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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
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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




~

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 . \




about 2 cm/s based on a typical winter discharge of 160 m3/§.and river
plume depths and widths observed in summer in Lake Laberge (Ballf71983);

During March 1983, 15 combined - profiles = of current and
témperature were taken through 60 to 100 cmi of ice on the southern end of
Lake Laberge at the locations shown in Figure 2.

5 km




~

Follow1ng a . discussion- of the callbratlon tests and fleld
procedures, the results of the f1eld study -are. glven ' '

“Current Meter -

Calibrations - .

All callbrat1ons were performed with the tow1ng carrlage of the

-hNatlonal Calibration Fac111ty to an accuracy -of several percent of the.

vtrue tOWlng speed. In a prellmlnary test with a borrowed Nell BEGwWD N

:”_.1nstrument from McMaster Unlver31ty, con31derable dlstortlon of the flowx'-

by the supports for ‘the acoustlc mifror was observed at speeds less than
‘5 c/s. . In -the model purchased, the cross sectlonal areas of the"
jvsupports were reduced: by a factor of approxrmately two The tests were:
1ifconducted 'to examine the low—speed response, flow dlstortlon by the
supporting struts, and the stablllty of the zero-speed offset on each of

LR the two axes.

—

Ind1v1dual calibration runs consisted. of 80 to 150 readlngs at
1ntervals of 0.5.8 and recorded on magnetlc tape Spurlous readlngs weregf'

'-'ellmlnated from the data and then means .and standard dev1atlons were"'

aken of the ~edited data. The callbratlons con31st of prefleld and
postfleld ‘tests. In all cases, the callbratlon fac111ty was allowed to
fcome to rest.over a ‘weekend perlod, and callbratlon began at low speeds :

progre331ng to hlgher speeds
- ‘Prefield Calibrations

~ The prefleld callhratlon results are summarlzed in Flgure 3 for
| towingi‘speeds of 0.5, 1 0,‘ 1.5, 2.0, and. 5, 0 cm/s. The follow1ng
features should be noted: ’ '

1. There is no ev1dence of shadlng by supports at flow angles of 0°, 909,

. 180°, “and 270°. - * -
2. There is a per31stent offset on the Y-channel only of 1. 25 cm/s.
' 3,1Measured speeds are con31stently 93% of the true values




/

4, Repeated callbratlon readings are w1th1n +1 mm/s of one another with
the exception 'of speeds of 0.5 cm/s. '
5.'Standard dev1atlons (not shown) are less than 1 mm/s for speeds up: to_'

2 cm/s and are less. than 1.5 mm/s for speeds at' 5 cm/s.

Figure 3. Tow tank calibrations of direct read:.ng acoustic curtent meter: pnor to
: ‘field deployment “January 25, 1983. SOIid lines. reptesent nominal values .
about the expetxmental offset (cm/s).

Postfield Calibrations

' - - The postfleld callbratlon results are shown in Flgure 4 for the

towing speeds of 1.0, 2.0, 2.5, and 5 cm/s. The follow1ng_polnts should
be thed ) - | v\.

1, The zero-speed offsets on both channels. have changed from the prefleldw

' callbratlons desplte the 1nstallat10n of a new set of velocity sensors‘\“
in the X-channel and the subsequent zer01ng of the 31gnal in ‘a 1-m®
test tank prlor to the field deployment The Y-channel has shlfted to'
1.6 cm/s and the X-axis has Shlfted to 0. 25 cm/s.




.&Measured speeds are 93% of true values for the speed range of 5.0 and-

2.5 cm/s, as was the case in the prefield callbratlon, but is -100% of
true at 2.0wcm/s_and only 60% of true at 1 cm/s.- .The reason for this

'observed’nonlinearity in the low-speed response is not known.

N
\\

. In general,_standard deviations of the flow response are somewhat

larger than in the prefleld callbratlon runs, being typically in the

r

range of 0.1 to 0.2 cm/s.

Figure 4. Tow tank calibrations of d:.rect read1ng acoustic current meter after field
deployment, March 31, 1983." Solid lines represent nominal values about
'1 the experimental offset (cm/s) ’

Eieldﬂpeg;cyment

The dlrect readlng acoustlc current meter was manually lowered

through a machlne cut auger hole in the ice as data were 51multaneously
"recorded at the surface on magnetlc tape and v1ewed on.a dlgltal display.
Before proflllng, the acoustlc transducers . of the current meter were

—



bathed in a surfaCe-actiVe fluid to remove bubbles and  dwelled at some
'depth to ensure- that:'they _were ice _free, Throughout the louering
- process,. the»cuirent et er was. periodically dwelled and slowly rotated to
obtain in- situ data on the offset value of each axis. In most cases,
logistical support was provided by motorized toboggans, although a light
/aircraft-‘was necessary -for the northernvhalf. of‘the lake. At some
stations, profiles.of' temperature and. conductivity wére taken with - a
'lightmeight profiling system. .Fifteen profiles of current were taken
 between “March. 3 -and March’10,” when. the current meter failed because of
breaks 'in both the original and spare instrument cables.. At this point,
nine additional profiles were taken by the temperature-conduct1v1ty

1nstrument - ' - . i
Data Analysis

The proflles measured by the conduct1v1ty-temperature probe were
corrected and reduced to standard depths by E.C. Carmack as descrrbed by
Carmack et al (1987) The data collected by the direct readlng acoustlc
current - meter were first transferred from the field audio cassette tapesp
to standard one-half—lnch magnetlc tapes and then converted to currents,
temperatures, - andl*depths according to the postfield towing tank

' calibration curves (Fig. 4). A typ1ca1 proflle con31sts of approxrmately
' 500 one-half~second readings evenly spaced over 42 m, the maximum length
of the cable. These individual readlngs were scanned first automatically
and - then manually to flag and delete obv1ous errors. Proflles taken at
times close to cable failure contained a hlgh frequency of errors. Next,
_any offsets on the axes remaining after callbratlon and ed1t1ng were
,determlned from the “dwells and removed from the axes. Flnally, the
qurrent components were allgned in geographlcal coordlnates . The offset
data as determined . from the dwells showed varlatlon from ° proflle to
profile of about +1 cm/s. Machine plots of current components as well as
speed and directions showed 1rregular dlstrlbutlons of flow. 1In order to
- reduce the apparent norslness of the velocity profiles, it was decided to
further smooth the proflle data by 1nclud1ng only 10-p01nt averages and
Athe mean values of the flow at the dwells. In nearly all cases,\ the
-_smoothed proflles Stlll exhlblted 1ncon31stent results. It was concluded

J




o ~‘that the flow field in the winter is generally less than 2 cm/s, a flgure

“that is taken to be the effectlve threshold of the acoustlc current meterf
in the fleld, desplte the laboratory repeatablllty of about 0 5 cm/s once -
. the offsets .aré taken 1nto account. ' ' l

g . Profiles -of the east and north current components at statlon 9 v
jabout 100 m. to- the north of the inflow plotted in Figure 5 are probably
the  only reliable 'cast taken.: As expected, there is a- northerly'
1_chponent' neaf_the-surface overlying a osurpriSingly ‘strong counterf}ow,y,

presumed to be an entrainnentfinduced return’ggow,‘“. o

2

" 10.04

1504

 DEPTH (m)

200+

250

- 3004

o f"i'gu‘fe 5. East component of flow (dashed lxne) and north co"ﬂiponent/ of flow (sohd
T li.ne) at station 9 ‘March 8, 1983. .
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The transverse temperature section at the northern end’of
Lake Laberge (Fig. 6) generally shows warmer water on the western
' shoreline in the upper 10 m conslstent with the:expected slope of the-'
: isotherms required to balance the northward through-flow. On the other
"hand, a section in the southern portion, which is based upon the currentr
profiles, but Wthh, unfortunately, is 1ncomplete, suggests a SOutherly'
flow at depths around 20 m along the eastern shoreline from the tllt of
“the 1°C 1sotherm (Fig. 7). A temperature section along the north-south
axis of the lake" (F1g 8), based on a comblnatlon of temperature data
from the conduct1v1ty and current profllers, suggests that there is a
mlxlng zone within the nearest 5 km from the 1nflow, where a th1n, cold
layer of water is formed that overlies a shallow thermocllne at a depth
. of approxlmately 10 m. The draw-up of warm water 1nto the outflow may
.‘also be noted due to the process .of selectlve w1thdrawal Below: the_

- wlthdrawal level, the 1. ,2°C 1sotherm is deflected downwards at the outlet'

con313tent w1th a downwelllng of water probably due to a weak return flow

‘W STATION
o- __

60-

Figure 6. fl,‘r_a,_nfsve‘r‘se tem‘ﬁerature di;strfbution at north end of Lake. Laberge,
March 11, 1983 (°c). - = o ‘
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.- Pigure 7. Transverse temperature section at south end of Lake Laberge, uaréh 9, 1983 (°€)
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Figu‘réAS'. Lohgitﬁd,i_pﬁl temperature section, Lake Laberge,
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below - the surface overflow. This weak return flow may extend as far
‘'south as the inflow, where it could be responsible for upwelling of the
isotherms there, as well as accounting for the apparentlykweak southward
flow seen in the current readings of Figure 5. The main features of the
'temperature- section of Eigurel 8 are also found on three additional

sections presented by Carmack et al. (1987).

Finally, the ice thickness'measurements made during the_survey
are summarized in ’Figure 9. The thickest ice occurs in the shallow
embayments onh the western half, while the thinnest: ice 1s found at the
inflow and near ‘the outflow. There does not appear to be a- reglon of
thin ice along the eastern shorellne, as found in some northern lakes
(Stigebrandt, 1978), where the 1nflow is concentrated Instead, on the
basis of ice thlcknesses, the through-flow seems to be well dlstrlbuted
across the lake.

On March 6 at station 4, a submersible shortwave radiometer was
lowered through the ice to 1.8 m below the water-ice’boundary At noon,
the snow albedo was 0.77; the extlnctlon coeff1c1ent for the 21-cm-thlckh
layer of snow was 10 m~l; for the 55-cm layer of ice, - 1.8 m~%; and for
the water, 0.4 m~!. On March 8, these measurements were repeated at
 station 10 at 1115.-local time. On that occa81on, the albedo was 0.87 and
the - extlnctlon coefficients of snow,; 1ce, and water were 5.2 m‘1
2.2m"1, and 0.3 m%, respectively. These measurements are similar to-
published values of albedo ' for new\ snow of ~0.85 and extinction
vcoeffiéients\\of snow and ice of 6 m-! and 1.5 m*1, respectlvely'
'(Patterson and Hamblln, 1988) . The average w1nter albedo is 0.75
(Carmack et al., 1987) The extlnctlon coefflclent for water under ice
may be compared to the summer: values, 0. 2 to 3.6 m~1, 1nferred from the
turb1d1ty and Secch1 disc measurements of Ball (1983). These data are
'requlred for the thermodynamlc modelling of 1ce-covered lakes

- Conclusions

v The expected flow concentratlon of the through-flow was not
- observed and hence the. under-lce currents were too low. to be dlscerned by

v‘13.




S5k

e, ‘85 6875 7269 |71
= 79 74 76 6565

Figure 9. Ice. thickness (cm)',"l.ak'e‘_‘r.’aberge.,f March 3+11, 1983. =

an . acoustlc proflllng current meter whose effectlve threshold current

.provedT to beuas large‘ as several centlmetres per second 1n the field..
nstead, al qualltatlve plcture of the w1nter through-flow was lnferred
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:lsotherms correspond to streamllnes and that in the transverse plane, the
thermal wind' relation applles It was concluded that the through—flow is
unlformly dlstrlbuted across the lake in the upper 10 m of the water
" column, which would result in an average_flow of 0.4 cm/s. Below thls
northward-flow1ng layer, there. is 'evidencé of’a wéak southward reéturn’
flow from one/end of the lake to the other. The current measurements
b.were not suff1c1ently rellable to permlt the sensrble heat transfer
1coeff1c1ent to be determlned It is recommended that addltlonal f1e1d '
_measurements employlng a dlfferent system of current measurements be
taken .and that. numerlcal modelllng studies of the through-flow dynamlcs
be. 1n1t1ated ” ' '
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PART || OUTFLOW ClRCULATlON STUDY NG MARSH AND
' “TAGISH LAKES MARCH 1985 A
| F1e1d Equ1pment _f

The study at Lake: Laberge in 1983 revealed the" llmltatlons of a

conventlonal “'gurrent meter in such low flow condltlons and 1n such harsh
env1ronments as ice-covered ‘lakes: Therefore, for the- 1985 study at
' Marsh ‘and Taglsh lakes, it was dec1ded to de31gn a drogue . sultable for‘_,»-
: under-lce deployment, tracklng, and recovery in” remote locatlons 'This
\system consrsted of a’ square sall, 10 m2-in area, made out of Dacron ‘: —
| splnnaker cloth, ‘and welghted by ‘an 18-kg - anchor rod. The roller bllnd ":
drogue was attached to a cyllndrlcal 'subsurface float ballasted to a
/p051t1ve buoyancy of 10 to 30 g. Thus the horlzontal drag of the
' polystyrene ~ sphere, which formed the uppermost portlon of the subsurface
’\float next to the 1ce, would be expected to be only several grams force.
The drogues were tracked under the ice by means of a radio locatlon
system employing transmltters attached to the subsurface float Thev
- “entire drogue system was capable of being- deployed and retrleved through
a machlne-made auger hole in the ice 20 cm in d;ameter " An illuminating
periscope fitted wlth a plumber s snake and “hook _greatly aided the
" . retrieval, as did a line attached to the anchor, whlch allowed the sa11
to ' be collapsed in place. Because of air trapped in the. seams of the -
_sall, it was. necessary to presoak the drogues in 81tu for 24 hours prlor
to release.. Addltlonal details, de31gn calculatlons, and laboratory
-tests of the drogue behaviour are provided 1n Appendlx A, -~ ' .

