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Management Perspective 

Although lakes in the north spend more than six 
months of; the year under a ‘roof of ice, thermodynamics 
and h’y'dr'ocly'nami’c' processes continue unabated year round. 
These processes, largely determine -‘the time frame over 
which lake ice can be used. for winter roads and"the na'tu‘r'e 
and timing o‘f1-ice breakup in spring. This ,natu__ral, limnolo- 
gical en,v_i_ron,ment: is also vitally important -to birds, fish, 
and, othernonh,u,man.users=of northern lakes. As interest 
in "the. north increases, the impact of lakes ‘and ice on tr‘av"eI‘ 
and development will increase. At the s'a_rf‘n_e time,.po1|lution 
and other negative effects of human activity will begin 
to have an impact on the other users and on the lakes them- 
selves. " ' 

.. 
4 

» 
. 

- 
-

' 

Thissimportant report. details the ‘results of a study 
of ,a large northern lake with continuous winter ..xhr'ough- 
flow, historic Lake Laberge. In addition to providing 
s'pecifi'c background, data ‘on winter limnology and the ice 
cycle in Lake Laberge, the study represents the first com- 
prehensive treatment of the i‘n'teract'ion of v_vi_n,,ter through- 
flow and lake circulation under ice in the north. 

Chief .
_ 

Limnological Research Division -



Abstract 

The objective of the Yukon lce Seasonality 
Experiment ('Y|_SEX) "ifs to obtain an understanding of 
physical pro_cesses affecting ice cover on n_orth'ern flake’ and 
river systems.. Towardsrthis goal, limnological studies were 
carried‘. eutduring the winters of 1982/83 and 1983/84 on 
_l_-__a‘ke Laberg'e,'a long (48 km), narrow (4.2 km), deep 
(mean depth = 54 m), medium r.e_s._iden,ce-tirne (T, = 1.06 a) 
lake in th’e‘Yukon Territory. A record is given here of the 
evolution of. thermal structure, ice growth and decay, and 
the attendant meteorologica|_ and hydrological conditions. 

During late summer and -fall, circulation and mixing 
are forced by the wind and by su_rfa_ce heat exchange. At 
this_ t_irn_e the surface heat flux is typically 17.5 to 200 W 
m‘2-’; also wind-genuerated internal seiche amplitudes of up 
tor40rm are observed. ln_|ate‘autumn the lake becomes 
nearly isothermal ‘at 4°C-, A and then -enters“ inverse 
stratification. -

' 

Lake l,~_aberge is ‘f'ro‘z”en from late December to early 
June. Ice cover is characterized by rapid change during 
;f_ree'Ze-up and breakup, and by gradual change in mi,dwinter.. 
The mid_,v_vinter equiilibrium thickness is 0.8 to 1.0 m. 
Anomalous ice conditions exist at the inlet‘ and outlet of 
the lake beeause of enhanced vertical mixing in these areas. 
Subsequent to ice cover formation, the wind and surface 
heat exc_ha,nge become negligible‘, and river through-flow 
is the main, sou_r_c_e of _turbulent mixing. 

vi 

Spring warming of the lake begins in April with the 
breakup and warming of the upstream river and with the 
onset of radiation-driven convection. Heat continues to 
penetrate. the lake as it nears breakup and spring overturn 
in early Jfurié:-;. 

Under-ice circulation patterns associated with -the 
riverihe cireu’Iat'ion include entrance mixing, through-flovv, 
and selective withdrawal "at the o'u'tlet. The river enters the 
lake as a turbulent jet, t_hus_ entraining water from below 
and enhancing vertical heat transfer. Since the inflow has 
a temper'a_t_u"re near 0°C, it spreads as a‘ buoyant plume 
within the upper layers of the lake. ‘T/C25 correlation dia- 
grams show that the ‘through-flow is confined to the ‘upper 
15 to 20 m of the lake. The flow is further influencec_l_ by 
Coriolis, forces, so ‘thfatthe rliverine flow is most intense 
along the eastern margin of the _lake. The cu'rr’e“nt is also 

acted on by frictional resistance, both at the i,c.e/waltrer 

interface and at lower-‘ levels, thus effecting an‘ Ekman-"type 
transport of water away from the eastern margin of the lake 
and broadening the current dovvnlake. At the outlet of the 
lake, upvi/elli_ng and incre’a"se'cl flow velocities combine to 
support a large area of open water (o'utl'et3 'po’lynya) and 
thin ice. 

The general requi_rerhehts for one-dimensional mod- 
eling of ice-covered lakes include the 'pr‘eper pa‘rameteri- 
z'atio‘n.of1 mixing ‘processes and river-.i,nduc_ed circulation, 

inclusion of the thermodynamic properties of fresh water, 
and a_ll6w'ané'e for variable wind, snow, and cooling con"-' 

ditions at freeze’-up.
A



Ré‘SUi'hé 

L’objecti"f de l’Expérience de saisonnalité glacielle du 
Yu_l<on_ (ESAGY) est d’expliquer Ies processus physiques 
qui influent sur le manteau glaciel dans les réseaux hydro- 
graphiques (lacs et cours d’eau) du Nord. A cette fin, des 
études li'rn'n'ologiq'ues ont été effectuées durant Ies hivers 
1982-t-1983 et 198391984 dans le lac Laberge, qui est un 
lac. long (48_ km), étroit (4.2 km), profond (54 m en 
moye"nn‘e_l et 5 temps de séjour moyen (Tr = 1.06 a) du 
Yukon. VNo'us décri_vons da_n_s ce rapport |’évolution de la 

structure th_ermi,que, la croissance et la décroissance de la 
glace ainsi que Ies conditions m‘étéoro‘logiqu’es et hydro- 
logiques a‘ss'ociée‘s. 

A la fin de l'été et au cours de l’au'tomne, la circula- 
tio‘n et le 'r'héla_n'ge des eaux sont intensifies’ par les vents et 
les échanges, ;t_hermi,ques 5 la surface. Le flux thermique 5 
la surface est alors de facon typique entre 175 et 200 W «m‘2; en outre, des seiches internes dues au vent, dont 
l’amplit'ude peut atteindre 40 m, sont observées. A la 
fin de |’automne, le lac devient presque isotherme 5 4 °C, 
et la «stratification inverse commence. 

Le lac Laberge est gelé de la fin de décembre au début 
de juin. Le 'n‘ianteau glaciel change rapidement pendant la 
prise des glaces et la débacle, mais Ies changements sont 
graduels au milieu de l’hive'r. L"é*pa'isseur d’équilibre au 
milieu ‘de. l’hiver est de 0.8 5 1.0 m. A l'en_trée et a la sortie 
du lac, Ies conditions de la g|ac_e ne sont pas normales en 
raison du mélange vertical qui y est plus intense. Aprés la 
formation de la couche de glace, l"infl’u'ence du vent et des 
échanges thermiquesi a la surface devient négligeable, et le 
courant fluvial est la principale source def mélange par 
tu‘rb'uleh‘ce. 

Le réchauffegment printanier du lac commence en 
avril quand le cours d’eau en amont dégele et se réchauffe 
et quand la convection due aux radiations commence a 
agir. Le lac continue de se réchauffer, puis surviennent la 
débacle et le renversement printanier au début de juin. 

