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Abstract

1985 to obtain an understandlng of the physrcal processes responsible for
winter ice cover in lakes and reservoirs. This report documents many of

the observations made on three headwater lakeSj'ofvthe Yukon River basin
(Marsh, Tagish, "and Laberge),. presents 1analyse5“of through-flow,

phenomena, - establishes the ~validity -of field | observatlons " and

 parameterizatioiis required for .thermodynamic models of lakes,” and-

Field programs were 1n1t1ated 1n the late winters of = 1983 and-

develops some  ‘Specialized mathematical models of the  inflow,

through-flow, and outfiow of deep riverine lakes.-

Unlike the summer flow condltlons in these and some other

1ce-covered lakes, the winter through=flow current ‘'was not concentrated

as a boundary. current In the 1983 study, it was found‘that, apart’from

the immediate 1nflow area,- the current flow was below the threshold of a

spe01ally de31gned acoustic¢ | tlme-of fllght current profiler. In the
subsequent ‘experiment in 1985, a novel under-lce drogue was deployed
successfully, “which made -it. poss1ble “to dellneate the weak -under-ice
flow. . _ When the £1ow measurements were combined with temperature proflle

: observatlons,- they offered a picture of the circulation in a large

1ce-covered rlverlne lake. The outflow and the assoc1ated heat flux tend

to be concentrated more at-the surface on- the left-hand side of- the lake

1ook1ng in -the d1rect10n of outflow -Possible . outflow instabilities

- offer an 1nterpretatlon of the observed 1rregular1t1es in the - drogue

trajectorles

The sens1ble heat transfer between watéer and 1ce was inferred by

a number of methods in Taglsh and Marsh lakes to be represented by a bulk

transfer coeff1c1ent of 0.8 x'10°3. A thermal model of the Yukon River, -

.1nclud;ng such effects as the shadlng of ‘solar radiation by the river

banks, 31mulated the observed temperatures to an RMS error of 1°C and,

' therefore, was used to ;;supply m1381ng water temperatures.- Two

expre331ons' for incoming longwave‘ radiation were tested. ° The Swinbank

‘formula was found to be superlor for daily air temperatures above 0°C and
'the Anderson relatlon better at lower temperatures A standard method of

/ toem
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.estimating the fraction of daily cloud cover was evaluated forta’northern B
site. |

- Four . mathematlcal models were formulated to examlne various

zaspects of'l winter { 1rculat10n in large lakes. ‘ A dlagnostlc”"
: three-dlmen81onal model of flow-through under ice w1th Ekman frlctlon was

"Lfound to be qualitatively similar:- to the drogue observatlons,‘fbut A

problems remained in the spec1f1catlon of the open boundary conditions. o

A steady two—d1mens1onal analytical model demonstrated the observed flow
concentratlons on the left-hand side of the outflow and suggested that
"the upward heat flug from the water to the ice and air decays with- the
~square root: of the dlstance from the outflow. A one-d1mensronal
' slmllarlty model of the outflow dynamics ‘offered a. means of determlnlng
-the dlstance from . the outflow at whlch the upward transport of heat.
_equals or exceeds the atmospheric heat loss and thus allows an estimate:

o of 'the 81ze and area of the outflow polynya This model suggested decay;

of - the. heat flux varylng 1nversely with dlstance from the outflow.pgan,.

‘unsteady two—dlmen51onal and nonhydrostatlc numerlcal model gave only T“b

qualltatlve agreement with-the above two outflow models It would appear

that these two methods are too simple to parameterlze the outflow1ng heat: “s'“"

flux accurately Unfortunately, the numerlcal model - when extended fromf-*

| ;'a 31mple rectangularly shaped lake to a more realistic varlable-depth

4"lake, was too computatlonally elaborate to reach a flnal steady state for:_

both the flow and temperature f1elds

viii




Résumé

Dans .le but de comprendre les phénoménes physiques responsables
de’ la formation de la couverture de glace sur les lacs et‘les~ré8ervoirs :
durant 1’hiver, il a été décidé & la fin des hlvers 1983 et 1985,
’d’entreprendre des programmes de recherche sur le terraln Ce rapport

présente plu31eurs observatlons relatives & tr01s lacs du cours supérleur
les analyses des phénoménes d’ecoulement de 1’eau a travers le lac,
établit . la validité des observations sur le terraln et du paramétrageh
nécessalres a4 -1’ élaboration. de modéles thermodynamlques des lacs, et
présente un certain nombre de modéles. mathémathues du déblt entrant, de
. l'ecoulement ‘de 1’eau a travers le- lac et du déblt _sortant des- lacs
z profonds . qul ont des.débits- entrant et sortant sufflsamment lmportants
' pour: détermlner en- partle la c1rculat10n de l'eau dans- ces 1acs