Another novel feature of'thls study was the use:in lakes of a
. conventlonal mechanical current meter designed for rlver Surveys
‘ Deployment of the Price meter was possible in extremely shallow outflow
'reglons s1nce the flow velocrty close to the river mouth often exceeded
-'the threshold speed of the meter of 2.5 to 3 cm/s;, and because the
clarlty of the water permltted the flow dlrectlon to be observed v1sually
~from a’ neutrallyr buoyant streamer attached to the current meter. An

Applied Microsystem conductivity and temperature profiler completed the

instrumentation system.
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Marsh;LakeIObéervations

Marsh Lake was chosen for the first field trial because of its
proximity ‘to the National Water Research Institute field station and the
Water Survey of Canada office in Whitehéféé, Y.T. On account of the
extremely cold weather preceding and during the experimental period, -the
" outflow -polyﬁya‘ was frozenu o9er. :The'éomélexv outflow geometry and
bathymétry‘ of'Matsh Lake "felative‘to Lake Labergé.andvTagish Lake aie',
evident - inIFiguie 10. Depths,fwhich were determined from the profiler,
~ suggest the presence of a deeé,chénne1,,albngzthe‘eastgrn shoreline that
crosses t.o' the,‘, opposite shoreline along the ﬁorthe;-n p‘o.rti‘on of the
island.” At the northwestern. tip of the island, the outflow paSsage,‘
which is located closer to the island than the mainlénd, has. a maximum
depth of only.4 m. | |

MHM3P2 ¢8.0

Fig‘ﬁ?e 10. Marsh Lake station locations 'gn_d bathymetry (m) in outflow region.
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o -~ Drogue trajectorles in Marsh Lake are shown 1n Flgure 11 for3>“
o drogues set in all but one case at a depth of 6! m, whlch, unfortunately,
‘“'was Tas close to the surface as possrble because of the  size of the.
r'fdrogue, floats, and’bridle. "it may be noted that\ﬁhe-drdgue‘averagesfthev-f'
£16w - -over the range.of: depth of 4.3-7.6 m.. The‘drogues indicated.a-floﬁ_

more or less parallel-to the. bathymetrlc contours in the direction of theu':%

:"outflow on. the eastern half of the ‘lake and in the reverse dlrectlon on ffV

;”the western half Counterflow is also found ‘in the’ centre of the lake at
k\a depth of 10 m., In all cases, ‘except for the - 10-m depth trajectory, the

' drogues grounded after a day or two. Thus, 1t is- 1mp0331b1e to calculatell
speeds accurately except at . the release p01nts MH17, ‘MH3, ‘and MH1. 'The

~speed and dlrectlons from the drogues at 6-m and‘10-i depths ate. comblned-

'j.w1th the Prlce current meter ‘ieasurements in Flgure 12, It 1s appareit

that the speed of flow 1s well below the threshold of mechanlcal current,._'

)

Figure 11. Marsh Lake drogue trajectories, February 26 to . March 5, 1985. All
S drogues are set at 6-m depth unless otherwise noted. . A
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meters, except in the confined outflow‘passage. The. outflow regime;
then;~appeare to be a flow along the northeastern shoreline that supplies
the outflow, which, in turn, is_concentrated on the left-hand side (in
. the- direCtion‘ of- flow) of the .narrow outflow passage.v_ Lake.watet
edtrained‘ into the.Yukon River through-flow is returned to the open’lake
by both flow along ‘the western shoreline and counterflow at deeper
levels. N ' '

.\-

1 2 3 4 5 8

. T
SPEED “cmis
[} 500 1000

—

. METRES

Figure 12. Marsh Lake currents,
) : narrows to north of
locations, flow is

indicated.

‘February 26 to March ~5, 1985. Current in the’
island is measured by ‘a current meter. At other
from, drogues at 6-m average depth unless otherwise.

{

) The concentration, of ‘the outflow along the eastern shorellne at

the lifie” MH4 to MH3 is substantlated by the northward flow inférred from .

‘the comblnatlon of drogue and temperature data, shown 1n Flgure 13 »The?
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gradients~ associated with the sloped B isotherms shown ;in‘Figure - 13a

through- the well-known thermal wind relation and employingfthe«drOgue
current at -one or more <1eVels to supply the reQuired constant .of
‘integration. The thermal wind relation ~quantifies the tendency of -the
heavier - water on the western side to flow under the lighter water-bf*the
eastern _sidg and in the process to be deflected to the south by"the
‘earth’s rotéﬁion while the lighter water is turned to the north. :‘ ‘

West East ) .
oK .
o l !
204 : |
I
I ]
1 |
|
301 N
‘ (a)
40-
E
£
Q
[V
0
~ West MHS ~ MH2 MH3 East
< L <15
‘ X 10
_ - IS
10+ ; [ 0
g
. 201 - ! /. ’ S
I
|
30-
(b) :
Q 200 400 €00 800 1000
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"i"igufe 13. Marsh Lake, February.v 27, 1985, station MH5-MH3. (a) Temperature aecf.ion
i ‘ i {°C) (Ig) Northward flow (cm/s, positive to north). .

s

20




Tagish Lake Observations -

It 'was de31rable to determine - the outflow1ng circulation in a
v,slmpler setting than that offered by Marsh Like. Taglsh Lake was chosen
because of its simple geometry, fairly safe ice, well-defined pclynya,v
"and the proximity of suitable lodginghfor a field party. The sampling
'netwcrk\ is shown in Figure 14. kThe;bathymetry_ of the outflow region of
Tagish Lake‘(?ig 15) 'is somewhat betterﬂdefined than in Marsh Lake by a
denser coverage of statlons "Tagish Lake similarly has a deep outflow

channel that crosses from the centre of the lake to the westward

-

‘shoreline.

Drogues p031tloned along the line 1-8 could not be released
srmultaneously for logistical reasons. “The trajectories of the first
batch of three are shown in Figure 16 and the secdnd release, two days
later, in Figure 17. All drogues were released at an average depth of
6 n, excebt for an intermediatezuepth drogue, which was released at 9.6 m
at station f. " The subsurface float cf the deep drogue at station 6
reentered the ice hole and could not be used.

The fact that the drogue paths appear to cross over one another
when released concurrently is sufficiently remarkable to demand further
comment . Elther the drogues do not falthfully follow the streamllnes or
the outflow circulation is highly unsteady. The first. explanatlon is
supported to a certaln extent by the tendency of the drogues to ground 1n
Marsh Lake. Therefore, a postfield "laboratory test of the drogues was
undertaken and is descrlbed in Appendix A. The stability of the out flow

current will be 1nvestlgated in the section on outflow stab111ty
Despite these uncertainties in drogue behavrour, the drogue
' speed normal to the 11ne 1-8 served as the reference value of- ‘flow’in the
appllcatlon of the thermal wind equatlon to the cross section. Sirce
there were many more temperature and drogue readlngs across Tagish Lake‘
_%thaﬁ Marsh Lake, . it 1s reasonable to compute the total transport and
compare . it to the rlver dlscharge The reference currents at 6 m depth .
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Figure 15.
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‘Bathymetry {(m) in outflow region of Tagish Lake.
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Figure 16. Drogue trajectories, March 10-11, 1985. Dépth 6 m (solid line): depth
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- Wére adjusted slightly about the observed values to bring theh
;cross sectlonal transport into exact agreement with the w1nter discharge
of “the Yukon‘ River of _140 m3/s even though the observed reference
currents y;elded reasonable agreement. The pronounced tlltlng of the
ieotherms Seen.in Figure‘ 18a is consistent with a highly concentrated '

northward flow . off centre to the western side of  the lake between ..

stations 5 and 6 and at a depth of 3 m seen 'in Figure 18b. Weak
northward currents are found on the eastern side of the lake, while slow
' return-flow obtains in the lowest 5 m on the western side of Tagish Lake.

. Although- there were no drogue measurements on the transverse
lines to either side of llne 1—8 and the den81ty structure is more poorly
 defined, the thermal wind method : was applied assuming the same nomlnal

;values for the reference velocities and that the. total transport is equal'
v’to the river dlscharge Perhaps then it is not surprlslng that much the
same pattern of northward flow emerges in Figures 19 and 20 The major
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Figure 18. Tagish Lake, March 6, 1985, stations 1 8. : (g)’?empetaturevsedtion (°c).

(b) Noxthward flow (cm/s).
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ld1fference vlS that the return ‘flow decreases closer to the outflow untll'
' at 11ne 13-11 there is no apparent southward flow ' '

An  additional striking feature of the temperature sections of
Figures 18 to 20 is the enhanced near—surface/temperature of TagiShf |
Lake compared to that of Marsh Lake. While ‘the temperature is nearly the :}
same at 10 m and even less at depths of 20 m, the average temperature atf;;'
\1 m depth is 0.8°C compared to 0.16°C in Marsh Lake. The reason’for the”*
1ow. surface temperatures in Marsh Lake is unknown, but is conjectured to
be assoc1ated with the relatlvely short transit time (about 20 days)” .
'between the inflow and. outflow in Marsh Lake compared to a much longer
tlme in Tagish Lake. For example, if a vertlcal eddy dlffu31v1ty of 0.4.

; cm?/s is assumed to hold in the upper 10 m of- Marsh Lake on average, . thenpg:

‘l",lt would take about 30 days for heat to dlffuse from 10 m to the surface,:

->whlch is greater than ‘the travel time of 1nflow water through Marsh Lake. 7
'Unfortunately, because of an 1nstrumentatlon fallure, the temperature of"‘
the inflow required to make the calculatlon more prec1se could not be'”
",determlned In any case, the much colder near-surface water. in Marsh
: Lake . is llkely to be respon31ble for the dlsappearance of the outflow“
- polynya ‘during the coldest part of the winter. ‘This assertlon will be.kp

'Aquantltatlvely tested in. the section on the -sen31ble heat ‘transfer
N :

between water and lake ice. l_ff;L_ / S - o o
The observed drogue‘current at 6 m'is extrapolated to a depth of

I m by the thermal wind method and is plotted along w1th the : Price

' current measurements made on March 12, 1985, 1n shallow water in the -

_v1c1n1ty of the ice edge in Figure 21. Accompanylng these flow vectors,

. the; temperature at 1 m is plotted in Figure 21. In the deeper area, flow

. is concentrated 1n “the: western half of the lake, but closer to the

;ppolynya there lS apprec1able flow at 1 m at several locatlons along the
shallow flanks of the channel at: the eastern side of the lake Unlike in
Marsh Lake, where the outflow polynya had recently- frozen over and cut
off the effects of the wind, in Taglsh Lake, the open water was fully "
exposed to- a wind strength estimated to be 60 km/h when the observatlons -
’were taken. It lS p0581ble that the large flows out31de of the channel‘:f‘“
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-are:ldue'to transient wind effects and are not directly related to the
' voutflow current. Temperature at 1 m is generally lower where the current

"'-isistronéest on the western side-of the lake.

TAGISH LAKE

0 1 2 34 5 6
=~ Spéedemss) - i

Figure 21.  Current and temperature (°C) at i=m depth (solxd line), measured; dashed
line, 1nfetred)

Finally, the ice thlckness - distribution- is presented in
.'Flgure 22° for the period March 6—12 1985. Clearly, there is- a
significant cross- lake gradient - ice thickness as rwell~as‘fa~less
pronounced longltudlnal thlckenlng away from the outflow Since the ice
»thlckness dlstrlbutlon may be v1ewed ‘as-a long—term integrator of both
the dlstrlbutlon of heat and flow in the lake, two factors are suggested:

V the tlltlng of. the 1sotherms brlngs warmer water to the wupper levels"
i along the western shorellne -and - the stronger flow 'there also -is°

': responsrble for 1ncreased turbulent transport of heat to the ice from the oo

'; water ‘The data collected dur1ng the field experlments w1ll .Serve to
'\quantlfy ‘these, ,1deas and in partlcular to deduce the coefflclent of
'Arsen81ble heat transfer from water to ice.
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. TAGISH LAKE

poEe

[} _ 500 1000
METRES

Figure 22. Measurec ice - thickness (cm) at Taqish‘Lake,v March 6-12, 1985. The
;Pproxrmate margin of the ice edge is estimated and given by the dashed
ine. B . s

' Thorpe Length Scale

, During ‘the temperature survey of Marsh Lake, pronouncedrj
ftemperature inversions were noted in the upper Iayers"of stations MH3;
\ *MHl}, and,MHlPl, These lnver51ons were also. .reflected in the assocratednf

: conductivity‘ proflles Since it seemed unllkely that the temperature“

1nversrons were instrumental "in origin, it was ‘supposed that they
’ represented shear—lnduced overturnlng events - and were thus amenable: to"

the ana1y51s descrlbed by Dillon (1982). As. an. example of one- of these,
) proflles,- the one at station MH3, shown in’ Flgure 23, was chosen 31nce
- ‘estimates: of vertical shear were available from the- prev1ous analy31s '
-The first step:.of the:. analysis is. to reconstruct -the orlglnal‘
' temperature profile here by the objectlve method descrlbed by Papadakls
' (1981), which is shown as a ~dashed 1liné- 1n.F1gure -23 ““The. vert1ca1
dlsplacement of each point from its original position’ 13 determlned The
root- -mean square vertlcal displacement. for the overturnlng event, known
as the Thorpe length, Ly scale, is 0.9 m for the proflle ‘at - MH3 'Thef
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Ozimidov length scale has been shown by Dillon (1982) to be 80% of the
Thorpe scale under most conditions. In turn, the vertical eagy::t
' diffusivity, kv, may be shown to be given by

ky, = eff (0.8 Ly)2 N

_ ‘”@here N is* the 'stahiiity’ frequency at temperature T glven by
.'_N2 1 33 x 1074 (T-4) aT/az and- the vertlcal temperature gradlent 132
'glven in degrees Ce131us per metre. TIf  the eff1c1ency of conversion of
turbulent kineti¢ energy to potentlal energy, eff; is assumed to be 5%
(Fischer et al., 1979), then for the observed N of 7.1 % 10 3§71, the
vertical eddy diffusivity is ‘1.8 cm2/s "In the llght of the previous
calculation, thlS estimate is apt to ‘be’ an upper lifiit for- the vertical -
eddy d1ffu31v1ty in Marsh Lake o '

| ~ Temperaturé C
o 1 . 2

L

e

‘Depth (m)-

Figure 23. Marsh Lake, February 2%, 1985, ‘station MH3 Upper portron of observed }
temperature profile (solid 11ne), monoton;c ptofile (dashed lrne)

The gradlent Richardson number ‘for this event may be roughly
estimated from the thermal wind relation and - the stablllty frequency to
~be 3. Although thlS value 1s too high to. account for the overturn, it
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must be borne in mind that the geostrophlcally determlned shear over a
basellne of 500 m probably greatly underestlmates -the true local shear.

It is notable that the three overturnlng events were observed to occur on
the eastern half of the 1ake where the vertlcal shear is llkely to be
,hlghest ‘Similar overturnlng events in the 1nflow reglon of Lake Laberge{
were observed by Carmack'ggrgl (1987) . ‘ |

=

~ ‘Gutflow Stability

_ ~ One . possible explanation for the;observedg.deviation of'outflow
‘direction in Taglsh Lake (Figs. 16 and '17)‘15‘ that the- COnceﬁtrated,'
outflow‘ current is unstable and hence meanders from one side of the lake

. to. the other Phy31cally this’ would appear to be unreasonable due to the

confining lnfluence of the longltudlnal shorellne of the lake In order L

o 1nvest1gate thls hypothesrs further, a formula for the 1nstab111ty of fk

sheared flow in a stratlfled rotatlng channel of constant depth was’
evaluated uslng the approxrmate geometry and stratlflcatlon " of Tagish
Lake . Accordlng to the: Eady model reported by LeBlond and Mysak (1978),;

dlsturbances of wavelength, Ny or greater, are pos31ble in " channels of L

breadth, 1, 1f

where r 1s the Rossby radius of deformatlon, 1n the case of the Taglsh'
| outflow, 0. 8 km. If we take as the channel: wldth the w1dth at thef ~
‘ mld-depth ‘of 11ne 1—8 of . 1. 6 km, then dlsturbances with - wavelengths at
least as. long as 2.7 km - would Dbe unstable, which is possrble in
Taglsh Lake Note that the Cross- channel mode, n, must be unlty, mean1ng¥'.

that hlgher ‘cross- channel modes are always . stable Furthermore, it is of

’ f_1nterest ‘to evaluate the perlodlclty of this dlsturbance.% From the - Eadyy

model, the dlsturbance propagates with half the mean speed. With an
assumed mean- speed of 1 cm/s at station 8, the perlod of the. wave ‘would
be 164 25 days “"Thus the two-day period.- between the. drogue experiments of
Flgures 16 and 17 would be’ nearly sufficient for the flow to shift from,




~say, -a- - peak to a trough of the wave. Because of the extremely
approximate nature of the theory of baroclinic stability, all that can'be
concluded'frOm this analysis is that the observations are consistent with
hthe theory, but it may ‘fiot be proven with absolute certalnty that the
apparent deviation of. the drogue tracks ‘is due to the instability of the
outflow. ’ '

_ Itwis of some-interest to'investigate the Marsh Lake outflow for
baroclinic instability' Since the inflow has not mixed w1th the deeper
layers to the same extent as\\ln Taglsh Lake, a more approprlate
1dea11zatlon of the thermal structure is a two-layer model In this case

we may take from Flgure 13 the upper 1ayer as 10-m depth the lower layer

as 20 m, and mean layer temperature of 0 75°C and 2 5°C, respectlvely L

: Assumlng a. w1dth of the lake, 1, at the depth of the thermocllne of
| 1300 m, we have from LeBlond and ) Mysak (1978) for 1nstab111tyv
(211/1)2 > (1/r)2 (nn/l)2 where r '1s the two-layer Rossby radlus of
deformatlon ' Slnce xz 1s negatlve even for the flrst mode,e it would
l‘appear that the outflow Marsh Lake 1s stable ) ' o |

) hThe;v interpretation' tof" the somewhat 1rregular behav1our‘;
'demonstrated by the drogue paths put forth here is , barocllnlc
instability o The recent 1aboratory experlments of Monismith and
. ,Makworthy (1988) have shown that large eddles form near the outflow at a
later' stage of tran81ent w1thdrawal from a rotatlng stratlfled box.v
- Thelr experlment dlffers from the lake outflow as 1n thelr experlment ‘the

. <
» free surface is drawn down.

