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‘Abstract 

' therefore, 

1985.to obtain en understanding of the physical processes responsible for 
winter ice cover in lakes and reservoirs; This report docuents many of 
_the observations made on three headwater lakes "of the Yukon River basin 
/(Marsh,‘ Tagish, Hand Laberge), presents 3analyses~cof‘d:through=f1owo 
phenomena,;— establishes the "Vélidity *of field ‘obseryations ' 

-parameteri2ations' :required for .thermodynamic models of ‘lakes,‘ and- 
develops‘ ‘some—‘ specialized mathematical models 
through-flow, and outflow of deep riVérine‘lakes.* 

Unlike ‘the summer ‘flow conditions in these and some other 
‘ice-covered lakes, the winter throughéflow current “was not concentrated 
as a boundary current. In the 1983 study, it was fouhd that, apart from 
the immediate inflow area, the current flow was below the threshold of‘aA 
specially designed acoustic ftime¥of?flighf current” profiler. 'IfiA'the 

subsequent ‘erperiment'in V1985, a- novel under?icee drogue was‘ deployed 
successfully, “which made “it possible fto‘oe1ineate ’the'wéak'*finder-ice 
flow.,K when the flow measurements were combined with temperature profile 

. observations,“ they‘ offeredesa‘ picture of‘the circulation in a large 
iceécovered riverine lake. ,The~outflow and‘the associated heat flux tend 
to. be concentrated more at the surface on?thetleft4hand‘side of the lake 
looking in'—the’ direction of 'out:lowi wfiossible. outflow instabilities 

_ 

offer an interpretation‘ of the dobserved'irregularitie§*’in the 'drogue 
‘ 

‘ 
( 

‘ 

’~, 
‘ . 1. 

I 
V, 

V I trajectoriesf 

The sensible heat transfer between water and ice was inferred by 
_a number of methods in Tagish end Marsh lakes to be represented by a bulk- 

Field programs were‘initiated in the late winter3.of“ 1983 and- 

and‘ 

of ‘the ' inflow, , 

transfer _coefficient of 0.8 x'10‘3. A thermal model of the Yukon River,- 
.including ‘such effects as the shading of ‘solar radiation by the river 
banksyl Simulated the observed temperatures ‘to an RMS error of l°C and, 

was used. to‘ ;supply missing water \temperatures;- Two 
expressionsd for incoming longwaye‘.radiation were tested. “The Swinbank 
‘formula was found to be superior for daily air temperatures above 0°C and 
’the Anderson relation better at lower temperatures. A standard_method of 

vii .,'_



.estimating the fraction of daily cloud cover was.evaluated for a northern , 

site,~,— 

. Four “mathematical models were formulated to examine_ various 

:aspects_T of 1“winter fycirculation in large lakes.‘ ‘A“diagnosticfi1’ 

githree-dimensional model of flow-through under ice with Ekman firiction was 
Av§found‘-tohibe similar: to Mthe‘ drogue obseryations,y but . 

problemsv remained in the specification of the open boundary conditions.]-V 
A steady two-dimensional analytical model demonstrated the observed flow 
concentrations on the left-hand_side of the outflow and suogested that 

A 

the »upward heat flux from the, water to the ice and hair decays with the 

,square. root‘ of the -distance from _the ioutflow, A 'one-dimensional 
' similarity model 9: the Outflow dynamics offefed a-means of determining 
.the* distance from ;the outflow at which the upward] transport'oft heat 

_ 

_equa1sg{or exceeds the atmospheric heat loss» and thus allows an.estimate' 
'7 of .the sire and area ofi~thegoutflowgpolynya.; This model suggested decay; 

of_-the heat flux varying~rinVersely with distancegfrom_ the outflow; i39,_ 
‘unsteady ltwo¥dimensiona1gand\ nonhydrostatic numerical; model gave 5onlyyW 

qualitative agreement with the above two outflow models. It WQui@"afi9§§% 
i 

that fifiess two methods are too simple to patameterize the outflowing heat 
’£.1;ux"" V.a'cc‘urat'ely. Unfortunately, _the z1ur.ner.i<:a1iAm.<'><41el;.-‘ when extér"1ded:£rQm. 

