tcmpcralurc of 0°C; dcparturcs from this value at night dcpend on snowpack intcrnal and external 
energetics. Errors in olher components of [he energy balancc can thercfore cause errors in the long-wavc flux. 

Short-wave energy fluxes are influenced by thc snow albedo. The inlcradion bctwccn vegetation and s11o.r~ 
cover albcdo is con~plex ho.rvcvcr, cvcn when snow covcrs vegetation. For instance, Pomcroy and Dion (1 996) 
have sho.riw that snow-covercd boreal pine canopies act as 'light-traps', such that the canopy albedo is 
unaffected by interccptcd snow load. Somc land sirface schemes correctly sinlulate this f'eature (CLASS. SiB, 
UKMO') but SOIIIC incrcasc canopy albcdo aster recenl snowl-ails (ECMWF, Betls ct of.. 1996). In shrub- 
covercd clcarings of the borcal Sorest, Poineroy and Granger (1997) found net radiation during nlclt became 
enhanccd as low shrub vegetation became cxposcd, lowering the albedo. For this reason, Q, - Qg was 2-36 
times C), over the melt period and turbulent contribut~ons to melt were negligible. For surface s11ow covers, 
most land surface schemes neglect the role of protruding vegetation, bul some do reduce the albedo as Tresh 
snow ages. with further modifications during nielt (e.g. ISBA. MP1, CLASS). For instance. CLASS assunies 
an albedo for 'fresh' snow of 0.84 to a lower limit of 0.70 Tor 'old snow'. The variation in snow albedo. a,, , 
with time. ~(s). is approximated by the expression 

-0.OIAt 
n,,,(r + 1) = [ z , ( t )  - 0.701 exp - ( 3 600 ) + 

a,, decreases until a new snowfa11 event occurs. which rettlrns the albedo to 0.84. The lowcr lilnlt oS0-7 1s 
decreased further to 0.50 it' liquid waler is prescnt on top of the snowpack (Verseghy el of.. 1993). 

Modelling studies silch as that by Wiscombe and Warren (1980) provide the albedo of colnplete snow 
covers from theoretical prinaples and have been successft~lly incorporated in snow models (Marshall and 
OgLesby, 1994). However, i t  is often dificult to inlerpret field measurements of areal albedo (r) made with 
liemispherical radiometers because of the decrease in snow-covered area during melt. Field nieasurements of 
albedo can be corrected us~ng measured kactions of snou7-covered arca (li,) from aerial photographs to 
provide esti~natcs of the variation of r,,, during melt. For patchy snow cover, the snow albedo ( T ~ ~ )  is 
oblained from areal alhctlo by weighling thc albedos of the snow and thc ground according Lo a scgregatlon 
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0.6 1 D Smith Tributary, 1972 D 

Snowcover 
Figure S. Relatiollsllip hetween areal ;~lhedo. 2, a ~ i ~ l  skiow-covered area, niot~ito~rd 0 1 1  twn small watersheds at Bad Lake, SK 

based on the fraction oC the unit area covered by each surl'ace. This tecllnique is co~lltno~lly e~llployed by 
recent land surface schenles to calculate areal albedo during melt, and is 

where a, is the albedo of snow-free ground. 
Using aerial photographs, and aerial and point albedo measurements, Shook (1993) demonstrated that 

the association between 2 and F5 during sno\melt on the Canadian Prairies is approxi~nately linear over a 
large range in Ek (0.9....0. I), as shown in Figure 8. A linear association hetwc~n a and Fs suggests that a,,, does 
not vary greatly during ablation and that the nlajor factor controlling the decay in a is the fraction ol'bare 
ground. The upper limit of a is established primarily by a,,, closely following the start of depletion in I;',; the 
lower limit is set by a Fitting a linear regression to the data for Smith Tributary. Bad Lake, Saskatchewan 

E. ' 
in Figure 8 gives an Intercept of 0.096 and a slope of 0.75, with a correlation coeficient, r = 0.99, The 
corresponding values for the albedos of ground and snow by Equation (16) are thererore ag = 0.096 and 
z,,, = 0.85. A similar analysis applied to the measurements for the Creighton sub-basin oCBad Lake gave the 
corresponding statistics: intercept = 0.0!)5, slope = 0.42, r = 0.95, 2 = 0,095 and z,,, = 0.52. The lower 