La circulation f|uvia_|e sous la glace a certaines parti- 
cularités, comme Ies propriétés de mélange a |’entrée, 
d’éco,u|’ement continu et de sélection a la sortie. Les eaux 
turbulentes de la riviére entrent dans le lac, _en_t_rainent 
l'eau des couches inférieures et favorisent un échange 
therrnique vertical. Puisque. ces eaux turbulentes sont é‘ 

une température pres de 0 °C, elles s’éta|eht corn_r"ne un 
panache flottant dans les couches supérieures du lac. Des 
diagrammes de corr,é_la,ti,on T/C25 indiquent que l'écoule- 
ment continu se limite a la zone de 15 a 20 d’épa’_ifs_seu,r 

située dans la partie supérieure du lac. Comme l’écoulement 
est» également s_ournis aux forces de Coriolis, il est plus 
inten_s_e le long de la rive est du lac. L’écoulemen't de l'eau 
dépiend aussi de la résistance au frottement, tant a l’int_er- 
face glace“-eau que dans les zones plus profondes. Ce phé— 
nomene affecte donc le transport d’eau, de type VElj<'m'an, au 
fur et 5 mesure qu'o'n s’éloig'ne de la rive est du lac. Ce 
phénoméne -crée aussi un élargissement de I-'éc,oulement de 
l'eau dans la partie aval du lac. A la sortie du lac, Ies 
remontées d’eau et les vitesses accrues créent une. large 
étendue d’eau libre (polynie) et de glace mince. 

La modélisation unidimensionnelle ‘des lacs couveits 
de glace entraine Ies données suivantes: formulation 
appropriée des paramétres pour les processus de mélange et 
la circulation générée par les eaux fluviales; propriétés 
thermodynamiques de l'eau douce; facteurs de variation 
des conditions cli_matiques comme le vent, la‘ neige et Ie 
refroidissement au moment de la prise des glaces. 

vii



Phiysicalt Limnology of an Ice-Covered Lake with Through—'Flow: 
’ 

A 

Lake Laberge, Yukon Territory 
E,C. Carmackb, R.C. Wiegand, E,M. Marles, M.E. Alford and V.A. Chamberlain 

INTRODUCTION 

Lake Laberge is a long, deep lake that lies along the 
course ofthe Yukon River at approximately 61° N (Fig. 1). 
The lake is frozen from December to June. 

Robert Service's poem "The Cremation of Sam 
McGee” gives a mystical image of winter on La__ke La_berge. 

There are strange things done in the midnight sun 
By the ‘men who moil for gold; 

The Arctic t‘ra'i"Is héve their secret ta_les
_ 

That would make your blood run cold; 
The Northern Lights have seen queer sights, 

But the queerest they ever did see 
"Was that night on the merge of Lake Laberge 

lcremated Sam McGee. 

This poem refers to the |a_ke’s use as a wintertime 
path to the Klondjl<_e gold fields. In truth, the lake did 
impose a’ number of difficulties on northern travelers. Be- 
cause of its depth and g'rea't heat capacity, it froze over late, 
thus delaying winter travel. And while a thick, stable cover 
eventually developed on the lake, mixing at its inlet and 
outlet areas resulted in d'a'nge'rous areas of thin ice a_nd open 
water. Indeed, as re_la_ted by Jack London in The Call of the 
l/l/If/d, the outflow reach of Lake Laberge, the so-called ' 

Thirty Mile River, was easily the most demanding part of 
the winter trail between Whitehorse and Dawson. 

The Thirty Mile River was wide open. Its 
wild water defied the frost, and it was in the . 

eddies only and in the quiet places that the ice 
held at ell. Six days of exhausting toil were 
required to cove_r those thirty terrible miles. 
And terrible they were, for every foot of them. 
was accomplished at the risk of life to dog and 
man. A dozen ‘times, Perrault, nosing the way, 
broke‘ through the ice bridges, being saved by 
the ‘long pole he carried, which he so held that 
it fell each time across the hole made by his 
body... But a cold snap was on, the thermometer 
registering fifty below zero‘, and each time he 
broke through he was compelled for very life to 
build a fire "and dry his garments. 

With the onset of spring, the ice cover on Lake 
Laberge posed a different problem. Breakup of the river is 

usu_al|y complete by mid-May or earlier, but the ice cover on 
the lake remains until early June. Paddle-wheel operators, 
anxious for an open route, were inspired to‘ devise ways to 
speed the date of ice out. For example, soot was spread 
over the lake's surface to increase the absorption of sola_r_ 
radiation, and a water storage structure was built at the out- 
let of Marsh Lake so that an impulse of water could be sent 
downriver to break the ice cover mechanicablly. Today, two 
dams are operated upstream from Lake Laberge, but not 
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Figure 1. Yukon River basin.



for the purpose of breaking ice. The Marsh Lake dam was 
rebuilt i_n 1.951/52 to provide storage; the vwhitehorse. 
Rapids darn was built in 1957/58 for hydroelectric power 
generation. 

I ’ 

There are many practical and" management-related 
problems associated with ice-covered systems that require 
an understanding of lake/river interaction. These include 
predicting ch‘a'nges in ice cover cha'r’a'cteristics subsequent to 
alterations of natural flow condit_io_n_s; estimating rates of 
frazil ice formation in reservoirs; mapping the dispersion of 
poll'u'tant‘s by riverine flow; maintaining open water areas as 
habitats for waterfowl and as staging‘ areas for migratory 
birds‘;_ and ensuring optimum conditions for the over- 
wisnterihg of ‘fish stock. However, as shown by omission 
from recent’ reviews _on cooling processesand ice forma- 
tion’ in lakes .(e.g., Michel_, 1971; Ashton, 19,80, 19,82; 
A_dar‘hs,« 1931-; Carmack and Farmer, 1982), few studies 
have been carried out on the physical limnology of lakes 
similar to Lake Laberge, that is, large, deep lakes with con- 
tinuous winter cover and a ‘relatively large winter through- 
flow. There is strong evidence, however, that the winter 
circulation of a lake is affected, by such factors as basih size 
(Timms, 1975; Bennett, 1978), ice cover (Scott, 1974; 
Adams and Lasenby, 1978), and through-flow (Wiegand 
and Carmack, 1982). While these factors have been identi- 
fied as being important to the winter regime of lakes, very 
little has been done to quantify their effects or to take 
account of them -._'in a uriified description of the winter 
cycle. Hence, the Yukon lee Seasonality Experiment 
(YISEX) ‘was initiated by Environment Canada to provide 
basic informationon th_e winter hydrology and limnology 
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of a large lake/river system (Fig. 2; also see Alford, and 
Carmack, 1987);. A pilot study was; initiated in -1982/83 
to obtain data on ice and snow thickness (Appendix A). 
This‘ work was extended in 1983/84 to obtain hydrological,- 
meteorological, limenological, and ice regime data for a’ 

complete winter cycle. 

The present report describes the winter limnology 
and ice regime of Lake Laberge, using data obtained in 

1983/84. Emphasis is placed on the response _of the lake 
to externa_l_ fo_rcir_ig,- on the‘ general problem) of win'tei' 

circulation under ice‘, and on the phenomen'oIogica| require- 
ments for n’u'merical models of ice-covered lakes with 
through-flow. 

LIT ERATU RE REVIEW 

The following review is intended to highlight those 
phenomena affe‘ctin_‘g.the winter limnology and ice regime 
of large, deep lakes with continuous winter cover and large 
winter through.-flovv.., A more general review of circulation 
and cooling processes in”ice-covered seas and lakes is given 
by Carmack (1986). 

Reviews of the annual cycle in temperate lakes are 
given in Hutchinson (1957) and Mortimer (1974). Cooling 
in the fa|_l. leads to a d’ee'pen’i_n"g of the surface mixed layer 
and a reduction in thermal stjratificationg. Accounts of the 
initial cooling period and breakdown of stratification in 

temperate lakes have. been given by‘ Mortimer (1955) and 
Carmack and Farmer (1982), who note that the upwelling 
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of deeper layers at the windward end of the lake during 
strong winds aids vertical mixing. 

