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'ABSTRACT " 
, -

... 
, '\ 

Snowpack vefitilation vas studied in the field using a Aev 

snov t~erJilometer of h igh resolution, designed for this, purpose. 

The temperature observations indicate tvo distinct patterns of 

teaperature variations which appear to be caused by ventilation. 
~ , 

One pattern~is nocturnal and is apparently driven by density 

" gradients. The second pattern occurs in daytime and is 

apparently dri ven by 'spatial variations in the surface pressu~!! 
, 

field. Particularly large temporal variations ~p temperatur~ 

vere observed near noon, vhen the stratification of the air just 
" o 

, 

above th~ snow surface is generally least stable. This coincides 
1 

vith the daily maximum teaperature of the near-surface snow 

layers. 

The heat balance cf the snov caver vas measured ovar 
-1 

10-ainute intervals. 7he measurements show that in a dry snov 

cover only a small portion of the absorbed so~ar radiation is 7~­

partitioned 50 as ta heat the snoy caver itself. A Dajor portion 

of the absorbed radiation is used to heat the air above the snov. 

VeJltilation of the uppermost few centimeters of the snov cover \is 

... suggested as an important heat ramoval mechanism in this pIocess 

and ofiers an explanation, of why the near-surface layers of the 
~ . 

snow cover do not melt despite the large amount of solar 
-' 

radiation absorbed. 

The SDOV th~rmometer a~ows accurate measurements even vhen 
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parts of tbe sno, caver are melting. Theraal Events associated 

vith a brief period of,surface and near-surface .eIt vere 

rec~rded, alld show mel twater percolating to the base of the snOll 

caver throu+gh channels Ipresu.IIlably isothermal at 0 degrees C) in 

a snov' cover that vas vell belqv the freezing point. 

the rapid temporal variations ln the temperature of the 

near-surface layers,1 suggest two nev factors that need to \be 

considered in order ta e~plain the aetamorphis. of the seasonal ' 

suov caver. One ts the movement of interst1Ual air vhich 

affects both heàt and lIass transfers. The second facto,r is the 

spatial variation in surface vapor pressure of the ice matril 

that i5 caused Dy rapid temporal variat~ons in tell'p~rature 

colÎbilled vith a large spatial variation in thermal inertia of the 
, 

iee matrix. These tv~ mechanisls may offer an expIa nation of the 

rapid "destructive lIIétamorphislll" of nev snoll that is observed in 

nature but that is not predictable from surface curvatures usillg 

Kelvin's eguation. 
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RÉSUMÉ 

La ventilation d'un couvert de neige a été etudiée en 

utilisant un thermomètre de haute précision, sFécialement 

~ 

.. 

construit. Les variations temporelles de tempéralure prisent la 

forme d'un signal à deux composantes: la première compOSaDt~ est 

nocturnale et apparaît d '~tre causée par des variations spatiales' 

dans la densité de l'ai r in ter stitial.. La deuxieme composau te 

est caus6e par des variations spat ialeS de pression 

atmosph~ri':lues prés a la surface de la neige. Des variations 

temporelles particulierement grandes de température etaient 

observees prés a midi, quand la stratification de l'atmosph~re 

est moins stabile prés a la: surface de la neige et guand on 
'" 

" trouve aussi le tempera t ure ma ximum de la region surficial de la 

neige. Par cet coincidance la ventilation de la neige peut 

actuellement aider dans le réchauffement de la neiye. 

Le bilan thermiyue du 'cou veet de neige a pu ~tre de terminé a 

toutes les 10 minutes. On a pu en conclure gue bien peu de la 

radiation solaiee' absorb~e pdt un couvert sec ne sert ~ le 

. réchauffee lui-meme, mais -1u'en grande partie cette energie 
r 

contribue ultimement a rechduffee l'air au dessus de ce dernier .. ' . 
Il est sugg~ré que la vénÜla tian des guelques cen timètres 

supérieurs du lit servirait de complément,' sinon d'alternative, 

au méchanisme d' absorption en surfdce suggéré par Ohmuray (1980) 
~ 

pouo expli~uer que les couches supèrieures ne fondent pas malgre 
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~es granaes quantités, de radia tion solaire absorbées. 

,Le thermo'm~tre l,nival il permis\j'ldeS b.ervations p5écises 

alors m~me qU'un' paI'ti~\ du lit ét1tt en. t{tain de fondre .. ,_ C'est 

ainsi qui ont pu ~"tre d6 ectes et enregistr~s des incidenta 
1" 

thermiques associès a des ourte~ périodes de fonte à la surface 

1 _--ÀU-cou-v-err ou ilnmediatement\ sous c.elle-ci. Ces -----
,7 

derniers 

( 

( 

indiguent gue de~ eaux de fonte ont pu percoler 
#1 ... 

jusqu'a la base 

du couvert a travers des canaux\~robablem~nt ispthermes 

traversant la ~asse de neige elle m~me bien en dessous du point 

de fusion. 

Les variations rapide~ et ~ l'occasion grandes de la 

temp'ra.ture des couches supé'rie ures suggeren t de u% nouveaux 
, 

processus ~ui devront gtre considérés par qui desire comprendre 

le metamorphisme de la neiye. Il y a en premier lien ~e 

mouvement lui-m~e de l'air gui se repercute a Id fois sur lés 

tr ans por ts de chaleur et de ma sse. Un second facteur est celui 

des variations spatiales dclDS la tension de vape.J1. en surface de 

la 'matrice de glace, résultant de variatio~s te.p~\a:l~'-dj ~a 
temlJéra ture et de var!ations spatiales de II inertie thermique l 

travers la matrice. Ce second facteur pourrai t expliquer l~ 

métamorphisme destructif rapide la neige fraiche que l'on peut 

observer dans 'la na ture mais qui n farci ve pas a ttre e~pliqul par 

It~quation de Kelvin appligu' aux courbures de surface. 
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IHTBODUCTION 
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~ 7here is ODe i~portant question regarding the seasonal SAOV 
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caver t,bat bas so far rElIIained largely unansvered. This question 

CODcerns air move.ents inside the snov cover ~nd may be 

formulated: 1· 

(a) Ooes the wind above the snov surface induce air flov 

vithin the sncv caver? 

Cb) If 50, vhat are the spatial a-nd te.poral chaJ:Acteristics 

of the induced flov patterns? Hov do they relate ta the 

vind above the surface and to subili ty candi tiollS in 

the near-surlace laler~ of the atmosphere? 

. Theoretical york and laboral§ry experiments ha ve showD' that, at 

least near the snov surface, forced, or vind-induced, ~onvection 

is possible. forced convection has also beeu s~o,vn ta exist in 

soils and various auiches. Hovever, to the best knovledge àf the, , 

present author, there has bee~ no ~uccessful attempt ta evaluate, 
... 

through field measure.ent5,· the spatial and tem~àral pattèrns of 

snch forced convection in a natural snov caver. ! , 
~he reason for this lack of success is, at least partially, .. 

found iD the properties of'snav. Snov ls a structu~~lly unstable 

eaterial that makes disturbance-free in~ertioD of any instrument 

1 
1 
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2. 

nearll impossible. 500w i5 a1so, at normal environ.ental 
o 

te.,eratores, guite clese to its triple point. 7herEfore, any 

ther.al distorbance is follove'd bl' a structural disturbaoce 
1 

, l ' 

because ef vapor migration io response to ther.al gradients. 

" 

Ther.al disturbances are "norllally caused by illstruments iuserted 

ïnto a soowcover bec8use snoll is translucent and allovs radiant ., 

absorption by the instruments. Even vithout aOJ radi4Dt 
'II 

absorption, an instrument produces a thermal dis~urbance sinee . ' 
~ts thèraal condoctivity usuaIIy differs substantially fra. that 

of the surroundiog snov. 

The purpose of this study ~s to invèstigaté, br fiel~ 

measurement, temporal fatterns of snoll cover ventilation. 

2. ~g'Qynd to the-IBvestigation 

During a snov SUrie] in a sheltered.baY of Huob Lake, oear 

Schefferville, guebec, the author observ'ed that small piaces (5 -

10 cm iD diameter) of the; surface ItY~[ vere missing as thoùgh 

pluckéd frem,a fev spots on the ethervise sllooth snow surface. 

'" ':l'ine-grained' vind-blown snov had accumulated in a la]er . 
approximately'S mm thick, overlying more por~us, recently fallen 

snov. ~he author bas subsequently observed ~a~y sucb rather . 
, 'V 

inconspicuous features particuiarly in open . , 

~~ ~ ~f'~: 

woodland but aiso in 
1 

a varlet y of other -situations including' snow surfaces 'on :rooftops 

in lIontreal. 
;Il' 

The reason for the aissing surface pieces was'not 

J 
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iaaediately apparent. lt vas not until later tbat the.author had 

the 'apport unit y to observe hov ,the 'sucface '\,ea"ture vas for.ed. 

the feature vas foraed by smaii but ~elative1~trODg vortices 

that li~ted p4eces of the snov ~urface laJ~r a ong t~ei~ ·path. 

PiecEs of~De thin surface layer of vind blovn s 9v vere lifted 

some 20-50 cm into the air, and, probably on acco~t of acguired 

rotatlQn ,and vind shoar. disi;tegrated into a ~uff ~ sn~v grains 

whi-le airbcrne. \ 

It is evidént tbat the surface laler could not be ~ifted 

wi. thout 50'me dislllacellent of air v ithin the snow cover. o .1 .surveJ 

of the literature, however, revealed very little information on 

WiDd Èlduced air/?moveillents in snow. An experillent in a. vind 

tunnel hy Cura ~! sl. .(1967) shoved a relationship .bEtvE!eD the 

,air veloei ty in the tunnel and ,'the air fl~t 5 a. helbv the 
.-. \ ~~ 
n "'\i\. 

snov surface' in a layer of snow placed in the vind tunnel. 

Recently, Beimer (1980) concluded, from an analysis of snov and 

sail temperatur,e variations, that ventilation is important in 

,heat transfers through snov. p 

~he literature on the aeration of soils, a closely related 

topic, is somewbat more plentiful and shovs that vina i~ an 

iap~rtant factor inducing ventilation of soil laye~s csar ·thr 

surface (Fukuda, 1955, Ki.ball, 1970; Kimball and Lemon, 1971)_, 

i 
1 

" ' ' 1 ".--",,,,-~ ..... \ 

The theory of sU,ch motion (Fukuda, 1955; Far.re'l n Al., i 1966: ',--

" Scotter and Baats, 1969) is inco.mplete and has not l1ndergone ' 

adeguate field testing in either sail ar snov. 7he available 
1 
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4. 

do field measureaents of va~or transport by air motion in soils 

(e.g. Kimball and 1.ellon, 1970; 1971) do not pr_ovide detalled 

information about spatial or 'temporal patterns. 

1 The process of wind induced ventilation of snow and soils 

clearly merits attention for it influ~nces l~fe processes in the 

near-surface layers of the sail and beneath the seascnal snov 
~ , 

caver. 1 better understanding of snow ventilation weuld also 

provide a ketter understand~ng af proce~~es influencing-teaporal 
1 

changes of the seasonal SROV caver. At present wind induced 

~ion is not eVEn considered a factor in snow metallorphism. 

l;entilatioD could, perhaps, help explain t~e high rates of 

constructive metamorphism observed in the field tut not 

rep1icated in laboratc~y experiments (deQuervain, 1972). The 

existence of vertical air flovs through the sncw surface would 

aid in explalniny pheEomena such as vind compaction and temporal 

variations i,n snow drift transport dur ing snaw storms. c" Such 
, 

" ~flows would also greatly influence the enerqy Fart! tioning in the 

, . 

i 

near-surface layers of the snpv caver and vould aid in the 
1 , 

explanation of surface crust formations and manr other ret 

une1l'FlaiDed snov caver f'eatures. IIOf more recent concern Is the 

possible atmos~heric filtering action by the snow caver 

If the œovement of air throuyh the snov cover , 

results in the depos~tion of atmospheric contaŒindnt~, then the 

snovpack, as a receptor of a~mospheric faÎlout, must bè 

considered far more ccmllex than is.presently believed. If such 
-~ 
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\ ' 

filteriDg cccurs. aD ~~YSiS of the patter:s of depositioD of 
\ ' 

suitable contallinants ~,Ould yield valuable insight info spatial 
\ ' 

variations in snovpack ~enti~ation. 
\ T 

J suitable ane~o-metric device for in-sllou operation dia not 
\ 

exist at the outsét of this stady. The purpose of the studJ thus 
\ ( 

hecame tvofold. Beiore th~ first purpose of the study could be 
\ 

achieved an anemo-metric device suited40r this particular 
: 

apFlication had to be designed. Close to tvo jears of the study 
• 

vere spent on the development and field testing of different snch 

devices before a succèssful design" vas aècoœplished. The work on 

developing sûitable instrumentation thus forms a substantial part 

of the overall study. 
1 

Initially a variety of hot-vire anemolleters va s developed 

and field tested. 'Solle success vas achieved\,in that air 

move.ents vere detected. However~ a aeaningful intezpretation of 

the observations ~as not possible main11 because the changing 

geometry of the cavity 'surrounding the various devices vas 

unkn"Qvn. 

~he method of detection .. , that vas ev,entually adopted eJlploys 
'\, 

the cbservEd temperature changes in the snov caver itself to 

infer the ventilation Fatt,rns. one pro~lem vith this method is 

that it rëguires snow teaperature measurements of very high 

accuracy and a thermoaetric device that does not significantly 

disturb interna1 air flow patterns or internaI, teaferatures of , 

the snov cover. A thermometric device fulfilling these 
, 

1 

1 

'1 
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reguireaents vas designed as part of the study_ 
, ~-

the organization cf the thesis reflects the arder in vbich 

the.individual sUb-problems vere attacked tbcoughoot the stady_ 

Thus, the theoretical framevork is given in chapter II. This 

.chapter exâmines tbe surface pressure variations induced hy vind 

anp hov such pressure variations may induee air flov in a Eorous 
'j 

mediua. The theory used for the interpretation of air .ove.ents 

from temperatu~e data is also given in Chapter II. Chapter III 

deais vith the experiDental pr~cedure. It explores the 
, ~. >of. • 

theoretical and practical as,pects of snov tellperature 
1 

measureaents and describes the snov thermometric deiice and other 

instruments used in the tie~d' study. The fo~tth chapter gives 

the details of calibrations and data reduetion. The fif,th 
1 

chapter is a descriptiv~ presentation of variations in measured 

and iDferr~d 'luantities such as snov alld air temfera tures, 

in-soov vafor presssures and vind during the measurelleot periode 

It presents a unigue set of measurements, tha t, add significantly 

to OUE knowledge abou,t in-snov events just prior to lIelt. An 
_ .,r'" 1"1,1.~-... ' 

account of some of th~se events has" be~ p~lished elsevhere 

. (Granberg, 1976). 

< 7he fifth and sixth chapt ers analyse the patterns of vind 

induced ventilation, Chapter YII summarizes the conclusions dravn 

from the study and gives a feM suggestions based on the 
/> 

1 
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experience gained during the course of the study. 
'" ~ , 

.? 

4 • ~i~!I .Qi StY511 ~ 
(r 

.. 
.- The present stady could have beeu undertaken in ail, area 

vith a suffioient SDOV supply. The BCGill SUb-Arctic Bes.arch 

station at Schefferville,' Quebec vas,chosen because of recording 

equipment, tools and ather,facilities available at the station. 

The area also ha~ aD ample and reliable supply of snov. 

/,\'l:he instrulDeDt'e,~ site vas located sOlle 100 • east ol the 

.station, within 100 • 'of the screen of the Schefferville (1) 

lIleteorological station, 'which àftorded valuable backup 

infor.atian for the studl. 

, 
i 

; \.\~II 
';:-

, .. .0;. 

The measurements reported,in this thesis vere made in a snov 

co'ver that accUlIlulatéd dur,ing one storm. A seasonal ,snov COVE:!r 

has had a longer tilDe t,o develof and lIay ,therefore be different, 

'particularlY,in regard to the air peraeability of its lover . 
strata, vhich could be two orders of .agnitude greatEi ~han the 

... .. 
per.e~bilitl of the snev in vhich the Fresent measureaents vere 

made. The conclusions made in this study are therefore 

conservative. 1 natural snolt cover vith a vell develope'd layer 

of highlJ ler.eabie depth hoar might vel1 have indicated auch 

greater air moveœents than the present snov cover did. 

"". ,. 

1 
1 - ! 

l, 
l ' 
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C'HAPTBB II 

/ 
THEORETICAL SETTIHG 

air flows pa st an,imperœeable surface, 
, 

air flow have different velôcities and 
. ;' 

" directions ret'a. ive to the sta tionary. surface. The surface 
,/ 

limits motion ta' tva dimensions and therefare the velocity 
1 

c~.ponent perpeDd~culat 'to the surface is redu. d ta zero at the 

surface. ln this ocess momentum is converted 'nta a pressure 

potential that vari ~patially in a fashion dete .ined hy the 

flov. The associated Fressnre gradient is resFons'ble for the 

deceleratiou of air ap roaching the surface and the acceleration 

Of air avay from the su façe. similarly, horizontal radient 

oco.poDents due to"spatial v~\.iations in the. p'ressure p tential 

accelerate and decelerate he tloN horizontally. ' 

if the surÏace i5 not p rfectly smooth, surface pres 

variations are induced through deflections of the flaw by 

surface. In general, the surfac pressure ls increased in 

concave Farts of t~e surface vhere e surface forces the fI v ta 

" curve avay fram its previous direction o~otion. Lo'v pressu es 

are generated in .convEx Farts vhere the s~rfà~urves avay fr 

the direction of the flov, causing the flov ta ad~Y 
. 

ex}?ansian. 

\ 
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If there is rotational motion, vorticity, in the flov, a lov 

pressure .ay be generated at the center of rotatton. Such 

rotation is part of the aechanical turbulence induced hy"aurface 

roughness" Partic~atly strong centers of ~ov pressure can he 
l ' 

generated at the' su.rface (vhen, dur iJlg the ris~ of lover deDsit~" 

air, the flov near the surface, possessing vorticity, Is forced 

to c'Onverge. l' 

The surface pressure field) could, conceptually, be 

subdivided into tvo ca_panent fields, one of vhich ~s 

guasi-stationary and is related té air deflections by surface 

roughness elements. The second component field la mobile, is 

caused by the aore or less,random turbulence of thetair and .oves 

vith the flov. These fields respond differently to variations ln 

atmospheric conditions. ià!le the quasi-st~tionaIY pressure 

field, for a given vind directio~, depends mainly on variations 

in the near-surface-vina speed, the mobile fi~ld, in addition, 

depends str.onyly on the densitj stratification <,in the 
,r \ '\~:.v 

near-surface layer. Dnder stable conditions ver,tical lIotions are 

attenuated resulting in a fairly even surface Fressure 

distr,fbution. In unstable condi ti'ons vertical lIoti~ns are 

enha.nced. Therefore spatial variations in sur,face pressure caD 

be expected to increase vith increasing instablility of the air 
Q 

just abo~e the surface. 

There is not mach. direct information available in the 
\ 

lit~ature ~egarding the possible magnitude of the bc~izontal 

\ 

1 

1 

1 
,1 
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, pressure gradients. Farrel n al. (1966) Ileasured fluet ua tians 

in pressure difference tetveen tvo points at spaeings of 5 cm, 15 

cm and 60 cm on the surface of a grassed area. For a horizontal 
1 vind speed of 500 ta 700 cm/s, measured vith a cup anemoaeter at 

a height of 200 cm,' they found gradients of 0.0025,0.0013 and 

0.00075 cm of vater pressure per cm of horizontal distance 

respectively for the different spacings (as coaputed tro. their 

figure 1 by the present author). The aeasurements vere aade 

Wiing an induction-tYIE diaphràgm pressure tran~ducer. Ho 

/ information vas given about the stabili~l' conditions during the 

Experimente 

When the aobile pressure field moves past ~ point on the 

surface.it is perceived ta be an infinite train of pressure vave5 

of varying waveleng~h and amplitude. Some aeasurements of 

pressure spectra are available iD, the literature. Heasurements 

by Kiaball (1970) indicate that the spectral deDsity (~icrobars2 

/cycle/sec) decreases in a roughlJ linear manner vith a sloFe of 

about -6/3 when its logarithm i5 plotted against the logarithm of 

freguency cver a freguency range from 0.0001 ta 100 cycles/sec 

for ~ll conditions. ~he spectral' density~ hovever, also changes 

markedly vith 'wind speed. In. th'\. fre.queney ranye ircm 0.001 to 

0.1 cycles/sec a SOO-fold incFease vas observeà"'b~tween. one rUD 

vlen the vind velocitj vas 68 cm/sec) and another ~henthe vind 

velocity vas 552 cm/sec. similar results aire reported' by 

HcOonald and Herrin (1975) who report a much greùter paver 

~; ~', \ ' 
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increase in the high-freguency th~n 'n the lov-fre-guency part of 

the spectry.m in, response ta an i~~.~~~~in Wi~d speed. This­

indicatEs t~at the 4orizontal pressur radients incJ:Ease wit4~ 
u \ ' \li 

incrEasihg liind vela~i ty. 

