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ABSTRACT 

Snow depth data from 147 samp1ing points were co11ected 

through winter. Ana1ysis shows that three periods of characteris-

tica11y different patterns of depth increase are produced by sequen-

tial changes in surface roughness. Six different types of depth 

growth curves are identified. Two methods of indirect mapping of snow 

depths are described. One method is based on sequence aeria1 photo-

graphs during me1t. The second method emp10ys a stepwise multiple 

regression mode1 to select variables relevant to the particu1ar 

pattern of snow accumulation. A set of topographic variables are 

generated from a matrix of altitudes obtained from a map& Four 

variables in a multiple regression equation exp1ain 75 per cent of 

the original depth variations. A computer mapping program is 

appended. 
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CHAPTER l 

IN'TlWDU CTION 

The aim of the study 5.s to investigate the spatial and tem­

poral variatlons in the accumulation of the seasonal snmV' cover. The 

study concentra tes on the short distance depth variations produced by 

the redistribution of snow by \o7ind. The object of the study :l.s to 

defin.e a relatiollship between terrain r01.lghness factors and the patterns 

of snm~ accur,lulat:f.on in terrain. 

The term "forest tundra'i was used by Hare (1950) to describe 

an area l-7hich is predominantly tundra but ,V'here fores t occurs in shE'.l­

tered vslleys anè depressions. !:'l Labr.::ulor - Ungava th:l$ type of terrain 

is cOIl".mnn i.n the more elevated central parts ~mc1 lIt lC'II!er levels fartller 

north. It is an environment where w:i.nd is a very important factor. 

The accumulation of sno~! in this type of emdromnent is ex­

treme1.y irregular due to strong redistribution of snow by wind. In the 

Schefferv Ille ara.q the u'.lt'lb.ar :Jf ,Vl)TS of blo~7ing Rnow JOay be as high 

as 75 in one winter. Some parts l.,f tlle terrain remain sncw-free through-· 

out winter whereas occasional local:f.ties may have accumulations suffi­

ciently deep ta persist through summer in sorne ycnrs, fonning semi­

permanent snow patches (Ives, 1960). 'l'he redistribution and irregular 

élccumulatlO1.l of snow affects ecology, hydrology, geomorplwlogy and 

human activity. The variati.on in accumulation creates large variations 

in ground insulation and leaves la't"ge parts of the terrain f:ully 

exposed ta heat los ses throughout wfllter. This is probably the main 

factor controll1ng permafrost distributicn in the Schefferville area 

(Annersten, 1963). 
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The first objective of thi~ study is to characterise the 

sequential development of the seasanal sno~.rcover. The working hypo-­

thesis is t.hat sinc~ -wind variations are controlJed by terrain rough­

T1ess, the accllmulat:f.on of sn.ow fo11ows a sequence which is determined 

by snowfa11 and terrain rough:·less. The second objE:ctive of this study 

is to deve10p means of indirect mapping of the snawcover at different 

stages of '.rinter. The genera1 approach ta the problem ha.5 èeen 

suggest~d by previous research by Black and Budd (1964), Nack (1968) 

and Young (1970) who have shown that it 18 possible ta obtain a sta­

t1stica1 approximation of snow accumulation from variables depicting 

terrain geometry. 'l'hase studies, howE:ver~ have sa fa1:' on1y been euc­

cessfu1 in predicting accumulation of snow on glaciers, where terrai:, 

roughness is 1ess pronounced and where snow accumulation has reached 

close te an equilibrium. The study forms an integrate,l part of the 

permaf~ost research program at Schefferville. 

2. Outl:f.ne (Jf Thesis 

The thesis has been structured i.n the fo11owing T..ray. In 

the subsequent section of the introduction the field area, Timmins 4~ 

is described. The c1imatic characteristics of the Schefferville area 

are briefly out1ined. This is followed by an account of soma of the 

work on sncw that has been previously undertaken at che McGi11 Sub­

Arctic Research Laboratory in Schefferville. 

Chapter II out1ines the salient aspects of the processes 

involved in the redistribution of snow by wind and the interrelation­

ship between snow drift transport and terrain roughness. 

Field observations are described in Chapter III and the 
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patterns of accumulation are investigated by ana1ysis of snow depth data 

co11ected on a 147 point grid through winter. The :lnf1uence of surface 

roughness is discussed with respect to the overa11 patterns of accumu­

lation through win ter and with respect to individua1 points in the 

tarrain. A cornparison is made between the accumulation at the Timmins 

4 ridge area and lower 1ying, 1ess exposed areas. 

A statistical nodel of snow accumulation is described in Chap­

ter IV. Step"7ise multiple regression is Hsed to obtain equatione des-­

cribing the state of the snoveover at different times during winter in 

terms of a series of terrain variables. These variab1eR are intended 

to aceount for terrain effects, et different stages of winter and the 

varying influence of winds from different direc~tions. This chapter 

a1so describes the collection and ca1cu1ation of terrai.n variables. 

The topographie variah1es were produced from map ana1ysis. Aeria1 

photographs in black and ~.rhite, and co10r infrared, lr1ere used for 

vegetation variables. One vegetation variable was measured in the 

field. 

Chapter V is an ana1ysis of the efficieney of the dif.ferent 

terrain variables as predictors of snow depth. Simple correlation is 

used to indicate the efficiency of single variables. Hultlple 

regressio'n equations are ana1ysed. A sno,".r depth map is produced for 

March 13 using one of the equations and the map is compared to a snow 

depth map produeed from sequence aerial photographs. 

Conclusions and suggestions for further work are given in 

Chapter VI. 

3. pescription of the field aree 
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The area se1ected for the study is Timmins 4, a. site of perma­

frost research 20 km northwest of the ScheffervilJe townsite (Figure 1). 

A plot approximately 1200 x 400 m was outlined. ~\Fithin this area the 

short distance vgriations in snow accumua1tion were monitored after 

each major snow event through the win ter by means of snow depth samp1ing 

at 147 points. The experimenta1 site is located at an altitude of 

700 m A.S.L. on the northwest-facing slope of a ridge and has a range in 

altitude of about 50 m. 

The experimenta1 site (Figure 2) may be subdivided into three 

parts. The southeastern third is characterised by a la.rge, relati\1<:ly 

f1at area and a T.Yide valley. In th~ Cf-mtre part the gene.ra1 slope 

tow-ards northT ... ~e!;t Is steepp.R.t. The microre1ief is more pronounced in 

this section and four. drainage channe1s converge towards the north­

western part of this section, where severa1 shal10w, ephemera1 ponds are 

found. The northwéstern part of the experimental area has a genera1 

slope towards northeast and on1y gent1y undu1ating topography. 

The vegetation distribution of Timmias 4 shows an apparent 

re1ationship to the topographic trend (Figure 3). In the mE:.p which was 

produced from infrared color aeria1 photographs (see Chapter III) five 

different classes of lol"-grown vegetation are distinguished: 

1. Bare rock or soi1 

2. Disc:ontinuous vegetation cover (lUainly lichen, -"acciniu~ 

spp. and 10w grm·m Betu1a spp.) 

3. Continuous lichen mat ldth scattered, low gro\oro lvoody plants 

(main1y Betu1a spp. and Led~Groen1and:l.cum) 

4. Continllous cover of scrub (main1y Betu1a spp.) 

5. Sphagn~~, mosses and sedge; scrub scattered or absent 
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Figure 1. Location Map 
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Figure 2 Topography Timmins 4 



fiGURE 

o 
1 
o 

3 VEGETATION 

100 200 300 400 
! 

50 100 

TIMMINS 4 

500 feet 
! 

150 metres 



BARE ROCK OR SOll 

DISCONTINUOUS VEGETATION 

lEGEND 

LICHEN WITH SCATTERED WOODY PLANTS 

CONTINUOUS COVER OF SCRUB 

SPHAGNUM, 

PONDS 

HUMAN 015 



7 

SPHAGNUM, MOSSES & SEDGE 

PONDS 

[[JJ]J] HUMAN DISTURBANCE 



- 8 -

The general occurrence of this sequence of vegetation c.lasses is fre­

quently seen in a transect from a ridge crest to a valley bottom. 'rre~es 

are alrnost tota.lly absent in the more elevated parts of the study aren 

b~t become more common in the northwestern portion. The area is located 

at tha local timber liue and the trees within the area are stunted and 

procumbent on the more exposed parts. l~ind gaps (Hustich, 1954; Frassr, 

1956) are common and the brush vegetation near riège crests shows a 

very uniform height in contrast to the brush near valley bottoms. BQth 

of these features are possibly associated with the patterns of snow 

accumulation. 

4. Climate 

Hare (1950) proviàes an excellent analysis of the general 

characteristics of the climate of the Labrador - Ungava peninsula. lt 

is still the main source of information available and forms the back­

ground for subsequent analyses of regional (Barry, 1959) and local 

(Tout, 1964) c1imate of the Labrador - Ungava peninsula and the Schef­

ferville ar.es. 

TIle circulation patterns of the Labrador - Ungava peninsula 

are determined by strong pressure gradients which, especially in winter, 

are controlled by the Icelandic low and the high pressures over Green­

land and northwest Canada. The area is affected by depressions in aIl 

seasons. These generally move in over the peninsula from southwest or 

south along the polar front, and can be of Central American (Gulf), 

Pacific or American East Coast origine These depressions generally pass 

south of Schefferville in winter and move northeast. This gives a 

pattern of snowfall with winds of easterly components and strong winds 
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from northwest behind the depz·ess:r.ons. Frequp.::'!:ly depressions slow down 

after entering the peninsula and tend to remain over enstern Labrador or 

along the eact coast for considerable periods of t:(me, l.-lh11st slmvly 

f::':Uing. Anothcr rel::.'.t:t.vely frequent depression track 1s from west or 

northwest. These lows are gener.:llly not very deep a.nd only give. 11.gh! 

preci~l::aticn bec.::!.use the.y arE" not of polar front ori.gin. The winds are 

ger..erally from southwest or '-lest. 

The climate of the Central Labrador - Ungava region is char-

acteristically cloudy and windy with an average snnual precipitation 

of just over 700 mm of which apprcximately 45 per cent is snow. The 

summers are short and cool, with few sunshine hours despite the lati-

tude. Two summer months, July and August, show an average temperature 

above 10° C. Mean monthly temperatures from October to May are below 

freezing, and during those months the days with average temperatures 

o above 0 C are few. Commonly Mean monthly temperatures from December 

to March are below _150 C. The average annual temperature at 

Schefferville is close to _4.50 C. 

Wind speeds average close to 5 meters per second for every 

mOllth, although in September - October the aver.ages tend to be about 

10 per cent higher. In gusts, winds of more than 30 meters pe,= 

second have been recorded, and hourly means of 15 - 20 meters per 

second or more occur fairly often in connection with deep lows. There 

is a strong prevalence of northl .... est wj.nds, Most marked in winter. How-

ever. the passages of frontal systems are often accompanied by short 

periods of strong winds from other directions. Wind patterns May vary 

considerably from year to year depending on variations in the ID.rge-

scale circumpolar circulation patterns, which determine the low-
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pressure tracks. This variation in wind patterns from winter to winter 

has a significant influence on the snow accumulation patterns for the 

particular year (Matthews, 1962; Rogerson, 1967). Similarly, the actual 

snowfall amount is influenced by variations in the general circulation 

(Hare, 1951). 

The snow falling during winter is generally dry, since the 

temperature is weIl below freezing from November to March. The snow is 

therefore highly susceptible to erosion and transport by the strong 

winds accompanying the depressions. The number of days when blowing 

snow has been recorded in Schefferville is high, and ranges from 26 

days in 1965-66 to 75 days in 1958-59. Freezing rain or drizzle can 

occur in combinat ion with deep lows centered along the east coast of 

the peninsula, but in general liquid precipitation during win ter is 

not common. 

Not much is known about variations in the microclimate of the 

Schefferville area. Davies (1962) compared winds and temperatures at 

Ferriman Ridge and Garage (Figure 1) with those of the weather station 

in Schefferville and found that the Ferriman site had about 2 meters 

per second higher wind speeds, and about 20 C lower temperatures, and 

also temperature variations showed a lesser amplitude. Dyke (1967) 

made periodic measurements of wind speeds in different ridge locations 

and found about the same difference as was recorded by Davies. Recent 

wind data from mid February 1971 to the end of May 1971, from an anemb­

meter at 2 m height at Timmins 4 and an anemometer at the same height 

at Schefferville indicate that the wind velocity at Timmins 4 is 80 

per cent higher. Respective average windspeeds for the period of 

measurement were 5.7 meters per second at Timmins 4 and 3.2 at 



- Il -

Schefferville (J.L. Franks» pers. comm.). However, wind velocities 

measured at low level are strongly influenced by the surrounding terrain 

and are therefore not necessarily comparable. 

Tout (1964) suggests that the elongated ridges would have a 

funneling effect on the wind. It is possible that this would produce a 

less pronounced prevalence of northwest winds in ridge locations, but 

there are no measurements of wind directions available to test this 

hypothesis. 

There are significant differences in microclimate between the 

experimental site and the Schefferville townsite. The most significant 

differences with respect to the present study are the differences in 

wind speed and direction. The greater wind velocities increase the 

amount of redistribution of snow by wind. Lower average temperatures 

at Timmins would tend to make the snow more susceptible to redistribu­

tion and could also influence the early winter snowfall amounts, in 

that rainfall at near 00 C in Schefferville may be solid precipitation 

at Timmins. However, this study does not attempt to link snow distri­

bution patterns to weather variables in more than a very general way, 

and for this purpose the records from the Schefferville weather station 

are considered sufficient. 

5. Weather in 1968-69 

Figure 4 shows the variations of the most important weather 

variables through winter. The association between snowfall and high 

winds is apparent and shows that most of the redistribution took place 

during and immediately after snowfall when loose snow is available. 

Blowing snow was recorded on 39 days during the winter. The average 
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daj.1y temperature remained blüow freezl~J up to 1ate March, and although 

freezing pred.pitation was encountered on !'leveral occasions the maxi­

mum amount for any one occasion was only 2 mm which is not sufficient 

to form wind resistant crusts. The number of sunshine hours was very 

10\J up to mid February when a period of co1d, clear weather occurred. 

The sunniest month was April, whereas the melt period was relative1y 

cloudy. 

6. Research on the spatial distribution of snow·near Schefferville 

Considerable effort has been put frito snow studies in the 

vicinity of Schefferville since the start of the operations of the 

McGill Sub-Arctic Research Laboratory. The studies undertaken up to 

1964 have been reviewed by Gardner (1966). 

The influence of wind on the accumulation of snow in a muskeg 

area was studied by Matthews (1962) who found that different patterns 

of accumulation were produced by different winds. Variations in snow 

accumulation in ridge terrain as compared to the accumulation in the 

more sheltered wood1and in the Schefferville vale were investigated by 

Gardner (1964) who found greater variations of the snowcover on ridge 

areas. In 196·2-63 the present Schefferville snow course was established 

which provides a continuous, comparable record of snow data up to the 

present date (Harrison, 1963). Comparable snow maps for the vicinity 

of this snow course were made in March 1965 and 1966 (Cowan, 1966; 

Adams and Find1ay, 1966; Adams et al, 1966; Rogerson, 1967). These 

maps show a simi1ar general pattern of snow depth and water equivalents 

from year to year a1though the abso1ute values differ. There appears 

to be a relationship betl"leen cover type and snow accumulation, and 
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both snow depth and water equiva1ents differ significant1y from one 

cover type to another (Adams et al, 1966). 

Inventories of the snow cover within the Knob Lake drainage 

basin were initiated in 1964-65 (Adams and Find1ay, 1966). Snow depths 

and water equiva1ents were re1ated to cover type to produce a basin 

estimate of the water content of the snowpack. The survey was repeated 

in 1965-66 (Rogerson, 1967). Subsequent1y simi1ar surveys (unpub1ished) 

have been made in 1968-69 by Granberg, 1969-70 by Price and Petch, and 

1970-71 by Nicholson (M.S.A.R.L. files). 

The snow maps of the snowcourse area and the basin snow surveys 

have provided va1uab1e information about the catch efficiency of the 

Nipher shie1ded snow gauge, which is standard equipment for Department 

of Transport meteorologica1 stations throughout Canada (Adams and Find1ay, 

1966). Figures of up to 45 per cent underestimate by the gauge have 

been given (Rogerson, 1967, p.91). There is considerable difference in 

the variabi1ity of the snowpack from year to year depending main1y on 

the influence of wind. In windy years the depth variations are greater 

th an in years of greater snowfa11 but 1ess wind (ibid.). 

The patterns of snow accumulation on 1akes are of great impor­

tance in the formation of white and black ice. Snow surveys on 1akes 

in conjunction with basin snow surveys and ice studies show a greater 

accumulation on the southeast parts of the 1akes in the Schefferville 

area (Archer, 1966, Adams et al, 1966). 

Mapping surveys of depth variations in ridge terrain have been 

carried out in conjunction with studies of perig1acia1 phenomena (Roy, 

1963) and permafrost research (Barnett, 1963). Roy's survey was carried 

out in the Ferriman area in 1959-60 and Barnett repeated the study in 
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1961-62. In addition, Barnett similarly investigated the Denault Lake 

area. Comparing the two Ferriman surveys of 1960 and 1962 he found 

little correlation between the two maps, but attributed this to errors 

arising from varying density of depth readings between the two surveys 

and differences in actual snow accumulation due to greater snowfall in 

1959-60. In his analysis of the differences in accumulation patterns 

between the Ferriman and Denault areas, he found that in the more ex­

posed Ferriman area, topography has a greater influence on snow accumu­

lation patterns than in the Denault area, where the more abundant vege­

tation accounts for most of the variations in snow depth. 

Throughout the literature produced at Schefferville the strong 

redistribution of snow by wind has been emphasized. Obstructions to 

wind erosiou in the form of ice layers have been reported in some years 

(Cowan, 1966; Gardner, 1966, p. 18) but are not common to aIl winters 

(Adams et al, 1966; Rogerson, 1967). Time profile studies indicate 

a rapid initial decrease in snow depth after snowfall due to redistri­

bution of snow by wind which compacts the snow. The subsequent depth 

decrease, however is very small due to the low temperatures in the 

Schefferville area (Adams et al, 1966). 

Two previous reports have been written on snow studies at 

Timmins 4 (Granberg and Thom, 1970; Thom and Granberg, 1970). 
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CHAPTER II 

A DISCUSSION OF REDISTRIBUTION OF SNOlv BY WIND 

1. SO'llle important properties of the snow cover 

Snow accumulation is generally measured in terms of the water 

equivalent of the. snowpack. It may be represented by the following 

balance (Mellor, 1964): 

Net accumulation: precipitation + snow blown in + condensation ~ snow 

blown away - evaporation 

The bulk or average density of a snowpack relates the depth 

of the snow to the water equivalent. The initial density of snow is 

firstly a result of the characteristics of the snow crystals, which 

may vary between different storms (Nakaya, 1954; Hason, 1958). 