E 
albedo for snow on the Creieighton Watershed is due to a shallow, dirty snow cover and vegetation protl-uding 
through the snow surrace. The large ditte.rences in snow albcdo between snow covers or similar grain size and 
wetness suggest that much or the variation in albedo with grain size may be overwhelmed by local ['actors 
such as dust, pollution and protruding vegetation. These results also suggest that the changes in the 
reflectance of snow during ablation are small and have little elrect on sc. The data call into question the 
presunlption in alhedo calculations that melting snow is 'clean' and covers vegetation during melt. The 
decrease of a,, to 0.5 for wet snow by CLASS would also appear inappropriate as the field measurenlents 
provided no evidence that snow albedo declines during the decrease in snow-covered area. It would satisry 
the trends shown in measured data to sinlply fix the snow albedo, determined at the beginning of the snow- 
covered area depletion, throughout subsequent melt. and account for the change in areal albedo by the 
progl.essive exposure of bare ground and vegetation during melt. 

Ground hrrrr flus. Most sin~ulations oS ground heal in land surface modcls are bascd on hcat transler by 
conduction using the temperature gradient approach and siillulaled soil tempcralurcs at 3 or 4 levels in a soil 
profile that cxtcnds to the rooling deplh ol'the crop or bclow. Often, hcal transfers resulling from phase 
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changes from freezing and thawing in frozen soils are cither ignored or the Sreezing point depression 
relationship ------- the curve describing the association between liquid water content rind freezing tempera- 
ture is represented as a step function rather than as a continuous curve. 

When water from a melting snow cover is unable to infiltrate a frozen soil, such as may occur when an ice 
lens has formed on the soil surface or in ice-rich, uncracked permafrost, the temperature gradient inethod 
may be expected to give  aso on able estiinates of the ground heat flux. If the soils are very cold, intense 
temperature gradienls and high fluxes may dcvelop and lead to the formation or basal ice layers at the soil 
surl'ace (Woo el ul., 1983). The refreezing may resull in large cllanges in the internal energy of the snowpack 
(Marsh and Woo, 1984). 

For most northern regions, howe17er some illfiltration or  lneltwater into Uroen soils accompanies snow 
ablation. Under these conditions the ground heat ALLY is usually snlall w~npared wilh the melt energy flux. 
Average daily ground heat fll~xes generally fall in the range froill 0 to 4.6 W/m2. Nevertheless, where 
algorilhms are used to estimate the flux, the conlponcnt must be calculated correctly because a largc error in 
tlle calculalion may al'fcct the determination of thc other tcrlns of the energy equation and closurc ol' the 
energy balance. For example, a poor estimate of snow surface temperature will alfect the calcitlations of 
albedo. sensible and latent heat in most land surface models. 

The application of a temperature gradient approach for estimating the ground heat llux in f'roz.cn soils 
during s~lowmelt inliltration is often not appropriate. A inajor reason for the dilficulty is that important heat 
and mass transfer processes aKecting the f ux occur in the upper portion of the soil temperature profile. For 
example, Gray cr a/. (1985) reported that t.he average depth orn~ellwater penelritting frozen agricultural soils 
of the Canadian Prairics was about 30 cm (standard deviation = f 10 em). 

Infiltration into hozen ground involves simultaneous coupled heat and mass tratlsrers with phase changes. 
Field measurements (Kane and Stein, 1983) and model sin~ulations (Zhao el ( / I . ,  1997) demonsti-ate that both 
the infiltration rate and the surface heat transfer rate (conduction) decrease with Lime following the 
application oCmeltwater to the surface (Figure 9). Zhao tpt ul. (1997) suggested that these variations ]nay be 
described by two regimes, a transient regime and a quasi-steady-state regime. Thc transient regime follows 
in~mediatcly on the application of waler to the soil surl:dce. During this period the infiltration rate and the 
heat transfer rate decrease rapidly. The quasi-stead y-statc reginle develops when the changes in the 
infiltration rate and the heat transfer rate with time becoille relatively small. The duration of the tla~lsient 
period is usually short {a few hours). depending on the hydraulic properties of the soil. surface conditions. 
initial water content and initial teillperature ofthe soil. During transient flow, the energy used to increase the 