Senslble .neat‘: Transfer Between Water anc‘lvx.ake'rc_;eA o
Ana‘lvs.‘i:s‘

~1»_ Transports llnrturbulent boundary layers are often represented
By analogy w1th the atmospherlc boundary layer, where fluxes are

parameterlzed normally in terms of mean quant1t1es measured at a helght,.
of 10 m above the boundary, in the case of ice, - the quantltles will be

31




taken at a height of -1 m below:the‘boundary. From the requirement:for
cont1nu1ty of stress across' the air-water Dboundary ‘and. . from - the
proportionality of boundary layer thickness to the friction veloc1ty, the

height in water is of the order- of VPa;rNPwate} of the - helght of

atmospheric . boundary layer Although the helght would be only about
30 cm employlng this’ reasonlng, 1 m is chosen for the sake’uof
fconvenlence_ ' ' A

The sen31ble heat flux, H, in a turbulent atmospherlc boundary
"layer 1s glven by ’

H=pCy G AT U ) | S - ,"(1__)'

'there p is the den81ty, the thermal heat capac1ty, AT and U are the

B
' alr-water temperature dlfference and flow evaluated at. a helght of 10 m,
1'and C 1s the sen51ble heat transfer coeff1c1ent of value 1 5 x 10 =3
(Flscher et al . 1979) ' However, they note that thls coeff1c1ent could-'
vary from 0.8 % 10 =3 for very stable condltlons to 1.6 'x 1073 for very
- unstable condltlons While thlS sen31ble heat transfer coeff1c1ent has'f
fbeen found by Gllpln et. al (1980) to vary between 0. 6 and 1. 0 X 10'3 in-
"the laboratory, dependlng on 1ce condltlens, it had not to the writer’s

knowledge been observed in the fleld prlor to the 1n1t1atlon 0f the
'study It 1s proposed to 1nfer Ce approprlate to the turbulent boundary

-~layer on the undersrde of the 1ce by four 1ndependent approaches and the”~'
data base collected durlng the study It is assumed that flow_ next to

the ice is suff1c1ently v1gorous to create_ a turbulent boundary layer

1t may be noted from Figure‘ 24 that,the temperature at’ l m is
constant normal to the outflow " Thus the heat“adveCted'horiiontallywinto
flow1ng out ’ Therefore,‘ only heat transfers in the vertlcal need be
con31dered The vertlcal dlffu81ve flux of heat may be wrltten as pCoky
aT/az ‘and ' the advectlve flux as pCoky WT where W.is the vertical
velocity. Then it follows that

N

LY
=

COWT + k
Ca = — T

@

Z
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Here W is estimated to be 2.4 x 10-3 cm/s from the slope of the 0.75°C
isotherm and the drogue speed-at station 17 along with the aséumption'of
U VT =0. If U is taken to be 6 cm/s from the measurement at statlon-
4/11 and k, is 1.0 cm?/s, which is within the limiting values establlshed
earlier, then C, = 1.2 x 103, In the estimation of the vertical flux of
heat,. the diffusive flux -is twice the advective flux. The principal
shortcoming of thisTméthod.is the assumption of a value for k, and the

poor knowledge of W.

Ice thickness  (cm)

€0 56 - 44 4 45
o Stn. 16 15 14 13 4
" 0.5 =
- 44
E
£
: %
o &
8-4
104

Figure 24. Temperatuze section (.°‘C.>) of the outflow regi'on of Marsh Lake, March 3,
: L 1985. ) - T ’

-As a second approach, the control volume may be taken between
the surface ‘and bottom at stations 16 and 4/11 in Figure 24.. The
horizontal - flow at station 16 was not measured direétly, butvmay be
inferred from the conservation of mass. If no, heat flux is derived from

-the bottom - sedlments, the conservation of heat equatlon again glves C,

16 N L VA R ' ' '
0 Ti6 Uzg dz = . Tas11 Ugy1y dz

0, T, 1 PR

C, =
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For~’ the purposes of this calculatlon, ‘the velocrty proflle is
assumed to ..vary parabollcally such that the transports through each\
station are equal, the horlzontal separatlon'betyeen-the stat;ons,_l, is
400 'm, and Uj is the average 1-m flow over 1 assumed to- be ‘4:9 cm/s.
From the observed temperature readings at each statlon,'Csi is determined
to be 5.7 % 1073, " This method is probably ‘less accurate : than the-

_prev1ous one as it could be in error due to uncertalnty in the assumptlon S

of a parabolic velocity proflle partlcularly at statlon 16. . It is -
p0581ble that the flow is asymmetric with larger transport in the upper'
‘ half so that heat flux through station 16 is too large resultlng in a
correspondlng overestlmate of C -

To further investigate . the possibility -of an overestlmatlon of

the horlzontal ‘heat flux from the’ parabollc proflle, an asymmetr:.ck'T "

:current ‘profile was. assumed based on the roughness differences - between

" idce -and the bottom according to the river measurements of Alford and

Carmack (1987) This assumption reduced the value of C, somewhat to
5 x 10~3, A further source of asymmetry. in the veloc1ty proflle is due
to .  the 1nf1uence of strat1f1cat10n of the outflow or selective
' withdrawal, which acts to supress the. vertical component of the flow and.
-enhance ‘the outflow beneath the 1ce A two—d1mensronal numerlcalumodel
of the outflow was developed, wh1ch is described 1n Part III. &né ‘model
_calculatlon ylelded a value of C of 3.7 x 10~ 3, which may still be too
large It is concluded that the flow fleld near- the outflow is
,,sufflclently three-d1mensronal in nature to 1nvalldate a two-d1mens1onalf,

assumption. )

A third method is motlvated by the ice thlckness in the outflow
region, which was seen to. vary 1nversely with the velocrtyﬂat 1 m. For
_example, the ice thickness is 45 ‘cm at station 4/11 where the speed'is
‘6”2' cm/s; "while at statlon 16 the ice thlckness is 60 "cm and the
estimated speed is 1.4 cm/s. The ice. thlckness measured across the
outflow passage on Marsh Lake on two occasions eight days -apart is shown
in Figure 25. If the ice thickness is H ‘and the thermal conduct1v1ty of .
ice Ky is 2.3 J/°C/m, the steady heat conservatlon equatlon statlng thatap
the sen31ble heat flux supplled to the undersidé of the ice is conducted//‘
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’:through-the ice to the snow cover may be written

o Ki T.. .
. dH p . 81 ) -
igg = "—g7 " GG T"l_U"l, 0

where- L is the latent heat of fosion and T,; is the surface temperature'
‘of . the 1ce assumed to be the observed Whltehorse air temperature average
4of -9, 33°C over two weeks prlor to March 1 1985 (February 16—28)

March 9 1985 -
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3 -Fiéﬁre 25.. Ice thickneéss (cm) in the outflow reg1on :of Marsh Lake. Solid line,
o March 1, 1985; dashed line, March 9 1985. : : : :

;
e

L In this study,. 1t is assumed that the snow cover was too thin
(eSlcm) and w1nd—compacted to substantlally 1ncrease the temperature of“
the ice. The average ice thlckness, the dlfference 1n 1ce thlckness, the
-average a1r temperature on March 1, and the flow at 1'm on March 9, 1985,
ylelded -a value of | C “of 0. 63 x 10-3 + 0.25 ‘x 10-3 _based on 19
ohservatlon points across the outflow.. - |

J
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\ While this method  is probably the most accurate of the. four
methods applied to this problem, it is subject nonetheless ‘t0'large
errors. As ‘far as the field data are concerned,s'theferror in ice
thickness is probably at 'leaSt 5 cm, the field temperatures fwere not
measured on the same day as the current and  ice thlckness," and the
currents themselves would have a large relatlve error in the thresholds
response ‘reglon. Flnally, another source of error 1s the model
;formulatlon. For example, the effect of radlatlon on the ice temperature
has been ignored. .

"The final method of estimating C, is similar to .the second
. method,‘ where the 'heat flux from the surface to the bottom is computed
.and;'equated to ;the_ surface heat flux. Therdifference is that, in
addition, the lateral contribution to the heat balance is included. The
‘horizontal heat flux along thefaxis of the lake is computed by summing'
‘the product. of - temperature and normal flow over the cross’section

ii,Returnlng to Flgures 18 to 20, we find that the heat flux across line 2-7
is’ 7.36 x 105 kJ/s,.- that across line 14-12 it is 7.85 x 105 kJ/s; and
-across line 13-11 it is 7. 63 x 105 kJ/s. The least squares best fit the
line pa331ng through llne 14—12 and averaglng the heat fluxes of the two
down-lake = lines ylelds an average rate of heat -1oss of 3. 72 x 104 kJ/km

‘The heat flux through the ice surface over the lake surface area
(assumlng an average width of 1.9 km and based-on the assumptlon of an .

_.average speed at 1 m-of 1 cm/s and average temperature of 0. 8°C) is
equated -to th1s .average heat loss : The sen81ble heat transportv
. coefficient 1s then (0. 58 + 0. 3) x 10-3, It is noted that the heaﬁ flux
through llne 1- 8 is calculated ignoring stations ‘1 and 8 in order to

”‘correspond moére closely w1th the sampllng dlstrlbutlon on 11nes 14—12 andA

- 13fll It 1s ev1dent in Table 1 that the. computed heat flux across ‘the

E shallow line 13-11 is larger than that of the centreline.  The large
error 1n this _calculatlon arlses from the fact that the 11nes are so
‘close together and hence it is necessary to subtract two large numbers
.from one another. Unfortunately, due to unsafe 1ce condltlons farther
from the outflow, it was not - p0531ble to measure the cross= sect10na1 heat:
transport farther from the outflow, whlch would prov1de a larger

fdlfference between heat transports.

,
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Table. 1. vCross-sectiqnaLly Ayeraged_Quantities, Tagish Lake

: Cross-sectional - . _
- Line- area : Discharge Heat flux Uy o

station (m?) m3/s o k3/8) (cm/s)
14-12 2.81 x 104 13T 7.85 x 105 1.05°
- 7=2 12,24 x 104 140 7.36 x 105 1.08
13-11 1.43 x 104 136 7.63 x 105 1.2

* Breadth;averaged-current at depth of 1 m.

‘Discussion-

In summary, three of. ithe” four independent methods used to
calculate the sensible heat transfer coeff1c1ent are con81stent with one
another and result in an overall. average value of (0 8 0.3) x 10-3. A
fourth method dependent on an assumed parabolic dlstrlbution of flow for

.the heat flux.computation yields a much larger value of C, and therefore
is not included in the average It is noteworthy that the average
sens1ble heat transfer coeff1c1ent determined in thlS study is less than
the neutrally stable atmospheric boundary layer value of 1.45 x 10~ -3 .and
that 1t is within they uncertainty of the laboratory measurements of
Gilpin et al. (1980). \‘ | -

Since the completion of the field study, two recent field
\investigations have come to light on the transfer of heat between
seawater. and ice. In their field investigation, Bogorodskiy and
Sukhorukov - (1983) determined a value of Ce of 1.3 X 10 3 from sea ice
melting rates, as did Josberger and Meldrum (1985),~who stated a value of
0,8 2,1@'? measured .at a depth of 2.55 m below the ice. Their value
_ 'CQuld.bemeOflpw because they ignored the heat flux through:the 1-m~-thick
> _ice "sheet, which,oouldilead‘to a 16% error in half of their eiperiment.
It is interesting that they obtained ‘larger values of C, during the‘
“second half of their experiment when the neglect of heat flux in the ice
would be only an error of several percent For this reason the value 1n :

the -second part of the experiment is taken as 1 x 10-3 in place of the.
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0.8 x 10-3, Unfortunately Josberger and Meldrum do not provrde estlmates
7:fof the roughness helght 80 that the two- estlmates cannot be compared at-a
Vﬂ)common he1ght ' However, ‘if a typlcal value of a -sea 1ce roughness of

\0;001.m -(Langleben, 1982) is assumed, then the1r value of C of 1 x 10 -3
_‘becomes; 1.3 x 103, at a depth of 1'm accordlng to the logarlthmlc
. boundary layer theory. Unfortunately, Bogorodskly and Sukhorukov did: not
publish - the depth at wh1ch thelr measurements were taken S0 that it 1s

~ llmp0331ble to compare results It does appear, however, that the lake'

"1ce ‘transfer rates of sen31ble heat between water and 1ce are somewhat

. |
.lower than in sea 1ce

It is difficult to estimate the error of the determination in-
~ the present study. It would be safe to assume that the error bounds
»,fassociated with the' ice thlckness ‘measurements would apply. It

: concluded as well that the three’ methods are not- suff1c1ently accurate toA

yallow the effect of boundary layer stab111ty to be determined.

“ " Application

It is assumed in the appllcatlon of ' the sensible . heat transfer
formula that the flow at 1 ‘m is fully turbulent : ThlS would llkely be
'valld for flows as low as 1 mm/s in the absence. of stratlflcatlon

Due to the failute of the temperature profiler near the outflow,
it is impossible to estimate the distribution of heat flux from the water
to- the ice in detail. ' In general, in Flgure 26 there is .a trend towards
larger “heat fluxes near the outflow and on the western side of the lake.
This pattern corresponds closely to the ice thlckness dlstrlbutlon shown
for the Taglsh outflow reglon in Flgure 22. Slmllarly, in the: Marsh Lake
outflow" sectlon in Figure 24, an estimated heat flux at ‘the outflow ‘line
of 157 W/m? corresponds to an ice thickness of 45 cm, whereas farther
from the outflow at station 16, an estimated- heat flux of 65 W/m2 is

assoc1ated with ice thlckness of 60 cm.