7here ia not enough information in the literature to 

indicate the effect of stability on horizontal Fressure 

variatipns. Hor is there much information regarding the -axiaum 

and the ainimum.pressure in the field under difierent condi~ions. 

Theoretically, the maximum presssures are the stagnation 

pressures for air "parcels tl moving tovards the surfaces. the 

minimum pressur~s could, occasionally, he very lovas in the case 

of the eddies generating the surface erosioo feature descrited in 

the previous chapter. 

The s}atial aspects of surface pressure variations are 

virtually unknovn. spatial information cannat be derived from 

thE spectral information mentioned since it constitutes tiae 

averages of the individual pressure variations. It seems 
\ , 

-
reasonable to assume that under stable conditions the areas vith 

, 
a Fressure above and below average vould be apfroximately egual 

in size. 7hè spatial variations in surface pressure vould te 

slight during stable conditions. with increasing instablility 

the ar~a of pressures less than average vould decrease and the 

flov vould increasingly be characteri2ed by rising lov-den~itJ 

air vith near-surface conyergen.l'.e of air possessing YOrtici~~nd 
" associated spatially c;P1lcentra ted, fairly inteoDse lov-pressures.' 
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. 
The 10v Fressure areas "ould be interspersed vith larger areas of , 

slow subsidence. 
~ 

. \ , 
2. Jndyç~d A~&: Flow in- the 5nov C~ 

(a) fravious wQrk gn ai~=-__ ~~~~~ 

Until fair.ly recently it vas be.liev~d that nQ.! have .. ' ~ 

much influ~nce on air flov in soil (or snov). This la}, in par , ~! 

have been due to Bomell (1922)' "ho èoncluded, froll inductive' ,- ~I' 
1 ê 

reasoning, that diffusion iS,the Bost important aechanisa in the i 

gaseous ex change b~tveeD soil' a~d atmo~Phere. Bovevex. 'I! 

eXfèri.ent~ by Schmidt and teh~ann (1929) and observations of 1 

Diem (1937) led Fuku~a (1955) ta develop a simFle, pIedictive 

model for the effect of vind 9ustin~ss on air movements in soil. 

Farrel ~ s!- (1966) discuss two main limitations of 

~~kudats analysis, DaDely, that it deals only vith the caSE vhere 
- ----...... ~:::-- ..... ~ 

the s~il ls of infinite depth and that it ignores hori20ntal 

gradieDt~~~evelOfed a ~odel vhich assumes that' the 

oscillatiOns of ai~essure ca~ he described as a train of 

sinusoidal pressure va~The model Show~ that vind has guite 

:,an important influence on ga~hange in s~il. ~ha t "ind 
, '--. 

influences gas exchançe., in soils has à'1.so been shovn 

experimentally by Hanks and woodruff (1958) who demonstrated that , 
vind can influence evaforation rates at mgre than 35 ca helow the 

surface of gra vel and straw lBulches. tater lahora tOty 

1 



" 

, . 
H __ ,. h ..... ,., .. " .. _~_~_r _____ .,_~_ ....... ___ ... _."'_ ... ______ . ___ ._ ....... ~.,._ .... _..,. ..... _ ..... __ ~_'_- ~.....,-..-_.,.,...,-s ____ . ______ -., ___ .... __ ..... ~ ... ~~" _____ , ~ ___ ,r 

: f 

1 
1 

! 

Î, 

( 

( 
'\ 

expe~i~ents·by Benoit and Kirkha. (1963) aDd lcla~Ja, and P~ihar 

"p 969) SÙPForted these· results. l,fnu.ber of field e'xperiaents, 

notably Evans, Kraner and schrQe~er (1962) ~nd Kijball aud Lemon 

(1971) havE ,further shcvn that vind ls an iapottant factor ln the 

. "aeJ:ation of soils. \ 

, , 

1. 

One main obje'cticn 'to the aodel by Farrel li M. (1965) ls 

that it trEats the i'llfut "surface pressure field as a va". traiD 

oi:. sinusoidal pressure' fl~ctuations. ,wb!le ventilation bJ ,r~~ 

~o-di.eDsioDal vàve train 'can he aatheaatically expressed »y 
• ~ Q , '\ 

ana~ogJ to a damped wave,\ the description of ventilatioD b} a 
, 

natura1 surface pressure field reguires ao.ore elaborate 
"1. ~~ 

" approach. While a press,ure sensor senses a tvo-di.en~ional liave . '" 
, 

train, t~e three-dimensional nature of the pressure field ls 

evident fro. the previous discussion. The pressure ~ariatioDS 
J. 

sensed, hy the pr~ssure transducer are those paraliel ta the flov. 
'" 

Hovever, tbe, pressure gradients perpeDdicular to the flov. vhich 
. . 

are not seDs~d, are egually important in accelerating the 

interstitial air. 

" 

Cb] the in èuced f&9!' 

When the ,surface and the .ediua. belov it a~e peJ:.ea~le, an -------... 
internal flow field io9 -initiated in rèsponse 'to the surface 

"') pressllr~\\i~'eld. Once a steady-sbl te ~~DdiUo~ ha~ '~een reached, 

.. 

the "flow' occurs in accordance v~ Darcy's lav so that the 

.acroscopic flov velocity, under laainar co»ditions (less thaD 5 

o 

... 
. ' 

D • 

\ . 

i 
l' 

1 , 
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c_lsec in fine-grained SAOV" less than 1 ca/sec in coarse-g~ained 

5novi Bender, 1957) i5 a linear product of th~ air permeability 

and the pressure gradien~. It is i.port~nt to note that this lav 

applies only for the condition vhen the fricti'onal resistance 

eguals the acceleration force. ~he accelera tian force 1s â 

linear function of the ~ressQré gradient vhile the frictional 

re~tance is a pove~ tunction of the flov velacity for anJ given 

air peraeability. There is therefore a certain lapse of tiae 

before a fluid Element in a gi ven porous mediulI' re,aches 

eguilibrium velocity in response to a given pressure gradient. 

This imElies that for a step change in pressure at the surface 

the.r~ i5 a Iapse ,.of tille before the flov field reaches an 

eguilibrîua state, or becomes a potentiai flov field. One 

important consequence of this time lag is that the total 

ventilation rate associated vith a given pressur~ field, as it 

Roves aeross a parous surfacé, might, in fact, 'decrease lIith" 

increasing wind velocity. Thi§ is a resait of, on the ODe hand, 

the lover internaI flov veloei ty a ttained as il. resul t of the 

shorter acceleration time and, on the' other hand~ the shorter 

period of influence and therefore distance of actnal aovellent 'in 

response to a given pressure gradient. A second consequence of' 

this time lag ls that the moveme~t of air iD"response ta the 

pressur~ field becoues more s~,rf~ciai as the horizontal velocity, 

oL the fieid lncreases. 
, 

There is not much informa'tien available regarding changes in 
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the horizontal pressuIe gradients vith increjlsing vind speed. It 

is therEf~re not possible' to evaluate the rela tionshiR betveen 

vind speed and ventilation rate. lt appears probable'howe,er 

that the increase in ventilation rate vith vind speed is aOlJt 

rapid iF the lov velocity range and that the rate of incz:ease in 

ventilation ra te decrea~es rapidly vith increasing vind veloci ty. 

There may Fossibly Even be a net decline in ventilation rates as 

vind speeds increase bejond a, perhaps fairly slllall, cri tical 

value. 

!he peraeability stratification of a snov cover is also 

important to the ventilat~on lIIechanisa. A siaple computation 

us'ing data by Bender (1957) "shows that the air perlleabil.ity of 

the coarse-grained de,pth hoar at the base of a seasonal snol 

cover can té 50 or more times greater than the Fe~meability of 

nelll fine-grained snow of tJle salle density (0.21 g/cm:5) at the 

surface. this indi'cates that a given air flov in thE near, 

surface layers of a naturai snev cover requires a much steeper 
. 

gradient than the same volume of flov near the base of the_~_( 

seasonal snov cover. ~his Ifould suggest t)la t néar the surface 

the flo,v is ,predominantly vertical, controlled by sllall scale 

surface pressure variations, while in t~e depth hoar layer, near 

the base of the SDOV cover, it 'is mainly horizontal and 

controlled by larger scale surface pressure variations. It is 
< , 

a150 likely that spatial variations in surface p~essure rèlated 

to surf~ce drift forms,or loèal-to~~graphic variations induce a 
~-~-~ 
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slow, aore or less hOI:izontal, flov of air in the bot,toll layers 

of the snoll cover. 
\ 

Bedeposition of matter by vapor transfer cau probably also ',,", 

affect the snovpack ventilation m~chanisœ. One ill~ortant affect 

of vax;or transfer !lJ air mov illg in pore spaces ls that vhen tb,e 
• 

air.-abEc".es supersaturated rel:ativ,e ta the IIa,trix, depositio,n by 

sublimation occurs. As a result, vhen ventilation occurs uDder a . . 
steep temperature gradient, matter is transported froll the warll 

part tovarâs the cold. DepositicD occurs vithin the Eores and 

reduces the air, perœeilbility. Thus it apJ?ears that.. the snov 
1 

cover cao Frovide a negative dynamle response to induced 

ventilation under conditions vhen the surface is cansideratly 

calder than the internaI parts of the snoll cover. 

It has been observed that the spatial variations in vapor 

pr'essure caused hl the surface cnrvatures witbin the iee Jlatrix 

are far too saall to explain the rapid initial "destructive 

metallo.rphism" of new11 deposited snow (colbeck, in press). The 

pracess of snovpaek ventilation could, however, pravide an 
1 

alternate lIechanislI that could produce s.patial varia tions in . 
vaFar pressure of the necessary' magnitude. 

Because of variatiôns in mass distribution across iudividual 

snow crystais or within the ice matrix of the snov cover, 

different parts of the SDOV èrysta~ Or iee matrix' will respond at 

\'Jjffe~ent ra tes to a c ha~ge in the ambient air 0 temperature. If a 
-

stellar crystal; is eXfcsed to a c.hange in the telll'perature of the 

, 

• 

, 
-1 
\ 
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sur40unding air, the tbin spicùles of the crystal ~ill adapt aore 

raFidly to the teaperature change than vill the thicker parts of 

'the crystal. If V~lEt t~~ te.pera~~re oscillate betv~R two 

extreae,valùes, the non-l~near relat~on betv~en vaFQr pre~ure, 
< , 

and temperature wi~l cause the thin parts of the crystal to 

~xperience an average surface vapor pre~sure that is greater than 

the aveFage surface vaEer pressare.of ~he thicker Farts. 

cODsEguently, there vill be a net transfer of ~ater vapor froa 

the thin to the thick Fart~ of the crystal. 

SDov~ack v~Dtilation could produ~E )a~idll oscillating 

temperatures of the interstitial air, particularly in the 

near-surfdce layers of the snow caver, where the teaFerature 

gradients are often steep and where the induced flev ls 

predominantl} vertical alld, thus, parallel ta the dirEctlon'~ 

thE steepest temperature gradièbt. veDti~ation of the SDOV cover 

could tbeJ:efore help explain the rapid.i.nitial "destructive 
, 0 

lIetamorphis." observed in nature. ' 

In sammary, a nal~er of interesting features apFear to be 

associated vith vind induced ventilation of'a seasoDal anov 

coyer. First, the stability of the air above the surface appears' 
-

to influence the ventilation such that,aaxiaua vertical'flov 
-

througb the snaw surface occur~ in uDstab1e conditions. In 
." 

/ -
general this coincides vith inversion condition~ inside the snow 

cover. Secondly, there appear ta 'he .ra'pidly diminisbing re'tûrns 

in terms'of ventilation induced hy the aovinq Fressure field in 

,.1 
1 

i . 
1 

i 
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reSl'oase' to increasiag ViDd veloei ty." Th~~11. the, flov. in the 

hlghly Fer.eable bot tom .layer of the snov caver is pJ:o,bably 

lIainll hcrizontal in 'response hotth ta the mobile and the', 
-'l, . ~ ,,,., staticnary sarface pressure fields. PourtUy. redepositioD of 

moisture withiD the snov caver can probably pÀo~ide a negative 

feedback to ventilation when steep teaperature gradients occur in 

the snOll. ventilation may also he important iD SDOV aetaaorpÀisa 
-

in that it can induce steep iii crcscale yradients in teaperature 

'and vaFor ~ressure within the snOll caver. 

, 
3. ~tection of .AiLJg!ellent§..i!L~.2.! 

l 
Air move.ents influence the rate of propagation of beat, 

sound and gaseous matter through the snOll. conseguently 
. . .. .. 

inferences may he made regarding the air lIovemeDtQ usiDg o 

observations of the a.ovellents of heat. sound or 9aseo~s lIatter. 
-

In this study the heat traDsf~rs vere aonitored in order to 
<) 

der ive information about air movements in the snoy. Inforaation 

about air Dovelllents can le der ived in tvo ways, one hy flux 
\ 

separ~tion and the other by simply monitoring rates o! 

teaperature change. 
'. 0 

(a) Con~uctive and non-conductive 9~fluxè§ 

T~e hea~ trans~nov have been t~eaied in considerable 

detail hy several authors, notably Bergen (1963), 'Schlatter \ 

(1972), Goodrich (1976), Palm and Tvei tereid (1919) and Ohmura 

-. ------- ~ .. ~-------'------

, 
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(1980) '. ,1 \. i5' convenie,nt for, the present study to separate t'he 

heat fluxes int~ cond~ctive and non-c~nductive fluxes. The 

conductive fluxes in tais cpntext include the ttansfer of heat by , , 

conduction thro~gh the ice matrix and the void ai~ s,aces and the 
l 

transfer- of heat bJ vaEor diffusion i~rough the air spaces. Both 

of ·these fluxes are predictable from knovledge of the te.petature 

gradient, the therma'l conductivity of the SIlOV and the· 

coefficient of vapor diffusivi ty for tbe giveJl te.~elature. 'the . " 
effects of still air vapor diffusion are norllall! included iD"~-' 

field determined estiJllates of thé ther.al cond octi vi ty of snoll 

and lIay. fer the pr,eSe~UdJ, he i~~~red vi.thout lIucb error. 

The non-conducti ve fluXes,j.nclude solar radia tion, ther.a~ 

radiation and fluxes arising from air .ovements in the snov. The 

radiation tlu1es can be aeasured so_tha~ ~heir tem~oral v~riat1on 

is knovn at àfl times. This makes it possible te separate the 
. 

radiant heat fluxes from the total non-conductive heat fluxes , 

vhich then leaves as Cl residual the fluxe~ of heat arising froa 

air .ovements vithin the snov cover. 

, 
(b) ~estimstion of a~OVeBeQt§-"gl telpetltlke 

~ffects 

The thermal. co.nductivit} of snow can be deterained vith , 
, 

reasonablè accuracJ from field measureaents of teœFeraturé 

gradients and measuceœe,nts of tellperaturè' c~~ge i~ 
aver time. If the snow density is knovD# t~ change 

C 

the snovpack 

in snov pack 
... 

, 

l' 
1 
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heat content can be determined vitb an accurac} that depands 

~argely on the accoracy of the estimate of the snow teaperature 

chan,ge. If multi-Ievel temperature Ileasurellen ts ar~ a vaU-abIe, 

tbe heat flov throogh different leveis of, the snov cover can be' 

deterained. If the temEerature gradient dT/dz a~d the heat f~ov, 

Q, are inown, the'thermal conductivity, ke is calcatated by: 

ka' = 0/ (dT/d2). 2. 1 

This is the effective th~rllal conductivity, averàged OVar the 

period between the successive tellperature measurements, used in 

arder to deterllli~e the magnitude of Q. 

The effective thermal conductivity'wasfound by Yen' (1962) 

, . to be a function of the mass flov rate, G, such that 

ke = 0.0014 + 0.58 G (cal/cllljsec/degree C) 'p 2.2 
- . 

Îor snov of an a~eragE density of 0.426 g/cm3. This rasult vas 

froll a ~aboratory investigation using steady, unidirEctional 

flov. The relationshiF vas te~ted over a range in G iro. 0 .. 001 
~oQ 2 111 

to about 0.094 g/Clll ISf=c. No information outside this range is 

ayailable in the liteJ:ature. Nor is there any information 

regarding the affects of reversaI in flow direction. In nature, 

the fla v of air in the snoll cover is omnidirectional. This 

affects the relatibnship to an un,knovn degree.. It would be . 
necessarl to assume the rèlationship to he valid also for

o 

omnidir'ectional flow. such an assulIlptlon ilia! be j ustifiê& by the 

ve voids of the snow cover which would tend to keep 

in c.10se equilibriulIL with the surround:f"ng' iee matrix 

, 
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at al1. tillles. This latter assullption has sOlle veaknEsses" 

particularly iD that'tbe .• icroseale variations ~n teaperature and 

vapbr pressure are ignc:red. 

1 aotE serions problem in using the flux separation aetbod 

to assess ,entilatioD tates i8 posed bl' the internaI distUlation 

effects vithin the snow column. This effect bas bean discussed 
... ,j -~ 

in the context of soil freezing br oqtcalt(197~).In snov it 

causes unknovn latent hedt transfers tlithin tbe\ snov co.lumn. 

While the lagnitude of this effect is predictable in- idea~ 

conditions, there are at .least tvo'factors that _a\e ~t 
unpredictable in a seasonal sn ow cover. pne is the unknovn aotion 

of the iDterstitiaJ ai<. The second fa~tor is tht Biecke .ùect 

and the unklloLtresE distribution vi thin the ice lIatrix. 

,It-is therefore Dot possible to evaluate, vith acceptabl& 

accQracy, the lIIag01 tude of the air. lIovemen ts in the soov coyer 

using the flux separation li,thod. The guantitati ve esUma te of 
.. 

air fla. thus derrved can, 'at best, be used as a general 

indication of ait _ove.ent magnitude. 
1) 

(c) ,Lili!! pl fi i!lsiça!; or of alI_lo ve Ile pts 
... 

Onl} ventilation, meltwater percolation and te_Foral 

variations in the ahsorption of solar radiation can cause sudden 

teaperature changes in a SDOW cover. All other heat exchanges 
" 

caB ODIy cause relatively graduaI changes in temperature. The 

f..irst and second time derivatives of tellperature should therefore 

, _1 
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be good indicators of te.poral p~tterns Of·sDowpack Yent1lation. 

The theL.al effect of a given volume of air aoving throuqh the 

snow depënds on the direction of aotion and on the steepness of 

the te.peratll~e gradient. A precise, guantitative eva'luatioD of 

air .eve.ents is therefore not possible us~g teaperature 
" 

measureaents. ~he tbermal eff~cts of the air 

ho.~ever 1 be directly Icnitored and càn be used' 

,_ te.poral patterns of sDowpack ventilatioD. ,-

,.., 
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CHAPTO, III 

l HST1Hl tlBHTATI OH 

1. l!!!RJtt@.ture ~SUlsu.t§.!en ts in sngj! 