As cooling proceeds, the mixed layer eventually 
recedes to the bottom, a condition known as lake overturn. 
lt is often supposed that the bottom temperatures in deep 
lakes‘ are at 4°C, the temperature of maximum density at 
1 atm pressure. Because of wind and mechanical stirring, 
however, many lakes, both shallow and deep, continue to 
circulate until bottom temperatures are cooled well below 
4°C (Y:oshi_mura, 1936; Mortimer and Mackereth, 1958; 
Stewart, 1973; Scott, 1974). Wright (1.931) pointed out 
that since the temperature of maximum density (TM) de- 
creases with depth, bottom temperatures in deep lakes may 
drop below 4°C even in the absence of wind mixing. Strom 
(1945) showed that many lakes exhibit a slope change in 
their temperature versus depth curve (i.e.-, temperatures 
increasing from 0°C at the surface to a maximum at mid- 
depth, and "then decreasing toward the bottom). Strom 
believed the slope of this line represented the curve of 
TM versus pressure. On this ‘point he is probably wrong; 
however-,« we must acknowledge his observations. Johnson 
(1964, 1966) argued that thermodynamic processes affect ’ 

the circulation of Great Bear Lake. Eklund (1963, 1965) 
and Bennett (1975) derived expressions for the shape of 
the temperature versus pressure curve using the freshwater 
equation of" state and applying stability considerations 
(Eckel, 19491; Fofonoff, 1961); however, they do not 
explain the dynamical processes leading to a given tem- 
perature profile. 

As a lake cools through 4°C, the effects of temper- 
ature o_n, density become-small and then change sign, leading 
to the onset. of reverse stratificat_ion in which wind mixing 
is opposed by -the positive bu.ovancy flux associated with 
cooling. Farmer and Carmack (1981) and Omstedt and 
Sahlberg (1983) give theoretical treatments of this situa- 
tion. ‘Farmer and Carmackl (1981) also note two ways that 
the unique properties of fresh water in’f|uence convection 
at temperatures near that of ma"ximum density. First, be- 
cause of the quadratic dependence of density on temper- 
ature, the buoyancy flux depends on surface temperature as 
well as the rate of cooling. Second, since the temperature of 
rnaxiifiurn d_ens_it_y decreases with depth, a reverse strati- 
fied lake may be made conditionally unstable if the base 
of the mixed layer is lowered to a depth where its temper- 
ature matches that of grhaximum density. Above this depth, 
the "interface _is stable and wind must work against buoyancy 
during cooling, while below it, the interface is gravitation- 
ally unstable and free convection occurs. A similar process 
affects the _stabi_lity ofdeep-sea water masses (Ekcman, 1934). 

The timing and manner by which a lake _passes 
through 4°C can also be influenced by spatial differences in 

cooling related to bottom depth, wind exposure, or river 
inflow, so that lateral as well as vertical flow patterns must 
be taken into account (Carmack and Farmer, 1982). For 
example, if water at one location in a lake passes through 
4°C before water at another location, a convective circula- 
tion known as the thermal bar may result. This flow 
occurs when warm water (T > 4°C) mixes with cold water 
(T <4°C) to form a common, dense water ma_ss, which then 
sinks along a narrow, well-defined front (Tikhomirov, 1963; 
Rodgers, 1966'; Elliot and Elliot, 1970). Theor_etica__l discus- 
sions of the thermal bar have been given by Huang (1972), 
Bennett (1971), Brooks and Lick (1972), Bowman and 
Okubo (1978), Scavia and Bennett (1980), and Hamblin 
a_nd lvey (1986). A general treatment of circulation in a 
fluid in which density extrema arise is given by Gebhart and 
Mollendorf (1978). 

Ice formation requires a period of both cold weather 
and calm winds. Overviews of the thermodynamic require- 
ments for ice formation on lakes have been published by 
Michel (1971), Ashton (1980, 1982), and Adams (1981). 
While several "freezing d_ay" models have been described 
(e.g., Pivovarov, 1973), these are bulk models,'vl/hich ignore 
lake processes. A thermodynamic model accounting for 
various components of surface heat exchange and ice 
formation was derived by Maykut and Untersteiner (1971) 
for oceanographic application. The influence of flow on the 
transfer of heat to an ice cover in rivers and lakes is dis- 
cussed by Baines (1961), Gilpin et al. (1980), and Hamblin 
eta/. (1986). 

Once a stable ice cover is formed, it servesito shield 
the lake from further heat loss and wind stirring. Most 
field studies on ice-covered systems appear to_ have been 
carried out on shallow, long reside_nc_e-time lakes (e.g., 
Woodcock, 1965; Li_k_ens and Ragotzkie, 1965; Parrott 
and Fleming, 1970; Palmer and lzatt, 1972; Hobie, 1973; 
Schindler et al., 1974;'.\Go'w and Govoni, 1982). Some lakes 
actually warm under ice cover because of release ‘o'f”he'a't 

from sediments in winter (Hutchinson, 1941.) or the 
income of solar radiation in spring (Farmer, 1975; I:-._a 

Perriere, 1981). Convective motion under ice can also be 
driven by the re_|eas’e of heat a_nd dissolved substances from 
bottom sediments (Mortimer and Mackereth, 1958). 

The optical characteristics of snow and ice cover are 
treated by Sherstyankin et al. (1970), Maguire (1975), 
Grenfell and Maykut (1977), Bolsenga (1981), and Roulet 
and Adams (1984). ‘ 

Ways in which through-flow can affect the circulation 
and ice c_over of a lake are discussed by Melin (1948), 
Tesaker (1973), and Bengtsson (1978, 1981). The flow of 
water out of a stratified lake results in upwelling near the
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outlet-, a process known as selective withdrawal (Kao, 1976; 
lmberger, 1980), Stewart and Martin (.1982) described the 
distribution of inflow—derived turbidity in a small, ice- 

covered lake of medium residence-time. 

Stigebrandt (1978) described conditions in an ice- 

covered lake with‘ through-flow with respect to Lake 
Sperillen, Norway. He divided the lake into three regimes: 
the lake proper, where both internal storage and through- 
flow occur; the inlet region, where the mixing of inflow 
water ‘occurs; and the outlet region, where the selective 
withdltrawal of out»fl,c;>wing water occurs. It is in the inlet 

and outlet regions that strong mixing takes place and, con- 
sequently, where thin and unstable ice conditions prevail. 
The i_mportance of selective withdrawal is belied. by the fact 
that when water issues from a lake in winter, a difference of 
only a fraction of a degree Celsius can change the ice regime 
of ‘the downstream river‘ considerably. 

With the onset of spring, the absorption of solar 
r'adiat_ic7')n beneath lake ice wa_rms the underlying water. The 
resulting radiation-induced convection forms a deepening 
mixed layer that advances into the stable -temper’at‘u‘re pro- 
file below,-often showing a diurnal periodicity (e.g.,-Farmer, 
1975; Carmack, 1979). In some lakes the temperature 
beneath the ice may rise above 4°C (Woodcock, 1965; 
Wi_llia_ms, 1969; La Perriere, 1981). 

Little attention has been given to the decay of lake 
ice in spring. Bilello (1980) examined several empirical 
approaches to predicting decay. Ashton (1t98'3a, 1983b) 
discussed lake ice de'ea'_y’ from energy budget considerations. 
Wake. and Rutmer (1979) noted that the accumulation of 
meltwater on the surfaceof ice may. further complicate 
.the heat, budget of melting ice.