Secondly it is a result of the fragmentation of snow crystals due to 

repe:=tted impacts ,dth the snm\' surface t!uring driftine C~ellor, 1964; 

1;,otlya1 0'7. 10 (,1). 'J'hese fra;:nnents pacL TIore closely together than the 

original crystals. Once deposited the rlensity is further increased by 

metamorphic processes (Bader et al, 1939), melt, liquid precipitation 

and compaction of the snow under its own weight (Bader, 1953; Anderson 

and Benson, 1963). The densification of snow is temperature dependent 

in two ways. Metamorphic processes act more rapidly at temperatures 

near the freezing point and the densification is therefore more rapid 

in areas with warmer winters. In cold environments the density of the 

snowcover is greater with 10wer average monthly temperature and higher 

average monthly wind velocity (Bi1eIlo, 1958), but genera11y does not 

increase much through winter, apart from a relatively common1y occurring 

initial period of rapid density increase. Ir. a wind-free situation 

this could be attr1.buted to difference in crystal size / shape 
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re1ationships of the fa11ing snow (Me110r, 1964). 

Measurements by Kot1yakov (1961; as referred to in Me110r, 1964) 

show that there is a re1ationship between wind ve10city and the density 

-1 
of new1y deposited snow, so that wind ve10cities of 20 m sec may 

pro duce initial densities of .4 or more. Drift transport is temperature 

dependent in the range of 0 to _70 C, decreasing with increasing temper-

-ature (Dura, 1967, p. 1112), and this will affect snow densities if the 

temperatures reach this range during snowfa11s (see Figure 4). 

The hardness of the snow surface is re1ated to the size and 

shape of the surface partic1es and the amount of cementing between the 

partic1es. Crusts May deve10p on the surface or within the snowpack 

due to me1ting. Liquid precipita.tion and condensation from the atmos-

phere or from within the snowpack May increase the cementing between 

surface partic1es. Sintering (Kuroiwa, 1962; Kuroiwa et al 1967) May 

be a very important process hardening the surface particu1ar1y if the 

latter consists of wind-b1own partic1es. The 10garithm of hardness 

-2 (kg cm ) appears to be 1inearly re1ated to the density of the snow 

cover (Bi1e110, 1958) but the re1ationship is not very close. 

The erodibi1ity of snow is c10se1y associated with the hard-

ness of the snow surface and there is a 1inear re1ationship between the 

-2 
hardness (kg cm ) and the wind speed necessary for eroding that snow 

(Kot1yakov, 1961 as referred to in Me110r, 1964). 

2. The surface wind 

Airf10w of sufficient strength to dis10dge snow partic1es from 

the surf~ce is turbulent. The ve1ocity, u, of the air at any 1eve1, z, 

above a plane surface May then, according to Prandt1'R theoryof turbulent 

'~) 
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flow (Brunt, 1934; von Karman, 1914), be expressed by: 

where the shear velocity u* = 0.1'74 
z 

10610 k 

k is the roughness height or the zero intercept of the logarithmic 

wind profile 

and 5.75 1.s a factor of proportionality relating u to the rate of 
* 

increase in velo city with the log height. 

The drag force, L , per unit area parallel to the flow is given by 
o 

-C 0 =pu* 
2 

where~ is the density of the air. This force acts parallel to the 

direction of the flow and is composed of form drag and skin friction. 

For a homogeneous plain this force is constant for any given wind 

velocity at a constant height. It is an exp~ession of the transfer of 

momentum between the airstream and the layer at the ground surface where 

the velocity is 0 according to extrapolation from the logarithmic wind 

profile. The air is not necessarily still standing at the level of k. 

Investigations by Dura et al (1967) indicated scalar velocities as high 

as 0.3 m sec-l at 0.5 cm below a snow surface. The height k is thus a 

characteristic of the roughness of the particular surface and is inde-

pendent of wind velocity. It may be seen as a direct measurement of the 

general retarding effect a particular surface has on the airstream, and 

for a constant velo city at a certain height, it determines the vertical 

velocity gradient. 

The value of k is used for characterizing the roughness when 

'j 
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the roughness is uniforme Prandtl found that the value of k is 

approximate1y 1/30 of the height of the surface perturbations causing 

the roughness. The value of k changes when drift transport takes place 

(Bagnold, 1941) to a value determined by the velocity of the wind and 

instead of being focused at u = 0, it becomes focused at u = u where 
t 

Ut denotes the thresho1d wind velocity for drift transport. Thus drift 

transport incr8ases the energy transfer from the airstream to the ground 

surface if the velocity at height (z) -remains ·constant, or conversely, if the 

energy supply is constant, alters the wind profile. The modified wind 

profile may then be expressed by 

u' 5.75 u' 
* 

z log- - u 
k t \.measured at k') 

where k' is the threshold intercept of the logarithmic wind profile. 

Even a very slight change in roughness height profoundly 

alters the wind profile, whereas it does not influence the downward 

transfer of momentum under steady state conditions. However, in 

rapid1y varying roughness conditions, it is likely that it is the wind 

at sorne height ab ove the surface which remains unaltered and it is 

the downward transfer of momentum which changes and fluctuates 

around a steady average value which is determined by the average rough-

ness conditions over a large area. The transfer of momentum would be 

proportional to jOu*2 near the ground. Since it is this stress which 

is mainly responsible for the erosion at the surface, changes in surface 

roughness produce variations in the amount of snow eroded and thus 

variations in the patterns of snow accumulation. 

The Reynolds number relates inertial forces to viscous forces. 
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It is usually written: Inert~a torce gel' unit area 
Vi.scous force pel' ù.lli t c.:cea 

where ~ is the coefficient of dynamic viscosity 

v is the kinematic viscosity (p / P ) 

and 1 is a characteristic length. 

The flow around geometrically similar obstacles behaves similarly if 

R remains constant even if 1 or u is changed. The characteristic 

length may for example be the width of a tube or the diameter of a 

particle. At a value of R = i (inertial force = viscous force) the 

flow changes from laminar (for R less than 1) to turbulent (for R 

greater than 1). From being laminar and almost symmetrical around 

obstacles at a very low Reynolds number, it becomes very irregular with 

large variations in the instantaneous velocity, with boundary layer 

separations occurring behind and at times in front of obstacles at 

higher Reynolds number. The Reynolds number is a dimensionless quantity 

describing the state of the flow and gives information about the stress 

relationships within the flow. 

3. Transport of. snow by wind 

Bagnold (1941) distinguishes between three modes of transport 

of sand grains. 

1. Surface creep when particles slide or roll along the 

surface. 

2. Saltation, when particles move along the surface 1.n a 

serien of jumps, rebounùing from the surL,ce or 

ejecting other particles. Saltation is also important 

in maintaining surface creep. 
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3. Suspension, when the particles are affected by the turbu-

lence of the airstream. 

These three modes of transport have been observed also in 

the snow drifting. The limits between the different mechanisms are 

not sharp and the proportional contribution of each mode to the total 

transport depends on wind velocity. Saltation is always predominant, 

whereas surface creep ceases when the wind reaches a velocity of 

-1 
10 m sec measured at a height of 5 cm above the snow surface (Dyunin, 

1967, p. 1069). 

The distance travelled by a particle in one path is related 

to the height to which the particle rises into the airstream and the 

wind velocities at the different levels through which the particle 

passes. Thus in the case of surface creep the distance is in the order 

of a few centimetres, saltation gives a path length in the order of a 

few centimetres to a few metres. For particles travelling in suspension 

the limiting distance is theoretically set only by the distance a 

particle can travel before it evaporates. In practice, however, the 

average distance travelled is in the order of a few metres to a few 

hundred metres. The lower the Reynolds number of the particle, the 

more likely i3 it to be affected by the turbulence of the air and devi-

ated from its original path. There is therefore a decrease in particle 

size with height (Budd, 1966). 

The drift density n z ' is defined as the concentration of snow 

water equivalent (g m-3) at the level z, (Budd et al, 1966). The drift 

flux Fz ia then defined by Fz = n z Uze The total drift transport Q is 

obtained by integration of the drift flux over the height range where it 

occurs. The total drift content N of a vertical column is obtained 
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simi1ar1y. 

The theory of steady state turbulent drift transport 

(Shiotani and Arai, 1953; Loewe, 1956; Me110r and Radok, 1960; Ding1e 

and Radok, 1961; Budd, 1966; Budd et al, 1966) treats the vertical 

transport of partic1es in ana10gy with momentum flux. This momentum 

flux wou1d have the form of a shearing stress 

1: = K ~u lb z 
z 

where K is the eddy viscosity 
1-

K = 0.4 ('t Ip )2 Z 

where the constant 0.4 1s von Karman's constant. 

The assumption is that the turbulence transporting the momentum 

a1so crea tes the steady upward transport of snow required to balance 

the steady, gravit y dependent fa110ut of drift snow with the fa11 ve10-

city w. The balance relation of steady state snow drift is 

K a nzl a z = -wn z 

For snOlT of constant fa11 ve10city integration over a range zl to z2 

gives the ratio of drift densities at the two 1eve1s as 

( 1 ) -w/0.4u 
= zl z2 * 

A full account of this theory is given by Budd (1966) and Budd et al, 

(1966). The theory was modified by Budd (ibid) to account for 

systematic variations in partic1e fa11 ve10city with height and conforms 

we11 to measurements obtained in the field (Budd et al, 1966). 

The total snow transport in relation to wind ve10city at some 

1eve1 above the surface has been found to be some power function of the 

wind ve10city. Komarov (1954) quo tes a formula by Me1'ink derived from 

the assumption that Q is proportiona1 to the force of the wind, the 
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formula being 

Q = Cu3 

where Q is the total snow transport in a layer 2 m high in g cm-l min-l 

u is the wind velocity measured at Il m 

C is a coefficient equal to 0.0129 

another expression given in the same paper is 

Q = 0.0065 u 3 •5 - 0.4 

with u measured at the height of 1 m. 

Budd et al (1966) found the following relationship for the drift trans-

port in the lowest 300 m of the atmosphere 

log Q = 1.1812 + 0.0887 u 

where u was measured at 10 m. 

Bagnold (1941) concludes that in the case of sand in saltation the flow 

Q varies as the cube of u* and also varies as the cube of the excess of 

wind velocity over and above the constant threshold velocity at which 

the sand begins to move. For sand in suspension Q varies as u;. 

It is apparent that the conditions under which the different 

relationships were derived may have influenced the results but there 

i5 a good general agreement between the different results. It see~s 

3 reasonable to accept an approximate relation of Q = cu. 

The bulk of the transport takes place in the lowest layers 

of the airstream. Komarov (1954) gives a value of 89.2 per cent of 

the total transport taking place in the layer 0 - 10 cm above the 

surface. The total was measured for a layer 2 m high. Dura (1967) 

suggests that 90 per cent of the total transport takes place in the 

lowest 20 cm of the atmosphere. 

The low level at which most of the transport takes place 
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implies that the average distance travelled by a snow particle in each 

movement is short. Therefore if there is a sudden decrease in wind 

velocity the deposition of snow from the airstream will take place within 

a short distance. 

4. Accumulation of snow 

a) Previous studies 

The accumulation of wind blown snow in terrain has been des-

cribed by Shumsk~i (1964, p. 238): 

"As a rule, during a snow storm, the layers of air 
near the ground receive a boundless number of snow 
particles from above or from the snou cover and 
transport as many of them as can be kept in a sus­
pended state at a given wind velocity and particle 
size and shape. When the rate of motion increases, 
more particles are transported, and wh en it de­
creases, sorne snowflakes settle to the surface. 
Consequently, the acceleration of the wind and not 
its absolute velocity is the decisive factor in the 
distribution of snow which is falling from the 
atmosphere or being transported as blowing snow 
over the elements of the relief. On a level area, 
where the average wind velocity is constant with 
respect to the neighboring areas, the snow removed 
by the wind is compensated for by snow brought in 
by the wind. Snow is redeposited, but the average 
depth remains constant due to drifting. However, 
the snow cover is blown away from the convex 
elements of the relief, where the lines of air 
flow converge and the wind velocity increases, 
while the snow accumulates and is deposited on 
the concave elements, where the lines of air 
flow diverge. Thus, in the case of dissected 
relief, not only are there regional differences 
in the depth of the snow cover as a function of 
the amount of precipitation, but there are very great 
local differences in the thickness of the entire 
snow cover and of individual layers deposited by 
winds of different directions." 

The net accumulation of drifting snow was calculated by 

Kornarov (1954) using the relationship: 
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3 
u2 ) 

This showed good agreement with observational data. A different 

approach was used by Radok (1968) using the theory of turbulent drift 

transport but the method did not gj.ve ::1. very accurate estilT:.ate of the 

accumulation p2.ttern~. III neither of the two approaches were changeE: 

of uind patterns due to snmo] accumulation accounted for. The aero-

dynamic change of an obstacle due to snow accumulatic1n cannot be 

j.gnored since tt cietermines the way in l:vhi·~h the snow "{>~ill continue 

to accumulate arou!ld the obstacle. The results obtained by Komarov (ibid) 

l.,ere from a Sttlci~7 of effects of mu.ltiple row snow fences, B.nd it :ls 

probable, although not stated in the paper, that t}-,e study considered 

the initial stages of af..~cumulntion around recently ere.cted fences. 

K.1.rrer (1921) investigated the accu1l"ulation of snou and found that the 

SnOl., cover may be rer,arèed as a de.formable body ina moving fluid and. 

thus accumulates so as to min.ii'll:i.ze the resistance betTJeen airflow and 

the ground surface. 

From Mel' ;:.ks formula i t :n:::.y be seen tha t a char..ge :Ln wind 

velocity with a factor of twc would pro duce a change in the rate of 

transport with a factor of eight. The magnitude of thE net erosion or 

deposltion >l7ould thus be a function of both the initial velocity and 

the acceleration or deceleration of tbe airstream. \ofuere acceler-

ations occur there is erosion. ~~.ere decelerationR occur there is 

deposit5_on. Erosion lvill lo\o!er the surface B.nd therefore reduce the 

tendency to accelerate the airstream; whereas depnsition will act :Ln 

the opposite fashion. ThE:~refore as long as t1"Le snow surface ls homo-

geneous and easily eroded, the snow would tend. to accunlUlate in a 

fashion so that accelerations and decelerations of the airstream are 
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avoided. However, the snow supply is 1imited and this imposes 

restrictions on the validtty of this theory. The supply is limited 

where the rate of erosion is sufficiently great ta erode the newly 

depos:tted. sncnv so that old hardelled snow, or the ground surface, becomes 

exposed. In sucn locations relatively little erosion can take place 

reg8.rùless of accelerat:ton of the airstrenm. Anothe:r f:1CtOr. limiting 

the snow supply is areas where the surface stress is insufficient 

for erosion of snow. Downwind of sllch nreas the balance between 

erosion and deposition weighs towards erosion for sorne distance before 

the "limit length of snow storm" has been reached. This expression, 

proposed by Dyunin (1967)~ describes the phenomenon that it takes some 

tims before an equilibrium bp.tween erosion and deposition is reached 

when the airstream enters a snow field, even if there is no increase 

in wind velocity. Bagnold (1941) ascribes this effect to the longer 

time required for an energy equi1ibrium to be established when a bal-

ance of particle movements and :!.mpacts is involved. In the following 

sections the term "snow fetch" ~-Ti1l be llsed to denote the distance 

over which erosion has been possible. 

b) Accumulation of snow at a snow fence 

The literature on accumulation at snow fences i.s plentiful 

and a large number of descriptions of drift formations a:round fences 

of different constructions are available. The literature on snnw 

fences has been re'r!ewed by Mellor (1965). The sequence of drift 

buildup around fences of similar construction does not vary rnucb 

between studies undertaken in widely different areas. Ultimately 

the drift buildup r.e~ches a stage lvhen the fence :l.s saturated with 

'-'l 
J 
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snow. The abi1ity of the fence to co11ect more snow is great1y reduced 

after this stage has been reached. 

Figure 5 shows the isotachs of airf10w around a fence of 80 to 

85 per cent density (after N~ge1i, 1953) and the sequentia1 accumulation 

of snow at a snow fence of 53 per cent density (after Komarov, 1954). 

The two fences have different aerodynamic characteristics since the 

densities are different. However, the f10w patterns are be1ieved to 

be re1ative1y simi1ar since the wind ve10city in the case of the snow 

accumulation was probab1y higher than the wind ve10city for the airf10w 

study. This wou1d tend to reduce the difference in Reynolds number. 

The sequence of accumulation of snow at the fence may be 

described as fo11ows: 

Stage 1. 

Snow drifting a10ng the ground encounters a zone of decreasing 

wind ve10city in front of the fence. Here erosion of snow decreases 

but deposition of snow a1ready in the air continues for a short distance 

giving a greater increase in depth in front of and c1ose1y behind the 

fence. Beyond a point approximate1y 2 h behind the fence, the wind 

speed near the surface begins to increase. Erosion shou1d therefore 

occur. ibis effect is not apparent at this stage, probab1y because 

the rough microstructure of the ground across the who1e site retains 

a sha110w layer of sn.ow. 

Stage 2. 

The accumulation near the fence continues to be rapid during 

the period before the second measurement. A marked1y greater part of 
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the accumulation takes place behind the fence. The 1esser accumulation 

in front of the fence shows that the decrease in rate of erosion is 1ess 

pronounced than before. The maximum decrease in erosion now occurs 

close behind the fence. A greater amount of erosion is now apparent in 

the zone of increase in wind ve10city behind the zone of maximum accumu­

lation. This is shown by the snm\F surface remaining at a constant 1eve1 

which is apparent1y contro11ed by minor surface roughness. 

Stage 3. 

During the pe~iod prior to the third measurement the zone of 

balance between erosion and deposition extends to a distance of about 

4 h behind the fence. The bu1k of the accumulation occurred over a 

short distance beyond this zone. Further downwind, beyond a distance of 

20 h from the fence the snow surface remains at a constant 1eve1. 

This is the stage lY'hen the snow fence approaches saturation. 

At stage 3 the zone of balance between erosion and deposition extended 

to about 10 h behind the fence. The accumulation during the period 

before measurement 4 took place main1y beyond this distance and the 

accumulation was spread over a longer distance than previous1y. The 

zone of no increase in snow depth has been e1iminated, indicating that 

the snow eroded is rep1aced by deposition of snow from upwind. The 

out1ine of the saturated drift is very near1y para11e1 to the isotach 

of 4.5 m sec-1 • This wou1d indicate that at the stage of saturation 

the acce1erations and dece1erations at the snow surface have been 

1arge1y e1iminated and that therefore the balance be1:ween erosion and 
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deposition is no longer a1tered by the presence of the fence. 

The sequence shows the fo11m-1ing: 

1. The bu1k of the accumulation takes place within a short 

distance after a decrease in surface stress. 

2. The zone of maximum accumulation progressive1y moves from 

windward of the fence to 1eeward. A I!smooth areal! deve10ps and maximum 

accumulation takes place at the windward edge of this area. In this 

smooth are a the balance between deposition and erosion of snow remains 

1arge1y una1tered from the balance upwind of the fence (left margin of 

the figure). 