7ellperatùre lIeasu remen t i5 usualll acco ap lished br aaasuring 

physical changes in a kllovn substance which ls inserted into the 

substance of unknown teaRerature. The measured guantity .ay be 

pressure, volume, eyectric~l resistance ,or perhaps color chaJlge 
. 

and the teDperature of the therœometer substance 15 inferred froll 

tne Il'easured guantity. .Furtherlllore, the assullEtioll ia made that-

the tellperature of the thermometer eguals the unknov n 
. 

temperature. The failure of this assumption ls the 1I0st CO •• OD 

cause of temperature lIeasurement error. -There are a number of 

rea~ons whJ the temperature o~ the sensor may differ frgll that of 

the mediua. In the case of snow, the .ost significant are: 

(a) ~hermal inertia effects 

(b) Badiant absorption br the sensor 

Cc) Beat production by t~e sensor 

'dl Con~uctioD cf heat along the leads of the seAsor f 

J' 

(a) Ih!.I!ùJ,nertis 

If the specifie heat of the sen$or is greater than the . 
specifie heat of the surrou.nding material, then a lag is 

introduced sucb that the sensor vill react aore slovly to 

/ 
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teaperature changes than the ~ rounding .edina. Te.perature 

lIa'xiaa and minima will therefore not he reaehed. \The senso!: thus 

sœooths ~he time-temperature relationship. This lag effect is 
,1 

j 

usua~IJ deseribed cfs a time consta\t as described by fll.o!: exa.ple 
\ 

'Doebelin (1916). The value of the tiœe constant increases lIith 

increasing heat capacity of the sens?r, and vith decreasing 

ther.al conductivity anù specifie heat of the snrrounding aediuia. 
, 

In SDOV, therefore, this error can be substantial. sinee SDOV, 

partl.y heeause of it5 forosity, has both 1011 specifie heat and. 

1011 therDal eonduc~ivity~: 

if the sensor has a specific heat that is less than th~t of 

the surrounding lIedin. and if it is of similar or gr~ater thermal 

condnctivity it will follov the thermal changes of the 

surrounding medium 'vi thout in troducing much error. 
, 1 

(b~ .ru&dis~bsorp.iMu! 

When the temperature sens or îs expased to solar radiation 

tAe sensor absorbs radiation at a rate that deEends on the . . 
ioteositJ cf the radiation and the albedo of the sensor. Th • . 
telllperature ai the sensar increases until an eguilibriUll (is 

reaehed where the rate of heat transfer avay froa the sensor 

eguals the rate of radiant abporption. 

I:6 the sensor is assullled to be an infinitely long cy;linder 

in a homogen~~us medium, then simple geometry gives that th.heat 

flow per unit area at anJ distance frolll the sensor, Q~i is 

( 
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Qr = Q r 

vhere Qo is the heat l~v· per unit area at. the Ettirface of t.he 

sensor and r is t'he distance from the center of the sensa!: 
'\0 

, 
eltpressed as lIultiplef of tbe sensor ,radius • 

• 
70 ac;ç::ommodate this heat flov the tellperature gr.adient .. 

/' . ~ 

dT/dr,' declines with distance away froll the ~~nsôr. Since 

Qr = -kldT/dr) 
o r 

"here k is the thermal conductivity of the llèdiulI, the 

tellpe~atnre rise, Tr, at the sensar reguired to Frodu~e the 

necessary gradients to conduct. avay the absorbed heat cau· Ile 

fonnd nUllerica~ly hJ in~egrat.ing the tellperatuIe changes over 

distance from the sensar. Thus, . . 
Tr J,dX/dr. 

r==1 
3.3 

.. 

The radiation error increases with ~he size of the sen~or, vith 

decreasiny albedo of the 'sen't;or and vith decreasing' therllal 

conc1ucti vit Y of the su.crounding medium. 

Some sensor~ say gene~ate heat vhen the te.~erature is 

aeasured. Such is the case for thermistors or other resistance 

thermolleters. The heating, g (WIhr) is expressed by the relation. ., 

• 2 2 3 h == J. rt = ~ te Ir • Of 

wh ere cr is the sistance of the path of the current 

i is the curren in Aaperes (for ale it is the .ras value) ~ 

e is the applied volta 

.l 
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~ 

t 1s the tille, iD hours, of the flov of the C~t~ t. 
"'-

As in the case of radiant absorption, this heating raJùses. 

the temperature ~f the sensor until an e(jui.libtiulil iE reacbed .~ 
vhere the allcunt of heat conducted,avay from the sensor by the . 1 

in dUCEd telliperature gradient eguals the allount of heat produced • 

• hen thermistors are used in lIed~a thato have a great abilitf to 

conduct or convect h~at avay irolll the sensor, the error induced 

is- s.a~l. Bovever, "hen the therllal conductivity of the .ediua 

is 10v sucb as in snov, the heat generated by a thermistor can 
o 

seriously affect the aecuraey of the lIeasurement, unl~ss special 
'. precautions ,are takeD to minillize the current and the duration of 

measllre .ent. 

The size and shape of the thermistor is of szm importance 
l, 

sinee i t d'etermines the contac t area betveen the berllistor and 

the surrollnding medium and it also determines the geolletry of the 

heat fl.ow away trom the thermistor. 

(9) Conduction of heat.along the leads of the senso. 

If the leads of the sensor pass through zcnes of different . 
-"" 1 t -~ ______ 

tempeJ:a ture,.P the conduction of hea t by the sensor leads 1Ia-y----b~ __ 
, , 

sufficiently large to signifiêantly affect the measurellent. The 

heat input, or loss QI, may be estimated by: 

Q1'" = -ka dT/dx 3.5 
. 

where k is the theorm-a~~nductivity of the lead 

a is the area of the lead and 

, , 
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~~.!.......-

di/dx is ;the teml=eratu~~/g-r-adlent a100g the lead just 
v .______-----

~Efo~e t~~e~ÔÎ. 
, -~------ " 1 

Once ~hÎs guantity h~s been determined, the necessary température 
. , 

change te accomplish steady state condition can be estis'ated 

using a t~chnigu~ sillilar ta that eutlined in· the Frevious .::', 

section • 

. ~ Obviously, the cross-sectional area oL,the lead f8 a priae 
/ 

paraaeteL control~in9 this error, in addition to the Farilleters 

mentioDEd in the previeus section.' Thus, ta .~nimiz~ this error .. _ 

the leads should be ei th:er as thin as possible or th'el shoQld he 

located sa as ta mini~ze temperature gradients along the •• 

, , . , 

(e) S~Ble ad4itional ~lem§ in snov_th§tlloaetry '. "~ When SltOW, temperatures ar'e measured, consideration must be 

" given to the peculiarities of the snoll cover that arise from the ., . 
. . ' ~ 

struc,tural and tharmodynallic .i.D'5tability of snov.. l'or el~.ple, 
. , 

it,is allost impossible to insert any kind of sensor into a snow 

cove~ without seriously 4isturbing the surroundiDg snov 

st.ructur~ 

, 
If the sensor iDduces and aaintains temperatuIe gradients 

~ 

around it, the properties of the surrounding snov will change 

.rapidly in response to the gradien~s. In severe cases a cavitl 
4-.. , ~_ 

, ' 

may develOf around the sansor, in a fashioD si.i1ar to the 

"greenhouse cavity" that Hevelops around tvigs in .snov. 

~he snov cove.r is not structurally stable and settles 
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gradqal~y over time in tesponse to internaI meta.orphism. , ~ 

/ , 

Therefore, hetvefi!n tvo drbitriu:y "points in the snoll there is, 

usually. a slow r~lat'i ve motion. Any perllanent sellSor'" inserted 
v------ ____ 

in the snov vill therefore experieÎiêe---ll.echanical stresses. Whj.le 
-----

the .. aechanical effects o~1 such stresses ir~ easily ilagined, the 

spurious thermal effects that might result in connectiou vith use 

of different seDso~s"are unknovn. 

2. ~2àe P{eviou§lx U§~g Techniques ~n Snoll Ihetllom,trx 

A vide vari~ty of thermolletric devices have been used to 
, ' . 

measure snov temperatures. The devices have variéd depending on 

the purpose of~ the l1easurements. Bader et .~!. (1939) used 

lIercury t"hermometers ta measure teaperature profiles in snoll pi ts 

in thEir time-profile studj of the snoll c~ver. They observed 

tAat radiation heating vas a problem. In recognition of this , 

problell, fine therlloccu~le vir.es have been Ilsed hy several 

subseguent researchers. The "canadian Snov Kit" includes 
,~ 

bi-metal stem thermo~eters vhich are inserte~ iota thè wall of 
-

the snov pit. ~rovidEd the thermometers are inserted imllediately 

after tbe pit has been excavate~, the,measurements should'be 

accurate ta within about 1-2 deg~ees C, depending on the ambient 

air tellperature, the beat capaci ty of the thermoilleters an~ the 

the~4al prcperties of the sno~. 
, 

The settling of the 'snov caver poses prohlems in continuous 
l 'r - n 

monitoring of snov tEmperat ures. Experiments at Schefferville 
'-. 
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have shawn that the settling of the snov cover can cc.pletely .. 
) 

distort a theraistor array suspended on horizont,l steel rods 2.5 
i. in diameter and about 15 cm l~ng. 

. '" 
/ 

7~e rods vere firaly 
. 

anchored in a vood,en post at one end "(P.u .. NiCholson, pers. 

coa •• ). Atvater and La Chapelle (1961) and later Bergen (1963) 

used theraistors attached ta the edge of light styEofoam dises 
. 

whieh vere centered OD a guide vire hy a aercurl contact. The 
1 

guide vire served as one ara of a bridge circuit vhich allove4 

the -~ht of the disc ta he accurately measured. The 
~~ . 

• eascrements hy Bergen (1963) however show a lacK'of detail in 

the daytime temperature readings that aay he attributable to 

radiation error, although this is not aentioned br the author. 
, <!l> 

Attempts at Schetferville to use'-'a_ t~recht soi~ 

teaperature recorder ta obtai multi-level aeasurements of snov 

o 

teaperatur~s failed becanse of t e ~ery la~ge th~raal inertia of 

the sensor bulbs. Tne Laœbrecht corder has aercury filled 

sensor bulps of approxilately 500 g~eight. 

In research in the Antarctic, lO~ tera records of 
\ 

\ . 
multi-level sno~ teaFeratures bave been b~t~innp several 

researchers. Liljeguist (1956) used therm~ou l a'nd multiple 
, 

recorders ta obtain continuous records of sn~w te.leratu~es. 
\ 

soviet expeditions have generalll also used the~.ocouF~es ta 

aeasure snow temperatures. However, DO i~formati~n ls availab~e 
\ . 

r~arding hov control cf the deRth of 'tbe sensor' w1\hin thè snow 

vas achieved. , \ 
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ODe re~ordiDg of soov tem~eratures elteDdi~g into th.'.elt 

seas~ ls teported bl' Kotlyakov (1961). The aethod of 
~ 

measureaent is described as ther.ocouples at 10 cm intervals 

throughout the upper.est meter of the near surface layera and the 

data vere plotted every four hours. r~e œeasuremeuts give a 

pattern of very sudden increase in teœperature throughout the , 

aeasured layer, vhich cau he explained by the dovDward 

percolation of aeltvater. Subsequent sud den drops in teaperature 

helov the surface while temperatures both higher up and lover 
, 

dovu in the ,profile are at the mel tiny point. Cibid, p. \114)' 

cannot be explained b~ one-dimensi,onal heat fl.cv. The observe4 
t\ 

teaperatare changes vere propahly the,resalt of mel~water 

percolatio'n along the sensor arrangement with subseguent 
, 

refreezing br heat loss to surrounding cold sncv. 

Novhere in the literature vere 'SIlOW telDperature. tecordings 
~ 

,found that gave'accurate daytiae reading~ of snov teaperatures in 

near-melt conditionS or in conditions that included aelting 

Events. It became Evident that for the present study a nev 

appzoach to snov teaperature œeasurements vas needed. 
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3. R!§~of the Sn9v_ther,ome~ric Deviee 

, . 
( 

(a) ~ome design ~onsideE4ti9D§ 

fo he usefal for the present st~dy the thar.alletrie device 

-should have an absolute accuracy of bettér than plus or minus 1 

degree C. Tae relative accuracy shou~d be sUfficiently go04 ta 

resclve temperature.changes smaller than 0.01 degrees C iD the 

lover part of the profile and smaller than 0.1 degrees C in the 
, 

upper-part of the profile. TG aœhieve this accuracy it becaae 

~portant ~o consider the folloving factors in addition to those 

previously mentioned: 

1. REcorders available 

2. Matching signal strength vith other 

instruments on scan 

3. Cable characteristics 

li!i!co!ideJj§ 

the recorders availa~le vere Esterline Angus kotentio.etriç 

chart recorders. These recorders accept voltagE analog in,puts •. 

/ 

1 

1 doubl~, 24-point rotary svitch (Pai4child ,.fg.) vas used 

in a continuons 1, rpII rotating lIode to SCiln the variaus SEnsars' 
, ) 

at the instrnmented site. The signaIs vere directed to tvo . \ 

recorders operatinq si,ultaneously either on the 2 and 10 aV 
~ 
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ranges rEs~ectivelJ o~ on the 5 and 20 mV ranges de~eDdipg on 

si~nal conditions. thE operating ranges vere detexmined by the 

solar tnd net radiometE~s that ve~e av,ilable for thE study. To 
Il ; 
op~i.ize systea ac~uracy, the aim in the design of the 

• theraometric device vas a maximum output similar to th~t of the 

ra dioaeters. 

, - el' 
A' 48-conductor shielded telephone cable vas llsed ta lin-lt the 

instrumented site to the recorders in the laboratory. The length 
-

of the cable vas 100 mEters. The resistance of indilidual 

conductors vas 3 O,hms. By pai~in9 of conductors and bJ use of 
(j 

common grounds â l total ~esistance of siightly less than 2 Ohas 

per channel vas accoœplished. Because of the lov catIe 

resi,stance and the lov currEnt in the circui t, errors due to 

thermally induced variations in the cable resistance are 
-

,negligible. The cable (Horthern Electric No. 2486) bas a 

random-twisted conductor arrangement to minimize signal 
, ' 

i~terference betveen different channels. The aluminum shielding 
\ 

of the çable minimizes outsid~ electromagnetic interfe~ence. 

(b)~ ~~~itia!_desig~2-A~g field.test§ 

70 obtain some basic information on temperatu~e conditions 

in the snow, a thermistor cable vith five cyiindrical, 2.S am 

diameter glass bead the~mistors vas·used. Initially the 
! • 

, 

l' 
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thermistors vere encapsulated in thin, transparent plastic . , 

tUbing. This practice vas a~andoned after temfexatures of eight 

degrees above the aelting point vere recorded at 5 ça belov the 

~~urface of a non-melting snov cover OD a clear, sunDy day. The 
, 

reading vas reduced to +0.8 degrees C wheD the plastic tubing vas 

removed.and the beads painted white. The size of the bead vas 

apparently too large ta give a measare.ent free froll radiation . . 
error. A speciall} desigDed.resistance aeter vas used (Jessop, 

1968) v,hich .lIlinillizes the current throllgh the therllistor and thus 

ainilizes the self-heating effect. The ther.iatars vere 

ca~ibrated to an acculacy better than ~O.01 degrees C, using 
q 

ca~ibration facilities at the Barth Physics Branch of the 

Dominion opservatory in ottawa. It i5 therefore belie,ed that 

Dlost cf ,the error vas call,ed by the absorpti.an af soler radiation 

.hy the sensor.\ The heat thus generated COU~a only sloV~1 be 
-\ 

dissipated by the s~rxaundiDg sno~ because of its lov thermal, 

conductivi ty, raising the teaperature of the sen50r. 
< \ 

One af the initial designs of SDOV temperature sens ors that 

vas used concurrentl} vith the thermistor string ~as a string of 

bun,ched 10-junction thermopiles vith sensor levels at 0# 2.5, 

7.5, 31'.5 and 11.5 cm llelov the surface. The device vas 

coaprised ~f iDsulated 36 .WG capper~constantaD vi~e. The string 

vas, .oolde~ into acrylic plastic and painted vhite. To aeasore 

surface temperatures, the individoal upper jonctions of the 

uppermost thermopile vere spre~d over an area of approxiaately 10 

j . 
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CIl rad'lus. Spring action by tbJ nylon-insulated vires hald the 

junctions against the SUOy surface. ~~ design aiso sufferad 
. ~ '" 

froa considerable-radiation error neat the surface. - On vara days 

vith air tEmperatures just belo~ freezing, this lad to aelting 

near the surface and aeltvater percolation dovnwards along the 

string. ~ere vere also apparent probleas vith conduction of 

heat- along the sensor stJ:,ing. 1 The absence of short- te~. slight' 
, , ' 

v~riations in ,teaperature at 2.5 CD belo~ the 'surface indicatad 

that the-thermal inertia of the sensor vas too high • 
. -

To reduce the error caused by radiation and br conduction 
..... 11 

along the sensor string, a thermopile stJ:ing vas designed vhere 

the junctions protruded about 10 cm horizontally fram the .&in 

cable. 70 install this cable it vas necessary to dig a pit and 

to insert the'sensors horizontally into the pit valls. Although 
, . 

the radiation erJ:or and the theJ:mal inertia effects-vere reduced 

by spreading the junctions individuall~ at each level, the a9thod 

generated far too great, a disturbance of the snov pack to he 

practical. 
1 

'10 flïiniai~e radiation error and conduction,- 'à translucent 
-

probe of 8 m. diametex vith 13-junction thermoIiles ~as designed. 
< 

The sensing levels ,vere at 0, 2.5, 5, 10, 15, 25 and 35 Cil be10v 

the surface. The leads from the thermopiles vere packed in 
\ .. ' ~. 

plastic foam inside :~t· hollow stell of the probe. A t the base of 

the p~èbe, at the level of the lovest set df junctions, a 

calibrated thermistor vas embedded in the foam. Although this 

. ,1 
1 
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probe vas reasonably free from'thermal ïnertia error, there vas 
" 

some radiation error iD Evidence just belov the $DOW surface, 
( . 

vi~h à tendency for aeltvater conduction along the prcbe on vara 

daIs. It vas alao apparent from multiple insertions and 

excavations that the ~robe could not be inserted"vith ~ tight fit 

810n9 its e~tire 1ength. Dsua!ly the snov vould c01~apse and air 

pockets develop a10ng part of ,the probe. It vas feit at this, 

stage that tpe conventional aethods of thermoaeter design had 

been exhausted and that a radicall~ n;~ approach ~a~ needed. 

(c) the "'nell snov ther!logeter 
r;; ,.. '* 

The snow theraoaeter ls shown in Figure 1. The aesig~ 
, ' 

incorporates a nuab~r of features which make it suitahle for, 

accurate monitoring of snov temperatures. It cg~sists of ~ 
" 

series of 20-junctioD copper-constantan theraopiles suspended on 

nylon vires vithin a .eta~ frame. Each thermo~le spans à 
"i 

/ 

vertical distance of 5 ca. A't each end about 25 Cil o.f nylon vire' 0 

-
aco •• odate vertical aotion due to settling of the SAOV cover. 

rhe thermocouple vir~used is AWG 32 and the j~nctioDE vere 

tvisted anà soldered. This gives the. a diaaeter of 
o 

-
approximatEly 0.4 mm iDcluding a thin layer of white, ~ieleetric' 

lacguer. ~he radiaticn error i5 soaevhat difficult to~o.pute 

due to the change in effective diameter at the jUDction and the 
. il 

presence of the ~ylon w~re but accordiDg to es~mates using 

cl1indrlcal geometry, an effective diameter of 0.5 •• and a 

'" 
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Figure 1. The snow thermometer. 
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sensor albedo of 0.9 a radiation error greater than 0.1 degrees 

Celsius can occur only in the upper.ost, centiaeter of the anov 

cover. Belov this level, radiation loads, according to field 

measureaents, do not exceed 0.4 Ij/min for the snow conditions 
, 

that prevailed at Schefferville during the experiment. ~he snOK , 

ther.al c9nductivity was coaputed using Abels' for.u~a, assu.iog 
3 a snov density of 0.2 g/cm • 

Because of the geometry of the snow theraoaeter it do es not 

condllct lIIeltva'ter dovnvards. The condu,ction of heat a10n9 vires 

is miniaal hecause of the small gange vire used and is further 

redùced bl the diagonal arrangement of the vires. 

The ther.oaeter is installed by allowin9 it to be buried by 

snovfall.or drifting snow. Since it is not easy ta predict vhat 

dépth of snov vil1 .accumulate it vas necessary· to furnish a 

prograa.ing unit po tbat the depth intervals over vhich 

measureaen t.s are, taken may be al t~red depending on. ~nov depth. . 