4 

STUDY AREA AND METHODS 
Lake Laberge is located at approxi_mately 61° N at an 

elevation of 628 It is a long (48 km), narrow (4.2 km), 
deep (mean depth = 54 m) lake having a surface area of 
201 km’, a volume of 10.8 km3, and a basin filling time 
(lake volume divided by‘ outiflow) of 1.06 a. 

The lake has steep sides, a flat bottom, and a U-shaped 
cross-sectional profile (Fig. 3). The Yukon River enters at 
the south‘en'd of the lake forming an inflow delta that 

‘ extends about 3 km into the lake. Immediately beyond the 
delta break, the bottom drops with a slope of about 2.5% 
The lake. has a very narrow littoral zone along most of its 
length, with shallow water regions only.at its ends, in Jack- 
fish Bay, and behind Richtofen Island. The deepest part of 
the lake: (2 "=4 145 m) is located in the narrow reach at mid- 

length. Near the outlet the bottom rises with an average 
slope of 2.5%. Hypsographic curves for area and volume as 
functions of depth are shown in Figure 4. 
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Figure 4. Area and volume as functions of depth.‘ 

The observation program was designed to obtain in- 
formation on the interrelated parameters that inf|'uen'ce ice 
growth and decay. l-lenoe, a combination of techniques 
involving both lake surveys ‘and remote-recording instru- 
ments was used. 

Two different survey patterns were set up. To obtain 
detailed information on ice regime and water mass struc- 
ture, a transverse section comprising 11 stations was 
established near Jackfish ‘Bay and visited by snowmobile at 
approximately one- to two-‘week int_ervals.; To obtain 
broader information on ctirculation and mixing, ,a lakewide 
survey comprising 21 stations was ‘carried out by ski-plane 
at approximately one-month intervals (Marles, 1985;). 

At each survey station, a 0.2-m diameter hole was 
drilled through the ice and a vertical profile of temp‘era‘t’ur"e 
and conductivity obtained using an App'_l_ied Microsystems 
Model-12 conductivity-ternperaturerdeplh (CT D) probe. In 
turn, the CTD probe was lowered by means of a lightweight 
hand winch, which could be carried either in a ski-plane or 
on a sled. Solar radiation was measured using a) Lambda 
Instruments light meter, which is sensitive to photosyn- 
thetical_ly active radiation _(400—700 nm). ln addition, 
measurements were taken of ice and snow thickness, snow 
mass, ice thickness‘, and hole freeboard. 

The remote-recording system, includedlthree therm- 
lstor chains, each of which recorded temperature at ten



fixed depths. Chain A was located near the southern end of 
the lake on the eastern side so that the temperatures ' 

recorded there would include those of riverine infl‘uen'ce. 

The length of chain A was 40 rn with thermistors located 
at 4-m _interva|s. Chain B was placed at the ‘southern end of 
the lake, but out of the region of riverine i_nflueno'e. The 
data recorded by it should reflect the fundamental internal 
oscillations of the lake since the amplitude of the first 

mode seiche is largest at lake ends. Chain B was an 80-m 
chain with thermistors separated by 8 m. Chain C was 
located at rnidlake near its deepest part and was a 120-m 
chain with thermistors separated by 12, m._ Because this site 
is near‘ the node‘ of the first mode seiche, changes in thermal 
structure here will r'e'fl‘e’ct more on the seasonal meteoro- 
logical forcing of the lake than on the internal seiching. 

A meteorologica_l_ station made by Aanderaa Instru- 

ments was set up near the inlet. This inst__rumen_t recorded 
solar radiation, wind velocity, _air temperature, water 
temperature, ‘and relative hurnidity. Data were recorded 
‘on magnetic tape at either 30- or 60-minute intervals. A 
propane-heated enclosure was built to house the data re- 

corder, thus allowing Operation at temperatures down to 
-50°C. The water temperature sensor was lost, however, 
when ice movement at freeze-up sheared the connecting 
cable. 

Daily values of cloud cover were obtained from 
the Atmospheric Environment Service observatory in 

Whitehorse.
' 

ENVIRONMENTAL PARAM ETEBS 

Hydrology
, 

The _total area of the Yukon River basin upstream 
from Lake L'a’be~rge is 25 385 km”. The mean annual stream- 
fl_ow is km? a‘1 i;' of this about 90%" is drawn from‘ the 
surface l_ayers of upstream lakes. The average water yield 
for the basin upstream from the lake is 0.4 m a‘1 . 

"T he hydrograph of the outflow from Lake Laberge 
is shown in_ Figure ‘5. The mean annual discharge is 

325 m3’ s'1'. Minimum flows are observed in winter between 
January and March.Strea_mflow'in(;reases rapidly from May 
onwards, reaching a maximumi.in__AuAgust and September. 
This lat_e s"u'r'nr'ner peak in streamflow is characteristic of a 

basin that receives _r_nu_ch of its ru'n'off from glacial melt. 

Streamflows observed in 1983/84 were sl_ightly lower than 
the trend.

‘ 

While ‘there is certainly an annual cycle to the hydro- 
graph,’ its is not an overly large one, with the summer dis- 
charge being" only five or six times that of the winter dis- 

charge. This is because Lake. '_l_;_aberge draws much of its 
water from naturalstorage in upstream lakes, a source that 
persists yé'a,i'-rbufid. YIééI"-"t6-y'eé'I’ I"/'a"'riations,— h6We"ver, are 
substantial because of fluctuations in rainfall and snow and 
glacier melt.
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Figure 5. Streamflow of the Yukon River out of Lake Laberge. 
(Vertical bars denote standard deviation.) 

The lake level varies by 2 to 3m throughout the year 
(Fig. 6), with maximum levels in August and rninimu‘m 
levels in March. Duringthe‘ period of ice. cover (De_cern_ber 
through May), however, there is very little fluctuation in‘ 

water level.. In considering the water ba|_a_nc’e of Lgake 
Laberge, it is important to take into account lake level 
fluctuations. ‘During periods of "high flow, there is astorage 
flux,‘ defined Has‘ the ‘di,f,fe,renc'e b_et_we_e_n ‘inflow’ and out- 
flow, of almost 60. m3 s'1. Invwinter, however,‘ water 
leve|_s are almost constant and the storage‘ can be 
disregarded. 
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Figure 6. Water level of Lake Laberge. (Vertical bars denote 
standard devition.)



Ice and Snow Cover 

Typically, Lake .Labjerge is frozen from late December 
to early June. Plots of mean ice thickness as a function of 
time for 198.3/8.4 (Fig. 7) show rapid change during‘ freeze- 
up an_d breakup, and gradual change in midwinter. The'mid- 
winter‘ equilibrium thickness is 0.8 to 1.0 m. Visual inspec- 
tion of ice thickness profizles across the Jackfish Bay‘ section 
(notshown) reveals no clear ‘pattern across the lake. This 
latter observation_ is in contrast to that of Tesaker (1973), 
who obse,rved that in Lake Sperillen the thinnest ice oc- 
curred along the right-hand shoreline (relative to river 
inflow).
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Figure 7. Mean ice thickness at the Jackfish Bay section. 

Anomalous ice conditions exist at the inlet[_ and out-— 
|_et of the la_ke (Figs. 8 and 9) becau,s,e'-of enha,n,ced_ verti,-. 

cal mixing in these areas. A portion of the outlet area is; 

always ice free; we will refer to this area as the outlet 
polynya. The inlet area, however, may either be open or 
consist of thin and irregular ice. This topic,‘ IS discussed 
further in a later section. 