. 

;'aW;simple rectangularly -shaped "lake to a more realistic yariahle-depth 
4"1ake; was too computationally elaborate to réach a final steady state for 

both the flow and temperature £ieldsL‘ 
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Résurnéa 

durant lfhiveri, 
_ 

1'14 alété décidé-a la fin deshivej;’§ 1983..et 1985, 

firésenteiplusiéurs Qbscrvations.reiative§ a trois lacs cu cours supérieur 

les analyses »des phénoménes;d’ecou1ement 'de i'eautta travers. 1e lac} 

nécessaircsa é V1’é1aborati9n” de,modé193» th€Ifi0dYfi§miq“e3«d93a 1a¢8r et 
présente-~gn certain nombré dé modéleszmathématiques‘dnVdébit:ehtrant,—de 

profonds,:gni;ont;deS.débits:'entrant7etrSortant suffiéament importahté 
' 

pour détermine; ehlfiattie la circulation de l?eau dans‘cés lacs. 
V H 

Vétudiés_.n[était Pas concefitré ;e long des rivésr1_ Dans liétude de 1983, 

recherches, »saUf .dans.Ala~flrégion ofif«axfiVe _le débit entrant. ADans 

roriginale, concne pour allér sous la glace,t a=perniS de caractériser le 
_faib1e écofi;ement.de l’eau sonc la g1ace.= Les mesures de courant ainsi 
obtenues,; conjngnées aux données relatives an orofil de température, out 

.permistnd'établir?;a maniére dont l’eau circulé dan§.un grand lac couvert 
4 

de 91aCe_d9nt les débits entrant et sortant sont auffisamment importants 
‘ 

pou£‘.dét§rminer en partie 1’écou1ément dc lfeau; Le débit.3grtant et le 
~:£Lux gda chaleur concomitant ont tendance a ’se concentrer davantagé a la 

Dans .le but de comprcndre les phénoménes physiques responsab;és“fi 
det la formation de la couvertqre de glace sur.1es lacs at les réservoirs j 

‘d’ehtreprendre des proyraméé de recherche .sui 1eAterrain.. Cc“ rapport a 

du »baséin.duMfIeuve_YukonV(lcs;lacs’ Marsh, Tagish et Laberge), présente 

établit. la va;idité-des observations sur lea terrain et.du‘ 

ii 
'“ ‘ 

i’écoulémcnt_5dé lfeau. a trafierg lé- lac" et du débit':sortant des lacs_ 

Contrairement- a cé qfii’ cst obserné dans Accs'1acs etn_d’autres 
’1acs, converts dc élace ouajduranttlfété, le cofirant ~traversant»;es lacs

b 

lnintensité. du ;courant\.était ‘eh déésous du ;aeuil.de- détéctionrdfun’ 
courantométrerragoustique a témps de pasaage~ spéciagement concu pour 

'1’expétieficé ~Su§séqnenté,- en 1985} lfempio; d'une drogue " 

surface du’coté:gauchén.du lac, c‘estea-dire ‘é gauche quand ‘on regarde.. 
d3n$x la; direction de- l'écoulement, du _débitn'Bortant. ,L’instabilité”‘ 

1 i£:éguliéres»de_la drogue._ 
_poasible.,éu idébit:;sortant”pérmettrait »d’interpréter ies trajectoires 

de méthodes utilisées dans lea lacs Tagish ctf _» 
‘:'Marsn .ontbpermis de déduire‘ qneQ1§%transfert’dé ochélefir'§ensib1e éntré‘ 

.‘ 

ix .



l'eafi et- la g1ace' pouvait étre: exprimé,_ dang 1’ensemb1e;' par 

coefficient. de transfert de 0,8. x 10f3; -Un modeler tnermique”du fleuve 
Yukon quiIprenait en consideration des facteurs; tels que le bloeage deg 

radiations solaireé par les riies, a-permis xde.simuler les temperatures 
1’9b8ervées avec une errefir{quadratique moyenne de71 ‘C. Ce fiédéle a-done 
’été,‘utilisé pour obtenir lee valeurs manquantes_de temperature de 1’eau;e 

Deux F formflles nathématiques rportant sur: lrapport‘ calorifiiqueA des 
‘radiatidnssinfirarouges ént-été mises a l’épreuve. La formule de Swinbahk 

s’e5ti avérée supérieuré quand la temperature de 1’air durant 1e jeur est~ 

§fiPéfiéfi:_§‘0"C.tandi Anne la relation d'Anderson était eupériefifeua deg . 