The relatively high heat fluxes in the " region of station N4 -in

Tagish Lake do not agree with the general pattern of ice thickness and
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TAGISH LAKE.

R

‘Figu‘re 26. !_ieat flux distribution, Tagish Lake (.W/mz).

heat flux elsewhere‘ It is conjectured that the measured current -is
translent in nature caused by the- wind stress d1vergence in- the open”'
water nearby assoc1ated with the observed storm ‘conditions. Continued
high heat fluxes rn/th;s shelf region of the out flow would~lead to rapid -
thinning of the ice. The results of’this'sectiOn have been summarized by -
Hamblin and Carmack (1990). |

'.OutfloWwDescription

- The prev1ous section on transfer of heat between water and’ lake
. ice has dealt with one aspect of ' polynya formatlon and malntenance, the
' upward flux of heat from the ‘water to the‘ ice in a turbulent boundary
layer respon81ble for thlnnlng the ice. The other determlnlng process is
the upwelllng of heat by advectlon of the outflow. Frgures_lZ, 13, 17,
‘18,_ 19, and 21 show that the ' outflow is © ‘highly . concentrated and
'three-dimensional in nature CIf a one-dlmen51onal simulation model is to
'be developed capable 'of treatlng outflow polynyas, then the,upwelllng ’
will have to be parameter;zed in 'some way in the model.
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The concentration of flow at the outlet itself;_'seen in

Figures 12 and 21, at the deepest portion of the outflow cross>sectiohs
suggests that friction may be the cause. To test this hypothesis; we may
assume ‘that the outflow acts as a broad river of irregular cross section
of 1line NI to N6 in Tagish Lake (Fig. 27), which may be divided into a
left-hand main channel and a shallow right?hahd» berm. - The customaryj
- assumption 1is that the same. overall surface’pressure gradient applies to
each” subseotion (Henderson, 1966). Accordihg to'HenderSOﬁ,~the ratio of
average velocities in eachVSection is proportional tobthe " two-thirds
;-power of the ratio of the half depths (area d1v1ded by the wetted
.perlmeter) Allow1ng for 60% of the total flow of 140 m3/s through the
; sectlon of Figure 27 yields an: average conveyance channel velocrty of
.4 8 cm/s and a rlght -side channel veloc1ty of 2.9 cm/s. Slnce the right
f“berm value on the average is about the level of the threshold of the
current- meter, it would be expected that the current meter would at least\
reglster ~some flow in  the shallow section. It is concluded from thls
81mple analysis that while friction 1s important in channelllng the flow.
‘through the main channel there must be other factors at work too in
:‘:accountlng for the dlsproportlonate flow conveyed through the main

AN

channel

The question of outflow dynamics and others sparked by the field

_observations - in this section on outflow description and Part I willfbe a

explored by mathematlcal modelling and by analytical methods in Part
1I1I. As well, background information on empirical methods of supplylng
' surface energy components and river water temperatures will be examined
1n support of thermodynamic modelllng of ice-free and 1ce-covered lakes.

0 l‘ l } 15?0 1 1 [ 1101001

Main. —»}«— Right Berm.
phannel

Depth (m)
w

Figure 27. Outflow cross section of line N1 to N10, Tagish Lake.

;
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PART Il THE PHYSICS AND NUMERICAL MODELS OF
CIRCULATION AND THERMAL REGIMES IN
LAKES AND RIVERS

Introduction

The physics of the ice-covered or winter through-lewlin lakes -
‘is a well-defined probiem in rotating stratified hydfauligs'that has’
received ' scant atténtion in the literature. ‘Stigebrandt‘11978) was thé'
first to‘identifYathe essential nature Qf.‘winter’through-flow in lakéS,
that is, a %low field composed oféén entrance jet; a steady near-surface
flow %rpm one end-of the lake to the" other,. and a withdrawal - area, as
»outlinedf schematically in Figure 28. Carmack et al. (1987) alsorpr0vide -
a less-detailed picture of winter through-flow in Lake Laberge. The data
discussed in Parts I and IT and additional data presented in Carmack et
al.. (1987) are highly suggestive that three zones of flow, entrance,
internal:circulation, and outflow, are not indépendent, but interact with
one . another, ThlS ‘possibility was not recognized by Stigebrandt, who.
treated each, reglme separately., Unlike the ice-free period," where

Entrance -
Mixing ' Outlet

R ,-,'_Gradually varied through-flow — !

- TqyllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII[JIIIIIIIIIIIIIIIIIm -

——>> Outflow layer

Figure 28. Schematic of winter through-£flow.
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turbulent mixing. driven by atmospherlc forcing largely determines. the
- density structure of the lake, the outflow and inflow -are connected by
means of the through-flow The closely related>ﬁproblem of selective
withdrawal has been studied in containers in which the - surface is drawn
'A_down. Thus, while it does not dlrectly apply here, thlS theory does
,prov1de a useful prellmlnary guide.

. Brlefly, most of the m1x1ng between the 1nflow and lake occurs
;"_close to the inflow'in the zone shown as entrance-m1x1ng in Figure 28.

_The atigmented flow, con31st1ng " of the original inflow plus the fluid.
entrained from the lake water, proceeds . frém the entrance mixing zone to-
..the outflow region, where the outflow portion is drawn up to supply the
~.outflow and the - entraimment layer is. -turned around to “become .the
counterflow. “The .interfacial boundarles,-of the through-flow: are,
-;notiCeably inclined along the axis of the lake in order to overcome

’jfrictional -resistance in accordance with the theory of gradually varied

'__1nternal flow, except at the outflow where downwelllng is evident and at

the entrance where the data and analyses to. follow indicate the presence

| of an internal hydraullc jump. Although the three flow reglmes (namely,
rnflow, through-flow, and outflow) are coupled, each will be dlscussed _

‘separately. .
' Outfidﬂvnyﬁﬁmics :

The slmplest method of modelling the upwelllng of the outflow
5 would be to .assume that at least the core flow is potentlal flow rThé
‘well-known potentlal solut1on for flow into the. corner of a. wedge has.
‘streamllnes intermediate in slope between the conflnlng walls For
j'Aexample, in the case of the Tagish Lake outflow of Flgures 18 to. 20, the
bottom slope is approx1mately 7 x 10-3 so "that the 2°C ‘isotherm, in the

absence of m1x1ng, ought. ‘to have a slope of 4.5 x 10° “*3-and the 1.5°C ..
t 1sotherm, a slope of 2 x 10-3 according to potential flow theory Slnce :
the - observed slopes are 1.5 x 10+ =3 and 8 x 10‘ respectlvely, about
one-thlrd of the expected value, ‘there must be some selectlve w1thdrawal

of . the outflow by the stratification of the fluid near the outflow

42




similar analysis for the Marsh- Lake outflow between stations 15 and 16

shiows _that the observed slope of 1°C isother is about one half of that
expected by potential theory. In this case, this observation is in
agreement with the expectatlon that the infiuence of vértical density
: stratlflcatlon would be weaker so close to the outflow.

" In order to model the out £low polynya, it is necessary to
' mathematlcally describe the . heat flux assoc1ated with the outflow and"
temperature dlstrlbutlon under the ice. As a flrst step, it is -in-
structive to‘ find out jlf the outflow 1s;~dom1nated by either
viscous-diffusive effects -or by inertial - effects. = From the
two-dimensional outflow theory described\by Fischer et al. (1979), we may
cempute an outflow Froude number, Fr = @/NL2, ahd a Grashof number,
. Gr = N214/k, 2, where L is the length of the lake; in the case of Marsh
~ Lake, 28 km. Taklng a value for N2 of 6.8 x 10-5 s-2 for Marsh Lake, a
‘vertical eddy diffusivity for heat, ki, of 10-4 m?/s and ‘a discharge per
unit width, q, of 168/500 = 0.168 m2/s, it follows that Fr = 5.2 x 10-8
and’ Gr = 4.1 x 1021’ Slnce the product FrGrl/3 is 0. 82, the outflow may
be classifiéd as llntermedlate between v1scous-d1ffu31ve and inertial.

(As the rce sheet-;s a plane of symmetry, the dlscharge is taken as twice
the outflow of 84 m3/s.) On the other hand, if the outflow is considered
\as 'thxee-dimensional, Lawrence (1980) has obtained the transition
parameter Q/(Lk,), which is much larger than unity, suggesting inertial
_ dominance of the selective withdrawal. In Tagish Lake, the outflow is
'eimilar. because the much greater length of the lake compensates for the
greater discharge"of 140 m3/s. 1In this case, the depth of the withdrawal
| layer, D (outflow layer | thickness), may be given by D = 5.5 Gr-1/6 L or
38.5 m and from three-dlmen31onal theory by (Q/N)1/3 or 32 m.

A theory of stratlfled w1thdrawal dominated by VlSCOSlty and
Adlffu31v1ty 1n a steady two-dlmen81onal outflow has been given by Koh
_(1966) In hls solutlon, Koh dld not con31der the under-ice flow problem
so that a number of 1mportant effects were. excluded namely, the
nonllnear dependence of density on temperature, the zero flow- condltlon
at the ice water boundary, and the flux of heat being proportional to the




.product of velocity and temperature at 1 m depth. Nonetheless, it is
still possible to determine the general nature . of the heat flux frdm o
.f Koh’s similarity,methgd,. To a first approx1mation closezto the ice, U is
. proportional- to y/x%/3 and T varies.as y%/x5/3 .30 that the vertical heat -
 flux depends on y3/x7/3 where y-is the wertical -Coofdinate with the
origin ‘at theé ice/water boundary and x is the horizontal distance from
the .. outflow. - At a fixed depth, - then, the heat flux is. proportional to
x-7/3, which appears to be a much too rapid fall-off with horizontal
distance ' Phy31cally, the ‘vertical diffusion: term diffuses away the
sharpened . vertical temperature gradient caused by vertical upwelling into
the 51nk‘and thus temperature field is not changed until the_immediate
vicinity of the gutflow is reached where vertical_advectiOn dominates. the
balance. ‘Alternatively, a low Prandtl number model is advanced in which
VVerticai‘diffusion of temperature is ignored in faVOur of pure advection.
In the case of advection in a two-dimen31onal flow, 1t is well known that
the . isotherms must be parallel to the flow- lines 80 that the temperature
field is a functlon of stream function. - The requirement of ‘nonlinear _
'den81ty may be- accounted for in the similarity equation,_ With these
31mplify1ng manipulations, it is also possible to  seek \similarity
li,solutions :for the horizontal vorticity equation. In ~this case, the.
similarity._variable, Z, 1is y/[vqx/gﬁ(AT)211/4: where v is the" eddy
jviscosity' assumed to be 10-°m?/s, B »isf 6.8 x 10°6/C2, AT .is the
temperature difference across the outflow, and g . the acceleration of
gravity. As in the casé of Koh’s model, it- 1s assumed that the first
derivative of the similarity function, which, is” proportional to

horizontal velocity, varies as the similarity variable. - This is

-necessary since the velocity must go to zero at .the ice/water surface.

 Thus the discussion is confined to the region below’ the ice where the
| outflow-induced current is decrea81ng upwards ~ This assumption is valid
sxnce, w1th the parameters specified, the: range of interest of Z is from
0.2 to 1. In this region, the form of the temperature distribution ought"

to behave.as S
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where T, is temperature at the depth, D, and

ln' the above expreSSions,.the numerical constant of unity has
been»determined approximately by'reference to the field data of Marsh and
Taglsh lakes rather than by solv1ng ‘the 51mllar1ty equatlons d1rectly
Flnally, ‘we may infer that the heat flux from the water to the ice may be
given according to equatlon (1) by ' '

H=2—' p Cp gy (AT)3/(xv) - ¢ e (2)
Where y is, of course, taken at depth of 1 m. It is noted that the
~discharge per unit width, .q, does not explicitly appear in this
expre351on, which is probably due to 51mple 11near dependence assumed- for
vthe behav10ur of the 31m11ar1ty function and the 11m1tatlons of
similarlty As an example of the appllcatlon of this formula, con31der
the case of Taglsh Lake where TD is 2.5° at depth D, of 1 mat a
dlstance “of 3 km from the outflow, the ,heat flux »1s_10 W/mz at a
dlstance of 300 m; 100 W/m2 at 30 m, and 1000 W/mzvat 3 m. ThlS 30-m
flux 1nd1cates that the polynya should be at’ least 30 m in. length as this
heat flux is much larger than the heat flux through a 10-cm layer of 1ce
 of 345 W/m? at an average air temperature of —15°C Thls figure of 345
W/m? may be compared to the March mean heat loss of an arctlc polynya of
329 W/m?2 (Den Hartog et al., 1983) or 380 W/m? for sensible and’
' evaporatlve heat fluxes: oVer"the st. Lamrence Island Apolana.(Pease;v:
©.1985). - ' Lo T o

In the case ‘of' Marsh Lake, the value  of the approprlate‘

stratlflcatlon parameter is somewhat amblguous as the average value of N
_may not apply in a ,two-layer situation. An appllcatlon of “the
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e;'two~dimensional theory of Fischer et al. (1979, equation 6.87) squests-:"'

that withdrawal depth, D, may occur in the epilimnlon_ .to a depth of
11.6 . | S

b _' 2q _12/3

| ( A&Q]l/z | - 3 (3).:
: | ‘

| where Ap‘is the densrty dlfference between the top and bottom of the ,
epilimnioh. Thus,j if we take the temperature at the base of the"
epilimnion of‘1g5°C as the AT}ln,equatlon (2), it follows that the heat

Cflux at 3-km from the outlet is 2.4 Wn?, 24 W/u? at 300 m, and 240 W/m?
at .- 30 m from the outflow Since this last value is less than’ the heat

;*flux requlred to melt an ice layer of 10 cm in thlckness, it is- llkely‘ )
'that‘ theipolynya ~does not exrst.when air temperatures/are as cold as ..

o —15°C on average.