The seasonal ice regime is strongly affected‘ by’ the 
physical properties of the snow cover. This is becausesnow 
increases the weight on ice, alters the albedo, and adds‘ 
conductive insulation to the underlying ice and water. 

Figure 10 shows the mean snow depth at the Jackfish 
Bay section in 1983/84. Figure 11' shows the (relation be- 
tween snow depth (obtained from snow ‘cores on the lakes)‘ 
and snow mass (obtained by melting snow cores and "mea- 
s'u'ring' the'eq'uivalent water depth). Typically, the snow is 
about 10% water. 

Figure 12 shows the relation between snow mass and 
the deficit water level. This latter quantity is_o,b_'taI,ne.d by 
subtracting the measured freeboard (distan’cefr'o'rh water 
level to ice surface) from the theoretical freeboard (calcu- 
lated for free—floating ice), and is thus the amount the ice 

Figure 8. Ice conditions at the inlet of Lake Laberge.



Figure 9. Ice conditions at the outlet» of Lake Labefge. 

surface is depressed below its hydrostatic water level. If 

at any given station the snow" mass a‘cc"ou’nts for the deficit, 
then the correlation point would lie on a 45-deg‘rée line, 
indicating one-to—one correspondence. In th__eIhpres,e_nt_;c_a_sev, 

the poi_fi'ts t_'e'n__d"to lie slightly below the 45-degree line, sug- 
gesting that thejce is vye_a_k_lyy s,u_spejnd‘éd, 
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Figure i_0._ Mean snow depth at the ]ackf_i_sh.Bay section. 

The relation between incident and reflected solar 

radiation (Fig; 13) shows that dujring most of the winter 
the albedo is about 0.75. In late spring, _however, the albedo 
falls toabout 0.30..
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The relation between sol_a_r radiation at the ice/water 
interface and at 1 m depth (Fig. 14) shows that 25% of the. 
radiation entering the upper water column is absorbed in 
the top 1 m. This penetration can be expressed in terms of 
an extionction coefficient k,- defined by I(z) .= lw€.XP[‘=k.Z], 
where l(z) is radiation at a specified depth, and lw is radia-' 
tion at the ice/water interface; a mean value fork is about ' 

0.3. 

Meteorology 

Appendix B, Figures B-1 to B-5, shows plots of wind 
velocity, solar radiation (net shortwave), air temperature, 
relative humidity, and cloud cover as function_s of time. 
Wind strength is related to synoptic (1- to 2-week) weather 
patterns, and is generally constrained along the axis of the 
lake. Air tempei'a't'ure and solar radiat_ic}_)_,n are c_lea_r|,y 

dominated by seasonal trends, while relative humidity and 
cloud cover exhibit strong day-to-day varia‘bi|it"y. 
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WINTER TEMPERATURE STRUCTURE 

Forcing Parameters 

Circulation and mixing within the lake are forced by 
the wind W, by river t_hrough-flow R, and by surface heat 
exchange 0. Following Fisher at a/. (1979), the influence of 
the wind is given by the turbulent friction velocity w‘, = 
(T/pw)1/2 , defined in terms of the wind stress 7' = Cdp,-,,W2 
(kg m‘l s'2), where Cd is the drag coeffic_ient (1.3 X 10'3), 
and pw and pa are the densities of water (999.975 kg m '3) 
and air (1.2 kg m‘3), respectively. By analogy, t_he influ- 
ence of river through-flow is given by the turbulent advec- 
tion velocity r* = (Cdur2 )1” , where ur is the mean velocity 
of river through-flow (see Wiegand and Carm_ack, 1982). 
Finally, the influence of surface cooling is given by the 
turbulent convection" velocity q,. =- (Bh1)"3, defined in 

terms of the buoyancy flux B = gozQ(c W)” (m2 s‘3), 

where Q is the surface heat "flux, at is the coefficient of 
thermal expansion (68 X 10‘*4 °C“1 at 8 °C),and'c is the 
specific heat (4 194 J kg" °C'1). In the present case the 
surface heat flux is computed from the observed change in 
heat content as a function‘ of time (see below). 

Note that w* is only meaningful prior to freeze-up, 
while b,, is only meaningful during periods when heat 
exchange promotes convection. 

A comparison of the turbulent velocity scales 

(Appendix C, Figs. C-1 to C-3) shows thefollowing features. 

(1) During late summer and early fall, w,,/Iis generally 

the dominant fluctuating component, with typical 
values of 0.002 to 0.005 m s‘1 and maximum va_lues 
approaching 0.010 m s‘1-. When the continuous ice 

cover forms, w* vanishes. 

(2) During fall (prior to overturn and surface tem- 
peratures above 4°C), b-X- has a value comparable to 
war, with typical values in the range ‘of 0.004 to 
0.006 m s‘1..Cooling at temperatures below 4°C 
adds buoyancy to the lake, and hence "bi. vanishes. 

(3) The r,. term is small, of order 0.002 or less. During 
the period of full ice cover, ho.wever,- when both w,, 
and b,, vanish, r,. becomes the dominant source 
of turbulence. 

Thermal History 

The thermal history of the lake was recorded by three 
thermistor chains. Chain A was a 40-m chain located near 

10 

the southern end of the lake on the eastern side so that the 
temperatures recorded there would include those of riverine 
influence. Chain B was an 80-m chain placed at thesouthern 
end of the lake, but out of the region of riverine influence. 
The data recorded by it should reflect the fundamental 
(first mode) internal seiche. Chain C was a 120-m chain 
located at mid|_ake near its deepesti part. Because this site 
is near the node of the first mode seiche, changes in thermal 
structure here will reflect more on the seasonal meteoro- 
logical forcing‘ of the lake than on the internal seiching. 

To describe the seasonal temperature structure of 
Lake Laberge, thermistor chain data were plotted both as 
isotherm depth as a function of time (Appendix D, 
Fig. D—1) and as daily mean profiles (Appendix D, 
Fig. D-2). Avsummary of the seasonal temperature structure, » 

based on bimonthly mean profiles, is show‘n' in Appen- 
dix D, Figure D-3. it should be noted here that the depths 
plotted a_re accurate to within 2 m. Visual inspection of 
these plots in relation to the external forcing parameters 
leads to the following description. 

The first three weeks of September reveal the lake 
to contain large amplitude (30- to 40-m, peak-to-peak) 
oscillations, which are associated with" the.'fi'rst-mode inter- 
nal seiche. They are most notable in data from A- and B at 
the end of the lake and are missing in data from C_ at the 
middle station, the latter being located near the node for 
this mode. lns‘t'ead, C containswaves of shorter period 
(about 2 days) with an a_nt_iphase_ relationship to the motion‘ 
at B, and likely associated with a binod_al seich'e_.,Th__e_ arnpl_i- 
tude of the seiche increases towards the end of the month," 
possibly because of partial resonance with the wind. 

During the last week of September, storm winc_l_s 

(Appendix B, Fig. B-1) around the 20th radically modify 
the therm_a| structure, which is then further disturbed 
during a wind reversal on the 26th. Hence, at the beginning 
of October,’ the lake ‘has a much _deeper, cooler ~‘s'urifar;'e 
mixed layer. Large amplitude, winddriven seiching _is still 

prom_inent with a strong north wind driving isotherms to 
the bottom at the southern end of the lake on October 4. 
Thereafter the lake gradually cools its large surface layer 
with occasional assistance from the wind. |sot_herr'ns pro- 

gressively bend upward and disappear from the lake. A 
sharp increase in the depth‘ of the isotherms immediately 
"before their surfacing, together with a slight warming of 
the bottom layers, indicates some degree of penetrative 
convection. 