Transient k 

0 5 10 15 20 25 
Time (h) 

Figure 9. \'ariations in i11Iiltr;rtion rate (dlMFjdt) and surhce heat flux rate (dQ/dt) with time during snowmelt illfiltration into a frozen 
silty cl;~y soil 
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soil te~iiperature is largely si~pplied by heat conduction at the surfi~ce (high heat transl'er rate at the surface) 
(Zhao et ul.. 1997). 111 the qunsi-steady-state regime, the energy used Lo increase the soil temperature at depth 
is supplied by lritent hcat released by the rerreedng of percolating inellwater in the soil layers above (low heat 
transfer rate at the surface). 

Figure 10 shows simulated profiles of ice content, (I ,  (Figure 10a), heat flux, dQidt (Figure lob) and soil 
tcmpcralurc. T (Figure IOc) after 2, (3. 12 and 24 h of infiltration into a frozen soil with initial and boundary 

0.6 

(a) Ice content (vol) versus depth 

(b) Heat flux versus depth (c) Soil temperature versus depth 

Figure 10. Simult~ted prvliles of vi~riillions in: (ir) ice content. (h) heat flux and (c) soil ten~perilture with depth after 2. 8, 12 and 24 h of 
continuous s~lowmelt inlitration illto ir frozen silty clay soil. Initial iu~d boundary conditions: soil pore saturatio~l = 0.40, surface pore 

sirturntion = 0.73 and soil temperature = -4'C 
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conditions oT: total soil n~oisture pore saturation = 0-40. soil tcmper;iture = -4°C and surface pore 
sclturcltio~i = 0.75. The snowpack in contact with the soil is at the melting point wit11 cl constant melt rate. 
Figurc IOa sllows soil layers with an increase in ice content (free~ing) overlying soil laycrs with a decrease in 
ice content. Most ofthe latent heat (say 90%) released by the refreezing of melt\vater is conducted deeper in 
the soil, where i t  is used [or melting and increasing the soil temperature (Zhao ef ul., 1997). Figure lob shows 
that tllc depth of inaxiinum heat flux coincides with thc depth of nraximirm melting (Figure 10c). Thc heat 
flux dainpcns as Ihe maxiinum flux mows deepcr into thc soil. As indicated abovc, thc encrgy added to a soil 
by conduction Li-om the surface is ollly important to tllc thermal balance during Ihc early stagcs of 
infiltration. With increasing Limc the ground hcat flux d ~ r c a s c s  because or  dccreascs in Ihe tcinpelaturc 
gradient in soil layers near tllc surface (Yigurc IOc). Until such Limc as thesc siinulations or rcprcsentations of 
such can be included in land surfacc nlodcls, ground heat f l t ~ u  calculations in GCMs should be capped to 
renlain snlall during infiltration into fiozcn soils. 

Trtrhult~tri  flux^.^. The success oT detern~ining the lnclt Bux over snow by Equation (14) can be highly 
ttariable, which is olten attributcd (scc Malc and Grangcr, 1979) to thc difficulties in obtaining accurate. 
reliable estimates of the convective turbulent fluxes by bulk aerodynaniic transfer equations similar to those 
used in many land surface schemes. Land surrace models parameterize exchanges of heat and moisture 
between the atmosphere and the surf:*ce using relationsliips of the form 

and 

where p, and C, are the density and heat capacity of air, h,  is the latent heat of vapori~ation, D,, and D, are 
exchange coelficients. u is the wind speed at a reference height i ~ i  the atmosphere, and A T  and Aq are 
ten~peraturc and huinidity difielcnccs between the surface and the reference level. The surracc humidity is 
gncrally assumcd to be saturated over snow and the surhcc tcmpcraturc cannot rise above 0 'C; silowmelt is 
diagnosed from the cilcrgy i-cquired to balance the surface cncrgy budget subjcct to the surface lemperature 
constrainl. Exchange coeflicicnts are calculated as [unctions of SUI-hcc roughness and some indcx of 
atmosplleric stability - cithcr a Monin-Obukhov lcngth or a Richards011 nun~ber. 