3. Erosion prevai1s downwind of the zone of rapid accumulation. 

4. There is a close resemb1ance between the isotachs and the 

shape of the drift. However, in view of the differing experimenta1 con­

ditions of the wind and snow observations this may not be regarded as a 

definite proof that the snow surface a1igns itse1f para11e1 to the iso­

tachs. 

c) The significance of snow depth 

Simi1ar shapes of drifts have been obtained with simi1ar snow 

fences in studies in wide1y different areas (Finney, 1937; Npkkentved, 

1940; Ha11berg, 1943; Shiotani and Arai, 1950; Komarov, 1954; Priee, 

1960). This shows that the shape of the drift formation is contro11ed 

by the roughness created by the fence, whereas water equiva1ents and 

densities of the snow may vary. It therefore appears that snow depth 

rather than water equiva1ent wou1d be the measureab1e qua1ity of the 

snow cover which is most c10se1y associated with wind factors causing 

its spatial variations. Because it is the association between terrain 
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roughness and snow accumulation that is being investigated, the present 

study concentrates on the variations in snow depth. 

d) Snow accumulation and terrain roughness 

In principle snow accumulation in terrain is analagous to the 

accumulation at a snow fence. Variations in wind stress at the snow 

surface cause differential snow transport and therefore an uneven 

accumulation of wind transported snow. The distribution of snowfall is 

relativelyeven (Dyunin, 1959). 

Four main roughness factors may be regarded as important in 

the area of the present study. 

1. Topographic roughness 

2. Trees 

3. Brush vegetation 

4. Microroughness 

The influence of microroughness such as grass, lichens, small 

stones etc. is demonstrated in the snow fence example above. The micro­

roughness tends to retain a shallow overall cover of snow. 

The influence of tree', on the airflow has been discussed by 

Reifsnyder (1955). The modification of the airflow is closely re1ated 

to height and crown density of the forest, and according1y results in 

a lowering of the surface wind velocity. The effect of the decrease in 

wind velo city is apparent in a greatly increased accumulation of snow at 

forest edges (Hoover, 1962; Miller, 1965; Hoover and Leaf, 1967; Adams 

and Findlay, 1966), and in isolated stands or shelterbelts of trees 

(Komarov, 1954, Figure 2). Smal10penings in the forest tend to accumu­

late more snow than the surrounding forest (Hoover, 1962; Miller, 1966), 
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whereas for larger cuttings in the forest the average water equivalent 

is inversely related to the size of the cutting (Kuzmin, 1960). In the 

latter case it is an effect of increasing wind transport from large~ size 

openings whereas in very small openings tbe wind stress at the surface 

is below threshold for erosion. It is possible that the greater accumu­

lation in small openings resu1ts from intercepted snow drifting from the 

canopy into the opening. A uniform forest greatly reduces the variation 

in snow accumulation in that it effectively hinders drift transport. 

The effect of bru~h vegetation is simi1ar to that of a forest 

but on a smaller scale. Whereas a forest does not usua11y get buried 

by snow accumulation, the roughness created by brush is eliminated 

after sorne time by the greater rates of accumulation in brush covered 

areas. 

The influence of topographic roughness may be seen in snow 

depth maps by Roy and Barnett for the Ferriman area near Schefferville 

(Barnett, 1963, p. 77-78). These maps show a genera1 trend of deeper 

accumulations in concave parts of the terrain and sha1low snow in con­

vex areas. The results also show marked differences in accumulat:lon 

with respect to aspect between different winters. Whereas in 1959-60 

there was greater accumulation on northeast facing slopes, the greater 

accumulations in 1961-62 were found on southwest facing slopes. 

Results obtained from studies in Antarctica (Black and Budd, 

1964) and Greenland (Mock, 1968) show that on ice caps the accumulation 

of snow c&n be closely predicted by use of deviations in altitude from 

a smoothed terrain profile and deviation in slope. 

5. The sequence of accumulation of the seasonal snowcover 
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The accumulation of snow in terrain May be seen as analogous 

to the accumulation at a snow fence, in that smooth areas gradually 

develop where the wind-stress variations are greatly reduced. In 

contrast to the example of the snow fence the snow fetch is extremely 

variable in terrain. This influences the balance between erosion and 

deposit1on so that when the snow fetch 1s short, the smooth area con-

stantly loses much of the snow deposited by snowfall. This 1s 

because little snow is drifted into the smooth areas from surrounding 

areas of greater roughness. The snow fetch across smooth areas 

varies with wind direction and also iIlcreases through time with the 

increase in size of the smooth areas. The greatest rates of accumu-

lation are found at the edges of the smooth areas where there is 

a reduction in surface wind stress. This accumulation rate increases 

with snow fetch. In analogy with the accumulation behind a fence the 

edge of the smooth area is relatively sharp during the earlier stages 

of accumulation. This is because the greatest rate of deposition 

occurs : immediately behind the point where the reduction in wind 

stress occurs. The smooth areas are initiated in the parts of the 

terrain where the wind stress at the snow surface is greatest. 

These zones are vegetation-free areas such as ridge crests. From 

these zones the smooth areas grow in all directions at rates depending 

on snow supply and wind. New centers of growth are initiated as the 

initial surface roughness is buried by accumulation. At some point 

in time smooth areas start to merge with one another and since 

this greatly increases the snow fetch the entire area becomes 

smooth within a relat1vely short time period. 
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After this has occurred the accumulation changes. There are no longer 

any areas where the surface wind shows sharp increases or decreases and 

as a consequence the further accumulation of snow becomes more even. 

Due to the general decrease in surface roughness there is an average 

increase in surface wind velocities through winter and the eroding capa-

city of the wind therefore increases through winter, resulting in a 

much greater mass transport. Nowhere is the surface stress insuffi-

cient to cause erosion during snow storms and therefore the balance 

between erosion and deposition becomes much less variabl~ producing a 

pattern of accumulation which is more even than previously. 

Thus three major periods of accumulation may be expected: 

1. An initial accumulation period when the wind stress at the 

snow surface is generally low and largely insufficient to cause appre-

ciable erosion. Microroughness traps the snow to give a uniform cover 

over MOSt of the area. Areas with little microroughness (notably the 

ridge crests) suffer erosion and the deepest accumulations at this 

stage are adjacent to such areas. 

2. A transition period characterised by growing smooth areas 

and areas that still retain considerable local roughness. Hence there 

are areas of very shallow snow, cornice drifts adjacent to ridge crests, 

and relatively uniform accumulation in valleys. 

3. A period when the variations in surface stress have been 

greatly reduced by snow accumulation, and the snow fetch is large. The 

deepest accumulations would be found in zones where the wind velocities 

are locally ImITer. Larger areas of homogeneous character nm1 show a 

steady increase related to snO\lTfall, s:i.nce ;:dnor irre'3ulerities of the 

airflo~..;r have been eliminated. 
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CHAPTER III 

SNOW ACCUMULATION AT TIMMINS 4 

1. Snow depth sampling, 

The snow sampling program was primarily designed to give 

information about snow depth variations in different locations through 

winter so that these may be related to terrain roughness factors. 

An aligned square grid was employed in the sampling. A 

regular sampling design is vulnerable to auto-correlative effects 

caused by periodic variations in the sample~ but the effect is in this 

case probably small. This is assumed firstly because the alignment of 

the topography is not strictly parallel, transverse or at a 45 degrep. 

angle to the alignment of the sampling grid. Secondly, the spacing 

between successive ridges and valleys is not regular. Thirdly, only 

in a limited part of the area are the corrugations of the terrain 

parallel. 

The decision to use this type of sampling grid was also 

influenced by the following reasons: 

1. A systematic grid greatly facilitates both the sampling procedure 

and the computational procedure (Chapter IV). 

2. A systematic grid design ensures an even spatial spread of the 

sample. 

3. Experience from previous snow studies in the Schefferville area 

shows that weather conditions often make it difficult to find the 

sampling sites unless these are arranged in a systematic fashion. 

A systematic arrangement also reduces the time taken for sampling. 

The sampling area has a general slope towards the northwest, 

which gives a bias to the sample. This has effect on the general 

~1 
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applicabi1ity of results obtained at the experimenta1 site. 

Sample size was determined from the results of previous snow 

surveys at Timmins 1 (Thom, 1969). The grid was designed with 21 rows 

and seven co1umns, and with 200 ft. (61 m) interspacing between the 

samp1ing points, thus giving a samp1e size of 147 observations. The 

grid was surveyed by a team from the Iron Ore Company of Canada. 

Figure 6 shows the grid and the numbering of the samp1ing points. 

Wooden stakes 240 cm long and 5x5 cm thick were painted 

white to avoid ablation around the stakes in spring and p1aced out at 

the surveyed points. They were marked at 5 cm interva1s with distin­

guishing marks every 50 cm, so that snow depths cou1d be read directly 

from the stakes. To overcome the problem of zeroing the sca1e with 

ground level, the gradation was painted after the stakes had been 

erected. A stencil was produced by dril1ing 6 mm ho1es across an L­

profile of a1uminum for every 5 cm. Larger size ho1es were used for 

the 50-cm marks. In the field the stencil was clamped to the stakes and 

the gradations were painted using aeroso1-packed enamel. 

Samp1ing of snow depths was undertaken so as to trace changes 

after major snow events. Twenty-five sets of depth samples were taken 

during the snow season. Table 1 shows the dates of sampling, the 

Mean depths and the standard deviations of the samp1es. 

2. Three periods of snow accumulation 

Three periods of accumulation were outlined in Chapter II. 

These periods are caused by the transition from an initial very 

rough microstructure of the ground, through a period of large vari­

ations in surface roughness, to a period when the microroughness 
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1 2 3 4 5 6 7 

8 9 10 Il 12 13 14 

15 16 17 18 19 20 21 

22 23 24 25 26 27 28 

29 30 31 32 33 34 35 

36 37 38 39 40 41 42 

43 44 45 46 47 48 49· 

50 51 52 53 54 55 56 

57 58 59 60 61 62 63 

64 65 66 67 68 69 70 

71 72 73 74 75 76 77 

78 79 80 81 82 83 84 

85 86 87 88 89 90 91 

92 93 94 95 96 97 98 

99 100 101 102 103 104 105 

106 107 108 109 110 111 112 

113 114 115 116 117 118 119 

120 121 122 123 124 125 126 

127 128 129 130 131 132 133 . 
134 135 136 137 138 139 140 

141 142 143 144 145 146 147 

Figure 6 Numberi.ng of sampling points. 
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TABLE l 

DATE OF SAMPLING; AVERAGE DEPTHS AND STANDARD DEVIATIONS 

DATE 

October 27 

October 31 

November 12 

November 24 

November 28 

December 4 

December 14 

December 21 

January 17 

January 27 

February 9 

February 16 

February 25 

March 13 

April 21 

May 8 

May 14 

May 21 

May 28 

June 4 

June Il 

June 18 

June 25 

Ju1y 2 

Ju1y 9 

TIMMINS 4, 1968-69 

AVERAGE DEPTH 
(cm) 

17.20 

30.42 

33.26 

40.25 

42.08 

41.54 

53.21 

64.62 

79.03 

81.60 

90.60 

96.99 

98.79 

110.46 

115.17 

107.26 

106.44 

96.95 

85.71 

60.06 

38.59 

13.99 

5.21 

1.46 

0.26 

STANDARD DEVIATION 
-inon-norma1ized) 

9.15 

13.98 

12.51 

20.58 

21.86 

21.22 

35.98 

47.89 

56.82 

57.63 

64.53 

69.65 

70.26 

74.66 

74.44 

75.06 

73.63 

72.76 

70.93 

65.94 

58.76 

38.47 

21.80 

8.92 

2.21 
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has been eliminated by snow accumulation. The change in surface 

roughness would influence the variability in depth of the snow accum-

ulated during each of the three periods so that initially the accum-

ulation would be even, due to a generally lower amount of erosion 

taking place. The second period would be characterised by a spatially 

very irregular accumulation due to snow drifting from smooth areas and 

being intercepted at the margins of these areas. In the third period 

the accumulation would be controlled by larger scale roughness and 

therefore vary gradually between the extremes. 

a) The periods identified 

To identify the three periods the standard deviation of snow 

depth was plotted against the average depth for each survey (Figure 7). 

The initial period is shown by a slow increase in standard deviation up 

to November 12. The second period is indicated by a rapid increase in 

standard deviation, ending on December 21. The third period is shown 

by a less rapid increase of the standard deviation. A fourth period 

appears to start in early March when the standard deviation ceases to 

increase with increasing snow depth. At this point in time the 

increasing influence of solar radiation and higher daily maximum 

temperatures induce a general settling of the snowpack due to internaI 

metamorphic processes acting more rapidly at higher temperatures, 

causing a more rapid depth decrease in zones of deep snow, and thus 

reducing the variability in depth. Snowfalls at higher temperatures 

and a more rapid development of crusts reduce the arnount of redistr.ib-

uti':.ln t:aking place. ':"'he end of t~e thlrd period and the period of 

analysis was tnerefore set at March 13. 
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b) pepth distributions for the three period~ 

The average increases in snow depth during the periods 

indicated by the standard deviations are: 

1. October 27 - November 12 33.26 cm 

2. November 12 - December 21 

3. December 21 - March 13 

31.36 cm 

45.84 cm 

The distributions of accumulation during these periods are shown as 

histograms in Figure 8. 

Period 1. 

In the first period the mean falls within the modal group. 

This group con tains 36 per cent of the sample which would indicate that 

in a large part of the area the redistribution of snow was slight. 

Only in 3 per cent of the locations was the accumulation deeper than 

60 cm. The extreme case was stake 144 which is situated 3 m from a 

negative step at the southern edge of the upper plain area. Drifting 

from this plain took place in limited amounts already du ring the first 

snowfall due to the only thin cover of brush and caused deep accumulation 

behind the step in the form of a snow comice which reached the stake 

location. 

Period 2. 

The modal group for the second period is 10 - 20 cm. In aIl, 

63 per cent of the area accumulated less than 20 cm of snow. A 

second mode, coinciding with the Mean (30 - 40 cm) could indicate 

either that some areas were still protected from wind action or that 

some areas had developed where erosion and deposition due to drifting 
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Figure 8 Histograms for depth increase during t~ree periods 
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were in equilibrium. The strongly skewed distribution shows that 

erosion prevailed in a large proportion of the area and that very deep 

accumulations occurred in a limited part of the experimental site. 

Cornice drifts were commonly observed throughout this period along 

steeper valley slopes. 

Period 3. 

In the third period the mean falls within the modal group, 

showing that in 14 percent of the area there was no net loss of snow 

due to drifting. Forty-eight per cent of the are a has depths less than 

the modal group, indicating that net erosion tends to be diminished. 

Thirty-eight per cent of the area shows an increase in depth due to 

drifting. Despite an average depth increase about fifty per cent 

greater than during the previous period, the maximum depth increase 

is less (154 cm). During the previous period five locations experi­

enced deeper accumulations. During period 3 the stakes where accumu­

lations greater than 140 cm occurred (no. 8, 15, 55, 64, 69, 71, 129) 

were aIl located at some 40 - 60 m west of prominent ridge crests. 

Here cornice drifts were observed in the early part of the period which 

would explain in part the distinctly greater rates of increase in 

depth. Thus whereas most of the area during the third period was 

devoid of zones uf rapid decrease in wind stress, some such zones 

still remained at the beginning of the period. 

The histograms show that the distribution of the snow 

accumulated was distinctly differ~nt during the three periods. The 

limits between the periods are not sharp although the standard devi­

ations would suggest this to be the case. It is possible that 
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lighter winds during the first period followed by stronger winds 

during the second period may have emphasized the differences somewhat 

but subsequent years' observations show that these distinct periods 

occur although the spacing in time varies. 

c) Spatial variations in accumulation 

According to the theory in Chapter II the initiation of 

smooth areas takes place at ridge crests and in other areas where the 

microrougllness is slight. The smooth areas grow outward through snow 

accumulation at their edges. When these smooth areas are small, 

little snow is accumulated within them due to a short snow fetch, 

which makes erosion prevail over deposition. With increasing snow 

fetch the balance between erosion and deposition becomes more even 

and depth increase-can occur. Once the smooth areas are intercon­

nected the further accumulation is controlled by more gentle 

variations in the wind produced by large scale undulations in the 

considerably smoothed topography. 

To investigate the spatial variations in depth increase 

through winter the maps in Figure 9 were compiled. In order ta make the 

maps more comparable in terms of depth increase the three periods 

given in the previous section of this chapter were slightly altered to 

include in the first period the depth increase up to November 24 

(40.25 cm). The second period is from November 24 to January 17 

(38.78 cm) and the third period from January 17 to March 13 (31.43 cm). 

The maps are based on linear interpolation between the sampling 

points which was performed by the computer mapping program in Appendix I. 
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~~~_t:0ber_.?L-=-~vembe.F __ 24 

In the first map ridge crest locations exhibit the sha1louest 

snow. A depth be10w average is shown by the plan1 area in the south­

eastern part of the sampling grid. Deeper accumulations are associated 

with the edges of this area. An even accumulation, slightly deeper than 

average, prevails in the deeper brush in the northwestern part of the 

experimental site. Occasional deep accumulations occur at stake 

locations near ridge crests. 

~~._ Nov~ber_?4 - January 19 

Extensive areas of little or no increase in snow depth are 

shown by the second map. The plain area did not accumulate much snow 

during this period, whereas the valley southwest of it has experienced 

very deep accumulation. Ridge crests and their immediate surroundings 

show little accumulation whereas at some distance from ridge crests the 

accumulation is deep. The depth increase in the northwestern part of 

the area is more uneven after the brush vegetation has been buried and 

shows a pattern corresponding to topographie undulations. 

Map 3. January 17 - March 13 

In the third map the depth variation is less pronounced. 

There is little correspondance between this map and the previous one. 

In many zones where the accumulation rates were high during the 

previous period on1y slight increases occurred during this periode 

Only in wider val1eys and concavities are the accumulations deep. 

A notable difference from the previous map is that zones on the plain 

and near ridge crests show continued accumulation. The major valley in 
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the soutileastern part can be traced througr. a greater depth increase 

but tmvarùs the mid···part there i8 no pattern in,1ic[-'.ting its e:dstence. 

crests ;md ;'.rC[1!1 oF. sll<11lmi vegetation (cf Figure 1). Smooth areas 

develop as is shown hy the second mup and the deepest accumulations 

occur adjacent to these areas. Through winter the zones of small 

depth increase remain fixed in space, whereas zones of rapid accum­

ulation change location through winter. After the area has become 

smooth the depth increases most rapidly in larger valleys. The 

patterns of accumulation become more even,with more gentle increase 

in accumulation rates from ridge crest to valley bottom. 

d) Characteristic trends of depth increase in different locations 

As a result of the sequential spatial changes in depth 

increase each point should, depending on location, experience a 

characteristic pattern of depth increase through time. The depths 

of snow through winter for each of the 147 snow stake locations are 

shown in Figure 10 (foldout map in back cover). Six characteristic 

types of depth growth may be identified in this map: 

Type 1. The depth of snow reaches maximum in the early snowfalls, and 

thereafter it remains constant or even decreases through 

winter ( e.g. stakes 23, 50, 65). 