BecaUse thermopiles vere used the depth intervals can te extended 

ta· ditferent multiples of·S cm siaply by cannecting ihé . 
'ther.opiles in series. The error introduced by the increased 

~ircuit resistance is negligiblè. 

oThe reference tellx;erature is deteqlined bl usiJlg a 

calitJ:a ted therll~tor a t the l'ovest sensor l.eve!. The 

teaperature differencEs between different s~nsor levels are thea 

added. SiDce the thermistor vas located vithin 5 ca of the 

groulld;snov interface it vas assumed that te,aperature changes 

, 

.. 
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woald he graduaI, and ~at therefore interpqlations bet,,'eea 
~ /. 1 

ioter.ittent readings of the theraistor vould be sufficieat to 

provide an accurate reterence temperatur~. This, assuaptioD vill 

be further discussed iD Chapter V. 

ln the design 20 junctions of'the upper and 20 junctions of 

the lover thermopile alternate at each level. This gives a 

reasonable certainty that both thermopiles aeasure the sam. 

average te.perature at eac~ level. iithin a snov cQver there are 

aicrothermal variations due to the surface curvatures of the iee 

jaatrix (Colbeck, 1913)·. When the teaperature sdn sor is saall, as 
1 

lin the present case, the aeasu)red 'tellperature cao vary Slightly 
, 

jdepending ,o;n the chara'Cteristics of the ice matrix close to the 
~ 

sensor. There lIlay a15,o De slight local variations in tellperature 

due to spatial iohollogeneities in the thermal Froperties of the • 

snov caver. 

~he number of junctions per thermopile (2 x 20) also 

aseertain that calibration differences between'individual 

theraopiles are ainimized. Although great care vas taken in the 
. 

manufactare of the ~hermocou2~e JUBctions, it is impossible ta 
, . 

make the all identical vith regard to electromotive force. When 

a .large DU 

variations 

of junctions are used in a thermopile, individual 

averaged over the total nu.ber of junctions. Thus 

a therm ile can œeasure a "given ~emperature difference far.ore 

accurate~ than 

.ithout~ SPé\l 

a single pair of thermocouple junctions can 

calibration. 

, , 
\ 

" 
1\ 
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. 
Ilhen thermocouples .are used i t ls essential t'o .îDiai%e al1 

other potential sources of electromotive force in the circuit. 
1 

W~enever cables are joined, ,ei ther by Flugs of lIaterial 
. 

dissiailar to that of the cable or by soldering, it is essential 
~ 

that each pluy or joint is kept at a spati~lly even teaperature -, 

othervise an'electromotive force lIal be induced. 81 th~r.al1y 

lnsulating the joints, temperature differences acr\ss tÀea caa be 
eliainated. The cable leading to the.recorde~s !~s shieldsd to 

pre vent electroaagnetic interference. The aetai fra •• of the 

·snav theraolleter helped eliminate possible electro-potential 
1 

gradients through the snov. Such gradients can possihly be 

generated as a result of snov driftinq" 

, In addition to 6-1eve1 temperature measureJlents in the snov 

on a ainute-bI-minute basis, the following measurements vere 

made: 

(a) Snov surface tellperature (lleasured once per minute) 
, . 

(b) 3-1eve1 air teaperature (as above) 

(c) let radiatioD (as above) 
o 

(d) 3-1evel in-snov solar radiation (as above) 

'(el Beflected solar radiation (as aboYe) 
. 

(~) lncoming solar radiation (continaoqs recorâ) 

(g) iind velocity (contin~ous record) 

(hl 3-1eve1 vind speed (intermittent) 

1 

1 

1 

1 

~I, 
1 
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q Beteorological observations from the nearby Schefferville (A) t 

. _ 't. . 

. 
m~teorological station vere also available as backup inforaation. 

1 ~' 

(a) Snoy surfaçe tell pe.t:a tUJ;:e 

The spov surface temperature vas measured uSing a 2 x 

S-junction thermopile, one.end of vhicb vas encased in a high 

/ thermal inertia devic~ v~th a calibra ted "tjherllistor. The 

~ 

. 
individual junctions at the other end vere spread out on the snov 

surface over an area of about 20 cm dialleter. The theraopile vas ~ 
l 

manufactured from 32 AWG copper-coBstantan vire, tvisted and 

soldered and painted wh~te vith electrically insulating paint. 
, ~. 

The tvisted ti'ps, about 5 JIll long vere insert~d into the snov 
t <' 

until the !-shaped junction vas flûsh vith ~he surface. 

The uncertainties associa~ed vith the,measurement of surface 

tellr'Fe,ratures of sail, vège~ation and vater are quite weIl knovn 
1 

trom the lite~ature. 'Barlatt (1967) provides a good summar} of 

the errors inhére,nt in different measurement methods. The snov 

surface tellperatures mal be slight'ly less pr,one to erIor because 

of the high Albedo and the porositl of 'the surface. 

ihe radiation error, compoted according to the Dethod 

outtined earlier in this chapter, is, for ~ thermoco~le of this 
, 
~. 

size at a radiation leve.}. Qf 1 ly/min, apP,J:oxilldtely 0.5 degrees' 

C for homogeneous sllov'of a den5ity;of 0.2 g/cm 3. Howeve!=. 

sinee half of the medium 5urrounding the thermocouple is sno~ and 
(\ 

half is .air, so~e uncertainty i5 introduced. because of the 

1 • C .~ 

1 
, ' 

1 

1 
1 

\ 
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va~~le ability of air ~to transport'~eat avay frol the sensor~ p 

It is'estimated that in carm cODditi~ the error mal be as auch 
lat. , 

as l' clegree C, provided the contact betveen the sno" and the 
"0 " . .: -

sensor ,is good. If it is not good, the error maj be greater. 

~he .axi~u. error may therefore be approximatelj +1.S,to +2.0' 

degrees C in perfectlj cala veather. The error decreasesQvith 

increase'd ventilation pf the sensor. Durinq the period of 
· . 

lIeasureaent calm conditions occurrëd only' during the nig'ht and 

e~rly aornings vhen little or no shprtvave r~diation vas present. 
f 

The overall accuracy of. the sutface tetipEttature measureaents is 
, 

) 
therefore regarded as go04 vith the error only rarely exeeeding 

+0.5 degre'es C. 

Cb) Ai, teapi;atu,e.Diasurements 

lir temperatu es vere aeasured at three levels, 0.5 and ',.0 

• thermolletric làdder technique (Figure 2) •. Tva , 0 _ 

-
2 x l~-junction thermofiles vere-used and a third ,therlopile.vith 

· 
2 vas used to connect the lovest seDsiDg level to 

" ~' 

· 
the ,S~lIIe ret therllistor as vas used for the SDOV surface 

J 

- " , 
teaperature. The eDds of adjacent theraopiles vere housed in 

glass vials of equal size (6 1111 outer diaaeter) 1 vith 1nd1 Yi dual 
; 

junctioDs dispersed vithin the com.on bundle of 
-

jUDctions trom the tvo thermopiles • This gi ves three ,ials vith .. 
, . 

, _ ~diffe.ring DUlibers of jUJlctions within each. fhe top', vial 

contained 15 junctions. the Iliddle vial Jo..- junctiQDS -and the ,. 

" 

! 
1 
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VentUatiOIl fan 

/:, 
• 

'" 

A1Ulll1nua hU 

Black ,Pain!: 

Tran.parent aC1:)'Uc: tubilll 

neœopU .. 

Cla ... vial f1l1ed vith 
hut II1nk compound 

Velltilation tuba 
White paint 

Tbermopile for .now surfaça teaparature 

1. 
Kefetance tbermistor 

.' 

Figure 2. Air temperature mast 

-------

.' . 1 

- --~- --- ----- ------------------ - ._-~----" .. _--

! 

~ 

, ~ 

" <> 



\ , 

( 

( 

" 

..... , ....... .w;_ ..... ..- l' · ,- ._,- .,--~--~~._-.--- '. ~.~'-~~~~.= ~~t-'~ ',-
o ...--. .. M .... _.--... ------;--'...--.--~---- • 

... .. ....... --~~-1 __ .... --

___ -..9.---------_. _., ._---, - f' 1 ----, " ~hotto. vial 20 junctions. 1 

,i 

1 

~be vials veré eDc~sed in ventilated housiag .~Dufactured 
1 
! 

fro. acrJl.ic plastic. 
~ 

A sllall vaCUUII fan vas us~d for L-----­
- -------1 

1 

, ven t:i.la tiol1. Double radiat.ion shielding vas _used. The .ian-er 
-

shield lias painted white while the outer radia tian _shie:Ltt-vas-~-_.---------
.. 

first painted black OD th~_ou~siâe and then cl.ad with aluainua 
------- .. , 

foil. The theQrf>of this a-rrangeaent is that the solar ,radiation 

that-enters the shield is absotbed wbere it can easily be relloved 
, 

hy sensible beat transfer to the ambient a.j,r. ~l: J __ ~ 

lnitially, adia.tio~-or --reSi1l ted, despite ---­.--------~ 
the shieldin CaUSE t~~SJi-air amoun t of radiation tha t en tered 

----the vials was gui te efficiently trappe,d in:side. The vials sillply 

acted as a greenhouse. !ro ·~overco.e this problell the vials .. ere 
1 

*il~ed vit~ heat sink cOllpound (Dov Corning No. la). Beat s~~-;----
_ -.. t 

compound is a white Fasle that has a high the.r.al conductivitl_ 

In the present ~~pJ.j._ca-t-i-01:r i t served t vo ,pur poses, ta black 
- --

,------incoaing r~diation and to balance the response of the,individual 1 

- ~ 

sensors. '1 he Q tille constant of the sens~o}:s cao ~_ch.angl3id. hJ 
~~-- . 

- . 
var1ing the allount of heat sink cOllpound and hy varying the 

ventilatia.n rate. Because of deficiencies in the- ventil.ation 

-- Jsystea C:~lIsed by the narrov dU'?tvork used, the tise cO'nstants of 
. , 

the three sensors vere unegual. Some compensation ~as achieved 

by altering the amount of heat ainJt èompound but, tiie tiae , -
coos~ants could .Ilot te accurately egua.lized. Consequent.!y, there 

. 
màJ he spuIious temperature gradients·aeasured vben the ait 
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temperatore is risihg or falling ràpidly. There are also 

~\_' ~<irs due to poql. ventilaton and fan breakdowDS. The 

daytiae air teaperatore measorements are therefo~e nôt-yery 

accurate a"nd lIay occasionally indicat,e a stable stratification 
/ 

1 

close!y above the snoll surface vhe,n, in fact, the~scJ;.L~" 

vas unstable~ 

(c) .,!!!::§now solar radia ti9S 

Solar ra~iation intensity vas measured at three levaIs of 
. 

10, 20, and 30 cm below the snow surface: The radio~ters vere 

designed by the author. using silicone photoelectric elements. 

The reader is referred to IBC-handbook No. 3 (1966) for details 

xegarding spectral resFonse characteristics. The peak 

sensitivitj of the sensor is at 0.83 microns. 

70 lIIeasure solar radiation inside a aultiI=le scattering 

mediua such as snow is a rather diff~cu~t task. Any absorbing 

~bject inserted into such a me~um will alt~r the radiation 

iiltensitl locally-. In-snow radiation lDeasured ~J tvo different 
1( • . .. 

radiCl.eter probes may thus differ, depending on the a.cun t of 

,-radiation disturbance caused bl eacb Ito~e. 

lnother problem is that, because of the differenee in 

refractive index betveen iee and void, air. the light intenlsiti in 

the ice ma} be different frOD that in the air. The measured 

ointensity may therefore depend on the area of contact betveen the 

ice JIIatrix and the sensor. For a" probe fns~rted telD~orarily iDto 

i 

.. 1 
1 
1 
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, , 

the SDOV the area of contact would depend on snov densitJ~ grain 

size and vater content. For a permanentl} installed probe it 

v~Uld depend on time-aependent contact changes. 

__ ------------~T~h~e~~r~a~d~1~·O)&a·eter Erohe is sh~wn in Pigure 3. It couslata of a 

silicone photocell aounted inside a 10 am brushed alullnua tube. 

7he aperture of 6 mm diameter is covered bJ a diffuser leDa of 

opalescent acrylic p~astic. The lens'is cemented directly anto 
. 

the silicone cell and the front of the diffuser ,is aatted. uSing 

fine eaery cloth,' ta produce a good cosin~ ~es~onse. '!he 

----ci~cumference of the diffuser vas painted o~ague black to avoid 

stray l~ht. lt vas'necessary, for calibration purposes, to 

allov r~ian ta enter only thrpugh the flat front surface of. 

thE diffuser. 
~\ 

A 10ad resisto~ èf 50-15~ Ohms (depending on desired 

sensitivity) vas used to match the sensor output range 'ta that of 

other ~struments on fhe scan. The 10ad r~sistor also ta soae 

extent linearizes the output of the sensor. 

since thermal variations encountered in operation would 
) 

[ 

produce less than about 10 per cent variation in voltage output 

(aRder constant resistance) and t'e ratio of, voi~g~ to cu~reDt 
is high, the total erzor due ta thermal effects i8 s.All. tbe 

sensors ve~e thareforE used vithont teaFerature coapensation. 

Ca~ib~ation vas accoaplished hy recording the outputs of ~he 
, ' ~ . 

in-snov radiometers ,paralle~ vith an Eppley solariae tel: 'the 
/ 

calibration of which vas known. The in-snow radio.eters vere 

t 
• 1 

, \ 
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J 

placed near the solaI:illeteI: vi th the front surface of the 

diffuseI: bcrizontal. • A typical calibration curve is shovn in 

Figure 4. 

,At tile~ _ lIel ting occurred aroond the probes in the regian 

just leloll the snov surface. ~he leltiDg~ vas caused 12J radiut 

absorption bl' the, l'robe and caused aeltvater to peI:colate 

dOllnvaràs aloo 9 the probe. On vaI:. days lIIe1 ting caused the 

~ro~es to lean over dnd the} had ta be repositioned guite 

freguently. Ose of the pro'tes in a stationary aode in 

near-aelting conditions is thus not feasible. ~he continuons , 

measurements were'theI:efore not suited fOI: further analysis. 

7he probes appear useful, hovever, if they are applied iD a 

port~ble .ode. Figure 5 shows soae radiation aeasureaents that 

'" 7e. taken in Sche~.ferVille on a .clear àay at about 1300-1400 

hrs. :rhe leasureaents lIere taken along the eastern shore of Knob 

Lake and sCille of the variations in the lIeasured radiation density 
~ 

re~lect slight variations in the iron ore dust content of the 

snov. Another set of lIeasureaents (Figure 6) lIere taken in clean 

snov at Churchill Manitoba. the profiles vere obt.ained within a 

fev leteI:S froll each ether on" an, ~pen villov-allskeg site. Thes~ 

variations in radiation density are related to variations in the 

allount: of ,egetative latter vithin. the SIlOV. pI:ofile 3 shows the 

effect of a villa'; bI:anch acting as a' local radiation sint. 
, . 

"Be10v the h.tanch, the radiation de'nsity ïncrea~ès again after 

reë;lc.hing near zero adjac~nt to the bra Dch. 

n .. 

, 
i , . 
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.Figure 4. Calibration curve for in-snow radiometer probe. 
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td) IU&diatioD_!peasurüüts above th§....iD2.!Lsgriia;,1 , 

Het radiation vas aeasured ~Edng a Fritschen net tadio.eter. 

The radio.Eter vas 'suspended at a height of ap~rQxi.ately 1.25 • 
'-, 

above ~he snov' surface, at a distance of 1 .. fIOIR the SllOV 

ther.oaeteI. 

Beflected solar xadiation vas aeasured using'an inverted 
-

Ep plEY, pyranollleter suspended a t a .heig ht of t. 0 • aboYa the' snov, , 
su~face a~t~2 m froll the snov ther.oaeter. 

Global radiation vas measured'continuously using an Eppley -
r-, 

pyr4noaeter. The recorder used vas a Science Associates Jo. 64~ 

pyranoaeteI recorder. The sensor, a permanent installation at 

the 8cGill Sub-Aretie Research station, is ~ted ap~roxi.ate+l 

80 aeters fro. the instrumented sïte. 

(e) cgntinY2]:_!in~ measu{elRent 

A continuous reeoxd of vind velocity vas abtained USiDg a , 

oonical-cup direct-current generator type anelloaeter (Science 

Associates N'o. 406) at a height of 2.0 Il 'At the instIuaented 
1 

si te. The recorder vas an Este.rline Angus Potan ti olla~..ric Chart 

Recorder. 
, 1 

7he anemolReter has a starting speedof approximately 1 a/s. 

The output ~s linear and directl} propcrtional to 
, 

cup-wheel xota~ion vith an output of 5.0 , (open circuit) at a. 

vind speed of ~7 mIs. 

t, 
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Cf) V~Bd profile mea§grigeDt~ 

Intermittent measureaents of vind speeds vere aade at three 

levels using aneaoaeters that vere Ilanufac~ured by the autbor. 

The bearing asse.hly and switc.hing lIechanislI is made hl' aOdiflin~' 

a s.a~l 3-~ole e1ectric aotor. The aotor's co~lector is turned, 
" 

into a svitching device by remQving the permanent magnets and the 

rotor winding and by shorting tvo of the three pales on the 

rotor. ~his changes the motor into a Iota"!'y switch that svitches 
~ G 

on and off tvice per .I:e'volution. The ~up aS5ellhly ia-

manufacturEd using a hob, aachined froll plexiglass~ Three 

hemispherical plastic cups, 55 mll in diamet~r are sus~ended on 

arlls of 2 m. carbon stEel rode The radius of the cUF ass8mbly is 

175 Jlm. / 

't 

The three ànelllolleters vere ea ch series-connec ted vi th a 

tota~izer (Becon GO 856 002-3) vhich operates on 12 VDC pover and 

is capable of 20 counts, {:er second. ~ three counters vere 

connected vith a CO~IIQD on-off svitch for siaultaneous operation 

of the couuters. The aneaometers at the instruaented site vere 

connected ta the laboratory via a sepa~ater shielded cable as a 
1 

pr~caution ~gaiDs~ electromagnetic interference vith signals troll 

other inst,rullent~ 
" 

Ca+ibration was accomplished bJ runninq tthe three sensors at 

the salll~\ bEight againS~ the calibrated genera ~ing anemollete,r and' 

against each other. A set of Dine anemolleters was manufactu~ed 

and in a11 nine cases the illter-reFroducibility Vas vitbin plus 

." ~-
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,. 
or ainus, 5 per cent oyer 10 ,iDll~e runs for- indiYlldual pal.1:'s of 

sensors at the sale height. 

ligure.7 shows so.~ vind profiles aeasured da.ring the 

uperiDle.nt. The range in roughnESs lengtb deterlÛ.ned !lJ 

10g-~inEar extrapolatiQJl is froa about 0.003 to 0.5 ••• There is , , 
. 

a aarked difference bEtveen the rOllghness lengths measarec1 over 
" 

the various height interval.s. A lIuch lover sutfa~e Ioughn8ss XS 
1 

indicated 1::y the upper interval. Ho a ttellpt vill he lIad. he~8 to 

assess the cause of this difference. :It is' Dot ca.used hy. 
~ 

instrullental error, for the aneaoaeters vere shifted aroad vll.1l 

the affect vas noticed, and the shifting did not clange 't'he 

resu~-s. ~he temporal trend suggests that the cause lIay be a 

stability 9radi~nt, but it is also possible ·that slight spatiA~ 

variations in surface roughness lIal' hAve produced the affect. 
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,F!gure 7. A few wind profiles at the itistrull1ented site 
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CHAPTES If " .. 

FIELD ftBASDBEftBJtS, CALI~BA7IORS AID DAtA REDDCtIOB 

, 0 

1 nine-day continuous set of measU~.8nts USiD9 the Dev snov 

,the.çaoaeter vas obtaine,d t17011 April li to April 21, 1976. A 

heavJ s~ovfall al~owe~ tBe s~ov ther.o.ster ta he buried bJ 
- -<. '. 

dri:fting snow bacJc.filling a vide depressi.oD in vhich the anow , 

thexaoaeter vas centered. The aeasurement period eD~ed vhen o~e 
of the junctions iu the therllolster Jield~d to the stress 

due to sno~ settling. 