) v It has been stated -earlier-that the v1scous theory is 1ndlcated N
accordlng to the value of the parameter R of: Flscher et al (1979), buti -
X that dlffu51ve effects on the temperature fleld are ‘not reallstlc Iﬁl'f
’ the appllcatlon of equatlon (2), it is recommended that the w1thdrawal"‘f

depth at Whlch temperature AT is determlned be computed e1ther from R

Tlequatlon (2) 1n a two-layer 31tuatlon or by’
D= 2 Vg/N R O R

-r’lhz_the ‘case of unlform stratlflcatlon after the 1nert1al theory of
-f?Fischer et al (1979) Equatlon (4) applied to Taglsh Lake results in a
} value of D of. 120 m, or in other words the bottom depth It may be noted.’
~ that by use of inertial withdrawal formulae, the dlscharge enters the-

heat flux expressron (2) - through the depth at whlch the temperature AT is

determlned
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) This analysis- of outflow dynamics 1is concluded by the
recommendation that equation (2) along -with.the companion formulae . (3)
_and"(4):be tested by application to the formation of ‘the polynya of Lake
Laberge employing the simulated temperature'profiles of the model DYRESM
'(§attersonA and Hamblin, 1988) . Typical observed polynya areas have been

"-determlned from satelllte and aerial photographs by Carmack et al. (1987)

‘for the headwater lakes If this simple approach fails, then it is
p0831ble that the low Prandtl number 31m11ar1ty equatlon (Koh, 1966)

I\
( 'AT]f., o
——— = 1V
2/ t

w1th ‘the condltlons f(O) fl(O) fll(n) =0 and flee) =1 be_solvedlfor '
the veloc1ty and temperature: f1eld numerically. It may be noted " that

.n81mllar1ty does not allow for a réalistic surface boundary condltlon for
temperature, and as a result ‘does’ not permlt .an exchange of heat to, the

- o ice. A more exact treatment would require a fill- two-dlmen81onal o

‘solution, which is beyond the scope of a one-d1mensronal ‘thermal i
simulation. - model ‘The obv1ous shortcomlng of formula (2) i§ the
h'dlfflculty_Ernfspec1fy1ng AT. Eguatlons (3) and (4) may prov1de only'
napprokimations‘_ Also, it is noted that the depth is much greater thanf,
~ the dlscharge depth in the development of the theory

In some cases. in the development of the theory, it has been
'assumed that the outflow is two-dlmen31onal in nature This 1dea11zatlon
":could only hold in 1ong, narrow lakes such as Marsh, Taglsh and Laberge.
However, - the outflow of Atlin Lake and others is at a mid-axis p01nt,
where iclearly the outflow would be better 1deallzed by axlsymmetrlc
-,withdrawal theory Examlnatlon of the ax1symmetr1c-equat10ns revealed
"that a 31m11ar1ty does not ex1st, but that a solutlon of the form F(Y)/r
"ex1sts for a llmlted range of r yielding a heat flux® ‘dependence on radlal'
" distance, r, proportlonal to ATQ?/r3  where Q is the’ dlscharge (Koh,.
1966)~ Therefore, the radlal dependence of heat flux falls off much more )
rapldly w1th horlzontal distance, r, from the outlet. This dependence on -
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section on outflow dynamics.

‘the radius and its effect on polynya area ought to be testable,from :

: .aerlal .and .satellite observatlons of the polynya area of Atlin Lake when

combined - wrthllake survey and.meteorologlcal data.- The withdrawal depth

‘may be given by the formula of Lawrénce (1980)., (Q/N)l/3

'Three-Dimensional Effects

) "The outflow dynamics so- far discussed elther assume horlzontal’
homogenelty ‘across the lake or axial symmetry, thus rullng_ out such
three-dimensional effects as the earth’s rotation. These effects will‘bef
explored here by means of a vertically 1ntegrated approach but first we

‘réturn to the simple two-dimensional case discussed in the previous

- A three-dimensional'coordinate system, Figure 29,-has its-origin,
at- the surface, the x-ax1s directed along the channel in the- dlrectlon of.
flow, the y-ax1s transverse to the flow .and 1ncrea31ng leftwards of the'
flow, and the z-ax1s is taken positive upward from the 1ce/water surface )

Figure 29. Idealized flow into a rotating séctor.
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At a large distance from the outflow, the_stratification and hence
" density- defedt,.p, is taken as p = (p, =~ pp ) (2 + D)/ppD, where D is‘the
previously defined withdrawal depth = (outflow layer depth, Figure 28).
_ The density defect is zero at z = -D and decreases to a minimum at the
-surface (pg) ). .The steady equatlon of motion, assumlng lateral unlformlty

™

and that h is the depth of zero veloc1ty, is

a2 . [z T
Ju a(uw) 1 gg___g I eﬂ'dz'+'l— 91Xz

9X + az f'—po'ax -h 9x ™ §b a4z (5a) -

Although not exact, it is assumed for simplicity that at the
withdrawal depth and lower, the_outflow velocity and horizontal gradient
of total preSsure vanish and p is zero so that the gradlent of barotropic

} e(z + h)/h as

. pressure, P, may be evaluated from p

1. ¢ %, _ . gah ' o (5
pow el weeis o

vhere €= (p, _ ps)/pn'iand"h may nov be less than the far field
- withdraval depth, D. - :

From vertlcal 1ntegrat1on of equation (5a) and parameterlzatlon
of the under ice’ stress by the transport, q, and eddy v1scos1ty, v, for a
parabollc boundary layer and the assumption that u also varies linearly

with. “depth outside a thln boundary 1layer [u = 2q(h+z)/h2], we have

ah + 2)2 . _h 2 20w
_4q2, —(—i =’agg‘fa—b—gsjo%&§——zh)dz+2'—m.ﬂ
Joh ax b X p & W2 h?

It ‘may be noted that in strat1f1ed w1thdrawal theory c051ne variation of
v_the veloclty is usually assumed instead of the linear variation assumed‘

here, Interchanglng the ‘order of . dlfferentlatlon and - 1ntegration y1elds
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_ After integration and collection of terms

h? 4g2) 3h 2w S
, BgS]*ak 1> ‘ 2
e 16Q2 o 24vq:

of M ohet - S hoho) = SGE

where the depth at the outflow, hy, is assumed to occur when the slope of"
-the outflowing layer is infinite or hy = (4q2/gs)1/3 -Sirnce the
1*analytlcal solutlon for h is implicit, it must be computed by numerical
“methods, . although the' layer depth may be . approx1mated reasonably by
(24- vqx/ge + h04)1/4 under most conditions. The solution, h, approprlate
. to - Lake Laberge, is evaluated in Flgure 30 for v = 10'5 m?/s;
q= 0.046 m2/s, -and e = lof? .and apparently remalns thin for large
dlstances "from the, outflow. In. the dlscusslon of the - two-]iand
‘three-dlmen81onal selective' withdrawal . theory. 'above, the transition
| 'betweeh frlctlonally and 1nert1ally dominated flows was- computed

Slmllarly, by equating the frictional to inertial terms 1n equatlon (6),

4:«§the tran31tlon distance is estlmated to be 4/3 21/3° q5/3/[v(gs)1/3] 'In

fthe ‘case of the parameters for ‘the Lake Laberge outflow, thls expre831on
glves a tran31tlon dlstance of 2.1 km from the out £1ow. Between this
point and the ‘inflow, the outflow layer is seen to thicken by about 4 m
pfrom Flgure '8 and from Appendlx E in Carmack et al. (1987) and to have an
"v'average depth of approxlmately 8 m.. It is now p0331ble to compute the

eddy v1sc031ty from the longltudlnal slope of. the 1sotherms accordlng to-
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“which  yields a.value of 1.5 x 10-5 m?/s. ’ It may be noted that equatlon‘
' (6) 1is of 1dent1cal form to the gradually varled flow equatlon (10) oi
Baddour (1987) -in the case- - of a ~deep counterflow . The solution to -
.equatlon (6) thus prov1des the llnkage between ;. the outlet reglon of the

rﬁlength of the transition p01nt and the 1nterlor through—flow, whlch is an u

example of gradually varled 1nternal flow. The counterflow cannot be
i taken  into account in the 31mple analysis. of. the through-flow problem
| unless the exchange between the entralnment layer and return flow is
known. . This problem w1ll be dlscussed in the section on two-dimensional
through-flow modelllng Based on the assumed temperature proflle in the
outflow layer (see Fig. 8), T ==0.9 z/h + 0. 3, 1t 1s p0331ble to compute

the vertlcal and horlzontallcomponents -of" the advectlon of temperature at f
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Figure 30. Depth of outflowing layer, 8, with- d:.stance from outflow sel_i'd line is
horigontal temperature flux at depth of 1 m. Dashed lxne is vertical
flux. 0pen ‘squares are numencelly obtained uT’.




a depth of 1 m: These components are proportional.to; the vertical and

horizontal heat flux. ‘It is seen in'Figure 30 that, except'for a narrow
reglon within 50 m of the outflow, nearly all the heat supplled to ther,
ice is through horlzontal flow as’ opposed to vertlcal flow P :

It . 1is évidentf”then, that the Yertically lntegrated outflow and

thréugh-£low model has the same x174 dependence for iscpychal depth as
Vthe contlnuous two-dlmen31onal model at large dlstances from the outflow :

J

The = product of‘ velocity and _témpeiature will't theni be

proportional” ‘to h*2 ‘or x~1/2, ~which is a weaker -dependence than ‘the

continucus model.

The exten51on “of  the vertically - 'integfated 'model ‘dto."

three-dlmen31onal outflow requlres a further assumptlon on the under—lce

-frlctlon It is assumed that the frlctlon acts only on the longltudlnala -

component of flow- and that 1t may be glven by the surface veloc1ty tlmes‘=
a linear frlctlon coeff1c1ent,‘ Y hav1ng ‘dimensions . of veloc1ty ~For -

.31mp11c1ty, advectlon terms are 1gnored The three-dlmen31onal equatlons

may be wrltten w1th these 31mp11fy1ng assumptlons as

1 0 384y 4Lz E
.-.f = — d ! o 7
-5 _[ R o
1. e _foap . .' o

97 pp 3y g,'[z, ay ®

and '1n‘1ntegrated'form employingAthe above analysis of the barotropic.
pressure gradient (cf. equatlon [5b]) and the component u at the surface :

" from the prev1ous equatlon

dy _ _ gehdh I (9)

o A N T
dy _ _geh ?h' _y ge 3h (
£ ax 3 9x £2 9y ;(19)




where f is the Cori01is~paramater.

, ‘The vertlcally 1ntegrated stream functlon has been lntroduced’
~ such that

‘ whezé ﬁis_ ffh udz and similarly'for V or in terms of polar coordinateé;'
“equations- (9) and (10) become

dy _ _geam?) S .
g L) _ygm (12)
jr = 10V _ 3y
A_Ur - r 39 ! Ue ar

: Integratlon - of equation“’(il)tacrbss« a pie—shaﬁed‘ channel,
(Flg 29) from e = 0 to yields in terms of .the bulk outflow, Q,

. (h12 - hoz)

oy

(13)

In the case when hy < V_f67T§?_, as 1is probably the case here, equation
(13)1mp11es that the withdrawal layer does not extend across the channel
‘It is evident that the layer depth on the right-hand 31de of the channel
in the direction of flow is greater than on the left side. Now along the

S;des_of,the channel, ay/oxr = 0 so ‘that equatlon (12) becomes

SR )

‘ From the requlrement of contlnulty, equatlons (11) and (12) give
921/382 =0, which 1mp11es ah/ae is a function of T say a(r), Wthh from
’ equatlon (13)- ’
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. ;

| a = - -e—q . [1“_; \ll"GfQ/hoz ge ]

)1
or to an approximation if 6£Q < (ho? ge)

_30
ge heby

-]
2

”*’Iﬁ the a?PfOximatev case -we can now integrate equation (14) along the
right-hand boundary | | :

27y Q ln (r/rD)
9E e1

h63_'D3_

where D is the specified depth of the outflow layer at some dlstance from ‘
the 31nk, Tps and h; can be found from equatlon (13) - In the case that -
the w1thdrawal layer £ills. the channel, but. ho ~J_f57T§F_, equatlon 14)
must be 1ntegrated numerlcally |

- } We notice the follow1ng features of this solution: the
'Aitransverse veloC1ty is zero throughout the sectlon, the longltudlnalﬁ
“.transport 1s unlform across “the channel; the - depth varles llnearly sog :
:and the larger the angle 01 of the sector, the smaller the radlus rD is.
E At least in the case of low outflow or weak stratlflcatlonv
,[ho > V—f§7T§E_], rotation” does not affect the outflow thickness. As far

as- outflows from the headwater Tlakes are concerned, the theory suggests e

that since the dlscharge is so large, the outflow may ‘ot extend ‘across’
'the 1ake ThlS is probably the case in Marsh Lake,'where the left-hand
.vcurrent along the southwestern shorellne is 1n the counterflow1ng flow1ng
d;rect;on 1n_ Figures _ll_and 12. The cross-channel tllt 1s seen tou

inicrease towards the outlet.
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Although the laboratory experiments of “Monismith and Maiwdrthy-‘,
(1988) were designed to. examine the spin—up--of.stratified- rotating
:outflow and drew down the upper layer,'it is of some interest to compare
their resu;ts with _the above theory. They found that the outflow current .
was concentrated on thevleft-hand shoreline and decreased-linearly to the f
opposite wall. In case of small cross-channelrtilts;<the'icurrentsalso '
decreases linearly . from -left to ‘right./ This decrease of - current .
horlzontally 1mp11es, through-'the thermal = wind relation, that the -
1sopycnal surfaces 4in-:the withdrawal layer are not: linear but curve
upwards at the shoreline' ‘The horizontal shear in the outflow thus could
account for the concave shape of detailed temperature and conduct1v1ty
transects in Appendix E of Carmack et al (1987)

Because of the stronger flow on the 'left*handvsidé of the
‘channel, as well as higher temperatures due to reduced withdrawal depth,
the prihcipal influence of the earth’s rotatlon is to cause larger
' sensrble heat transfers on the left-hand 31de of the outflow region,
which is in agreement with the heat flux and ice thlckness distributions
(Flgs 22 and 26) Furthermore, 51nce the depth\of the withdrawal layer
18 Jgreater on the rlght-hand s1de of the channel, it mlght intersect the
‘ bottom on thls side farther from the sink than on the other 81de if the
bottom shoals more rapldly than h. Figure 29 shows a hypothetlcal ‘case
of the 1nteract10n of the w1thdrawal depth and bottom in a pie- shaped
‘'region wlth a~ linear sloping bottom - The 'reglon where the depth is
greater than the withdrawal depth is region I - The assumptions so far
made will not ‘be Valld in region 1II, where the depth is less than the”
w1thdrawal depth  There will no longer be compensatlon of the barotroplc
’pressure gradient by the baroclinic gradlent Bottom frlctlon caused by'
the resultlng bottom current will have to be taken into account. -The
—1nteract10n of bathymetry, rotatlon, and baroclln1c1ty has been termed
’the JEBAR effect (joint effect of barocllnlclty and bottom rellef)
(Csanady, 1985; Rattray, 1982) . Since the solutlons are not valld in
reglon II, where inertial effects ought to predomlnate, the neglect of
these terms 1n equations (7) and (8) is ]ustlfled |
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‘It .isnot clear that the simple - diagnostic treatment of the_
~ JEBAR. effect can: - be employed, . as ‘the density defect is unknown |
reoion II. However, the bottom frlctlonal effect on the rlght-hand 81de
.of ‘the channel would tend to retard the flow further-and 'tend té
‘concentrate the discharge even. more to the left-hand side.  In thé
realiStic~,case’of,a transverse bottom slope as weli,~the -JEBAR'efféét
. will exert torques on fthe fluid at the shorelines, pushing it to the
- middle . of the channel. This -may explain why friction = alone- is"not
sufficient to account for the low flow 1n the‘shallow lateral. portlons of
the lake as dlscussed above

~ Through-Flow

Three—Dlmen31onal Dlagnostlc Model of Through-Flow

Under Ice Wlth Friction

' In thé‘previousA computations of the heat flux across. a hlake
section, the thermal wind relation was comblned w1th the drogue data at

one depth in the water " column to compute the flow field. These
computatlons were compared w1th the known cross-sectional transport for
‘congistency. It would be de31rable to be able to infer the . flow fleld'
w1thout recourse to drogue or current meter observations from - ~the
temperature "observations and the known constraint of volume transport
through each cross-section. 'In this section, a dlagnostlc» method is
out11ned for 1nferr1ng the three-dimensional steady circulation from the
den31ty field and through—flow This method is subsequently applied to
Taglsh Lakevand the inferred currents compared to the'fleld observations.