Type 2. This type is characterised by a rapid initial increase in 

depth. Thereafter the depth remains constant for longer or 

shorter periods or increases slowly ( e.g. stakes 93, 99, 100). 

Type 3. The initial increase is relatively slow. Then follows a period 

of very rapid increase extended over a period of a few weeks 
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after which the rate of accumulation decreases (e.g. stakes 102, 

109, 116). 

Type 4. After a short period of initial increase the snow depth 

remains constant for some time and then increases in an almost 

exponential fashion (e.g. stakes 57, 62, 64). 

Type 5. The depth after the first few snowfalls is constant or slowly 

increasing and then at sorne point in time it continues to 

increase at a greater rate, but distinctly different from Type 

4. This new rate of increase is often proportional to snowfall 

(e.g. stakes 51, 94, 105). 

Type 6. The depth increase is approximately proportional to snowfall 

throughout the accumulation period (e.g. stakes 4, 18, 28). 

The average depth increase is shown in Figure Il. 

Superimposed on these general trends there are variations due 

to winds of different directions and temporary drift formations. Stake 

56 shows a typical example of when a cornice drift has built out to 

just beyond the stake location and subsequently is eroded back by a 

wind of opposing direction. Fluctuations around the general trend are 

particularly common in the northwestern third of the sampling area. 

Field observations suggest that the fluctuations are caused by tail 

drifts behind trees changing location with direction of the latest 

storm. 

For some stakes it is difficult to distinguish the proper group. 

Particularly group 4 can in sorne cases occur as part of group 3 

where the period of very rapid increase often has the characteristic of 

group 4. It is also in some cases difficult to draw the limit between 

depth increase proportional to snowfall and slow increase in snow 
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depth. Table 2 shows which groups the different snow stake locations 

were assigned to. 

Type 1 is characteristic for ridge crests and summits of 

convex terrain elements. In these locations the wind stress remains 

locally higher throughout winter which results in a continuing net loss 

of snow. 

Type 2 is found adjacent to ridge crests, in narrow valleys and 

shallow concavities on otherwise relatively fIat areas. The rapid 

initial increase in depth with the subsequent very slow increase 

shows that the site is converted from one of initial locally low 

wind stress to one of locally high wind stress. The low wind stress 

may be caused by brush vegetation or minor topographie undulations 

or zones of boundary layer separation near ridge crests. After this 

minor roughness has been eliminated large scale wind variations control 

the accumulation. The slow depth increase shows that locations of 

this type act as source areas of drifting snow. It is these two 

first types together with types 4 and 5, which constitute the smooth 

areas in early winter. The stepped increase that may be seen in some 

cases could indicate the influence of winds of one direction producing 

accumulations which are not subsequently eroded by winds of other 

directions. Another explanation could be that temporarily halted 

snow dunes are hardened sufficiently to withstand erosion. 

Type 3 is found near valley bottoms and on slopes at some 

distance from the crest. The period of very rapid ir.crease is when 

the edge of the smooth area, often in the form of a cornice, reaches the 

particular location. The depth continues to increase after the site 

has been incorporated into the smooth area. This is because the snow 
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TABLE 2 

STAKE LOCATIONS ASSIGNED TO DIFFERENT GROUPS 

ACCORDING TO TYPE OF DEPTH INCREASE 

Group 1 

Stakes No: 16, 23, 30, 47, 49, 50, 65, 70, 72, 79, 92, 101, 103, 111, 

114, 118, 120, 142. Total 18 stake locations. 

Group 2 

Stakes No: 9, 14, 20, 21, 22, 25, 32, 33, 43, 44, 46, 53, 59, 61, 63, 

66, 67, 77, 78, 80, 85, 86, 87, 89, 93, 96, 97, 98, 99, 100, 107, 

110, 112, 113, 117, 119, 125, 126, 127, 130, 135, 137, 138, 139,140, 

141, 1ââ~ 145, 146. Total 49 stake locations. 

Group 3 

Stakes No: 1, 3, 5, 8, 15, 17, 19, 26, 35, 36, 37, 41, 42, 45, 48, 54, 

55, 56, 68, 71, 73, 74, 75, 81, 82, 84, 95, 102, 109, 115, 116, 122, 

129, 134, 136, 143. Total 36 stake locations. 

Group 4 

Stakes No: 57, 62, 64, 69, 88, 108. Total 6 stake locations. 

Group 5 

Stakes No: 2, 11, 27, 38, 51, 52, 60, 83, 90, 94, 105, 106, 121, 123, 

124, 128, 132, 147. Total 18 stake locations. 

Group 6 

Stakes No: 4, 6, 7, 10, 12, 13, 18, 24, 28, 29, 31, 34, 39, 40, 58, 

76, 91, 104, 131, 133. Total 20 stake locations 
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fetch is longer in these locations and because of a generally lower 

wind stress away from the crest. 

Type 4 occurs in wider valleys and concavities. The curve 

indicates that the point goes from an initial stage of low wind stress 

to a stage of locally higher wind stress and that gradually this 

changes to a stage when the wind stress i5 locally lower than for 

surrounding areas. In this type of location the snow fetch is short 

because most of the drifting snow is trapped at the edges of surrounding 

smooth areas. Due to the vidth of the concavity the point is located 

in the zone of reattachment after boundary layer separations behind 

surrounding ridge crests and the flow is therefore accelerated. Snow 

accumulation gradually eliminates the zones of boundary layer separation 

and therefore the acceleration becomes less marked and gradually the 

valley bottom becomes a zone of locally lowest wind velocity. This 

would explain the almost exponential increase in depth. 

Type 5 is not so visibly related to the terrain geometry as 

the previous groups. The curves show that these sites first lose 

MOst of the snowfall but that th en there is a change to near balance 

between the erosion and deposition due to drifting. This suggests 

that the curves result from an increasing homogeneity with respect to 

drifting in the area where they are located, so that the accumulation 

becomes similar to that of an infinite plain. 

Type 6 occurs mainly in the lower, northwestern part of the 

experimental site but is also found in other parts. The sites where it 

occurs are generally characterised by the absence of major roughness 

elements in their immediate vicinity. It is a type of depth growth 

where the balance between drift erosion and deposition remains 
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largely unaltered through the accumulation periode In the lower part 

of the site there are considerable variations around the trend which 

are probably a result of nearby trees changing their influence with 

different wind directions. 

The growth curves ShOlY' that the depth increase through winter 

is closeJy associated to the geometry of the terrain. In early winter 

brush vegetation and roughness features near the point control the 

depth :f.ncrease, whcreas the leter stages of accu.mulation are influ­

enced hy ~oughness elements at further distances from the point. 

Increasing homogeneity with respect to drift transport produces 

further increase in depth in locations 't·,here the depth initially 

remained constant. The curves indicate that changes in the balance 

between erosion and deposition occur in a large number of cases. 

Only in a few locations (Type 6) ls the depth increase proportional to 

sncwfall throughout winter. 

3. Loss of snow from exposed areas 

Ir. literature describing snow courses maintained in areas 

similar to the area of the present study it is frequently reported 

tbat large amounts of snow B.re lost from open areas and that snow depth 

and snowfall bear little relation to one another. A report from Goose 

Bay weather station (Pearce and Gold, 1951) states that snOl.,)' depth 

reaches maximum in late .Tamuary and remains fairly constant until 

the end of April, despite additionsl snowfall. In the same report, 

the snow cover in Aklavik, Northwest Territortes, is described as 

. reaching maximum depth before Dec;ember lst ar.cl remaining at that levcl 

throughout the rest of the winter. Dry snol\1, eas:i.ly d:tsturbed by wind 
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was reported by the observer. Bare patches were observed in open areas 

throughout winter, whereas in vegetated areas the depth could be six 

feet (2 m) or more. Observers in Churchill, Manitoba, report very 

little snow in the open areas, from which deposited snow is soon 

drifted by the wind into more sheltered, wooded areas. Long1ey (1960) 

made observations of snow depth at 21 sites at Resolute, Northwest 

Territories, twice weekly during the winter of 1957 - 58. On the wind­

swept island on which Resolute is located, Many locations were never 

covered with more than 3 in (7.6 cm) of snow, while in protected 

locations depths of 20 ft (6.1 m) were common and 100 ft (30 m) 

ravines filled to the top. The mean depth (ibid. p. 735) shows little 

or no increase from mid-October despite snowfall. Ba~ett (1963) made 

similar observations in the Denault area near Schefferville. This 

site is an open area surrounded by forest. Barnett reports a period 

of constant snow depth at eight stakes lasting from the beginning of 

January to early March despite 86.3 mm water equivalent of snow 

recorded at the Schefferville weather station. During the week of 

greatest snowfall for the win ter a net decrease of 1 - 2 cm was 

recorded at each of the eight stakes. These reports aIl indicate the 

influence of large scale effects on surface roughness on the average 

depth of the sample. This is probably to a great extent a result of 

non-representative sampling. At Timmins 4 similar growth curves would 

result if a major part of the sample contained sites which experience 

depth increase according to Groups 1 and 2. The proportiona1 contri­

bution of such sites is 45 per cent of the total sample but it can be 

seen that if the samples were limited to for example the upper fIat 

area only, the proportion would be greatly increased. This type of 
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growth curve is characteristic when there is a presence of efficient 

snow collectors nearby. In the report from Resolute such collectors 

are indicated in the form of ravines and protected locations. In the 

Denault study a surrounding forest forms an efficient snow sink. 

Depending on the composition of the sample with respect to locations of 

different depth growth characteristics, the representativeness of the 

sample would also vary through winter, particularly in the case of a 

small sample. 

It is therefore of considerable interest to investigate 

a) the possible difference in accumulation between Timmins 4 and less 

exposed areas, b) the representativeness of the Timmins 4 snow sample 

through winter, and c) the amount of snow blown from ridge areas and 

the distance over which the wind blown snow influences the accumulation 

in surrounding areas. 

a) Snow water equivalents at Timmins 4 and in the Knob Lake drainage 

basin 

To investigate the possible differences in snow water 

equivalent between Timmins 4 and less exposed are as a water equivalent 

survey was made at Timmins 4 on March 13. Water equivalents were 

measured at each of the 147 sampling points using a Mount Rose snow 

sampler employing standard techniques (Klein et al, 1950). The 

measuring error of this instrument May be as much as 10 per cent 

(Beaumont, 1967). The measuring error varies with the type of cutter 
" .,,' - . 

on the tube and the sampler employed in the survey was equipped with 

the cutter giving 10 per cent overestimate of the water equivalent. 

The Knob Lake drainage basin was selected ~or comparison. 
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The survey wou1d then a1so be of use in a hydro1ogic study simu1-

taneous1y conducted in this basin (Penn, 1971.). The same equipment 

was used for the samp1ing in the basin. Samples were taken at 100 m 

interva1s a10ng traverses transsecting the basin in different directions. 

In a11, 344 samp1es were obtained. Lake samp1ing cou1d not be under-

taken because of slush present on the ice. In co1d temperatures this 

effective1y c10gs the samp1ing tube, making it inoperative for further 

samp1ing. Although samp1es near 1ake shores are few there May be 

therefore a slight overestimate by the samp1e due to drifting .from the 1akes. 

The basin survey was undertaken two weeks 1ater than the Timmins 4 

survey. Intermediate snowfa11 as measured by the Nipher gauge was 

therefore subtracted from the basin figures. 

The two surveys yie1ded very simi1ar water equiva1ents. For 

Timmins 4 the average water equiva1ent was 413 mm and the water equi-

valent in the basin was 402 mm (corrected for intermediate snowfa11). 

There is no statistica11y significant difference between the two averages. 

This resu1t wou1d indicate that despite Timmins 4 being in a 

ridge crest location, the amount of snow accumu1ated is simi1ar to the 

amount in 1ess exposed areas. However, this presumes that there was 

no difference in snowfa11 between the two areas and that each of the 

two samp1es are tru1y representative of their areas. 

b) Comparison between measured snowfa11 and snow depth increase 

Underestimates of snowfa11 by the Nipher gau~ 

Previous investigators have shown that the Nipher shie1ded 

snow gauge at Schefferville tends to underestimate the snowfa11. Adams 

et al (1966, p. 130) give a value of 23 - 28 per cent of true snowfal1. 

, 
1 
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Rogerson (1967, p. 91) gives a value of 30 per cent and suggests that 

the value may be as much as 35 - 45 per cent. The measured weekly 

increase in water equivalent of the Schefferville snow course was 

used as reference. Possible causes of the underestimates have been 

discussed by Adams et al (ibid. p. 121), who ascribe the difference to 

ineffecient catch by the gauge due to the influence of wind and 

possibly losses in water equivalent because snowfalls of less than .01 

of an inch are only recorded as 'trace'. 

Assuming the averages from the Timmins 4 survey, the basin 

snow survey and both surveys together to be representative of 'true 

snowfall' gives values of the undercatch of 42.5, 44.0 and 43.0 per cent 

respectively. However, a possible overestimate of about 10 per cent 

by the sampling equipment would reduce the values correspondingly. 

Cumulative snowfall and snow depth.increase at Timmins 4 

If the snow samp11ng grid at Timmins 4 1s representative of 

snowfall through winter, the average depth increase would closely 

correspond to the cumulative snowfall measured by the Nipher gauge. 

This assumes that the catch deficiency of the gauge is approximately 

constant throughout winter, at least when averaged over a few storms. 

Changes in density would need to be accounted for. The density would 

be generally low in early winter, th en show a relatively rapid increase 

dur1ng the period of transition from rough to smooth terrain, and 

continued but slow increase thereafter. This trend results from the 

snow crystals being broken down into fine fragments during drift 

transport due to repeated impacts with the snow surface. The fragments 

pack more closely together than the original crystals and therefore 
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give higher density (Mellor, 1964, p. 49). In early winter the drift 

transport is limited by microroughness and therefore the density is low. 

The subsequent increase in density is then a result of either an 

increasing proportion of finely fragmented snow or pressure compaction 

of the snow or of metamorphic processes acting within the snowpack. 

Characteristic trends of density changes through time at Aklavik and 

Resolute, Northwest Territories are given in a report by Williams (1957), 

and for different localities in northern North America by Billello 

(1958, p. 65). 

Correcting the Nipher gauge receipts for an undercatch of 

42.5 per cent and converting the snowfall water equivalent into depth 

values using the average density at Timmins 4 on March 13 (.364) 

yields the estimated depth curve (b) in Figure Il. The density of the 

snow cover through win ter (c) was obtained by assigning the corrected 

water equivalent measured by the Nipher gauge to the observed depth (a). 

The two depth curves show similar trends throughout the 

accumulation period with one notable exception. The slightly divergent 

trends suddenly change to convergence between March 13 and the depth 

sample prior to the density survey. This suggests that the depths 

recorded by the snow sampler were not the same as those that would have 

been recorded by the snow stakes. Unfortunately, the snow stakes were 

not read simultaneously so a direct comparison is not possible. A 

plausible explanation of the error is that whereas the snow stakes 

were zeroed at the top of the lichen cover, the depth sampler generally 

penetrated the lichen mat. This .would account for approximately 4 - 6 

cm greater depths on the average, which would explain part of the 

difference. There could also be sorne difference produced by the 
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lateral displacement of the sampling points which were moved on the 

average 50 cm from the stake location. 

The density curve shows an increase in density from .188 in 

early winter to .393 for the survey before the density survey. Since 

the plugs of lichen were removed before weighing the samples the March 

13 density value is affected but not the water equivalent. The 

densities show an increase which does not indicate any major differences 

between snowfall receipt and depth increase and are within the expected 

range. This would suggest that the Timmins 4 snowcourse is represen­

tative of snowfall throughout winter. However, there may have been 

slight graduaI changes which are difficult to detect in the absence of 

intermediate density calibrations through winter. 

c) An estimate of snow transport from ridge areas 

Although the results so far have indicated that the Timmins 4 

site do es not have an accumulation significantly different from the 

accumulation in lower lying, less exposed areas, there is no doubt that 

appreciable quantities of snow are blown off ridge are as into surrounding 

lower lying terrain. There is therefore reason to regard the results 

with caution. To obtain a tentative estimate of the quantity of snow 

blown off the ridges and to investigate how far from a ridge area the 

influence of wind blown snow can be noticed, a survey was undertaken, 

sampling water equivalents 100 m apart along a traverse from south of 

Irony Mountain (approx. 700 m) to Howells River (approx. 550 m). This 

traverse runs through a uniformly forested area where the forest is 

sufficiently dense to prevent erosion within the forest. The forest acts 

as an efficient snow trap which catches snow blown from the ridge are a 
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but do es not lose any snow due to drifting. Thue by measuring the 

water equiva1ents away from the edge of the ridge area through the 

forest a dec1ine in water equiva1ent shou1d be observed and eventua11y 

a steady value wou1d be reached at sorne distance beyond which the 

influence of b10wn snow is neg1igib1e. The water equiva1ent in excess 

of this steady value shou1d then be indicative of the amount of snow 

b10wn off the ridge. 

The survey was undertaken in 1ate February. At each samp1ing 

point three samp1es were taken 10 m apart. Further away from the edge 

of the ridge area the number of samples at each point were reduced to 

two. The survey starts 100 m before the forest edge. The resu1t is 

shown in Figure 12. 

The influence of drifting can be noticed for a distance of 

approximately 1000 m from the forest edge. The greatest accumulation is 

found at the forest edge itse1f. This accumulation is a resu1t of snow 

partic1es travelling in the lowest 1ayers of the airstream. Exc1uding 

the forest edge accumulation as being a resu1t of mainly local drift 

transport a tentative estimate of the enow carried in suspension into 

the forest may be made. The average excess water equiva1ent is 12.8 per 

cent. Assuming the samples to be truly representative for each 100 m 

interva1 the amount of snow transported into the forest by suspension 

becomes equiva1ent to a strip of average snow cover 128 m wide 

para11e1 to the forest edge. However, this wou1d account for on1y the 

snow drifting with winds entering the forest from the open area. These 

winds ~'lOu1d span a sector from north-northwest to southeast. To 

account for wind transport in opposing directions the value was 

doub1ed, and rounded off to 260 m. If this value is assumed repre-
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sentative of the loss from the general ridge area which is about 

6000 m wide where Timmins 4 is located, the average loss would be in the 

order of slightly less than 5 per cent of snowfall. 

The survey shows that the influence of snow blown off ridge 

areas can be traced for a distance of about 1000 m into dense forest. 

An estimate of the 10ss of snow from the general exposed area where 

Timmins 4 is located suggests that less than 5 per cent of the snow­

fall is 10st due to drifting. It is stressed, however, that these 

results are very tentative, firstly since the influence of prevailing 

northwest winds are not properly accounted for. Secondly, the nearby 

Irony Mountain represents an extremely exposed area at the edge of 

the general Timmins ridge area and this may have exaggerated the results. 

