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. ABSTRAer .. 
, ' 

" 
A description! of the phy~rcal Jimnology of Lake Mem~hremagog is 

given; 
1 .; '"" ,~~ ..... 

based on data l,obtai'1ed wi~h' reeording i_nstrument.ation between 1975 

and 1977~ The rnarkeçi, changes in deptl"f 810ng ~he length of the basin are -
found ta play a majo~'\ role in 
• • Ü 

in the lake. ,Su rface ,seiching 

topographie d,i~continu~ty il'l 

hydrOclynarnic a~~ therm~dy~am!C processes 

is found ta ~eneJlate i~t~rnal waves ovet a 

the" sarne _ way.... barotropic ~ tide generates· 

'i(lfterflal tides at !he coïtir1ental, shelf break ·in. œea~ Upwelling from a 

,d t:o shallower portion of the lake is explained in terms, of a' modification 
~ 'à 1 • 

,to the solution Ifor the. wind response of a simple two-Iayer rectangular 
\ 

basi o. Temp~rature difference's between different pàrtl''''of 'the' Jake in 

spri ng and fall is due ta the more rapid heating and caoli ng of s_hallow 

reg ions. Heat storage 
~-\, '. ' 

in the sedime~~1is also found tb be an. important 
"-"-eY 

factor in the ,heat budget of thE" shallow basi ns. In winter thls is at least 
, . ~ 

partly responsible for observed 'thermal con vection \Jflder the ice. A 
, ' 

numerical model was déveloped to simulate the vertical rnixing in,duced by 
i" 

, v' 

wind, the exchangé of water between various parts of the lake, and heat 

fluxes through the surface and bottom of the lake. The rrodel, results 

agp!e quali tatively with observations. 

J .. 

,. 
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RESUME " 

Des 
/', 

donnees recueillies 'entre 1915 et, Lac 

Memphremagog sont utilisées pour décrire la limnologie phypique de ce 

bassin. De~ 'différences marquées de profondeurs, le iong du lac', jouent 

fi '''' J un 'role, capital dans -le processus' hydrodynamiques et thermodynamfq'ues. 

Des on'des internes sont ". ~---gene~es par la seiche n'le 

,l " /' ç, fi "-./ ,... 

d'uné dis~ontinulte topographique, de ~agon anBlogue a la generatlon d'onde 

interne due à fa marée, 'à la jonction du plateau con~inental. Lll. solu tion 

pour le 'mou vement, i1uit. par le' vent, 

niv~au'.:-'est moqlfié'e ~fin c1expliquer 

"' dans un bassin rectangulaire a . , 

deux la remontée cfeau venant de la 

'partie profonde vers la partie de faible 
, ~ , 

profondeur. Au pl1'i ntemps '" et a 

l'automne des diffè rences de 
/ 

"temperat:ure observê'es sont dues au 

-- ' . . rechauffement et au~ refroidissement plus rapides des regions p~u 

profondes. Dans ces 
, "-

dernieres, 
'4 

les sédiments jouent '" un role important 

dans 'l~ budget calori fique 19cal. En hiver, le' degagement de chaleur par 

/ . ~ 

les sedIments est un des racteur s provoquant une convection thern:ique 

sous la glace. Un modèle nUf1!érique fut dévelo~'pé pour ~im~ler le \~lange 
A". ,; 

~ertical-dy au vent, l'echangt? c!eau entre differentes parties du lac et les 
~ 

'transferts de chaleur par la surfa.Çe et le fond du lac. 

cette si,mulat ion 
o 

sont en accord Cj!Ia,ijtBtif avec 

. , 

. . 

Les resultats de 
il' 

les observations. 

: 

, 

1 
1 
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PijEF A'CE ' 
.. 

The present paper is conce'rr{ed with the physical 'p:œesses 
/ 

affecting the waters of lal:<e Memphremagog in ger;leral anç! more spet:ifically 

with its heat budget and stratification cycle. It, fo1Iows work initiated in 

1972 by R.G. Ingram in collaboration with J. Kalff'. The earli el" 

investigations . 1'" / were pre Imlnar.y in nature. They pruvided a' good d 

de~cr;iption of the ove raIl stratification cycle and some information on what" 
1 

hydrodynamic processes were at worR in the lake. 

The preser'lt study is· based on data' col~cted between 1975 and ~ 
, " .. 

1980. This information Is used to complete the earlier data set on, the . . 
seasonal stratification of 'the lake. 

-f • 
A numerlcal model of the surface 

mixing, of "'the type originally proposed ,by Kraus and T~rner (1967) and 

furtper refined by other authors (Miiler and Kraus, 1977), 18 used ta 
• y ~ . 

explain the observations for the ice-free season.' The principal difference 

between the model used herein and others is tnat variations in geometry 

along the axis of an' elongated basin are taken in ta occount, in effect.. 

-resultmg in a two-dimensional rather than in a aone-dimensional treatment 

of the probJem. ,Fr;om a hydroqynamic 'point of vièw, observed surface 

S'eiches and upwelling events are explai-ned along the general Une àf Heaps 
f ~ 

and Ramsbottom (1966). The theory of iinear generation_ of ,inter~al waves 

.... by interaction of 
~ 

the surface tide with topography in oceans (~aines, 

1982), finds application here r where the
RJ 

surface seiche 

the tide, i'n gene rating inte r~al waves. In . the case 

plays the rol~ of 

\ 
of upw~lli ng the 

/) . 

.. 
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solution for' the wind response for a simple rectangular basin are rrodified -
for discont inuous bottom topograpny. This discontinuity is ' found 

~ 

conducive ta the generation 'of internaI surges tr~velling against the wind 
, 

-along the thermocline. In some cases these surges are found to 

degenerate into nonlinear undular bores similar ta those observed in other 

lakes (Farmer, 1978). 

This work is intended at least in part ta support biological 

research in Lake Memphremagog. Apart from a simple description of the 

basic fi physical environment, biologists need knowledg~ of transport rates of 

nutrients either by advection or diffusion. Special attention has been 

given to provide some useful-numbers, and ta point the direction where 
1 

the présent work CXJ1Jld be applied. 

The author is indebted .;,to R.G. Ingram who in addition ta 

supervising this study, lent a strong hand in field work and helped in the 

analysis of the data. Acknowledgements are also dt,Je to J. Kalff, R. FIett 

'and generally al! the members \of the 

provided research equipment, facltities 

Lir1l.nology Research Group, whicrr-

and part ~ of the funding for this 

wo~. My wife provided typind and proofreading skills in additio,f1 to 
, 

if1dispen~able moral support • Peter Chandle r helped in prpofreading and 
.... 

Martec Ltd provided the use of their ward processor and drafting 
'1) 

equipment. • 
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1. INTRODUCTION 

The subject of the present paeer is the physical limnology of Lake 

Memphrem~gog. '. Particular attention will be given to the stratification 

cycle and heat transport mechanisms in theli3k:,e. Theêe two subjects are 

probably the most relevant for biolog ists . interested in Lake 

Memphremagog. Stratification defmes the basic physical environment in 
,\ 

r 

which biota evolves and also describes the medium in which barocUnic 

disturbances will propagate. Heat, on the other hand, offers a natural 

tracer tl') investigate mixing "processes' which wil1.. distribute dissolved and 

suspended matter in the water • 
. 

The environment" of the lake will be presented first. By " 

environm~nt is meant ail factors olJtside' of the lake. water itself,' which 
" 

have an influence on the physical processes within it. This included the 

shape of th,e basin, the surrounding topography, ri ver runoff and weather 

conditions above the water. The most distinguishing feature of the 

environment of the lake i8 the abrupt ch~mges in depth which œcur 810ng 

the length of the lake. 

In chapter' 3 we will present observations and explain the physical 

processes occuring in the lake. Among the phenomene to be discussed 

are surface seiching, internai waves, upwelling, steady state circulation 

and convection under Ice. It will be found that in each case the peculi~r.k ~ 
, .-1 

morphometry of Lake Memphremagog plays a crucial raie. 

0' 

\ 
\ 
\ 
\ 
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Fïnally, ,i~ chapter 4, a stratification mode} for Lake Memphremagog 

wU.!' be presented. In 'S first step, existing work on numeriœl 

stratification modeling will be reviewed. Then, Lake Memphremagog will be 

considered in particular. Because 'of the disparity in shape ,c:I different 

parts of the lake, it is divideâ into three regions each with a , 
"" characteristic morphometry. In the simulation the three basin~ are allowed 

to exchf!nge water at a fixed rate, b~t the surféice fluxes of mtxing energy 

ln effect this model takes into. 
-. 

~ acco4nt bath horizontal and vertical mi>:<ing • 

, " 
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20. LAKE ËNVIRONMENT 

.1' 
• 0 . 

2.1 Ge6graphical Location 

.' 
• CI 

. 
• 

3 

, , 

.. 
Lake Mempnremagog i9'" a long, narrow basin strètching a::ross the 

Canada-United States border between Quebec anp Vermont. Approaching 

from the west il:' is P just past the Suttan Mountains which is the tirst of a .. 
.. 

series of I;'idges forming th'ë ~Appalachian Range. -Lying in a north-south 

axis, the lake is set into stee;:, banks: The shores are steepest on the 

western side \lÜth a mean' grade of 20% and Owl's Head Mountai n Tises ta 

500 m above the water level just 1 km from the shore. 

As, seen in figufe 2.1 there are two small towns at the extremities of 1 \ 

the lake, Magog at the northern and New,port at the" southern end • 

.". ty1'ontreal, abol:Jt 100 km to the west, is ~e la~est nearby city, followed 

by Sherbrooke, 40 km ta the north-east. Most of 'the land in this P.Brt of 

the Eastern Townships i8 forested aJthough smaU cleare~ areas are u8ed 
, \). , • ~ 'l . 

for cattle grazing and crop growing. THe immediate shores ef, the lake are 
, 

used tnostly for recreational purp0ges, tourists fram Montreal providing a 

major ·s~urce. of incorne ta IOC~l communities • 

. , 
2.'20 Morphometry 

" 

r " L~ke Memp.hremagog' ls 40 km long end on the averege 2.4 km wide •. 

Because of its sh~Jpe and bat./}Y.metry it lends itself to di vision into th ree 

) 

' . 
... 
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Figure 2.1 Lake Memphremagbg 
and its geôgraphical location. 
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major basi ns , separated by constr~cted areas. These are referred Pl 

" \ according ta their relative position as North, Central and SQuth ,Basins , , 

(see figure 2.2a). Other subdivisions such as 'Sargent's Bay ar,ld Fitch 

Bay may be identifie.d 'but are of lesser important:e .. 

The glacial orf'gin of ail but ,South Basin is evident in' the long 

nerrow shape and steep-sided cross section of the Jake. ln this, Lake 

Memphremagog resembles the Finger Lakes in nearby New York St.ate. 

'Àccordihg ta ~çDonald' (1967), Leke Memphrema,gog was formed as a result 

of' glacia'l eroslon, overdeep?nlng A existing valleys and regions of -weaker 

material. Supporting this, surficial geology charts (Clark, 19(7), show 

that North and Central easins lie in a syncline at the junctlon of two ,----
different rock formatictns, wrile Fitch Bay js on a fault Une. The sh>allow 

depth and generally different shape !Jf South Basin may be èxplai ned by 

~he presenpe of a granitic ou'krop which Is considerably harder ta èrode . . ~ , 
, . 

than. surrounding matedals. The ailla separa~ing th!3 various basins may 
t;z. 

be remnants of harder rock formations' or morain deppsits 0; both. The , ' 

p'resende of se veral rrorainic systems in the, region and the unconsolidated ,. - . 
nature of ma~erial on Lord's ~ Island suggest' that glacial deposits are et 

least partly responsible for the divis.ion of the lake. 

In arder to obtain systemafic infQrmatiqn on lal:<e morpnometry, t'he 

soundings from the bathymetric chart no: 1361 of' the 'Canadian 

Hydrographie Service ,were "cbded and.' ente,red, into McGill Uni versity's 

" 
computer system. This. consisted of entering' a set of three numbers for 

f' ' 

eEÇh 'sounding . shown on the map. These were depth and two horizontal 

, 1 

, _1 III 
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Figure 2.2à) Bathymetry of Lake Memphrèmagég , ct 
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values were interpolated on.a rectangular .grid, at 100 m intervals. this 

regular data set may then easily be manipulated te provide any morpho-

~ 
met'I-ic 'information.' Based on the ~uracy of the soundings and position-

. ing, volumes may be estimated te within 3%, areas to 2% and depth te 1%. 

Figure 2.2a shows a bathymetric contour map and a cross sectional 

area plot which were generated using the computerized information. The 

a 
.cross section al aree sho:-"s how weil the th ree basi ns are separated. Not 

o(lly is the lake narrower at the junction between the basin!? but shoaling 

occurs there also. 

Volume development curves are illustrated in figure 2.2b, showing 
\ 

'---' the striking morphometric differences between the basins •. South Basin, a 
. 1" 

wide shallow· basin, accounts for 52% of the lake surface area but only 18~ . ' 

of the voI .... me. Central Basin with 67% of the water volume œcupies only 

,26% of the area. 
(> 

North Basin is intermediate with a more proportional _, 

surface and volume 'of 22% and 15% respectively. 

contains 1.53 km? of water, covefing 92 km2• 

The lake as a whole 

Although the interconnS<?ting channels are élearly too wide ID 
. . 

consid.er Lake Memphrem~gog 8S.~ system of individual river-Iinked lakes, 

it is "clear that the divisions and .. asSym~tries between basins have ta be 

~ 
taken into account in a physlcal limnology study. 

-. 

Drainage and Discharges 

Leke Me.mphremagog is situeted in the St. Lawrenc~. River drainage 

" 



~"," __ l!!I>M~hlillOœ_":"'" «; .. 

c .. 
'. 

'. 

". 

" 

. . 

·c 

~ ) 

.' 

J 

.-40 
E -l u 

~ 
a.. 
w 
060 

• 0 

80 

.. .. , . ,1-
.. - " 

2 ~'d~ • 

\ -,', ~ 

" "" 

... , 

, . 

1 
1 

.~.' 
SURFACE ARf!A c 48 km2 
VOLUME 1: ~32km3. 

1 

MEAN DEPTH .. 7m 
MAXIMUM DEPTH, = 19m , ~ 

, ~NORTH BASIN 

'SURFACE aREA 
VOLUME 
MEAN DEPTH 
MAXIMUM DEPTH 
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Figyrè 2.2b) . VOILJml~ de\ elopment curves for 
Lake Memph rems909's tlnee basi ns. 
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basin. Its total watersl:led area la 1678 km2 , 70% of whlch là drained by 

three rlvers, the Black, the Barton and the Clyde, enterlng th~ lake at 
. ...;; 

its'very sou'thern extremlty." Of the remaining area,' 5.5% Is 'the lake sur-
~ J 

face itself, while the. rest Is drai ned by numerous minor streams, distrib-

uted around the lake. The discharge 1s at the northern end of the lake 
, . 

into the Magog River, ·whi~h joins the St. Francqis River in Sherbrooke,,3-5 
:r 

km ID the north-eaat. The St., Francois is fi major tributary of the St •. 

Lawrence River. - , 
, . 

The p'resent drainage system of ~uebec'8 Eastern !Dwnships is' rel- " 

.atively recent. 
'! 

Aç:col'ding to Gadd, MaDonald and Shilts (l971) , ~nly 
• 1 

1 . 
& 15000 years ago this regior) was entirely covered by' the Pleistocene ice 

, 
c~p. As the glacier retreated, melt w~er colIected between the glacier, 

front and the Appalachian' highlands, forming Glacial Lake Memphrema)Jog. 

Because the ice completely obstru~ted ~the flow to the nqrth, the wate'r 
() 

\'" 

spillway in . the • lev~l adjusted itself ~ Vihatever pass was available as a 

J mount~ ta the south. The glacial l~.~e first drained directly. ID the .. 
south inlo the Connecticut River Valley~ As the ice receded, successively 

lo~er spifllways were uncovered" and around 14300 years' ago (Prest, i969) 

the drainage shifted westward into Lake Champl~n- and the Hudson River 

• 
watershed. During these early periods, the 1éike level was uk ID 100 m 

. 
above the present and the Glacial Lake Memphremagog flooded all of the .. 
area which Js' now the valle ys of the St. Francois' and its tributaries until 

about 12500 ,ars ago" At this' time the gl~cial front started a rapid re-

cession and by 12000 B.P. • (before present) the ocean entered the St. 

, . 

9 
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.. 
,Lawrence lowlands ta form' the Champlain Sea. This le when Lake 

Memphremagog must have adopted. a level and drainage pattern approaching . 
the present day situation, elthOug~ the leke ~tline )hes beËm slightly 

modified by the hy~rostatic adjustment of thè earth cruet which has caus,I':!d 

a differential tilting of the land st a rate of 0.72 m per .kilometer. The 
, ' 

lake le vel ls prese";tly 208 m a.bove rrean sea le velo 

Two of the major tributaries to the lake, the Black and' the Clyde 

rivers, dr'alning:43% of the watershed, are gauged 'by the U.S. Dellartment 

of' the Interior's Geological Survey. {The Magog River ia also rronitored at 

the 'lake discharge'. The total inflow into' the lake can be estimated ft'Q.Pl 

the discharge rates of the two gauged ri ver~, by assuming that runof·f is 

proportional ta watershed area. This assumption is SUP~rrted by a cor-_ 

relatiqn ooefficient of 0.99 betweE}n rrean yearly diSC/:1a1e and watershed 

area obtained from six nea"rby Vermont ri vers (Ka'ltf et al, 1976)... The . ' 

mean. yearly inflow into the la!<e ia thus calculafed ta be 1.00 km3, which 

compares weIl with measured lake' discharge. ,Based 'on precipitation data 

from nearby Sherbrooke airport thia inflow represents' 55% of the total 

yearly. precipitation- on the lake catchment area. This oorresponds ta a 

typiq~l runoff, coefficient for this type of ru l'al are~, the balance of the 

water peing accounted rrostly by evapotranspiration losses (Gra'y, 1970). 

Compari ng the mean yearly flow rate If» the lake volume we· obtain a mean 

'fJu~hing 'peri~d of 18 monthe. 

" Figures 2.3 i1lUS~S the temporal variability. in the flow rates" 

computed by using the assumption jU.st described. It should be borne in 

/ 
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rflind that' although .the assumption of watershed proportionallty for 
"10 Q ~ '1: 

9i~chal"ge estimates is adequate' for long periods dt -time, it will become less 

~ aqcurate as the time scale ip shortened, especially si nce one of the 
. 

monitored :ri vers is artificially regulàted. This will cause estimQted 
~ , ' 

fluctuation in flow ta be smoother and te lag actual inflow. Seasonal 
. 

v~riab'Oity estimates using this method should ~herefore Qe conservative. ",,' 
1 

As can be seJ3n in figure 2.3 the 'yearly runoff cycle is _ domir'isted by the . 
;spl"ing frèshet. During the rronths of March, April and May the mean flow 

is S.;."x 106 m3/day, -representing 50% of the ~ual runoff. During the 
, 1 jt.:i' 

rest of the _year flows ste well below thè ye';lrly meafl; Octobel", November 

and Oecember. averaging 2.2 ~ '106 m31 day while the r.~st of the yesl" 

averages 1.4 x 10~ m3 /dQ,Y. 

Figure 2.3 also' sho"",:s the yeal" to yesr variability of flow. It .. can 

be seen that spl"ing runoff is not evenly spread over a' three-montn period 
. 

but rather' is composed of a few shorter events of .rapid snow melt. In 
1 

D" 1976 which was a year of exceptional snow accumuration followed by a wantl 

spring, 33% of, the lake -volume. was flushed in a period of only 30 days.. 

Aiso shown in this fi.9ure ls the Magog River discharge for 1975, measured 
o 

at a small hydroelectric dam using the lake as s réservoir. Due te flow 

regulation there is less _ 'variation in discharge than the\-e is~ in inflow. 

This results in lake level fluctuations with a maximum seasonal amplitude of 

'!t.)" m as measured at the power plant. t" -
) 

In summary Lake Memphremagog ia characterized.J;!y a low through 

* fJow except during the sprlng meltlng aeason when one third of the lake 

'. 

\ 

, 
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-volume may be, rqplaced in the time of a rronth or two. . D~ring summer 
l-

and, winter flushing rates are about 2.5% per month while in fall a second-

ary runoff peak due ta precipitation increases flushing rat-es to 5% per 

month. Flow regulation limits seasonal lake volume fluctuations to lese 

than 8%. 

.2.4 Clhnatoiog"y and Weather from' Remote Stations 

, .. 

Since net flow through Lake Memphremagog has been found to be 

S m,a Il, we can expect that interaction with the atmosphere will be the prime 

source of heat and momentum to the lake waters. Therefore it is of capital 

importance tel determine the atmospheric conditions over the Iake. Several 

attempts have been made ta record meteorological. variables at the lake, 

however wé were !eft Wlth short intermittent time series, with th,e 
, 

exception of short wave r'iiJiiation which was recorded almost continuously. 

Our princiPIilI~source of information is therefore data from nearby A.E.S. 

J ' 
.(Atmospheric Envlronment Service) weather stations. The bulk of the , 

d aily data is from Sherbrooke airport which is 30 km north-east of tl)e lake 

discharge and about 40 km trom the center of the lake, at an altitude of 

238 m above MSL or 30 m higher than the lake. Insolation which is not 

reeorded at Sherbrooke will be taken from nearbyLennoxville which is 

about the same distance from the lake. 

, , 

First we will examine the mean seasonsl variations of .temperatures, 

wind speed and insolation, and look at their variabiIity. A àimple 

-, 

\ 

j 

J 

1 

1 
1 
1 
1 
~ 

, l 
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analysis on a smaU data se~ is used, and 'the results are subject to aU the 

limitations associated with ttus, but will be ea8y to interpret and adequate 

for our pur pose • The 'information presented is a11 deri ved fram the 

Monthly Meteorological Summaries for 1976, the year of most intensive 

measurement at the lake. Three sets of curves are shown in figures 2.48 

ta 2.4c. The full lines represent the norm~} seasonal values of each 

variable. The dashed lines are the standard deviations of daily values 

fram the norm and give an indication of day ta day variability. Tpe 

dotted lines show the standard deviation of rnonthly mean values fram the 

normal, for the decade preceding 1976, giving a measure of how much we 

may expect a given rnonth to depart from the norme 

As shown in figure 2.4a the seasonal cycle dominates the 

temperature climate, with a range of 29 oC, the peak œcuring in July and 

'the lowest value in January. Normal daily minimums and maximums have 

also been plotted ta gi ve an indication of typical diurnal fluctuations. 

\ 
These are seen ta have an anpJitude of about 13° throughout the year. It 

is interesting ta note that the standard deviations of daily and mohthly 

values exhibit a marked sessonsl trend with deviations from the norm being 

almost three times smaller in Summer than in winter. 

teroperatures are generally more uniform in summer. 
~ 

This means that 

Wind depicted in figure 2.4b shows much less seasona! variation,' 
o 

with a minimum mean speed of 9.8 km/hI" in August and a maximum of ~ 

13.3 km/hI" in March. Day ta doy fluctuations are ,more important than 

seasonal trends, with a standard deviation averaging S.2 km/hr. 'Monthly 
/ 

o 

1 

1 
! 

/~ 
J 
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Figure 2.4a) Observed air tempereture et Sherbrooke. 

The upper graph shows the normal daily temperatures. 
ln the lower graph the dashed and dot ted Unes represent 
the standard deviations trom the norm of daily and mont hl Y 

means respectively. 
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Figure 2.4b) Obser~ed wind spE"l~d~ And directicims at Sh~ooke. 
II (\ln' ~he upper graph. the heavy ('url",· is the normal (mesp. sessonal wind 
1 .-
" 'speed}, ~h He the ~ashed and dot h.'d li nes are the standard' deviations from 

~ l T 1 

the nonn of dan)' and lTlonthJ)' nll'Ilntt resp~ètively. 
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deviations are of the sarne àize as seasonal fluctuation. ". The prevailing 

wind direçtion is either· west or south-w,est for each inonth. The bottom of 
• p 

the figure shows wind roses gen~rated from hourly ob'servations in 1976. 

