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7 from selec/erl observation stalions across Canada. 

between s r ~ o ~ u  densily arad naeteorologiral variables, 

ruitad velocil!~ and air letnperalure, are discussed. 

snow densily tlala, the insulating v i i l ~ ~ e  of stlow covers 

revions i n  Canada a7.e listed. 

!I47 D2Yl';l on scvcrnl won. char:lcteristics havc 
ecll obt:~inccl from selcctcd stations across Canada 

untlcr the :~uspiccs of thc ..lssociatc Conlnlittcc on Soil and 
Snow LIcchanics and through tlic co-operation of the 
Division of Building Rcscarch, N:~tional Rcscarch Council, 
the I1/Ictcorological Ilivision, Ilcpartincllt of Tr:~nsl)ort, 

ncl a numbcr of private con~panics. The snom observations 
rc taken in noodcd arcas protcctccl froill n.ind :~ntl in arcus 
ere the snon7 c0vc.r \\las csl~osccl to wind action. Figurc 1 

lows thc location of thcsc sno\v survry stations. 
Snon; density mas one of the ch:~ractcristics measured nit11 

the Standarcl Snon Kit  dcscribccl in a p:~pcr by I<lcin, Pcarcr 
and Golc1.1 Snon- clcnsitics n.crc obtainc~tl by inserting :L 

250 c.c. sampler horizontally into the sno\t7 profile and wcigh- 
ing thc snon sample so obtained. S:~n~plc,s wrrc t:ll;cn in the 
diffcrcnt sno~v l:lycrs from the ground to tlic s ~ i o n  surfncc a t  
~vcckly and tn.ic,e-monthly intervals. 'l'liis rcport 3nalyscs 
thrsr s11o\v density obscrvatiolls and shons lio\v sno\v density 
varies across Ct~nutla. In addition, thc relationship bctmcrn 
snow clcnsity, thermal conductivity of snonr, heat flow from 
the ground nilcl climatic factors will bc cliscussetl. 

Thcrc havc bccn sevcml stuclics2.3~ i ~ 5 ~ G  on tllc thcr~nal  con- 
ductivity of snow covcrs. :Illnost all the formulac clcvclopccl 
indicate that  thcrinal concluctivity is somc function of snow 
density. This is undcrstanclablc :IS loose snonr contains 
more air spaces than clcnse, compac.trc1 snow. Sincc air is :L 

poorcr conductor of heat than icr, any incrrasr in thc 
quantity of the air in the sllonr brings about :L tlccrcasc in the 
thcrn1:~l conductivity. 

Unfortuli:~tclj-, thcrc 11i~vr bccn frnr stnclirs of snon. 
density on :L rrgionnl basis. 1)mitrieva' has rcportctl on 
snow dcnsity or1 a rcgional basis in the 1J.S.S.R. but his 
findings do not ncct~ssarily apply to North American con- 
ditions. Golcl ancl Pcarcea rcportecl on sno\v characteristics 
across Canada in 1950 i ~ n d  incluclccl some observations on 
snovT clc~~sity. Golcl and l17illinms~ prrscntecl some informa- 
tion on snonr d e ~ ~ s i t y  to  the 13th (1956) annual mcc,ting of 
thc Eastern Snolv Confcrcncr. Tlicsc contributions do not 
present, in convenient form, sprcific information on snow 
dcilsity ~vhich woulcl bc of value to an enginrcr in such 

*Research Officer. Divisio~~ of luilding Rosrarcl~, XaLiollnl Rcsr,~rch 
Council of Canada, Ottalra. 
Paper reccivod 14 August 1037. 

l~roblcnis as snon. ctlrwing, snoiv loatlil 
a t  the ground surfncc. 

The 12elationship between Snow- Density and 
Meteorological Variables 

tlcpentlrnt on the history of thc rryst:~l 111 thc ail 
the major portion of the clcvclopmcnt of thc cryst 
t~loucls ncll abovc thr ground, thrrc ncrcl bc littlr 
I)rt\\ ern mctcorological contlitioi~s n hich csist 
levcl ancl tllc proprrtirs of thc falling snow. I11 moun 
regions, ~vherr  the prrcipitatlng cloud is mne~ll c 
observation Irvcl, sonic correlations havc bcc 
tcctccl.l0~l?~l~ Allthough ~nctcorologic:~l c,onditions : 
grouncl may not br rclatctl to t h r  properties of the 
~vllil' it is still in the air, they are very important in 
mining holv sllon. particles arc clrpositcd.1' Of thc  nlc 
logical variables that :we mcasurrcl, nind velocity a1 
temperature apprar to be th r  dorninnnt factors :~ffcctll~g 
formation of t h r  