Those factors contributing to the difficulties and problclns in calculating turbulent exchange in this 
manner include: 

1. The validity of the assulnplion o f a  constant flux laycr. de La Casinicre (I974), Granger (1977) and 
Halherstram and Schieldge (1981) observed a temperature maximum in the air laycr 10 50 cm above the 
surface of melting snow owing to radiation heating. With the upper limit of the snow surface temperature at 
O°C, this temperature ariomaly results in a shallow, stable profile directing heat towards the surface. When 
upper air temperatures are less than this maximum, not only is the lieat ilux not constant with height but it 
may u~idergo a reversal in direction at the level of the raised maximum. Expressions that make use of the air 
tempcratirrc at 1-2 m and the tempcratun: or  the silow surface can therefore givc a sensiblc heat flux in tllc 
wrong direction. 

2. TypicaHy, snow covers have low thermal conductivities and high albedos and cmissivities and a snow 
surface can be very cold, especially on cold nights. This resulls in exlrcmcly stable conditioils of the 
atmospheric surface layer, which dampen turbulent inixing (Male, 1980). 

3. The cddy diffusivilies for latent and scnsible cncrgy and inomcntum are not equal (Male and Granger, 
1979). 
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T:iblc 11. RMS errors (W/ln2) during isotherinal me11 of a continuous open snow corer in 
cstiinatcs of stlow~nelt heal Ruxcs by various co~n~nonly used turbulcnt cxchangc ;ilgoritlmls, 

colnpared milh net radiation less grourld heat flux. Kerncn I'ann, Saskatoon. 1996 

Wcbb Granger Mcl'arlauc a, + G', 
I I March 10.0 10.0 13.0 3.8 
I2 March 10.7 9.0 13.0 2.0 

4. Snow u d  ice are smooth surfaces [hat lead to low shear velocities and low illduccd levels of turbulence. 
Yen (1995) estimated the sensible heal tlux ova- snow- or ice-covered ground during the winter months as 
only about one-third of thal over grass-covered ground during the spririg and summer months. 

A cotnparisoil or turbulent flux schemes during snowmel~ was made for ail isothern~al, continuous, 
unvcgetated snowpack near Saskatoon on 11  and I2 March 1996, and is shown in Figure 11. Three schcmes 
were testcd: the 'log-linear' form conlmonly used for stable collditio~ls (Webb, 1970), a modificaiion 
developed hy Gr:u~ger and Male (1978) from nieasure~nents ovcr snow and a Richardson number forniula- 
tion typical of Lhe type used in large-scale atmospheric modcls (McFarlane et al., 1992). For con~parison, net 
radiation less ground heat flux is shown. All of thc turbulcnt transl'er schemes overeslimate thc downward 
(largely sensible) convective energy available for melt, the degree of overestimation depending upon the 
stability correction employed by thc scheme. RMS errors in estilnates of snowmelt heat iluxes over the 
13:00---17:OO period are shown in Table 11 for both days. Interestingly, the 'best' melt rate simulatioil is 
obtained by disabling the turbulent transfer scl~emes and si~nply using net radiation and ground heat tlux to 
estimate snowmel t. 

An appl-cciation of thc dilliculties of modelling sno\vmnelt wit11 even a relalively sophislicated land surl'acc 
schcine, and thc limited degree of i~llprovement in pcrformancc that can be expected when correcting 
algorilhnls of a scheme in isolation, is shown in the following scction, \vith respect to CLASS. CLASS was 
chosen because it contains representalions of thc phenomena dcnlonslraled (snow-covered area depiction, 
energetics of snown~clt. multi-laycr soil model) and should be cxpectcd Lo perform well in a major Canadian 
environment (prairies). 