4. Resulta of density - water equivalent survey at Timmins 4 

Water equivalents were measured at Timmins 4 on March 13. The 

results of the survey are shown in Figure 13. The water equivalent, Y, 

appears to be closely associated with snow depth, X, and may be approx­

imated by the equation 

2 
Y = 0.27 X+0.01l9 X 

The snow density, yI, being the first derivative of this function is 

given by 

y' = 0.27 + 0.0238 X 

There is an apparent greater variability in density for 

shallower depths. Partly this may be a result of greater influence 

of error by the sampling equipment when shallow snow is sampled. The 

hardness of the snow in this range is also more variable with hard 

crusts within the snowpack which influence the accuracy of the 
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sampling equipment. There is also some error produced by the pene­

tration of the lichen cover which was discussed in section 3 of this 

chapter. This would contribute more to the variability in density due 

to the more irregular occurrence of lichen and shallower depth near 

ridge crests. Thus a large part of the scatter may be due to measure­

ment error. Therefore, it appears not meaningful to enter a spatial 

analysis of density variations although probably systemat1.c variations 

occur which are related to the geographical location. 

5. Summary 

Analysis of snow depth data from Timmins 4 shows that there 

are three distinctly different periods of accumulation related to 

changes in microroughness. This produces a sequence of depth growth 

which is closely related to firstly the microroughness at any one 

location and secondly is related to the geometry of surrounding 

terrain. Thirdly it is a function of the homo genei t y of the sur­

rounding terrain with respect to length of snow fetch. It seems that 

snow accumulation progressively through win ter is controlled by 

terrain roughness of increasing sca1e. 

Water equivalent surveys at Timmins 4 and in the Knob Lake 

drainage basin do not indicate any significant difference in accumu­

lation between the exposed ridge area and the more she1tered basin. A 

traverse survey from an exposed ridge area tentative1y suggests a loss 

of only 5 per cent of the snowfal1 from the genera1 ridge area where 

Timmins 4 is located. The influence of the snow blown off the ridge 

area cou1d be traced for a distance of 1000 m. A comparison between 

the water equiva1ent surveys at Timmins 4 and in the Knob Lake 
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drainage basin (491 samples) and the snowfall receipt by the Nipher 

gauge in Schefferville suggest an undercatch of 43 per cent of true 

snowfallo The error may be somewhat lower due to a possible systematic 

overestimate of the snow sampIero A comparison between Nipher receipts 

and snow depth increase at Timmins 4 did not indicate any appreciable 

changes in the reliability of the snow sampling grid through win ter 

but indicated a discrepancy caused by difference in depth sampling 

methodo Water equivalents and snow depths are closely associated and 

for the March 13 survey the water equivalents could be closely 

estimated by a quadratic equationo 
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CHAPTER IV 

A MODEL RELATING SNm.J' DEPTH TO TERRAIN ROUGHNESS 

1. The Model 

a) Previous Studies 

A major part of the present study was the attempt to develop 

a method for indirect mapping of the snowcover using stepwise multiple 

regression for relating snow depth variations to terrain roughness 

variables. Previous studies have indicated that such an approach is 

feasible. Black and Budd (1964) found the following expression for 

the deviation in accumulation, A, from its mean in terms of the devi-

ation in slope, S, and deviation in relative elevation, E: 

A = -0.85S -0.2lE. 

where the average profile on which Sand E were determined is a 10 mile 

running mean of elevations. 

A similar method was used by Mock (1968) to de termine local 

variations in snow accumulation, the final equation derived was: 

YD = 2.4 -0.82llX1D -259.106 sin a. 

where YD is deviation from predicted accumulation (g/cm2 year) 

XID is deviation from regional elevation (m) 

and a is surface slope ln degrees. 

Both of these studies were undertaken on ice caps (Wilkes 

region, Antarctica and Thule Peninsula, Greenland respectively), where 

the long-term accumulation of snow has caused a considerable smoothing 

of the original terrain (Swithinbank, 1959). Few attempts have been made 

to quantitatively relate the variations in accumulation of the seasonal 

snow cover to terrain parameters. Young (1969) used stepwise multiple 

regression and a set of variables in analyzing snow accumulation on Axel 
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Heiberg Island, N.W.T. The variables employed were: 

1. Altitude 
2. Exposure 5 m 
3. Exposure 50 m 
4. Exposure 500 m 
5. Slope angle 
6. Slope azimuth 

The measurements representing exposure were obtained using a method by 

Rodda (1962), and May be defined as the length of an arc of a hori-

zontal circle with its centre at g~ound level which does not intersect 

the ground. AlI of these variables showed a significant correlation 

with snow depth in one or more of the basins studied a1though their 

1evel of exp1anation of the variations in snow depth was 10w. A 

subsequent study by Young (1970) c1aims that using 19 independent 

variables in a multiple regression equation about 90 per cent of the 

variance in snow depth can be exp1ained. However, this resu1t May be 

doubted as to its app1icabi1ity outside the samp1e, considering the 

number of sampling points (about 120) and the number of variables 

employed in the multiple regression equation. This comment is 

supported by Ezekiel and Fox (19'59) in a discussion on the relationship 

between the reliability of the multiple correlation coefficient, the 

number of sampling points and the number of variables in the regression 

equation. The variables used by Young (1970) were obtained by fitting 

a 1inear regression plane to altitudes of each snow samp1ing point and 

its nearest eight grid intersections on a 100 m square grid. The 

angle of the maximum slüpe of this plane was taken as the slope angle 

of the center point. The slope azimuth was taken as the azimuth of the 

direction of maximum slope. The amount by which the center point was 

above or be10w the regression plane was taken as an index of convexity 
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or concavity. Similar variables were evaluated for different scales. 

b) General Model 

The following general model was erected for use with stepwise 

multiple regression: 

S = f (xl' x2 ' x3 ••• xn ) 

where S is the depth of snowand xl' x2 ' x
3

'" xn denotes terrain 

roughness variables which by themselves or in any combination contribute 

significantly to explaining the variation in snow depth. These 

variables are defined in Section 2 of this chapter, which also describes 

how the variables were obtained. 

Stepwise multiple regression may be used as a tool to select 

a combination of a few independent variables for prediction of one 

dependent variable. The selection can be made from a large number of 

Independent variables, which is particularly valuable in problems 

where there are variables measuring a particular aspect on different 

scales and the optimal scale is not known. 

c) Stepwise multiple regression 

The technique of stepwise multiple regression is designed to 

analyse the relationship between a dependent variable and a series of 

independent var.iables. The computational procedure has been described 

by Efro~nsen (1960). Here, only a brief description of the technique 

will be given. 

TIle technique involves the computation of multiple linear 

regression equations with additional variables added in a series of 

separate steps. The criterion of importance is based on the reduction 
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of sums of squares. 

The varia.ble added at each step is the one which makes the 

greatest reduction :ln the sum of squares of the errors, when superim­

posed upon the variables already added. Also, it is the variable having 

the greatest partial correlation with the dependent variable, and which 

would have the greatest F value. 

To limit the number of variables i.n each equation a signifi­

cance criterion may be used (e.g. the F value) for deletion of variables 

already in the equation ll1hich have decreased in significance due to the 

inclusion of additional variables. Similarly a criterion may be used 

to 1imit further inclusion of variables when further addi~ion of vari­

ables to the equation would no longer increase the accuracy of the 

prediction. 

2. Terrain roughness variables 

a) Selection of variables 

For the selection of terrain roughness variables an extremely 

simplified model of airflow in terrain was used. It was simply assumed 

that the indi·.~idual velocity variatior.s near the surface are smoothed 

with height so that at some distance above the surface the cffect of 

individua1 roughness elements of il. particular scale is no longer notice­

able. The flow at that level ~10uld then be parallel to the g~neral 

terrain profile .and velocity and stress variations near the surface 

would be represcnted by variations in the distance betlveen the surface 

and the undisturbed flow since the veloeity gradient would vary in 

steepness depending on this d:lsta.nce. Diver.gence between the flQW at 

sorne height and the flow at the ground ~o1ould produce dccelerations and 
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convergence wou1d produce acce1erations. Thus an approximation of the 

variations in surface wind stress may be obtained. The f10w 1ine for 

the "genera1 f10w" at some height may be obtained from a running average 

of altitudes a10ng a traverse in any chosen direction. Different 

degrees of genera1isation may be obtained by changing the number of 

altitude points in the running average. 

The selection of variables was part1y based on previous studies 

(Black and Budd, 1964; Mock, 1968) whereas the method of ohtaining the 

basic topographic data is simi1ar to that used by Young (1970). 

Field observations indicated that in ear1y winter brush vege­

tation has a major influence on the accumulation patterns. Breakpoints 

in the terrain appeared to have a significant influence on the depth 

variations during the second period of accumulation whereas in the third 

period 1arger sca1e topographic roughness features appeared to be most 

important. Differences in accumulation with respect to aspect are 

apparent from the snow me1t photos (Figure 19 to 23 ). Different 

variables were eva1uated to account for different stages of win ter and 

some variables were eva1uated on different sca1es to take into account 

roughness of different magnitudes. 

b) Compilation of topographic roughness variables 

Detai1ed topographie maps of sca1e 1:1200 and with 5-foot 

contour interva1s have been prepared for the mining areas near 

Schefferville and provide excellent topographic information. 

The map of Timmins 4 was produced by Terra Surveys, Ottawa, 

using photogrammetric techniques. In the fo11owing discussions, the 

measuring units of the map are adhered to, rather than obtaining uneven 
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values by conversion to the metric system. The topographic variables 

are therefore expressed in feet unless otherwise specified. 

By superimposing a grid network with half inch spacing between 

intersections upon the map of the snowcourse area, sampling points 

fifty feet apart were obtained. The grid was extended to 400 feet 

beyond the limits of the sampling grid. Altitudes were obtained by 

interpolating between contour lines at each of these sample points. 

Theoretically the error arising from this technique is ±5 feet with 

respect to the map, but it is estimated that the values are, on the 

average, correct withintl foot. Thus a rectangular matrix of altitude 

semples, was obtained. The size of the matrix 1s 41 x 97, with eight 

sampling points outside the snow sampling grid in aIl directions, for 

computational purposes. From this numerical matrix, parallel traverses 

in eight directions could be analysed and matrices of the different 

topographic variables generated. Appendix II gives a section of the 

computer program generating the variables. The different variables are 

identified by Table 3. 

One particular feature of the topographic variables generàted 

from the square data matrix needs special attention. The two different 

distances between the data points, depending on the direction of the 

traverses, are important in creating a scale difference between those 

traverses aligned with the rows and columns, and those at an angle of 

o 45 to the rectangular matrix. Therefore the measurements are not dir-

ectly comparable, which has to be kept in mind if predictive equations 

obtained at Timmins 4 are used in other areas. The altitude matrices 

must be aligned in the same direction as the matrix from which the 

predictive equation is obtained. This is because the coefficients 
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TABLE 3 

IDENTIFICATION OF VARIABLES 

Variable 
No. Representative of: Direction Fortran Name** 

5 Brush depth 
6 Brush density 
7 Tree Density 
8 Altitude B(KH,8) 
9 Deviation from average altitude 3* N-S B(KH,9) 

10 " " " " 3 NE-SW B(KH,10) 
Il " " " " 3 E-W B(KH,ll) 
12 " " " " 3 SE-NW B(KH,12) 
13 " " " " 5 N-S B(KH,13) 
14 " " " " 5 NE-SW B(KH,14) 
15 " " " " 5 E-tv B(KH,15) 
16 " " " .. 5 SE-NW B(KH,16) 
17 " " " .. 7 N-S B(KH,l7) 
18 " " " " 7 NE~SW B(KH,18) 
19 " " " " 7 E-W B(KH,19) 
20 " " " " 7 SE-NW B(KH,20) 
21 " " " " 9 N-S B(KH,21) 
22 " " " " 9 NE-SW B(KH,22) 
23 " " " " 9 E-W B(KH,23) 
24 " " " " 9 SE-NW B(KH,24) 
25 " " " " Il N-S B(KH,25) 
26 " " " " Il NE-SW B(KH,26) 
27 " " " " Il E-W B(KR,27) 
28 " " " Il Il SE-NW B(KH,28) 
29 General slope NE-SW B(KH,29) 
30 " " N-S B(KH,30) 
31 " " E-W B(KH,31) 
32 " " SE-NW B(KH,32) 
33 Deviation from average altitude 15 N-S B(KH,33) 
34 " " " " 15 NE-SW B(KH,34) 
35 " " " " 15 E-W B(KR,35) 
36 " " " .. 15 SE-NW B(KH,36) 
37 Deviation from genera1 slope N B(KH,37) 
38 " " " " NE B(KH,38) 
39 " " " " E B(KH,39) 
40 " " " " SE B(KH,40) 
41 " " " " S B(KH,41) 
42 " " .. " SW B(KH,42) 
43 " " " " W B(KH,43) 
44 " " " " NW B(KH,44) 
45 Delay effect 5 N B(KH,45) 

* Number of altitude points emp10yed 
** See Appendix II continued/ ...... 
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TABLE 3 (Continued) 

IDENTIFICATION OF VARIABLES 

Variable 
No. Re12resentative of: Direction Fortran Name** 

46 Delay effect 5 NE B(KH,46) 
47 " " 5 E B(KH,47) 
48 " " 5 SE B(KH,48) 
49 " " 7 N B(KH,49) 
50 " " 7 NE B(KH,50) 
51 " " 7 E B(KH,51) 
52 " Il 7 SE B(KH,52) 
53 " n 7 S B(KH,53) 
54 " " 7 SW B(KH,54) 
55 " " 7 W B(KH,55) 
56 " " 7 NW B(KH,56) 
57 " " 5 S B(KH,57) 
58 " " 5 SW B(KH,58) 
59 " " 5 W B(KH,59) 
60 " " 5 NW B(KH,60) 

** See Appendi:: II 
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obtained are affected by the scale difference. 

To avoid zeros and negative values in the variables, a 

constant was added to aIl of the independent variables where such values 

occur. 

Altitude 

Altitude is intended to represent effects of the general 

increase in wind velocity with height imposed on the airflow by 

topography. It was obtained directly from the matrix points coincident 

with the snow sampling grid. 

Deviation trom Average Altitude 

These variables are intended to represent effects of devi-

ations imposed on the airflow by local topography and were evaluated 

on six different scales, to account for different stages of winter and 

for different wind directions. Using the matrix of altitudes the 

variables were calculated as the difference between the altitude of the 

selected station and the average of a number of altitudes symmetrically 

on a line through the station. In general form deviation from average 

altitude (D) May be written as 

where AI is the altitude of the station for which DI is calculated and 

N is the number of altitude points included on each side of the station l 

along the traverse. Since the sliding average is symmetrical it covers 

two opposing directions (N-S, NE-SW, etc.) and therefore only four 
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variables of each scale were necessary to cover the eight directions 

used in the analysis. The six different scales were obtained by using 

different values of N(l, 2, 3, 4, 5 and 7). The figures given in 

Table 2 refer to the number of altitude points included in the average. 

General Slope 

General slope (G) is defined as: 

G r 
+ ••• +Ar +Ar+l +Ar+2 

'7 

+ ••• 

'7 

Since the variable is symmetrical it was evaluated for four different 

directions to cover the eight directions of the analysis. It is 

intended to represent large scale effects of slope on the air flow. 

Deviation from General Slope 

This variable is intended to represent influence of changes in 

slope within the nearest 50 or 50~ feet windward from the sampling 

point. Using the variable representing general slope (G) the deviations 

from this slope (DS) can be written: 

DBr = (A1 - 1 - À I ) - Gr 

Since this variable is not symmetrical it was evaluated for 

eight different directions. The direction given in Table 2 refers to 

the direction of the wind. 

Delay Effect 

These variables are intended to represent systematic 

differences in accumulation on windward and leeward slopes as a result 
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of winds from one direction prevailing over winds from the opposite 

direction. 

This effect was imitated by a variable (De) 

and on a larger scale 

each for eight different directions. The directions given for these 

variables in Table 2 refer to the direction of the wind for which the 

variable is calculated. 

c) Compilation of vegetation variables 

The aerodynamic significance of the low growing vegetation 

may be subdivided into two parts. One is the height of the plants, 

and the second is the density of the plant cover. Both height and 

density are interrelated in that locations favoring growth of deep 

brush generally also produce a dense brush cover. It was decided to 

use two variables, one based on brush depth and measured in the field. 

The second variable was based on brush density and was obtained by 

remote sensing. 

Brush depth 

The depth of brush was measured in the field by using the 

mean maximum height of individual plants within a circle of 3 m 
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radius centered at the snow stake. The accuracy of this measurement is 

estimated to be within ! 10 cm. However, in some cases, where there is 

a systematic decrease ln depth of vegetation across the circle the 

measurement may be somewhat md.sleading, particularly if the number of 

plants per unit area also varies. 

Brush density 

.Brush density wa.s found difficult to measure in: the field due 

to large systematic variations in plant s:f.ze. Since it would be advan-

tageous to find a brush vegetation variable which is easily obtained 

over large areas it was decided to obtain infrared color aerial photo-

graphs of the Timmins 4 site from which different vegetation roughness 

classes could be delineated. 

Kodak Technical Publication M-28 gives a genera1 introduction 

to infrared co1or photography. The film used was Kodak Ektachrome Infra-

red Aero Type 8443, a three layer color film in which two layers 

operate in the visible range and the third is sensitive to radiation 

in the near infrared band. A11 the layers are affected by bllle light. 

A yellow filter (Wratten No. 12) i9 therefore used on the camera to 

exc1ude b1ue. 

In test photographs it was found that it was difficu1t to 

obtain a suitable co10r balance due to an under-representation of the 

infr.ared relative to the visible wavelengths. To overcome this problem, 

two Polaroid filters were used in addition to the ordinary Wratten No. 12. 

The polarizing effect of these filters de creas es sharply in the near 

infrared range and they may therefore be used at different angles near 

o 
90 between the po1arizing planes to balance infrared versus visible 
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wavelengths. This method was developl~d by the author during previous 

experiments with 1nfrared photography. The results are shown in 

Figures 14 and 15. Use of the crossed polaroids improved the color 

separation considerably and made it possible ta directly map 5 classes 

of vegetation. 

The high, oblique photographs were rectified using the snow 

stake gr:f.d and ground control photographs in black and white taken at 

lower altitude. The vegetation map (Figure 3) was produced in this way 

by hand-plotting the d:f.fferent vegetation classes. The variable 

representing brush density was obtained from the map by assigning the 

numerical values of the different vegetation classes to the points 

of the snow sampling grid fa.lling within each vegetation class. An 

exception was made for class 5 which was considered to exhibit a 

roughness comparable to class 2. The accuracy of this variable is 

therefore not great since it can assume only four different values. 

Plotting errors May also have some influence on its accuracy. 

Trees 

The variable representing trees was obtained from counting 

trees within 200 ft (61 m) squares with the snow stakes as center points. 

The counting was done from early winter aerial photographs, where trees 

are easy to distinguish, standing in good contrast to the snow cover. 

Thus trees are also expressed as a density measurement. 

d) Interrelationships between terrain variables 

Many of the independent variables are interrelated. There 

are direct geometric relationships between variables representing 
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Figure 14. Kodak Ektachrome IR of Timmins 4 with yellow filter only. 