Onre the snon 15 tlcl)osltccl, thc tl~crmo-clynalnlc p ~ o c  . 
involving thc snow particlc rcvrrscs from onc of grolvth 
one of clccay, callccl n~ctan~olphism. I'ndcr the influcncc o 
a continuously cl~al~ging cnviror~mcnt, thc pllysical pro 
pcrtles of the snon inoclifj Tr~npc~rnturc, gmdicnt 
tclnpernturc, prcssurr, gradients of l~l~rssurc, all a c t  on 
srlon. to  proclucc a mass movcnicnt appcnrlng in t h r  soli 
licluid or vapour phasc.15 Thc resulting c*ontinuous chang 
in t l ~ c  physical properties such :IS tlenslty is particularly 
noticcnblc in the upper layrrs of the covcr. At :L clcptll of 
20 ~111. re:isonabl~ stability is achicvcrl.' LIctcorologiral 
factors determine the ~ n v i ~ o n n - ~ r n t  in ~vllich the rnctnmorphie 
~)roe~css is occurring 

If correlation could bc established bct~vccn snojv 
properties and mrtrorologicnl factors, the problcnl of 
mining snonr characteristics nncl particularly snolv clcnsl 
~ ~ ~ o u l c l  br greatly simplified. Thcn from the cornparati 
abundance of meteorological clata it ~vould bc possible 
dcterminr specific proprrtics of a snow covcr for are  
drnsity measurements have not bc.cn t:tkcn. 

LIa11y clifficiilties coinplicatc tllc problrm of relating sno 
covrr cliaruc2tcristics to climatc. In any onc area incteoro 
logical factors vary from year to  yc:~r. Furthrr  variability 
1s introduced by the influence of topography. vegetation, and 
othcr f:~rtors intimatrly involvcd in the formation of thr  
covcr. This variability makes i t  difficult to assign avrragr 
valurs to the proprrtics mcasurecl. For example 
velocity, temperature, humidity, etc. mcasurrd a t  a si 
not be rcprcsentative of thc averagc nind velocity, temper 
turc, l~un~iclity, etc. nliich exist : ~ t  thr time of inensurcnl 
over the 01)scrvation nrra. 



that  month. The average wind velocity recorded for the 
month might not bc representative of the nrintl velocities 
which occurrccl cluring thc storm. hnothcr esnmple would 
bc the effect of a single clay of freezing rain or thaw nrhich 

ultl have an influence dn the snol~; cover not rcflcctcltl 
the montlily average te~nperature values. 

The IZelationship between Snow Density and a 
Weather Index 

To ovcrcomc some of the difficulties associatccl x i t h  site 
and climatic variations, only data collcctecl during months 
of contini~ous colcl a t  stations with esposed sitcs n7cre usetl 
to determine the first relationships to  11e presented. Sincc 
wind vclocity and temperature appear to  bc the dominant 
factors in the format~on of thr  cover, these clcments only 
\\-err usecl to  calci~latc an index of the climate. 

The air tenlpcraturc ancl 11-incl vclocity data wrrc com- 
binccl into a weather index. Attempts to  relate air tempera- 
ture or mincl velocity separately to  snolv clrnsity failccl to  
show significant rcsults. The monthly air tcn~prratures wcrc 
divided intosix classes: +2j°F. to +15"F.; + l j ° F .  to + j°F . ;  
+ j °F .  to -5°F.; -5°F. to  -15°F.; -1j0li'. to -25°F.; 
-25°F. to  -35°F. n~hich covered thc rangc of monthly air 
tcn~pcraturcs cncountcrecl. The monthly averago wind 
vclocity was tlividecl into six clnssc~s 0-5, 5-10, 10-15, 
15-20, 2G-25, 25-30 m.p.11.. nrhich covcrrcl the r:lngr of 
wind vclocitics cncounteretl. Thc weather inclcs \\.as nlaclc 
by aclcling the class numbers of nincl vcloc~itj~ ancl tempera- 
ture. For example, if thc avcr:lgc monthljr :ur trmpcraturc 
urns 0°F. it  woulcl fall in c1:lss 3 (+5"F to -5°F.). If the 
averagc monthly nrincl velocity iras S 111.p h. it  would fall in 
?lass 2 (5-10 n1.p.h ) Thc ircathcr intlcv for this month 
'n as thc sun1 of th r  t1v0 classes ivhich in this case 0~~11:11~ five. 

Every month was assignc~cl a neathcr intleu, irhich coultl 
be comparrd to an avcragc monthly tlensity. Flgurc 2 
plots thr  average monthly density of the 1ayc.r lying bct~vecll 
4 in. ant1 12 in. froill the snow surface, against the monthly 
wcathcr illclcx for esposecl s ta t~ons.  It is scrn that  thougli 
there is a considcrablc spread in clrnsity valurs for any 
particular inclcs a correlation does (.xist bet\rc.cn these two 
vnrial~lcs. 