,Tbe two chart 'recorders that vere used,ta .onitor:t~e 

te.~eJ:aturfis vere Dseà at
i 

different ranges thraughout -the 
, 1 

r 

1 

1 

bull4up 

i 
ri 
1 

sno. 
i 

aeasurellent periode 
, .. 

This vas necessary because s~gnal strength 
- , 

varied considerably dEpEndiDg on conditions. The .eaBure.snt 
, ~ '-,/ 

, -
error depends so.e~hat on the raage Dsed. Figure é shows tàe 

· ti.es vhen the recorders vere operated at different ranges 

throughout the survey. 
'\ 

2. ~B2v R'2Ei,sr !~S~ 

1 

The reguir~.ent of an undisturbed snow caver in the vicin1ty" 
. 

of th~ BnOM theraoaeter preçluded the siaultaneoas acnitoring of 

SDOV propertiès sinee there ~s no eguipaent ~vailable for ., 
-non-destrQcti~e monitoring of snov caver changes • 

.. 
,The snôjl density lias lIeasured after the end of the 

,-,----------~------------.~}.-.. ~~------

.' 
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Figure 8. Millivolt ranges used for rec.orders A and B 
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~ 
measurement period when\the thermometer vas excavated. Three 250 

cc samples vere ~aken at five levels at the soov ther.o.eter 

site, parallel to the SDOV therllloDleter and vithin 2,0 Cil· of .it. 

~he densitl vas gaite unifQrm, ranging froll 0.21 to 0.25 g)c. 3• 
-. 

nuch of the densification occurred after the end of the 
-

measureaent'period, before t~e snov therpomete% vas e~cavated. 

The .ost ~robable density range during the period of aeasoreaent 

is 0.16 to 0.20 g/cli 3. 

, 
the snov cover at the site ,Day be CharacteriJed as a 

./ 

aoderately fragmented vind slab. It consisted of fine-grained 

snov cf lov air permea~ility throughout its depth. The snov 

.\cover lacked t)le basal layers of highly permeable depth hoar tbat 

é\re Dorlally found' in seasonal snov covers of siallar depth. * 

3. neteorolog;çal ,Bvents BecQ17ded by 1A!..Schefferyille JI,I' 

!!!tber statign 1 
The weather events recorded by the Schefferville (A) weather 

station are shown in Figure 9. Although the period of 
/ -

aeasurement is relatively short it enco~passes a fair variety of, 

veather events •. , Three frontal systells moved through the area 

'during the periode The first vas an o~clud~d system moving south 

of the field area on April 13. The second, vhich exh~bited a 
\ 

fairl} typical varmfoont-coldfront situation aoved thraugh during 

April 1'4 - April 16. 'lhe thil:d, of trhic,h the lov pressllre center 

passe,d Barth bf Schefferville caus~d some snov surface ael t 

.. 
, . 

\ . 
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Figure 9. 

" . 

.. 

Weather events as recorded by the Schefferville CA) 
meteorological station'during the measure~ent period. 
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daring the passage of the vara sector on Ipr i~ 20. the sCz:een. 

teaperature, hovever, did not exceed 0 degrees Celsius throughout 

the period. 

the scréen instrumentation is standard for 1.B.S. Class 1 

stations. The screen temperature i5 ae.sured uslog ~ reœotely , 
sensed thermistor •. The lithium chloride devpoint cell is also 

f..;:~ 

sen~ea remotelj from the veathe~ station. It ls described in the 
. \ 

ltmospheric EnvironœeDt Instru.ent Hanual Ho. 32. lccording to 

A.i.S. personnel at Schefferville the devpoint-sJstea perlor.ad 

noraallj tbroughout the survey period. unfortunatelJ, the 

continuons ViDd recorder a~ the meteorological station ha4 broken 
~ ( 

dOlln before th·e aeasurement period. Therefore the windspeeds 
-

indicated in ligure 9 are observer estiaates fro. the Vindspeed 

dial instead of the wind chart. 

q. j~~~!&~§CX and .eading êçcur~çI 

the signals from the different instru.ent~ vere recorded 

onto charts and thence transferred to compùter cards Lor the 

analysis. Errors are added to the signal i~ both of these steps. 
, 

Tbe aanufacturer guotes a re~oEding accuracy fer the recorder, 

used'of 0.5 per cent of full sEan and a dead band- of O.~5 per 

cent. A full scale r~ading or 150 a. OD the 10 mV Scale 

correspcnds to a temperature difference of 12.5 aegrees C for the 

snov thermometer. The accuracJ with vhich this teœperature 

di;fere~ce is recorded i8 thus plus or .inus 0.065 degrees 'C. 
.. 

1 

1 
/ 

1 
l' 
1 
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\. 

Si.ilarly, thè error due to the dead band is O.OJ~ C on the 10 aV 
, ~ a , 41 

scale. On the 2 mV-scale 'it is 0.006 degrees C vith the present 

sn~v t~erlllo~~ter. ç:r t,he sno., surface, t~JIlPerature sensor the 

accuracy on the 10 aV scale is 0.25 degrees C per teaperature 

difference of 12.5 degrees C batveen the snov surface and the 

reterence thermistor. The error due t9 the dead band is 0.13 

degrees C en the 10 aV seale and 0.06 degrees C,on the 2 aV 

scale. ~he overall effeet of the dead band is to reduce soaevhat 

the sensitivity of the recorder to mi~r' fluct~ations la the 

input signal. 

the charts were ana~ysed using a transparent L'uler vith 

subdivisions to the nEarest half millim.-;,ter •. The charts vere 

read to the nearest 0.1 mm vhich is abo~t 0.06 per cent of 'full 
\ 

scale or akout one order of magn~tude bêtter than the nominal 

'recorder accuraey. The field accutacy of the thermometric \ , r~ . 
instrumentation is discussed further in Chapter v. 0 

The charts vere analysed for io minute intervals betveen 
,.. 

observation.;; throughout the period,. Except far the radiation 
-

méasn~e~eAts, the ~ates of change in the parameters measu~ed vere 

not sufficiently 'great to serionsl} affect the assuœption of 
, , 

simultaneity of measurement. Where the rate of change i5 bigh, _ 

snch as -in the' Cqse ot near-5urface srav tempera ture gradients, 
, . 

the scan Vas arranged so that the levé~ nearest to the surface 

vas measured first and then the SUbsegu~nt two ~evels on'one 
\; 

~ecorcÎe~ while the s'econd record~r simultaneously scanned the 

j , 
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three levels farther dewn. The on-time for each instrument vas • 

six seconds • 

. 
the resistances of the two reference thermistors vere 

measured ât approxiaately hou~ly intervals, thouqh fro. tiae to 
'" -, 

time longer intervals vere necessitated hy the absence of the 

observer. ~he thermistors vere calibrated àt the Barth PhlSics 

Branth of the Dominion Observa tory in ottawa to an a~solute 

accuracy hetter than flus or minus·O.Ol degrees c. 

lt vas 'assulled tbat the change in tellperatu.re a t the 

reference level could'te reasonably represented hJ a least 

squares semi-linear AFfroximation between teaperature 

measurements. This assumption vas valid for the calihration 

ther.istor cavit}' for tbe air and snoy surface t~mEeIature\s, 

vhich vas ~ high thelmal inertia. 
, 
For the snov ther.oaeter 

reference, however, it will be shawn that this assWlition VaS Dot 

valid-. 

I.perfect~ons, and slight variations in, all01 composition 

and differences in the lIethad of manufacturing can cause 

individual copper-constantan thermocouples to vary their 
-

electromotive force by as)much as 2 per cent. Due ta their 

designs, the snov ther.o.eter and th~ air' and SDOW, sUtface 

• 
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thexmcaeteIs are soaevhat difficult to calibra te. The Do.inal 

output per pair of junctions i5 0.039 mV per degree C, vhich for 

the SDOW t~era~~et~r gives a nominal output of 0.18 aV per degre~ 

c. For the snoy surface temperature and the lcvest air 

teaperature seDsor tbe outputs are 0.2 mV per degree C. ~SiDce 

all of tnese intruments vere manufactured from the saae batch of 

theraocou~~e vire and the junctions, vere made in a siailar manner 

for all ~nstrullents, and vere manufactured by the salle i~erson" 

$i.ila~itJ betveen tbe different instruments couldreasona~ ~e 
. 

assumed. ID addition, the mUlti-junction design would tend to 

average out individual variations. 

'" , The brief event of surface melt between 9 and 11 hrs on 
-

April 20 indicated that the calibration factor supflied bJ the 

manufacturer could be used directly. there is a sliyht 

nou-linearity in the relationship between temperature difference 
\ 

and electrcmotive forCE. The error iptroduced by this 

non-linearity is about +2 degrees C for a teaperature o~ -25 
, 

degrees C vhen the. reference is a,t +25 degrees C, an 

insig ~ificant error for the purpose of tbis study'. Since the 
" , 

reference vas usual~y a't between -5 and -10 degrees c, ,and the 

lo"est tellf.erature extreme vas about -28 degrees C. DO correotion 
. 

vas applied. 
'. 

~, / 
1- !iA~art_A~!I§l§ 

In this study it was necessary ta have information <about the 
~ 

() 
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'character of the vind tor the interval over whlch therllal ch'aDges 

vere leasuz:ed. In particular, vind speed and vind speed 

Yariat~oD à~ta vere regaràed as essentiali the first because it 

indicates the vind strEss at the surface and the second because 

it indicatÈs ~cçelerations a~à deceIerations an~ thUs pr,saure 

gradiEnts within the flov. It vas assuaed that the turbulence 
1.. 

recorded at 2 III above the site is indicative of the Ilicroscale 

turbulence tha t Is resllonsihle for snOll caver ventilation. This '/ 
/ 

assullption may Dot be valid under the sometimes extre •• stability 
~ 

conditicns occurring over snow. ' 

~he vind chart vas marked at intervals synchronous vith the 
~ \ -

scan intervals. Each lO-minute period Vas subdivided iota 20 
. -

intervals .. ~ 30 seconds eaèh. , 
\ 

The maximum and aini_ua' vind speed 
1 

in each lo-secoDd interval vas recorded and punched anta ca~pa~er 
Q 

L. -___.... 

cards for fur~her anal}sis. 
1 

Average vind speed, Umean, over each 10-aiDute period Mas 

coap'uted hl 
B' 

where 

and. 

.. 

= CL(u:xii-Uni)/2)/1i 
1=1 

.... 4.1 

Ux1 is the .axi.ua viud spe~g in the lO-seCQAd 

illterval, i. 

uni is the .in~.um wind speed in the lO~second' 

idterval, i., , 

H is the nuater of lO-second 'intervals. 

f, 

\ 
',' 

\ 
\ . 
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'7he average vind speéd range, R.~an, over each 10-ainute 

( 
period vas coaputed hy 

1 

N . • 1 Rllean :=~,Ux~-Onl.) N. 
i~ , 

4.2 
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CHAPTEB V 

INALYSIS OP TBE SNOW TEMPERATURE !BASOil!BNTS 

,,' 
" 

1. ~1U2w Temperature a,aëijents 
- 1 

the tempe'rature differences over the different depth 

intervals in the snow cover are shown in ligure 10. ~he ti.e 

in ter val het veu lIleasureaents is 10 mi nute s. 

Th~ elevation of the snow surface varied from about .5 to 

about 40 Cil abov-e the re~erence tbJ.:'oughout t,he perio~ 

measurement. The g~eateit de~rease in surface el~vation. occurred 

on April 12, the first day of aeasure,ent, and vas caased DJ 

inital settlement of the snov depo~it. Subseguent vatiations in 

surface elEv~tion vere Sli9hf- Some snovfail occurred duriG9 the 

measurement period. accoapanied hy SDOV driftin9, but these ... 
events did Dot change the depth of snov br lIore than ODe to tvo 

Cil. The temperature differences lIeasured at the upper.ost level 
-

thus occur at a depth of 5 cm or more below the snov surface. 

Figure 10 a~so shows the first and second derivatiyes of the 

teaperatare gradients.
6 ~ 

Tc estimate the noise inhereDt~ the aeasureaents tbEOUgh 

errOES in recording and data reduction,'readings vere taken at 
, 

one-.inute int~~!als ta obtain the Lecord shown in Figure 11. In 
, , -

coaparison to the readings taken. a t 10-lIinute intenals ,(Figure 

10), this figure shows an essentially saooth line at the lovest 

level, vhere real changes in temperature over one-ainute 

1 
1 

! . 
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Figure 10. Temperature differences over different dep'th interva1s 
and their first and second tfme derivatives. 

(a.r~ - above reference) 

1. Temperature di..fferen'ce 35 cm a'.r. to 30 cm a.r. 
2. Tempetature d!fference 30 cm a;r. t~ 25 cm a.r. 
3. Temper~ture difference 25 cm a.r. to 20 cm a.r. 
4. Temperature difference 20 cm a.r. to 10 cm a.r. 
5. Temperature difference 10 cm a.r. to reference 

6. First derivative of 1. 
7. First derivative of'2. 
8. First derivative of 3. 
9. First detivative of 4. 

10. First derivatlve of' 5. 

Il. Second derivative of 1. 
,12. Secor:.l· :il:riv.'!t:ive t)f 2. 
13. Seçond derivative of 3. 
14. Seco~d derivative>of 4. 
15. Second dèrivative of 5. 

'l'ime, .:lnterval .between measurements is 10 minute~ . . 

/ ' 

,r 
, . 

Scale 

1 inch - 2.0 Oc 
1 inch - 2.0 Oc 
1 inch - 2.0 Oc 
1 inch - 2.0 °è 
1 inch - 2.0 Oc 

1 inch - 1.0 Oc 
l ~nch ... 0.5 Oc 
l inch - 0.5 Oc 
1 inch - O.s. Oc 
l inch - 0.5 Oc 

1 inch - 2.0 Oc 
l inch .. 0.5 Oc 
1 inèh - O. 5 ~C 
l inch - 0.5 C 
1 inch - 0.5 Oc 
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lk Figure 11. ,. Temperature differéIices between referen~e level and 
// . d1ffer~nt levels in the snow cover and the1r f1rst . 

1-
2. 
3. 
4. 
5. 

~. 
7. 
8. 
9. 

la. 

11. 
12. 
13. 
14. 
15. 

and second time der1vatives (one-minute 1ntervals). 
,( 

(a.r. - above reference) 

Tempafature d1fference reference to 35 cm a.r. 
Temperature d1fference reference to 30 cm a.r. 
Temperature difference reference to 25 cm a.r. 
Temperature d1fference referencf to iO cm a.r .. 
Temperature difference referen~ to 0 cm a.r. 

First derivat1ve of 1. 
First' derivative of 2,. 
First derivative of 3. ~ 
First derivative of 4. 
First derivati~e of 5. 

Second derivative of l,. 
S~cond der1vative of 2. 
Second derivative of 3. 
Second derivative' of 4. 
Second 

·l 
deriva tive of~ 5. 

Scale 
1 inc'h"=5.0 Oc 

' l inch - 5.0 Oc 
l inch - s.a Oc 
l inch - 5.0 Oc 
l inch - s.a Oc 

l inch - 1.0 Oc 
l inch": 0.5 oC-
1 inch - 0.5 Oc 
l iJ),.ch - 0.5 Oc 
1 inl:h - 0.5 Oc 

1 inch - 2.0 Oc 
1 inch :. O. 5 Oc 
l inch - 0.5 Oc 
1 iuch - ù • .) Oc 
1 inch - 0.5 ~C 

Recorders were operating on the 5 mV and 20 mV (lowest accuracy) 
ranges respeètive1y throughout the measurement period.· . 
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intervals are sl.ight. Since the same data reduction procedure 

vas used ve may concltde that data transfer errQrs are slight and 

that the majority of the observable variations r~present real 

thermal Events in the snov cover. There 15 no a~parent relation 

betveen' the variations shown bj Figure 10 an4 the changes in 

recording ranges shawn hy Figu4e 8. 

A series of large, rapid tellporal variaticns occu.rs in the 

upperDost layer during days when the net radiation also varies 

stroBgly (:ligure 12). 1:hese varia tians lIlight at first seea to 

indicate a possible radia.tion error in the sn01l ther.o •• ter. 

Davever, they are about one order of magnitug.e largerrthan the 
\ 

cOllputed maximum radiation error. Variatio·ns of si1li1ar 

magnitude also occur at night. Th.~refore it must be the whole 

snow layer,and not just the t~mpérature sensor that heats and 

cools. l'he likely causes, a,re variations in radiant a.bsorption 

and'heat transfer by ventilation of the near-surface layers. 

\ 

~he change io te.~erature inside a snav cover is Dot s.oath 

and gradual. This is shawn hoth hy Figure 11 and Figure 14. In . \ \ 

t~ese figures, the temperature gradients have teen integrated 

over depth to yield snoil tellpe.ratures lIith the 4eference 

temperatQte not yet added (SDOV temperatures with reference 

tellperature included are shown in Figures 12 and 13) • 
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Figure 12. Background da;:a for lO-m.inute intervals. 
... 1 _-.:-

(a.r. above reference). 
(a.s. - ab ove surface) 

1. Temperature at reference 1eve1 
2. Temperature at 10 é'm a.r. 
3. Temperature at 20 cm-a.r. 
4. Temperature at 25 'cm a.r. 

, S. Temperature at 30 cm a.r. 
6. Temperatur~ at 35 cm a.r. 

( 

7. Surface temperature (approximately 40 CtI1 a.r.) 

Scale 
1 inch '- 10,0 Oc : 
1 inch - 19.0 oC. 
1 inch - 10.0 Oc 
1 inch - 10.0 Oc 
1. inch - la. a oC' 
1 inch - 10.0 Oc 
-1 inch - 10.'0 oC' 

8. Temperature difference, 30 cm a.s. to surface ' , ~. 1 inch - 5.0 Oc 

9. Temperature c1ifference, ~urfaoe to 3S cm a.r. 1 iQ,ch - 10.0 oC, 

10. Ne,t radiation' 1 inch - 0.2 ly min-l 

11. Wind speed range l inch - 10.0 Dl s-1 

12. Mean maxilnUlll wind speed 
13. 'Mean wi1'1d speed 
14. Mean minÛ1:\um wind ,p~d 

/' 

.. 

-! 

\ 
\ 

1 inch'" 10 .. 0 Dl s-l' 
1 inch - 10.0 Ut 8-1 ' 
1 inch - lQ.O Dl 8-1 
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'Figure 13. ~ackground data for one-minute intervals. ," '''il Il 

(a.r. 
(a.s. 

above reference) 
above surface) 

1. Temperature at referenc~ level 
2. Temperature at 10 cm a.r. 
3. Temperatüre at 20 cm a.r. 
4. Temperature at 25 cm a.r. 
5. Temperature at 30 cm a.r. 
6. Temperature at 35 cm a.r. 

., 

7. Surface temPTrature (approx~ate1y 40 cm a.r.) 

8. Temperature difference, 180 cm a.~. to 80 cm a;s_. 

9. Temperature difference, 
, 

So. cm a.s. to 30 cm a.s. 

10. .Temperature àifference, 30 cm a.s. ta surface 
Il. Temperature difference,' surface to 35 cm a.r. 

12. Net radiation 

13. Wind speed range 

14. Mean maximum wind speed 
15. Mea~ wind speed 
16. Mean minimum wind spee~ 

1 

\ 

'\ 

" 
" If 

JI " 

Scale 
1 inch - 5.0 Oc 
1 inch ';.. 5.0 Oc < v 

~.~:~: : ~:~ :~ 
1 inch - 5.0 Oc 
1 inch - 5.0 Oc 
1 inch .,; 5.0 oC, 

'li- ° 1 inch - 0.5 C 

Linch - 1. 0 Oc 

1 inch - 3.0 Oc 
1 inch - 3.0 Oc 

f' 
1 inè~ - ~.l 1y min-

. " 

I -1 «fi. 
1 inch - 10~0 m s 

. -1 
1 inch - 10.0 m s 
l inch - 10.0 m s-~ 
1 inch - 10.0 m s-

1 , , 
1 , 
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• Figure 14. Temperature differences between reference 1evel and 
different levels in the snow cover and,tbeir firat 
and second time derivatives. 