:températfires‘plu3 basses. Une méthode normaliéée permettantndfestimer 1a’7 

quotidienne a été evaluée dans des'conditions nbrdfiques. 
', .‘,'-.'-.‘. " H 

Un, certain nombre de modéles mathématiques ont été mis au point"A 

dans *le but‘d'étudi9r différentsnaspecte de la circulation-de~l'eau dan$n.. 

les lags de'grandes'difien§ions pendant l’hivera.:Un modéie diagnostique ,_ 

.»tridimen$ionne1 de.1’écouienent de l’eau sousrlaf glace tenant:eofibte’de_ 

la xfriction d’Ekman afdonné‘.de§ résultats qualitafiivement‘similaires 'aH 

uofitenuex avec "la.%drogue ;mais certains .gr6blémesfreEatifs a la 

caractérisation des cohditicns aux limitesrgans le cas d’une masse d’eau 
‘ quit n’est délimitée par au¢uhé'frnntiére phyeiqfie‘n€ont pa§_étérrésolus.1 

Un modeie analytiquerinvariab1e-bidimensibnnel décrivant‘Ia’cen§entratiQn'j 
' duuacourant du cété gauche_du débit sortantedonne a penserjqfie 1e f1u;‘de 

de l’ean ai;a glace et a en prop ertien—de lav_ 

ra¢ine.carré de 1’é1dignement'par rapport au débit sortant. fin modeie de. 

aimilitude unidimensionnel de la dynamique du débit sortant rend poggible 

1'éva1uation. de La distance, par rapport au débit sqrtant, a laquelle le 

transfert ide chaleur vers lei haut est égal ou supérieur a la perte .de 

;*chaleur atmosphérique: et permet donc -d’estiner,se1a taille eta la 

‘filédalisation 'de la poiynie du débit sortant._ Ce modéle donne a penser. 

que-.1§ flux at chaleur varie en fonction inverse de A1WéLoignement par. 

.rapportV au débit sortant. Un mpdéle numériqfie. unidimensionelntnon' 

hydrostatique' et instable n’a concordé que qualitativement avec les deux 

de débit sortant cirdessfis. .Il semblerait que ces deux fiéthbdes

X



,sont: tgéfi simples_pour paramétger, avec précision'1erf1fix .qe_éhéieuf’dul 
A 

débit sortant.>:Ma1heureusement,~'1e 5mbdé1e numétique,;bién quFil»soit 
- vaiable pour _un. lac rectangulaire.”Simplifiié;‘Adémafldait dés,cg1cfils 
trop wcomglexesretvng pouvait gattéindie uh éta£_d7§qui1ih£e *fina1 en cg 
qui. a tfiait aux champs d’écou1ement et deltgmpératuge d§ns-1e~ cas dfuh-§ 
‘lac prof6hd'rée1;ét donc i:régfi;ier;



s Mainageme nt éperspective 

e 
3Field’.investigétions.6f the physicél—1imno1ogy of the figadfiatep 

IakeS oi the Yuk9h:River basin were undertakeh duping the late winters 6f 

_ 

1 
E1983 ang[;98S;~ The emphasis on-the behévieu;,df,the-tempegature end-flews 

-".1.fiie¥dst;neaf?the.outfidw;htheithrough+flowtprocessi_ahdhtheifireiatieg-toi 
‘fA5ice\ cdyer thickness; andfi extent stemmed from *the~need forV.fhndementéisa: 
'5~kngwledge.' of the “impact‘ of= pessible futurei 3hydf6eIect§ic:.power‘ 

developfiehts in the Yukon River basin on the ziverg lake, and nesegvoif 

._i¢é regimes} Specific topics studied in this_#eport, which=ptovide-ihp§t\.j. 