Figure 15. Kodak Ektachrome IR with yellow fil ter and two polaroid 

filters at an angle of 85 0 between the polarizing planes. 
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different aspects of topographie roughness, and causal re1ationships 

between Surface geometry and vegetation due to the influence of terrain 

shape on microc1imate, hydro10gy and soi1s. This interre1ationship 

between the independent variables may in some cases cause a statis­

tica11y significant correlation between snow depth and an independent 

variable without necessari1y indicating a causal re1ationship. Thus 

the genera1 app1icabi1ity of the resu1ts of the statistica1 ana1ysis is 

restricted to areas where simi1ar interre1ationships exist between 

independent variables. 
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CHAPTER V 

TEST OF THE MODEL 

1. Methods 

Simple correlation was used to investigate how the variables in­

dividuâlly related to snow depth through winter. This provides an initial 

overall view of the potential usefulness of the variables as predictors 

of snow depth. Rigid conclusions cannot be expected since many of the 

variables do not comply to the basic requirements for correlation 

analysis, particularly in that most of the variables are interrelated 

(Ezekial and Fox, 1959; Ch. 8, Miller and Kahn, 1962). 

Five surveys were se1ected for ana1ysis and for part of the 

analysi.s the dependent variable (snow depth) was transformed to normal 

distributions (Snedecor 1956). The surveys and transformations employed 

were: 

1. October 27 Cube root 

2. November 10 10810 

3. December 14 Cube root 

4. February 9 Cube root 

5. March 13 Square root 

The stepwise multiple regression model was first tested as­

suming linearity and then tested with the dependent variables trans­

formed for normality. To obtain an approximate estimate of the general 

applicability of the equation for March 13 a predicted map was produced 

for the Timmins 4 snowcourse area. This map was compared to a snow 

depth map for late winter which was produced from sequence aerial photo­

graphs during the spring melt periode 
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2. Simple correlation 

a) Expected correlations 

The coefficients of correlation between snow depth and the 

different terrain roughness variables may be expected to vary through 

winter approximately in accordance with their change in importance to 

snow accumulation. Thus the correlation with brush vegetation variables 

would show an early peak and thereafter a decline, since brush vegeta­

tion is buried by snow after some time. Deviation from general slope 

would show a peak correlation during the earlier stages of winter 

because it is a measurement of small scale roughness. Later in winter 

it would become overridden by other roughness factors and therefore 

there would be a decline in the coefficient of correlation. The 

smallest scales of the variable for deviation from average altitude would 

show a similar trend, whereas the larger scale versions of this variable 

would show a continued increase in correlation through winter. 

General slope would show an increasing correlation through time since 

systematic transport from windward to leeward slopes would increase with 

decreasing general roughness. The increased transport would influence 

the correlations for the delay effects in a similar manner. The 

increased influence of roughness of larger magnitude towards late win ter 

would produee an increasing negative correlation between snow depth and 

altitude. Similarly trees would show an increasing positive correlation 

through time since the roughness created by trees remains largely unal­

tered by snow accumulation. 

b) Observed correlations 

The correlation coefficients for the five surveys are shown 
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in Table 4 (non-transformed) and Table 5 (snow depth transformed for nor­

mality). The correlation coefficients vary slightly depending on trans­

formation and are generally somewhat higher with the dependent variable 

transformed. The trends of change in correlation, however, remain similar. 

Brush vegetation 

The variables representing depth and density of brush do not 

follow the expected pattern. Both variables start at a low level of 

correlation and show a rapid increase in correlation up to December 14. 

After this date there is a continued slight increase in correlation 

through win ter instead of the decrease expected. In the field there is 

a strong correlation between snow depth and brush in early winter. This 

relationship is apparently not weIl represented by either of the two 

brush variables, as indicate,l by the low correlation in early win ter • 

The continued increase in correlation through winter i.ndicates the pre­

senc~ ~f another direct or inùirect relationship. The relationship 

between snow depth and brush vegetation will be further investigated 

later in the chapter. 

Deviation from ~E-~.! sl012!. 

'l'he peak correlation ia t:eached for deviations from general 

slope north and northeast of the samp.L:l.ng po:l.nts on November 24. The 

variables for the directions northwest, west and southwest peak on 

December 14. For the d.irections south, southeast and east the peak 

correlations arereached on February 9. The significant correlations 

are aIl negatlve, indicating that if the wind encounters a 

ne.gative step in the terrain the accumulation behind this step is 
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TABLE 4 

CORRELATION BETWEEN SNOW DEPTH AND TERRAIN 

VARIABLES AT FIVE DIFFERENT POINTS IN TlME 

(NON-TRANSFORMED) 

Variable Octobe't' 27 November 24 December 12 February 9 March 13 

5 0.210 0.302 0.414 0.453 0.480 
6 0.269 0.352 0.466 0.487 0.510 
7 -0.005 -0.011 -0.064 -0.026 -0.044 
8 -0.015 -0.065 -0.055 -0.140 -0.164 
9 -0.245 -0.470 -0.486 -0.506 -0.500 

10 -0.256 -0.472 -0.561 -0.545 -0.551 
Il -0.221 -0.388 -0.567 -0.585 -0.569 
12 -0.042 -0.245 -0.280 -0.272 -0.220 
13 -0.285 -0.462 -0.541 -0.586 -0.601 
14 -0.289 -0.479 -0.620 -0.642 -0.658 
15 -0.266 -0.402 -0.608 -0.678 -0.679 
16 -0.089 -0.277 -0.340 -0.321 -0.271 
17 -0.263 -0.405 -0.532 -0.598 -0.635 
18 -0.317 -0.465 -0.621 -0.679 -0.710 
19 -0.283 -0.373 -0.577 -0.682 -0.697 
20 -0.131 -0.305 -0.401 -0.393 -0.354 
21 -0.256 -0.365 .:..0.523 -0.598 -0.644 
22 -0.314 -0.414 -0.595 -0.681 -0.724 
23 -0.278 -0.334 -0.541 -0.665 -0.694 
24 -0.166 -0.319 -0.433 ·-0.447 -0.418 
25 -0.252 -0.334 -0.512 -0.591 -0.643 
26 -0.303 -0.366 -0.567 -0.672 -0.722 
27 -0.251 -0.291 -0.499 -0.632 -0.672 
28 -0.185 -0.315 -0.435 -0.465 -0.433 
29 -0.069 0.038 0.187 0.298 0.319 
30 0.089 0.135 0.256 0.272 0.296 
31 -0.129 -0.046 0.063 0.201 0.197 
32 -0.149 -0.125 -0.020 0.103 0.079 
33 -0.236 -0.293 -0.495 -0.578 -0.625 
34 -0.277 -0.299 -0.521 -0.632 -0.685 
35 -0.200 -0.237 -0.434 -0.560 -0.605 
36 -0.219 -0.306 -0.427 -0.478 -0.460 
37 -0.216 -0.475 -0.429 -0.421 -0.446 
38 -0.216 -0.438 -0.446 -0.435 -0.447 
39 -0.191 -0.341 -0.523 -0.559 -0.545 
40 0.056 -0.123 -0.140 -0.159 -0.094 
41 -0.088 -0.153 -0.183 -0.210 -0.168 
42 -0.115 -0.230 -0.286 -0.242 -0.224 
43 -0.110 -0.223 -0.273 -0.239 -0.211 
44 -0.090 -0.226 -0.249 -0.185 -0.167 
45 -0.265 -0.453 -0.599 -0.662 -0.709 

continued/ " •.•.. 
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TABLE 4 (Continued) 

CORRELATION BETWF.EN SNOW DEPTH AND TERRAIN 

VARIABLES AT FIVE DIFFERENT POINTS IN TlME 

(NON-TRANSFORMED) 

Variable October 27 November 24 December 12 February 9 March 13 

46 -0.198 -0.422 -0.636 -0.751 -0.788 
47 -0.112 -0.277 -0.504 -0.677 -0.679 
48 0.050 -0.087 -0.221 -0.308 -0.262 
49 -0.283 -0.419 -0.608 -0.676 -0.723 
50 -0.242 -0.414 -0.654 -0.780 -0.824 
51 -0.153 -0.269 -0.510 -0.690 -0.706 
52 -0.006 -0.140 -0.285 -0.372 -0.330 
53 -0.179 ~0.263 -0.319 -0.369 -0.389 
54 -0.289 -0.336 -0.402 -0.404 -0.423 
55 -0.293 -0.305 -0.406 -0.415 -0.435 
56 -0.213 -0.319 -0.321 -0.239 -0.229 
57 -0.137 -0.190 -0.213 -0.241 -0.240 
58 -0.263 -0.290 -0.304 -0.267 -0.271 
59 -0.268 -0.257 -0.320 -0.284 -0.296 
60 -0.205 -0.300 -0.276 -0.176 -0.168 
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TABLE 5 

CORRELATION BETHEEN SNOt-l DEPTH AND TERRAIN 

VARIABLES AT FIVE DIFFERENT POINTS IN TIME 

(SNOH DEPTIIS TRA..~SFORHED FOR NORNALITY) 

Variable October 27 November 2~· December 12 February 9 Harch 13 

5 0.223 0.310 0.423 0.456 0.491 

6 0.211 0.379 O.M~4. o .51l. 0.5'31+ 

7 0.06.'3 0.045 0.021 C.031 o.ons 
8 -0.103 -0.125 -0.092 -0.203 --0.210 
9 -0.304 -0.500 -0.51.7 -0.570 -0.553 

10 -0.340 -0.538 -0.617 -0.597 -0.597 
11 -0.304 -0.459 -0.611 -0.617 -0.600 
12 -0.087 -0.237 -0.296 -0.304 -0.251 
13 -0.357 -0.521 -0.605 -0.645 -0.655 
14 -0.376 -0.559 . -0.682 -0.697 -0.706 
15 -0.354 -0.494 -·0.672 -0.718 -0.710 
16 -0.145 ;.....0.287 -0.366 ·-0 •. 365 -0.313 
17 -0.333 -0.468 -0.587 -0.644 -0.679 
18 -0.407 -0.554 -0.690 -0.731 -0.754 
19 -0.375 -0.470 -0.652 -0.725 -0.728 
20 -0.193 -0.328 -0.429 -0.439 -0.399 
21 -0.324 -0.424 -0.569 -0.632 -0.678 
22 -0.405 -0.504 -0.664 -0.726 -0.761 
23 -0.371 -0.431 -0.617 -0.7C7 -0.724 
24 -0.230 -0.349 -0.463 -0.492 -0.463 
25 -0.313 -0.385 -0.550 -0.615 -0.669 
26 -0.392 -C.452 -0.633 -0.707 -0.752 
27 -0.333 -0.379 -0.557 -0.667 -0.699 
28 -0.251 -C.350 -0.464 -0.506 -0.486 
29 -0.127 --0.026 0.093 0.214 0.252 
30 0.046 0.131 n.22'. 0.235 0.262 
11 -0.165 ··0.115 -0.030 0.126 0.137 
32 -0.17~ -·0.192 -0.098 0.048 0.046 
33 -0.285 -0.336 -·0.525 -0.585 -0.636 
34 ·-0.353 ·-0.3;3 -0.578 -0.652 -0.705 
35 -0.275 -0.308 -0.585 -0.582 -0.626 
36 -0.287 -0.346 -0.454 -0.516 -0.501 
37 -0.245 -0.479 -0.465 -0.467 -0,1.79 

3~ -0.251 -0.'+61 -D.453 -0.474 -0.485 

39 -0.221 ··0 • .374 ···O • .5J 7 -·f).5ti2 -0.561 
40 0.022 -0.102 -0.129 --0.170 -o. Ill) 

4J. -0.134 -0.192 -0.233 -0.257 -0.212 
42 -0.181 -0.287 -0.339 -0.278 -0.283 
43 -0.186 -0.284 -0.332 -0.279 -0.239 
44 -0.120 -0.232 -0.282 -0.224 -0.192 
45 -0.283 -0.488 -0.620 -0.677 -0.725 

continued/ .•..... 
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TABLE 5 (Continued) 

CORRELATION BETWEEt~ SNOW DEPTH AND TERRAIN 

VARIABLES AT FIVE DIFFERENT POINTS IN TIME 

(SNOW DEPTHS TRANSFORMED FOR NOIDIALITY) 

Variable October 27 November 24 December 12 February 9 March 13 

46 -0.227 -0.448 -0.625 -0.739 -0.783 
47 -0.145 -0.287 -0.480 -0.631 -0.661 
48 0.034 -0.045 -0.176 -0.294 -0.264 
49 -0.321 -0.470 -0.635 -0.692 -0.740 
50 -0.293 -0.459 -0.662 -0.776 -0.823 
51 -0.209 -0.307 -0.516 -0.679 -0.695 
52 -0.035 -0.113 -0.253 -0.367 -0.340 
53 -0.259 -0.314 -0.378 -0.422 -0.440 
54 -0.392 -0.440 -0.505 -0.485 -0.489 
55 -0.386 -0.420 -0.517 -0.490 -0.493 
56 -0.276 -0.384 -0.397 -0.311 ·-0.286 
57 -0.223 -0.243 -0.277 -0.300 -0.293 
58 -0.365 -0.390 -0.411 -0.353 -0.340 
59 -0.362 -0.374 -0.437 -0.364 -0.355 
60 -0.267 -0.368 -0.357 -0.249 -0.222 
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increased, whereas a positive step decreases accumulation. The de cline 

in correlation indicates that these effects of change in slope near 

the snow stakes are important at an early stage of win ter but that later 

other aspects of terrain roughness tend to obliterate this effect. The 

best correlation is shown with changes in slope east of the sampling 

point from November 24 onwards. This is probably an effect of the greater 

variation in slope in this direction. It indicates that the effects of 

winds from the east override the effects of winds from the west, pro­

bably because winds with easterly components occur in combination with 

snowfall, whereas winds from opposing directions generally occur with-

out precipitation. The low correlation for changes in slope south, 

southwest and west of the sampling points may be explained by over-

riding effects of the opposing l'1ind directions. The correlations for 

the northwest and southeast directions are low, although these are the 

two prevailing wind directions measured in Schefferville. This could 

be an effect of the lesser roughness in these directions but could also 

be an indication that the wind directions at Timmins 4 differ con­

siderably from those measured in Schefferville. 

Deviation from average altitude 

The variables :l.ncluded in this group show a s·trong general 

increase in correlation in surveys before February. For all directions 

there is a tendency for the smaller scale variables to decline in impor­

tance towards the later part of the accumulation season whereas the 

larger scale variables show a continued trend of increase in correlation 

with increased snow depth. 'A notable eXception is the direction 

southeast - northwest, where aIl degrees of the variable show a decline 
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in correlation. Generally the correlations are lower for this direction 

throughout winter. This case will be further discussed below. 

General slope 

General slope shows significant correlation with snow depth 

only for the directions north-south and northeast-~outhwest and only 

during the later part of the period investigated. The correlation 

indicates a greater accumulation on south and southwest facing slopes. 

Delay effects 

The delay effect variables show a general increase in cor­

relation in successive surveys before Fe~ruary. In February and March 

the directions northwest, west and southwest show no further increase 

in correlation. The correlations for the directions north, northeast 

and east continue to increase through winter. This would indicate that 

there is a systematic transport of snow from slopes facing these 

directions to slopes facing opposing directions, for which directions 

the correlations are lower. The correlations for the northwest and 

southeast directions are lower than for otherdirections in February 

and March. 

Altitude 

Altitude shows an increasing negative correlation with snow 

depth through winter. The correlation coefficient, however, does not 

become significant at the 99 per cent level until late in the period, 

and then only when the snow depth data is transformed. 
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Trees 

Throughout the period of investigation trees do not show any 

significant correlation with snow depth. The graph of tree density 

versus snow depth on March 13 (Figure 16) shows a tendency for 1ess 

variable snow depth with greater tree density but no direct indication 

of greater depth due to the greater tree density. 

Discussion 

The correlation coefficients in mast cases fo110w the expected 

genera1 patterns through winter. However, there are a few notable 

exceptions and these will be further investigated in this section. 

An increase in correlation of any one variable shou1d resu1t 

in decrease in the correlation of other variables, un1ess the variables 

themse1ves are interre1ated. However~ even if the variables are inter­

re1ated the one with the c10sest re1ationship to snow depth will have 

the greatest increase in correlation. 

In ear1y winter a11 variables show a 10w correlation with snow 

depth. For the topographic variables this was expected and to some 

extent this is a resu1t of the sca1e on which these variables are 

eva1uated. Another cause is 1ike1y to be the influence of brush vege­

tation. Neither of the two brush variables, however, gives a high corre­

lation. 

The variables for the directions southeast-northwest show a 

marked1y lower correlation with snow depth than equiva1ent variables 

representing other directions. This may be ~~pected because of the 

sma11er relief variations in the direction southeast-northwest. These 

are a1so the prevai1ing wind directions. Al1 variables representing 
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Figure 16 Snow depth versus tree density on March 13 
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these directions show a constant or decreasing correlation in the late 

part of the period of investigation. This could indicate that the 

roughness in these directions is smoothed by snow accumulation early 

in the winter, and that winds from other directions have greater impact 

on the patterns of snow accumulation due to the greater variations in 

surface stress produced by these winds. However, regardless of wind 

direction the wind stress is higher at the ridge crests thsn in valley 

bot toms even if there are no undulations in the direction parallel to 

the wind. Thus since the greatest relief is east-west the greatest 

variations in snow depth might be expected east-west. lt may be signi­

ficant that the deviations from average altitude correlate better for 

the direction perpendicular to the prevailing wind instead of the direc­

tion east-west. Simi1ar findings were made in Antarctica by Gow and 

Rowland (1965) who found a better relationship between topographie 

undulations and snow accumulations along a traverse perpendicu1ar to 

the prevailing wind than for a traverse paralle1 to this wind. 

lt is not possible to draw any general conclusions about the 

influence of winds from different directions using the present data, 

since no measurements of wind directions are avai1able for Timmins 4. 

Judging from Schefferville wind data winds of directions coincident 

with snowfa11 and greater surface roughness have the greatest influence. 

A hypothesis was put forward by Tout (1964) that the prevai1ing northwest 

wind measured in Schefferville wou1d be due to funne1ing by the 

northwest-southeast trending ridges. The greater accumulations on south­

west and south facing slopes could indicate greater influence of winds 

from north. and northeast than is indicated by the Schefferville mea­

surements. Further research is required with comparable wind data 
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before the relationship between wind directions, snow accumulation and 

terrain roughness can be further elaborated. 

In summary, the correlations are generally as expected from 

the principles outlined in Chapter II. One major exception is that the 

correlations with vegetation variables are not as expected. Another 

exception is that the southeast-northwest variables show lower cor­

relation coefficients, which may be due to the wind ch~racters or it 

may be due to the nature of the relief. 

c) Brush vegetation and snow depth 

The brush vegetation variables were expected to show a peak 

in correlation with snow depth early in the winter. Instead the initial 

correlation was low and showed an increase through winter. To investi­

gate this case further scat ter plots were made of the depth of snow 

versus the depth of brush (Figure 17). The oblique l.ines on the figure 

represent equal depth of brush and snow. The sequence shows the 

following: 

1. Deep brush greatly reduces the redistribution of snow in 

early winter. TIîis is shawn by the limited scatter around the mean 

depth of snow in early winter (October 27 and November 24) in the deeper 

range of brush. 