TTThcll the monthly averages n.crr calculatecl for shcltcrctl 
s t :~t~ons and plottcd against thc weather incles for the month. 
little correlation was found. This is because nlost of tb r  
shcltcrecl stations arc locatecl in a part of Canacla subject to  
weather fluctuations that  proclucc nlclting and rain. This 

factor plays a major role in dctrrmining thc characteristic*.: 
of snow cover. 

Both air temperature ancl wind velocity appear to in- 
fluence snonr clensity. For csample, clcnsity valucs a t  Old 
Glory Mountain, British Columbia, ancl Rcsolute, N.TTT.T.. 
are comparable. Yet in a typical ycar th r  averagc n.intcr 
trmpcraturc a t  Olcl Glory Llountain can be 25°F. t o  30°F. 
higher than the average nintcr telnl~craturc a t  Rrsolutc. 
Holvever, the avcragc n ind velocity a t  Olcl Glory 31ountain 

alnlost cloublc that  recorded a t  Resolute. TT'hcn the two 
ctors of wiucl vclocity and alr temprraturc arc combined 
to an inclcs, thc two stations havc conlparable ~rca ther  
cliccs. 
It is not clear how tcmpemture enters into the relation- 

ship. 13ossolasco~~ has shown that  the density of the snow 
clccreases with clccrcasing tcmpc,rature from 0°C. to  - 15°C. 
ancl thrn reverses this trcnd for tcmpcraturcs below - 15°C. 
I t  may be that the temperature is not the real variable 

tributing less than one inch pcr snon-fall t o  the snow cov 
:I snow cover built up in such small steps ~voulcl have greatel 
opportunity to  bc thoroughly worked over by  tlic wintl. 
Stations with highcr avcragc temperatures are likely to havc 
snowfalls ~vhic~h contribute a cwnsiclerable amount to th r  
('over. 

Snow Density Variation across Canada 

In  ordrr t o  prcsent nlorr specific inforination on snow 
clrnsity, all thc clensity values from dcpths 0 to  36 in. from 
a11 stations were analysecl statistically. Tablr  I shon-s 
calculated values of mean density, stanclarcl deviation, ancl 
thc nunlbcr of density observations a t  each snoiv survey 
station. \\'it11 the n ide variation in ,ztmosphcric conditions 
across Canada it  is not surprising to fincl a ~riclr vn~.iatioil in 
snow density valucs from station to station. 

Thc illcan cleilsities a t  Old Glory, Rcsolutr and  Churchi 
arc 0.369, 0.356 and 0.325 respcctivclg. As snow clrnsity 
apparrntly incrcasrcl by cold tcmpcratures and rincl, i t  
not surprising to find the highest clcnsity valucs a t  Rcsol 
ancl Cl~urcl~ill ,  in northern Canada, ztncl a t  Oltl 
Mountain (7.000 f t .  Icvcl) in southern 13.C. Melting 
pcraturos cluring thc ~vintc~r season can also illcrcasc 

@ E X p O S E v  STATION 

SHELTERED S T A T I O N  

Fig. 1. Map showing the locations of snow smvey observa- 
tion stations. 

Table I. Calculated Mean Density and Standard 
Ileviation for Snow Survey Stations shown on Fig. I 

Mean Standard 
Xumber of Density Deviation 

Observations (gm/cm.>) (grn/~rn.~) 
IXx~osed Stations 
Wi;lnipeg 
Aklavik 
Resolute 
Old Glory 
Ottawa 
Moosonee 102 0.242 0.063 
Wllitehorse 65 0.254 0.056 
Edmonton 42 0.224 0.045 

Sheltered Sta(.ion,s 
Fort Churchill 92 0.325 0.108 
Goose Bnv 110 0.243 0.068 
~ a n i ~ v a k r  82 
Forestville 82 



The stanclarcl deviation is generally higllcr a t  shcltcrcd 
stations than a t  exposed stations. The standard deviation u, 

For example, thc stations in caster11 Canacla-Goose Bay, 
hIaniwaki, Forcstvillc, and Otta~va-shorn a highcr standard 
deviation than in northcrn and nestern Canada. IVinnipeg, 

cqual stantlard deviations. 

I ~ i s ~ l l a t i n g  Va111e of the Snow Cover 

Most investigators have found tha t  thc thermal con- a 

tluctivity, K, of snow varies directly as  the squarc of the 
density. Using ;lbcl'sl formula (I< = O.OOGSp? n-here p is 
the snon density) thc mean density data, and the meall 
density plus or niinus the standard deviation, values for tllc 
mean thermal conductivity, and thc limits bct\vcen nrhich 

3 4 5 6 7 8 9 1 0  

the thermal conductivity n-oulcl lic 70 pcr cent of the tinle, 
nrere calculatcd for locations across Ciinada. These figures 

WEATHER INDEX (w/V -TEMP. C L A S S )  

are tabulated in Table 11. Fig. 2. Weather index related to  monthly density values at 
During the 1035-36 wintc,r, observations made r t t  Ottawa exposed stations across Canada. 