These clear~y show the 'general wind direction. About 50% of the time, the 
/ 

wind blows in the south to west quadrant, and for a large part of the 

remaining times~ ( - 25%) there is no wind. 
, 1 

In figure 2,.4c the maximum possible r,1umber of sunny hours pel' 

day (or. dura~ion of daylight) has been calculated by astronomical geo~ 

metry, and is plotted with the' other curves. As msy be expected al1 
l , . 

curves follow the same seasonal cycle. It mar be more instructive ta 

examine the relative amp.litu.de of each cur'Ve rather than their absolute 

value. In summer the observed duration of sunshine occounts for 60% of 

the maximum while in winter the sun shines only 24% of the time; the salaI' 
dl .. 

disk js therefore obscured by clouds a much larger fraction of the time in 

wintJ. The standard deviations are quite proportionate ta the duration of 

day1ight. In winter the daily standard deviations are of the sarne size as 

the mean number oi hours of sunshine. ~ We can therefore expect days with 
, , 

no sunshine to be a common occurence (no sunshine does, nat imply no 

radiation, as some light does pass through clouds). 

Table 2.4 is meant ta compare the variance of daily and montt'11y 

means. The values t&lbulated are the satnple variance ,based on. daily 

standard deviations and the val!Jes of the variance amofJg groups based on .. 
, 

monthly standard deviations. Accor~in.g ta the 'central limit theorem of 

statistica these "should be two Independent· estimates of . the population 

.. 
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t TABLE 2.4 • 4 
v-

COMPARISON cr DAILY AND t-flNTHLY VARIANCES .. 
TemEerBt~e Wind Insolation 

.. n. SJ nS 2 
m 

S2 
d 

n S2 m S2 
Ct, n S 2 m 

. (Oe2) (Ge2 ) (km2/hr2) (km2/hr2) (hr2) (hr2) 
, 
i· 

January 31 'i0
, 

358 25 103 ~ 9 16 

rebruary 28 45 135 26' 70 10 • fi 

March 31 5rh 164 \ 26 104 2 17 

April JO 42 108 25 48 21 

May 31 12 79 26 143 - 47 
0 

June 30 23 36 38 164 92 
l' 

July 31 8 31 '2 185 0 35 
~ 

August 31 17 52 19 , 119 20 12 \ 
\ 

September 30 18 36 26 118 14 19 

Octôber 31 18 137 40 115 9 B, 

~ovember 30 23 108 28 
, 

131 6 8 

Oecember 31 62 194 3D 71 7 9 

Meani~ of the Symbols 
.. 

n is the number of days in each II'Onth and also the sanple siz-e. 

, ,Sd ia the standard deviation of daily vélues for' each, ronth and ,it:s sguere 
la the sample variance for that month. • 

Sm' is the standard deviation of monthly mean values fo~ 1ttears ànd its ~ 

square Urnes .n ie the variance among groups of dei! values. In 
principle n s~ should be an independent eatimate of SJ ., 
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• 
variance, if th.e sample.e pre random subsets of the same population. As 

~ , 
can be seen the variance amon!} g~oupa la' always too la~ and random 

daily fluctuations are not suff~-cient to a::count for the rronthly variations,. 
Q 

The reason for !hjs behaviour is that our semples are not random but , . . 

rather clumped. 'In other words any4:? weather condition is likely U; lest 
co 

more than a dey and in that sense tqdey's weether is not independent of 
, .. 

, yesterdey'~. This clumped behaviour is ta be expected in an~ time series 
, 

where' considerable energy ~ls present at ~ frequencies Iower than the 

sam pling frequency. A 9000 example ,of the eflect of . low frequenc~ 
1 • 

components ls the 1976 monthly wind speed which were consistently 30% 

, lowe~ than normal throughout the summer seeson. This is-- seen in the 

wind rasetl (figure 2~4b), where the large percenta'ge of calm weather .in 

" .. 
the summ~r should be interpreted as a particulari ty of that year rather , 
than e seasonal trend. li . 

il 
.. 

Temperature and duration of sunlight exhibit the strongest 

seaSdna,l cycle and we can' e?<pect that they will be the prime factors 

bffecting the annual stratification of the lake. Because the meteorolog'ical 

v~riables are found sometimes to vary systematically from year ta yeer we 
t: 

may alao'expect ta find marked variations in the lake's thermal cycle. " 

2.5 
l.. 

Comparison ~ith 'Meteorologiesl Observations over the Lake 
~ 

• -<;-. -
Let us now compare qbservations ét the lake with data fram 

Sherbrooke and Lennoxville. For this purpose the Monthly Summaries, 

·0 /' 
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giving daily values, again form the main inform,ation sourGe, except for the 

comparison -of \ wind vectors which were base:d on. hourly readings obtained 

from A.E.S. Apart trom the oontlnuous recording of incident short wave 
J 

rocHation, al'! of the recording et the Jake 

was done in a 

succesdful ""'COrOIOgical data 

period from July 7th 10 November 15th, 1977. The 

recording instrl,lment package was installed 7 m above the water level on a 

beacon near Newport at the southern extremity r:J the lak~ (aeé figure . ) 

2.5). Air tempera~ure, vapour pressure 
, \. 

recorded for 98 days,' 'while only 37 days 

and wind spe1 were successfully 

of good qualitt direction informa-

.tion were obtained. The short wave radiation measurements were done at 
" . 

shore-based stations near the center of the lake. The information used 
( 

spanned the years from 1974 to 1977. AlI suspect data were reO)oved 'f:)nd 

o~ the remaining, 730 days are included here. 

Table 2.5 summarizes the results o! comparison. Air temperatures 

over thé lake average 2 oC above those of Sherbrooke; 0.3 oc of the 

difference rnay be occounted for by the adiabatic l~se rate between the 

levels of observation. Because the measuref!1ents were done ,in late summer 

, and fall when' the lake is warmer than the air above it, this difference may 

represent a seasonal bi,as. 
~ 

In order 10 remove this, the differenee 
, 

between air temperature et the lake or at Sherbrooke and the water 

surface temperature, were examined and compared. As seen in the second 

column of the table this ia Et the oost of a lower correlation œefficient, 

.21 

.. , 

but ii ia feIt that this comparison makes more sense because heat ..J-

exchanges between the air, and the water are bound to influence the 
\.. 
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Lake 
Mean value 
Standard deviatlon 

Sherbrooke 
Mean value 
Standard deviation 

Correlation coefficient 
~ 

~ 

" 

~ 

r> 

TABLE 2.5 

GOMPAR{SON OF OBSERVATIONS ON LAKE MEMPHREMAGOG 
WITH NEARBY AES WEATHER'STATIONS 

Air 
Temperature 

15.0 
16.0 

13.0 
14.0 

/,0.99 

Temperature 
Diff~rence 

Between Air 
and Water 
Surface 

-2.3 
4.2 

-4.2 
5.7 

0.94 

Aosoluh 
Value, 

Wind Speed 
North 

Component 

13.0 -11.0 
14.0 7.9 

6.50 -2.55 
7.40 2.90 

0.68 0.49 

r 

'" 

East 
Compone~t 

-1.0 
6.8 \. 

-1.41 
2.50 

0.43 

8ased on 9~ Oaily Meaos 
li; 

Based on 890 Hourly 
, 'Observations 

'These 'numbers are for the ratio of observ~ clear sky incide~t ~ wave radiation. 

.;. Theae n~mbe;8 ~re f0~ the rat~ observed to maximlln possible daHy duraÙon of 8,unshine. 

* 

, -
i' 

l .. 
, 

(1 

,,-

Insolation 

0.567* ti. 
,n.230* VI 

0.473* 
0.30.0** 

0.?3 

<! 

Basëd 'on 
Two Vears 
of ~baily 

Observations 

N 
N 

f 

l 
1 

,1 
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AND 'WIND MEASUREMENTS . 
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Figure 2.S Location of wepther re~rdil)g instrumentation. 
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easurements. 

From co1umr three we see that the observed wind speeds (absolute, 

values) are not 
''''., .. very weil correlated, with ol1~erved rrean speeds ·at the 

\ 

lake being twice those at Sherbrooke. Another oorrelation analysis using 5 
. . 
day avera~es yielded a ~efficient of 0.82, suggesting that over a longer 

~ 

Ume scale the winds are bett-er 'related. ' The next two columns in the table 

\ 
show a comparison of the wind as vectors. This is one of several analyses 

A 
Oncluding cross correlation of north and east oomponents) undertaken in 

an attempt ta relate wind direction ·at the two locations, correlation 

coefficients were however ,Bven lower and we are forced to ECcept the fact 
, ' 

• .tJ"lat there is no simple relationship between wind at the twô locations • 

The ratio of the magnitude of the vector mean v~locity to the mean scalar 

velocity is sometimes used to compute a coefficient of directionality in 

oceanography. Applyil'lg th~s we obtain 0.85 and 0.45 for the lake and for 
) 

Sherbrooke respectively, indicating that wind directions are steadier at the 

lake. These results osuggest the importance local topography may have, 

which in turn l'aises the question of how representative measurements·aI: 

'the !'lewport beacon are of cpnditions over the 'lake in general, sinee the 
.4 

low landscape in the sourthern part of the lake oontrasts with the 

mountainous shores ~sewhere. Although a few instantaneous' observations 

were takËm sporadically while instalUng oth~r instrumentation in the lake, 

there is much too' little data to answer t~ese questions, and at~ best we ~ 

may oonsider our wind measurements applicable te South Basin only. 
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The number 'of hours of suns'hine were not recorded as such at the .. 
lake • Instead a' rTUre, relevant parameter to heat budget of ~he water, 

incident short wave radiation flu?<', was measured almost continuously. 
1 

This quantity is formed almost entirely by the visible Ught spectrufll and 

~ccordlng to Gray (1970) the ratio of observed incident shortwave radiation 
! 

to maximum c1ear sky shor~wave radiation can be linearly related te the 

ratio of actual number of sunny hours 00' the maximum daily duration of 
~ 

sunshine • These quantities fo'r the lake and for Lennoxville respectively 
o .. ' 

are tabulated under "insolation" in table 2.5, and show a high degree of 
.' 

correlation. 'Not included in the table is the result 'of correlation based on 

w.eekly averages of these quantities. This resulted in an even higher cor-

25 

relation of 0.98 suggesting that thèse' two quantities may be used equiva- .,. 

.. 
"""1\'" 

'. 

• 

lently over a long time scale. 
~ \ 

In summary we can say ~t aIl meteorological observations at the 

lake and at Sherbrooke or lennoxville are weil correlated, with the excep-

tion of wind direction. Temperatures 7 m over the lake are about halfway 

between water surfacé temperatures and air temperatures at Sherbrooke. 

Absolute' wind speed ovel' the lake is ais a about twice what it is at 
, ' 

Sherbrooke, winds blowing along the axis of the lake, however, are enhan-

ced by a factor ,of 1.2, suggesting that the relationship is strongty' infllJ .. 

enced by lC?Cal topography and therefore varies ovel' the lake. The above 

analysis ls vaUd only for the lce-free season as the fluxes of heat, redi-

ation and momentum will change over_ the solid lce and snow boundary. 

yapour presaurte and long wave radiation were net considered here. 
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How.ever, ,they are contro~led mostty by terhperature and discussion will be 
, 

left Jor Iater, in the conte)(t of the lake thermal budget. 
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J. LAKE PHYSICS 

-.. 

1 

The inv~tigatlon of physical processes in Lake Memphremagog waB 

initiated in 1972. Before 1975, me,surements by .R.C. Ingram' and P. Rol 
... 

consisted of taking temperature and veIocity profUes, and undertaking a 
'" 

series of drifter tracking experiments f at numerous stations. (unpublished 

data and reports). 

The temperature observations showed that the thermal cycle' of the 

lake is typical lOf dimictic basins. Throughout the year the stratification' 
• 

is predominantly stable with warm water overlying cool water in Bummer, 
<.-

and the reverse in winter. There are two short transition periods' in the 

year, in spring and fall when the surface water approaches., the tempera-

ture of maximum ,oensity ().98 OC). At these times convective overturn 

vertically mixes the whole water column. Figure 3.0a shows' th_,,: thermal 

cycle 0trerved in North Basin during the 1972-73 season. The region of . ~ 
sharp temparature gradient, called .the thermocline, is the prevalent fea-. . 
ture of the summer stratification of bath centraf'" and North Basins. In 

mid-,July the central depth of the thermocline in f311 basi ns approSC?hes the . , 
,,' â 

mean depth of Sou.th Basin and fram thi~ time uf"!til fall "'turnover stratlfi-

catio!, is observed intermittently in thJs basin • The presence' of ma rked 

• tiltlng of the isotherms (see fjgure 3.0b) suggests that this may be due ta 

the exchange of deep waters, thro~gh the action of .long internai waves. 

The veloclty and drift experiments reveàled complex circulation 
1 

patterns. In sorne instances thé flows seemed te follow reçogn1zable 

, 

. , 
... 
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Figure 3.0a) Seasonal temperature structure of North Basin 
during 1972-73 (from unpublished data, R.G. Ingram) 
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patterns with a surface current forced by the wind, separated from a 

bottom counter current by a shear zone sometimes located éCross the 

thermocline. Generally, however, the data shpwed widely varying flow 

directions with velocities typically in the 5 to 15 cm/sec' range • 
.. 

Notwithstanding the tact that some of the variability may be due to boat , 

motion while taking a profile at anchor, the degree of current variability 

measured is typical of lake Vl8asurements (Bengtsson, 1978). 

These early observaticms provided valuable information on the 

general properties of Lake Memphremagog, but it became evident that 
, 

continuous measurements of temperature and velocity would be necessary to 

elucldate .some of .th~ observed behaviour. In the fall of 1975 several 

recording current meters and a recording thermistor chain consisting of, Il 

sensors at 5 m intervals became available 
! 

for moorings - over extended 

During 'he fi?' year of the 10ring program. attention 

was focussed on determining prevailing conditi,s in ,each, part....- of the 

Mooring _site~ were thuG selected 'near the middle o~" ::~:"'-three 

periods of time. 

lake. 

basins. Preliminary results confirmed the impo'rtance of inter-basin 

exchanges and for the second year of the study instruments we~ instaUed " 
" 

primarily near the jJ;;ctidn of South and Central Basins. Figure 3.t)c 

shows, the location of mooring stations while table JA gi ves the mooring 

sched~le. Only the moorings for which data were successfully recovered 

are included in the schedule. For ex ample " due to instrument failures no 

data were collec,ted at statio,:, "St 7. ____ _ 
1 
\ 

The present chapter will ~ be devoted ta the analysis of data 

; 
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obtained duri~g th~se two years, and to sorne theoretical explanation of' 

observations,!, Although the chapter is di;vided into two sections entitled 

Hydrooynamics and Thermodynamlcs, both topies are strongJy interrelated 

and in many instances it is difficult to put a phenomenon into one 

cate.gory. r During the course of the study it has become apparent that the 
. 

flow velociti~s in the lake were often below the threshold of detection of 

th~' current meters (1.5 cm/sec). Temperatùte measul"eme~ts are therefore 

of cri ticel importance end most of the prœesses to be dise us sed desl wi th 
, 

heat transport in sorne way. '. 

3.1 Hydrodynamics 

, 
In this section ,we will discuss motions within Leke ~phrel'nagog ( 

which are primarily driven by atmospheric' fqrces. These include the 
, 

familiar surface and internai seÎches but also .the occurence of non-periodic 

motions. As mentioned earlier no wind inf.ormetion i8 'available that 
) , 

relates well to conditions o~er ,the laké, therefore we can only, speculate as 

• 
to the 'atmosp~eric couplihg of these rrotions. 

Because of the larg~ 'number of moorings involved we will nat-
,If ~ • • s 

, consider each ...cIata record individually~ The first step in the analysis Is . . 

the ,examination' of the general features of - the çurrént messuremenis, as 

they ,.are the mo.st, direct: in'djœtors of' hydrodynamic properties. Then 
• • -... <# .. 

~ f ? • ~ 

severaI 'Observ~d hydrodyn'smic 'phenomena will be discussed .in turn with 

: both current and tempera~urè data. being used ta 

(,----..-.--....-::-..... -..."..--' ..... -----, ................. --. -, II1II1II1II41\1'.411 
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tharacter of Current Observations 
/ 

• Table J.lA presents the overall properties of current observations 

for various' locations and seasons. It can be seen that currents often fall . ' 

below the limit of detection of our instruments 0 .. 5 cm/sec), and in any 

". case are not much §reater than the instrument accuracy c1aimed by the 

manufacturer (t l cm/sec). This makes it very difficult to obtain 

meaningful statistics of' flow patterns in the lake. Measurements in 

laboratory of the bear1ng friction and the estimated drag force on the 

large vane (0.5 m2) which serves to orient the instrument into the cur rent 

lead us to believe that st least the direction information is reliable even 

for flows down te a fraction of a centimeter pel' second. In the ta S le', two 

values are given for the mean speed; the lower one ls based on the 

assumption that aIl current speeds are zero when undetected by the 

instrument, while the higher value is for the current set ta the staIl speed 

of the senaor (1.5 cm/sec)", whenever no flow ia recorded. These values 

give a measure of the rapge in which the real mean ia ex~cted to lie. NO) 

v",tor avereglng we. d,~ _ the re.ult. fall far below the mee.uremen{ 

error. .", 
"'-

The lowest overall current.s were observed st stations St! œ'ld 

St6. At both locations water displac:ements are limited ri; shores in three 

. directions. The effect of thls oontainment ia supported at station St6 by~' 

~he fact' that currents very seldom' flow .in a northerly direction, whlle at 
, 

,aU d:her stations the flow is predominantly in a north-south direction. 

\ 
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Su_r • 
(June te 
August) 

rel! 
(SoptHber 
. '" Octeber) 

, 

lIinter 
Oco-cevered 

soseoo) 

Spdng .. 
(berorll lune) 

~ 

" ~ 

, 

) 

Stl 

VI1BX ~ 5 cm/sec 
. ~ 

15Ii < 1.5 cra/eoc 

no dir.,ction 
messur .... l'ota 

'Vllurr O.tl - 1.7 

20 day. 

.. 

.. 

[nt rie. fo11ooo th1. foraat 1 . 

V.ax • ,. c.va .. e 

6~ <·1.5 cala.,e 

Jl~ N, I~ E, 
J'" S, ZO:; Il 

V .. .,an: ).0 - ).6 

26' daya 

VIlS •• 14 c"'se,c 

451 < 1.S cra/aec 

Z~ N, 16: E, 
Je: s, I~ Il 
V_lOtI" 1.11 - 2.6 

60 day. 

VallX • ) cOI/sec 

0.5:: < 1.5 cII/eec 

28~ N, 71: E, 
11 S. OS Il 

Vmearr 0.0 - 1.5 

120 days 
.. 

VI111X • 9 c./.ec 

6~ < 1.5 ca/ae 

)2% N, 171 E, 
29$ S, 221 Il 

V ... ed' 2.6 - l.1 

lO ~.y • 
, 

. 

VIlS. " •• xi_ lpaOU 
:: af the H' ... 'wlth velociU.a < 1.5 ca/ .. c 
" of the U .. w4th rlow ta north, nit, lOUth end waat 
V'II8O = range of .an .pellda 
dilution of .. ..,Ung . 

<li 

\ 

su 

Vila. • 22 cm~8ec 

77:- < 1. S c:m/a~c 

J~ N, 10: E, 
,112: S, 9:10 Il 

Vl1ell{l" '.8 - Il.2 

5A'daya' 

VIlS!!.. lS cra/aec 

671 < 1.5 r:tto/ •• c 

US N, 1110 E, 
)):10 S, 1):10 Il 
V""'arr 2.' - 2.8 

50 day. 

V ... " 4 cm/e .. c 

J: < 1.5 cil/aec 

71: N, 61 E, 
21r. S, JI Il 

Vmearr 0.0 - '.S 
140 days 

V ... • 12 Cll/Bec 

55% < I.S ca/ee" 

JO: N, ,6:: E, 
J8' S, 16" Il 

V_arr 2.2 - 3.0 

24 daya 

su 

VII"" 12 cm/soc 

lœ <1.5 craI.ec 

~œo N, 15: E, 
Z8: S, 17:10 Il 

V ... ..; O.l - 1.6 

26 day. 

VIIU = 12 CtO/~c 

J" < 1.5 cra/aec 

491 N, 22: E, 
a: S, 211; Il 

V .... rr 0.1 - '.6 
9 d.". 
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St6 

v •••• 10 cm/Ne 

4:10 < 1.5 cra/sec 

1~ N, 40:; E, 
1~ S, Ip:: Il 

Vmeen" O., - 1.6 

)S day. 

, 
V ... : 7 c.l .. ee 

,5:: < 1.5 ca/.ec 

a:: N, Ils E, 
SOS S, 2): Il • 

V •• rr 1.4 - 2.4 

1} dey. 

!!:!h. Station St" w8l(.uaed for 
tllllperature lIl881urea only 

Table' 3.1A General current ststistics in Lake Memphremagog. 
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~ 
Tl;le maximum velocities were recorded at St) where the flows were also the 

most strongly polarized alon,g the" axis of the lake. These are nct much 

greater t~an observed currents at St~, indicating that the effect of the 

constriction at Skinner's Island, which by oontinuity should yie1d larger 

flows, ie of the the same order as the effect of increased, wind fetch over -
"\ 

Sogth Basin. At St4 nelther oonstriction nor fetch can enhance the flow 

and observations show gener~l1y, low cu~rents. 

The' most obvious seasonal feature is the almost total cessation of 

detectable circulation as soon as ice oovers the water column. Direct 

observations and the scrutiny of satellite photographe ~veaLed that the 

freeze-up of Central Basin lags that of the rest of tbe lake by up to a 

mon th. T hi; seems to ha ve very li tUe effect over .cur ren:s in South 

Basin, WhiC~ stop as saon as there is a local ice cover. During th.e winter 
Il 

on! y a few\ small spikes of CUl' rent associated with runoff, lasting no more , 
than half a day, were detectec,l. These, however, are about twice as large 

8S what would have been expected tram our estimates of peak d\scharge in 

section 2.2, poiÇlting te the ~nadequacy of the method used" when dealing 

with short rapid events. 

For the rest of the year, differences ·~tween 1976 and 1977 are of 

the SElme, size aS' seaso~al variationa and no defihJte seasonal trend can he 

identiOed. 
t 

'Jn the upcoming discUSSIon a closer look will he given' to the. tlme \. 

" 

\ series of bpth current and temper,ature measurements. Unfortunately the 

clipp.ing l(:Y'e velocUy signal each Ume it falls below the threshold of the 

\ 
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instrument acta to confuse the results of spectral analysia and we will have 

to rel y primarily on visuel Interpretation of the current record. 

Temperature measurements, however, are easily subjected ta standard time , 
series Q1nalysis and the temperature profile measurements in Central Basin 

will supply important information on barocIinic motions of the lake. The 
,.. 

author ia Indebted ta R .G. Ingram who undertook rrost of the spectral 

analysis of the data. , 

Motion at the Freguency of the Surface Seiche 

Visual inspection and spectral anêlysis of aU current meter 

measurements at station St3 during ice-free _seesons reveal a strong 

0sc:illation at a period of 2.1 hours: To determine if thls could be due ta 

surface selching Defant's method (Neumann and Plerson, 1966) was used to 

determine the pe~iod of the firat resonant barotropic rrode. This involves 
t#' \ 

solvin",g numerically .ne one-dimensional equations of momentum and mass .. , 
conservation, for a long wave propagating slong the axis of the lake. The 

lowest eigenvalue for which veloc:ities at the extremities of' the basin are 

zero, correspond ta the fundamental resonant mode. Higher eigenvalues 

can be used ta give the higher order harmonic resonances. Because the 

expected resonant period is J'!lUch shorter than the inertial period for the 

latitude of tRe lake (17 hours), coriolis ooceleration can be neglected. 

Similarly, viscous dissipation is neglected because the damping time 

cors~ant of obeerved oscillations Is about five times the resonant 

~-----_ ..... -----------............ .,.'" .'sn, !J,ft?:'" %'iI 
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. d ç B l' d ~ . ( ) perIo. y ana ogy ta amped har-monic oscillators Hamblin, 1976 , this 

wil" yield a shift ln period of only 0.05". From the bathymetric informa-

tion presented earller, the solution depicted hl figure J.la and a period of 

2.D hours were found for the fundament'al seiche. The, smaH difference 

between computed and observed resonance period may be attributed te the 

idealization of 1ake geoll1etry" 'Specifical1y, in order to retain one-dîmer 

sionality, Sargent's Bay and Fitch Bay were neglected, as was ,the .lateral, 

shift in lake center-Une ~ch oocurs at the two extrèmities of South 

Basin. 

FrQm figure 3.1a we see that the maximum veloc ities . oocur et the 

junction of South and Central Basins. 1 t is not su rp ri si ng th en that 

sei?hing osciJIatj~ms were detected only et sn. The reason' for the velœ

ity maximum is twofold: tirst, this ls the lœation of the central node of 

~he oscillation, and second, it is the na rrowe st point along the lake. 