‘

‘ 

Overturn, where the lake is essentially isothermal at 
a temperature near 4°C, takesplace in early November and 
occurs at the shallower stations first.



While the main body of the lake is in full circulation, 
further cooling results in inverse stratification in shallower 
portions first, as evidenced by the isotherms from stations 
A and B. Winds are light for most of the last three weeks 
of November and into the first week of December so that 
as the lake continues to cool, the stratification continues. 
From December 5 to_ 10, the isotherms are severely de- 
pressed by strong winds out of the north, which together 
with extreme low tempe‘r‘atu'res further cool the lake. On 
December '10 the winds drop, and ice is seen to form on 
the lake’ssurface. 

With the formation of an ice cover, the lake is shielded 
from the‘ wind. The subsequent rebound of the‘ isotherms 
is gradual and with virtually no overshoot, resemblaing very 
rnuch a damped wave. By December 21 no evidence of the 
seiche remains.

I 

At the beginning of January 1984, the lake has a 

fairly level thermal structure, although with some ‘evidence 
of small amplitude internal motions, especially at the 'mid-

‘ 

. lake st"atioh». These small motions may be related to atmo- 
spheric _pressure"disturbances, to instabilities in the through- 
flow circulation, or to disturbances associated with the in- 
flow and _‘o_ut_fl_ow. The movement of the isotherms is not 
»ne_ce,s_s_a,r_i_|,y coherent and there is some evidence of spreading 
isotherms, indicating higher vertical mode internal waves. 
Bottom waters tend to warm up as the month progresses, 
with some ev,ide_nc_e_o,f_ a fairly large amplitude (10 m) wave 
in the deepest po,rti;ons of the lake. This trend in bottom 
temperature continues through February. Upper isotherms 
from the southern end of the lake are mainly flat, although 
at rni_dla_l<_e some wave motion occurs. Motion below the 
3°C "isotherm is antiphase with that occurring above, so a 
higher vertical mode seiche is indicated here also. Through 
March, how'eTver'-,- the lake becomes quiet and there is virtually 
no motion of the isotaherms. 

In April we begin to see grad_ua_l but notable warming 
at all stations as cooler‘ isotherms rise and disappear from 
su'r'f'ace waters. This is coincident with the breakup and 
warming of the upstream river (Alford and C’ajrrn,ack,, 1987) 
so that warming of the lake is affected by the i_nflow. As 
well there is some indication" of episodes of diurnal 
(p‘enetr‘ative') con‘véct_ion at C. indications of internal 
seiching ap'pe_a_r at s_t__at_ion, B as the isotherms rise and then 
fall, during the month in a slow undulation. This wave motion 
continues into May ‘with increasing amplitude. In addition, 
there is a strong i_nd_i_c_ation of penetrative convection during 
the-second week in May, especially at station C. 

15-May there is a dramatic increase in internal 
wave act_ivity at all stations. Since the lake is still ice- 
covered at this time, this behaviour is difficult to explain. 

We note, however, that this is the date inflow begins to 
rise. Also, inflow temperatures now are above 4°C‘, so that 
the cabbeling instability is operative. 

Heat continues to penetrate the lake as it nears spring 
overturn in the early weeks of June. Breakup occurs during 
the first week of June, after which time t_he lake st_ra_t_ifi_ejs_. 
Note that the onset of stratification is aided by the down- 
lake spreading of river water, so that‘ stratlification develops" 
first at A, then at B, and fi_nally at C (Carma'ck,et a1., 1979). 

Heat Budget 

The approach taken here is one of directly eal'egjla_ting 
the total heat flux as t_he rate of change of hefiat content in 
the lake. To do this, data from the midlake thermistor 
chain are used as anindicator of the lakewide average tem- 
perature profile. Obviously, data from only one ‘location are 
likely to be aliased by internal waves; however, this error 
should be minimal at midlake, where the amplitude of the 
first mode internal seiche is presumed to be srnaI’I'.
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Figure 15. Volume-weighted mean temperature 'as a function of 
time. 

The volume-weighted mean tempera_t_u_re of Lake 
Laberge as a function of time is shown" in Figure 15. 
The corresponding heat content at any given -time is 
H = pwcpV<T>, where V is lake volume (10.8 X 109 m3) 
and <T> is the volume-weighted mean temperature at any 
given time. The high frequency fluctuations’. in Figure 15 
are likely associated with internal wave activity, and are 
thus disregarded. The following annual. trend is noted. 
Prior to freeze-up in mid-December the mean cooling rate is 
0.067°C d‘1. Throughout midwinter the mean terriperature 
remains nearly constant because of the insulating effect of 
the ice cover. Warming commences in late April because of 
the penetration of solar radiation through the ice ,cove.r'and 
the influx of warm river water.
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The corresponding heat flux (computed from the rate 
of change of volume-weighted mean temperature and latent 
heat) as a function of time is shown in Figure 16. Again 
ignoring high frequency fluctuations caused by internal 

waves, the fall heat flux is observed to be about 1175 to 
200 W m'2. In midwinter the heat flux computed from the 
change in heat content is small. However, taking the latent 
heat flux into, account during the initial period of ice 

formation, an additional flux of order "100 W— m"2 is 

obtained. ‘ 
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Figure 15, Heat flux (computed from the rate of change of volume- 
weighted mean tempera__tu_re and latent heat) as a 
function of time. 

THROUGH-FLOW AND WATER MASS FORMATION 

The movement of river water through a lake during 
winter affects heat exchange, ice thickness, and the disper- 
sion of material (Melin, 1948; Tesaker, 1973; Stigebrandt, 
1973; ‘Svensson and Larsson, 1980.; Hamblin et a/., 1986). 
Still, very little is known about riverine circulation in ice- 
covered lakes because of the very small velocities involved. 
For example, suppose the inflow of 150 m3 s‘1 moves 
through the upper 15 ‘m of the lake-in a 2-km wide current. 
Dividing the flow by the cross-sectional area yields a 

velocity of order 0.005 m s'1 , or about 400 m d‘1 . 

Some idea of the expected riverine circulation can be 
ga_ined from physical considerations. Since the inflow has a 

temperature near 0°C,‘ its density is less than that of lake 
water, and thus must spread as a buoyant plume within the 
upper layers of the lake. If the flow is further assumed to 
be influenced by Coriolis forces, it maybe t-reated as a 

boundary gravity current (Griffiths, 1986). Theoretical and 
laboratory studies of such currents show they propagate 
only with a boundary on their right-hand side’ (in the 
northern hemisphere). In Lake Laberge this means that the 
riverine flow should be‘ most intense along the eastern 
margin of the la_ke ("right margification"). However‘, the 
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current is also acted on by frictional resistance, both at 
the ice/water interface and at lower levels. This effects an 
Ekman-typetransport of water away from the eastern 
margin of thelake, which tends to broade‘n -the current 
downlake (Stigebrandt, 1978; Svensson, and Larsson, 1980). 

Using these physical considerations as guidelines, and 
taking into account the small speeds involved, proper-t_y 

distributions are next examined as a way of inferring circu- 
lation patterns.

' 

Temperature and Conductivity Sections 

Transverse sections of tem'p'erature (T) and conduc- 
tivity relative to 25°C (C35) across the lake at Jackfish Bay 
"at various times in winter are shown in Appendix E, 
Figure E-1. This section is approximately 7 km from the 
river mouth and 4 km from the delta break. 