(a.r. - above reférence) 

_,1,~ 

Scat. 
1- Temperature difference, 3S cm a.r. to reference 1 inch - s.a Oc 
2. Tempe~~ture difference, 30 cm a.r~ to reference 1 inch - S.O Oc 
3. Temperature difference, 2S cm a.r. ta ref er'ence 1 inch - 5:0 Oc 

t Temperature difference, 20 cm a.r. to • ref erence l inch - s.a Oc' 
Tempera~ure difference, la cm a.r. ta ref erecce 1 inch - s.a Oc 

6. First derivative of 1. l inch - 1.0 Oc 
7. First derivative of 2. 1 inch - O.S·Ot 
8. First derivative'of 3. 1 inch - O. 5 Oc 
9. First derivative of 4. 1 inch - 0.5 Oc 

10. First, derivative of 5. 1 inç.h - ,0.5 Oc 
~ 

Q 

lI. Second derivative of L 1 inèh - 2:0 Oc 
12. Second derivative of 2. 1 inch - 0.5 Oc 
13. Second derivfltive of 3. 1 inch - 0.5 Oc 
14. Second derivative of 4. 1 inch - 0.,5 Oc 
15. Second derivative of 5. 1 inch - 0.5 Oc 

Time, interval between measurements i8 la minutes ... 
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(a) ·on patt§rns 

There are .tvo patterns present in the ~ariati.oDs indicated 

br the first and he second derivatives in Figure 14. One occurs 

at night and is characterized by varia tions that 9 radually ~ 

penetrate deeper into t~e snovpack. The pattern appatently is 

related to the overall steepness of the nega~iYe tea~er~tQre 

gtaq~Ent in the snow cover. The pattern is absent aIoun4 5200 

and 11000 lIinutes IIhen the gradients vere slight. This pattern 

ip believed ta be a result of iree convection inside the sno. 

cover as a. response to the unstable stratification (Scheidegger, 
'" 

1960). !hE pat~Ern ls consistent vith results obtained hy Bergen 

(1963) who reports free convection in a Rocky ftountain snovpack. 

It is often clai.ed that the pores of a,sDovpack are t~o 

slBall to allov fre'e convection. This assumption an,ses froll' the 
, . 

trEa tment Clf the pore s~ac~s as çlosed cells in which the dri vi.ng 
-

force btco~es egual ta the viscous dissipation at fairly large 

pore sizes. Since, hOllever, a' lov densi,ty snovpack bas 

lntereonnected pores thtoughout, a simultaneous ret~rn flov 
" . 

within the same pore sBace Is Dot necess&ry. The flov in any one 

pore space is ther~fore at Any instant unidire.ctional. 7he 

resistance to such flow is velocity dependent anQ apE~aChes zero 

at Z'ero veloei ty, vi thout exeeedin 9 the. driv ing force. \...& slov 
~ 

flov of air ls therefore possible in the SDOV caver even at 

aod~rate density gradients. 

Except for the near-surface layers, the pattem i8 

l 
,1 

1 
1 

-: 
1 

• 1 
, 
1 

,1 
1 

-1 
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1 

apparently unaffected by vind above the surface as indica~ed bJ 
. . 

the similarity of the ~atterns at 900 and 2300 ainute~. Sovever, 
) 

at 9500 minutes, during a night vith intermittent vind ~t lov .. 

speeds, fair!y large variations ex te~d deep in ta the sllovpack • 
. 

Thes~ lIal' te relfl ted to indi v idnal gusts of vind. The' 

near-surface tellperature gradient vas steep and variable on tbat 
~ 

night and this ilia! have __ l~fluenced the convectioD at greater 
59 

depths below the surface. 

\ the second patteln occurs in'daytime. 'The depth penetration 
-

of the variations i5 Ilsually greatest. at around nopn but it laI 
-

vary froll day to day. Unfor tuna tell' the temperatUl:e gradients 

lIleasur'ed above the snow surface are not very reliab1e. If. 

hovever, ve use the temFeratures at the meteoroloyical screen, ve 

find that the depth penetration is ganerally'better developed 
-p 

when the snov surface temperature is near or greater tban the 

screen temferature. This indica tes conditions of rela li velj 
J 

steep horizontal surface pressure gradien~~. 
ç- , 

The observed temp~rature variations cê\llnot easilJ be 
v 

explainEd vithout assuming the existence of convective heat 

transfer tbrough the snaw caver. 'l'he telBpora~ patterns, indicate 

that two driving processes are involved. It i5 concluded that 

one pattern is wind-induced and related to the Ilnstable density 

stratification of the air that occurs just above the surface in 

daytime. The second pat"tern is an apparent result of free 

convection caused hy the unstatle air density strati.ficatioD 

1 

j 
, j 

1 

1 

1 

1 
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, , 

inside the snov cover at night. 

• . 

The ver1 ra~id chaD~es in tellpera ture ()f the near-surface 
t 

snov layers could be sufficiently large to 'produce the preYious!! 
D ~ 

discussed spatial variations in vapor FI:essure of the ice .atrix. 

3. ~now Surfaçe :reIDEerature~ 

~n~characteristic feat~reoJ s~~surface te"lIpeI:atures is 

their rapid te.poral variation (ligures 12 and 13) 1. The 
1 

\ fluctuations coincide w ith fluctua tiODS in tell ~ratl1J:e recorded 

at deeper levels in the snow and they also correlate vith 

observed air telllperature varia ticms. The ra te of teaperatw:e , 

change is high, as ca~ he expected for a su~facè lIIaterial of 
, 1 

lov (still air) therm~,1 conductivity ~and lov heat \~~,,-pac~tr. 

9reatest temporal variations t~nd to occur particbla.I:ly on 

oThe 

clear 

~i9hts vith strong radiative cooling. On such nights, in the 

absence of vind, the surface tellperature drops tôvards the 

devpoint, but Even minor gusts of vind raise the tellperature, '\ 

presumabl.y towards that of the wetbulb. 

These rapid fluctuations shov tbat the teaperature 
0' 

is very stroogly influenced br changes in the agDitude of the 
. r J Q 

turbulent fluxes. Thex;.al scanning face teaperatures 
f 

-
could therefoJ:e he a-' llseful tool in studfing Fatial variations 

- \ \ ' 
in the turbulent flulÇes. ' The rapid fluctuat' ons a\lso .show that' 

\ 
1 

spatia~ variations in the turb~lent fluxes J be far·mQI:e 

iaportant than the ~eat flux deteraining the 
f' 

/ 
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1 
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teapelature of the sncv surface. 

:In snow ny.drology, for the purpos~ of estillating heat 
, ' 

fluxes, t:hree com,lIon, assumpti-oDS re9a.rding SDOW surface 

tellperatures are: 
,-

(a) -The snow surface teœJ?elature egual;s screen .~air ~ 
!il ., ""';::~~ ~.:. ,'} 

temperature when this tellperature ls below O. degté$S C 

c; 
(e.g. lendIer, 1'971) '. • 

(b) The'snow surface teaperature eguais the screen dewpolnt 

t~mperature whEn the latter ls belov 0 degrees c. 
" (c) 7he snow surface temperature equals the screen wet~bulb 

, 

telllperature 'lben the air tellperature is colder than 0 

degrees C (Priee g! âl., 1976; FitzGibhoD, 1971). 
'l (j , 

- -~" The data' pr.esentEd in F~gure 15 shows that screen 

teaperature is general~y the best estimator. At nlght, in'cala, 

clear conditions the dEvpoint tèllperature may gi~e the best , , 
~ 

In vindy conditions at night, the best eS\imate ls 

oiten givell by the vet-bulb ~temperature. :' . 
\ 
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13.4.76 14.4.76 16.4.'6 : 17.4.76 18.4.76 19.4.16 20.4.76 

J-=... 
~point teaperatura - Surface temperature ,. 

.. v ~ Wet-bu1b t-.parature - Surface teœparature 
.:' 

Air tap.rature - Surface tnp.rature 

Figure 15. Snow surface temper$ture èompared to Dew-po~nt, 
. Wet-bulb and Air temper.ature. 
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An important factor. influencing snov tempera~ure variations 

is the internaI absorption of solar radiation. From FigurEs 5 

and 6 it aay be se en that the amount of radiation available for 

aDSoxftion is at a maximum within the uppermost centimeter of the 

snov caver an~ deciines gaite rapidly vith depth belov the 

surface. 
v p 

" fh'e temperature leaSl1rements show that on several days the 

tem~erature, a~ 5 cm belov the surface vas considerably var.ar 

than the surface teapExature. This indicates, vhen va consfder. 

the radiation profile, that a major part of the absorbed 
, , 

radiatitn must be used ta heat the air above the snov. Figure 16 

shows ,this to be the case. This figure shows thé measured net 

radiation, the computÈd heat: penet'r,ation through diffe~ent, levels 

of the snav pack, and the camputed turbulent flu~es. The 
.f:J 

turbulent fluxes were computed over 10-minute intervals as a 

residnal from the measured net radiation and the computed change 

in heat' ccnteiit of the snow cover. 

ihen the snow cover i5 iso~hermal, in,a meIt~ng state, a 

much gr'eatEr proportion of the' net~ r'adiation has been observed ta 
il' 

go tO'liards (meltiug 'of) "the snow (lIc~ay and Thurtell, 1978). 

This can partially be e~plained by the fact that'when the SDOW 

l 
cover is isothermal, there is no gradient to conduct,the hEat 

fra. internal radiant ahsorpticn tovards the surface. One basic 

condition for isotheraal snov, hovever, is that the turbulent 

. 
" 

• 
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Figufe 16a. Measured net radiation. heat penetration through different levels of the snow caver 
and computed (r~sidual) turbulent fl~es. 
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Measured net radiation, heat penetration through different levels of the snow cover 
and computedo(residual) turbulent fluxes. -
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.c-
fluxes are dir~cted tawa ds the surface a~, at 1east, do Dot 

transfeJ: much heat awa} f, om the surface. \ 

It is interesting to ote that the int\rnal ~bsorption of 
, , 

salar radiation provides a ery efficient meèhanism for the 

J:ecovery of nacturnal heat 1 This ~lio~~ the hase of the 

snowpack to ba1aneè at a higb tempera turè, than, vould be 
~ \ \', 

possible without internal ahsd~ \~an. On several \dalS surface 
, \ 

, . ~ \ ' 

teaperatures well above the melt n~oint would have been 

required in arder to conductively e ace noctarnal ~e~t lasses. 

\\ \~\ 
5. LJ!Ü:tHater Pereolà1;ion Event \ \ 

" 1, The soil heat deficit plays an r01e during\~now 
\ 

melt and i~ probably <luite sig.nifieant b th hydrologiea~'ly and 

ecologically. The data obtained in the p esent study give some 

observations relating to this·· topie. \< 
\ 
\ 

At the study Dsite, the temperatures at ~e snow/so~l 
~nterface we~e about -6 oegrees C. iith the g~OUnd fJ:ozen to a 

depth of 1 m an.d a volumetrie heat capacity of ~\2~J/m3, the 
\ 

vinter sail heat deficit is sufficient to refreez~ atout ~ cm of 
" 

vatet or atout one day's melt at above average J:ates (cf Priee gl 
" 1 

al:, 1~/6).~ In Sc~efferville, winter soil heat deficits œal vary 

eonsideJ:ably, partieularly in tundra locations (cf monthly 

tautochJ:ones shown bJ AnneJ:sten, 1964, pp 5~-62). Not much of 
/ 

, the latent part of the winter heat deficit i5 recovered during 
, 

meJ.t as is evideneed bj' t~e groutld often remaining fI:ozen quite 

r 
,\ 

/ 

, 
1 
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close to the surface aftEr tbe snov has melted. A large portion 

of the Dcn-latent winter heat deficit is moved ta the botto. 
> 
.~ 

'~yers o~ the snov cover in the early stages of melt when vater 

frem trief melting Events percolates to the bàse of the snov pack 

and then refreezes. The refreezing is a result of the non-latent 
1:/ 

heat deficit of the ground. ln this process a layer of snov ice 

is formed, at the snow/geound inter face. lf,easureaeots bl 

Annersten (1964, p. 68) clearly show the effect of sych aeltvater 
" 

percolation on 50 il temperatures at a tundra site near 

-Schefferville. 
"-

One brief .elting Event vith percolation of aeltvater 

occurred on April 20 when surface melt 'vas recorded tetveen 900 

and 1100 hours. For two hours the surface vas at the aelting 
e 

temperature and then the temperature dropped belov fr~ezing after 

a reduction in the humidity ocurred at about 1100 hours. Belting 

must have continued, however, io a layer just belov the surface. 

At 1300 hours meltvat'er percolated through ta the base of the 

1 

1 

\ . 
j 
, , , 
1 
1 'II 
1 
1 

l ~ 
snov cover causing a suddeo increase in temperature at reference 1 

level. ~he total increase amouoted ta about 0.5 degrees C. The 
, . , 

temperature at 5 cm below the surface remained vell belov 0 

degrees c and reached a maxim~m of about -1.4 degrees C 

exhibiting a characteristic "zero curtain effect .. as a resal t of 

the surf~cE and neac-surface melting. 

!aoy snov malt p~Ediction modals and snov hydrology 

texttooks state tbat it is nec,es~ry for the snov cover :to be 

(\ 
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\ 

isoth&rmal at O'degree~ c for snovm~lt runoft to occur. Bowev\, 

t~e present data set shows that this is not a necessary 

conditi,on. The recording, w,bich shows meltwater percolation 

through 40 cm of relatively cold snov, shows that it is Dot 

necessary for the SDOW coyer to recover the nocturnal heat 

deficit Fefore meltwater percolation and, presuaahly, rUDoff can 

s~art. It shows that, in cold snow, funnels (presumably 

isotberlDaI) develop through which the runoff occurs. These 

funnels are surrounded hy areas of cold snov wbare temperatures, 

in ddep SDCV, may remaiD 'weIl below the melting point for days 

~f ter the aelt va ter percolat.ioD bas started. FunneIs vould tend 

to develop around stems and' tvigs in the snov cover where 

metamorphic processes have already produced routes of least 

'resistaDce for the meltwater. The character of the vegetation at 

a site Day in this way le important to the character of' the 

~unoff fraD that site. 

On excavation of the snov thermometer, a fev Fercolation 
\ ... 

paths vere identified iD its vicinity. Snow iee had formed where 

the funnels reached the ground surface. 

6. ~i§fy.§§j,on of the Va.E.QLPr.§.2m!~egime in a â1!.QL,ÇQnl: 

Vafor pressures were eomputed at' 10~-minute intervals, 

assuming eguilibrium vith a plane ice surface, and are shawn br 

Figure 17. This figure also shows the variations in vapor 

pressure gradients at different levels in tne snow. 
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-Figure 17. Vapor pressures and vapor pressure gradients. 
1 - reference lever 
2 - 10 cm a.r. 
3 20 cm a.r. 
4 25 cm a.r. 
5 30, cm a.r. 
6 - 35 cm a.r. 
7 - surface (approximately_40 cm a.r.) 
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The ecmputatioDs of in-snow vaEor ~ressures ware made using 
, 

the formula: 

log e = tul Ct+v) +v (Tetens. 1930) o 5. 1 

vhere t is the tellperature (degrees C) 

El = va{:or pressure (lib) 

v = 0.7858 for vapor pressure in mb 

u = 9.5 over iee 

v = 265.5 over iee 
\ 

This f orll ula 9 ives o~ly an approximate estimate of vapor 

pressure. For the present purpose, hovever, i t is guite 

adeguate, as a greater potential error lies ~n the assumption of 

equilibriua vith a plane iee surface inside thetsnov Fack. 

-, 

ta) j!fects of surface curvature 

A Forous snov caver could pro duce 'an average in-snov vapor , 

pressure different froll that above a plane iee surface. Some 

field measurements hy van Haveren (1971) using a thermocouple 

psychro~eter (Brown, 1970) indicate that ,the relative vapor 

pressure of snovpack toid air, or the ratio of the measured to 

the computed vapor pressure i5 normally Iess than unit y and cao 

reaeh valuEs belov 0.985. Van Haveren postula tes" that this 
-, 

undersaturation i5 caused by ventilation of the snov cover. 

However. the saturation profiles do not clearly sUFPort this idea 
~ 

sinCE, in several of the profiles the greatest saturation defie!t 

is found, nqt at the surface, hut at som~ d~pth below it. 

, 1 

1 

1 
1 

j , 
l 
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7he te~poral variations in va~or ~ressure, deficit dis~layed 

bl' Van Haveren's Frofile measurellents show that the s'hape and 

~ze of capillaries cannot be the only factor influencing the 
r 

vaRor p~essure measurements. llthough a laboratory accuracy of 

0.<lO·05 ullits of relative vapor pressure is clailled, Van Baverell 
" 

does Dot îndicate the f~eld accuracy of his vaio~ Fressure 
, 

JleaSllremen ts. It is Evident,. however, (Figure 9b, Van Ilaveren. 

1971, .p. 181) tha"t the time allotted for the probe tô' coae ta an 

equilibriua vith the snoy temperature vas insufficient. 

Considering ~hat the ~robe length is 60 cm, the telperature 

change thaJ is indicated is guite unusual vhèn cOllpared ta the 

.in-snoN temperature changes recorded in this thesis. On p. 180, 

Van Baveren indicates that allbient teateratures need ta te hald 

vithiD 0.001 degrees C during the 30-40 second .easuIe.ent 

period. From the tellperature graphs in the accoapanying figures 

it is, however, Evident that this reguireaent vas not fulfilled. 

Given that the aforementioned factors introduce but 
\ 

negligible error, the aeasurements indicate that'the error~aused 

by" assuaing eg uilibriuJI vith tespect ta a plan-e ice surfa~e ·is 
, 1 

generally less than 0.1 ab vapor pressure in the old SDov~ack at 

\ . 
Van Bave4en's test' site. In a n~v ~ov pack the errer could 

probatly be considerably greater. 
.i' 

Figure,17 shoQ~d be vieved 
) 

vith these constraints in mind. 

" ) 
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(bl "At,~çt§ of air movgment on v9i4 vOGo; pEe"V'1 

ln interesting effect of surface euryature on vaEor pressure , 

is that it prOb~blY makes the equilibriua vapor Fressure of the 

voids a function of the velocity of flov, for the most shalply 

CODvex pap~s of the ice matrix protrude into the airstrea~ vhile 

the concave parts are more sheltered from tbe moviDg air. ln 

still air both convex and conçav~ parts are of similar importance 

in determining the average void vapor pressure, but vith 
" . 

increasin9 rates of ai~t. the vapor pressure" at the " 

protrusions vould take an increasingly dominant role.
o

• Thu~, the 

vapor pressure of the void air should increase as the rate of 

flov increases. No suitable measurements are available in the 

li terature ta eval"ua"tE vhether or not snch a veloei t~ dependence' 

exists. Neither Yosida's (1950, 1955) nor ren's (1962, 1963, 

1965) experiments include measurements suitable ta ansver the 

guestion.,. Yen '5 Experimental appara.tus could, hovever, be used 

for this purpose, if the moisture content of the air were also 

measured just before the' vet test mete"r. 
i 

If ve re-interpret the relative, vaFor presSUres shown ty Van 

Baveren, (1911) it i5 fcssible that the higher relative vaFor 

Fressures néar the surface result from the aovement of air in thé 

snov cover. The measu~ements may thus indicate snovpack" 

ventilation but for reasons guite different from those given by 

Van Haveren. 

A 'second, most imFoft~t effect of air movements on vapor 
~ 

p~essures inside the snov covet is the previously discussed 

, 1 



( 

d) 

( 

( 

l" 
'''' ~ ~~ ~w ... ,,-..... __ ~ .. lu y~,,",~ r_. ~-, .......... """ .............. ~,,~ J .... ~ ~ ......... _..,."'~_ '" .. _ ............ -,............, ........... "'.n .. _~- ....... ,..,~~-.--,---..~_ ...... __ .. ____ • __ r----<. ___ . __ • 

spatial variations in vafor pre sure and tempe~ature resulting 

fra. the rapid changes rature caused hy vent·ilatioo. 