Another slightly less important velocity maximum exista near Lord's Island 

between Central and North Basins. Unfortunately, aU the moorings in this 

reQlÎOn were at station 5t6, in the lee of Lord'e Island l'ather than ln the 

adjoining channels, and no seiching was recorded. 
<' 

Three portions of the October 1976 record et 4.0 m and 6.6 m, 
'li 

where seiching is predominant, are plotted in figure J.lb. Periods d 

stratification, which are marked by a large temperature diffel'ence between' 

the inatrument~, are noted. These are the results ct upwelling events 

which will be investigated latèr. As can be seen, the osclliatory rrotion Is 

ncX always in' phase and of the sarne magnitude, as would be expected for 

a simple barotropic wave. Particularly on October 9th, both seiching S1d 
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steady motion are strongly sheared. Surptisingly, the oscillations at 6.6 

mare from side to side ... of the basin. Three processes come to mind which 
• 

may induce shear: bot tom trI ction , nonlinear interaction between the 

sheared steady flow and osclliatory flow and finally, baroclinic motion. 

will now examine each of these and assess their potential for causin~ the 

'observed behaviour. 

BotR Smith· (1977) and Grant and Madsen (1979) have Investigated 

theoretically the interacting bottom boun~ary layera of steady and 

•. ",oscillating flow. Although primarily cXlncerned with the case of wind waves 

superimposed on a ,background current, some aspects of their analysls are 

applicable here. They gi ve the thickness of the osclliatory flow boLindary 

layer as: 

• 
&,= 21( U.max 1 w 

where 1( = 0.4 is the Von Karman cOnstant 

Cl) i8 ttl,e angular frequÈmcy of the oscillation 

and U.max ia the friction velocity correapontfing ta the 

maximum instantaneous ,shear stress on the 

bot tom. 

Generally, U.max may be related 'ta the maximum flow ve1 00 ity , 

Ymox , ,by 8 frictIon factor, f , 8S: 

--U.max ;; Ymax .;tï2 

o 
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Uslng a typical f of 0.006 for steady f10w over a sandy bottom 

yi~ ~ ::; 6 m for the velocities observed on the 9th of October. 

FOllow1ng G'rant and Madsen's method of determining the friction 'factor for 

an oscillatory flow yields f'::; 0.06 and q::; 21 m, 80 - that clearly the 
, 0 0, 

turbulent boundary layer at least approaches the full dep_th of th~ water 
, . 

column. Details of their analysie break down when the boundary' layer ....-
becomes comparable ta the water depth since, th~y\ basiœlly ronsider a 

modified form of the law of the wall, with only one sheared boundary. 

However, soine qualitative conclusions in~y apply. In the constant stress 

region of a bottam boundary layer, an oscillatory flow at an angle ta the 

steac:;fy flow will cause the steady flow te change direction with depth. 

This aris~s because stress is proportional to the square of the ve1 oc it Y so 
, 

that the effects of. the two flow vectors do not add up linearly. This may 
~ 

explain the rotation of the steady eurrent vector ooserved o~ œcasion but 
, 

n'ot the rotation ofl the oscillatory flo~. 

Rég.ardless of bottom friction, nonlinear effects may oome into play-.... 

because of the 8udden change in topography et station St3. In orde~ ta 

assess the potential for nonlinear effects we can evaluate ,the linear and 

nonlinear acceleration terme, and V b V ,of the equation of 
bx 

motion. To a tiret approximation we can consider nonlinearity as a emaU 

perturbation to the normal seiche, especially in vlew of the very localized 

nature of the constriction st St3. Then, 

for the linear seiche (figure 3.1a) 

lJ V :::! Vw and from the solution 
lJ t . 

V bV ~ V2 5 x 10-3 cm-l, just 
bx 

, 
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" . 
north of the constriction. Substituting ,the 'fTI8xlll1um obseryed ampl~tude of 

the oscillating vel~Ity -(B Cm/sel;) we obtain ~.0070 cm/see2 and 0.0032 

\ 1 

cm2/sec fori~e Iinear and nonlinear ~rms réspeciJvely. 80th are of the 

SEme magnitude and nonlinear effects are likely ta be felt. This will likely 
~ , Q 

be enhanced by interaction with the steady flow which will amplify the 
." - , 

The sheared background fl?~ is 
,,-

nonlinear B::celeration. the steady mate 
" 

-} 

and. as 
. 

circulation arising from the surface wind stress, such ;will be 

diffe~nt 
; 

affected by topography in a very way fram the barotropic 

oscillation. In general, the wind-dri ven- shear flow is proportlonal to 

channel depth white the inverse is true of. the seiching motion. Also the 

effective drag at the bottom of the epilimnio[l may change abruptly when 
. 

passing from a region where the surface is in contact wïth the bottom 

(sout~ Basin) to a region where it overlaps a denser water mess ;!tee t 1 

Basin), thus causing a sudden chang~ in wind dri ven' velœity • not , ~ , 
, . 

clear how the two components of motion will interact, but it seems pll!lusible 

that rotation of the oscillatory flow may occur if the wind stress la et an 1 

angle to the axis of trfe lake. 
( 

The 1act that sheared oscillatory flow ls observed during or near 
~ 

episodes of ~tratification at the moorlng "sIte, suggests· that bar9Clinic 

waves (internaI waves) may come .into . play. For Jang interfacial waves one 

may palculate the inte rface displacement, D, corresponding ta a g1ven 
l' 

velocity anplitude , Y . aa: 

D ;: 

. . 

" , . 
. , 
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an equi valent depth where hl = 

hl and h2 the thickness of the top and bottom layers 
~ 

- respectively 

CI = '/9 hl ~p ls the phase_velocity. 
, "t- ; 

Assumir'lg that the stratification structure a.::curing on October !Ot.~ is 
ct 

composed of two layera of temperatures, 14 oc and 6 oC, eaeh layer .5 m 

thick, we obtain hl = 250 cm and Ci = 12 cm/sec. Then for barœ1inic 
\ 

waves to induee flow velœities of the ssne arder ss ,the surface 

seiche,they must h.f:tve amplitude of order 120 cm • No tempersture 

. 
fluctuation at the 2.1 hour period are observed at St3 indicating that any 

\ vertical displaeement is probably small. 
o '" 

This, however, is'inconclusive 

since we are probably very near regions of generation and reflection so 

'. ' 

. , 

that the waves are not progressi va. Spectral analysis of temperature 

". measurements in, Central Basin show marked peaks near the surface • . 
seiching' period (fi~ure 3.1c). Cross spectral analysis shoW'$-; the 

oscillatio~s te be verticall~ cohêfent~ confirming thelr interf~cial nature. 

- B~cal!se the thermocline is very ~ sharp, w.!!.h a ttolickness less than the 5 m . _. 
1 

spacing of the thermistor sensors, it is diffic~lt ta assess the amplitu8e of 

vertical
ll 

displacement. .Estimate-s assuming a Unear temperature gradient 

between sensors, sugge~t an arriplitude of order 100 cm (figure 3.le).-

These internaI waves can be g~nerat'ed by the interaction of the surface 

seiche with the abrupt change 'in topography near Skirner Islar;d, much in 
_Y, 

• ~he same way internai tides are generated at the continental shelf break by 

surfac~des • 
, 

Bain'es (1982) gives an excellent review of linear generation 
• 'l"~ 

-
-~ "",_~h.""''"~~ 

- 1. , __________ ;'-_ 
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mechanisms for internaI tides. For the stratification used earlier and a 

sloping' t1ottor;n with a S~ grade. :just north of St), his 'solution predicts 

waves of 96 cm, for the séiche observed on' October 10th. From 

observations in cèntral Basin the mean thermocl~~e depth is about 14 m 50 

that the interffSciel depth must have varied in time before it was detected 

at 'tl)e current meter level. According to Saines, the maximum anplitude 

of the internai waves (160 an) would haye occured when the thermocHne 

Jassed the sill depth" , (10 m). These may therefore eccount for a 

considerable emount of shear. In view of the large emplitude of bath the 

5urfacè seiche and the internaI w~.ve~ it is probable that ,nonÏinear effects 

come into play a8 generation mechanisms. For the October 1976 
" 

<.i stratification another possibiHty is resonânèe with a transverse internaI 

seiche. This might ex'plain the transverse oscillation observed, but it is 

difficult lb imagine how energy muid be transfered fram the ~ace 

longitudinal ta ,the Internai transversal seiche. Othe~e,r"ion 
mech~sms "for the tr~nsverse internaI seiche such as thosedescribed by 

Csanedy (1973) rely on ooriolis force ,te transfer longitudinal stresses into 

lateral motion, but they can only produce smaU displacements in a lake as 

narrow as Lake Memphremagog. Current maters were nnored al: station 

StJA and St3B to yietd information on the Iateral structure of flows near 
. 

Skinner Island; they showed coherent oscillations with only insignificant 

amplitude differences across' the channel. 
.. 
li should be noted that the peak ~ thé surface seiching period' is 

. the on1y 'si gnificant peak in the tempe rat ure spectra, and the most' 

,r 

. ..' .. !~ • 
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prominent .feature of the current sp.ectrè, for ail of the data col1ected at 

the l~ke.' \ 'Only the 2.1 hour, seiéhing oscillation js apparent im visual in

~p:1io.n of the current meter aata, tl1e' ~ther spectral peal$s w~r:e there

fore -. interpreted as spurious response due to the c.1ipping mentioned 

-earlier. 

In su mma ry we can say thet surface seiching is an important 
l, ' .. .. 

feature of the barotropic circulation of Léke Memphrelnagog. Because of 
, 

the constriction at Skinner Island the flow. is lœally complex, being in-, . 

fluenced by friction, nonlinear effects and - the generatian of i'nternal 
'I! ~ ,~ , ~ 

waves. These internaI waves are the only recognizable oscillatory fea~ure 

of baroclinic motions. InternaI waves are probably also gene~ateçi at the 

c'Onstrlction' between Central and North Basins, in which case they would 

prop~gate in both b,aSi(f. No ternperature time series are ,available in 

North Basin ta verity this assumpti0':l. Typical flows associated with the 

suarface seiche h~ve: an anplitude -of 3 cm/sec at Skinner Island. According 

to a solution obtained for the resonant oscillation of the- lake, this cor-

~5 

.responds te surface displacements of 1.25 cm and 1.90 çm at Newport and .. 

." .. 

Magog, respectively. Although the Ume history of atmospheric forcing 

would be important, cbmpa'rÎaon with the wind response computed for an 

ideaÏiz'ed rectanguJar basin (Heaps and Ramsbbttom, 1966) suggests, te a 

fh'st approximation, that a sorface stress of order 2.3 dynes/cm2 

1 

(corresponding ta a wind speed of 43 km/hr) 'lasting for about an hour 
) 

would be required 10 produce the largest oécillations • The estimates of 

displacement and wind stress seem reasonable but rema~n unverified. It is 



" 

},f)'" J' \ 

~~"J~~l!"I.U!l~""''' Ai!JfAA.,eN .* .... & .... ~, _'_~"'J_~_ .. __ ~ ___ ...... ~'O_ ... ~~~.r*"f~~ .. ~,,"~~~f'11W!''W'l·~~I~~*- f~"~it!' 

c 

.. 

"') 

probable' that eaeh basin of Lake Memphremagog can oscillate at its own 

resonant period (Murty, 19}1), these rootions would have te be deteeted by 

" 
water level measuremellts as the assçcisted current would be too smBU. 

" 

Cold Upwellings fram Central inta South Basins 

tl 

Here we will diseuss events in which sudden bursts of cold water 

are observed' te flow along the bottom fram Central ta South Basin. Since 

during these evants the equilib,rium thefmo~1ine depth is below the Jevel C!f 

the sil 1 separating the two basins (lb m) and si nce most of the wate'r thus 

transfered ls not returned te the hypolimnion, they can be qu~lified as 

upwellings. During three mooring periods at stations SU, St3A or Sn8, a 

total of 9 sueh events were deteeted. Figure 3.ld shows portions Of 

c~~t meter reeo-rds extracted from each of the thr"ee mooring periods, 

and showing upwelling. In faU 1976 measurements at two levels permitted 

at least an estimate of the vertical extent of the cold water tangue. 

Durlng the same period, temperature was reeorded at :> m intervals at St5, 

th'u's providing sorne insight int? the occompanying bar6clinic motions. In 

early summer 1977 a single eu"rrent meter moored 1 m off the' bottom 

recorded the largest number of upwelli'ng events (5 in ~ clays).... At the 

seme time another current meter was installed at th~ ether extremity cl 
1 

CenJ;.ral Basin at St6. In August 1977 three current r:reters recording 

,simultaneously at 8tation~ St3~, St3B and St4 provided information ho the 

horizontal structure of the cold water flow. 

46 
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ln the upcoming" text we will firat take a c10ser look et' the, 
, 

.,,, '* ( 
relevant data, the~ consider what hydrodynamic processea may be involved 

and finally, estima te the importanpe of these events from a thermodynamic 
, @ 

point of view. 

The most interesting data is probably that collected in 1976. The 

current ~ters at St3 were ',et deplhs of 4.0 and 6.6 m in 10 hl of water'. 

The two cold water fronts dètected by the lower-current meter v.ere not 

observed by the upper meter, thus the upwelling layer is known to have a 

thickness between 3.4 and 6.0 {Tl. Temperature records at 5t5 show 

8trong fluctuations associated with the upwelling. In one case e 

well-developed nonlinear ~ndular bore of the type found in other long, 

la!<es (Hunkins and Fliegel, (1973), Thorpe (l97~), Farmer (1978» was 

observed. The high freque~y internai waves which accompany this front 

are not weIl resolved and are subject ta aliasing by our long sampling 

interval (l0 min.). These oscmetions, called solitons because of their 

similarity ta solitary waves, result from the interaction of nonlinear 

"" steepening and dispersion of large crnplitude disturbances (Zabusky and 

Kruskal, 1965). This internal front is shown in figul"e 3.1e tagether with 
, 

the temperature fluctuations associated, with another upwelling. ln both 

cases the upwelling st St3 has been precèded by a graduaI temperBture 

drop at 5t5. It should' be mentionedJhBt temperature fluctuati9ns 

recorded in Central Basin and smalJer variations observed at the bottam 

CUI' rent meter on OctobeJ 6t~ suggest that at least one cold 

intrusion of thickness less than 3.4 m may have gone undetected • .,. 

, ' 

water 
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Comparison of the 1977 ea~ly summer record with the othèrs shows' 

the' di fference resul ting from a weaker stratification pe riod. During the , 
major part of this moori~g the thermocline depth waa at or just below 

J.O m. Very smalt. fluctuations in its level will therefore lead ta upwelli ng • 

The temperature gradient in -Central Basin was also weaker 1eading ID a 

smoother variation of temperature,s durlng upwelling, and ln many cases 

the beginning and end of the events are not weIl defined. The current 

meter rroored at 5t6 (not shown), 15 m deep, sho,wed similar but more 

n umerous temperature fluctuations. ~o systematic relationship seems ta 

exist between the measurements et 5t3 and 5t6. Cold wat~r exchanges 

probably. cccur between Central and North Basins, however bec~use 516 la 

located in the lee of Lord's Lsland rather than in the interconnecting 

channels on either side of it, no currents are recorded Epld th is transfer: 

remains urw.eri fied. 

. The temperature measurements at 5t3A and 5t38 show 'that thê~ 

cold water intrusion, Is laterally uniforme ~ The sudden drop in temperature 

at the start of' the upwelling ooeurs within the instrument sampling interval 

of 5 minutes on either side of the lake. The veloc ity differences may be 

attributed to the variations in bottom topography • Botb instruments are 
"" . 

7.8 m deep but the total water depth is 8.5 III at 5t3B and 9.1 m at 5t3A • 

. T he Ume seri es àt station 5 t4, 1.5 km into Central Baai n and 12 m deep,' , . 
shows a graduaI decrease in tempe rature before the upweJU,ng l, "'d a, ve,ry 

a~rupt retCJrn to normal conditions afterwards. - Thi~ abrupt ch~nge, is 

reminiscent of the surge ob~erved in October 1976,. 'The hlg~e:st v.e1ooiti,es 
, -

"- -~--------:,-. 
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at St4 occ--ur during a flow reversaI accqmpanying this front. 
..... d 

Most upwelling events œcur at the sarne time as surface seiching. 

The anplitude of the seiche varies ?Dnsiderably from one event to the next 

and strong seiching œcurs with no upwelling. ,In the present discussion 

th~ two, phenomena a'] assumed to he related only inasmuch as they bath 

require 8trong winds along the axis of the lake. This Js surely :simplistic, 

especially in view of the intera::tion which can occur between the 

barotropic and baroclinic flow, but the present data base does 'not justlf)' 

a rrore detailed analys~s. 

The graduai fall in tempe rature obeer.ved before and during the 

cold intrusions corresponds to a rise in the level of the thermocline. 

Since the 'measurement site (St4 or 5t5) is always nearest the southern 

extremity of Central Basin, this may be interpreted as the interface set up 

'1" h f A .reau tlng ln a sout erly sur ace wind stress. ccot:"ding ta Heaps and 

Ramsb,?ttom (1966) the thermocline will sink et the down-wind end of the 

.1ake ,and rise at the upwind end in response to atmospheric forcing. For a 

'. steady uniform surface stress, T , the interface between two liquida with 

a', density l diffE7rence~ Â P (smaU oompared to uni~y), will reach ~ 

equUibrium tilt, ~ of T , where 9, ls gravitational acceleration 
bX' Â pg hl 

and .h l ' the' depth of the' top layer. If th~ surface stress le lmposèd 
. 

sUddenly, the interface will start tilting, overshoot its equilibrium 

p,~sitionB and oscillat~ at its natural resonant period, between the .. 

horizontal and 'tlwice It8. equilibrium position. Table J.18 shows estimates 

of thè ~ilt and wir;td stress needed ta produce them, together with a 
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Intruaion and stratification propertiea (for the thermoeline et reet) 
during ~he h1ne observed opwelling eventa. 

Prl!perties of Cold 1l'ltr'USlanll 

Dur.ti ..... Tenperature Jump Thickneaa or 
intruaion 

Hean Volume 
.... locit,. tr_port 

" hra '4.0' - 6.0' 

l >3.4 Il 

<6.0 Il. 
n hra 12.0' - 1.0' 

6 CII/BIIC >1Dxl()6 .. h 
<17x10' -'< 

1 cm/sec >12><106 ""> 
<21.106 ""< 

nhra' 10.0' - 6.0' 9 CM/sec >811106 -'> 

not _11 derined ".5' - ,8.0· , """sec 

28 ~a- 14." - 8.0' >1.0 Il 6 oa/sec >6",0' al> 

net weIl deflned 14.0· - 9.0' /; cmlsee 

15.S· - 7.5' 
- f 

not ~ll derlned 9 C!W/sec 

U "U' 19.5· - 6.0' l 1 

10 h .... 
• • 1 

19.0 • ".0 1 

>1.5 Il 
12 r:./sec >7flo6 IIIJ) 

12 e .. /seo;: >6x106 al> 

1 

Propertiee or Central Beain Stratifieation 

J)Hferenc:e in Ille." denaity " 
betw~ epl- and hypolimnion 

0.70 " 10-:J g/"" 

Ô.44 • 10-) g/erti' 

0.50 " 10-' g/e.J 

1 .6Z ,,, 10-' g/-' 

Phase velocity Dr 
long interna! wayes 

'Z1 .. Z "",/sec 

Zl * Z ca/aec 

lB * 1 ca/""c 

" * 1 ca/ase 

firllt internel 
t'esonance period 

24 • 2 hrll 

'0 * Z hrs 

42 * 2 hra 

19 '" 1 hr 

.1M'" r n'IV. r MItE rnUTrmuv "'=tl WAil;:. r:ryl'i'W rUr"'-!: 

" 

Heat 
t.ransport 

8Dx1012 cd 
116xl012 Ilat 

60"1012 cd 
105><1012 .,al 

JZ1I1012 cal 

'h10'2 cal • 
9.bl012 cal 

J9xl01Z cal 

0 

", 

ThefllDcline ttlt requlred Surface strees requlred Equivalent wind speed 
far observed upwelling to produce • c:orresponding (drag eaeffielent = 1.Jx10-3, 

equilibriu~ tilt 

2.1 * 0.6 x 10-' 2.7 t: O.B g'''''' _el 47 * 6 km/hr 

2.' * 0.61[ 10-' 2.1 t: 0.8 g/cm sec:Z 4Z * 5 Ic .. /hr 
0 

>0.2 * 0.2 ~ 10·' >0.1 ... 0.1 q/c. aeel >'1 * '1 km/kr 

>0.7 * O.Z ~ 10-' >1.4 ... 0.4 q/r:. seeZ >'4 * , km/kr 

• Tilt. i li (me.n depth of thermoellne - layer depth et St)) 
Lerg~h or Central 8ssln 

lit' 
N 
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summary of the general intrusion and stratification properties for the nlne 

observed events. The uncertainties originate primarlly in the 
.;-: 

determination of thermocline depth with temperature meBsurement tevels 5 m 

apart or trom line angle when profiling from a boat. The ealculated 

stresses are consistent wÎth those required for the observed surface 

seiching. Assuming that no overshooting accurs,. these would have ta' 

lastfor the time required for the thermocline ta ~hieve the tilt, plus the 

duration of the upwelling. For a sugdenly applied ,stress the time 

required, to tirst reach the equilibrium is one quarter of the resonant" 

period of the basin. Then- for the tall 1976· and summer "1977 events a 

southerly wind blJwing for a tatai duration of about 18 hours would have 

been needed. 

In the vicinity of the junction between Central and South Basins, 

very little tilt couid be sustained sinee the only boundary against which 

the cold water could ECcumulate is the southern, extremity of the take. 

Another balancing force for: the pressure, gradient imposed by the surface 

P

star,.eeSd
S 

taiS tthhee ç/lOCnOaI7l1lin5:arboECttaCmelestraotpiOen"we Neglecting the thermocline tilt oom

.. ", can ,find, uslng the conservation of 

mass requirement, that this ECceleration (V lJV ) 1s given by 0.05 ~2 , 
. , lJx' h 2 

where is the thickness of the intrusion at 5t3" The pressure field 

imposed by the surface stress, T, for a fdctionless interface is given by 

--!..- where p and hl are the density and - thicknes8 of the surface 
PhI' ' 

water. For a southerl~ wind and a Bouth flowing intrusion the signa are 
, 

'&.uch that for the two temls tend ta balance out. In the faU' 1976 events 
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-,when the best estimates of hl and hZ are available we fi nd that' the 

acceleration term could balance a surface stress of 1.2 to 4.0 g/cm seeZ 

whieh is again consistent with other stress estimates. Further into South 

Basin a rapid deerea~e' in intrusion .·thiekness would be required to balance 

the surfaee:<ress ~n the fIat bottom and widening channel. As the layer 

,thins the velocity of internaI waves it can sustain on .its interface .. , 
( 

decreases aryd approaches the speed Of the layer itself (je. the layer 

Richardson, number becomes smaH). This will cause shear instability and 

mlxing. Neglecting the change: in width we can find that the layer 

Richardson number will have decreased trom 9 to 1 only 200 m downstream ,:iJ 

trom St3. The widening cl the' Jake will only enhance this effect. In 

addition to shear instability, mixing will occur dl;Je to entrai nment. If 

surface agitation ia assumed to provide energy fOI1 this mixing th~ rate of 
' T 3/2 

(NJ il~r ~ntralflment can be given by ~h2 _ eil!:l and Kraus, 1977) • 
bt - dP 9 ~ 

Using the stress estimates in table 3.1B we find that a rate of erosion of 

the oold water layer of about 25 cm/hr can be expected in every case « 
'except f~r the ~r1y summer 1977. This may ,~ave little effeet at ~t3 

where the intrusion layer rriay be relativ~ly thick, however its importance 

-wlll inc.ease as the layer thins rapidly with distance into South B Bsfn. 
, , 9" 

" 
The rapid mixing which' ia expected ta O?cur within a few hundred rneters 

after water enters South Basin Eilxplains why very little of the upwél1ed 
, r 

water ia evel' obsel'ved ta' flow back te Central Basin. 

'The suqden tempe rature rises observed in Central Basin during 

upwelling events corre'spond ta abrupt depressions of the thermocline. 

.. 

.-
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Their ori gin and the development, iR one caae, of an ur;1dular' surg~, ia 

not as clear as the upwellings th ems el ves. One problem is thet at eny one 

time t~ere is only one measurement station in Cehtral Basin, and we cannot 

" . 
directly ascertain the direction' of propagation of eny disturbance. - At 

first it wes thought that these disturbances were generated" a~ the 

upwelling site as water was sud~enly, remaved fram t~hypoIimnion. 