The equatlons of motion for this problem are ‘identical to
‘ equations (7) and (8), but now the internal shear stress is represented
by the more accurate Ekman dynamlcs ‘As the Ekman solutlons for the case
of surface ice cover do not appear to given in- the llterature, they are

included for convenlence in Appendlx B

Since the vertical eddy viscosity is likely to be order
10-4 m?/s or less under the ice cover, the corresponding Ekman boundary
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layer thickness, V2v/E = 1/a, is much less than-the water depth'so‘
that - surface stresses, t,, and t,y, may be given the following

- approximate expreSSions*(See‘AppehdixiB):

20
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Equations (7) and (8) may be integrated veftically over the
total depth, H, to yleld ' B
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where U and V are the vertically integrated compqhents of the transport.

Po O
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It may . be noted that these equations. are 1dent1cal to the
iapprox1mate form of the well=known homogeneous Ekman problem, whlch has '

been solved by Hamblln (1976) by means of the finite element method, plus

‘two additional terms each 1nvolv1ng the : vertlcal 1ntegrals of ther-l»
horizontal density gradients.’ These expre881ons may be substltuted 1nto‘_

the finite element form of the continuity equatron_as in Hamblln.(1976),

Il (g—’-;{ U+ %% V]dA = y ¢ Uy ds

"7:Twhere ¢ is a welghtlng functlon and the term on the rlght-hand 31de is. a ";'
line 1ntegral of the known ‘boundary forcing by the transport, UN, normalf”
0 the boundary The- unknown -trangports, U. and V, may be ellmlnated byf

» the above relatlons with the. result that 3 R
RIE (E% ay) ﬂdxdyﬂ!gn (F'il +E Qll)i%dxdy -

ax - 9x - 9y)

gy (o (i) 2 0 (e _20) 4]
S s {3_?5 [H (1 HJ 3y 97 * %a,,['_ﬂ (5% .;asg),'dz]

-

= f£] ¢ Uy ds
. ¢ . ‘—-.’.1_;0‘ = -}—
where | E = of ’ F (1 -

af . B

The unknown surface pressure field, 1§, may be determlned in

:terms of the known forc1ng terms on the right-hand 31de of the abovef

equatlon from fleld data for the den51ty fleld and the 1nflows and

,outflows on the boundary. Once the surface pressure fleld has been found ’

the pressure gradlent at each flnlte element mesh p01nt may be determined
by solv1ng the equatlons '
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Hopgran = o 557 & A (15’

L an, ,
Heb14n = ”°may ' ” | S - a6

’

for ¢1; ‘In equations (15) ‘and (16), ¢, is taken to be a quadratic
function, whereas ¢, 'is cubic in the application to follow.

. Once. :"Eh'e barotropic  or free surface pressure gradients. are
'known', equatlons (7) and. (8) may be solved for:the veloc1ty dlstrJ.butJ.on
at a ‘mesh pomt as a functlon of depth. The approximate solutlons for
the case of low vertical eddy viscosity (H >> 1/a) are.
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It may be noted that, outside the boundary layer reglons at the.

surface and bottom, the exponent1a1 terms 1n the above.. expressions are/v'

small and may be neglected if the depth is much greater than the boundary'
layer thlckness

_hppllcation-of Three—Dimensional Model to Taéish_Lake

, ~A:-mesh of 24 triangles‘was drawn through the 20 field stations
in Taglsh Lake (Flg 14) with the field statlons formlng the vertices of
the tr;angles.x This mesh was: expanded to include the boundarles of the
lake and two inflow and ‘outflow pornts upstream,and downstream from the -
field stations: Inltotal; the'expanded,mesh comprised 52 triangles and
. 119 noaal-;fpoi;nts.f | ’ N

In order to determine the forcing' dué to the- baroclinic-
_ ‘component of the pressure fleld, it is necessary to first  compute the'
- horizontal density gradients.: Equatlons srmllar to equatlons (15) and
'(16) may be solved to yleld the horizontal densrty gradlents at each of °
theku 1nter10r nodes where den31ty is. deflned, except that llnear
1nterpolat10n of the - den51ty fleld was used. - Den51ty gradlents were
computed at 2—m 1ncrements of depth starting at the surface Vertlcal
1ntegrals of horlzontal den31ty were then evaluated accordlng to the 3
.trapez01dal rule applied at dlscrete 2-m 1ntervals. Den31ty gradlents.
were extrapolated from the 1nter10r to the boundary p01nts by the 31mple
assumptlon that they are equal to the‘nearest interior values.

: Flnally, ‘inflow was imposed between two open:lake p01nts located
on the boundary to the south of line 12-14 and the correspondlng outflow
of 140 m3/s at two 1nter10r ‘points to the north’ of ‘line 11-13. e
parameter values assumed. throughout the study were 1 cm?/s for the
svertlcal eddy viscosity and 1.27 x 10° -4 s-1 for f, which then yield an
Ekman depth, a -1, of 1.25_m The model results are dlscussed next '

First, the barotropic pressure field in terms of the free
surface displacement for the case of no density gradients is  compared
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with the 'frrée-' surface éomﬁ'utegi‘ from 'inflow and the measured and
extrapolated ‘density fields. It may be evident in Figure' 312 that with
‘7 only inflow and friction, . the east component of pressure gradient tends
t,o be - concentrated along the western shorellne, . whereas .With
stratlflcatlon, the gradlent is . not as sharply deflned in Flgure 31b.

’__F.‘igure '31. Ssurface water level dlsplacement (barotropic pressure field) (cm x 102)

based ' on dlagnost:.c model, Tagish Lake. (a) No. stratification. (b) With
observed sttat:.f:l.cation, \)— 1 em“/s.
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In addition, the cross-lake component of pressure -is nearlyutwicer_as

-:,1arge -as in the horlzontally uniform case. This finding'is in agreement

‘with the’ observatlons in Figures .18 to 20, which- show that the- northward'

transport lS conflned to the upper: portlon of the water- column 1nstead off-»

belng unlform throughout depth as is the case in a horlzontally unlform'
den31ty f1eld " Thus the pressure gradlents must be larger to. allow for
ithe compensatory effect of the horlzontal den81ty gradlents ‘ ‘

The - northward component of flow computed . from equatlon (18) 1s,
shown in Flgure 32 for the central and northern cross sectlons uWhen‘

account is. taken that the flow is computed at the statlon locatlonia"‘

" instead of between the statlons, as in ‘the thermal w1nd method of
' Flgures 18 to 20, the inverse method described here compares favourably

"'7w1th the dlrect miethod, especially at the central line. | The northward

jet of current centred  between 2 to 3 m at: statlon 5 is even more
pronounced in the inverse method as is the weak return flow at depth. At
'the northern line (Flg 32b), the northward 'jet is ‘stronger and is
compensated by a southward return on the eastern shorellne, unlike'the
.dlrect dlstrlbutlon The cross -sectionally averaged transports are

N 145 m3/s at the central line, 122 m3/s at the northern line, and-320 m3/s

" at the southern line. The transport at the 1nflow1ng line is greatly 1n,i
‘error due to the :steep horizontal gradlent of surface pressure at
statlons 10 and 16 seen on Figure 31b, which results in a northward flow
of approx1mately 5 cm/s at these points. The lack of agreement of the
-transport at the inflow . ‘and outflow lines demonstrates the difficulty

;_w1th the extrapolatlon of pressure gradients’ beyond the measurement area

‘9 as: these transports were found to be sen31t1ve to the density gradients

assumed " Twenty stations are probably too few to reasonably employ this
N d1agnost1c method unless the boundary transports are better known than in
Taglsh Lake. The alternatlve would be to spec1fy the transports along
‘lines 13-11 and 14-12, but this would probably 1ntroduce as much error as ’

extrapolatlng the den31ty gradlents
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- River Inflow Mixing

A key question in the design of . northern’ 1mpoundment is- the
'length of the ice=free river downstream from the discharge p01nt or,
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- alternatively, the heat flux out of the reservoir. The temperatureudata
‘of Figure 8 and the similar: sections of Appendix F of7Carmack et al.
(1987) show that the temperature of the outflow is determlned by m1x1ng
at the inflow and that if: heat is diffused to the through-flow1ng layer.”
from the warmer bottom layer, it must be. closely balanced by loss to the*
1ce except in the v1c1n1ty of the outflow
) From an analysis -of the heat budget in an ice-covered NorWegian :
© lake, SPerillen, Stigebrandtixi978).deduced that theaianOW'is increased
by;.60% by¢ river inflowb mixing prooesses. .In‘thev.present study, Vthe"_
return flow in Marsh 'Lake, - as estimated from Figure 13,  1is 50% of the

—ﬁithrough-flow Slmllarly, the return flow in Taglsh Lake is CalCulated

from Flgures 18b and 19 to be approxrmately '30%. of the through-flow
Unfortunately, ‘there are no cross- sectlonal flow observatlons in Lake
Laberge.  Instead, Figure 8 and the longltudlnal sections of Append;x F
of Carmack et al. (1987) indicate that the bisotherm dividing the
through—flow from the main body of the lake is 0. 8°C. ‘lnflow atlthe
"ifreezlng p01nt m1x1ng ‘with lake water at an assumed temperature of 2.5°C
(see Fig. 8) would have to be dlluted by about 20% to form an average
‘water temperature of 0.4°C. It is hoped that this crude calculatlon w1ll
be refined by the more precise thermodynamic model of Lake Laberge in the

~

future.

In summary, the 1nflow-1nduced m1x1ng appears ‘to be somewhat
"weaker in the Yukon River headwater lakes than 1n the Norweglan lake. As
Stlgebrandt -(1978) pointed out, weak 1nflow m1x1ng is surprlslng in view »
of the relatlvely high den31metr1c Froude numbers of these lakes in
w1nter.* He- also mentloned that no reliable estlmates of 1nflow mlxlng
are,bavallable in the literature. A-search of the llterature by the
 present author yielded the same conclusion. More recent ‘studies deallng

with this question are réviewed below.

Turning first to the buoyant jet‘literature, " the numerical
studles of Adams et ~al. (1975) show some features . in - -common with the

observations. Thelr solutions show a rapidly varied deepenlng of the
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inflow to a maximum - depth. For the .inflow data' ( Uy = 0,6.m/s/3
gie 5.4 x 107 m s'2" and hy =2m "[Carmack'et al., 1987]) the jet
~ theory yields a maximum depth of 80 m and a dllutlon rate of 13 ‘both of
which are unreallstlcally too large. The emplrlcally based inflow ,
7 _dllUthn formula of Jirka and ‘Watanabe (1980), ‘which'isusimilar to that

of Adams et al. (1975), results in an inflow dilution of about 8 based on
" the Lake Laberge inflow data. ' ‘

The buoyant jet ' theory neglects 'the».effeoté"matchingﬂ the
farfield density distribution of the jet to the downstream -conditions.’
In an important study, Wilkinson and Wood (1971) showed, through both
analysis and laboratory measurements;; how the inflow dilution rate.is
linked to the downstream condition,thrOugh the mechanism of drowning of a

‘rapid flow tranSition known -as-a density . jump or mote loosely as an

internal hydraullc jump by the downstream flow condltlons AS the
thickness of the outflow layer is 1ncreased and the Jump is pushed closer
to the 1nflow, the length ‘of the supercrltlcal flow region between the
outflow and jump is - reduced and accordlngly the dllutlon rate of the
1nflow The two-dlmen31onal analysrs of Wllklnson and Wood (1971)
predicts a hydraulic Jump»fromnz m to about 45 m, a result closer to the
observed maximum depth of about 10 m; but still too high: )

The questlon of the: mlxlng of the 1nflow w1th the open lake 1s
explored in more detail by reference first to the recent two-d1mensronal
theory of Baddour (1987). Baddour shows that -under certaln -circumstances
~it  is p0831ble to predict the-dilution . of through—flow Baddour
describes a mixing zone between ‘the inflow. and interior flow, which has
four types of behaviour ‘depending on the - charaoter;st;cs of an 1nternal
“hydraulic' jump. If the inflow to Lake Laberge has a depth of 2 m, a
unlform width of 200 m, and a discharge of 140 m3/s (Carmack et al.,
_1987), “and if the open lake conditions are taken as a depth of 100 m and
the den31ty structure, are ‘assumed, then ‘the 1nflow would hydraullcally
-’Jump fréin. supercrltlcal inflow to: depths from 34 to 46 m where the flow
would be subcrltlcal based on Baddour s mixing zone equation” (9). The
theory allows for a dilution across ‘the mixing zone; in this case a
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' fdilution‘ of 1.4 was assumed. In this parametric range, the stable:
;;'subcritical-depths or conjugate depths are not sensitive to dilution. At
'a Froude number of 11, conjugate depths ranged from 34 to 36 m over a

dilution . -range of 10% to -90%. Since the depth of subcritical £lows

predicted by the two-dimensional theory are deeper than the observed and

predicted depth of through-flow layer at the upstream end of the lake.Of»

about 10 m, then the mixing zone may be classified as a ‘type C or
- upstream controlled instability. According to the.laboratory experiments
of. Qaddour”(1987),‘this*regime has a steep gradient'of*the interface in

the m1x1ng :Zone or p01nt of v1rtual control (infinite at a critical depth

iof- 16.4 m) as .the interface proceeds . from supercrltlcal to  the

suhcrltlcal depth there is also evidence of rec1rculatlon of the 1nflow.

: Both .these features are apparent in the fleld data of Flgure 8 and

Appendlx F of Carmack et al. (1987), where the 1sopleths of conduct1v1ty

- and temperature appear to bend down to the conjugate depth of about 25 m
from the interior. The closed contours of conduct1v1ty are suggestlve of

recirculation. Since the interface of the through-flow does not:

" intersect across the m1x1ng zone, it is not p0351ble, in thls oase;~to .

predlct the dilution factor; 1n ‘this analysis it was- assumed from field

umeasurements. Based on the 1nflow -Froude, number, Baddour glves an-- upper
"'limit for optlmal m1x1ng whlch, in this case, 1s a factor -of: three.

Although the two—dlmen51onal theory glves some 1nd1catlon of the 1nflow
m1x1ng, the results are llmlted by assumptlon of unlform w1dth
<
-+ A8  an attempt to allow for spreading of the inflow, the radial
1nternal hydraullc jump equation of Lee and Jirka (1981) was applled to

’ the /Lake Laberge inflow. In-this case, the radlus at. whlch the jurmp

beging- was_takenl'to be . 60% of _the.totalm.depth,.as .suggested by the

experiments of Lee and Jirka. The depth wasvassumed"to;be_loofm.

‘ Accordlng to their equatlon (34), the conjugate depth to 2 m is
16.4 m, whlch is still more than .the observed through-flow layer
thiékness ‘of’ 8 m . in Lake Laberge. ' Thus,. accordlng to the
three-dlmen31onal theory, ‘the inflow mixing regime is' also unstable.
However, since the conjugate depth is much closer to: the through—flow
depth, three-dimensional theory suggests that it would not require such a
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‘ large decrease in the 1nflow ‘to achieve optimal m1x1ng as in. the'

- two—dlmen81onal case. In summary, the theory of Baddour (1987) and Lee

‘and Jifka (1981) prov1des an alternate explanatlon for the relatively low
inflow - dilution observed. ‘The -inflow may not’ be treated simply as a
' buoyant ”jet discharging'into; anminfiniteireseryoir; butfinstead it is
necessary .to consider the interaction of the inflow with the outflow at |
the downstream end of the lake.  The theory suggests that 1nflow dilution
v rates may decrease for the increased 1nflow due to an 1nverted
;Ahydrograph Addltlonal 1aboratory evidence for decrea31ng dilution w1th
1'an 1ncreased inflow Froude number is reported in the 1nflow experlments

et Leong (1988).