Throughoutwinter the lake exhibits reverse strati- 

fication with te‘mpe'r‘ature increasing monotonically with 
depth. The largest temperatgure gradient_ (winter thermo- 
cline) lies at 30 to 45 m depth between the 1.2 °Cand 2.0°C 
isotherms. (Here the vertical gradient of temperature is 

about o.o5°c mi’, and the vertical grad'ie'n't of density, 
dp/dz, is about 0.002 kg m‘4~. Here, density is co_r'nput_ed 

using the equation of “state given by Chen and Millero 
(1977). The buoyancy‘ frequency, which determines the 
upper frequency limit for i_n_ternal vvavernotions, is defined 
as N=[(9/P)(dP/d.,Z')]l/2- Within the winter -thermoelivne, 
this parameter has values of about 0.5 x 10"’ s" . isotherms 
within and_ above the thermocline show a weak tendency 
to be concave upwards, while deeper isotherms tend to 
slope upward toward the east shore. 

During winter the temperature of inflow water re- 

mains colder and less dense than lake water, so it tendsto 
spread in the upper layers of the lake. In addition, the ' 

conductivity of inflow‘ water increases in winter. These two 
characteristics affect the'C25 distribution. For example, 

' 

almost all variability in_ C55 occuirs above the winter
' 

thermocline. A curious feature is the persistent» occurrence 
of isolated conductivity" inversions at midlake immediately 
above the t_hermocline. ‘

’ 

Sections of VT" and C25 along the axis of the lake are 
shown in Append_ix E, Figure E-2. Note here that the 
isopleths of temperature and conductivity are essentiallly 
level except for d_istor'tions near the inlet and outlet. For 
example, isotherms near the inlet are typically concave 
upwards and centred at the JB section, while isotherms 
show a strong tendency‘ to “diverge beginning near the L-L 
section. Conceivably-, -these distortions reflect geiostrophic 

readjustment in the through-flow.



The February 14 section shows a near-bottom layer 
ofhigh C25 water at the south end of the lake. The source 
of this layer is presently unknown. It is clearly not of river 
origin because of its high temperature. It may be related, 
however, to the release’ of dissolved solids from sediments 
in a rnanner similar to that described by Mortimer and 
Mackereth (1958). 

Temperat_ure and Conductivity Correlation Diagrams 

Correlation diagrams are widely used by ocean- 
ographers to identify and trace water masses (see Mamayev, 
1975, for review). If the plotted data on such a diagram 
fall on a straight line, then the mixing is supposed to be be- 
tween the two end-member water masses, to be conserva- 
tive in that no external sou_rces or sinks exist, and to be 
steady in that the properties of the en'd—memb,er constituents 
remain constant over a time period longer than the flushing 
time of the system. However, if a curved or broken line 

results, then either several water masses exist, the mixing 
involves non-conservative properties, or the system is un- 
steady (Loder and Reichard, 1981). Keeping these general 
guidelines in _rn_in,dv, we will examine the observed tempera- 
ture/conductivity (T/CV25) correlation curves from Lake 
Laberge.’ 

Figure 17 shows the family of T/Czs curves from 
three midlake stations for each of the three lakewide 
surveys. While some individual variation exists, one feature 
is clear, namely, the break in the individual curves that 
occurs at temperatures between 0.8 °C and 1.6°C. This break 
takes place at lower temperatures (shallower depths) with 
distance downlake. The T/C25 break is easily understood 
from the point of view of an unsteady mixing model, taking 
into account the seasonality of the conductivity of river 
water. At overturn the lake was presumably well mixed; 
hence the entire lake would exist as one point 
(4°C, 92 us m'1) _on the correlation plot. Then, as the sur- 
face of the lake cooled and froze, the T/C25 curvewould 
appear as a verti_c_al line'extend_ing down 92 us m‘1 from 
0°C to about 4°C. With no external inputs (i.e., in steady 
state), the lake would retain this T/C25 structure throughout 
the winter. However, the river adds cold, high conductivity 
water to the system on a time scale commensurate with the 
residence time of the upper layers of the lake. Because of 
this variation. in -end-member concentration with time, 
the T/C25, curve develops a bend that broadens through 
the winter. - 

A conclusion that follows from this analysis is that 
the break” in the T/C25 curve represents the maximum 
depth of water influenced by winter inflow, i.e., the depth 
of the.riverine layer. We will refer to this break as the water 

mass boundary, and to the water above this break’ as the 
moving layer.

' 

Horizontal Property Dist_ributions 

The use of water property maps to infer horizontal 
circulation relies on the assumption that the main ‘path- 
ways of flow from source regions result in patterns or 
tongues in the property distributions. The approach is 

to first define a meaningful mapping surface for the water ’ 

mass in question, and then to examine the distribution of 
some va_riab|e or tracer on that surface in relation to a 
known source. 

In the present ca_se, we examine two surfaces that 
relate to the riverine layer: the 05°C isothermal surface 
and the base of the water mass boundary defined above. 
The O.5°C isothermal surface was chosen for mapping 
because it lies within the riverine layer, it closely approxi- 
mates an isopycnal surface, and temperature may be treated 
as a nearly conservative property in winter.‘ For this surface 
we plot its depth and ;the distribution of C25 (Appendix F, 
Figs. F-1 to F-3). 

The T/C25 break was chosen as a second mapping 
surface because it appears to be the best indication of the 
base of the riverine layer. For this surface we plot its depth 
and the corresponding distribution of —temperature (Ap- 
pendix F, Figs. F-*4. to F-6). From these maps the following 
general patterns are noted. 

(1) There is a tendency for the depths of both the 05°C 
surface and the water mass boundary to be deeper 
at the south end of the lake than at the north, and to 
be deeper along the east shore than along the west. 
This is consistent with the notion of a river-induced 
flow that initiates from the south end of the lake and 
flows along the east shore. The latter beha'_viou'r is 

likely a consequence of the Coriolis force. 

(2) Conductivity on the 0.5°C surface exhibits a weak 
tendency to decrease from south to north and from 
east to west, Again, this is consistent with the idea 
of a riverine flow that moves preferentially along its 
right-hand shoreline in the direction of flow. 

(3) Temperature on the water mass boundary tends to- 
‘ ward‘ higher temperatures along the southand» east 

boundaries of the lake. Further, there is a gradual 
warming of this surface through winte'r.-This'-be- 
haviour suggests ‘that the effectsof entrainment of 
ambient lake water into the riverine layer is more 
"advanced near the inflow, a_nd that the entraining 
front slowly deepens through winter.
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arrowsudenote the epjiioikifiiate position of‘_th:e_ water mass boundary. 

Inlet Dynamics 

As noted earlier, an ‘area of open water or th_in ice 

i_nvarifa_blfy occurs in the vicinity of the ‘inlet immed_iately 
beyond the delta" break (Fig. 8).'Whi|e the delta break itself 
is" very‘ broad, about 3 km, the zone of thin ice is narrow, 
about 200 rn. This is because d_u_ri_ng wi_nter the water level 
in the lake drops ‘over 2m, and freezing drops the effective - 

water level an .addit_iorja| 1 rn. This means that most of the 
delta face is covered with Iandfast ice._ "Hence, the winter 

inflow ,r'nu_s_t; ehtelr the lake by means of one or more pro- 
deltaic conduits. As .8 .result,- the flow is strongly chan- 
neliz"ed (Fig; 18), and the velocity of water entering the 
lake may a_ctu_a'|ly‘ be higher in winter than in summer, even 
though the total streamf|_ow is much less.

I 

. The consequences of this situation are illustrated by 
observations obtained in the area and shown in Figure 19.