Supporting this, the 1976 measurements show a difference in timing 
. 

bétwe~n the start of the surges at St3 a'nd the passage of the disturbance 

at 5t4 equai to the ~ount of time required for a signal travelling at the r 
speed of infinitesimal waves to travel the distance between the two 

stations. In this Interpretation, however, it ia not clear how 0 the 

upwelling muId result in a depression of the thermocline . even if water la 

removed from the ,hypolimnian. Furthennore th,e - 1977 Ob~rvation Of a 

temperature surgé corresponding to the end of the upwelling and the Jlow 

reversaI ~observed at 5t4 would. suggest a south travelling pulse. An, .. 
interpretation which can reconclle aU observations is af an interfacial 

.. 
depression travelling southward. This deformation of the thermoclirte 

would tirst be detected at 5t4 and later cause the cola intrü~on ta Œ!ase 

as the interf~ce ia brought belaw the levei of th.e sHI. Using the end., of 

the intrusion event (here defined as the time.of the lirst rapid rise in 

temperature at St3) as the signal for the arrivai of the surge, we can 
.. 

compute a transit time of 9 hours between St5 and -5t3 in ,full 1976 ... 

Consideri ng the 4.5 km separating the two sites the velocity of the surge 

can be" o:>mputed as 14 cm/sec. This 18 considerably less thBn the phase 
". 

-
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velocities shown in table 3.1B" however we must consider that the thermo-

cline iB heavily tilted and that any disturbance traveJ ling Bouthward Îs 

effectively forced up an ,incline and slowing down. From the temperature 

profiles measured in Central Basin (figure 3.1e) we can compute the phase 

velocity of long waves just ahead and just behind the October lOth surge. 

These are 22 cm/sec and 27 cm/sec respectively. Sjmilarly the wave cele-

rit y at 5t3 can be calculated as 12 cm/sec. These values clearly show that 
. 

the phase velocity for the thermocline at l'est (Table 3.1B) used' ta 

support the north travelling pulse hypothesis are not .applicable under 

severe ,tilt conditions. The values of the disturbance velœity based on 

the travel /time is still relatively low but thls may be du'e ta the uncer-

tainty in determining the arri val time of the pU,lse at 513. .' 

A qualitative description of the generation mechanism fur the 

upwelling and the internaI surge cal') be given by looking et how the 

response of a rectangular two-layere,d basin ia modified by allowing one 

d,iscontinuous boundary. As illustrated 'in figure 3.1 f the response ie 

composed of a standing wave super-imposed on a steady tilt. Thé right 1 

.. 
side of the figure shows that as a result of the imperfect reflection steeper 

~~te~cial tilt œcurs. st the downwind end of the lake., at tUne Tf'. This 

,/depression su~sequently travels along' the tilted thermocline, to the 

• ,upwelling zone. This analysis makes no attempt to solve thé boundary 

. condit!ons exactly, but ls oonceptually correct. Following Farmer (1978) .. 

the distance required for en interfacial depression to evolve into a non-· 

linear . surge ia xb ~ 2 hl 
3 b' Ibx 

For the lOth of Octqber 1976 thie 

( \ 

1 . -
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yields 
.~ 

x b = ·9 km, thus a southward-travelling dist,urbance originating at 

the northern end of Central Basin could have degenerated into the 'l' 

ooserved surge at st5. 

The idealized response i1'lustrated in figure 3.1 f ls r for a suddenly 
, , 

1 

imposed wind stress, just sufficient for the thermocline to reach the sill at 
f 

equilibrium. In a pr~tlcal sItuation the 91lplitude' of the southward pulse 

(therefore the formation of the surge) and the duration of' the upwelli ng' 

would on the Ume the forcing.,· history and intensity - of , depend 

Nonetheless, the present model explains the observation that the duration 

of upwelling is roughly proportional to the resonant internai period sinee i~ 

is not a steady state wind dri ven circulation • 

Table 3.1B iJso gives estimates of volume and heat transport 

assœiated with upwelling. These were computed using the mean intrusion 

properties and assumes that no part of the water injected into South Basin 

flows back into Central Basin. For the spring 1977 observations these 

calculations must bé oonsiderèd very approximate sinee the water at St3 is 

probably always stra~ified and a profile of' temp~rature and ve1œity would 

be required "·to Jproperly oomput' the ~dy fluxes. In most cases the 

intrusion is followed by a flow reversai which may carry some of the oold 

water back to Central Basin. .T~.e maximum anount of water observed to 
.1 

flow beck wes about 2~. A representative quentity of heat trensported 

for the summez;- and fall events Is 1014 cal.. This corresponds to a oooling .. 

of 0.4 oC and a surface transfer cl 250 œl/cm2 for South 'Basi~. 

Observed temperature drops before Md after upwelling are typiœlly 

o 
D . ' 
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1.5 oC indicating that during ,thesestorm events atmospheric heat flux 

daninates over the effect of intrusion. Heat budget œlculations to be 

outlined in chapter 4 support this .oonclusion, yielding surface heat loss 

ranging fram liDO -to 600 cal! cm2 per day duri ng the upwelli ng events. 
- . 

The volume of water removed fram the hypolimnion of Central Basin would 

cause a drop in thermocline level of approximately l m. This is rompara-
J . 

ble to the deepening due to entrainment (0.05 rn/hl' for the stress found 
, -
earlier) when the epilimnion, agitated by the surface wind, erodes the 

underlying stratification. The rombined deepening is compatible with 

o~servations of the tempe rature profile in Central Basin. 

On a day to day basis, the effect of upwelling on the heat budget 

anq stratification of the basins of the lake is smaller 'but comparable to the" 

effect of surface fluxes. Due tb the low frequency of -ttfese eveflts they 

probably have very littl~ influence on the seasonal thermodynamic cycle of 

th~ ~ake. Perhaps a more important. factor is that they provide a means 

by which the deep water, rlch~r ·in nutrients, can be mixed in the eupho-

> tic zone. Previous calculations have shown that this water would mix ver-

, , 
~ • f • 
'. 
î' 
1 
/, 
::\ 
t , 
~ r 
.. 
v '. 

, 
1 
~ 

~l 

· ~ 
~ 

Cl 
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~ 

tically a short distance into South Basin. For the velocities usually 

observed in South Basin (see table J.IA) a Ume acale for the horizontal 

dls~ersion of this enriched water over the whole South Basin Is 4 days • 
. 

There ia no evidence for a persistent nutrient maximum near Skinner 

Island but a phosphorous rlch bottom lay~r has been detected .on cx::casion ... 

(Flett, 1977) • Furthermore, this region in the lake ia always a favorite . , 

fishing spot suggesting that blological ac:tivit~ .. fTI!3.r be enhanced locally. It 

.. 

.. 

.. . 
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should be mentioned that the combined effect of currents and wave motion 

would be vigorous enough at Skinner Island to transport sand particles 
'7 

and resuspend finer mate rial (Gran~ and Mad sen , 1979). This is support

ed by the tact that this region of South Basin, caUed Rocky Plateau, has 

very little fine seçfiment on the bot tom , and mey explain why the observed 

high phosphorous layer is usually more turbid. The resuspension of sedi

ments in itself May be more important in enriching the water then the 

upweUing. 

Non-perio.dic Current Structures, 

Ht;'re we wlll briefly .look at current features of a non-periodic 

nature.' Theae last for timJ;t scales of several days and their general char, 
acter suggests a directly wind-dri ven circulation. Our purpase here ia· 

simply ta describe the current structures which may be expected in the 

1ake. 

, Figure. 3.1g shows data recorded in sumrner 1976 and St2 in water 

9.5 m deep. Two instruments were moared Gn a single line et 4.0 and 

8.1 m. As n:'8y be seen, twice during this periad,' a stable stratificatia'n. 

was formed and Bubsequently destroY!3d by wind mixing. 'These episodes, 

are typical of atratified water bodies Sld are usually weIl expJained by 
. , 

mixed layer dynamics, and in chapter 4 an attempt will be made ~ simulate ... 

the leke sti-atification uslng a nume~~ça1 model. J Sorne evidence of diurnal' 

'hE7Bting can be found durlng the periods of genera1 homothermy. Theae ... 
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however, cannot result trom direct soler radiation slnee the maximum effect 

felt et B.l m usually ocèurs oear midnight. They are caused instead by 

the' formation and subsequent destruction of ,'daily thermoclines. 

An important feature ,of. this data record Is the difference in 

current regime between the stratified and unstratified conditions. 

Currents are usually vertically uryi-directional with amplitude decreasir;g 

with depth during periods of homothermy. Otherwise the flow is in oppo

'" site direçtions and stronger near the'" bottom. The fact that the current at 

4 m is lower during periods of stratification may be due te the position of 

the instrument near the middle of the wat~column and possibly élose to a 

level of minimum current, where the flow reverses direction. , 

In order for the flow te maintain a steady direction with no bottom 

return flow, larg'e scale horizontal circulation must exist. The only ,time 

during which such ho-Fizantal flow pattern could be monitored wes during 

the 1977 experiments' at St3A and St3B. 
~ , 

Other moorings ln this raglan 
\ 

have shown that the flow in this ragion lB usually vertically sheared with 
\ 

surface flOWB opposing bottom currents. .The fall 1977 moorings show that, 

on occasions, the flow may also be laterally sheared. The currents during 

these episodes are lower than average"but still measurable (2.5 cm/sec). 

One period of laterally sheared ,flow l~sted for:' 4 deys, indicating the 

teady state natur.e of this circulation. Th~ observations show mostly 

currents on the east side and southerly flow on the west side, 

in a cyclonic circulation. The observation period i8 much too 

to determine if this ia a persistent feature,. 

62 

:",' ,.'-._1WII-----"""";"4 ..... --....... (--~-;-~,,; ,-~ ... ~ ~--,t"'T -:--,~."~ '";t'"-- ' ... I1"l lU' 
,,' 



63 

'1 

These observations oonfirm earlier measul'ement~ using" pl'ofiling· 

\ current ~ters, 
~ 

and 
q 

l ' 

point to a oomplex, spatially, vary·ing circulation 
1 

.. 

pattern. For practical purposes it probably makes more sense to look at 

.the horizontal current in South Basin as a turbulent flow. Scaling a 

horizontal eddy diffusion coefficient to the mean obsel'ved absolute velœit.y , 

(Table '.;LA) and to the mean width of the basin we 'obtain a coefficient of 

1.2 x 106 cm2/sec. This would yield a time scale of 17 days for the 

longitudinal mixing of South Basin. This can only be oonsidel'ed as. an 

order of magnitude estimate sinee choosing the length instead of the width 

of tille basin as a dimension scale l'esults in a coefficient 3 times largel' and 

a mixing time 3 times smaller. rul'thermore during storm oonditions the 

maximum abserved velocities oould rTDmentarily incresse the diffusion by a 

factor of five. 

3.2 Thermodynamics 

In this section we. will present data which will support s hest , 
budget and strstification moç;tel for Lske Memphremagog in chapter 4. 

Since the model ia not vaUd for the ice-covel'ed· season, special at tention 

will be gi ven here to the implication of winter observations. The data in 

itself' ls of interest in defining the basic physical environm.ent and its 

variability in the lake. 

Figure 3.2a summarizes temperature profile dBt~ oollected between 

1972 and 1977. Each data point represents the mean of ail ~8érvationa 

i~ 

~ 
~ 
I~ 
-~ 
~ 

1 

1 
1 

1 



, ... -"""".ou::..r~r''''''~~~'':''''- l...""'-::::"~~ 
,,~~ ";;;'"':i. "'+~- \; ..... - ,~, ..::'"'): J ~ 

l', 
! 

! " • 1 

1 , 1 
f 

'" 

~ ", "". 
~ 

+ '+ ,+ .?? +,. '" ... r +. J 
:.i :$ · • 

" t .... Il+.i i · • :t ~+ · ,'\ , .,:t lt'.;1 i ] t'· + • '11 "+ X J. ... Do, .;t.,. XX Y '" + · 
\ f · + ~... ..X ' .. + ,.,..+ :1 · :; · NO NO ."1'" x·. + · 

X ·x " 
.+ • NO 

DATA DATA t~ x ·x • + · • .,.. t -4 ..... : ~ · DAT~ · 
:II: ~i )( Il X 

. i , i i' j ir i' '. , , j' il lit j , , , j , , , f , . 
'0'. ., • •• i t (J Ir in l ". 

5 1 1 ", ". • ftri· l.;J ~/i t • • • 
lE 

• x ... .,. X':r ~ + • *" . ~+ .. ' + -. ;10 1 ~ ~ 
.,. . +x'" ~ x#..· ,*"11&' .... 

.,. 
1&1 • .... '+ l' + • ~", 

c • - • le 1 
.~. ,.x. 

: 1 
,. +~ J#' " 

". 

% .;., • .~-, ".t • • ... ':20 
~ . . .,. • 

A- t 1· t + .. ° +' .. ", #+ ~ ", 

lU .. • le 
• -ft-

:2' 
• 

a 1 ". , ", • + x "*+ ", .. 
0 • • + • .# • 

!O 1 4- . .,. "; °X + lC -. ". 

• • • • ~. 

35.1, • i ,. ; , , '. • 1 •• , , • , ai! • l , 'i ., • , 1 ... ,........,---. 

"ZZ 0 $ ~ +* 1 r± · · :'/ B.:)~ * lU ': . ", 
~; '51~+' , ~ +.,. : •• -fi, , .!)( }: jO ± "'1 . ~ • 
OC • x)(: ++ .of i ft.,. 
.- .• • • • - + x 't- 'It')r tt., 

10 
~. 1 • le;... .... ... ... t!J!: ... _ ..... _ ...... ___ ". 

, , Dtjt§4i D' Da i' ." la ' ' '''Si , • 

o '" 80 " 80 4. 80 4 86 la 1410 14 1812 l~ 2012 16 208 12 IS4 8 124 8 120 4 8 

L."NDI 
"72 . 

,+ t.7a .-
'Il "74,: 1,.,. '"". 1.'. 
'. '.7.7 

~AN. ,... MAR. APR. MAY, JUNE "OLY' AUG. '.PT. OCT. NOY. DeC. 
,. 

T-EMPERATURE (·C) , 
Figure 3.2a Seasonal temperatuI"e stratifi,cation. of Lake Mefnphtemagog. 

.. ' ': 
,,.. -
,j • nO? 1ff11P mh' )...; -_ '.7- rr 1 .... , ....... ' fll$' W'= 

-~..,,_,~_I_- __ .~ _<; ........ _ ... _~~ 

" 

0'\ 

"'" 

1 
" !! 

1 
1 
l 

1 
1 



c' 

, . 

\ 

, ' 

j ~ 

" . 

" ' , 

, , 

. , 

65 

. taken dudng the two":week period centered on the middle of 'each rronth. 
\ 
.,.. 1 j 

, .\ Most data pOints result from, averaging et 1east three profiles taken either 

. "on different q~'ys or at diffe'rent station~ within a basÎn a~d co~tarnjnàtlc;m' 

• > 

of the signal by bar~1inlc motions is negligib'le. The variations shpwn are 
, . 

the~fore truly. representati ve of seasonal arid interannual, variabilit~. One 
l ' 

problem with the averaging process ia that it effectively" smooths out' the 

thermocline during period,s of r~pid change but compar.ison with the. raw 
\ 

'data reveals ,that two-week, averaging still reproduces aIl' sj gnifi.œnt 
" 

features. 

.Overall Thermal Cycle 
',J 

1 

As, mentioned, €!BrUel' thÎs Jake follows a ~ypical1y, dimictic cycle" 
, . 

\vith .the, seasonal .warmÎng and cooling being, the predominant featur'e. 
, ~ ,1 '- • \ 

IJ '." ... ~ 

Interannusl vari~~ior'i for the ice-free sesson can œ quite .largê (- 4 OC). 

. ,Comparing, da~a for the it:lI,-ee basins we rfind that the main' lake responae to 

surface heat fluxes 1a unlmodal, i.e. the lake warms and cools ij8 a whoJe. 
" \ r 

, F:ollowing ;' the' progf.'fusion 'ot' stratification through each sesson it can he 
, 1 

'", ;, ~n that ~y .. year i8 not consiatently warmer or rooler but, that from 

f!l0flth ta f!1Onth they change ,pqsltion on, the graphe This la ronsistent 
\ 1 ~ 

w1t~ earlier' rest:llts which shows that me,teorological ronditions were quite 
" 0 

v~riable on a Ume scàle of e dey te a month. 
. , '_of) 

.. " ~" ,Examining t~e data ~ closely we can also detect B bimodal 

thermal teepon'8e ~s. ~)(pected in an Bsymmetric' basin. There 'l!!l often B 

, . 
, " 

", 
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slight temperature gradient along the lake, with Central Basin having a 

temperature intermediâte between those' of South and North Basins. 

Ice breakup usually œcurs simultaneously over the whole lake, in 

'the later ~art of Ap'i'il. The invers~ stratificat~ in South Basin breaks. 

down immediately and the water warms ta above 4~DC within a few days, 

whUe Central Basin, reaches the temperatLlre of - maximum density only a 

week later. During thls period, cabelling must occur where the warm >/""''''; 
,water (> 4 OC) meets cooler water « 4 OC),' forming a denser mixture \t' 

\ 

which sinks ta the bottOn1 of the lake. The resulting feature called a 
. . 

thermal bar is commonly observed in large lakes. This, phenomenon was 

not studied in detai! in Lake Memphremagog, however, the position of the 

thek'mal bars is regulated by local water depth (Sundaram, 1974), and it 1s 

probable that the downwelling reglon remains near the junct,ion of Central 

and South Basins,' where the depth rapidly changes. 

After the, thermal bar period, Central Basin stratifies rapidly, as 

evidenced by summer bottom temperatu~r 4.5 oC, but by mid-May, 

SOl,Jth Basin is still vertically uniform ~nd o.~ to 2.0 oC warmer than the 
" 

1 
l'est of the lake. In Ju'ne, stratification ls quasi-continuoue up té the 
. 
surface, fu.r the whole lake. Wsrming œcurs primarily in a near 'surface 

\ 

layer 50 that depth di.fferences, become ir relevant and tempe ratures ~re 

near horizontally hornogeneou8. In July and August a tnerrnocline forma 

near 10 m, which is almost twice thé mean depth of South Basin. During 

these months the southern end of the lake is on some occasions wanner 

an~ on others cooler, with typical differe,es of 0.5 oC. tThe response 
Q 
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remain~ mostly bimodal" with one extremity of the lake warmer than the ,. 
, 

'other and the temperature fluctuations reflect short term variations in 
\ 

surface hest flux. The stabilization of the thermocline near 10 m may be 

in part due te increased dissipation and mixing at the depth of the sills, 

for baroclinic motions of a shallower thermocline. 

By mid-Septembet the roollng trend. is' weil established and the 

thermocline haB deepened ta 12 m. South Basin remains rolder than the 

l'est of the lake for the fall seSSOn. The temperature difference reaches 

about 2 oC by the end of October. In November thè fall thermal bar 

forms, with South Basin up ta 4 oC ooo1er than pentral. Becsuse of the 
r' 

larger temperature differences, the fall thermal bar lasts longer (2 te 3 

weeks) than its sp,rfng counterpart, and in 1976 South Basin was 

ice-covered by the time it ended. In 1976 current rreters at St3 did not 

show inèreased horizont~l, heat • flux oompared ID the l'est of the year, 

suggesting that the thermal bar has Uttle effect on the hest or water 

budget of each basin. 

Freeze-up in Central Basin œcurs in late Oecember or early 

'le 
January, roughly a month after South Basin. Very few observations are 

.-

avaUable for North Ba~in but satellite photographs show that It also 

freezes over before Central ,Basin, indicating ths.t at leaet in late fall 

depth differences between these basins become important. During winter 

the water temperature et the ica' interface must be 0 oC everywhere ... 

South Basin has a bottom temperaturé neer 4 oC , and its water oolumn as, 

a whole warms between December and March. ln Central aasin the 
\ 

--'~--_._---~---- L 1 
n\' 

( 

_. 

.~ 
;) :Ji 

>,h 

~ ,~ 

~fi 

~ 
,z~ 
~~ 



, - , 

''''MJ'!\IIII!l,\lUlf,,5\m'.U.I!iLJÎltJlUJ\IIIl!\l!!!!l,m UtPl. QlJI."UJU_It •• u iIIl!.OIIS ....... ,1iQ 11ô.r' ..... UIJ1!b ."' ...... VJ_i1i!1!l1'ilf_tlij!!,.b .... 
1 

. ' 

- j' 

temperature aI 10 m dept:h la between 2.0 oC ~d 1.5 oC during ,thi~ time," 
.. 

creatirig a horizontal chénge in temperature at the leve! of the sille 

During spring runoff (end of March and OOginning. of April), the 

temperature under the ice decreases s1ight~y due to the large inflow of. 

mél t water near 0 oC. ln 1976 8 homogeneous 'mixed layer fGlrmed in 
o ' 

Central Basin at this time. This waa initially interpreted as a convective 

layer resulting from solap radiation (Farmer," 1~75J, but rrore œre~ul 
, 

considerations showed that the rate of deepe!:"ing' of the' layer was rror.e 

related to tpe volume of runoff than to shortwave 'radiation flux. It càn 
li: , ) 

be speculated that during this record Nnoff year,' velocities were high 
1 

enough te cause turbulent mixing of the water rolumn ,8S it pa~sed the . , 

-,~ 

constriction at Skinner' Island, resulting in an homogeneous layer flowing 

into Central Basin. A mixed layer was a1so observed .intermittently . ' 

between 17 m and 22 m in 1977, but again it cannot 00 accounted for by 
.. 

local solar heating and must be advected from elsewhere in the lake. 
-, 

Towards the end of the spring freshet, the temperature Of both South and 

Central Basins rises, in resP,,\.'1se te incressed ~ôla~ input anrPerhaps, .• 

warmer river inflow. When the ice breaks up, South Basin is slread)' et 4 
. 

oC throughout mest of the, water rolumn whUe Central' 8asin is near :5 oC •• 

" 

'1 Thermal Convection 

The pressure gradients due te hori'zon~àl teQlperat:ure differences 
&. 

ln Lake Mernphremsgog are typiœily 0.5 x 10~~ g'/(cm2 sec2) and during 

. , 
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the ice-.free season ,~he wlnd stress due to the slightest bre~e will suffice 

" 69 

,to offset ~thià~ l'r'': winter, befbre th~ sprÎng ru~off these pressure i 

gradient. :are ~~e only' forces W~iC~. can. gen~r8te !»roclinic motions, forci!, ... ' 
, ", 

which mUQh evidence has been found. ": ' " . 
Figure 3.lb shqws monthly tempe rature ,proffles measured with a 

~ J 

,thermistor chain at St5 in 1976 a,?d S't4 in 1977. The instrument 

!iJlanufacturer claims an absolute accùracy of 0.1 OC. For a small 
1 • 

, . 
tempe l'attire 'range, such as obs~rved' in y.tinter, the relative "error of any 

one 
. , 

sehsor will be nearer 
, ' , 

1 

t~e resolution ?f th~ data 10gger (0.02, OC). 
• C> .. 

The ob~erved heating. between January and "March represents about lO% of 
, 1 

the' incident solar radiation at the surface. Such high transmission rates , 

.,.1 the 

f1975,~ : 

ic~ and· snow caver hav~ been observ .. ed by otht;!r authors. (Farmer, 
~ ~ 

however ~n our calle the heating rate departs markedly l' from the 
1 

exponential èurve expected fer the direct absorption < of solar radiation. In 
J 

19:]6 the heating below 2~ m would imply an unreasonabJ,e wate1r 
, . 

transparenq,y with 'an extinction coefficient five times smaller than observed 

values (0.3 to 0.5 m-1). Verti,ca1 rrCJec~lar diUusion would have a 

negliglble effect on the observed temperature profile and throughflow ia 

tQO smaH to gene,~ate "turbulence (Ri' 100). The, temperatur"e changes 
" 

which œcur below the ice cover:f!:in Central 0 Basin must therefore be due to 

the ad vectlon of warm water~sewhere in the lake. 
n 

In 1980 a winter survey Wf;lS undertaken to determinew if the 
'\ 

• difference,s between the 1976 and 1977 profiles could be due ID spatial 

va~ation, and perhaps Iinked to çI~n~ri1ic prœesses. The results shown in 
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'. figure J.2e were obtained with a thermistor probe with an ECcuracy \ of 

0.1 oC. Both samples .were taKen for conductivlty determination' which 

showed variations of Iess than 2 , c6rresponding ~ a sali nit y of 1 

ppm, which, would have a negligible effect on water density. The l'esults 

therefore ronfirms that the difference between 1976 "'and 1977 may be due 

to horizontal variations. Furthermore since temperature 19 the only impor-

tant factor determining water density, the horizontal structure cannot be 

'in statlc equilibri~m and sorne motion must exiat below the ice CXlVer. -
As mentioned earlier, current meter data at .StJ show that, 

although the velocities are below measurement le vel , the flôw la directed 

towaids the north at 8.5 m and south at 2.8 m. This suggests that seime T 

convective hest exchange is occurring be~ween South and Central BasL'l' 

with cooler water ehtering South Basin near the surface and warm water 

leaving along the bottom. Late in the! season the flow direction near the 

surface reverses in response te higher runoff, indicating that oonvectiQn 

velocities ara. smaller than those associated with th.roughflow during the 

fre'Shet 0.8 cm/sec).' 