The theory and laboratory results dlscussed above apply strlctly
to the case of two—layer stratlflcatlon, whereas the fleld data clearly
1nd1cate a uniform rate den51ty stratlflcatlon in the inflow layers ‘ In‘
the absence of laboratory or theoretlcal guldance, 1t may be assumed that
:max1mum depth 1s a p01nt of v1rtual control where the 1nternal wave -
veloc1ty equals the inflow veloc1ty If a constant rate of deepenlng of
the inflow plume applles, then the length of the supercrltlcal portion of
~the plume. should vary accordlng to the rates of the max1mum depths or to
the one-thlrd power of the dlscharges This prov1des an upper bound on
the dllutlon rate as the inflow depths also increase w1th increasing
‘dlscharge accordlng to the 0.6 power of the dlscharge Experlments are
,requlred to conflrm that the increase of dllutlon with 1ncrea31ng'

dlscharge are bounded by the one-thlrd power of dlscharge 1n a unlformly
_stratlfled fluid.

;imhetmal Modellinq

,Rlver Thermal Reglme Modelllng

' ~1¥' Daily inflow temperatures are. requlred ‘as input to a - model
de31gned to simulate the thermal- structure in lakes. -For this purpose, a
r1ver water temperature gauge was established in the Yukon River near the”
entrance to Lake Laberge (Flg 1) Due to 1nstrument fallure and perlods

‘of extremely low water, there were intérvals of missing - data. A rlverb
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‘temperature simulation model was developed to £ill :these:gapsﬁin the
- daily records. R ‘ ' -

Conservatlon 'of heat in a water body may be expressed in- terms
of the cross—sectlonally averaged temperature, T, as

y

PG Y= At

_ where C is the spec1flc heat of water, Y the mean depth, t the tlme, and

the source terms, Q, the atmospheric heat flux and Qg the heat flux from
the bottom and sides of the river channel. Since the interest is on the -

'-entlre river reach, advectlon and dlffu31on terms are neglected Since
_an 1n1t1al sen51t1v1ty test employlng standard values of the thermal

conductrvrty of . bottom sedlment and the assumptlon of 8°C ‘bed temperature

“at a depth of 1 m below the bottom showed that the term QB is negllglble,

it w1ll not be 1ncluded 1n the model

The atmospherlc energy input, Qa, is composed of solar
radlatlon, Qswi Whlch was dlrectly measured at the meteorologlcal

statlon, QLw or 1ncom1ng longwave radlatlon, Qp, outgoing longwavev

) radlatlon, Qs, the sensible heat flux between the air and water surface,

.and[vQL, the evaporative heat flux. With the conventlongthat 1ncom1ng

energy flux is positive, we have that
On = Qow + Qww - Q% *+ Qs + Q.

Since the shortwave ‘radiation was measured at a helght from 4
to 6 m above the ground, it 1s necessary to account for the shadlng of

low angle ‘solar radlatlon on the surface of the river by the river banks

and surrounding trees. According to TVA - (1972), the dally - solar

radiation is reduced by the amount

hssvsin:b 8in § + cos ¢ cos § sin hss
hs8 sin ¢ .sin § + cos ¢ cos . sin hss




where  the solar declination ~angle, &, is given in- terms of the Julian

/
Day, JD, by the formula

23.45 1 cos [2n(172-JD) /365]
| 180

¢ is the latitude, and cos hs§ = - sin ¢ " sin 8/(cos ¢ cos §). If the
- solar altitude at sunset or sunrise is «, here assumed to be 20°, then
" cos hss = (siﬁ o - sin ¢ sin §)/(cos ¢ cos §) providing the quantity on
the right-hand side:is less or equal to unity. If it is larger than
unity, then noé solér radiation is received on that day at sunrise. The

solar radiation transmitted to the water is reduced by a further 3% to
'aécpunt for the albedo of the water surface.. Shading effects in river
\fhermal models have also beenbdiscussed by Mason (1983).

The‘iQHQWave radiation, Q;y, was not measured but reconstructed
’f:om the measured air temperature, T,, and estimated cloud cover
according to the Swinbank formula (TVA, 1972):

Qrw = 5.18 x 10713 (1 + 0.17 C?) (273 + T,) W/m?

_ The fraction of cidud cqvef, C,kwas dete:@ined frsm the measﬁred
solar radiation and the cléar sky radiation, Qgcr for the;,;atitgdé of
60°N  according to the Smithsonian Meteorologicai Tables,‘ 'usiné cz =
{1 = Qsw/0sc)/0.65. Daily estimates of Qg. were interpolated from eight
values evenly distributed over the year. Again, the above empirical.
formula is ‘taken_ from the -TVA‘(1972) reporﬁ. The validity of-<thié
expression for Q;y will be examined for high latitudes in the nexf’
section. | | ‘ m

. The outgoing longwave radiation, Qp, is given by

Qs = 5.23 x 10-8 (273 +T)4 W/m2

where T is the simulated water temperature.
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where the conveyance, K, is given by

The senslble and evaporatlve heat fluxes are spec1f1ed accordlng
to the standard expre331ons except that the bulk. transfer coeff1c1ent,_
Csr, ‘was taken as 2 x 10~3 1nstead of the value recommended 'by Fischer et

- al. (1979),of 1.5 x 10-3,

- The dally river dlscharge, Q, is- known, but not the r1ver depth,

Y. Based on the assumption, of a rectangular channel, the river depth may'
_be eatlmated from Mannings formula, '

K = ¥5/3 w/n

Slnce the bedslope, S, channel”width,’w,' and. Mannings n -are
unknown, the factor F relating discharge to water/depth, Q= Y5/3 was

determlned by optlmlzatlon baseéd on the most. complete ice= free season of _

1983. A best fit value of F of 5.65 m4/3/s resulted in an overall RMS
error “of 1. 00°C between observatlons and model results k The model was

;!A 1n1t1ated on Aprll 12, 1983, ‘with the observed rlver temperature of 0°C

: and “run for 208 days untll November 6, when the observed temperature

reached the freez1ng p01nt : 3 S o

"’ From the optlmum value of F, the average value of the bedslope
of 2 x 10-4, and the rlver w1dth of 250 m, the best flt value of Mannlngs

nis 0 675 s/ml/3, A comparlson of this value to those ‘more commonly

quoted reveals that thlS estlmate is 20 times larger than other rlvers.
Thls 1s probably because upstream water temperatures are unknown and

A there are a number of lakes in the watershed’ that alter the thermal

reglme Addltlonal ev1dence supportlng the conclu51on 1s that rlver

depths varled between 6 and 15 5m, wh1ch “are probably too deep.
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" "Although the model result is not physically realistic, "it is nonetheless:

_possible to use it to supply the'missing river inflow temperatures.

The comparison of simulated and observed river temperatures for
‘the Yukon Rlver just upstream from Lake Laberge 18 shown in Flgure 33
'>51nce the startlng temperature on June 10 was not known, it had to be
estlmated, By a geries of iterations, the ‘1n1t1al temperature that
v;resulted in exact agreement on July 10, Whentriver water' temperatures
'Jbecame avallable, was determlned It may.be noted that river temperatureﬁg
tends to be overestimated in the . flrst part of the ice-free season and
underestlmated in the latter half.of'the season. ThlS is probably due to
the effect of the headwater lakes on the thermal reglme of the r1ver

.

Evaluation of Em _fplrlcal Relatlons for Incomlng Longwave Radlatlon

For the« purposes of modelling~ the thermal regime of Lake
Laberge, it is neCessary to'establish the incoming longwave radiation
. field on a dally basis. ‘In ‘addition, since the usual emplrlcal formulae
requlre fractlon of cloud  cover, it~ ‘is necessary to estlmate the“
cloudlness from the measured shortwave radlatlon It was considered that‘
in a mountainous region ‘the longwave  radiation- at"Whitehorse}
approximately 27 km from . the meteorological statlon at  Lake Laberge, -
would not be 'fully representative. As an example of spatlal varlablllty
-in daily meteorology in this area, the air temperatures from June 1 to
December 31, 1982 are compared in. Flgure 34 for all stations available
" in the area of 1nterest It is ev1dent that the Braeburn station located
; near the north end of Lake Laberge and "Takhini Ranch near the south end
reglster more Severe cold temperatures than at Whltehorse ' Variations in
_ temperature within the imnediate. Whltehorse area are much smaller
Sim;larly,',grecipitatiOn, -which is required for the accumulated snow -
-cover .of 'Lake'“Laberge, is seen to vary between the two areas in
{Eigureh35.e However, major events such as ‘the rainy period from October
16 ‘to }23 1982, and . the December 2 snowfall are found at all four
stations. |
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Observed daily fractions of cloud cover squared, C2, are

.'compared to those computed from the standard emplrlcal formula in TVA
- (1972),

(1 - Qgy/Qcs) /0.65

_where“ chfisfthe fclear “sky shortwavevradiation qiven as a funétion of
ulatitude,}:uatmospheric attenuation," and date Dby the Smithsonian
'fMeteoroloqical‘ Tables Computed cloudlness squared for a range of
-atmospherlc attenuatlons was compared to the Whltehorse observatlons
' Best  agreement. was found for. atmospherlc attenuatlon of 0. 83 atf’

Whltehorse and is seen to be reasonably close 1n Figure 36a even durlng_‘

the winter perrod On the other . hand, a comparlson of cloudlneSS”"
}pmeasured at Whltehorse and computed at Lake Laberge shown in Flgure 36b-
“'demonstrates -similar agreement durlng the summer ,per1od,‘ but poor
-agreement in the winter period. lt is? noted that the best agreement

(R2 = 0. 7) was found for an attenuation coeff1c1ent of 0.85 and that the_

”'v clear sky. radlatlon value on December .22 was increased to 840  from 441.
) B kJ/(mzd) to better match the observed shortwave radlatlon

The 1ncom1ng longwave radlatlon at the -Whitehorse alrport
meteorologlcal statlon was not dlrectly measured, bit had to be estlmated
on' ‘an hourly basis from the measured net radlatlon, lthe‘shortwave

‘radiation balance, and the outgolng longwave radlatlon, .and thent the

" hourly Contrlbutlons summed to dally totals The outg01ng longwave
l.radlatlon was based on measured air temperatures ) The computed daily “‘

sequence of 1ncom1ng longwave radlatlon 1s prov1ded 1n Flgure 37: ‘Once

“the 1ncom1ng longwave radiation has been determlned, 1t 1s p0931ble to

evaluate methods for estlmatlng thlS quant:.ty Two emplrlcal formulae'

rrecommended in the VA (1972) report, ‘the Sw1nbank ard Anderson

Eglat;ons,. both require a1r temperature and cloudlness, while the
AhdérSon is also based .on, vapour pressure. . Flgure 38 ‘shows that - the
Sw1nbank formula tends to- overestimate the 1ncom1ng longwave radiation in

the ‘late sprlng and early summer, but not -a8 much as the Anderson
‘expre351on ' Conversely, from October through to December, the Anderson- o
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Lhrelation is superior'to the Swinbank. It is recommended, therefore, that
" the Sw1nbank formula be ‘used when the. dally averaged air temperature is
‘”above the_ freezlng p01nt and that the Anderson law be used for

5subfreez1ng : temperatures " The 1dent1ca1 conclusion is reached in

Flgure 39, where - the “two formulae are based on emplrlcally computed

cloudlness -instead of dlrectly observed cloudlness It is p0381b1e that

the better agreement durlng cold periods in " the. Anderson formulatlon is

due to the 1nclu31on of vapour pressure, whlch would account “for. the.

'iongwavevcontribution due'to fog.
Two-Dimensional Lake Model

iaIn :order 'to~fbetter understand' the outflow dYnamics in an
ice7covered_;stratified3tlake, a two- dimensional‘ numerical model was
cOnstructed"'and solved for the steady c1rculat10n startlng from a rest
~state and - for a parameter range approprlate to Lake Laberge The
“temperature of the cavity, boundary condltlons, and the: nonhydrostatlc

equations of motion in nondlmen31onal form are presented in Flgure 40.
For. detalls of the numerlcal method, see’ Marmoush (1985) The varlable,

0, represents nondlmen31onal ‘temperature accordlng to 0 =

g(T - 4 0)/(Tb - T, ) where Tb is the bottom 'temperature and ‘T, is the ‘

surface temperature, y is a nondlmen31onal stream function; y = h/q V ’

’.hwhere.' q is - the flow per unit = cross- sectlonal w1dth, n 1s thet

nondimensional vort1c1ty, ”Q = h?/qQ', p is nondlmen81onal time,
= q[hi t’, U and V "are the nondlmen81onal horlzontal veloc1ty’
:components, respectlvely, U '=h/q U,V = 1/q V’, X the horlzontal

coordlnate has’ been nondlmen31ona11zed by the length of the cav1ty, 1,
- and y the vertlcal coordlnate has been scaled by 'h, the helght of  the

A:cavlty. In the precedlng,_ primed quantities represent dlmen31onal"

'{quantities Four nondlmen31onal parameters appearlng in the equatlons of
‘motion ~are f~the outflow Froude number (Flscher et: al , 1979),

"‘r-f; - qJAp7pgh3 the Grashof number, gAph3/ (pK2) ,: where Ap/p = 6.8 x 106

(Tp, - Tg) (8 = T, = T ), ‘the Prandtl number, v/x, where v 1s the v1sc031ty
and «x the conduct1v1ty, and the cavity aspect ratio, A = h/l. The

: function £(0) in Figure 40 is simply 02, wh1ch approx1mates the den31ty
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dependence on temperature at cold temperatures by a quadratlc relation.