Table 11. I n s ~ ~ l a t i n g  Value of Snow Covers .ieross Canatla 

Cnlclilnled Vnlues JOT Coe.ficienl oJ Thertr~al Corid/~clzuzt~ oJ Snow 

I<* nlean I<* max. Z<* 111111. 
Ca1. I3.t.u. Cal. I3.t.u. Cal. I3.t.n. 

-- -- 
"c. O F .  "c. O F .  "(3. 'OF 

cml.2-sec. ft.2-sec. cm.?-sec. f t . 2 y s e c .  c r n . 2 -  sec. ft. A e c .  
cm. ~ n .  cm. cm. ~ n .  

Exposed S l u ~ t o n s  

Winn~peg . . 0.00053 0.00043 0.00071 0.00059 0.00036 0.00029 
Aklavik . . 0.00039 0.00031 0.00059 0.00048 0.00024 0.00020 
Resolute . 0.00086 0.00069 0.0013 0.0011 0.00063 0.00081 
Old Glory . 0.00093 0.00075 0.0013 0.0011 0.00061 0.00049 
Ottawa. . 0.00052 0.00042 0.00084 0.00068 0.00027 0.00022 
Moosonee 0.00039 0.00031 0.00063 0.00051 0.00022 0.00018 
Whitehorse . . . . . . 0.00014 0.00034 0.00065 0.00053 0.00027 0.00021 
Edmonton . . 0.00034 0.00028 0.00049 0.00040 0.00022 0.00017 

Shellered Sldiorls 
Fort Churchill . . 0.00072 0.00058 0.0013 0.0010 0.00032 0.00026 
Goose Bay. . . .  . . .  0.00040 0.00032 0.00066 0.00053 0.00021 0.00017 
Mani\vaki 0.00037 0.00030 0.00064 0.00052 0.00017 0.00014 
Forestville 0.00038 0.00031 0 00067 0.00054 0.00017 0.0001-1 

gave the follolving valucs for K:  

I< 
Snow Density p "C. 

gm./cm.\al.jcm?. - scc 
C l l l .  

0.20 3.24 X 10-1 
0.2,5 4.38 X 10 - '  

Thesc values, calculated from a numher of 01)scrvations 
taken over two-week periods in Fehruary ~ r h c n  the ground 
surface temperature was constant, agrce within 20 per cent 
with the figures calculated using rlbcl's' formula. 

Obscrvations on snow density and snon- depth sho\v that  
higher densities (cxccpt for mountainous regions) are usually 
associatccl ~v i th  shallow snow covers and extreme wind and 
temperature eonditions (i.e., prairies, arctic barrens). The 
combination of thcsc factors are favourable for maximum 
heat exchange from thc ground to the air. Therefore, the  
ground frost problem is many times more scverc in these 
a rms  than in the tree-belt region ~vhere the snow can 

~lccunlulate to  reasonable tlcpths and wind action is greatly 
rccluccd. I n  forest regions snow bccolnes a vcry effective 
illsulator: i t  is not unusual for the grouncl to rcnlain unfrozen 
or ice covcr on lakes and rivers to be poorly dcvclopcd ~vllen 
the sno\~rfall is appreciable and the snow cover develops 
carly in the season. In  practice. rcaso~lablc values of the 
thermal conductivity of snow in cal.jcm. "C. sec. \vould be 
a nlinimu~n of 1.7 x 10 - I  and a maximum of 6.5 X 10 - L ,  

except for cxposed locations such as on the Prairies, in the 
Arctic or on high mountains 11-hcre valucs ~vould rangc from 
:L nlininlilm of 6.0 X 10 - I  and a mnsimu~n of 13.0 X 10 -'. 
Conclusioll 

The structure of the snow crystals ~ ~ h i c h  arrive a t  the 
ground and the thermoclynamic processes which take place 
within a snow covcr are largely dctcrrni~led by  meteoro- 
logical factors. Holvever, thc problem of corre 
meteorological factors with snow density and other 
properties is conlplcx and unlikely to  bc cxactly deternli 
The tlata sholvn in Figure 2 and Table I can bc used to 



Associate Comnlittee on Soil and Snolv Mechanics, T.M. 
Ottawa 1951. 

1 of years n~casured snolv clcnsity a t  the: 
across Cn,nncla: oftcn undcr aclvcrsc 

IS. This wport would not 11:~vc hecn 
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