Solar radiation ,throLl.9ht the lce cannet be dismissed as a possible 
. . 

energy source for convection, as it pould cause more intensi ve heating of 
, 

the shaUower South Bosln.. It la difficult to estimate its effect sinee the 

tronsparency of the snow and ice œver Way easily vary by sr:! order of 

magnitude, and no !,sdlation measurements below' tre ice are svailabJe. 
• /. ,-.1 

Amther 8~rce of energy which may be assessed with sorne confidenceis 

the releaBe of the heat absorbed by the sediments during the summer 

months. In chaptel:' 4 it will be shown that the sediments of South '8asln 
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can take part in 30~ of the local hest budget. To veri fy the i~portance of 

thls in winter, a simple one:~imension81 thermal model fol" the water column 

and underlying ~~diment8 was ,devised. During the ice-hee sesson the 

water of the basin is assumed ta be homogeneously mixed ao that the 
, 

sediment surface ls subjected ta the summer temperature cycle, and 

absorbs heat. The temperature profile of the sediment ia computed by 

applying" a finite difference integrstion scheme ta the heat equation, using 

the sediment properties ta be discussed in chapter 4._ As soon as ice 

, covers the water Columh, moJecular diffusion and thermal convection 'are 

assumed ta the only trl;lnsport mechanism. The water surface temperature 
. , 

is fixed at 0 oc and bath the sediment and water profiles are determlned 

byo' th,e heat .equation. Due ta the heat released by the sediment, the 

bottam water may reach 4' oC. Any further heating will result in Sl 

urlstable stratification as the bottom water becomes lighter than that 
';' 

directly overlying it. In such' circumstances a convectively mixed layer of .. 

4 oC would form on the bottam and grow verticaUy as Farme~ (l915) 

proposed for solar heating under iee. Numerically this is simulated by 

mixing two adjacent water layers if. they become un stable • Figure 3.2d 

shows the results of the simulations. The depth of th~ convective l,ayer ls 
, 

very sensitive ta the temperature of water st the Ume of freeze-up, and 

several runs were done ta examine this dependence. As can be seen, a 

mixed layer of l rri forms e';en fur' an initial winter temper~ure dO, oC ... 

For 1°C, which 18 mr~ realistic, the rriixed layer grows ta roore then haif 

the mean depth of South Basip. ~The error in sedl,n1ent hest flux 18 1; 201 
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and Binee the.;data shows ne sign of mixed layer we must conclude 

that the heat la tra'naported OlJt of the basin. 
~ 

The maan under'-iœ 

'sedimènt heat release of 5 œ1/cm2 per day is sufficlent to ECcount for the 
(, 

observed warming of both South' an-d Central Basins from January until the 

start ,of runoff (mid-Max). 'As for North Basin, few, observations are 

available, but its smaller volum~ implies that it would account for only a 

smaU fraction of the thermal' energy • 
• 

As seen in figure 3.2c the iso~herm slopes down between 5t3 and 

5t4, and we 'can 'infer thet a 'densi'ty curre~t flows down the slope. The 

temperature minimum between, 5~4 and 5t5 in 1980, and the cooling 

'observed near the bottom in 1977 may be interpreted as a depression in 

the isocherms, resulting when the density cunent, 'carried by its 

momentum, passes its equ,ilibriüm position and is sul;>sequently deflected up 

again. This, statione'ry weve has odimensions compàrable to the length of 

Central Basin and exact comp,utations of heat transport are impossible 

without temperature profile measurements et se veral locations along the 

lake, for the whole"ice-covered season." 
1 

'5ummar-y . 

Reçapltulating, the th~rma'l cycle of Lake Memphremagog i9 dimictlc 
\ .,. 

and -primarily uniform over ttl.e Jength of the Jake. ,The ffiai n Interest in 

,the 8lig,.-~t temperature v~riations that may be deteçted along its lengfh la 
\, 

in the 'insight these may gi,ve us into exchange rates of watel" properties 

,. ' 

,', 
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between the basins. Durlng the ice-free season currents due to ètmos-

pheric forcing will dominate exchange processes, and it will be shawn ln 

chapter 40 that à simple turbulent exchange coefficient adeq~ately nndels 

the interbasin transport rate' • During most of the winter thermal 

convection IS the only driving force for internaI circulation ln the lake. 
'\ 

Observations and conside~ation' of the heat released by the sediment 

suggest that a 8ignific8nt amount of water ia exchange.d betwi3en the 

basins. "T:he under-ice temper~ture distribution in Lake Memphremagog ia 

more com~Iex t~an thrt obaerved in basi ns of simpler geometfY (Stewart, 

1972) and an exact determination of transport rate wouid require more 
1 

data. As the end of winter approac:hes river runoff plays an important 

role "in the hydrodynamic and thermodynarpic behaviour of the Iake. Just 

before ice breakup the temperature of South Basin is heated almost 

uniformly to 4 .oC, suggesting that internaI heating of the water column 
. 

and perhaps warmer river inflow may be important in triggering removal of 

the iee cover. 

\. 
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4. THERMAL STRATIFICATION MODEL FOR LAKE MEMPHREMAGOG 

In this chapter a numerical nx>del for the temperature stratification 

of Lake Memphremagog will be presented. The thermal stratification of a 

water body is the most obvious expression of the inter:action between the 

water and the at_mosph~re, for time scales over a few deys. It will deter

mine the properties of shorter timè scale phenomena such as the size of 

wind rows and the period of 1nternal seiches, and define the physlcsl 

setting in which blota will evolve. In addition, within 

1 
port mechanisms control~ng temperature .distributions 

a lak" the trans

are llkely to be 

important for other properties such as solute, or psrticulate matter ooncen-, 

tration; the unqerstanding of stratification thU8 provid~s knowledge ~pli-

cable in other branches of limnology. 

Numerical modellng has found applications in most aspects of 

scientific research as a too1 to test and further our understatldlng lof 

nature. In, environmental sciences an addltional incentlve is the need for 
, ,~ 

-predictive capabUities to. help in planning the development of natural 

resources with the minImum detrimental effect. In the last decade _ several 

lacustrine stratification modela have been deve1oped, which 

titatively simulate the thermal cycle of lakes. lhe main 

of' these models is in reservoir I1l8negement where the effect of 
. 

, water leve1, or the choice of inflow/outflow locations on the the 

.... of the basin it1ielf and 1t8 di sc harg.e, may be simulated. 

the sources and' sinka of, other ooDservative propertiea are net· far 

/ 
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removed from those of haat (I.e. near the water surfac~)" minor rrodifi-

cations of thermal stratification models will sltffJœ to predict their vertical 

distribution. 

In the first section of the present chapter a review of current 

str atification models Is presented. In the second section the use of a 

one-dimensional mode! for Lake Memphremagog is justifiep and a final 

choice is made on the type of model ta be used. Section th ree looks at 

the boundary condition ta be imposed on a model of the lake. In the last 

part the final modeled stratification is' compared ta observations and 

conclu'sions are reached on the usefulness and limitations of this model. 

4.1 Review of Present Thermal Stratification Modela 

MUllh of the work on .stratif~cation effects ha,· been concerned With 

the ocean 
çr 

pressure. 

where the d~nslty 18 a function of temperaturé; sali nit y and 
'" 

In lakes and in the lhèrmocline regions of the ocean, the depth 

'is emaU enOl,lgh for the pressure dependence ta be neglected. As for 

sali ni ty, excluding salt fingeri ng, its effect i8 homologous ta that of 

~empe~ature sa that ~nsideration rA one or the ether can be sufficient 

(MunI<, and Anderson, 194B). Here. we will consider heat ~ Ile the oniy 

,source of buoyancy with no Joss of generality. 

, 'v " 1 

In lakes en~ 'parts of the ocean where mean current~ ,are emalI and ... 

the surface cxmd!tion uniform, isothanns' will, on the ayerage, ,be nearl)' 

horizontal:- This permlts the' use of' ooe-dimensJ?nal equations ta deacribe 
1 

,. 

. 
" 
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: , 

th'e . tnermal structure' ot these bodies. Neglecting molecular diffusion 

compa;l't'!d . te turbulent transp',~t th.., conser,vatlon of hest for a basin of 

varying cr,oss-section is (Tzur, 1973): , 

..! pCT = _.!..~ "CA Wfi-
A
l .!..pCAW f + QI 

b t A bZ /)Z 
4.1.1 

"' In oce,ans the larcJe horizontal dimensions sUow one 10 neglect the 

," ~sristion of A sa that 4.1.1 reduces ta: 

4.1.2 

-
where: 

T = Urne 

P' = density (ML-J) 

C = heat capacity (QC-1fyf-l) 

T = ternperature (C) 

A = cross sectional area at a given depth (l2) 

z = vertical coordinate; zero et the surface, and 

positive upward (L) 

W' = vertical velocity (L T-l) 

Q. - = internaI heat sources (QT-1L -.3) , in the ocean ia given 
--'- ~ 

byi 
.. 

\ ,0, = ft tP" /,z 

( V 
, 

" , 

. ' . , , .. 
r .,:-

/] 

. . ( .. 
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and ln clcsed bast n8 by: 

where: 

f3 :: extinction coefficient (L -1) 

0p :: penetrating oompone,nt of short wave radiation 

flux (QL-2T-l) 

«Pt, = heat flux thr~ugh the bOttom (Q.!-~2T-l) 

~ 80 

~ 

Overbars denote mean Epmponents anq primes denote fluctuating 
~ 

componenta. 

The second right-h'and tterm in these equations -represents vertical 

advection due ,ta - upwelling and can often be neglected. , It can be 

determined in the oceans by overall dynamiœl consideration and in lakes ,it 

ia the result of inflows and outflows below the sur(~ce wh\ch' are 'part of , . 
the boundary conditions. and ' cf)b are alao gi ven by boundary 

con~itiona while f3 ls a property of the water. It therefore remBins ta 

detEirmine the first ri ght-hand tenT),' the turbulent heat flux, in order ta· 

solve for T • 

TWQ methods are widely used ta find a solution, turbulence cl08ure 

modela and mixed layer modela. r ln the turbule.nce modal, by analogy ta 

molecular diffusion the ~urb.ulent flux i8 often represented by: 

... 
, T 

pC wr.r :-pC KT ~ 

'-, 

" , 
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• 
KT la the eddy diffusion coefficient for,T with dimensions' (L2T-l~ 

Kr la rela~ed thrOlÏgh an empirical or semiempiNcal relationship ta the 

density and velocity structure, of the water column. It ls therefore 
'-

generally necessary ta solve the equation 1 of motion in order ta determine 1 

T. 

In rnixed layer rrodels one aSSl:IDlea .!!. priori the existence of a 

homogeneous audace layer in which all mixing takes PIJe. One can then 

easily integrate equation 4.1.1 or 4.1.2 from the l surface (z = 0) to the 
. 

bot tom of the _mixed layer (z = -h). Then pC W' T' 1 ia the surfae, e z=o 
heat flux prescribed by the boundary condition. At the bottom of the' 

mi~ed lsyeLY!hen h inereases the heat flux la u~ed to brin,g the underlying' 

water ta the temperatur,e of the mixed layer, therefore: 

:. ' 

1 
where: 

w. ;: II(~) M 
To ' = temperature of the mlxed layer 

T-h = tempe rature, jvat below the mixed layer 

If() la the Heaviside function defined as:, 

II~) = 
l,X> 0 
o,x < 0 

, , 

4.1.4 

1 
1 

WI1~ h. decreases there ia no èntrainment $hd W' l' 1"1l ;: O. The 

q • , '! 

" 
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turbulent kinetie energy (TKE) equatlon, whlch ls also integrated from . 
z = 0 to z = - h , is then used to evaluate We so that there Is 'sufficient 

meehanical energy generated to maintain the mixing in th e jye\-. Since 

one source of TKE is the Instability of the mean shear, we must again 

solve the equations of motion. 

Decomposition of the motion into its mean and fluctuating 

eomponents and the subsequent manipulation to 'obtain the, equatlons of 

mean momentum, continuity and TK~, are given in man>;,- te~t~o_~~,s":. ___ ~_, ~ .. If, 

(Phillips, 1966, for example). Here we shall just give the resulting 

relations after using severai simplifying sssumptions. The Boussinesq 

approximation neglects' variation of 'density except in ,the pressure, terlns. 

The pressure' is given' hydrostatica.My; this holds if the' mesn vertical 

ve10city is much smaller than its horizontal counterpart and ]f the vertical 
q , 

compone nt of coriolis force ia negleeted ~ We can negleet nonlinear terms 

and horizontal Reynolds stresses' assuming sn'lall currents compared to the 

wave speed and hqrizontally' isotropie turbulence., 

·The governing equations ,are then, 

for momentum conservation: 

b~ + Fx V + 1 il P + ~ W'V' = 0 
bt -- p- lJz ...... , 

ôP - =-pg 
c)Z 

for mass conservation (assuming. incompressibiUty): 

, . .-
, .' , , ' 

. 4.1.5 

," 

• 
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~ '--
v • v· + b in - 0 _... bin'- ,4.1.6 

\ 

v • V' + ~ W' '= 0 
- ,.... b~ 

(' 

(for TKE: . 

~. :~q2 = W' v"'~~ + "u"V7f - î h[W'(W'2 :t'. V,2) , ,+ W; pt] /)4.1.! 

. (E) 

\' . 

, 

( B') ( c .. ) 

- y [Œ..ïj + (.!.W'~) 
/Jz . 

.~ 

t 
\ (D) . \ 

1 . 

where: 

v Ja the horizontal veloclty' (L T-1 ) 

F = 81,n (CP) ~ 2 'Ir 1 dey an,*", 

la the' coriolis patanèter, (T-1) 

la, thè latitude 

p la thé denslty (ML·) 

P la the pre,88ure (MT-2L -1) 

SI 18 the gravlty CL T-2) 

. ~ 
f 

2' i =. W'2+ y:.~ 18 the TKE pe~ unit 1'},188S (L2T-2) 

ci = t * 18 the 'coefficient of thermal exp~n8ion (C-1 ) 

)1 i8 the molecular viscosity (L2T-l) ) 
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Arrow~ denote 0 vector quantities, whlle primes and overbars 

"~Ii!ve the, same meanln~ as before. 

The meaning of equationa 4~1~5 and 4.1.6 is st~aightforwBrd' buf , 

equation 4.1.7 meri ta ter,!" by term explana.tlon: 
le \ • 

, , 
\ 

(A) - the shear production term; as the ~Inetic en~rgy of a shear ,flow 18 ' 

alwBya greater than that of a uniform' flow with the sSTle momen~um, any 

decrea8e in' shear by mixlng' must generate an equivalent EmOU nt of 

turbulent energy. 

(8) - the buoyancy production. tenn; ·sny change"'ln the stratification by 

the rriixing brings about" a change of potentiel energy which must a180 ~ 

balanced by turbulent kinetic energy. .' 
, " 

(C) - the tur~ulent energy flux expres8ed the transport of turbulent' 

energy by the turbulence itself: 

1 • 

(D) the dissipation by viscoslty. " 

, 

(E) - the rate of é~ange of TKE ia usually negligible and ,'the equatlon la 

considered in its balanced form most of the time. 

The only term in equations 4.1.5 to 4.1.7 which involvea horizontal 

coorcÜnates i8 ~ ~ P ln 4.1.5. It is notgenerally feasible ta .. solve tite 

i •• & 

" 

.. 
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three-dimensional equation of motion unless we are interested in th~ 

velocity structure ~ se, and in s~me way equation 4.1.5 m~ be one

dimensionafized. Since we are concerned with velocity shea'r, only the 

'baroclinic pressure warrants" consideration. It can be shown that it will 
, . 

-
aet on a scale equal te the time it take,}or long Jnternal waves ta travel 

the le'ngth of the basin: 

t 
L = 

Rh , 

1 where L .~s the horizontal dimension of the basin 

h is the depth of the thermocline 

g' = 9 (VPI Pl 

4.1.8 

VP is a charaeteristic density difference bètween the top 
\ 

bot tom wate l'S. 

tn oceans and in lakes larger than 100 km, this time sca1e is 

uBually larger than the dominant 2-3 dey period of atrriosp~eric events. 

The pressure force therefore never' .has" the time to 
'- . 

response te surface wind stress, and can be neglected. 

In small lakes the pressure term is usually computed 

by dimensional considerations, or the shear production term in 4.1.7 is 

neglected al~gether. 

In ~he' following pages we will review different versions of bath ~ 

types of one-dimensional models and see how different authors apply them 

ta smaU basins. ' These are presented roughly in chronological order of 

.... r- ,-r~--.~--________ , --------

( 
,1 
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their pU,blication ta show the evolution- Of idees on the stratifiQBtion 

process. The papers discussed were chosen ta be representative of the 

work in this field, and are but a subset of a la~g~ 8!TI0unt of literatur+. 

A more complete Hat of publications on the subject js Included in th~ 
bibliographiesl section • 

Turbulence Closure Modela 
1 

1 

As mentioned earlier most of these modela postulate the foUowing .. .. 
form fol' the turb~lent flu'xes: 

WT' -KT 
bf 

4.1.9 = b~ 

bfJ " . 
'W'V' = -KV bz 

This subset of, turbulence closure moctels can be called edd~ 

coefficient modela. The' eddy coefficients are usually taken te be of the 

fonn: 

-
Kr = KT,O "r 4.1.10 

i 

Ky = KV,O' Fy 

JCI 

J 
~ 
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wheré noughts indicate coefficients for neutra1 stabiHty. 

, The F functions depend on both stratif~C8tion and· shear. 

Dimensiona1 analysis shows that if the F's are ta be dimensionless ttiey 
. 

must be funcHons of the Richardson number, 
o 

r 9 a lJT/lJz 

PONlbz)2 ~.1'1f 

.. 
,:.' 

whe:re R1G denotes the' gradient Richs'rdson number. 

Similarly 1t can ~ ar-gued that KT,O and KV,O must depend on 

s'orne Reynolds number ( Re ) which expreases the ratio of inertia ta 

viscosity, the only 'twb forées that ~come into play in an homogeneous 

flow. This formulation permits a separ e evaluation of t~e effect of 

varying Ri and Re. 

The tirst realistic model ocean stratification was that 

of Muok and Anderson (1948). Based on he then available observational 
~ . , 

evide,!'lce, ~he~ assumed KT,O and KV,O ta be equal. They Obtained 

values for KO as a fun'ction of, wi~d speed 'fram a graph in Sverdrup et al 

(1942). For the F functions, they chose: -

4.1.12 

--

where ~V' PT' nV' mT - are' s~iempirical constant3 chosen 8S ID! 

.. 

. --. , 

.. 

.. 
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10/3, 1/2, 3/2 respectl very • 

, Theil" iimited compu~ional fa'Cllities ;~rmitted only, a steady st~te 

solution ,ta the set· of .equations 4.1.2, • 5, .9, .10, .11 and .12 • The 

agreement of théir caJculations fo't- thermoèline, depths with .observations in 

Sw.eo/water Lake was probably fortuitious ~ce they neglected the' effect of 

pr,essure ,gradients and val"yinb cross-sectional area. When applfed ta 

. 
oceanic situations their technique underestimates the depth by 'a factor of 

. 
one Kalf. However, th eir ... mo~ su itably descri~es" the quali tati ve features 

of stratification in these rter bodies (see figure 4.1a): a relatively 

uniform surface layer separa~ed by a thin region of sharp temperâture 

gradient ff-om the, underlying water, With little mixing oocurring at dFpth •. 
!J. 1 

In ·1973 ~Sundaram and Rehm used a modified form of this model 

applied to a lake. They reasoned that due to conti nuit y , currents must be 
------~- )''-7 

very small in lakes, so more ener'g)t woolf!.. be transfered from the wind ta 
, , 

dÏI:'ect mechanical mixil)9 by interaction with the surface waves, than to the 

mean current flow. Then a 1 more appropriate , 

Richardson number would be the frictionsl velocity: 

so that 

l, C 

= 

TO is the surface wir1l:if stress 

,/ 

SI a- il bT 
P û,r bz 

,vel oc ity to scale the, 

4.1.'13 

... 

4.1.14 

~,~ __ , __ t .. _ .. ____ . ______ . _____ , .. ~, _____ o •••• 
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J-... 
It should be pointed out that this wiU (be ~>uivalent ta RiG for à 

ulaiform surface layer for times long compared ta L ~V9"h when the 
li> 

inter.nal' oscillationS' of the lake wiU have attenuateq and the~ only current .. 
that can 'remai n is tne su rf àce bau ndary fl.ow. 

Th~y put, 
,f -~ 

) 

KT. 0' ,: 
• 

# 

where 
~ 

. , 
.C IS, an, empi.rical constant. 

The:re are, two regions in which this formulation is' not expected ta 
, . 

bA v~1id:- the regfon oelow the thermocline (the depth where ô
2
T/bz2 ,: 0), 

" 
~jch is ~ffeetive~y shielded from surface disturbances by Jhe st1'atifica-,. ' 

tioI1; and the ,region above the conv~~i:ion depth during periods of cooli,ng. 

is assumed ta be constant jn these zones and' equal ta the val,ue at .,' 
"-

the higher and 10we1' limit of these regions respectively. They solved the 

time. dependent problem (equations '4.1.2, .9, .10, .14) itera~ively, using , , 

. "T- = l and {}r = 0.1 approximating the seasonal change in surface heat 

Ci. ' 
f,JUX and wind stress by sinusoïdal functions. They give results for 

c. = 2.82 x lO-~ m, presumably chosen ta give the best fit. for conditions 

over Cayuga Lakp., New York. Their rn:>del agrees well with obse1'vation; 

• - tl 
predicted thermocHne depths are" probably within observational error, and_ 

", 
temperature prediq~i,on is within' a few degrees. It should be noted that 

----
consideration of ~the variation in cross-sectional aree by the use of 4.1.1 
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The authQrs point out 

" that their model predicts weil the uniform temperature gradient observed in 

spring, a feature that mixed, layer mad,els cannot predict since the)' assume . . 
a di~continuous stratification at the start.· 

Mellor and Ya'nlada (1974) have deve!oRed a hierarehy of the 

turbulence closure model. , . Equations 4.1.1 to ~.1. 7. plus' equations for . 
,n, 

w'v' and W'T' do not form a closed set unless sorne behaviour is 

'" 
assùmed for the third order moments like'W'VfV~ 'in term (c) of 4.1.7. 

Alternatively another set of equations can be derived ta describe these 
, 

th'ird order n'lom,ents, but, these 'will introduce fourth or,der oompone~ts. 

These in turn can be assumed functions of lower moments or can be given 

aS:t.a funGtion of even- high,er ftuctuating moments I;md sa forth. ,In. the 
Q 

lowest level.of their system, they neglect terms (C) and (E),in 4.1.7 and. 
") 

set term (0) proportional to q3/:e They show that this is equivalent ta 

aÇ} eddy roefficient 
«1" 

, and FV and' FT model wher.e Kr,O = KV,p = f q 

are fixed functions of the Richardson number, given ·graphically in figure 

4.1b (which also shows the functions used by Munk and Andérs~n, 

Sundaram and Rehm, and mixed layer models). ,The mixing Iength f can 

be defined as: 0 - \ • , 

0 

.\ 1 
l lzlqdz 

f 
-.0> 0 

= , 
4.1.1~ 10 ( q dz 

-CD 
_ CI .. . 

o' In 1975 Mellor and DlIrbin Lised this rrodel ta predict the behaviour 
,( 

of the upper ocean. Their results' agree quanqtatively with a month "'and a 
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authors and in mixed layer 
'differentJy in each case s.o 

for each curve. Howe ver, 
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half of observation,s at station Papa (500 N, 1450 W.), "without !:lny adjust-

ment of oonstants ~il)g ~eed~d ta fit the. data. The~ com~utatioris also 
. ~J 

agree weIl with laboratory results b'y Kata '"8nd PJ{Îllips (1969). Unfortu-

nately this model is not directly applicable ta lakes unless tne full 
n C , 

dimensional ~ equattons of motion are solved, since, it reliebs uniguely on 
n , 

snear 'for the generation of, turbulence. 