Sno~i~-co~~c~red area ricplcliorr. An attempt was made to exami~ic the eKect of incorporatiiig the 
recommended snow cover depletion cuive in CLASS on perfornlance during ablation on a flat rrnvegetated 
field near Saskatoon in 1994 (Figure 12). The comparisons show that both CLASS and nlodified CLASS 
(with the snow cover depletion algol-ithnl) are about 5 days ]ale in the prediction of the start of snow cover 
depletion co~llpared with tl~at mneasured. The delay, caused hy various unknown errors, makes it in~possible 
to assess changes in pertbrnlance owing to the new snow cover depletion curve. This observation also 
suggests that the benefits of more physically realistic snow-covered area depletion cannot be realised witllout 
an assessment of the energetics of L.he CLASS snowmelt routine. 

Stlo~vmelt energefirs. Energy flux ineasurenlents collected near Saskatoon during 1 1--13 March 1996 were 
used to examine the performance of CLASS simulations or thc melt ol'shallow, continuous. open environ- 
nlenl snow co\Iers. CLASS was run on an hourly basis using net long-wave and inconling short-wave 
radiation, air temperature, wind speed and dew point. Initial snow and soil conditions were determined by 
field measurements. Figure 13 conlpares the 30-minute melt fluxes calculated by CLASS with those 
calculated irsing illeasured components in Lhe energy equation [Equation (14)] on I2 March 1996 near 
Saskatoon. CLASS tends to underestimate the net energy available for melt, with values ranging from 50 to 
64 W/ln2 during periods in the afternoon, and averaging 35 W/m2 over the interval 12:30----17:OO. Another 
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a) 11 March 1996 

b) 12 March 1996 
Figure I I. Cornparis011 o l  snowmelt heat flux melisurecl using tlie ineasured inputs to the energy halance equation, untl modelled i ~ s i ~ l g  
ground and radiation Ruxcs and cstimatcd sensihlc and latent hcnt fluxes Iioin the lbllov,~ing schemes: Webb (19i0). Grn~iger and Male 
(1981) and McFarlanc P I  01. (1902). The nct radiation less ground heat flux is shov,,~~ lbr further cvnluation of tile actual contribution 

f ron~ turhulc~~t fluxes 
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10 measured 

Julian Day 

Fisurc 12. C:omparison of CLASS and modified CLASS in predicting snow cover degletio~i on a llnt field of hllow at Kernen Farm, 
near Sashotoon. March 1!)94 

Melt Flux 
March 12 

12:OO 1300 14:OO 15:OO 16:OO 17:OO 
Hour 

Figure 13. C:omparison of 30-minute melt lluxes calculi~ted by CLASS, and correspondi~lg values determined uing  measured 
components in the energy equation. Kernen Farin. near Saskotoon, 12 March 1996 

important feature demonstrated in Figure 13 is the delay in timing of melt by CLASS. CLASS does not show 
melt occurring until 15:00. 

To study the ellects of deviations in the modelled estimates of components of the energy equation on the 
calculatiori of the inelt flux, coinparisons between 'modelled' and 'measured' values were made for the three- 
day pcriod on the Kcrncn Farm wlien thc measured mclt fluxes (determined using n~casurcd valucs in thc 
energy equation) wcre positive. Figure 14 plots 'modclled' versus 'nlcasurcd' 30-minute tluxes for: (a) net 
radiation, (b) latcnt cnergy, (c) sensiblc energy and (d) ground heat for the same tlme pcriod on I ?  March 
I996 described by Figurc 13. The data in F~gui-e 14a show good agreement betwceil 'modelled' and 
'mcasurcd' net radiation, with a Lrend for CLASS cstimatcs to be slightly l~igl~er tlrm thc measurements. For 
the three-day pcrioci, thc variables showcd strong correlation, wilh a coefficient of detcrrnination r2 = 0.99, a 
mean diffcrencc ('modclled' - 'measured') equal lo 4.28 W/m2 and a standard deviation of the diiTercnces 
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Energy Fluxes 
March 12 

- measured 

Hour 

Figure 14. Co~liparisons of CLASS-n~odellcci and measured 30-minutc fluxes at Kerllen Farm, near Saskatoon. during melt on 
I2 hlv~arch 1090: (a) net radiation. (h) latent energy. (c) scnsible energy and (d) ground heat. Note !let rddiation is positive whcn dirccted 

to rlle pack. all othcr fluxes are positive when they are directed away from the pack 
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equal to 3.43 Wfm2 (see Figure 1%). The difference is largest for high values of net radiation and may be 
presumed to be due to CLASS underestiinating snow albedo. 