2. Wind eroaion starts in areas of shallow hrush 8.S indicated 

by the shallower depths and greater scatter in the shallow range of 

brush (October 27 and November 24). 

3. TIlere is a tendency for a linear relationship in the 

shallow range of brush on October 27 (brush depth less than 30 cm). 

On November 24 a similar but less strong tenâency can be seen in the 
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deeper range of brush (brush depths greater than 50 cm). This shows 

that the relationship is linear over only part of the range at any one 

point in time. The variable is therefore not suitable for the present 

study. 

Two phenomena were observed in the field which indicates 

that the patterns of snow accumulation are of considerable importance 

to brush vegetation (primarily Betula glandulosa). Firstly it was 

observed that near ridge crests the tops of the plants raach a very 

uniform level. The brush vegetation is very shallow near ridge crests 

and increases in depth towards valley bottoms where the uniform 

height of plants is no longer observed. Secondly, after periods of 

strong winds in conjunction with low temperatures considerable 

amounts of veeetation debriR could be observed on the snow surface. 

Analysis of this debris confirmed that the bulk of the broken twigs were 

alive and thus eroded directly from live plants. The diameter of twigs 

was generally less than 2 mm. It is well known that fresh wood becomes 

brittle at a temperature of approximately -30oe. The wind force itself 

is, however, not sufficient to break the twigs but impacts by drifting 

snow and ice particles may well impose suffi.cient strain to break off or 

damage ~Yigs at low temperatures. Since the heavier snow part:f.cles 

travel very close to the snmo1 surface it ia when the snow surface is 

just below the tops of the plants that abrasion is most 11kely to occur. 

The snow surface ia at a more consta.nt level through the win ter near 

the ridge crests and the patterns of snow accumulation probably vary 

less from one year to another near the ridge crests. Since abrasion 

by dr1ft1ng snow occurs only occasionally, the probability of the snow 

depth being at a particular level is greater near ridge crests and 
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therefore the tops of the plants are maintained at a relatively constant 

level in such locations. 

3. Multiple regression equations 

The equations in Table 6 (linear case)and Table 7 (with snow 

depths transformed for normality) were obtained using stepwise multiple 

regression with a criterion of .01 partial explanation for inclusion or 

deletion of independent variables. The variables are arranged in the 

equations in descending order of their individual T-values. The T-value 

is defined as the regression coefficient divided by the standard error 

of this coefficient. 

The improvements given to these equations with vegetation 

variables included were only slight. In early winter the variable 

representing brush depth increased the coefficient of multiple correla­

tion with .04 units and in late winter with .02 units. Tree density 

and brush density did not provide sufficient additional explanation 

to enter the equation in any one of the five surveys analysed. There­

fore the vegetation variables were excludeè from the set of independent 

variables. This allows the equations to be used with input of altitude 

readings only, wh!ch is a considerable advantage for potential applica­

tions of the method. 

Two cases were investigated, one where linearity \lTas assumed 

and one where the dependent variables were transformed to normal distri­

butions. A generally better explanation was given by the model with snow 

depths transformed for normality. However, the difference is not great. 

A reduction in the standard error i.n late winter \vith less than 3 cm 

resulted from using a square root transformation of snow depth on Harch 13. 
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TABLE 6 

MULTIPLE REGRESSION EQUATIONS FOR ESTlMATING SNOW DEPTH (LINEARITY ASSUMED) 

AT FIVE DIFFERENT TIMES - WINTER 1968 - 1969 

Date R S.E. (cm) 

27.10.68 0.346 8.82 

YI -. -0.80897 X
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For equations of individua1 variables refer to Appendix II 
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TABLE 7 

MULTIPLE REGRESSION EQUATIONS FOR ESTIMA TING SNOW DEPTH (DEPENDENT VARIABLES 
TRANSFORMED FOR NOR}~LITY) AT FIVE DIFFERENT TIMES - WINTER 1968-1969 

Date R S.E. (cm) R
2 

x 100 

27.10.68 0.44 8.7 0.20 

YI = (-0.04993 X
18

+ 0.04098 X
48 

- 0.02813 X
36

+ 4.44781)3 

24.11.68 0.63 16.8 0.41 

Log Y -
2 

-0.04028 X
14 

- 0.01913 X
37 

- 0.00830 X
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+ 0.00718 X30 - 0.00039 X
8 

+ 4.83799 

14.12.68 0.76 23.6 0.58 

Y = 3 
(-0.15389 X18 + 0.05583 X
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- 0.04371 X

39 
- 0.05722 X

44 
+ 13.76053)3 

9.02.69 0.83 35.5 0.69 

Y = 4 
(-0.10487 X
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- 0.12189 X

15 
- 0.08563 X

45 
- 0.00211 X

8 
+ 21.19156)3 

13.03.69 0.86 37.5 0.75 

Y = 
5 

(0.59952 X - 0.11758 X - 0.24733 X
45 

- 0.00748 Xs + 63.01810)2 
50 55 

Note: Index refers to the variable number (Table 3) 
For equations of individua1 variables refer to Appendix II 

\0 
00 

1 

.. .1 



- 99 -

D 
D 
g 

§ 

Underestimate of more than 3Scm 

Underestimate 0 - 3Scm 

OVerestimate 0-- 3Scm 

OVerestimate of more than 3Scm 

Figure 18 Map of residua1s for equation from March 13 

(snow depths transformed) 
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The exp1anation by the mode1 is low in ear1y winter. This 

may be expected since brush vegetation is not accounted for. Another 

factor is the more regu1ar accumulation during the ear1ier stages of 

winter. It 1s possible that an expression of distance from ridge 

crests cou1d improve the exp1anation somewhat in ear1y win ter but it 

wou1d be very difficu1t to account for varying sizes of smooth areas. 

Part of the cause of the low exp1anations in ear1y win ter cou1d a1so 

be the re1ative1y low accuracy and large sca1e with which the topo­

graphic roughness variables were eva1uated. 

The exp1anation by the mode1 increases through winter. For 

March 13 the equation with snow depths transformed gives a coefficient 

of multiple correlation of .864 which yie1ds an exp1anation of 75 per 

cent of the original variation in snow depth. This equation inc1udes 

three de1ay effects (7 NE, 7 W and 5 N) and altitude. Mapping the 

residua1s from this equation (Figure 18) shows that the greatest over­

estimates occur in wide concavities (see Figure 2) where the northwest 

winds have free entry. The greatest underestimates occur near the 

bottom of other wide va11eys or concavities which are 1ess open to the 

northwest winds. This wou1d suggest that the effects of northwest winds 

are not proper1y accounted for by the present set of variables. Under­

estimates a1so occur in the lower part of the experimenta1 site a10ng 

a zone which cou1d be characterised as the zone where a genera1 increase 

in tree density occurs. This indicates the need for a variable better 

representing the effect of trees. 

4. Comparison of a map from snow me1t photographs with a predicted map 

a) Preparation of snow depth map from melt photographs 
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The depth of the snowcover by the end of the accumulation 

period was reconstructed for the purpose of testing the results ob­

tained by the step-wise multiple regression technique, using aerial 

photographs. These were taken over the experimental site at intervals 

of one tothree weeks during the snow melt periode The period between 

the flights was determined by melt rates and weather conditions. 

Snow melt in the Schefferville area takes place at suffic­

iently uniform rates ta provide good estimates of the depth variation 

of the cover at the beginning of thaw, simply by plotting the outline of 

remaining snow at the time of the different flights. This uniformity 

of the melt rates in different parts of the terrain is probably 

caused by the generally cloudy weather du ring spring, which reduces 

the effects of uneven melt due to direct solar radiation. Although 

additional snowfall was recorded during the melt period, its contribu­

tion to variations in melt rates was small, since the snow was wet and 

therefore relatively evenly distributed. The snow accumulated during 

the melt period generally melted within a few days after the snowfall, 

and the flights were timed so as to avoid effects of new snow cu the 

limits of the old snow cover. 

The photographs (Figures 19 to 23) .. ere taken using 11 hand­

held Mamiya 6 x 9 cm camera with a 65 mm lens through the side window 

of a Cesana 172 aiT.cT.'étft. The altitud.e at which overell views were 

obtained lV'as approximately 5000 feet ab ove the surface. Pictures 

for ground control were taken from an altitude of 1000 feet. The 

photographs from the lower level were used to locate the snow stakes, 

so that their exact location could be plotted onto the overall view, 

making it po~sible ta rectify the photographs for errors arising 
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Figure 19. Photo of Timmins 4 on May 14~ 1969. 

This photo was taken soon after the me1t was initiated at the 

_~nd of April. Twenty centimetres average depth decrease was recorded 

between the time of maximum cover and May 14. On1y ridge crests are 

exposed, which are visible as dark areas on the photo. Clearance of 

snow for a road to Howe11's River has recent1y taken place. Deep 

parts of the snow are indicated by the way ~he tractor has forced its 

way through the snowpack, clearing the snow sideways. Ana1ysis of the 

photograph revea1s that 96.7 per cent of the experimenta1 area is snow 

covered. The snow cover still remains 1arge1y unbroken in the north-

western third of the experimenta1 site. 

,. 
-~ • .1 
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Figure 20. Photo of Timmins 4 on June 5, 1969. 

Spring melt is lvell advanced a.t this stage, three weeks after 

the second flight. The snow cover has decreased in extent from 96.7 to 

65.1 per cent. The snow melt pattern 1s to some extent affected where 

the road clearance was undertaken. Melt is now apparent in the north-

western third of the area, and the more even accumulation in this part 

stands in contrast to the very irregular accumulation in the mid-part 

of the experimental site. There is sorne indication of runoff, shown 

as darker areas of l07ater saturated sn.ow and open channels near the 

middle ôf the photographe 
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Figu~e 21. Photo of Timmins 4 on June 12, 1969. 

About 49.2 per cent of the area is now free from snow. The 

exposed areas on the ridges have widened, and consumed many of the sma11 

patches of thin snow noted in Figure 20. Vegetation begins to appear 

as black dots in areas of deep snowcover. In the northwestern third 

of the ~rea, the me1t pattern now delin.eates the convex parts of the 

terrain. The major va11eys and depressions are wel1 depicted through 

their deep unbroken snowcover. Where slope angles change abruptly the 

contaet between sno',' and bare ground is sharp and 1inear. The upper, 

fIat area of 'rimmi.ns 4 is a good examp1e of the previous, whereas the 

western .,dge of the same area shows a sharp snm" margin towards the 

~Ta11ey • 
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Figure 22. Photo of Timmins 4 on June 17. 

At this stage 28.5 per cent of the survey area remains snow 

covered. Only in larger depressions and on steep lee slopes is snow 

still present. Particularly rapid change in surface coverage has taken 

place in the northwestern third of the area, inRicating the more even 

accumulation of snow. The snow patches in this picture are frequently 

edged by darker shadings than elsewhere on the bare ground. This darker 

tone of the ground signifies vegetation different from the type exposed 

in Figure 20. In the lower left part of the picture, outside the 

sampling grid, radiation melt around trees is apparent. Within the 

snow course, where the influence of wind was stronger during the 

accumulation period, such features are not seen because of the generally 

deeper snow near the trees due ta drift accumulation. 
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Figure 23. Photo of Timmins 4 on June 26, 1969. 

At this stage only 7.5 per cent are al cover of snow remains. 

Parts of the snow patches are still 150 cm deep. In the field these 

deep accumulations show an apparent relationship to the local vegeta­

tion cover. Most of the snow patches in the picture are located near 

the base of southwest facing slopes, indicating strong influence of 

drift transport from east, northeast and no~th during this particu1ar 

winter. 

l 



- 107 -

from distortion due to the high angle oblique view. The outline of the 

snow caver was th en transferred by hand ta a square grid, to obtain the 

map shown in Figure 24. The class limits of the map were determined by 

averaging the depth of snow on March 13 for the stakes laid bare 

between each flight. The mid-values of each depth increment were used 

as class limits. 

Discussion of the snow depth map 

Figure 25 is a plot of depths on March 13 for the stake loca­

tions first recorded bare at each flight. Joining the averages of each 

group of stakes gives a function which represents the cumulative depth 

decrease through time. The rates of depth decrease are relatively 

uniform, particularly if it is considered that the actual denudation of 

stake locations can have taken place at any point in time between flights. 

The range varies with depth and through time partly as an effect of 

the time spacing between flights and also partly as an effect of spa­

tial variation in melt rates. Errors arising from the plotting of 

the map may be in the order of up to 20 m horizontal displacement of 

the contour lines. These errors are mainly due to difficulty in some 

cases in locating the snow stakes on the photographs. 

The map gives a reasonably good estimate of the patterns of 

snow accumulation prior ta thaw. The errc)r varies through the range 

of snow depths and is smallest for shallow depths. This makes the 

method useful for indicating areas of shallow depths of snow, which are 

important in determining the greatest heat losses during winter. An 

improvement of the accuracy could be achieved by analyzing the factors 

influencing the rates of depth decrease of different parts of the area. 

Relating these factors to terrain variables would supply correction 
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factors for differ.ent locations in the terrain, and the roap could he 

correspondingly adjusted to greater accuracy. 

b) Preparation of predicted snOl" depth map for March 13 

A predicted roap of snot-T depth on Uarch 13 was produced for 

the Timmins 4 site using the computer mapping program in Appendix l. 

A routine whjch compiles the individual terrain roughness variables for 

the particular equation and th en pro duces an es~imate of snow depth us­

ing the equation, was inserted into the mapping program. Snow depths 

were thus predicted at 50 ft (15 m) intervals on a square grid from an 

input consisting of a matrix of altitudes (see Chapter IV) and the 

equation for March 13 (snow depths normalised). In aIl 2241 snow depth 

estimates were calculated and the map (Figure 26) was produced by 1inear 

interpolation between these estimates. The accuracy of the map with 

respect to the sample has been indicated in the previous discussion. 

c) Comparison between the two maps 

The two snow depth maps (Figures 24 and 26) loTere obtained by 

different methods and therefore are somewhat different in appearance. 

The computer map has only four classes whereas the map from snow melt 

photographs has six. The computer map was produced by interpolations 

between data points 50 feet (15 m) apart which gives a certain degree 

of generalisation. This map therefore appears less detailed than the 

map produced from melt photographs, where the snow cover outline was 

plotted te as great a detail as possible. 

A comparison between the two maps shows a good general 

correspondence. The deepest parts of the snowcover are similarly 
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shown by bo~h methods and the shallow zones agree weIl. As noted in 

the discussion of the residual there is a tendency for underestimate 

of the actual depth in the major valley in the more elevated part of 

the experimental site. The computer map gives a narrower zone of deep 

snow in this valley than the map from melt photographs. In the north­

western part of the experimental site there is a tendency for a slight 

underestimate by the computer map. l~e intermediate depths are more 

difficult to compare due to the differing class limits. The generally 

good agreement between the two maps suggests that the method of esti­

mating snow depths from terrain roughness yields a good accuracy. To 

obtain comparable accuracy using actual field measurements it is esti­

mated that more than 500 surveyed depth samples at the critical period 

would be needed. 

A subsequent field application using the method in perma­

frost research indicates good general validity of the equations 

obtained at Timmins 4 (ms Nicholson and Granberg 1971). 
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CHAPTER VI 

CONCLUSIONS 

Two main results were produced by the present study. Firstly 

it shows that the accumulation of the seasonal snow cover takes place in 

a characteristic sequence which is determined by surface roughness. 

Secondly two methods were developed whereby the la te winter snowcover 

may be mapped with good accuracy. 

Three periods of characteristically different patterns of 

accumulation were identified: 

1. An initial period when an overall rough microstructure 

of the ground surface produces a relatively even accumulation. 

2. A transition period when the initially rough ground is 

gradually replaced by a smooth snow surface. Sharp discontinuities in 

surface roughness characterise this periode The depth increase io slow 

in smooth areas but rapid accumulation takes place at their margins. 

3. A period when sharp discontinuities in surface roughness 

have been eliminated. Topographie roughness of a larger scale produces 

a pattern of accumulation which is more even. The greatest accumulations 

take place near, valley bottoms whereas at ridge crests the depth remains 

constant. 

Six characteristic trends of depth increase were observed, 

each of which is related ta particular terrain locations: 

1. Ridge crest locations reach maximum depth du ring the 

first snowfall and show little or no increase thereafter. 

2. Near ridge crests there is an early period of rapid 

increase when the location becomes incorporated into the smooth area. 

Thereafter the depth remains constant or increases only slowly. 

3. Further from the ridge crest the initial increase in 
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depth is relatively slow. A period of very rapid increase in depth 

occurs as the location becomes incorporated into the smcoth area. There­

after the depth contaIlues to increase but at a reduced rate. 

4. In wider val1eys and concavities the snow depth may show 

an initial increase and thenremain constant or near constant for some 

time. Thereafter the depth increases at an increasing rate. These 

locations exhibit the highest rates of accumulation in late winter. 

5. In araas of homogeneous character, where litt1e wind 

stress variations are produced by larger scale roughness features, the 

depth of snow begins to increase in sorne proportion to snowfall once 

minor roughness has been eliminated. 

6. Some areas exhibit a depth increase which is approximate1y 

proportiona1 to snowfall throughout winter. This trend is usual1y 

associated with relatively fIat areas that are homogeneous with respect 

to vegetation cover and have litt1e microre1ief. 

A comparfson of snow water equiva1ents at the exposed Timmins 

4 site with a survey in the more she1tered Knob Lake drainage basin does 

not indicate any significant difference in snow accumulation. Com­

paring the water equivalents obtained by field samp1ing in March, to 

snowfa11 measurements by the Nipher gauge in Schefferville indicates 

an underestimate by the Nipher gauge of just over 40 per cent. A 

comparison of snow depth increase at Timmins 4 with water equiva1ents 

measured by the Nipher gauge in Schefferville indicates that the snow 

samp1ing gr id at Timmins 4 was representative for snowfa11 throughout 

the period investigated. A traverse survey from the ridge area where 

Timmins 4 is located into dense uniform forest suggests that the 

influence of windblown snow may ba traced for a distance of about l km 
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i~to the forest. A tentative estimate based on this survey suggests 

that less than 5 per cent of the total snowfall was lost from the 

general ridge area. 

A stepwise multiple regression model was used in an attempt 

to quantitatively relate snow depth to terrain roughness. Topographie 

variables w~re obtained using altitudes trom a map. The topographie 

variables were evaluatad fo~ eight èifferent directions to account for 

varying influence of winrls ar'!:! surface roughness. Sorne of the variables 

were evalu~ted on different scales to account for different stages of 

winter. Vegetation variables were obtained by field measurements and 

remote sensing. Simple correlation was used for an initial scanning 

of the independent variables and indicated that none of the three vege­

tation variables gave a close representation of the influence of vegeta­

tion on snow accumulation. This conclusion was confirmed by scatter 

plots of brush depth and tree density. Tests of the stepwise multiple 

regression model with vegetation variables included, yielded only very 

slight improvements and the vegetation variables were therefore deleted. 