. ,?vensson (1978) also u~d a model which woold corresp<,md ta lever 1· 
• 

1 in tv1elklr and Yamada's scheme,' but assumes that' the turbulent transport 

of e~ergy, term (c) in 4.1.: and di~sipation, term (0), are "giVev by a dif-
o 

fusion equation similar in form ta 4.1.9, with apprppriate eddy coefficients 
~, 

--f. • KT and KV. He approximated the effect of pressure by: 

4.1.16 " 

, 

" 
where Cp is' a constant whieh depe,nds on the d!mensions.;>o! the 

r ' • 
lake. This f~rm~lation is~va1id ohly for' t< li J?h or if l/v'?h>2-3 deys, 

" 
sinee it does not Ïnclude baroclinie pressure. In this model v is 

- not a veloc,ity at a specifie poi nt, but- iS:.,8 rep'resentative ",alue (if velocity 

at' a given depth for the whole lake. 

" 

The suecess of his model is compar-
1 

able ta that of Mellor and DU<Fbin exeept below 
" h-

the,. thermoeline where 

mixing is colJ~lÎstently underestimated. 
d' 

The rÎlaih abject of hlS paper was '. 
tQ investigate by numerieal experimcnts the etfeét of varying crosssectionai ~ 

area, pressure, and ab~orplion of short wa've radiation below the surface, 

ail of whieh are negleeted jn tne previously discussed"fudels. 'The results 

.~ 

\ " i " , . , , 

J ' 

.' 

l,: 

, 
l 
j 

1 
• J 

1 
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1 __ 

. 
for.: a 'basin of- 100 km by 20 km ..showe.d ,that presoaure will have a negligible 

effept, th,is is" to be: ex pee ted as 

. , 
" the coriolis fOTee will 

<fi( 
pressure 

/ 

term 
. 

for baroclinic 
-{} 

mottons in large basins. 

domi nate th e 
... 

However, 

'consideration of both' c:h-ange in horizontal aree with ~epth' andvanation in 
, 
) 

, . the extinctlon ooefficient can change th ennoèli ne- depth and tempe rature 
..... 

differences by as. much as 100%. 

, . / 
Other models such BS that of- fiûber 'and Harleman (197i) whiçt"r 

" , . 
.consider only ~cular diffmsion co~ld ~ inc!uded here but they deal ..vith 

basins having a large through flow, with inlets and outlets at different_ 

depths. They are' dominated by vertical ~vection,. and will no(~ 
, " 

con si de red he re. 
o • 

of 

,Mixed layer Models 

• "1 

Mlxed layer models ~epend critically' on the assumption that the 
~ 

mix,i(lg œcurs onl/ in the homogeneous surface layer. In ·the previous 

section we have seen that this is reasonable except 'as pointed out .. by 
, 

S.u~dararrl and Ret"\m for period,s of rapid chan\]e in heat flux. They shÇ>w 

that the determining parameter is ÎI, the ratio of the time scale for 

variation in surfa'ce condition ta thé time scale for the formation of a new 
,,~ • • ,. çr 

thermocline in response to these variations. 'The latte,r can be .given by: 

{ 

\ .., 

\ 

= 
erg ~ 

,4.1.17 
\ 
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Using representative values for sea'sonal -surface heat flux ah and 

wind stress u; of 200 csl/cm2 day and 1Q,~2/sec2, respectively:, we find 

" 

• the $Cale ta be .5 days •. Mixed layer 6JlOdeis al,'e therefore most useful for 

descri bing seasonsl cycles. They are not applicable duri ng a few weeks in 

early spring when a combination of small <Po smsH ct and large 

combine ta makè II less than one. 

FollÇlwing from the abo)le discussion we shaH examine seasonal mixed 

layer models in oceans and lakes, relying on Niiler and Kraus (1978) for 

the de ri vation of the general theory. 

As di~cussed earlier, the heat flux at the bottom of the mixed layer ' 

1 
" ls given by: 

4.1.18 

Similarly the !Y'Qmentum flux at the bot tom -of the layer can be given 

by: 

= 4.1.19 

, 
where il denotes the difference of' a variable ocross the 

discontinuous interface at the bottbm of the mixed layer. 

The first ri ght-hand term is the momentum flux needed ta bring 

entrained water ta the veloeity of the mixed layer. The second term 

accounts for momentunf lost to internai waves, Cd 6eing a generalized drag 

coefficient. This parametrization for internai wave radiation loss is rather 
JJ 

:. ,'AI. 

J 
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( 

crude and 'others have been proposed ~Kantha, 1977). 

At the surface these fluxes are given by the boundary conditions: 

\ ' 

J 
= - <Do 

= 
p} 

TO is the wind stress (ML-1T-2) • 
.) 

4.1.20 

. .Integrating 4.1.1 and 4.1.2 from z = -h to z = 0 , neglecting 

W and using th'~ previously 6btained values of flux at z = -h and z = 0 , 

we get for a lake: 

= 

and for the ocean: 

h "To ~ = 
oeH 

-We Â T 

+ 

+ 

+ <Do 
PC 

+ 

.) 

+ !1> (1 _ e-fJh ) 
pC 

4.1.21 

4.1.22 

.The noughts now denote surface values, while -h subscrfpts denote ' 

values at the bot~om of the mixed layer. 

For now" le~"-,,Gs neglect the pressure gradient term in 4,.1. 5 and 

also integrate it over the mixed layer: 
1 

-, , 
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, 

h b~ ... hLxJ!p' = u2 We L\V Cd L\i 1.t1.!1 4.1. 23i 
cH • -

, . 
The only unknown . ' 4.1.22 end 4.1.23 In is W which we will obtain 

by integrating " the TKL . We will proceed term by term; for clerity each 
\ 

is tabulated with a brjef description in table. 4.1A. 

-
The general heat conservation equation in the absence of advec-

r 

tion (valid oilly for a take, with a small.throug~flow) can be given as: ' 

= b 
--~ bz 

( <l>p /3z 
+ fJ - e PC 

4.1.24 

Mixed layer models assume a vertically constant T in the surface 

layer. We can therefore expect horizontal turbulent fluxes V V'T' to be 

" 

constant also. Integ rating this' èq uation between ;-h and 0 and again 

between B depth z and 0, the two resulting equations -can be used ta 

eliminate bT and V· V' T' ,ta give: 
~bt 

<l>o z -(1+-) 
PC h 

= d)... z {}Z 
+ .J'(1'" - - e -

PC li ! We dT 
h 

4.1.25 

Integrating again' we obtain the integral of -term (8) in (5): 

9 ct ~ wrfI hz 

As t is 
ft 

often negtected. 

= ga[~ ... !p(~_! .. 
V C PC 2 f3 

4.1.26 

ë fJh (~ + ; » + h w~ AT ] 

~ 

.J 
usually much smaller than h, the term c:ontaining e·~h is 

ln the ocean and in lakes when T > '4 oC, Q' is negative. 
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TABLE 4.1A 

\'~ ~'LIST AND DESCRIPTION (J" TERMS 

IN THE TURBULENT KINETIC ENERGY (TKE) EQUATION 

Term ... 
... 

W' V' "by" 
bz 

') 

9 (k W' fi 

, 

Description 

Shear product ion tenn 

Buoyancy produat"ion term 

Turbulent en~rgy flux 

j., 

1 Viscou!J dissipation 

" 

~ 

98 

1. l.rr, 
2 ht 

Rate of change of .turbulent 
energy 

1 
... 

". 

fi' ' 

v.~ 

\-
\ 

.. 
( 

," 
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Since l1Jp is elways positive the second right-hand tel'm is a' sink of energy. 

(except 'in fresh water when T < 4 OC). (1)0 can have either sign and ain 

therefore be. a sourcEt or a sink. As for the lest tenn ln 8 stable 

stratification it is always a si nk. 

Integrating term (A), W'V' bV , ie not so simple sinee the ve1œlty 
bz 

gradient tends to infinity 8~ the base of the mixed layer.· We ca.n ~ , 
get around this by .. allowing the ve1œity te - vary linearly in a thin 

tran8i~~~ zone' betw~:n z = -h and. Z = -h' (h' > h) Then using our ~v 
previously,olltained value for W'V' 1 we get: 

-h 

lim J-h> -V7V1 I!.Y dz' - 1 W 1y'-,2 + 
Ch'- h)-O !.h' hl - 2" e 

~ 

4.1.27 

'" 
'-

Sheal" within the layer is limited 1 te a mean surface wave drift 

zone. From dimensiona!' erg uments, W' V' near Ble surface must be 

" proportional, te u; and the velocity gradient te u. so. that the Integral of 
, • 't -") 

~ 

ter~B),ls: • 

= 4.1.2& 

where ;no is a proportionàlity oonstanf:-

[> \ Each of these terms 1s positive and therefore a source terme 

3~ 
:'> 

l 

... 

,~!< "il ~'.- --. 

) 

.' 

The flù~ ')-erm (C) .... in the TKE equation has te be evaluated st 

'. 

[ , 

• f· 
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" . 

-)/ -~ 
the top and bottom of the mixed layer~ At the surface this flu~ must 

• 1 

, . 

equal the rate of working by wh'ld velocity over the surface. Sinçe the 

frlct;lon velocity is linearly related to the wind velocity we have: 

ml and m2 are proportionality constants, .-. 

and Wair is the wind speed. 

1his term is a source of turbulent energy. 

At the- bottom of the layer the flux must 'equaJ the rate ch 

energy has tD be supplied ta make the entrained Water aa 
.. 

the mixed water, then: 
1 

. -
- ~2 [W'( w,t + Vi') + 1 YI p'] 1 ~- = 

p Z :-,1" 
4.1.30 

which ia a slnk terme 

~J 

- The n'Dst criticized part of .mixed J~yer 1 modela ls the specification 

~ '0 
of dissipation, term (0) which we will now ~abel f.. Most .. oft;en rh E is 

assumed tD be proportionsl to the active turbl,Jlence generating processes 
1 

(the source term previously discuésed), 50 that: 
1 

o 'dLh 
~ E = (1 - n) :;[It(o:CDc,) f + Il ~af)p) CI>p( ~-"} 

+ (mO + ml - m) ul + (1 - .) l W. \Yi + (''1 
o 

'> 

... ~ r 

+ .-Ph (t + J))] . ~ 
4.1.31 

C)"IX]3 

. . 

.. 

.. 
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" The Heaviside function ls used te a::pount fqr the ,!:luoyancy terms· , 

. which may be either sources or si nl<s. 

"" 

... . . 
The not8t~ for the proportionality oonstants mini 5 ·and c' js 

used for convenienc~. 
'\ 

• G • 

We can now add all these' equatlons ta optain the Integrated. 

equation of TKE.. Factoring---oot- We we ~!'lve: 
4.1!3Z . . ... . , 

1 ~ . 2 
-. 2We~q2 + Ci -. s/Il ) + Jo(1 - II(Jo)(1- n )) + 'Jp(1-IICJp)t1- "!) . 

(8) (b> (c>' 

where we have userd the !ollowing abbreviations: 

gtthl1T t>is the. internaI wave speed squared for a de~ basin 

gah G>o 
Jo ~=. 2 PC is the po.tentiaJ energy avaiJabJe trom surface heat flux 

~ 

Jp :: 9 a h ~ ( ~ - ! + e-{1h(~ + t)) ie the potential energ.y ~vailable from 

penetrating solar radiation 

Table 4.,1B "lists the meanrng of each term. 

The first term, involvï"ng.' q2 is uBualJy Bmall and often negJected. 
,1 

'If nct, q2 can be parametrized in terms of u. and the buoyancy flvxes 
"" 

(Zeeman and Tennekes, 1977). 

There are· other pos!;fibJe parametrizations for the dissipation ~ • 

l~h'E " but' this one 'has the. advantage that' thé 'efficiencies (m, n. sand c) 
, 

with which different processes affect the entrainment velocity (We ) ~an be 

.' 
f. .. 

\ 
1 : 
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TABLE 4.1B 

LIST AND DESCRIPTION Of TERMS 

IN THE INTEGRATED TURBULENT KINETIC ENERGY (TKE) EQUATION 

1 

',i 

Terrn 

Ca) • 

1 We q2 

(d> 

mu! 

(8) 

Jo (1 - I!I(Jo><1 - n,) 

Source Description 
, .. 

~ , 
sink Rate of increase of tatar TKE 

due ta inc~easing layer 
thickness. 

sink Rate of increase of potential ' 
energy of the stratification 
due ta entrainment. 

source Shear" production, term at \ th~ . 
base of the entrainment 

sQurce 

either 

_' ·l~yer. 

Primarily,direct wind mixing 
. terrn, oue to agitation of the 
, sur face,. but -also includes 

,shear production by surface 
dri ft. 

Potentiel energy available from 
sbnospheric hest fluxes. 

+ Jp {1-IIHJp){1 - ">, 

o 

(f) sink 

'. 

Radiation 10S8 due to 
internaI waveB. , 

.. 
Rèrniark ..,. 

negligible 

""'-

\ rnQy include 
, tha effect 
of ~erm in \ 
addition ta 
dissipation 

source for 
cooling; 
sirli< for 
hestirg, 
except' fn 
fresh water 
when 4 Oc 

This term. 
i8 rarely 
explicitely 
included • 

:; . , 
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considered individually. Experiments and observations 
\ 

... 

; 

where onl)' 

103 

one 
'---. 

generating process ~s at work (Kato and Phillips, 1969; Fermer, 1975, 
) ~ 

et~.) . confirm that' the dissipation Th'tegral is reasonably independent of the 

" mlxed layer thickness ~. It is not yet sure however that the dissipation 

effect on the different energy generating prœesses can be added linearly. 
,. 

1
: . 
. . 
\; 

" 

1 

} . 
Equations 4.1.21, .22, .23 and .32 form a closed set which is most 

cr ( 
- often -solved by finite difference methods. If the change in h and T o , 

l~ 
), 

r. 
!' 

,. 

c' 
" '. 
i :. 
r 
t' 
f· 

~" 
. 

,t 

fr. 
è ,-
ie 

.'t,' 
1 

~ ~ r, 
~,' 

\' 
X' 

" 

... , 

C 

"'rom one iteration to the next is small, then nonlinear inte.ractions of the 
. 1 

terme may bl;l neglected on the scale of the time step. Entrai nment 
t 

velœi~ies ( We) can be calculated fqr the indi vidual sàurce terms and then. 
~ , 

added. Most authors have found that a time step of a day or less yields 
), 

adequate résults,. The iteration usually starts in spring when the thermal 

'structure is vertically uniforme As the heating starts a thermocline forms 
\) 

at a .certain depth h Since there is no entrainment, ,h is .found by-

solvirig 4.1.32 with' the left-hand side set to zero. At each iteration the 

rate of heating' ig generally incfeasi ng at this time of the year. The third 

right-hand term therefore grows. and 
< • -

h decreases while the temperature of 

the mixed layer increases. Progressi vely shallower and wariner thermo-
\ ' 

clines are formed, leaving behi'tld a senes of fossil interfaces. If an 

analytical solution was fou.nd, a continuous stratification would resun \Vith 

only discontinuous first de ri vetive at the rnixed layer base. When the 
, 

- surface heet flux finally Jevels off at the height of summer and starts ~ 
-> 

d!;Creasing, the wind mixing and shear terms in 4.1.21 gradually gain over 

the buoyancy .terms sa that the left hand side Decomes positive. "Then 
t.' 

f: 

., 
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il ' 

.c 

entrainméht ,starts ~ating at the ungerlying stratification even though the 

surface Awa~er might stil) be 'warming. Dur-ing en~r-ainment a character-istlc 
" ~ Il 

discontinuous interf~ce is formed. 
, , 1 

Q ~ 

When heating converts to cooling in Iate 
1 

fall the positive buorancy flux will contr~bute. ta the erosion process and 

the rnixed layer- "'{il 1 rapidly gr-ow until once again a unifor-m stratificat!Ïon 

" r 

is reached (see ~figure 4c).· In fresh water œ changes sign whèn the 

water- has cooled ta ~ oC sO that -an' inverse temperature strafifiç:ation 

starte ' developing..... The' surface mixing process is however soon arrested 

by ice formation when the surface temperature becomes zero. 

0 

Several authors have rontributed ta the dev-elopment of this 

mode1. In ear-ly applications aIl but one Or two terms in thl integrated TKE: 
, 1 

equatiqn were retained ~Kraus and Turner, 1967; Pollard, Rhines 81d 

Thompson, 1973). ln recent years the trend has been ta include more and 
, 

more of the terms and ta refine their parametrizatio~. We wilÎ not review 

• 
this pr,;>g(ession here as it would largely be tepetitious of the previous 

qeri vationa, the reader- may refer to the bibliography for a lisl> of papers 

'on the subject. It. is worthwhile however ta 'consld~r two recent papers 

concerned with the use of mlxed layer mod'els in closed' basins. 

Spigel and 1mberger (1980) have used equatione 4.1.21 and 4.1.32 

to simulate the stratification of a reservoir. In their analysis they 

neglected the 0 rate' of change in - TKE (a), the effect of penetrative'J!.olar 

rad iation (f) and t~ternal 

duction term (c) by coupling 

wave ~sses (9), but incltlded the shear .pro~ ~ 

the stratification moçlel with a simple hydro-

dynamic model. The latt~r approximates the basin by a box rontaining two 

... 

. \ 
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/" 

layers of liquid with B density difference .1 p • The top layer has a depth 

, , 
h equal ta the mixed layer. depth and the bottam layer occupies the 

remainder of the basin, which has a total d~rJfh' H Coriolis force is 'not .' , 
included but it is pointed out that for 'very large lakes it can be .taken 

into' account by replacing TI (the per-iod of the first, internaI resonance 

mode) by F-1 (the inertial aperiod) in the upcoming d~ri vations. 

1 n the dynamical model,< after the onset of a wind stress, the 
/SA 

velocity difference betwee'n the layers increased 'linearly until a-tÎl'De: 

t = 

'when it reached its maximum value:' 

/ 
.1 Vmax = 4.1034 

. where Il .1PhCH-h) 
P H 

The veloëity then oscilleted about zero with a period of: 

4.1.35 , 

• , 
The int~ce moved with the sarne period - but out of ph~se by a ~ 

quarter cycle. The 'equilibrium tilt was given .by the inverse rA a 

Richardson number characterizing th.e mixed layer: 

, . 
\ 
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. 4.1.36 
, , 

~~ergy considerations show that th6t time constaht for damping ls:· 

-. .. ... 
Td , = 

'fH 
TI -X, 4.1.37 

~' , 
Th'e thickness- of the, bottam tu'rbulent boundary layer, -X, belng, 

,J 

given by an empirical f~rmula: 
, ' 

, 
1 

J 

.. 
• 

4.1.38 

The beha.yiour of the solution is illust"rated in figuI'e 4.1d). To , 

analyze - their effect on, mixi ng the authors, defined four . ' 
l'egimes - with 

< ) 

possible (see 1 respect ,ta R) L 
, 

but otheI' equivalent classificat'lons ar.;e 

l 
Thompson and Imberger, 1980). The' r'tmge and main features of these· 

} . 
. regimes are given in table 4.1C. Following the notation of the authoré we 

will no~ examine each regime' starting with the one where wind mixing' is 

• 
the least intense. 

), 

In regime IV, buoyancy is strong enough ta inHipit large seiching 

• and the shear a~ the interface is tao weak -ta contribute ta entrainment. 

In this r:,egifTJe mixing energy is Just suffilent ta keep the s,urface layer 

agitated. 

, . 
In regime II 1 wind energy will si gnificantly cxHlt-Fibute ta 

- \ 

'1 

- ,--(.~, ------- -~-----":",:_--~ryt_""I_~I .. I ... Ili ... -! .\&.& .. 

.; , . , 
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TABLE 4.1C , 

l 
-PRINCIPAl PROCESSES 

AT WORK 

.. 

. 
Only wind mixing through surface 
agitation. ~ - .. 
~ 

Only wind m~x~ng through surface 
'~itation. 

Shear ipduced ~x~ng and aver
turning-due to upwelling. 

AlI of the above. 4 

4 J 

, , 

-" 
~ 

~ 1 

1 iF 'rlrr '(.tUO .. -f -mm. ;:or ...... *7 r 1%7 ' 513'5 f - su'mm Il 'li ' - "Ir t l -y S'dU q r 

a 

~ . 

,. 

.. .. 

,i 

" ., 

• 

HAiN FEATURES 

Sharp thermocline; small 
i-nternal seiches;' almost no 
deepening. 6 

Sharp interface; large 
~eiches; slow deepening. 

Diffus~ interface; no 
seiching due to large 
damping; horizontal 

'. temperature gradient. 

\-

Vertical- uniformity; small 
to no horizontal temperature 
gra~Hmt-. o 
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entraiflment , efter the onset of a constant wind stress. The tilt is defined 
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entrainment. Although internai waves and seiching will be induced by the 

wind stress, their amplitudes are still too small ta affect entrainment. 

J",., 

- Comparmg terms Cb) and CC) in 4.1.32, where we have replaced c 

\I-VI b AV Y Ll max and let s -1 we obtain the criterion for entrainment due ta 

shear, which is also the upper bound of 

1 l(_H_)1/2 
Ri L = "2 11 H - h 

regime II. 
" 

Therefore in this regime shear can be great enough to induce deepenifl~ 
/' 

This is importan~ when the velocity is near its maximum value at every 

intervaJ l ~. 2 1 
These events are maintained until either entrainment has 

increased h or damping decreased t1 Vmax , so that the system reverts to 

regime III (this is illustrated in figure 4.1e). 

Theil' model has the peculiarity that it simulates Kelvin Helmholtz 

billowing which makes part of the energy from the shear available for tur-

bulent prad uction. ln the absence of surface stirring this process will 

diffuse the interface symmetrically rather than cause entrai nment in one 

direction or the other?! Therefo.re the shear prad uced T KE is used ta 

smooth out the interface linearly about h an(j over a ",hickness equal ta 

( )2 l:t.P 
s t1Vmax (9 - • 

P 
This, up to a certain point, will simulate the finite thick-

ness interface which.-ris occasionally observed. ------
- In regime 1, the lime scale for the mixing of the whole basin, 

both vertically and horizontally ~ is a few hours. ln view of th is, the ~ 

previous oc:heme does not apply and the authors use. a model of a constant 

vertical ed.dy dlffusi vit y of 6.25 u. H • The water becomes uniform a very 
./ 
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Figure 4.1e) Effect of oscillation on mixed layer deepening. During shear 
induced entr~inment periods, the kinetic energy of the oscillation is used 
to produce TKE rather them occele'rating the fluid (episodes A, Band C). 
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short 'Ume aft~r è'ntering this regime. .' 
"J _ .. When appU, ta a warm rnonomictic basin (a basin that retains a 

positive temperafure . grac:'Jent, never falling beJoVi 4 OC) in Western 

Australia Q...ver a period of a )'ear, it was found that regimes III and IV 

.' ~ dominate, and that the effects of a shear remained smaU. Regime ,11 onl)' 
,r 

oecur~ed with ~xeeptlonâlly hig,h ,wind. Inasmuch a8~hese events are rare 
, f.-' 

and short a simple model nct considering regimes 1 and' Il ma)' be adequate -- , 
~- .. 

for the seasonal cyêle of man)' la~es. COmparison of model prediction witl) 

. 
observations 8~?W onl)' marginal improvement over an earlier versIon,. 

• ne-glecting shear, O'!lberger ~.!!k ' 1976). : _. 
) 

BI~ss a~d, Harleman (1980) have developed a mode! that, in oo.ntf'ast 
1 \ \ • \ 

to the one diseusS,ed above, considers III terms of the TKE equation éxcept\ 

the shear production terme 
ft 

ànd (g? as 

In their anal)'8is, the)' parametriz~ terms (a) 

and Co q2 ~ 9 h 11/ )1/2 respeetiveJy. 'ln their 

algori thm entrainm,ent due' ta thermal convection (terms (e) and (f» 18 
.' 1 

'. treated separately so that tl:le velœity scale q ia simply s,et equal 'ta 

.. 
, . 