‘:_ﬁThe boundary conditions on the solid side walls and 1ce-covered surface

are theé standardflnsulated and nonsl;p boundary condltlons.‘ The inflow-
and ~ outflow 'boundary conditionsy are .specified ‘according ‘to ‘the -
recommendations of Roache (1972) ln the inflow boundary‘conditions, it
.was  found necessary to specify the stream function dlstrlbutlon across -
the inflow for stability reasoms. The function .fl(y) = —16(y = 0.5)% +
12(y -,0.5)2‘yields an assumed parabolic inflow profile. The inglowing
‘temperature distribution is “assumed to remain at the initial observed
value. The domain is’ descrlbed by a mesh of 21 p01nts in the yertical
and 201 in the horlzontal ' ' |

) A series of cases were run to test the sen51t1v1ty of the flow N
and temperature flelds to various combinations - of nondlmen31onal
"parameters It was found that the inflow Froude numbet appeared to be
'the most sensitive parameter and that for large Fy of order unlty, the
u1nflow £fills the cavrty uniformly, whereas for small Fy of order 10 =2 to
10 =3, the inflow crosses the cavity near .the surface. ‘The final test
examlned the case of nondimensional parameters based on the phy31cal
,‘ settlng of Lake Laberge and assumed values of the eddy dlfqulVlty and
 eddy v1sc031ty of 1 x 10-5 m?/s. For comparlson w1th the model results
vvof Flgure 41, a longltudlnal temperature -section is presented in Flgure 8
'based on the field data collected in March 1983

Near steady solutlons after 1600 tlme steps or 105 days from the
initial perlod for the stream function and temperature fields are shown
in Flgure 41 for Fr = 7.3 x 10- -4, Pr =1, A =3,2x 10-3 ' ‘and Gr =
| 3.0 x 103 ' Inltlally, the surface temperature is assumed to be 0. 3°C,
the bottom temperature, - 2. 3°C, and the 1ntermed1ate temperature to vary
unlformly between these limits. There is a srmllarlty between the
- veloclty and temperature dlstrlbutlons, partlcularly near the outflow in
" the low outflow Froude number regime. This ™ supports the hypothesis
badopted 1n the analy31s of the Marsh Lake temperature data that the
vertlcal velocity may be inferred from the slope of the 1sotherms and the
hotizontal velocity. Noteworthy is the indication of a weak return flow
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0.06. (a) Stream function (b) Nondimensional temperature v
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"1n the lower depths of the model lake, ‘which supports the assumption made
in the analytlcal model that thé outflow circulation does not extend to

. the bottom except near the outflow Another 1nterest1ng feature of the

Thls deepenlng is 51m11ar to the observed temperature distribution 1n
”Lake "Laberge in Flgure 8. This  sudden transition could be an internal
hydraullc - jump .as the- 1nf10w ~goes from cr1t1cal to " ‘subcritical.
.Slmllarly, the 1sotherms below the outflow suggest the divergence seen. in
; the 'field observatlons of- Flgure 8.
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Grid. ~° " 'Proportional

The nondlmen31onal horlzontal velocities at the grld p01nt below4
the 1ce and the associated temperatures are llsted 1n Table 2., The

'product of the numerlcally derlved heat flux and the two dlstance lawsbs
,'obtalned from the 31m11ar1ty and the analytlcal models demonstrates that,
jthe x‘1 behav1our holds close to- the outflow, whlle the x‘1/2 dependencep
‘}18 more approprlate further from the or1g1n i It would . appear that:
e nelther of the 31mple models is in good agreement w1th the numerical
‘ results and that more work must be done to parameterlze the vertlcal heat -

flux under 1ce "~ The more rap1d falloff of horlzontal heat flux (UTl) in’
the numerlcal model is also demonstrated in Flgure 30 for the f1rst three

:grld p01nts

" Table 2. Comparlson of Heat Flux near the Outflow of the Numerlcal Mbdel .

with that Suggested bf Bnalyt1cal and Slmllarlty'nodels

- point‘ Nondimensional ' to heat flux o ‘
x . - current U . T’°C uT’ © (UT = UTw)x  (UT = UTe)x*
1 -8.6 0.46 -3.78 - -2,58 =2.58
2. =7.94 0.44 -3.41 . -4.42 - =3;12
3 =5.85 - 0.43 - -2.49 - =3.87 - =2.23
4 -4.79 0.42. -2.01 o =3,24 , =1.62
5. -4.37 0.42 -1.83 - =3:15 ¥ -1.40
6 -4.34 0.42 -1.82 -3.78. - -1.54
7 -4.35 0.42 -1.82 - =-4,34 - -1.64
8 - =4.35 0.42 -1.82 -4.96 =1.,75
9 -4.29 0.42 -1.80 © -5.4 -1.86
- 20 0 _

3.0 .40 . -1.2 - -

The similarity between .the modelled and observed teriperature

distributions.- encouraged the- repetltlon of the' calculations for a' more

ilreallstlc varlatlon of the depth 'of the cavity w1th uniform deepenlng'

‘from the: end ' walls to - the centre of the’ cav1ty hls computatlonal

‘~doma1n was" represented by 53:polnts in the horlzontal and -41 p01nts in. .

the vertical at its deepest part. The boundary' condltlons for the

sloping bottom were specrfled after Roache (1972).
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) v : rigureflz. Stream function in variable depth modé%ﬂfcr the same pazametef settings -
¢ S . _as in Figure 40, but t = 0.001 (Ra = 10°). :
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More ' limited sensitivity tests confirmed»similar‘behaviourF in

the sloping cav1ty that h1gher Froude number . inflovs tend to fill the

-box. . "In one case of Fr 0. 031 a weak return “flow developed near - the

bottom ma1nly on. the 1nflow half of the cav1ty after a suff1c1ently long

,perlod of time (about one day real t1me) The flow field, after a perlod

of 1.6 d or 500 t1me steps is seen in Flgure 42 to be conf1ned to the

upper port1on of the water column and to»exh;b;t sharp trans1t1onal

- features: close to the inflow and outflov. The main effect ,oi;slqp;ng

bathymetry appears to be spl1tt1ng of the return'flow‘ at depth ‘into
several weak eddies. Unfortunately, in the fa1rly short period for the
development of the solut1on, the associated temperature field has not

departed significantly from 1ts initial value.' Only at- the 1nflow and

-foutflows does Flgure 43 demonstrate a correspondence of ‘the 1sotherms to
. the streaml1nes. As a further step tovards a more realistic model of the ,ll’

water flow—through of Lake Laberge, the nonhydrostatlc model was extendedt :

to. 1nclude vertical and hor1zontal var1at1ons in cross-sectional w1dth.'

At the time of wr1t1ng, there have not been any successful’ solutlons of

th1s problem
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'APPENDIX A
- UNDER-ICE DROGUE = -

<~ by P. Hamblin and F. Roy

' DESCRIPTION Aub FIELD DEPLOYMENT

| Flgure A-1 preseénts a schematlc diagram of the under-lce drogue

The p031tlons of the drogue ‘are’ determined by succe381ve tracklng of a

radio beacon transmitting through the upper 10 cm of the water column and

" the ice and snow layers. Each transmitter has its own frequency S0 . that

more than one drogue may be deployed and tracked at a time. Figure A-2

- demonstrates the near field tracklng method by the location-of the 81gnal

amplitude peak along straight lines. The far field antenna is used in a
d1rect;onal\ mode to locate the approximate position of the drogue

I_Details on the field operatlon of the. underwater drogue are glven by Roy

and Savile (1985)

LABORATORY DROGUE EVALUATION

A series of-testSVWere undertaken following the field experiment
to examine the behaviour of roller blind drogues in ~‘a horizontal shear
flow. Horizontal shears were observed in the fi&ld as large as 1074 s-1,
which would result in a velocity dlfferentlal across the drogue of 0.3
mm/ s, Whlle this differential is much less than the average speed in the
field of about 1 cm/s, it is the saiie order as the slip veloc1ty'

.~ estimated to be 1 mm/s.

The effect of a linear shear is to dlsplace the line of action
of- the ‘net force on the drogue from :the centreline to the dlrectlon of
higher flow. Thus, the retarding force of the under-lce float and the
dlsplaced sllppage force exert a torque on the drogue, whlch tends to

| rotate the drogue out of the shear. If the lateral slip is larger than
the slip veloc1ty, apprec1able deviation of the drogue path may be'
experlenced in the dlrectlon from hlgh flow to low flow,

.
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Antenna Pattern:

-
Line of motion
antenna 2o B \e® o
, J Transmitter antenna .’
- SIDE_VIEW |
C)Thnndww1gam-
|| Take second track
T - -,____;_ :
@Fnrst track
@Turn downgam-w '
Take third =
© track. :
_{ -Continue until gain is
-¥ all' the way down.
BLAN VEW-

: Figure AQZ, Radio locatibﬁ.iechniqué;

Quantltatlvely, the offset from the . centrellne ‘may be. computed ‘
from 1ntegrat10n of the aerodynanu.c drag law across the drogue

b

= 1 A w, B ey

L

where 1 7 1s the drag coeff1c1ent for a roller bllnd drogue (Vachon, L
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L, +z01)22dz

2 offset = —= — :
j (Us + 2 UY)2dz - -
?L N ‘ i . . ' .

where vl 13 the current ‘shear and L is the half-w1dth of the drogue, here
1.5 m. After some algebra, it may be seen that

212yl u,

Z offset 3 .Uéz + (U]_ ] L) 2l §

or
Z offset = 15 cm for U! = 10-4 s-1 and
U, = 1x10°3 m/s

Therefore, in a shear flow of 1074 s-1, the centrefof action of .the net

slippage ‘force is displaced by ‘10% -of  the drogue;halfawidtht,from the -

" centre of suspen31on " In order to"test this result, a series  -of

experlments were conducted in the CCIW laboratory tow1ng fac111ty w1th a |

\l-mz roller blind drogue.

Experimentyl (No shear, uniform flow simulation)

During the first experiment, the test drogue was towed with the
centre of attachment aligned‘as closely asypossihle to the centreline of
the "sail area in order to test the drogue behaViour in a uniform ‘flow :

"fleld Reynolds number 31m11ar1y occurred between the 1-m? test drogue

~and the 10-m2 . prototype at sllppage or tow1ng speeds between 0. 5.and -

1.5 cm/s. In addltlon, to 31mulate the under-ice frlctlon o ‘the surface
float, . the float was towed by a long strlng held nearly parallel to the
water -surface in the direction of travel of the towing carriage. At the
fthree towing speeds of 0. 5, 1.0, and 2.0 cm/s, the drogue was observed to
‘rotate about its vertical axis at the same time as progressing- laterally
in, the direction of the leadlng edge of the sail until apparently ‘the
restorlng force of the str1ng was suff1c1ent to cause dlsplacement and
rotatlon in the opp031te dlrectlon These osc1llatlons across the tank
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were centredfabout the point of attachment to the carriage and were-more
,vigorous at higher speeds with amplitudes estimated to be*around'l'm-at
2 cm/s. - A further, test ~at a speed of 0.5 cm/s was repeated with the '
towline free to move back and forth across the tank in order to malntaln
it parallel to the dlrectlon of flow_thereby_ellmlnatlng " the restorlng
force. The drogue- continued to oscillate as before, indicating ‘that
‘restoring forces are ‘generated by the sail angle to the flow and not by
| the towline direction. Finally, the‘force on the drogue towing line was
measured to be 5 g at-0.5 cm/s. "This force is consistent with the drag
law, equation (A=1). h

~ Experiment 2 (Horizontal shear flow simulation) -

, In the‘second experiment, the point’of.attachment wasi offsget
{ufrom the centreline by 9.8 cm or by 20% of the‘half-length of the drogue.
This arrangement attempted to simulate&the_effect of the shear, which, of
course, Hcould>not be set up in the tow tank. Time limitations-permitted
only  one speed, 0 5 cm/s, and .one offset to be observed In this case,
the drogue was observed to "skate" in the dlrectlon of suspension: offset
and -slowly twist. S0 that the edge of the sail in the direction of offset
became the leading edge The drogue came into an unsteady equ111br1um at
a mean angle of 30° 1n the offset dlrectlon Osc1llatlons in the towllne=

~_angle of +6° w1th1n a perlod of about five minutes were observed. Unllke‘

the former: case, when the towllne was ad]usted to move laterally in order -

to ma1nta1n zero lateral restorlng force, the drogue contlnued to move to -
the 31de until eventually it collided w1th the side of the tank The

speed of travel of the 31deways motion was estlmated crudely to be about
1 cm/s or twice the: sllp velocity. As an approximate check on this
performance ratio or ratio of lateral speed to forward 8lip velocity, we

have . at the 30° equlllbrlum angle that the restorlng force would be .

2.5 9. 1f the initial angle of rotatlon of the drogue 1s 10°, then at .

that p031tlon the 2.5-g force, must be balanced by P U2A/2 81n 10°,‘wh1ch :
gives a value of U of 0. 85 cm/s or about tw1ce the sllp veloclty '
Further tests would be valuable, espec1ally to establlsh the dependence’,'
of the performance ratlo on percentage dlsplacement of the suspen31on;
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point‘ Falllng these data,' we will simply assume in further analy31s

that elther this relation is 11near, ‘that 1s, a performance ratio-of - zeroi

at "no offset -and 2 -at 20% offset, or at the other extreme that the

performance ratlo i -independent of dlsplacement except at’ zero
displacement. - . - S

APPLICATION

With - reference to Figure 18, the aﬁerage velocities at -the
-drogue depth, shear, = and angular dev1at10ns expected are llsted in
Table A-l for the Tagish Lake drogue experlment On the basis of- the
-assumptlons made concerning. the performance ratio dependencies’ on offset
and the observatlons made durlng the towing test, it would appear that
the tendency for drogues to sail across a shear zone towards a lower flow

is probably tolerably small say in the order of 10°, under' field-
conditions .and that the wandering behaviour of the drogues observed in -

,Taglsh-Lake»ls due to the unsteady nature of the flow.

Table A-1.. RAverage: Speed and Shear at 6-m Depth, Line 1-8, Tag1sh Lake

_ Deviation
‘Average - constant o "
, . speed - performance Shear x Percent Angular
Statién  (em/s) - ‘ratio - 10% s71° displacement = deviation - -

D6 1.0 110 -8.0 8 -5 . -
.. 4 1.2 o 9° 3.0 3 L1
T3 0.6 180 1.4 1 1°

2 ~0.25 .. -39° . . 1.6 2 2°
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APPENDIX B , ,
UNDER-ICE FLOW nquaxioﬁs:m,
The steady Ekman equatlons may be wrltten for w=u +>iv_and,dh
.s'= X+ iy ; (i = V1) ‘f ' - ' - '

gy o TR L vaZu
- pos 322

: 9B an , idg
where 35 =9 [ax ay]

Under ice the boundary conditions’a;e w=0at z=10 and z = 7H.>'

If a2 = f/(2v) then the solution@is

P (Lcosh. [ + ) aH) -1)
W= oifs

sioh (1 + 1) oy oioh [+ 3)ez]

+ cosh [(1 + i) az] .-.1] "

This solution may be integrated vertically for the transport, W.

o .aPtv{cosh'[(l + i} oH] - 1} -
W= ifas [. sinh [(1 ¥ 1) aH] » {1 cosh [(1 + 1) aH]}

+ ‘sinh [(1 + i) aH]

T @+Doa L

_ 2m3P cosh [(1 +i) aH] -1 _ .1}
ifes . ((1-+ i) eH “sinh [(l + 1) eH] 2

Flnally, it is useful to obtaln surface stress, Tg = vaw/az at
0 and at the bottom, z ='-H, in the limiting case when aH- . Fer
the"above expression for W, it can be shown that

1+1i
2a

IQJ
o
e

Tg =

[
Q
/)

in complex notation so that

. m(_n _11)
8¥X 20 \9x 9y




«ah@i
: v8y 2“
“similarly,
o fh‘f iZa .é:i

‘80 that o

o gg (51;4,51;;)

g (o 2m)
by T 2a- &x ay=iw_ B
LIt may be noted that in the case of stratlflcatlon the pressure

. ~grad1ent at -the bottom may have an addltlonal term,-
r . ., BN .

g O,Agg.dz e : . : o o L
“Po Jog ax‘ ) SRR P'\ - . N T

Note: Lake Laberge meteorologlcal and 1nflow water temperatures are
avallable in edlted format on tapes WA’ 1089 and DM 527
(nlne-track, 1600 bp1 records of 80 characters) at 10- 20=, 30;,

“and’ 60-minute intervals (F = S, LB = KU). . . = c ‘
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