tq a model of the winter thermal regime of lakes and reservoirs; ate the 
.dete:mihetion of the coefficient of sensible‘ heét trensiet between lake 

iée “and water, the ‘specification «df tiven» inflow temperatures‘ figbm 

isstgfidard meteorologieal data} the computation df ce;teig,;adiationifiegfi3, 
A 

i end 7thé parameteriiation of the outfilow of heat f;om‘afi ice-c§§e:ed»1ékei 

"or;:éset9¢irsA» 
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Yukon River HeadwaterLakesstudv, 1983
i 

i and 1985: Ob~servati.on‘st and«AnoasI;ysis 
P.F.11ah1blh1 

o’IuTRoDUcTIoN 

Study.Description 

regimes of the- Yukon River headwater lakes and of the -sensitivity of 
‘ these _lakes to Vpossible future hydroelectric power development in the 

l” descriptive and involved the deterfiination_of the bathymetry of-the major 
t lakes and their annual thermal and salinity:cycles.(KirkIand‘ and Gray, 
1986)} The second phase, which was more narrowly focused, attempted to 

River‘ basin, For thiskreason, Lake 'Laberge (Eig. 1) was selected as a 
typical example of a large northern reservoir suitable for detailed study 
_involving long-term’meteoro1ogical,_ice thickness, and water temperature 

model.‘ It was recognized‘ at _the onset of theo Lake Laberge study that 
\more _detailed observations in kthe vicinity of the inflow and outflow 
regions _were,,warranted. The ‘regional thermal studiesv revealed an I 

interesting, feature common to these headwater lakes: during the winter, 
they‘ exhibit ice—free zones Known technically as polynyas.. Polynyas are

_ 

“a situated in all the outflowing regions and at some oi the lake'inflows as- 
_well. 

"

‘ 

In= 1981, thei Pacific ahd Yukon Branch of the National Water» 
Research Institute finitiated a study» of the‘ circulation and thermal. 

Yukon" giver basin. ’ The _fir$titphase of‘ this.study1 was necessarilY 

address: the practical_problem of understanding the physical behaviour of" 
_ 
a large northern impoundment should such structures be built in the Yukon 