Contralrement a ce qul est observé dans ces lacs et d’autres

“lacs - couverts de glace ou- durant 1’été, le courant traversant les lacs p
'étudlés n'étalt pas concentré le long des rives.. Dans l’étude de 1983,
l’1ntensrté du - courant étalt en dessous du seuil'de- détection d’un’
courantométre acousthue a temps de passage spé01alement congu- pour cesL
recherches, sauf . dans . la réglon ou. arrlve le débit entrant. Dans
'l’expérlence subséquente,- en 1985, l’emp101 avec succés d’une drogue
‘orlglnale, congue pour ‘aller . sous la glace, a- permls de caractérlser»le
faible écoulement de 1’eau sous la glace. Les mesures de courant ainsi
obtenues,; conjuguées aux données relatives :au profll de température, ont
_permis-. d’établir. la maniére dont 1’eau crrcule dans -un grand lac couvert
de glace dont les débits entrant et sortant ‘sont sufflsazmnent 1mportants
‘ pour détermlner en partie l'écoulement de 1’eau. - Le débit sortant et le
- flux de chaleur concomitant ont tendance a - se concentrer davantage a -la

surface du ‘coté. gauche .du lac, c’est-a-dire 4 gauche- quand on regarde.f |

dans . la - dlrectlon de- l’ecoulement du déblt sortant L’1nstab111té”'

_p0831ble du  débit - sortant permettralt d’lnterpréter les tra]ect01res
: 1rrégu11éres de. la drogue. .

| '_ Un - certain nombre de méthodes utlllsées dans les lacs Taglsh etf -
- Marsh ont permls de dédulre que;lertransfert de chaleur sen31ble entre'
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l’eau et la glace pouvait étre: exprimé,_kdans 1’ensemble;, par un
coefficient de transfert.de 0, 8 x 10-3; Un modéle vthermiﬁue”du fléuve
Yukon qu1 prenalt en con31dérat10n des facteurs “tels que le blocage des
radlatlons solaires par les r1ves, a periis .-de 51muler les températures
~observées avec une erreur quadrathue ‘moyenne de 1 9C. Ce modéle a donc
’été ‘utilisé pour obtenlr les- valeurs manquantes de température de l’eau
Deux - formules mathémathues portant sur. 1l’apport’ caloz;t;que des
Q'radlatlons ‘infrarouges ont été mises a l'épreuve La- formule de Sw1nbank
s’est avérée supérleure ‘quand la température:de 17air- durant le ]our est-
supérleur a 0 °C tandis que la relatlon d’Anderson était supérleure a des -
,températures plus basses. Une méthode normallsée permettant d’estlmer la 8
janébu1081té quotldlenne a été évaluée dans des condltlons nordlques
. Un_certain nombre ‘de. modéles mathémathues ont été mis au p01nt”‘
dans -le but d’étudier différents- aspects de la c1rculat10n de 1’ eau dans'f“
A les lacs de grandes dlmen31ons pendant 1’hiver. :Un modéle dlagnosthue’,.
v‘trldlmen31onnel de. l’écoulement de 1’eau, sous: la ‘glace tenant" compte de :
la friction d’Ekman a’ donné des résultats qualltatlvement 31m11a1res a
'ceux ..obtenus  avec’ la drogue ‘mais certalns problémes relatlfs a la
caractérlsatlon des condltlons aux limites: dans 1e cas d’ une masse d'eau
' qui‘ n est déllmltée par aucune ‘frontiére phy81que n’ont pas été résolus '
Un modéle analytique invariable bldlmen31onnel décrivant la- concentratlon':
Cdu courant du coté gauche du débit sortant donne a penser’ que le flux de
chaleur allant de 1’eau a la glace et a l’alr décroit en- proportlon de 1av_
racine carré de l’é101gnement par rapport au débit sortant. Un modéle de .
similitude unldlmen31onnel de 1la dynamique du débit sortant rend possible
l’évaluatlon de la dlstance, par rapport au débit sortant, a laquelle le
transfert - de chaleur vers le  haut est égal ou supérleur ala perte de
_;*chaleur atmosphérlque et permet donc d’estlmer ‘la taille et la
_vlocallsatlon 'de la polynie du débit sortant. Ce modéle donne‘a'penser.
que : le: flux de chaleur varie en fonctlon 1nverse de l’é101gnement par.
.rapport au débit sortant. Un modéle numérique: unldlmen81onel non
. hydrostathue et instable n’a concordé que qualltatlvement avec les deux
'.modéles de débit sortant c1-dessus Il sembleralt que ces deux méthodes