Given the aforementione constraints, it is possible ta aake 

some observations regarding the vapor pressnre regiae during the 

period of measurement. 7hroU9hou~) the 9-day period evaporation . ' 

fro. the surface prevailed
i 

(Figure 15).. Only at nig,ht. under 
• 1 

cala conditions vas ccndenïition onto the surface Fossible • 
• Figure 17 shows that the 'movement of water vapor by diffusion vas 

mainly upwards, particularly in the uppermost 5 cm. larther dovn 1 

1 
J 

there vas ~aytime dovnward migration of vapor, but at the Iovest 

leveIs, the movement of vapor vas, aga in, mainly upvards. !here 
\ 

vas a zone of apparent daytime mass los$ just ~elov the saou 
/ 

surface. Similarly, there vas an apparent nocturnal .ass gain in 

this 200e. The exp14~ation ~or this apparent mass gain .ust be 

that ventilation causes a reduction in the steepness of 'the J 

- 1/ 

gr~diEnt of the uppermost layer hy increasing ii~ effectiv, 

tnermal conductivity. NO known energl transfer aechanisa ëould 

selectively re.ove the necessarj energy for thoe aforeaentioned 

mass gain. The daytime mass ~ass can be explained by internal 

absorption of solar radiation and by cooling of the SDOV surface 

by ventilation. 

The patterns of moisture .igra~ion are of iaportance in snow 

cover metamorphism. La Chapelle and Ar.strong (1977) identified 

, ' .. 

- . 

1. 

r 
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o 

a 'faE~r pr~ssure_gradient of appro:dll~te,ll ~.05 mb/ea as a d 

critll3al-liait betveen "teaperature gradient aetaaorphislI" and 
, " 

ftegui-teaperature letaaorphis." .(So •• erfeld and La chapei,e, 

1970). 'This liait vas periodically exceeded in the loves' 20 ca 

of the SDOW caver during the 9-day period. It vas exceeded iD 
, 0 

, , 

hoth positive and negative directions in the upper.ost 15 ca of , 

the'snov caver. ThePàlternating direction of aoistŒre fiow aŒst 

he guite i.portant to, the metallorphie proçesses in this 1aJer. ,~ 
-~ 
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CHAFTEB VI 

ANÂLYS1S lOR VEHXI1ATION EFFECIS 

insight ma] be gained iato the patte4ns of venti~ation 

hy co.paring the total heat flux to the conduct~.e heat f~Qx.~ ln 

this chapter such a cCDFarison is attea~ted uader the constraiDts 

imposed by (i) the previousl} mentioned interpolation error 

associated vith th~, assumption of semi-linear temperature chaage 

at re.ference level and rU) the un knov n ther ~a l pIoperties of the 

" snov, cover and (iii) the unJcnown distillation affects vithin the 

sn 011 cover _ 

A computer prograll ~s 'vritten to perfora the c alc:i.\la tion of' 

both the conductiv~ and the total heat fluxes in a lIulti-l.ayer· 

.odel where the snov density can be specified for individual 

layers and the respective therjal p~op~rties of the snov are 

coaFuted accordingly_ The prograll comFubes the diffetence 

betveen the t1l0 fluxes at four different depths helow the snov ' 
" 

surface. It aiso computes the cumulative differences hetve&D the 
-. 

fluxes. The output freD the program i5 graphical, obtained 

di~ectly on the CALCOKR plottex. This aakes it CODvEAient to 
Q 

\ 

aanipulate the properties of th~.snov cover and ta observe the 

effects of the manipulations. 
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1. l!J!1!2.4 

the conductive heat flux, Qc, through a 9-iVE~ de}:th Interval -

in the ::!1l0W cover may he ,estiaated br: 

'Qc = ~k,(dT/dz) :, 6.·1 ' - -

where d~/dz is the ~e~erat!lre gradiént estillated f~o., thé 

obSery-ed te~pe;ta ture ai~~~c~~ss a ~e~rtical in terval in -the 

sno" caver. 'l, t 

J 

lu the present 'analysis, the conductive heat flux, across a 

depth inte.rval 1's cOllpared to the change iD. hÈ!at ·content of a 
-. , 

snov slab telow that level. The gradients controlling ~he 
-

conduction into or out of the sno~ slab are ,mainly the gra,dients 

right at i ts upper and l~ve.r surfaces. Beca use of the_ 

non-linearity of ~he temperature grad~ent, the actuêl ~onductive 

~eat flui may differ somevhat from the1flUx,~llferred 'froll the 

teàpexaturE difference across the intervals. The actual flux , , ' 

vii]." also 1ag behind tlle pred~cted flux somewhat. 
\' ,1; 

The t~tal heat flux at the top of ,a slab, Qt, cau be 

estillated fram the knovn' teillpera,\:ure change per u',Ilit, ~j~e, ,1T/At 
, -

of a given siah of snow and the heat flux at the bot tom, Ob, of 

that slab. 
'\ l', 

\ ' 

Thus, 

Qt =;OSHCi ~7/l\t) +Qb 6.2 , 

,where" /} s is ~now dens:i.:tl(9/cDl~ 

H ls the height interval (cm) 

,Ci is the specifie heat of iee (ca1/g). 

7he toal heat :flux estimate, i5 aloSO s.lightly-aff.Ect,ed by the 

I-",r'/'V'" ; 

'" 

,/ 
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non-linearity of the temperature gradient,_ Since tlle measureaent . 
method precludes destructive monitoring of the thermal proferties 

of the snov pack, and since no non-destructive metfiods vere 

available, the snow density and the thermal ,prcper,ties are 

unknovn and need to be estimated • 
, 

Recent reviews af diffeIent propased relations betveen Snov 
- , 

dallsit} and theIlla.l conductivity, ks, are given' bj GoodX;ich 

(1916), Beimer (1980) and Ohllura (1980). For the fresent'study 
" 

Àbels' (1894) - formq1.a vas used where 

(cal/clI/s/degree C) , 6.3 

and where c ls a constafit that normally rallges froll 0.~06l(AbelS, 

-1a 94) to 0.0085 (Kondratyeva, 1945). Although Kondraty~vas 

constant lias establisbed for snaw densities greater than 0.3 g/Cil '5 

, th,e la,tter value ratherthan; the former vas used for the initial 

estimate of the conductive heat flux, for when cOII}:aI:ed to o~her, 

more recent estilllates of the thermal cond~ctivity of snov it r 

-, , falls closer ta the céntre of the range' of .these estll1ates. than 

M>els' farlula. 

the voluœetri~ SFECific heat ~as deterained using the 

ts = ;os(0.-5051 + ~.001863T).,.oi 

where T is temperatur,e (degrees C) and 

(Ji = o. 9168g/CII.3 

6.4 

6.S 

The accuracy of this estimate depends on the accuracy of the 
, ' 

estiaated snov density. A density surve)' at ,the end of the 

\ -
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, ) 
\ / , 

.easure.ent period, taken as the snov theraoaetet vas excavated, 
- 3 yielded a d~nsity of aFFtoximately 0.2 g/ca. The estiaated 

ra~ge in density is-from not Iesa than 0.16 to a .a~i.ua density 

equal to that measured at the End of the,meaSUréa&ut periode 

2. B.!UL.l - , 

An initial run vas made u~ing a uniform snoll de,nsîty of 0.2 
'3 0 

g/ca • \ 7he result is sho~n in Figure 18. 

The t~o fluxes show àpparent differences of sevEral kinds. 

First, the short tera 1ariability is far greater for the total 
" 

heat t,luX than .for the conductive heat .flux. This can be 

expected since the temperature gradients change only gradually 

and o'ther factors 90,,~rning the conductive heat flux al"~ change 

,ery, slow11_ 

Secondly, thete is an apparent lag of approxima t~11 100 

minutes betveen the tvo fluxes vith the conductive heat flux 
1 

preceeding the total heat flux. 

~hirdl'y, at the lowest' level there are l.arge' dl. fferenc;:es 

between the two fluxes. 
,.. " ,1 

These differences can be seen tbroughout 

the entire âepth of the snow cover. The diffè.tence is 
-

particularly visible at 61pO minutes. 

ln part" tlie differen'ces are caused by, the lIetbod of 

comp~tation (particu1arll_the (time 'lag). It is also guite 

a~Fa~ent tbat the semi-linear interpolation between thermistor 

.' 

1 
,1 

1> ' 

1 

l 
1 

! 
1 
j 
1 
1 
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Figure 18. Run 1. Conductive and total heat fluxes 

(a.r. - above reference) 

1. Total minus concluctive hea~ flux at 30 cm a.r. 
1 

2. Total ,minus cond~ctive hea~ flux at 25 cm a.r. 

3. Total.minus conductive heat flux at 20 cm a.r. 

\ ' 
4. T9tal minus cond~ctive heat flux at lQ cm a.r. 

5. Cumul~tive total of 1. 

6. Cumulative total of,2. 

7~ Cumulative total of 3. 

8. Cumulative to~al of 4. 

(' 
,9. Total heat flux at 30 cm a.r. 

lQ. Conductive heat'flux at 30 cm a.r. 

11. 'Total heat flux at '25 cm a.r. 
12. Conductive heat flux'at 25 cm a.r. 

13. Total heat flux at 20 cm a.r~ 
14. ConQuctive hest flux at,20 cm a.r. 

15. Total heat~ux at 10 cm a.r. 
16. Conductive heat flux at 10 cm a'.r. 

Th cl cl i is 0.2 g'cm~3 e assume s~ow ens .ty 

, ! 

. / ' 

Sça1e 
1 inch - 0.02 1y ~in~l 

l.inch - 0.02 ly min-l 

l inch - 0.02 ly min-l 

1 ~nch - 0.02 11 min-1 

1 inch - 20.0 cal' cm-2 

1 inch - 20.0'cal cm -2 

1: inch - 20.0 cal cm~2 

1 inch - 20,,0 cal cm .. 2 

, 1 inch - 0: 02 ly miél 
1 inch - 0.02 1y min-1 

~ inch ~ 0.02 ly min-1 

1 inch - 0;02 ly min-l 

1 inc'h - 0.02 ly min~l 
1 inch - 0.02 ly min-l 

l iftch - 0.02 ly min-i 
l inéh - 0.02 ly min-

" 
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readings is inadeguate. The total heat flux exhibits 

considerable temporal variatipns throughout the snov cover, dovn 

to the ~owest measuriD9 level. Ihis suggests that the ~udden 

changes in temperatu~e extend right to the base·of the snov 

cover. The intermittent reference temperature readings miss the 
> 

sudden temFerature changes. The semi-llnear interpolation 

removes these short-texm fluctuatioàs in temperature, not onll at , , 

thE base but throughout the snov column. An error of longèr 

vavelength is also p~esent due to the interpolation over long 

tiae'intervals vhen the actual temperature change vas strong1y , 
nOIl-linear. 

If we adjust for the lag by siaply delayin~ the conductive 
1 

heat flux ty an approfliate amount and ve assume a perfect fit 

between the tvo fluxes at the lowest level (after lag adjustaent) 

and remove th~ actual difference at that level and the effects of 

this difference througbout the snow caver, ve can fi1ter out the 
1". 

error due ta the inte~folation over long timè interva1s. Rh~e 

the conductive heat flux r~mains unchanged, ve are ne longer 
'1 dealing vith the total heat flux dcross the different levels. 

r 
Instead "total heat flux" ~ov means the effects of change in the 

heat content of the uPFer levels of the snov covex added to the 
" 

conductive heat flux at the lovest level. This, of course. 
1 

precludes an accurate guantitative evaluation of the ventilation 
, 

eftects. However, the distortion is in most cases s.a~. A 

gualitative analysis should, therefore, still te aeaningful. 
1 
.' 

\ 

, 
1 

1 
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The data manipulation descr ibed above affects the tia. ~aq 

betveen the conductive and the total heat fluxes. This is 
, 

because the previously discussed lag a~ the lowest levei is 

tiltered out. Therefore a change in the assumed thermal 

conductivity of the snov viII change t~e lag somevhat since it 

influenées the difference betveen the two fl.uxes a t the lowest 

level. 
o 1 

3. fiuns 2, 3,.!-~~ 

A· second run (Figure 19) shows the Olltput after lag 

adjustment. In tbis run the non-conductive heat fluxes are 

ass~Jled ta he egual to the conductive fluxes a t the lowest layer. 

This run shows that on several occasions the cond ucti Va hea t flux 

" ~ exceeds the total heat flux both in the downvard (I??siti ve) aD'd 

opvard (negative) directions. When the snov density is modified 

froll 0.20 to a value of 0.16 g/cm 3 CF igure 20), the fit ill1F:coves 

sOllevhat. ,The nocturnal conductive heat fluxes still at tilDes 

consideratly exceed the to,tal beat fluxes. similarly, on some 

dal's the condu~t~v~ heat. fluxes €xceed the total fluxes. 

Any .further lowering of the snow density vould bring it vell 

belov the esti ma ted, minimum snov densi tj for the e xpez:illlent. Th~ 
, >, ... 

rat.:i.,o betlleen ... thé two fluxes can, however~, also be changed bJ 

al tering the value of c in Abels' formula. A val ue c=O.0060 

3' 
gives ta reasonable f~t for an" assumed snOi density of 0.20 g/ca 

(F igure 21). This brings c ou tside the normally o.bserved range 

1 
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1 

1 
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Figure 19. Run 2. Conductive and total heat fluxes. 

(a.r. - above reference) 

1. Total minus conductive heat' flux a,t 3-û 
D 

2. Total minus cbnductive heat flux at 25 

3. Total minus conductive heat flux at 20 

4,. Total minus conductive heat flux at 10 

5. Cumulative total of 1. 

6. Cumulative total 'of 2. 

7~ Cumulative total of 3. 

8. Cumulative total of 4. 

9. Total heat flux at 30 cm a.r. 
10. Conductive heat flux at 30 cm a.r. 

11. Total heat flux at 25 cm a.r. 
12. Conductlve heat flux at 25 cm a.r • 

.J' 

13. Total heat flux at 20 cm a.r. 
14. Conductlve heat flux at 20 cm a.r. 

15. Total heat flux at 10 cm a.r. 
16. Conductiv:e heat flux at 10 cm a.r. 

The assumed snow density 1s 0.2 gcm -3. 
,Lag adjustment ls 100 minutes. 

r 

Sca1e 
cm a.r. l inch - 0.02 ly min=-l 

cm a.r. 1 inch -' 0.02 1y 1l1i~-1 

cm. a.r. 1 inch - 0.02 ly m1n-1 

cm a. r,. 1 inch - -1 0.02 ly min" 

1 inch - 20.0 cal cm- 2 

~ inch - 20.0 ca! cm-~ 

1 inch - 20.0 cal cm-2 

1 inch - 20.0 cal -2 cm 
, 

Il inc~ 0.02 ly min:l 
1 ine - 0.02 ly min-1 

1 inch - 0.02 ,1y min-1 
1 inch - 0.02 1y min-1 

1- inch - 0.02 1y min-1 

1 inch - 0.02 1y min-~ 

,1 inch - 0.02 1y min:~ 
l inch - 0.02 1y min 

Total heat flux i5 set èqual to the eonductive heat flux at 10 cm 8.r. 

1 
, 
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Figu~e 20. Run 3. Conductive and total heat fluxes. 
1 

(?r. - above reference) 

'. 

L Total minus conductive heat, flux at 
• 

2. Total minus conductive heat fl~ at 

~. Total, minus cOn'ductive heat, flux at 

4. Total minus cond.uctive heat flux at 

5. Cumulative total of 1. 

6. Cumulative/total of 2. " t 

7. Cumulative total of 3. 

, S. Cumulative total of 4. 

,9. Total heat flux at' 30·cm a.r. 
la. Conductive heat flux at 30 cm a.r. 

, Il. Total heat flux at 25 cm a.r. 
12. Conductive,heat flux ~t 25 cm a.r. 

13. Total heat flux at ~O cm s.r., 
14. Concluctive heat flux a~ 20 cm a.r. 

15. Total heat flux at 10 cm a.r. 
16. Conductive heat flux at 10 cm a.r. 

The assumed sriow density is 0:16,cm-3• 
Lag adjustment is 100 min~tes. 

30 cm a.r • 

25 Cl!1 a.r. 

20 cm a.r. 

10 cm a.r~ 

Scale 
/1 i~ch - O. 02.' ly, min:.i 

1 inch - 0.02 ly m:ln-l 

,1 ;,lnch - Q.02 ly min-l 

'1 inch - 0 .. 02 -1 ly min 

\, 1 inch - 20.0 ca1- cm-2 

\ 1 inch - 20.0 cal cm~2 
" 

l'inch - 20.0 cal cm~2 

i inch - 20.0 c~l cm-2 

; .1. inch - 0.02 ly min:~ 
1 inch - 0.02 11 min 

t inch' - 0.02 1y min-~ 
.1 'inch - 0.02 ly min-1 

l , 

l inch - 0.02 1y ~in-l 
1 inch ~ 0.02 ly min-l 

, L inch - 0.02 1y min:i, 
, l inch - 0.02 ly min '" 

Total heat flux ls set equal ta "the co'nductiVe heat flux at 'ID cm a.r. 

,- '( 
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Figure 21. Run 4. Conductive and total heat fluxes. 

1 

" 
(a.,r. - above reference) 

~ , 
1. Total miijus conductive heat flux at 30 cm à.r. 

2.' Total minus conductive heat flux at 25 cm a.r. 

3. Total, minus conductive hest flux at 20 cm a.r. 

4. Total minus conductive heat flux at 10 cm a.r. 

, 
5. C~ulati~e total of.l. 

6. Cumulative total of 2. 
t 

7. Cumulative t~tal of 3. 

S. Cumulative ~otal of 4. 

9. Total heat flux at 30 cm ~.r. 

" 

10. Conductiv~ heat flux at 30 cm a.r. 

Il. Total heat flux ~t 25 cm a.r. 
12. Conductive heat flux at,2S cm,a.r. 

13. Totàl heat flux at 20 cm a.r. 
14. Conductive heat flux at 20 cm a~r. 

15. Total heat flux at 10 cm s.r. 
16. Conductive heat flux at la cm a.r. 

-3 gem 

Seale 
'1 inch - 0.02 ly min~l 

, 1 inch - 0.02 ly min-1 
1 

1 inch - 0.02 ly min-l 

1 inch - 0.02 1y min-l 

l-
I inch - 20.0 cal cm-2 

1 inch - 2~.0 cal cm-2 

1 inch - 20.0-cal c~-2 

1 inch - 20.0 cal cm-2 

, 1 inch - 0.02 1y min-l 
l inch - 0.02 ly min-l 

il inc~ - 0.02 ly min:i 
l inch - 0~02 1y min 

~l inch - 0.02 ly min-1 
, 1 inch - 0.02 ly min-1 

,1 inch - 0.02 ly min:~ 
, 1 inch - 0.02 ly min 

1li~ assumed snqw density1s 0.2 
~ La8 adjustment 18 100 minutes'

7 

Tptal qeat flux ls ,set equal ta 
, '!'he cons tant use~ 1s 0.0060. 

the conduètive\heat flux at la cm a.r. 

1 • 

/ 
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, 

of 0.0068 to 0.0085, possibly as a resalt of the flu"x 

equalizaticn a t the bas~. > 

, 

Heat gains due to absorption of shortvave radiation are, 

apparent in' the fora of daytiae total heat fluxes exceeding the 
1 

conductive heat flux. Bowever, if the heating vere by radi~nt 
f ' 

aDsorption only, it wculd decline muca/more rapidIy vith depth 
\ 

, 
tlran is }-resently i~dicated. .It ls quite possible that the, ' 

observed heating is rElated to snovpack ventilatioD and is caused 

by down~àrds redistribution of radiant heat absorbed in the 
->0 ' 

near-surface layers of the snow caver. 11though Jhe ther.al , 

effects of ventilation app~ar ta be relatively s.all, Fi'gue 21 

shows that ven tilation cannat be discounted as uni.portant to 

heat transfers through the snow cover. Fro. about QOOO minutes 

to about 6000 minutes, a period of varm air advectioD and fairl)' 
f 

high vind speeds, the total heat gain of the SDOV caver vas· " 
t 

consistently about 20 to 50 per çent greater than the heat gaiA l 

6 

br conduction. The net radia~ion during the night fal~ing vi~hin 

that period vas close ta zero, 'and the snov surface te.perature 

vas lIar'lIer than the telRperature illside the snoll cover. lDother,. 
C', 

siailar, occasion is in~the eveniD9 betv'~n 10600 minutes and' 

~0800 lIIinutes vhen, again, the surface teliperatuJ:e V'as varmer 

than the i Iternal parts. 
\ 

~h<ere i5 a~ apparent strong respons~ to 'varia tions in net 

radiation at night. This response, h~vever. is aore apparent 
-

than real and is caused hi an excessive lag betveen the two 

l' 

'1 

1 

1 

1. 
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fluxes .... If the la9 is reduced to 20 minutes, the effect 

disappears (Figure 22). This 15_ p.rob,ably a moxe aPPI:opriate 1ag 

for the presently used c;:onstants'than the lOO-lIinute lag 

deterained for the 'initial rune ,'The variation' in 1ag ti •• 15 a 

résult of t~e assu.ed lover boundary condition" as previoasly 

lIentioneq. 