'-. 

u.. GeneraUy, however, we may scale q3 to the sum ,of terms 

(d>, (el. and (f) as; 

+ ~ (Jo + Jp) 4.1.39 

, , 

'Then the buoyaney tenn will be implicitely included:in tellTl (d) if we ... 

repl~e 'muJ by mq3. Defining' a laye,r Riéhardson number as: 

Q. . . 
,'-' ' 

) .. 
..\,' 

.' 
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, , 

À--J RI L = U.APh 
j1ëiT t 

p 

• the T KE equ'ation can be manipulated to ,yield: .. 
~ 

9APh bh -1 
Rit 

m CD~ 
2Pct3 li = "1 

l C T·+ Ri L 
'4.1.40 

NoUng that' the numerator of the Ief.t-hand side is equai ta the 

potential enetgy chan9,e associated with entrainment while the denominator 

is the turbùlent kinetic energy input we see that this 'expression gives .the . . , 

conversi'bn rate' of TKE into pot,entiai energy of str:atification," 810ss enQ 

Harleman have Bolved the above equation" for three lakes of wid~y varying . 

properties, using the cônstants obt~ined by Zeèman an..d Tennekes (1977). 

Temperature predictions are within one degree Celsius in most ca_ses.' ln 
dl ... 

Ordjr to verify th~ import~nce of various components of the TKE equation 

they did several mode! runs neglectinc;J on~ term or the ether each time. 

The conclusion reached was that ovel' the wide range of conditions 

pl'esented . by the three Iakes each one became important at one time or 

another. 

Some other three-dimensional effects not included in these analyses 
1 

are discussl)!d by Tucker and ~en (1977) and Sundaram (l97?), .They 

are mainly the effects of thennal, bars in dimictic lakes during turnover, 

. and the effect of fetch on the wind stress. The firet will lsst for only" a 
,. . ,... ~ ~. - ... 

short per~od, èompared to the yearly .cycle when the system is Iikely to be 
i -, , 1 

~ in regime 1 or II, and thu8 can havè only, 8 limited effect on the sessonsl 
'-

-" 



, 
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,-

thermocline. 

f 

As for fetch effect they may be included in the coefficients .. 
sand m, or included ~n the celculation of u. . 

Many mixed layer, modele, although they are successfully LJsed Jor 

oceaf1s and lakes/ are not strictly predictive because sorne of the constants 

in the TKE equat)bn. are left as· free parameters to obtain a ~""'fit. 

Sherman et al (1978) review the values for the coefffci!,!nts used by 
o 

different authors and propose a representati ve set of Constants" that best 

fit the body of data available to ,date. Although there are great variations 

in the yaJues used, several experiments (Thompson, 1976; Niiler, 1975) 

have shown that mixed layer mode~s are relatively insensitive te the 

particular constants uUlized. Th is gi ves us confidence in model prediction 

but leaves much of the theoretiCiBl speculation on the partitioni~g of TKE 

unverified. There ls littte point in further re,fining the TKE equ.ation until 

this can be resolved. The danger of using model result~ ta. support 

th~oretiocal speculation can be illustrated b~y comparing the turbul~rtce 

closure model of Mellor ,and Durbin (1975) and the mixed layer 'mode!- by 

Denman and Miyake (1973). The former model neglects transport of TKE 

fram' the surface wave region ta the thermocline, ,while the latter relies 
l; 

entirely on th.is process te provide energy for ·entrainment. ' H6wever bath 
o 

~lve results ~hat agree well with the sarne set, of observations st 'cx::èàn' 

st8t~n PAPA • 

• 
~ Th~ experiment of Blo88 and HarJeman (1980) -ls import~nt in glving 

predictive· credibili .. ty in these models, 88 Jt ois one of tha' only ones in 

which 8 model wes appli,ed successf\;fUy ta three compietely dlfferent lakes, 
) 

\ 

.-
, - . , 
~t,.~-;~1f!;"'11 •• 'b.--~~:-:~~--~'--~ _ .. - --, .... --- n------'-'--·-::-7-~, "',::-'-"-'-'-·---:-:-,-.--7""":~~ .. n"'-.T.t • .u.bS._". 
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• t 

without any need for adjustment or calibration • 

. ' '", 4.2 A. System of Interconnected Basins 

As seen earlier Lake Memphremagog can 3 distinct 
'\ . 

basins. One of them,' South, B!3sin, ls different e others by having 

a much larger surface .. to volume ratio. \ 
f 

T 0 -in vestigate the effect of such asymmetry application of a 

ol)e-dimensional model, let uS' consider the simple system illustrated in . - " ... 

figure 4.2. It comprises two basins which aré joined by a channel, where 

heat enters through the surface. The ~mperature 
!t 

water in the two 

baai na la gi ven by: '. 

4.2.1 

\ Tl and Ti are the. t.emperatures of each" basin, above an initial 

state of isothermy (C).-
. 

o hl and h2 are the deptha of the thermocline or' the total depth cA 
\ 

e~h ..basin, depending on whether the}' are strat~fied'or not (L)'. " 

VI and V2 are 0 the volumes of the epilimnion of eàch ~Sin (bJ ). 

11>0 is the *atrrospherlc surface hest flux (Q2L-2T-l). 

Qex Îs the rate of heat exchange l::ietween basins (GT-l). 
r/!>o, 

t ls the time fram- the sta~e of isothermy. (T) 

'" 

1 

" 

o 

l , 

'i 



" , .... 
" 

G -
t~ 
,i 

o 

, 

. ) 

.. 

c' 

" -. 

a_l'u_, ru 1b111. t Li db , •• Mli 

\ ' ;; 

. , 
0' • 

". 

<&0 

,. 

, . 
Tl t T2 tempe ratures 

Vtt V2 - ,bVin volumes 

hl' h2 basin depth 

<1>0 uniform surface 
l hest flux. 

~ 

Figure 4.2 Definition sketch for a_simple two-basin 
system ta Ulustrate the etfect of lake asymmetry. 
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C \s the specifie heat of water (QC-lM-l) 

The rate of heat exchange throu,gh ! . 
1 

the channel can he expressed in"~ 

a form anaJogous ta Fickian diffuton: 

• 4.2.2 

, 
~whet'e X is an exchange coeff~ciént (QC-l T-l) 

Using the two previous equations ta eliminate Tl and Tz we get: . 

Oex - 0ex dt 4.2 .. 3 

The time scale for interbasin heat exchange ia (X (1' + 1 ))-1 
CP VI Vz 

\ 
For events rnuch longer than this the. basins have plenty of Ume ta ex-

change water, the rate of h~a.t transfer ~i1l rapidJy reach an equilibrium 

and temperature differenee between basins will br- small. For events much 

shorter than this~ the basins are effectivel~ disconnected, their stratl-

fication evolvi ng independently. In this case the tempe rature difference 

between basins rray' be large compared to the change in .tempensture 

induced by the surface heat flux. 

In the above equations two cases ca~n De identified when hast 

exchanges are slways negligible. First if the rresn depth of 
'\ 

the\two epi- ~. 

limnion basins are similar ( hl - h' ) , they will both behave simila~ ,2 

whether or not they srè connected. Secend1y, if one basin has a much 

, . • ". ,,..--_ ...... -"'!'"7'-~- - .... '~ - . - - ---~-~------ -- • Il 1 
\ . , .' 
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larger volume th an the otl1èr (VI »V2 ), It will not, be affected by the 

smaUer one, the heat gained through interbasin exchange being negligible 

l ,,-corn'pared to the surface heat flux. 

N'ow let ue look at Lake Memphremagog's basi ns. 
) 

Central and North 
, . 

Basins are deep enough so th~t the thermocline is usually ~bove their mean 

depth.' They are likêly to have similar stratifications, leading to the fir'st 

/) ,case mentioned 1 above with negligible heat transfer. This is' not. so for, 
r , 

Central and South Basins,./ as the thermocline i5 gene~ weil below 

mean depth of South Basin. The volumes of the ih~ee basins 

the 

are 

compar~ble 50 that thev second criteria for negligible heat "'exchange does 
• 

not apply. Heat exch~nge between S6uth 'and Central Basins may 
, 

a therefore be important. 

, . 

To evaluate the time scale of interbasin heat excflanges, 

{eXp (, ~1 + ~ ))-1, one needs to know X , the efhange coefficient. 
2" 

Ideally it could he comptlted from a horl~ntal diffusion coefficient, but we 

lack/ adequate data ta estimate One. Alternétely an approximate value of 
l '\, 

X 'can be obtaine'd dir~ctly from current measurements in~the bouttdary 

region betwee~ South and Central Basins. Assuming t~at any water parcel 

crossing this boundary ià immediately and completely mixed in the basin it 

enters, then: 

x = CPav .4.~ .4· 

\ 
where a ie the cross-sectional area of the boundary (9000 m2 ) 

• < 

1 r .-
\ . .~ .' ••• 1" 

4 

Il,. 



'. 

\ 
'\ 

> 

',-

,yi 

- . 
-and y 18 the scale of currents. normal to the boundary. 

From a' tot~l 'of 5 ice-free months of.current observation near 
'\ 

Skinner Island, the RMS north-south velooity was fou,nd to be '4 cm/sec.' iT 

.Using this valueofor v we obtmn: 
, 

/ 
-1 

X ,= 3.6 le 108 ~ 
'" sec 

4.2.5 

This represents a maximum value, as there- are several ways in . ~ 

, 1 

... ~ 

~hich heat or water ent~rlng a basin 'could be returned before being 
-' ! 

completely absorbed. However on, a few occasions tempe rat ure differences 

were large enough to cle..arly identify a water mas9 entering South Basin" 

and during thesE! events, only a small po~tion of the water was observed 
, 

to flow back into Central Basin (section 3.2). Using this value of . - X 
. 

together w~th 'the epilimnion volume of Central Basin, corresponding ta a 
, ~. 

/ 

10 m thermocline, fçr VI and the' tot~l volume ~ sr Basin ,for V2 ' we' 

obtain: 

1 

.' 
. 

in the case of no ~tratification; with Vl equal ta the full "plume of Central 

'Basin: 
, > 

1 , 

days 

, ' 

, 
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Therefore the Ume scale for interbasin heat exchange is rather . 
short CX?mpâr;ed 'ta the seasor:"~l cyclé. This means the whole lake could Be 

. . 
considered: ta be horizontal1y' homogenëo,us t and the o~eral1 seasonsl cycle 

would \ he weIl simulE!ted. Rough calculatlons, - however, will snow that for 

t >:ni cal seasonal heat fluxes a temperature differ~née of l ta 2 oC may still 

occur between Gentral and South Basins. This is larger than the ~curacy 
\ 

claimed by rrost contemporary rrodels;o therefore ta use them ta their full . 
capacity the lake sssY,metry should be consldered. 

In arder to include the effect of assymetry between different parts 

• 
,of Lâke Memphremagog, the modeJ developed t here will treat the Aeat and 

. , 
: • TKE dquations separately for each basin. At' each iteration th.e basins will 

be allOWed ta exchangè heat among themselVes through equation 4.2.2 

,using the X defined above. In the 'model the leke 'is dividèd into a series 

of horizontal slâbs 'Of uniform thick~ess whose ~peratures we seek to 

determine. 
. 

In arder to preserve the strati ficatiqn we will sHow hest , 
exchange between slabs at the seme leve! in each b,8sin. For each of these 

the value X defined by 4.2.4 wUI change as a function of depth acoording 

ta the cross-sectional shape' of the Inte.l4Ponnecting channel" as: 

4.2.6 

,. 
ai .ls the cross-sections1 ares of the Ith sleb at the' juncUon .. 

of two basins. 
, ' 

~z Is the thicknes8 of each sIab. 

-- .. 

, J 
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~ 

~ (1 Az) la the widt.h of the interconnecting channel at the 

depth of the Ith slab. 

In thls analysis we n"eg'lect, the intel'leavlng which is likely to œcur 

when two water mas'ses of different temperatures mebt. When the thermo

,"cline is above the depth of the junction between two basins, th'e· epilimnlon 
) 

of each basin will h{3ve similar mea~ depths and as seen ear11er little hefit 

. exchange will œcur. In the case when the thermocline la below the 
" . 

junction ,depth, ail of the 
() 

exchange will oocur within the wind-rnixed 

surface layer and it la assumed that any stratification due ta local 

convection will qulckly be obliterated 

l'egion near the junction. Potential 

by mixing an'd r confined te a small 

energy whlch mey be exchanged for 
1 

kinetic energy during such a convective proceas ia not considered in the· 

TKE eqùations. This la equivalent to saying that ail of the energy 
) 

released by convection is used IdftUy in mixing. 

This model does not apply if convection becomes the main dri ving 

force for hest exchange. It has been shown I,n cheptel" 3 that during the 

ice-free season convective effects would be small compared ta ",ind forces. 

ét his ia supported by the observation that no si gnificant change ln heat 

e:,xchange, between South and· Central Basin, œcurs during the thermal-

bar pe l'iods • 

It 7must be remembered thet the abov~. acheme, although ideaUzed, 

csn only htlp improve rrodel resolution for small time scale s. sinee 8S shown. 

eartier the seasona~ cycle should be wall simuiated anyway. 

A yet ûnanswe red question is what type of mode! will bé used ta 
- -- "'" 
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'0 
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sol ve the TKE equat~o~ 
1 

A mtxed. layer rroael has been chosen simp'ly , .. 
because the)' are generally easier te implement than turb'ulence closure 

model. In particular, 

,detailed determinqtion l of 

simple two layer flow. 
1 

contemporsry versions of ~he latter r+,e 8 

the shear struqture while the former ~nslders 
As seen in Bloss and Hal'Ieman's paper, rrod'el 

formulation can be quite simple if shear is neglected. v Their results ar;d .. 
those of Spigel and Imberger seem to indicate that this is a<1' reasonable 

. 

~ ~ 

assumption, however the basins' they have considered are at least 'half the 

Bize of Lake Memphremagog. The crit~rion for neglect of shear turbulence 

production given in the. lest section can be given as: 

II -< 2 Ri l h . r:::a:V H-h 

" ' 

4.2.7 

Insertlng H = 17 m (mean lake depth), h = 8 m (typiœl observed 

thennoc1i~e depth) and using , 
t' , 

W. = 0.2 cm/sec (corresponding te ,the 

typical wihd speed over the lake" see section 2.4) and Il P =' 0.001 g/cm3-
J 

(corresponding ta a difference in mean temperature of 5 oC which is 

commanly observed bf;ltween the "summer epi- and· hyponrnniori) to compute • 

1 Ail' we resolve that the length of "the laked must be Iess tJ:lan 300 km te 

neglect shear. In' spring and fa Il, however, stratification' may be 

temporarily' weaker, brin9ing the critieal Jake Iength down by an order of 

magnitude. The shear term will not included in ) the, /TOdeJ as the wi,nd .. 

Inform~tion is no~ ~f 8ufficient quelity to solve the equation of motion for 

the' leke. However, periods 'when inequality 4.2.,1 does not hold will be 

1-
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flagged in the romputational results. 'It can be shown that the criterion 

1 1 
for shear induced mixing is a1so a criterion for upwelling 'at the extremities 

of a basin, qt)d the finding in cheptel' 3 th~t upwelling had only a small 

overall effect can help justify thIJ neglect of sh~ar'. 

The formulation of the TKE equetion ta be used is very similar ta 
... 

that used by Bloss and. Harleman presented in section 4.1.' The only 

difference is the parametrization of internaI wave _ rad iation losses is more 

general, applying ta both sharp or diffuse interface. 

fram Sherman tI Imberger and Corcos (1978): 
1 

g.1 P h hh _ 1 
2P q3 hl - "2 

C k - Co Rsl/C Rs - RiL )2 

(1+Ct /RI L )" 

q3.= (';)W; + Jo + J p 

Rs = :\1; !:L" 

The followirg is 

4.2.B 

where ~~~ is the densi.ty gradient just b~low the mixed layer, 

and other variables have' the s~e m~aning as before. 

For the five oonstants used in this equation we wlll use the va"iues 

determined by the same authors as thEl best fit, to six independ~nt ~ets of 

. e-xperiments. These are: 
,. " 

n • = l 8 ni' • 

.. Ck = 0.38 

1 • 

.. 

.... . 

, ' 
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Ct 

Co 

;: 2.25 

= 0.04 

The time step used 'for çfata input is 

, . 
1 
one day. This permits the 

use of readily available daily meteorological observations !rom government 

ope rsted weather stations and provide a fine enough resolu tion ta 

disti!:,guish major weather systems. The, t~mperature profiles are computed 

at' 50 cm intervals, which is the- inte"ndeq vertical resolution of the roodel. 
'" " . 

An integration time step of one- day was used, as reducing it showed only 

negligible changes in the results. 

4.3 .~oundary Conditions for Lake Memphremagog 

"'" 

The boundary conditions for stratification modeling con5ist of 

specifying heat and momentum fluxes 8:::r055 the exterior surfaces of a 

body .01' water. In general fluxes may exist at the surface as weil as along 

the bottom. For momentum the only sources other than surface wind 

stress are inflows and outflows. In Lake Memphremagog-, however, these 

would cause currents below 0.6 cm/sec, which is well below the magnitude 

oFobserved currents. Surfàce stress must- then be the principal source of 

momentunf and turbulent kinetic energy. In a simil~r' way it may be shown 
, 

that rive~ inflow will affect water tefTlperatures only by a fraction of a 

j 

degree. The present model therefore neglects the effects 91 throughflow. ~ 

This may not be acIequate during the spring snow melt duri ng which ri ver 

discharge can be very large, but ~his lasts only for a few weeks, at or 

() 
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\' near the time of turnqver when other nudel assumptions break down. This 

will have little effect the rest of the year. 

Momentum fluxes through the surface af'e entirely due ta the a:::tion 

of turbulence near the air water interface. Heat fluxes are composed of 

turbulent and radiative comppnenta. The turbulent fluxes are calculated 

using the bulk aerodynamic ~ethod, as: 

4.3.1 

4.3.2 --
4.3.3 

~ 

where T la the surface stress or rromentum flux (ML-1T-2) 

IDq • Îs -the sensitive heat flux, transfered by thermal . 
conduction. (QL-2T-l) 

IDe Îs the evaporative hest flux, corresponding to the 

water vapour flux. (QL -2T-l) 

Cd ,Cq and Ce are exchange ooefficients for numentum, hest 

" 

1 

and vapour. 

Pa = 1.2 x 11443 9 lem3 is the denaity of air 

Ca = 0.24 calI 9 oC ia the specifie heat of air 

L 

u 

= 590 calI 9 is the latent heat of e'\(aporation of water 

is the wind speed (L T-1) 

• 
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) 

AT is ~he difference between air and'~ater surface 

temperatures (C) 

Ae js the c;fifference in specifie humidity between air and 

" 
the water surface. 

:th~ subseript 10 in the above equations refers to' a measurement 
. . 

level-of 10 m above the water surface. In .order ta apply the aboye . , . 
formulae, a œrrection factQr of 1.07 (Deacon and Webb, 1962) wes applied 

t • ~". ~ 'J 

1 

to Jake' measure"J,ents which were at 7 m. The coeffident Cd wes set. ta 
, 

1.2" -X 10.:3 , a value which Bengtsson (l97~ found representative of take 

conditions. Followi'j9 the results of Pond !!. .& (1971) fran heat and 

"~apeur fluxes ~bo,:,e water;, C· q and Ce are set equal to 1.3 x 10-3• 

Two windows ln the el~:tromagnetic speqtrum tI'ansfer signifi~nt 

amounts of heat to' ançj fram water bodies. Q The sum Is the primar 

SOU'F.Çe of short wave raqiation. wh'ile long wave or thermal radiati~n 
. .~'.' , 

emanates fr-orn the ~tmospherf9 and the water surface itself. 

Aithough incident short wave l'adiation Js measured nE!ar the lake.· 

The anoi.mt 'tl)at js, reflected and back-scattered by the water' mûst "·be \ 

estimated.· . "[he albedo of. water' surface ta diffuse sky radiation was taken 
, 

'. ,ras 0,066 (Kondra~.yev, 1969). The albeGfo for direct 801ar" radiation ca~ be 

'1 

. '. 

. calculated trom 'an' empirical formula deri ved for a natural water surfaçe 

(Grey, 1970), a8
0
1.18 Si,°·77 , where SA is the ,angular elevation of the 

sun in degrees~ The ratio of difftlse to direct radiation depends on ?loud 

cover- Md ta ., a ~first approximation is linearly related te Gloudi~ss 

(NeumB;nn and Pjer~on, 1966). T~ global albedo i~ then given Dy: . , . , 
• 1 
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, SA-O•77) lA = (0.008 + O.OS7IC ... 1.03 C,1-,C) 

where C i~ the ,t:actionsi cloud coyer. 

The insta~t,aneous radiation flux ab,sorbed by the water csn then be 

given by: 
~,j 

,~ =: ,<f>lllcident 

(l)incident 0.057 c -; 1.0~ <'1 -. C) SA"7
; 

, ' 

geomet:ty at any tirrie and the' 
" 

The solar 'angle can be calculated 

diurnal fluctuation of ~inçident i9 weIl approximated by the positive half 

of a Si~US~idal curve, . ~~ that. the, ~bove relationship may be 'easily 
. 

integrated over a ,day to yie1d an expression of the form: 

~sw = (l)sw ,Incl(iellt (0.934 '( 1 .;. C) G) 4.3.4 

wher.e ~sw are dally fluxes 
,. 

and G is.s fixed function of the Ume of year~ 

Ivanoff 0.97'7) shows' th~t thls fl~)( decreases ex·ponentially wfth 

depth, past a few meters •. 'In the' top' layer, -however, ab~orption 18,;nuah . 

,', 

r 

" . , 

. stronger.·· This CS" be approximatéd by letti.ng 55% (Ivanoff, 1977): of tne . ' . -
~ .: ' 

ra::liàtion flux be absorbed near the surface.' iThe penetrative çomponent 

of short wave radiation Is thus 'giv~n by: 

... ,- , 

, \ ~ .. 

.' _Ilz ' 
~p' : = ,O.4~ (l)sw ~~, . 

, 1 
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Mean e'x~inction coefficients for South., Central and North Basins 

deterrnined usin.g light measurement data pr.ovided by R..- Flett" are . ' 

0.52 m- l , 0.36' m-1 and 0.39 m-1 respectively. 'These' values vary 

consideFably in respons,e to suspended sedime~t concentrations or algae 

blodm&, but, the extinction pefficients are 50 lEtrge that most of thé 
" . 

radiation will be absorbedl in the first few meters of the water column, 
, ' ,1 

1 wi~h 'very' little effect on stratification.' 

Water' surfaces radiate long wave 'radiation n~arly as bla:::k bodies. 

Ttîe radiative properties of the atmosphere, howeve~, depentl 8tl'ongly on 
, j 

" 

its vapour oontent and on qoud coyer. Recently Arnfi~d (Ï97-n, has 
" ~ 

Ef.valuated the merit qf
l 

severai empirical formulae for comput}ng ~tmo8pheric 
, 

radiation by corrlpàrinlJ them' to measurements. 
\ 

them yielded values within instrymerita-l error. 

He 'found that mariy of 

Combirïing the. one he / 

- favoured to the black ,body formulae for water lwe can get the reladonship 
, }' 1 

for the net long wa,ve radiation flux: 

, . 
-' . 

} ;t 

ëO•771 JI ~O"3 Ti j {« ' ,. } " u (Ja (, - 0.261 (1+Kc)..,- 0.98, 
, t 

\. 
" " 

4.'.3105 4)lw = 
l' ' • 

"\' 

10~1.2 ~mfe~'sed where u = .1..35 x " is the Béltzman constant 
,... 

Oa Îs the ai·r absolu te temper!itu~e " 

'1 

. , 
Ta i~ thfi!' ordinary air temperature 

" - 1)' ia the w'al:er ,surfacé absolute temperatur..e 
# , • 

c ia the"fractÎonal 'cloùd' CO ver ' 

" 
K dep~dB' o~ the èloud t~pe and can 
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" 

m 
K \'[.. kl . ~I--

where k i i5 the proportion of certain cloud 'type-

and ci i5 a constant correspo~ding ta thtit 'cloud type. .---. 
, 

In order 
\ . 

ta estima te kj computation 5 wete done' using ~ list qf 

given by Kondratiev and cloud coVèr information covering se ven years 
... 

from~ the "General Summaries of Houriy Observations in Canada". 

Variations in k from station to station in 8outh-easterri Quebec were found 

ta be insjgnifièant and seasonal changes were smaU. The meah valu~ of 
, ' 

k is 0:18 and its standard devistion is 0.01. This ~an value will be 

used in the above equation. 
d 

Since cloudiness is, not reco,..rded at Sherbrooke or Lennoxville, 

fractional cloud coyer, which enters the 'equations for both <l>Lw and' . 

<l>~w , will be approximate~ by the idealized relationship (1 - s) where 

ls the relative insolation (defined in section 2.5). Kondratiev' points out 

that severai factors may 'cause deviations fram this relationship. 
. 