déblt sortant » Malheureusement,- ‘le modéle numérlque, b1en qu il - 301t

- valable pour un lac rectangulaire - s;mpl;,flé, demandait des caleuls
trop ~complexesfet'ne pouvait -atteindre un &tat d'équilibre :final en ce

qui.-a trait aux champs d’écoulement et de température dans le cas d’un

lac profond réel et donc 1rrégu11er




~ Mahageme n,._t W;APerspe’ctl\,ﬁIe

Fleld 1nvest1gatlons of the phy31cal llmnology of the headwater
lakes of the Yukon River basin- were undertaken durlng the late w1nters of
' }1983 and 1985. - - The emphasis . on the behav1our of the temperature and flow

-‘~'If1elds near the outflow, the through-flow process, and theif relatlon to
" ice~ cover‘thlckness_ and:" extent stemmed -from the need for fundamental

lflknowledge - of the"lmpact of: p0531b1e future hydroelectrlc power
developments in the Yukon Rlver basin on the- rlver, dlake, and reserv01r
-_1ce regimes. Spec1f1c toplcs studied in this report, which prov1de 1nput
to a model of the winter thermal regime of lakes and reservoirs, are the
, determlnatlon of the coefficient of sensible heat transfer between lake
~ice and water, the spec1f1cat10n of river: 1nflow temperatures from

:kstandard meteorologlcal data, the computation of certaln radiation’ terms,

' f and the parameterlzatlon of the outflow of heat from an 1ce-covered lake

“or reservoir.
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Yukon River Headwater Lakes Study, 1983
and 1985: Observations and  Analysis

P.F. Hamblin

INTRODUCTION
Study - Description

In: 1981, the Pacific and Yukon Branéh of. the National Water

Research Instltute initiated a study of the c1rculatlon and thermal'
 regimes of the Yukon River headwater lakes and of the ‘sensitivity of
E these lakes to - p0331ble future hydroelectrlc power development in the
Yukon Rlver ba31n - The flrst phase of this study was necessar;ly
descrlptlve and 1nvolved the determlnatlon of the bathymetry of the major
‘ lakes and thelr annual thermal and sallnlty eycles. (Klrkland and Gray,

1986). The second phase, which was more narrowly focused, attempted to
address the practical problem of understandlng the physical behavrour of
- a large northern 1mpoundment should such structures be built in the Yukon

River - basin. For this .reason, Lake Laberge (Fig. 1) was selected as a
typical example of a large northern reservolr sultable for detailed study
1nvolv1ng long—term meteorologlcal, ice thickness, and water temperature
observatlons for the verlflcatlon of a northern 1mpoundment water quallty '
model. It was recognized at the onset of the Lake Laberge study that
more detalled observations in the vicinity of the 1nflow and outflow
reglons were warranted. The regional ythermal studles revealed an
| 1nterest1ng feature common to these headwater lakes: durlng the w1nter,
they exhlblt ice- free zones known technlcally as polynyas., Polynyas are
. 31tuated 1n all the outflow1ng reglons and at some of the lake inflows as

well
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Lake Laberge o '. D

0 5 10 1520 25
Km ‘
— [
g Whltehorse
Directib_n of
flow .
o 135°W . . T ,
R i\
Taglsh
Lake :
- 'Eigure 1. chation of Yukon River headwater lakes’ st‘u‘died..“ X marks l.oi:ationa of
’ meteorological observations. : oo ) i
v o In 1983, flow and thermal structure were' measured in Lake
Laberge by means of ‘a current meter and a temperature/conduct1v1ty
" profller in order to study the 1nflow reglon in greater detall durlng the
' !
2




ice-covered period. The results of this study are presented in Part 1 of

L this report A study of the outflow dynamlcs was comm1331oned in 1985.