‘ 
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River water meets the |_ake moving through the conduit 
with velocities near 1 m s“—‘— (Fig. 19c). Upon entering the 
lake, this water spreads ‘at the suarface as a. buoyant, tu‘rb’u= 

* lent jet. ‘Here the entrainment of aml;>ie_n_t lake water due 
to turbulence and er'ihar'fc‘ed vertical caused by 
horizontal velocity near the ice/water boundary combine. 
to produce a narrow zone of thin ice extein‘din‘g into the . 

lake. 

Additional evidence of strong mixing near the inlet 

jet is given by t‘e’r’n'peirature profiles, obtained from thearéa 
shown in Figure 193. These prof’iIesi (Fig. 20) display tem- 
perature inversions that ‘decrease in intensity with distance 
from the point of inflow. Indication that the intensity of 
turbulent mixing decreases with distance from the poi_nt of 
inflow is also shown in profiles of the vertical density 

gradient (Fig. 21). Stations, near the inlet show negative 
values, evidence of overturning by mechanical stirring. 

_ __T



‘Figure 18. Pro-deltaic channels in the inlet.~ 15



DEPTH 

(m) 

VELOCITY 

(ms_1) 

The inflow domain may betreated as a t_u_rbu|ent jet 
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~~~ 
Plots showing (a) study area for the inlet survey, (b) 
ice thidmess and water depth,- and (c) the horizontal 
profile of velocity at the inlet. 

v0 = 0.8 m s‘1. Because the jet- extends farther than one 
Rossby radius into the lake, and lies farther than one 
Rossby radius from a boundary», anticycionic eddies are 
likely forrhed and shed at the jet’s tip. 
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Figu'1'w'e 22. Open‘ water surface area at the outlet. 

Outlet Dynamics 

,The out_|et areas of ice-covered lakes aresvery impor- 
tant from an ecological point ‘of view. The open water area 
or polynya is a critical habitat for overwintering water-fowl. 
The region of thin ice surrounding the polynya is subjectto 
breakup earlier than the main lake, and thus serves as an 
early staging area for migratory birds. Because of upwelling, 
clarity of water, and a stable substrate, lake outlets are also 
fairly ‘productive areas. 

Maps of open -water surfacearea in midwinter forthe 
period 1981 to 1985 (Fig. 2;2)‘show an av'er'age ice-free area 
of 0.70 km’ (0.22 km’ std. dev.). The outer boundary of 
‘the p’olyny'a is fairly constant from year to year, "suggesting 
it ‘is largely controlled by the interact_ion of flow’ with 
bathymetry (also,.see Hamblin etal., 1986). 

A section of temperature approaching the "outlet 
obtained in March 1983 is sh_own in Figure _l_s6therrns 

remain relatively flat up to within about 2km of the outlet. 
At this point isothe'rrn's above 20 in depth a'redist'u'rbed. In 
particular, temperatures’ and temperature grad_i_e_n_ts i_n°t_he 

upper 6 to 8 m of theilake increase, while deeper tempera- 
tures and temper'at_ure gradient decreased: The‘fiea‘r-surface 
effects relate to flow convergence and upwelling. The 
deeper ‘effects are probably caused by mixingat the bottom‘ 
and the establishment 'ofi’a r’et‘ur‘rl"(u'pla'kel flow" below the 
outflowing water. ' 

STATIONS 

20’ 
30 

DEPTH 

(ml

' 

‘° ‘ 3.2 LaVke_4|,aberge 
March 1933 

50 » . .. 

60 

Figure 23. Tempferettire section near the outlet. 

Stigebrandt (1978) gives an equation forcomputing 
the withdrawal ‘depth for surfaces outflows, ho =. 

10 (Q2/N2Boe’Do)"3, where 10 is a constant (0.74), o is 
streamflow‘, N isflthe buoyancy frequency, and Bo and D0 
are the width and depth of the lake at its outflow. Taking 
values appropriated to the midwinter outfldovv of Lake 
Laberge (i.e'., 0 = 150 m3- s'1, B0" '= 200 m_, 00 = 3 m, and 
N = 5 x 10*’ s"), we find no =»15- m. while it does" not 
appear that vvater from this depth is act'ua_lly leaving the 
lake (Fig. 23), it is close to the depth that isotherms are 
disturbed by the outflow circulation. 
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DISCUSSION 

Because of its winter through-flow, Lake Laberge also 
has many of the physical characteristics ofa deep, ice- 

covered reservoir.’ Thus it can be used as a prototype for 
developing 'nu’meric'a| models of both lake and reservoir 
systems, providing that the dominant physical processes 
are identified. 

What has been done with regard to the numerical 
modeling of stratification (e.g., thermal structure) in ice- 

covered lakes with thro'ugh-flow? Several ”freezing day" 
models h_ave been described (e.g., Pivovarov, 1972). These 
are bulk. models, however, which ignore lake processes. 
Su’ndar'am and Rehm (1973), Rahman (-1978), Killworth 
and Carmack (1979), and Omstedt and Sahlberg (1983) 
developed temperature structure models for the period of 
reverse stratification, but did not include ice formation. 
Svensson and Larsson (1980) discussed the turbulent 
Ekman layer in an ice-covered lake, but again omitted ice 
growth and decay. Wake and Rumer (1979) and Brossia 
et al. (1981) developed models d,i_recte_d, at surface ice 

formation, but neglected the thermodynamic coupling 
between the ice cover and the underlying water. Patterson 
and Hamblin (1986) coupled the ther_modyna_mic ice/snow 
model of.Maykut and Untersteiner (1971) with a lake 
mixing model originally developed by lmberger et al. 

(1978) using the‘bounda_ry layer parameterization of 
Hamblin et al. (1986). ‘Because the model is one-dimensional 
(1-D), however, the effects of inflow, through-flow, and 
outflow circulation require further parameterization. 

At this point is should be apparent that there are 
tremendous difficulties in constructing realistic 1-D models 
of the winter regime of northern lakes and reservoirs. Based 
on th_e present study of Lake Laberge, it would appear that 

_ 
certain processes and events are of general signi,fic_ance with , 

‘regard to the winter limnology and ice regime of a l3|'99. 

nort_hern lake with winter ice cover and through-flow. 

(1) As lakes cool toward 4°C, they become strongly two- 
and three-‘dimensional in character inzthat large 

spatial differences in circulation and mixing may 
occur. These features must be properly parameterized 
to _a_|l_owV their effects to be incorporated in a 1-D 

1 model. 

(2) To. model the wintertime stratification in deep lakes 
properly, it is _also necessary to incorporate two 
thermodynamic properties of fresh water: first, that 
the temperature of maximum density decreases'with 

. depth; and second, that the co,mpre_ssibility of cold 
water greaterthan that of warm water. 

18 

(3) The initial freeze-over period is extremely cor_npl_ex, 
a_nd the criteria for ice-cover formationiiunder a 
balance of varying wind, snowfall, and cooling con- 
ditions is still unknown. 

7
’ 

(4) The behaviour of through-flow, including mixing at 
inlet and outlet.» regions, must be understood before 
proper parameterization is possible. 

(5) The general problem of water movement under ice, 
e.g., the gravitational circulation associated with the 
generation of horizontal density gradients, is»impor- 
tant since it results in a significant redistrib;ution of 
water masses. 

(6) A proper treatment of ice. decay requires considera- 
tion of the optical properties of ice and snow, of con- 
vection in the underlying-water, and of the physica_|_ 
evolution of the ice itself. 
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Appendix A 
Data from the 1982/83 Pilot Study
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Appendix B 
Meteorological Data~
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Appendix C 
Turbulent Velocity Scales
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Appendix D 
Seasonal Temperature Structure
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