observations for the verification of a northern impoundment water quality '



~~~ 
“LaI.{e~-"L1é’b_ergé 

A 

‘_

h 

0 in 15 2o 25 
Km ‘ 

/ . 

< ;'Eigufe 1.~ Lqcatioh ‘of Yukon Rive; yeadwatgr lakes s£fidied.T X'm;rks ;9¢ations of 
méteordlogicar observations. 

' 7
' 

V In ~19,83.V,-.~flQW_~ and "t1’1‘e'r’r/nal’ mea>s‘u»17ed 

Laibéxége _' By" ‘ meané ‘""Of'7' "a~' 'c‘u—rre‘nt' méte”r' arid a _tgenipgrature/Cbhdilctivitgy 

~p’1:o‘fi7le’§ study" the infl6§q_,re§ioh in gr,ejéthe’j_e _det‘ail: 'duringv~t?hé_



ice-covered period; The results of this study are presented in Part I of 
this report. _A study of the outflow dynamics was commissioned in 1985. 

h 

For logistical reasons, it was not carried out in the remote northern end 
n:of~ flake‘haberge, but in the more readily accessible outflow regions of 
Marsh and Tafgish lakes (Fig, 1) , addition to the detailed circulation 
and thermal structure observations; which are outlined in Part II of this 
report,. this study Vattempteg to determine the sensible heat ‘transfer 

‘ '_coefficient between*the-water and ice coyer, which was.indicated as a key ,,~ 
unknewn paremeter from the early modelling results of take Laberge. 

Besides knowledge. of hthe sensible ‘heat transfer coefficient. 
_between water and ice, the Lake Laberge thermal simulation model required 
the daily average temperature of the major» inflowing river, the_ Yukon V 

River. Since these data were interrupted from time to time by equipment 
failure, it was necessary to develop a mathematical model of the thermal 
regime of a_;;ver.r This is described in detail in Part III, It_is the 
intention‘ of thejlake thermal simulation model to include the formation 
andf maintehancee}9f' the obsermed _polynya within =the framework "of the‘ 
one¥dimensiohel' model[h This requires sufficient understanding off the 
outflow dynamics in order to formulate a suitable parameterization of the ‘ 

outflowing heat flux; This problem is also discussed in Part III. 

Related stugies
h 

Scandinavian: workers collected and _reported observations of 
‘A winter‘ ice eongitions'and etemperaturesfin lakes has‘early as '1941 with 

Liljequist’s:,rep9rt on Lake ivetter in Sweden; Mellin (1947 and 1948)‘ 
;first drew attention to regulated waterflow and; its5effect_on black iee 
"thickness,. particularly late in the season, _and showed convincingly the 
upwelling ‘of warmer watery near the outflew of Swedish: lakes. 
Hrecently,,Stigebrandt (1978) has discussed the gynamics of flow under ice 
‘in lakess' The Qpen literature en bolynyas is scant, with the three-parte 
series tbyv Tophamy gt-El. (1983) “being the most current .contribution. 
.G§§maok gt al, (1987):fhave_presented additional ‘observations to_those 

._‘discussed—here for Lake Laberge, 
I "I



‘eurpose_‘ 

1PART 1:‘ WINTER THROUGH-FLOW STUDY OF Lg.-_'AK'E LABERGE, 
_ MARCH 1983 

“ 
a 

e 

e '. 

The purpose of the study at Lake Laberge in March 1983 Wes to 

_.gain knowledge of the nature of the winter through3flow of "a northern 

*Tie%iden£° from Figure 2, is’; deep (145 m); moderately long '(@§ km); gfig. \ 

lake that has a significant winter inflows 
I 

Lake Laberge, may be_W_ 

"narrow (2 to 6 km) lake. The lake's residence time =varies between two- 

years in the winters to >220 days in early July; iFrom a hydrodynamical . 

"7§erspeetive,_during the ice-covered fieriod, the through—flow is likely to 

be infiuéncéa mainly byéviscous and diffusiye‘effects rather than by the‘. 

inertia~ of the inflow because the nondimensional Pexémeter, R, based on: 

the etwo?dimensional theory of Fischer gt al.i(1919), which characterizes 

these} effects, has a value less than'unity' (0.1 to 055 depending on the = 

Value‘ of the‘ eddy diffusitivity assumed),"V The winters studyt of 

Stigebrandt” (1978) and the summer turbidity and temperature data bf Lakev 

Laberge _(§all,'1983) suggest that the inflow ‘might be concentrated as a 

thin layer of_near zero¥degree water, which in turn would be deflected by
- 

the earthfls rotation to the.right¥hand shoreline of the lake;e As well as 

_ 

investigating. whether or not the inflow velocity remained concentrated; 

‘it was hoped that sufficient quantitative information could be obtained 

coefficient between water and ice. 
to determine such unknown wquantities as the_ sensible_heat 'transfer7 

To this" end, the ‘engineering literature‘ was Treviewed 1for'* 

suitable instrumentation; Profiles .of current" are'routine1yA mea§ured« 
e. through ”sea=‘ice"with {direct /reading current meters'}§eirdf .1§81)} 

' -§BecauseV of the extremely low 'velocities"‘anticipated,~Baird’s mechanical 

~-current” meter was considered to bee unsuitable.— ,5 ysolidy state 
., electromagnetic current meter could be ruled out onjaccountw of the lbw 

'conducti5ity_7of the lake‘ water.‘ By a Eprocessbofielimination; it was 
V 

decided to burchase a lightweight directe reading acoustic_current meter 

of Neil Brown manufacture suitable for debloyment through a singlQ.2oacm 

ice hole. According to the manufacturer, the "threshold speed off this" 

"device is 1 cm/s, which should be able to detect flows estimated to be
\

\