~he reduction in ,1ag tille enhances. the apFearanœ of 
1 

-
absorption of solar radiation. It. a1so adjusts the, tiaing of the' 

radiant absorption to correspond hette~ vith astronomie, reality. 
, 1 

~ne iDtere$t~;tern appears in this figure, Damely that the 

tvo v!ndiest days are also the two days vhen the greatest 

differences betveen the Fonductive and non-co'nductive beat fluxes 

occur. 7he effect extends through the entire ae~th of the 
\ . 

snovpack., Th~s lay he the previousl} discllssed effeé€ of . L; , 
ventilati<?} redistriDuting downw-ards into the snow cover radiant, 

heat' abso~hed nea~ the surface. 

the periods of nCD-cond~ctive heat gain coincide vith tbe 

periods of increased variation in the first and second 
-

derivatives of temperature (Chapter ~). Be~use of the 

uncertainty introduced by the various assumptions used, bowever, 

'thip coincidence may be fortuitaus'. 

7here 'are several c-€vents when "there is a _yo~·~, tempQral 

cor.çespondence between the di~ferences be~ ~/e. total vand 
1 / ' 

con4uctive heat fluxes for different de-ths vithin the Show , /f'~ '~ 

~pver. This is va.J.id fo!:1, fluct~/-ns .O~, both' long and short 

. / 
),// 

t 
~/ 

/ 
./ 
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Figure '22~ Run 5. Conductive and tota~ heat fluxes. 

(a.r. above reference) 

1 1. Total minus conductive heat flux at 30 cm a.r .. 
/ 
2" Total minus conductive heat flux at 25 cm a.r. 

3. Total JI1inus condu~tive 'heat flux at 20, cm a.r. 

4. Total minus conductive heat flux'at 10 cm a. r,. 
-

1 -
,[S. Cumulative tQtal of 1. 

, 
6 .. ' Cumulative total of 2. "----" 

, 
7. Cumulative total of 3. 

8. Cumulative total of 4. 

, f 

9. Total' heat flux at 30 cm'a.r. 
10. Conductive heat ~lux at 30 cm a.r. 

-r , 
, 

11. Total heat flux at 25 cm a.r. 
12. Conductive héat flux at 2~ Cm a.r. 

13. Total heat flux at 20'cm a.r. 
14. Conduetive heat flux at 20 cm a.r. , , 

15. Total heat flux at 10 cm a.r.lf' 
16. cond~ctiv~ hea~ flux .. at 10 cm ,-r/; " 

(, 

the ass~ed snow,density ia 0.2 gen-3• 

" Scale , 
l inch - 0.02 1y min~l 

1 inc~ - 0.02 ~y min-l, 

1 incn - 0.02 iy,~in-1 
" 1 

-1 1 inch - 0.02 ly min ' 

1 inc\y - 20.0 cal 'cm-2 
1 

1 '~ 2 -~ 
" inch - 0.0 cal cm 
'l 
,1 inch -,20.0 cal cm-2 

'1 inch' - 20.0 cal cm-2 

l ' " 

1 1 inch - 0.02 ly min':'l 
. 1 inch - O.O~ 1y min-l 
, 

1 l inch - 0.02 1y min-l 
'1 inch - 0.02 ly min-l 

, 

" 1, inch - 0.02 1y udn-l , 
1 inch - ~;02 1y min-l, 

:'1 inch -' 0.02 1y m1~-i 
: ,1 inch - '0',02 1y mile 

Lag adjustment ia 20 minutes. _ 
Total heat fluX is set equal ta the conauctive heat flux at 10 en a.r. 
The constant used is 0.0060. 
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vavelength. This vould suggest that the diffe~ences are ~elated 

either to the. error int~oduced by the equalization of the tvo 

f~uxes at the lovest level or that the} are related to 

veDtilatioD Events, simultaneously effective throughout the 
\ 

snovpack. Heither the timing, no~ the direction of' the . 
diffe~ences at the lovest level, howev~r, coincide vith the 

afo~emeDtioned patte~n, so the pattern is not caused by the 

artificial egualization of the fluxes at the love st level. The 

pattern JIIay thus 1:e ~Elated to snovpack ventilation. 

One such event occurred at approximately 1800 minutes vhen a 

' large , Fositive d{ffeIence betwaen the conductive and total heat 
-

f1uxes sudàenly changed ta a much smaller difference. Hot .uen 

in the backup LDformatioD can explain this sudden change. There 

i5 a decrease bath in vindspeed and in vind gustiness at the tiae 

and aiso a decreàse in net radiation. Bowever, such avents 

occutred on most afterDoons throughout the period of aeasurement 

v~t~out Froducing the same spectacular effect. There is, 

ho'wever, a.lso a sharp drop in the temperature difference betveen 

the snow surface and the air a t 30 cm a.bove the surface tbat 

coincides vith tbis particular evé'nt. The a.bsolute value of the 

temperature difference is unknown because of the _previonsly , , 

discussed intr~ent txoub~e but t~e relative change in 

temperature is a real one. The change is from an unst~ble to, a 

less unstahle thermal stratification in the neaL-surface layer of 

the air. coincident with th~~-ev~nt there is also-a drop 'in the 
g 

• 

1 
j 
1 
1 u 

j 
1 

1 
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relative hUllidity of the air a t screen level. Since the 

nea.t-surface temperature vas higher th an the t.empera ~ure of the 

lover parts of -the snow cover, ven tila tion v ould produce a heat 

gain. The surface temFerature also drops shaq:ly at tbe salle 

tille as the change. in difference betveen the tlio fluxes occurs, 
1 

possibly as a resul t of the changing radiation balance" but more 

likely as a ~esult of COOling~y Evaporation, caused hy 

reduced relative humidity of t~ air. The sim~ltaneitl 

chan'ge ,at the different' levels suggests that the sudden 

the 

of the 

cQange in 

thE difference betveen the total and the condncti ve fl uxes is the 
1 

result of a sudden -reduction in snovpack ventilation. 

- An event at 1500 minutes ls shown as a maJ:ked fluctuation in 

the difference betwe~n the two fluxes that extends throughout the 

snowpack. There vere coincident variations in both Det 

radiation, wi~d speed and relat~ve-h.uIllidity of' the air at this. 

time. A similar eYent at 7150 minutel is simila~ly accompanied 
, 

by fluctuations in windspeed, net radiation and a drop in ' 

relative hUllidity. In addition, there is a rever.sal in the, 

temperature gradient between the surface and 30 cm above thé 

surface. The change ~as from unstable to stable stratification 

an d the tellperature distribution was such that ventilation 1Iould , 

increase the heat gain by the snowpack. These events also 

suggest effects of snowpack ventilation. 

It is evident that lIanr of the obsetved fluctua tions that 

penetrate through the snov cover are related to events aJ::ove the 
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. snov surface. Bo.vever,_ there i8 no c:1.ear re~ationsh1p 'betv.eD. 
Cl 

the difference betveen the t]lo flu.xes and the ahove-snov aYants 
-

as vas anticipated. 1 t, ti.es there i5, an apparent relatioDship 

to changes .in vi.nd, tEI~eœture gradient and relatiY,. hU.ldit,_ 

On .anJ occasions, hovever, there are large changes in vineS speed 
• 

liith DO apparent respoDse in the difference be,tw'e~n the tvo 

fluxes. On other occasions there is covariance l)etv"n vinc1 
.-

speed variations and variations fn the xlux differe~ces. 
( 
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CHI P7EB V.J:I 
" . 

~ (. ') 

COBèlOSIONS IND BECOHftEBDATXOBS 

1 _nev snov therllolletèr ~as' designed and .lIallufactured in 

order ta illvestigate the temporal patterns of saovpack 
. 

ventilation. The design vas successful and enab~ed an accurate 

, . 

set of sno" teaperature lIeasureaents to be taken thr,ough a set ,of 

diurna~ cycles that ~Dclude an event of soov surface .elting. 
-

7he high resolution of the tellpérature measurements allovad sOlle 

.nev observations ta be made regarding snov~ck. tell Fe.tatures. 
i • 

The study shows fha"t there are t.empora~ v.aria tions in 

teaperâture inside a SDOV cover that cannot be explained in teras 
_ , "J 

of CODQuctive or radiative 'hea-t fluxes. it is concluded that 
-

t~ey are caused by air lIovemell ts inside the snov. 
-

The ther.al effects of the'air move.ents show tvo distinct 
-

patterns. One i~ particu~arly ~pparent in the daytime whèn the 
-

snow surface teaperature is near its d-aily maximum. This 
-

coincides .. ith the least stable density stm tification of the air 
-

i •• ediately above the surface. The pattern thU~ sUFPorts the 
-

notion that the surface pressure field drives the air .otion 
/ 4 

• inside the sno". 
, , 

there is a s,econd 'pattern of irregu.lar changes in 
, 

temperatûre that occur at night. This pattern coincïdes vith 

• 
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steep negative. teaperatu're gradients in the sncv cover and 

ap,pears to be caused 1:7 the unstable densit}' stratification in 

the SDOV cover. This is in agreement vith conclusions ~eacbed by 

Bergen (1963). ' 

the relations,hip tetveen vind above the surface and air 

.ovements inside the snov cover is Dot a simp~e one. The theory 

proposed in this ithesis suggests that an inc~easé in vindsféed 

ma}' not necessarily result in an increased ventilaticn rate, but 
n 

that there may, in fact, be a decrease in ventilation rate berond 
, 

a certain, perhaps fairly lov, vi~d speed. The theor}' 'a~so 

suggests that vapor transfer mechanis8s may producè aegative 

feedbacks ta ventilat.ion in the" pr~sence of steep t.e.pe:c'ature 

gradients. It vas, hovev~r, not possible ta veri~J these aspects 

of the theory using the present data 'set. 

The snov theraometer design does Dot encourage dovnward 
~ " 

percolation of Ilelt.water aldug the sensor ax::ra}'- 'J This a110v's 

accurate temperature aeasurements to he made even vhen parts of 

the snov'cover are aelting. Thus, a teaperature maximum of -1.4 
-

degrees c):as recorded at 5 centimeters helov the surface d~riDg 

a brief ~eriod of surface and near surface ae1t. There vas a 

ve11 deve10ped zero curtain effect during this period., 
-

~he data set shows one event of percolaticn of aeltvater 
e 

from a .elting near-surface layer through a snow covèr tbat is 

vell telov 1th~ f~eezing poiht. The me chanis Il cf such percolation 

has been di5cussed by iankievicz (1976) but it 15 the first t~lIle 

'\ 

.. 
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, \ 

\ 

that'the as~ociated\the~Dal event~ havE been recorded iD a 

natu..tal setting. 

It'was possible ta determine, vith reasonable accaracl, the 

heat talance of the sncw cover over 10-minute -intelvals. 1he 

measurellen ts show tha t although the SDOV cover mal aè's.or,b only 

salle 20 'pe~ cent, of the incident solàr radiaticn', only a slIilll 

portion of the absorbed -radiatjon ls actual~l used to elevate the 

temperature off the snov cover itself. A major portion of the 
/ 

a..bsorbed radiation !s used ./to heat the air a'bove -the sno". This 

is accoIIElished, at least in part, by 'ventilation of the 
• 

upper,lIost fev centimeters of the snov- cover where DOst of the 

radiant absorption occurs. Ventilation of the uppermost fev 

çenti'lIeteI:s of' the sncv cover is suggested ,as\ a: coaplement <la, 
. perhaps, àn alternative to Ohmur~'s (1980) surface absorption 

hYFothesis. This hypothesis vas put forward to explain why the 

near-surface lay~rs of the snow cover do not ,melt despite the 

large amount of solaI: radiation absorbed-by the'snov cover. 

Snov surface temEeratures vere monitored vi~h good accuracy. 

The data set shows raFi.d temporal variations which are 

particularly aarked at night, in near-calm conditions. A test oÎ 

tnxee methods of estimating snov surface tempe~atures-indicated 
l ' 

that screen air ~empelature is genera~ly the b~st estimatox. At 

night, in calm co~ditions vith clear skies, thE screen d'eVlloint-' 
. -

temperature is the best estimator. In vindy conditions, at 

nigh't, the hest estillate j"s often given hl' the scree.p vet-l:l,l1b 

.... 
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J ____ -

2. ~yg~~~ilisuign 0& the Sn9" Therllolle,te, 

1 -, ~he present ther.ometer_!n~fer,e~, f~OIl a design error vhich 

'vas due to an assuaption, based on available literatore, thàt,the . " 

teaperature variatioD~ at, the h~se of the snov cover would pe 
. 

negligîble. It vas assumed that seai-linear interEolatioD 

between intermittent refereuee thermistor readings lIoUld 9iye a 

sutiiciently aecurate tellperature'referenee. The teaperature 
< 

measureœeots show, however, for the tirst tile, that there are 
. f. .- , 

sudden changes in temperature that extend throug~~ut the snow 

cover. 

The design error 15 easily èorrected by'u5Îng a reference 

the~.istor cavity of high thermal inèr~ia. the reference cavity 
, 

should he linked to th~ lovest leve~ of the SDOII theraoaeter 

using ~'fast-response thermopile. The output tram t~e the~.opile 

shoula he lIonitored vith tÂe other sensors on the ScaD. 

\ 

~!Jggestions for a future Experiment '~ ,tl 

lt would' have beE-D desirable to repeat the ex,pe:rilDent U~iDq 

a correctly des~gDed snoll ther.olleter. Hovever, the experience 

gained in the experiment,showed that a more co.prehensi~e'change 

in the experilDental de~igD is necessary. 

lirst, the ';detailed analysis of minute-bI-minute data 

indicated that a auch greater scan rate, of several scans per 

" 

" !I ,,,-./ 
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second ls reguired in order to study Individual ventilation 

ev Entl;i. This requires a further improvelllent iIl the resolutioJl ot 

the data re~ordi'ng system. ' Sucb aD improvellent can be ac;hi~ved 
'1 

vith a bettet data 109ger. A digital data,lo9ger is ~~quired for 

. the necessary speed of cesponse. 
~' 

The output abould be directly 

coaputer coapatibie because of the rast aœount'of'data gene ted. 
\ 

Secondly, the spatial variations in the surface essure 

field should be directl} monitored during the e ari.ent. The 

character cf the pre~sore field is not eas 1 inferred frolll vind 

-speed aeasurements - -even if the v~rt' al componeni and the-

ho~i2ontal cOllponents vere tO~imultaneOUSlJ ao~itored. 

,monitoring of surface _ Fre~e variatio,ns presents i ts ovn 

problems, however, and 't is an area of research that $till 

considerable atten aD. 
l ' 

~he monit ring of the therm~l stratification ab ove the 

The' 

needs 

'surface, ile made lEss essential by the direct monitoring of 

the atial variations in surface pressure, vould be grea~ll 

cilitated by a high-speed data acquisition system. ~he large 
, . 

tille consta~t, necessarj for a steady signal on th~ chart 
, , 

recorder, forces a sensac 'geometry that makes artificial 

ventilation of the sensor illperative. Using a high-speèd data 

acquisition system, air tellperature sensors s'ufficiently slIIall to 

elimin~te the need for a~ificial ventilation can he used. 

< • 

( 
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~hi~ thesis has provided some, at lea~t tentative, answers 
---, / 

to ~O.e of the guestio!f'1J' regardillg sn~vpack- VlUlt~l~tion. 

, Hovever, many more questions vere raised than ansvered. It ia 
.1 

clear that much vork remains before the factors controlling 

snovpack ventilation ~ fully Qnderstoad., ~he present vart has . , 
1 

concentLated on the te.poral patterns, at a site located in fIat 
, " 

terrain. It thus largelI ignores the effects ofo the 

guasi-stationary surface pressure variat~a,s. Iet~ these .al be 

the ones main1y ,respotsible for snovpack ventilation in terrain 

that ls Dot fIat. 

7he spatial an~ 'temporal aspects of near-surface turbUlence 
'"->, f .... 

and of the associated surface pressure fie'd is à tOFic th~t 
, 1 l' 

merits ~onsiderable attention. ~t is impo~ant, 'not only to 

(, C' sn9vpack' and soil ventilation but also ta energy exchanges at the 

( 

surface and, to aeo1ia» ~ranspor~processes. 

It iB ea~ily imagined tbat differences in vegetation and 

topography influence the character of bath the quasi-stationarl 
. 

and the mobile presSUre fields. The ecological effects, both 

long-tera and short-texm, of such variations are unknovn. 

~be vap~r transfers vithin a snow cover merit fu~ther 
. 

attention. Of, particular interest in ,this context is the 

proposed nega~ive feedback to ventilation in the pre~ence of 

p~rticularly strong, negative temperatore gradients. A 

relationship between the vapor p~essure of the pore air and its 

velocit1 ls a1so suggEsted. 
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l'ln turbulent transfer theory the assump,t;an is often .ade ' 
1 

that bath th'e horizan~al and the vertical coâponeD~s of- the flow 

come ta,zero near"tbe surface. 7he present stud} shows that 

t~ere ls a vertical fIcw component through the snoll surface. The 
1 

effect of this vertical component on the heat flu~ estiaates 
-

, ohtained hy staudard gradient measurement method~ needs to be 

"in ~èsti9ated. 

The vertical,component through the surtace lay be an 
- \ 

lmportant factor in aeolian transport F~cesses. 7he observed 
-

'snoll erosicn feature descr'ibed in -the, intraductaI:y chapter 

certainly sugg.ests tbis ta be the case. It lIould be DlOst 

interesting ta know the lIagnitude of the vertical cOJlFonent 'at 

the surface onder different conditions.' From the point of ,Yiew 

of snow drifting a~d energy e1change it woul'd lie particularly 

interesting to know the influénce of the near-surfaèe air 
, ~ , 

perilleabili ty ,on the ve~tical compo~ent through the s'Utface. /' 
, , 

The accessory instruments, d-evelQped during the COurse of ,',' 

tÂis study open possibilities for several new investigat!ons. 
1 

The radicmeter probe apFears promising for research on radiation 

penetration ioto the sncv caver. The p+ohe could be aodified by 

addi.Q.9 fil ters' for ditferent spectJ:al bands. 'lhe anemoraeters\ 
~ 

hav~ alreaay be~n modified and developed into a low~cost .. ' 
totalizing anemometer that ma~es spatial vind surveys-feasible 

(Ockvell, 1980). Further understanding ai; :the spatial variations 
, 

in vinn speed is needed and thE.high Cost of anemometers is a 

, ' 
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main bottlen8ck in tbi~ field. 

linally, the rapi'd t.ellperature fluctuations and the 
.1 

ventilàtion they indicate suggest not onli one but two Dev 
'1 ,,' 1 

,factors that need to te eonsidered in the theory of snov 
-. 

meta.orphism. ' First, 'the move.ent of air iDfluences both .ass 
- , 

and heat transfers. Secondly, the rapid fluctua,tioDs in 

te_perature ~an cause spatial vatiatioDs iD th'e teaperat,are 

the Yapor Fressure of the iee matrix ~s a result of spatial 

and 

~~~- ) 
yariations in the thickness' of the iee _atrix~ The latter 

-
lIecbanisl _ay offer an explana tion to the rapid "d~str,uc:,ti Ye, 

r'" ' 

, aetaaorphis." of neil EDO" observed iD DatUte but Dot predictable 

frol surface eurvatures using Kelvin's eguation. 
1 • 

" 

'-

'l' 

, / 
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