The model shows a low explanation in early win ter but the 

explanation improves through time. With topographie variables only, 

the model gives a statistical explanation of 75 per cent of the initial 

variation (R = .86) in an equation obtaiIled for mid·-March. This equation 

uses four variables .. 

A computer mapping program was written which produces a map of 

estimated snow depths from an input of a matrix of altitudes and the 

equation for the particular point in time. A map of predicted snow 

depths was produced for mid-March using this pro gram. 

Using sequence aerial photographs of snow melt a d:f.fferent map 
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was produced of the snow depths at Timmins 4 also for mid-March. A 

comparison shows good agreement between the two maps. 

A depth and water equivalent survey on Timndns 4 shows that 

water equivalents may be closely estimated from snow depth by a second 

order equation. Thus the depth map may be converted into a map of water 

equivalents using this equation in the mapping program. 

The model shows deficiencies, some of which could be corrected 

by future work. The low explanation by vegetation variables could 

possibly be improved. In the case of trees, a variable expressing 

changes in forest density could possibly be more significant. This 

variable would need to be evaluated for different directions. The 

low explanations in early winter is partly due to the discontinuous 

relation between orush depth and snow depth. A better explanation 

could be achieved by limiting the range of brush employed in the 

. equation to the range where the relationship exists for each partiau-

lar point in time. The irregular pattern of the accumulation during 

the transition period is difficult to predict but a somewhat better 

result could possibly be achieved using a variable representing dis-

tance from ridge crests. Residual mapping indicates the need for a 

different variable to account for effects of northwest winds. It is 

apparent that a linear relationship between terrain variables and 

snow depth uannot be assumed and a further investigation of the func-

tional relationships should be made. 

In summary, the study has provided insight into an aspect of snow 

accumulation which has previously received little attention. A con-

sideration of the sequence in which the snowcover accumulates may aid 
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in exp1aining a number of phenornena such as patterns of permafrost, 

semi-permanent snow beds, or variations in runoff from one snowme1t 

period to another. 
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COMPUTER MAPPING PROGRAMME 

DESCRIPTION 

This computer mapping program is written in Fortran IV. The 

present version is intended for use on the IBM, System 360/75. The 

program may, however, be used on other systems with facilities for 

multiple overprint. The program is useful for mapping any data 

collected on a square or rectangular grid. Two types of maps may be 

obtained. The first type is a printout, where values within specified 

class intervals are represented by a letter symbol. In the second 

type of map, the mean and the standard deviation of the sample are 

calculated and the mean, the mean plus one standard deviation, and 

the mean minus one standard deviation are used as class limits. The 

output in this case is a greyscale comprising four classes and pro-

duced by multiple overprint of different combinations of symbols. If 

the width of each map does not exceed 65 outprint characters horizon-

tally, both types of maps may be printed side-by-side. If missing 

data exist within the sample, such points are indicated with a parti-

cular symbol on the maps, providing the value of the missing data has 

been specified on the specification cardo 

COMPUTATIONAL PROCEDURE 

The input data are stored in matrix A, which in the present 
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version, is dimensioned for 21 data points vertica11y, 7 points 

horizonta11y and 13 sets of data to be mapped. The mean and stan-

dard deviation of one samp1e is ca1culated and this set of data is 

placed into matrix C, which has the vertical dimension equal to the 

number of lines comprising the map. The horizontal dimension equals 

the number of dàta points horizontally. The data is placed into the 

matrix, corresponding to their position in the map, and empty spaces 

between data points are filled with values through linear interpola-

tion vertically. By scanning matrix C and performing equivalent 

operations horizontally, the operational vector D is generated. Vec-

tors E and F are output vectors, which are filled with symbo1s corres-

ponding to the values in vector D. These symbols are initially read 

from the first specification card and stored in storage vector S. 

USAGE: 

The deck setup ls: 

1. program, 

2. Two specification cards, 

3. Data sets. 

The first specification card should be punched as follows: 

Col. 1-7 S-should always be -OMW 1 (symbols for map type 2). 

8-40S-A B C D E F G H •••• or any map symbols desired for map type 1. 

41-42 N-Number of data points horizontally on map. 
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43-44 M-Number of data points vertically on map. 

45-46 NH-Number of characters per data point horizontally 

(i.e. D ••••• D •.••• D gives 05 in Col. 45-46). 

47-48 NV-Number of characters per data point vertica11y. 

49-50 MN-Number of maps with corresponding data sets. 

51 MT-Map type, 1 of type 1, 2 of type 2, 3 if side-by-side 

printout ~s desired. 

52-55 DM-Indicator of missing data (same as on data card). 

56-59 CW-Classwidth for map type 1. 

60-80 FO-Output for map (a1ways 1H , l31A1). 

The second specification card contains two output formats and the 

input format for data. 

Col. 1-12 FOO-Multip1e overprint format (lH+, 13IA1). 

13-32 FOD-Output format for side-by-side outprint (lH+, 6IA1, 5X, 6lA1). 

33-80 FI-Input format for data. 

SCALING OF MAPS: 

The desired scale of the maps is obtained through changing the 

values of NV and NH. Ordinary IBM printers have 10 characters per inch 

horizonta1ly and 6 characters per inch vertical1y, but other v-erticat 

spacings may be obta!l1.ed if specHied on / /EXEC. SETUP-Card. 

DIMENSIONING: 

Only matrix A and C need to be adapted to particular problems. 

TI1.e dimensioning is done as outlined in the description of the computa­

tionai procedure. 
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APPENDIX II 

SECTION OF COMPUTER PROGRAM 

GENERATING TOPOGRAPHIe VARIABLES 
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1 +2' +A( 1.3 • .I-]'tA( t-3,-:;-iJï+A( 1 +" • .1-'" +Â( 1- •• Jt., .ic 1.5 • .1-5 ; ... ·i.:iï:.s; J 
I.S1 .A( 1 +6 • .1-6' +AC 1-6 • .1+6' +AC' +7 • .I-7'.AC 1-7 • .1+7"'150.0'1+50.0 
RI KI",3. ,=( AC 1 • .1' -C (AU .J,+AC 1 • .1-1' .AC 1 • .1.1 '+AC 1 • .I-2'.A( 1 • .1+2. +AC 1. 

1.1-3 ,.AC 1 • .1+3) tA( I".J-.'+"C I • .I+.,+AC 1 .,,-5'+AC 1 ... +5' +AC 1 • .1-6'+"( l ,.1+6 
l' +AC 1. J-7t.A( 1 • .1+7' tI'15.0' ,.50.0 

Il 'K .... 15. -C AC' • .1,-( C AC' • .1' tA( I-I.J-I '+A( 1 •• ,.1+1' +A' 1-2 • .1-2 I+AC 1+2 • .1 
'+2' t AC I-J, .1-3 t .AC 1+3 • .1+':" +A C '-" • .1-.' .A( , .... .1+4' +A ( 1-5 • .1-5 ,+A( I+S • .1 
;t+s' tA ( 1-6 • .1-6' +AC 1.6 • .1+6' +AC 1-7 • .1-7' +A( .+7 • .1.7' , l' 15.0' •• !JO.O 

tHKH. 16'-' AC 1 • .1 '-C C A( I.,JI+A( I-I.,JI.AC 1'-' • .1' +A( 1-2 • .I, .. AC 1+2.'" +AC'-
1" • .1, +AC 1 +3 • .1 '+A( 1-4 • .1' +A( 1+" • .I,+AC 1-5 • .1' +AC 1+5 • .1. +A ( 1-6, J' +A( ,,,6,.1 
2' +AC 1-7. J'+AC 1 +7."1 "15.Q' '+50.0 

BItcH."17':I C (A( I.J'-AC 1-1 .... ' 1 ,-C ( CA C 1 ... ,+A( 1-1 • .1+1 '+AC 1.' • .1-1 '+AC ,-
12 • .1+2' +AC t .,. • .1-2' +A( ,-3 • .I.:1'+AC '+3 • .1-3' "7.0,-C CA" • .I 'tAC 1-1 • .1+ l' + 
2A( 1 +1 • .1-1 '+AC t -2 • .1+2' +A( '+2 • .1-2' +A( t- 3 • .1. 3' +A( 1-.... +"" /7.01' .+50. 
JO 

A (kti.3'" -CC AC' • .l'-AI 1 .... 1' J-C «(AC' • .lI .AC 1 • .1-1 ) +A( 1 • .1 •• '.A Il • .1-2 '+A 
• CI • .J+?".AI 1 • .1-] '+AC 1 • .1+3' J,'. o,-C (AC 1 .J'.A( 1 • .1+1' +AC 1 • .1-1 '+AC 1 • .1-2 
?) +A ( 1 • .1+2' +AC 1 • .1+3' +AC 1 • .1+." '7.0' , ) +50.0 

D(kJ.i.:t9' -C C A( 1 .J'-AC 1 ••• .".1» '-C (C AC 1. J, +AC 1+1 • .,,+1 I.AC 1-1 • .1-1 1 +A( 1+ 
12,.1.2. +A( 1-2 • .1-2' +AC 1 +3 • .I+3'+A' 1- 1..1-]" 1'7.0 '-C (A CI • .I,+A( 1+ •• .1., , + 
2AC 1-1 • .1-1 '.AC 1 +2 • .I+2,+A( 1-2 • .1-2' .AC 1+3. J.3,+A( 1+4 • .1+'" "7.0' 1 1+50. 

'0 
!"lCKM.AD I-=C (AC I • .I'-AC 1 +1 • .1' '-C ('AI 1 • .1 I.AC 1.1 • .1 '+A( 1-1 • .I,.AC 1"2, .1' +A 

1 (I-?,.I' +U 1+3 • .1 J+A( 1-:5..1' '1'7.0'-C (AC 1 ... ,+AC '+1 • .1' +A( 1-1, .1 '+AI 1+2 • .1 
2' +A' 1-2. JI +AC 1 +3. J'.AC .+ .. .1" '7.0" '+50.0 

,.4(" ..... "1' -C (AC 1. J'-AI 1+1 • .1-1' ,-cc 1 AC 1 • .I,+A( 1-1 • .1+1 , +AC 1+1 • .1-1' +AI 1-
12 • .1+2' +AC It2. "-2' +A( J -3 • .1.3' +AI 1 +3 • .1-3' "7.0'-( (AII • .1 '.AC J-I • .I+ 1 , + 
éI'" '.1 • .1-1 '+A( 1-2. "+2' .AC '.2,J-2'+~ 1+ 3 • .1-3' +AI 1 + •• .1-4' '1'7.0" '+50 • 
• ~O 
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itëit~-;4l2ï';;( fA:« 1 .JT=.i.('ï"';J~1 »,-( «( AC 1 • JI .Ai 1 .... 1 hi( i. J+. '.AC l ,,,,':2'.A-
1 CI. ,J+ZI .0\' l, J-'] 1 .AC l, .1+3. "1.0'-( (AC l ,.JI+A( l ,..1+ 1) .AC 1,.1-1 I.AC 1 • ..1-2 
21 .AC 1 ... +2' .AC l ,..1-3 '.AC 1,..1-0\ "/7.0) , 1 +50.0 

rH." .... '1,=. (AC 1,.1'-"'11-1,.1-1' J-C ( AC 1. JJ +A« 1+1. J+l ,+-Al 1-1. J-l ) •. " 'f-
l'?' •• ,,?.') .Al 1-2 • .1-2' .AC 1 +3 • .I+3'.,t" J- J, ..1-3) '/7. 0'-( '4' J,JI .AC 1+1 • .1 •• ). 
?.\, 1-1,.1-1 '+A( '+,., .1+2 '.A' 1-?,J-2J .AC 1-3,..1- li .. AI 1-4,,J-4') 17,0) J 1+50. 
30 

eCtor'i.44 ,=( (AC 1 .... '-AC 1-1,"'» ,-( ( AC l ,J) .AC' +I,J'+A( 1-1 ,..11."'( '+2. J).A 
1« I-~. JI .AC 1+3. J,+A( I-J,'" '1'1.0'-( (Al l ,J I.A( 1+ l, ..1' .Al 1-1 • ..1 HAl 1+2. J 
2' .AC [-2,.n +-AI 1-3 •. .., .AC (-4,.1)' /7.0' ,'+50.0 
J4(kl"h.~H'=( Ali.'" ,-(<< AC' ,J,+A( l-l.J+1 , .AC 1+ t • .1-1) ."'( 1-2 • .1." '.A' I-:J.J 

I.:U'I''S.O,'.SO.O 
OCttH.4bh(A( 1 • .1'-( (AC 1 • .1)."( l ,.1-1 I.A( 1 • .1 •• '.A( I.J+2,+A( t .J+J' '1'5.0 

,) ,+50.0 
R(K .... 4U::( A( r: •• "-C (AC 1 • .11 .AC 1-1 • .1-1) +A('." .1+,) +AC '.2 • .,+? ).AC 1 +3 • .1 

1+:"'I'S.O".SO.O 
OUCH. 48 .'=I( A« 1. J J-C (AC 1 • .1 I.AC 1-1 ... ,.A( ,." J' +AC 1+2 • .1' ."C 1+ 1. J' 1 1'5.0 

1 1 HSO.IJ 
·j(kH. 4Q ,=( AC I.,J )-C (AC 1,.1'."1 1-1, .. + •• +AC 1+ 1. J- 1»." C 1-?,.J+2 "AC 1+2,.1 

1-2' +"1 I-.J,J+:\ 1 .AC 1-4,,,+41 '1'7.0 J' .50.0 
ACkH.S·:» =C AC 1. J'-CC AI r:, .1' +AC I,J-I 1 .A( 1,.1+' J.A CI, .1-2) +-AC 1. J+~I +A' l, 

1.1+3 '.A( 1 • .1+4) ,/'r.o) '+50.0 
DCte,",. 51':r1 AC 1. JJ-C 1 AC 1,.1 ,.A' 1-1 ,.1-1 ) +AC '.1, .1+1) ... 1 1-2 • .1-2'+"( '+2." 

1.2' +AC '+J.J.l) fA( 1._ . .1 •• ' )1'7.0' '+'50.0 
OCKH,C;2 '=1 Ail, .1 J-C 1 AC 1 • .1 I+AC 1-1,.1' +AC '+1. J'+A' 1-2,.1' +AC 1+2, J. +AC 1+ 

1.1,.1 '.AC 1 +4 • .1 111'7.01'+150.0 
tHkt-t.i'11 =( AC 1. J'-C (AC l ,.1 I.A( 1-', .1.' 1 .AC 1+.,.1-1 , +A C 1-2, .1+2 I+AI 1+2 • .1 

1-2) +AC 1 +] .... -3'.AC ..... .1-4) 11'7.0' '.50. 0 
'lCkH.S.,=(A( 1 • .1'-( (A(I.J)+AI 1 • .1-1) +AC 1. J+I.+AI l ,.1-2'."( l, .1+2. +A('. 

t .1-] '+AC 1 .... -4.11'7.0' '.50.0 
HCKH. 'S'S ,:::( A( l ,.JJ-C (A( l''''+A( I-I.,J-I» +AC 1"', .1+ l' +A' (-2 .J-2)+A( I+~. J 

•• 2) +A( I-"l. "-3' .AC 1-". "-4' '1'7.0)>> .50.0 
()(KI-t.S& .=( At. (1 • .1'-( (AC 1 .... +A( 1-1. JI fAC 1+1 ... 1 +AC .-a. J' "AC .+2 • .1 •• A( I-

1" ..... _' 1-4.,J' .1'7.0".50.0 
'l(Kt-1.57,=( AC 1 • .1 '-C CAC 1 • .J,+AC 1-1 • .1+ •• +AC ••• , .1-11 .A( 1 +2.,J-? )+AC 1 +' • .1 

1-:"11'5.0' '.50.0 
li (kth 5"\.::: (AC 1 ... '-C« AC l, .1» .A( 1 • .1- 1 • +" ( 1 • .1" 1) +A CI • .1-2 •• "( 1 • J-:" , 1''5. a 

,) ,.0;,0.0 
11 (Kt-1. 5.)'=( AC 1. J. -( (A( 1 • .11 +A( 1-1 • .1-1 •• AC'. 1 • .1+ t, +_ II-? ,J-2 I.A( 1-3 • .1 

1- li 11'5.0.'+SO.O 
OCKIt.ftO'=CA( 1. JI -( (AC 1 • .1' +A( 1-1 • .1, +AC '+1'''1 +AC 1-2, J) .AC 1- 1 • .1 1 '1'5.0 

Il '+50.1J 
'100 CONT 1 NUF 

..,QI T!:C 6.3'1) 1 IHf"ATl(J ... , .JJ=I.IO) 
")(1 20 j 1:1." 
002"1 "=I.N 

?OJ ACI .J'=t1( 1 • .11 
L"=O 
CALL WPPIr-.lT'A.N.\4.L.A, 
)("4='" 
no 234 J=I.N 
OCi 204 .1 .... =1.10 

706 "'''1.1'''.=0.0 
JN=O 
15.T=0 
l!il =0 
ISK 'PI=O 

?05 xx ... =O.O 
')0 206 .=1 .... 

20tl "a:X-=XXI(+AC, • .1, 
DO "07 K=I.IS 

201 aC ... ,K .=0.0 
QIJ.I '=XI(XI'KM 
00 ,.0-:1 I=I.M 
")1.1. 2.=Q( J.?, +, C AI r: ,,,,'-OC .1.1' ' __ 2' 
QIJ,1 ':0(.1.3'. CCA( l ,.11-0( ... 1' ,._" 

,"OR IlIJ.4,='UJ,.,+(IACI.J'-OCJ.1 1' •• '" 
1')(", ,SI=QI J, 2.1'( X"'-I .01 
Ol.l.ft '~C XMeOC .... ], ."C (KM-I.O) _CXN-a.O). 

;OO~ DC .1.7 '=CXN_' C 1" ..... 1.0. -oc .1.4) J-C C .'.O.C""'-I .0' Je, ''le .1.2) •• " )l'KM.)>> II' 
Il (X'l4-I.O' -, KM-?,.O'_( XM-.3.0., 

(JI J.R' =( oc .1.6' II'I QC J. SI_SORT (OCJ, 5). , 
QI .1 .QI =0( ... 7,,( a( .1.5 ••• 2) 

~'J. l 'J J =( (6.0.1("'.( X"- t.O" 1'( (X,",-? ('1' ec XM.I. a'.' x· .... 't. 0'. 
r)C.I.1 1 1 =C (24. O_XII •• t (XM-I.O, •• 2» 11'( (Xlot-.3. O).t ."-2.0'.' J(M+ J. 0'.( .M. 

1';.('1. 
'l(.J, 12' ;5QRTC QC.I. 10" 
0(.1,1 '1,=S,JRT(Q(,J.II'I 
01.1, 14'=QI,J .R. l'a( J. 12' 
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LEGENO: 

25 SNOW OEPTH SURVEYS FOR 
60m. )( 60m. GR/O. 

NUM8ER OF STAT/ONS /47. 

SNOW OEPTH lN MErERS. 

Figure 10. Depth inerease al: 147 
snow stakes. 