Figure 14b sliows poorer association between the 'modelled' and 'measured' latent energy, compared with 
net radiation. but with no strong systematic trend for the CLASS values to either overestimate or 
underestimate the measurements. A closer inspection of the association of the latent fluxes is provided in the 
scatter diagram of these tluxes B r  tlle three-day period in Figure 1%. The associatio~l has an r2 of 0.74, with 
amean diffcl-en1 equal to 2.48 W/m2 and slaildard deviation of the difTerence equal to 6.94 w/rn2. The largest 
relative deviatio~ls ( I  0-15 W/m') arc associated with the largest latent heat fluxes (positive or negative). In 
other words there is a general trend for CLASS to overestimate Ihe measul-ed values slightly, with the degree 
of overestimation increasing with the magnitude of the latent heat. 

Figure 14c shows wide variations between 'modelled' and 'measured: sensible energy on I2 March 1996 
with small deviations during the nliddle parts of the period, and reaching about -23 w/m2 when Inellwater 
is generated (see Figure 13). A scatter diagram or 'modelled' versus 'meiisured' sensihle energy fluxcs during 
the 1.hn.e-day period is shown in Figure 1%. Deviations are largest when measured sensible heat is nearly 0, 
but the modelled se~lsible heat ranges from +2 to -28 w /~ I ' .  The association between values has an I.' of 
0.27, with a mean difference of -4.48 ~ / m '  and a standard deviation of differences equal to 8-34 ~ / m ' .  

Figure 14d shows that the CLASS estimates of the ground heat flux are consistently much higher than the 
corresponding measured value. Over the three-day period the association belween variables was 9 = 0.34, 
with a iilean difrerence of 11.40 \vim2 and standard deviation of diflerences equal to 14.94 W/m2 
(Figure 15d). On 12 March, the o~lerestimation of the ground heat loss by CLASS contributed 78.2% of 
the shortFdl1 in the average melt rate 11ux; for the three-day period it averaged 50.4% of the average melt rate 
flux. Such large ground heat fluxes owing to heal co~lduction [iom the surface during snowmelt in tilt ratio^^ 
into frozen mineral soils are inconsistenl. with the small values found by coupled heat and mass transfer 
theory and measurement (Zhao and Gray, 1997; Zhao ci *I., 1997). 

CONCLUSIONS 

The following conclusio~ls are made with respect to snow proccsscs in land surface models and the ident- 
ification of the ncxt phasc of itnprovements in these n~odels. Field dala supporting thc conclusions were 
largcly collected from cold, relatively dry environments. Whilst thc conclusions arc n o r ~ ~ ~ a l l y  applicable to 
other environments, applicalio~l to global snow covers should consider ally relcvant differences in processes 
and energclics. 

I.  Snow interception by forests is either neglecled or grossly underestimated by land surface models but 
can result in substantial canopy storage of s~iow (up lo 60% of cuinulalive snowfall) and latetit heal flux 
from snow-covered canopies. A process-based snow interception model for evergreen forests based on that 
developed by Hedstrom and Pomeroy (1998) is able to match nleasured interception and should be adopted. 

2. Land sutracc nlodels do not charactcrizc hlowing snow redistribution and sublimation. These processes 
call causc substantial dilTerences (-40% to +100% difference) between accumulated snowf~ll and snow 
accumulation in prairie and arctic regions. Blowing snow sublimalion losses arc necessary to predict mcan 
snow waler equivalent at the grid scale, whilst blowing snow transport should be calculated to gain an 
appreciation of tile subgrid variability of snow water equivalent. 

3. With respect to snow density and snow dei~sificalion it is recommended that: 

(i) the density of fresh snow he calculated as a function or temperature. 