Marsh and Taglsh lakes (Fig. 1). In addltlon to the detalled 01rculat10n
and thermal structure observatlons, which are outllned in Part II of thls
report, . thls study attempted to determlne the sensible heat ‘transfer

i '_coeff1c1ent between the. water and ice cover, which was 1nd1cated as a key~y‘>

unknown parameter from the early modelllng results of Lake Laberge
/ ’ l . -
Be51des knowledge of the sen31ble heat transfer coeff1c1ent.

_between water and 1ce, the Lake Laberge thermal slmulatlon model requlred
the daily average temperature of the major 1nflow1ng rlver, the Yukon i
River. Slnce these data were 1nterrupted from time to tlme by equlpment
: fallure, lt was necessary to develop a mathematlcal model of the thermal
reglme of a rlver . This is descrlbed in detall in Part III. It is the
1ntentlon of the lake thermal slmulatlon model to 1nclude the formation
and malntenance of the observed polynya within -the framework ‘of the\
one-dlmen31onal model - This requires suff1c1ent understandlng of the
outflow dynamlcs 1n order to. formulate a suitable parameterlzatlon of the
outflow1ng heat flux Th1s problem is also dlscussed in Part III ’

Related "stuglies

_ Scand1nav1an ‘workers collected and reported observatlons of
- w1nter 1ce condltlons and temperatures in lakes as early as 1941 Wlth
LllJequlst’ s report on Lake Vetter in Sweden. Mellln (1947 and 1948)’
;flrst drew attentlon to regulated waterflow and 1ts effect on black ice
'thlckness, partlcularly late in the season,‘ and showed conv1nc1ngly the
upwelllng of warmer water near the outflow of Swedlsh lakes. More“
.recently, Stlgebrandt (1978) has dlscussed the dynamlcs of flow under 1ce.‘
1n lakes. The open literature on polynyas is scant, w1th the three-parti
serles by Topham et al (1983) belng the most current contrlbutlon.

'Carmack et al (1987) have presented addltlonal observatlons to those

‘_‘dlscussed here for Lake Laberge




. evident from Figure 2, is a deep (145 m), moderately long - (45 km), and

PART I: WINTER THROUGH-FLOW STUDY OF LAKE LABERGE
'MARCH 1983 -

purpose

The purpose of the study at Lake Laberge in March 1983 was to
_ galn knowledge of the nature of the winter through—flow of “a northern

lake that has a 31gn1f1cant wlnter inflow. Lake Laberge, ‘as may be '

"narrow (2 to 6 km) lake. The lake s re31dence t1me “varies between two

years in the w1nter to 220 days in early July From a hydrodynamlcal :
"3perspect1ve, durlng the 1ce-covered perlod, the through-flow is llkely to
be 1nfluenced mainly by v1scous and dlffu51ve effects rather than by the
1nert1a of the inflow because the nondlmen31onal parameter, R, based on
the two-dlmen51onal theory of Flscher et al (1979), wh1ch characterlzes
these ‘effects, has a value less than unity (0. 1 to‘0.5 depending on the -
value of the’ eddy diffusitivity assumed). The winter study of
Stlgebrandt (1978) and the summer turbldlty and temperature data of Lake
Laberge (Ball, 1983) suggest that the inflow mlght be concentrated as a
thin layer of near zero-degree water, which in turn would be deflected by :
the earth’s rotatlon to the. rlght -hand shorellne of the lake. AS well as
_'1nvest1gat1ng whether or not the inflow veloc1ty remalned concentrated,
it was hoped that sufficient quantltatlve information could be obtained
to determlne such unknown ~quantities as the sen51ble heat ‘transfer
_coeff1c1ent between water and ice. ’

To this end, the ‘engineering llterature vwas reviewed :for"
» suitable 1nstrumentat10n Proflles of current are routlnely measuredv
_ through sea 1ce with - dlrect readlng current meters (Balrd, 1981)

' nﬂBecause of the extremely low veloc1t1es ant1c1pated, Balrd’s mechanlcal

. current meter was con31dered to be unsultable A SOlld state
o electromagnetlc current meter could be ruled out on account of the low
'conduct1v1ty ~of the lake water By a process of ellmlnatlon, 1t was
dec1ded to purchase a llghtwelght dlrect readlng acoustlc current meter

ice hole Accordlng to the manufacturer, the threshold speed of thlS
device is 1 cm/s, which should be able to detect flows estlmated to be . \