(ii) the densitication or well-exposed snow in areas sul?ject to snow storms and blowing snow be 
treated as episodic. For non-melting snow and wind speeds greater than 7 m/s, increase snow 
density at  a rate of 9 kg/m3 h up to a maximunl that is controlled by snow depth. 
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-20 0 20 40 60 80 100 
measurml net radlatlon ( ~ l m ' )  

-20 -10 0 10 20 30 40 50 60 

measured latent flux flux (wlrn2) 

-30 -20 -10 0 10 20 30 40 

mcasurad icns ib l~  heat nux nux (w/rn3) 

Figure 1 5 .  Compdrlson oT30-niinutr fluxes for per~ods of melt durlng 1 1 13 March 1996. Kernen Farm. near Saskatoon measured and 
modclled by CLASS: (a) net radiation. (h) latent cncrgy. (c) scnqihle energy and (d) ground heat 
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(iii) for shallow, aged, wind-blown snow (mean dcpth, tf < 60 cm) the mean densily can be taken equal 
to 250 kg/m"Shook and Gray, 1994). For deeper snow (ti > 60 cm) the average density be 
calculated as a function of depth. 

(iv) the maximum dry snow density for forested (boret~l, mountain foresl, maritime) environnlents call 
bc set equal lo 250 kg/m3. 

4. The two-parameter 1og~-.-normal probability density function is recommended for describing the spatial 
distribution of snow water. This distribution requires knowledge of the mean and coenicient of variation of 
the water equivalent, CV. Initial estilnates of CV can be derived from information on land cover and terrain 
features and the values provided in this paper. 

5. Areal albedo and snow-covered area havc 3 linear relationship during snowmell. The snow albedo at 
the start of snow cover ablation should. therefore not be altered during melt of the remaining snow cover. The 
decrease in snow-covered area can be calculaled using the log...-nornial probability density function and an 
algorilhm that applies calculated melt to reduce snow water equivalent and hence the area covered by snow. 

(i. Meli of isothermal, continuous opcn eilvironmc~lt snow covers is largely driven by radiative fuxes. 
Turbulent transrer schemes in land surface models will attempt to calculalc a turbulent contribution to melt 
that is larger than necessary. 

7. Rlpid a~id  dramatic alterations to the soil tenlperature gradient during snowmelt are caused by the 
downward conduction of latent heat released by the rel'reezing of percolating meltwater in frozen soils. 
Therefore, the processes of heat and mass transfer into frozen soils during infiltration can olily be described 
properly by a multi-layered soil model having a reasonably small grid spacing. For those lalid surface models 
with only a few soil layers, the ground heat flux during i~ifiltration into liozen soils sllould not be calculated 
by eslilnatirlg the tempe1:ature gradient. Instead. i t  is likely that the assumption of a very small value [or 
ground heal or the use of parametric or cmpiiical correlations for estiinates of both the ground heat and 
infiltralion will give better results. 

8. One land surface model, CLASS, seriously underestinlated the tillling and rate or  snowinelt in open 
environinents despite h~lvi~ig relatively sophisticated snowmelt and soil routines. The exact causcs or  the 
discrepancies are unknown but it appears that overestimation of the ground heat loss during infiltration to 
frozen soils is a prinlary fi~ctor. Errors in the other energy terms for melt are compensatory and partly a 
result of snowpack energetics, so corrwtio~i of turbulent transfer and net radiation calculations in CLASS 
would further degrade the performance. It is recommended that further study of snow energetics and soil 
heat condc~ction during infiltration of meltwater inlo frozen soils be undertaken and the results incorporated 
into future land surface models. It is important in this procedure to  establish carerully the reliability of the 
models in invoking closuw OF the energy equation. 

The assisiance or  Dr Diana Verseghy in obtaining funding for this project, providing CLASS code and 
discussing the results is acknowledged. The authors wish to acknowledge the financial contributions of 
various agencies and organizations for runding that has been rcceived in support or  several studies whose 
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Engineering Research Council of Canada Operating Grants, Strategic Grants and Research Partnership 
Program; the Canadian GEWEX progl-an; the Prince Albert Model Forest Association lnc. and the 
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