'check comparison with seven years of monthly mean observ~tion at 
1 

error of i: 0.1 in clouç:liness, 
\..-

'airport. in Mmtre~peVea4ed a ,standard 

is oonsidered acce~table in -ldew of the low 'Sen si vit Y of tIILw and 

'this variable'. , 

As-a 

Dorv, 

which 

tII"w to 

Another possiblé source of hest flux in Jakes' is through the 

"sediment water inte(;face. Normal" geothermal heat ia· of the order qf l N 

cal/cm2 sec (Hart and Stelnhart, 1965) and iB, clearly 1nsi gnificsr't, 

seasonal heat e>Echanges between the sediment and the water are pot~ntial1y 

more important. FoUowing ,Likens and Johnson (1969) the relative 

1 , 

?' r 

" 
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1 
importance of sediments in the seasonal hèat budget of shallow basins ie 

roughly given by: 
\ 

~ (1 )teat Ps ks Cs)l/~ 
-, R ' 2 'Ir 

_ 4.3.6 

wheli-e H -Ïs the mean basi il depth~ 

Ps -ie thè density of the sediments (ML3) 
, 

• ks ie the thermal conducti vit Y of sediments (GlT-1L -3C"'l) 

ds ie the heat capacity of t,he sediments (QC-1M-l). 

For ks ' Ps and' Cs we will usé' 2.2, x 10-3 (cm' sec OC), i .52 g/cm3 

and 0.54 cal/ ( 0 C g) respecti vel y • These are values oorresponding to 

~ediments containing 65% water (Bullard, 1963). This is a representativè 

. water content for' surficial s~dimen~s in Lake ty1emphremagog (FIett, 1918). 

From. the above. relationship we obtain that 30% of the annual heat budg~ 

'" ' . 

?
th"BaSin may invoive .tre sediment. To include this in our model the 

. are Of bottom in oontact with each of our h,?rÏzontal slabs i5 computed and 

th heat flux through this surface. is oomputed by numerically solving the 

J'lea~ eq~ation for th~ sediments. Before a simulat\on l'Un the mode! is 

exercised through severai mean yearly cycles so that the sediment may 

reach an equilibrium temperature profile. As seen in the previous chapter 

bottom fluxes can cause convective motion. This, however, ls ignored and 

the sediment- exchanges heat with water at the seme depth.. This will have 

" little effect since most of the heat transfer will cx:cur in shallow regions 

where\ mixing will overcome dmvection • 

-, 
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~ 
Recapitulating the content of this section, the momentum flux into 

the lake is entirely through the ~surface and may be expressed simply by 

equation 4.3.1. The heat budget is more ~mplex and can be given by: 

"\ °total = A (fJ)sw + (J)Lw + C1>q + + Qs 4.3.7 -

.. 
where A is the surface area of the lake. 

In order to compute these fluxes we need to know the weather 
, . 

conditions over Lake Memphremagog. As mentioned in section 2.4, except 
... . 

for" short wave radiation, meteorological observations at .. the lake are, 

available only for a short Ume, and we must rely on data from Sherbrooke 
o 

airport. Unear least squares fit was used to relate. observations at the 

weather station to those ~taken over .. the lake. Since the two. data sets 

were found ta have' greater correlation for averagirig periods longer then a 

" 

day, 5 day averages were· used for the regressions. This offered the 
\ 

optimum balance between high correlation and number of data points, 

minimizing the uncertainty. in the coefficients. There is, the possibility 
.. 

that the variations of weather variables are interrelated and because 
... 

turbulent fluxes "depend on the product of two variables it is preferable ta 

find relationships among the products directly. Table 4.3 lists the 
, 

.formulae obtainçGl and the equations for which they are u51ed. In addition 
" 

to 'thèse, measured incident short wave radiation flux Is used in eguation .. 

4.2.4, and the relative insolation 'i';; eq~8tJons 4.2.4 and 4.2.5 Îe taken , 

from Lennoxville data. 

.' 

.. 

, , 
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" . , .. TABLE 4.3 (f 

fORMULAE TO CONVERT METEOROLOGICAL OBSERVAJIONS AT SHERBROOKE AND lENNOXVILLE 
1 . 

'b USED ro COMPUTE fLUXES THROUGH THE LAKE SURFACE 

formula 
2 .\.. 

Ulake =98 km2, hr2 

+ 2.3 2 
USher 

1 

Equation 
Used in. 

RMS deviation -
between \ 

4,.2.1 , • 

for surface 
shear stress 

98 daily 11~ km2/hr2 
estimates and 
observations 

and be tween ' 
15 five-day 
avel'ages 

52- km2/hr2' 

/ 

(4TU~ake=-150C km/hr (4eU),ake = 0 

• + 1.9 {4TU)Sher + 1.6 ,(deU'Sher 

4~2.Z 

for sensible 
~ heat flux 

4 .. 2.3 

for latent 
hest flux 

~ , 

'0 

.. 

29 Oc km/hr 2.7 10-7 (g km}/(cm3 hr) 
1 

"'!! 

0 
4 T1ake = -:1.5 C 

+0.93 ~1'TSh~'r 

\ 
. 4.2.5 

long wave 
radiatioFl fl~x 

. ~ 

1.1 Oc 
.,. 

22 Oc km/hl' 1 .; 1.1~x 10-7 (g km)/(emJ hr) , 0'.8 Oc 
" 
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'. 
~. 

To invèstigate the error caused by using transformed Sherbropke 

"Weather data rather than lake obsèrvations, the fluxes were compt,lted 

,using' both me.thods, for the 98 days of nieteorologicaJ observations at the 

~ lake. It was found that for daily fluxes the standard er:-rors were about 

• 
twice as great as the accuraçies of the flux formulae as claimed by their 

authors. When grouped into 5 day averages, however, errors dropped tç» 

below the: formula accuracy. 
'-..., 

This is in agreement with results' in chapter 
. 

2 whi'ch showed that standard deviations decreased while co l' relation 

increased with longer averaging time. Therefore for time scales longer 

than a, few da ys , the formulae themsel ves, rather than the lack of 
.., . 

continuous si,te specifie observation, imposes a limit on precision. The 

accur~ies fo~ cJ)sw' (f)lw' <1>q and <<1>e are then 2%~ "20%, 20% and 20% 

respec ti vel y • For sediment 'heat flux, accuracy is limited by the 
.-

knowled'ge of the water oontent of bottom mate rials , and from observed 

vllriations in the quantity, Q)s may be expected to vary by,.!. lS%. 

~ 

Becaus~ .for the ice-fr~e season (f)Lw' (f)e"" and (f)s are almost 

\tllways of the same si gn (i =-e. loss te rms), and the error in the- balane ing 

term, <1>sw' is small, the former will control the accuracy Çlf the global 
~ , . 

~ 0 

heat budget which is expeeted ta he within 20%.. The accuracy in the long 
...J--- ' 

'! 

term surface stress i8 about 20% also. 

As mentioned in section 2.5 another sour~e ef erraI' ls the 

,poss1bility ~ systematic deviations between weather conditions over the ~ 

whole lake from those measured in South Basin. 
\ 

Because South Basin 
l 

comprises almost 50% of the lake surface area VIe may expeet the total haat 
, , 

\ 
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~udget to be reasonably œcurate. The turbulent' energy generated by 
'ff 

surface ~tresses, however, is assumed to be dissipated or consum,d locally 

and is therefore independent of surface area. This means that the pre

dicted vertical temperature diStributions in basir')-s oth.er than ,South Basin 

ml'ght devia~e from reality. In order to check this the next section will 

compare predicted and observed heat rontent and ve'rtical ,te'mperature 

distributions for' all' thre~ basins. 
JI- ' 

; 4.4 Madeling Results 

Th'e 'modeHng results using mean seasonal meteorological conditions 

as ' i~put are presented in figure 4.4a. ComparinCfl' ~he computed 

temperatùre profiles with the data presented in chapter 3- we can see two 

principal disparities. First, the pr~dicted. summer surface temperatures 
. ~ 

are two qegrees .short of the mean' observed value. Secof)dly', the depth 

of 'th~ l\hermOeHf)e i8 overestitnated by about 50%. Sorne . eXPerime~ing of 

,wind mixing indicated a reduction of the mixing energy by half' provided 8 

better fit for thermocline depth but had. little èffect on surface 0 

" ·temperature. The reason for this is that the surface heat flux budget is a 

l;Self-regulating system and summer water temperatures are near, th~ 
,b 

e~ui1ibrium' point (Sun,daram. and. Rehm, ,J97J). The balance between heat 

1088 and heat gain terme are' changed if the wind speed is modified si~ce _ 1 

-
and are proportional to wtnd ve1ocity. Reducing the ~\q , both 

ve10city by one half resulted in' a better agreement for bath surface 

" * 
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the straUflcatjon of Lake Memphremagog. 

'" 1 •• '" 



; 

J 

} 

.. 

1 

tempe---"ature and thermocline depth. ,It is therefore pro~able that the wind-
, , 

speed used to, dri ve the model Is tao high and that any error in predictio 

18 due to this rather than a fa!,Jlty parametrization of turbulent klneti 
l ' , 

ene.rgy. This, is consistent with the fact that the recording rreteorologl 

station was instaHed in,:-a region which is less sheltered from winds than 

other parts of the lake. Because this cannot be veri fied withou-t install)ng 

several wind speed recorders a~ong 'the length of the lake, it was decided 

not to modify mod~l parameters instead ~ speculating on the cause' of 

""', disêrepancies. 
-, 

The model does predict the observed temperature gradients along 
~ . 

the lake. : Comparing lh~ heat transfered between South Basin and Central 

Basin ( (j)e~?) with the other heat sources in figure 4.4a we see that its 
.4-

seasonal variation has the same amplitude as other surface heat flux' 

terms. The calcuJatecfPtim'e gf freeze-up for Central Basin is the lSth of 

--~ \ . 
Deavnber, lag9in9 South Basi n by two weeks. "'.' 

1 

" 
'Ii The sediment heat flux remains a small portion of the total lake ", ,i 'o,M 

• , '1....,. 
heat budget, but ln South Basin it accoun,ts for up ta 25% of the net heat 

l'lux. It is interesting ID note that the ,model predicts sorne cooling fil the 

bot tom water of South Basin when it ls stratified. This results, not fram 

heat exchange with the l'est of the lake, but from the absorption 01 heat 

by the sediment. This would explain the lower temperatures and graduaI 

ri8e in isotherm level observed a8 we go from Cehtral to South Basin, (see 
. . 

sections.3.1 and 3.3), without recourse to upwelllng which waB, shawn to 

have lit more local effect. 
1 
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Although shear lé not included as a turbulent energy· source in 

our model, th; criteria discussed earlier to asseS8 its • importance was 

ev~fated. Shear was four'ld to play a roIe in vertical mixing duri ng the 

months of April, May and November. Because the shear prod~ction term 
L ". 

in the TKE equation depends on the fourth power of the wind speed, a-

reduction ln wind-·velocity would - greatly reduce the importance of shear • . . 
In sur,nmary, the-present model reprod!Jces ~he qualitative features 

of the seasonal stratification cycle in Lake Memphremagog. The main 

obstacle for quantitative agreement beiw~en the simulation and observations 

is the availability of wind data at different points along the lake. If this 

,information becomes avai~able, the compute-r program given in th:::) 
could be easily modified to incorporate it. 

""-
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" 
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STRATIFllATION MODEl fOR LM:E MEhPHREHAGOG 
========================================== 

SY SYCVAIN DE MARGERIE ..... 
c 
c
c 
c 
c 
c 
c 

A STANDARD IiIXED LAVER MODa I~ APLIED TO EACH Of THE LAKES THREE 
BASINS INDIVIDUALY. THEIR THERI'JIL REGIME IS :rHEN LItlKED TOGETHER THROUGH 
AN EXCHANGE EQUATION.' IN~ THE MODEL [ACH BASIN IS DIYIDED INTO HORIZONTAL 
SLABS EACIi~O CM THICY.. 

C. HHHIfJJ 

C f J 

C f 110 J 

Cf' 
C. flUff*.* 

-. 

C ALL OUTPUT nAPE11l JS \.ffiITEN WITHOUT FORMAT AND THffiEFOR NEEDS A 
C POST-PROCESSùR TO BE OF ANY USe (FOR LISTING, PLOTS, ETC •• ). 
e TAPE12 CONTAINS INITIAL VALUES OF WATER AtlO SEDIfaE/IT TEM?~RATURE 
C PROFILES. THIS INFORMTION IS REPlACED EAtH TIME THE MODEl GOES Th'RWGH 
C A CO~:?l.ETE VEARLY CYCLE. 
e TAPE13 CONTAINS SEASONAL roETEOR'OLOGtCAL DATA 
C TAPE14 CONTAINS I1ORPHOMETRIC INFORMATION. . 
C TAPE5 CONTAINS COt\TA-INS DAILY rUEOROLOGICAI.. OS~ERVATIONS FROM 
C SHERBROOKE, LENNaXVILLE, A~ THE LA1r.:E. 
C' 
C • ç ALL UNIT ARE ros 
C ==~=======,,=== 
C 
C ALL VARIABLES ARE STüRED IN C(lX~;œl BLOCKS FOR EASt QF cor.i'ilnUCATION: 

'c 
c 
C 
ç 
C 
C 
C 
C 

. C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

""'t C 
C 
C 
C 

IGEN/----------GENERAL VARIABLES-----------
DZ - D:PTH I~'TERYAL 

CE - TURBULENT EXCH4NGE c.oEFFICIENT FOR WATER YAPOR 
cg - TURBULENT EXCHANŒ COEFFICIENT FOR HEAT 

MT - LATENT HEAT OF EVaPORATION FOR H20 
F1T010 - FACTOR RELATlN3 WEATHER AT A IOM LEVa TO OBSERVATIONS AT 7M 

C.A - tFJ\T CAPAClTY OF AIR ' 
CD - IUND DRAG COEFFICIENT 

ROAIR - DENSITY OF AIR 
n:SED - THERMAL CON[I'JCTIVITY OF S~Ir.ENTS 
ROSED - DENSITY OF S~DIMENTS 
(SED - HEAT CAPACITY OF SEDII'IENTS 

DAY - Il OF S,ECO:-.:nS IN Il DAY 
XV - INTERBASIN EXCHANGE vaOClTY 

SINT - WIDTH OF INTERLOr\ECTING CHANaS' 
RO - MEAN WATER DEf\SITY 
li - (,f\AVITATlO~AL ACCELERATION 

C - fiEAT CAPAClTY OF \.lAT ER 
ETA - CONSTAt-IT IN MI>.ED LA~ER ~:lIDEL 
c:CK - CONSTANT IN MI XED LAYER l'.ona 
a. - CONSTA .... 'T IN t:I XED LAYER r.ODEl 
c'r - C.ONSTANT IN MI XED LAYER /'IODa 
cs - CONSTlt\'T IN MIXED LAYER MC/DEl 
JD - JllIAN DAY 

lOOK - THEf\!1Al c.c~JWCTlVITY (iF ~ATER 

IBASIN/-------II\rORroATIO!. RELATlNG TO EACH BASIN---~ 
BD - TûTAl [iEPTH 
SA - SURFACE AREA 

~ , ! 

... 

.. 

L , .-
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c 
,} 
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(J 

.' 

c 
c 
c 

, c 
c 
c 

. c 
-C 

C 
C 
C 
C 

-
VO - lùTI\L V0Ll1~:r: 

BElA - EXTII\CTlON lOCFFIUEtnS 
lCE - ICE covm FLAG 
lIN - MlXEO LAYER DEPTH 1 Dl 

TKELEFT - TlIRB'.iLENT t:INET IC EN[RC,'{ LEFTCtVER FRCIt': PREVIOU5 SlEPS 
OTMX - TliRBULENT I~INETIC ENjPJV I1HftEI-TV AT THE LAST STEP. 

J SHEAR - FLAG ,S 1 NC,NAl5 POSSIBLE Ir.F'ORT il"lCE OF' SHEM W'rlEN =1 

1Vfl.../--------110RF'HClMETRY------------
VS,VC. VN - VI-Ut'lE OF EACH SLAB OF WAtER FOR SOUTH. LENTRAl, 

NORTH. AND THE WHOLE -LAKE. 

C· ITEMP/-----------WATER TEM?ERATLIRE PROFILES-----------
C T5. TC. TN. FOR SOUTH. CENTRAl, Ai~D NORTH BASINS 
C j • 

C' IBOT I----------SEDIMENT TEMFERATURE FROFILES-----------
C 5S. SC. SN, FOR SOUTH, CENTRAL. A!\D NORTH 
C 
C ' IFLUX/---------mUIVALENT SURFACE FLUXES--------------
C TAU - HOMENTLtl 
C PHILW - NET LotJG WAVE RADIATION 

1 
C PHISW - NET SHüRT \.lAVE RADIATION 
C PHILAT - LATENT HEAT 
C PHlSEN - SENSITIVE HEAT 
C ' PHISED - SEDIMENT HEAT , 
C PHIEX - INTERBASIN HEAT EXCHANGE 

o 

C 
C 
C 
C 

/HEATI--------NET SURFACE HëAT FLUX CEXCLùDING FENETMTING SW RAD)--

/' C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

C 

(. 

C 
C 

QS. OC. QN FOR SOLITH. CENTRAL. ~~D NüRTH 

/YEAR/-----------SEASONAl ATI':OSF'HERIC DATA----------
ASTRO - SOLAR WCLINAlION. HAUr.U.'1 lI."ù~iBER-OF HOUR OF SUNSHINE PER 

DAV. (t'lD ALBEDO FUNCTION FOR EA:'H DAY OF THE rEAR. 
TAI1. TII1.RAM.RI/'!,\.:M.H:1 - NORMAL DAILY MAXIMUM AND MINIMUM TEMPERATURE 

• AND RELATIVE H:JMiDITV. IoiIND SPEED Mm HOURS OF JNSOLATIO~ 
AT TtE BEGUINING OF EACH r-:or.TH. 

CO:-'u'1ON IGEN/DI.CE. CQ. OLAT IF7T010,CA. cq. RC:AIR. T1ŒED. R3SED-.CSED. 
·ZDAY. XV,BINT (2,30) .RO. G. C, ETA.CK.CL. CT 1 CS. ,;!D,H20K 

COM~10N /BASIN/&D(3). VO(3) ,EETA(3) ,ICE (3). IZH(3). TI:ELEFT(3) .Q1l1X(3) 
Z .ISHEAR(3) fil 

COI".'10N IVOLlVS(42). VC(216). \-N(70) 

COMMON 1TEf".P/TS(42). TC(216). TN(70) 

Cœ'.~ON" IBOT IS5(10,42). SCQO,216).SNC 10.70) 
1 

COM,'lON IFLlIXITALI(3). PHJU.H3) .PHISW(3) ,i'HILAH3). PHISEN(3), 
4PHISED(3), FHIEX(3) 

COM~ON /HEA T lOS, ac. QN 

COK.'!ON /YEAR/ASiROC3. 366). iA~C 12). TH~( 12) .RA'1(12). RII1(12). 
~.\o:M(12).~C 12) 

CfttfTOTAl STORAGEtt.t 
REAl AGENCSl) ,ABASINC 15) .AVOL(32SI. ATE,/'.? (328) ,AroT C 10.~2S)Y 

lAFLUXl21l. AHEAT(3), AYEAA (1170) 

,1 

l, 

... 

---
&UI .,.-1-
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0 

C 
C 
C 

~ i ,..lP,nppp'.Uj 

EttlJ1VALENl.E (I\(,EN,Dl), (A[l(ISm, D[th (A'JOL. VS). (ATEKP, TS). (ABOT..5S) 
X, (AFLUX. TAU). (AflEAT .OS) 1 (AYEAR,A5TROJ 

c 
c 
C 
C-ft'INITIALIZE VARIABLES"'" 

DZ=SO. 
Œ=J..3E-3 
CQ=I.3E-3 . 
CLAT=59C>. 
F7TOI0=1.07 
C'A=.24 
CD=1.2E-3 
ROAIR=1.2E-3 
TKSED=2.2E-3 
ROSED=1.52 
CSED=.54 
DAY=S4bOO. 
XV=4. 
00 1001 1=1.18 

1001 BINT(I.I)=100000. 
DO 1002 1=19.30 

100~ BINT Cl. 1)=0. 
00 1003 1=1.30 

1003 BINT(2,I)=3000.fI31-1) 
, RO=I. 

! G=981. 
C=1. 
ETA=1.8 

, C,t=.38 
Cl=.04 
CT=2.25 
~.3 

H20K=.OOI434 
~ IlHA( 1>=. 00515 

ŒTA(2)=.00356 
BETA(3)=.00379 
ICHU=O 
lCE(2)=O 
lCE(3)=0 
IZN( 1)=1 
lZM(2)=1 
IZIf(3)=1 
TKELEFT (1)=0. 
TKELEFT (2)=0. 
1'KELEFT(3)=O. 
QTt'lX Cl )=0. 
QTMX(2)=0. 
QTMX(3)=O. 
DO 2 1=1.328 

2 AHEAHI)=O. 
REWIND 14 

w 

CAU VOLlIl1EIVS.42,VO(1) • BD Il » 
CALL v~~ur~(VC.216.VO(2).IlD(2» 
CAI..L VOLlItlEIVN. 70. V0(3) .BO(3» 
REWIND 12 
~AD (12) ATEM?ABOT 
REWIND 13 

. READ (13) AYEAR 

., 

'. 

\. 

' J 

READ JULIAN DAY 00 I.'HICH MET DATA STARTS 
IF JO GE 500 Tt-E t'.DDEL Gœs THROUGH A tlEA.~ YEARLV CVCLE 

REWIND 11 
.. 

- _._~Q;1 , .. ,-«---...-..-.--

" , 

" 

:' 

... , 

'- , 

,. 

Il 
.' . 

. . 

--, 
\ 

·l 

j 
" 



c 

" (': 
,. 

~ C 
cc 

JD=101 
READ (5,101) JO 

101 FOHMAH 15) 

CtftfDAILV LOO?tftl 
REWIND 5 

1 JD=JD+l 
e GET ATMOSPHERIC FLUXES 

. CAll 1 NPUTt JO) 
IF' (JD.EO.474) STOP' 

C GET BOHOl'! HEAT FLLlXES 
CAll SEO 

C GET INTERFASIN HEAT EXCHA~JGE 

CALL EX 
-c LET 110LEClILAA [IIFFUSION ACT ON THE WATER COLUMN 

CAll MOL 
C SDLVE THE MIXED LAVER EQUATION 

CALl STRAT , 
CENSURE THAT THE HYPOLIMNION lS STABLE 

CAll MIX 
C OUTPUT RESUl 1S 

.l 

C 
WRlTE (11) AFLUX.lCE.IZH.ISHEAR,ATEMP 

C CHECK FOR ICE COVER 

c 
C 

IF (TSll).LE.O.) ICE(I)=1 
IF (TCll).LE.O.)ICE(2)=1 
IF nN(1)'LLp'.) lCE(3)=1 

C919 IF(,JD. GE. 146l STOP 
C**t*LOOP END 

c 
C 

IF (J[t.LT.473l GO TO 1 
REWIND 12 
~ITE (12) ATEMP,ABOT-
STOP 
END 

, , 

C • 
CIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII11111111111111111111111111 
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 

C 

c 

c 
c 
c 
c 

c 

e 

c 

SliBROUTINE INPUTt"IO) 
a 

THIS S'-'BROLITINE GETS DAILY METEOROLOGlCAL VARIABLES AND CO~iPUTES 
ATMOSPHERIC HEAT AND tIO:iENTlJ:1 FLUXES. 

CO/'U'ION 1~~N/DZ,CE.CQ,m_AT .F7TOI0.CA,CD,RüAIR. TKSED,ROSED.CSED. 
ZDAY. XV, FINT (2. 30). RO.G. C, ETA,CK. CL. CT .CS ... ID.H;:m: 

CCtMKON IBA~;;D(3).VO(3l.BETA(3).ICE(3).IZH(3).T~ELEFT(3l.QTHX(3) 
X .ISHEAR(Jl 

C~XMON IV0L/VS(42l.VC(216).VN(70) 

CO~~ON ITEt?/T~(42).TC{2161.T«(70) 

,e 
COMMON IBOT/~S(10.42),SC(10.216),SN(10,70) 

c 

'~ 
! 
J 

, ~ 

---l , , 
COI".'1üN IFllIXITAU(3) ,PHILW(3) ,PHISW(31.f'HILAT (3) .PHlSEN(3), 

XPHlSED(3),PHIEX(3) 
t i "!-' j 
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c 

c 
COI'1.'10N IHEAT/QS,OC,PN 

.. 

CO~110N IVEAR/ASTROI3,3f.6). TAM(12), TIH(J2),RAMU2),RIH( 12), 
ZWM(12).HM!12) 

c 
C 
ClfuTOTAL STORAGEuH 

c 
c 

REAL AGEN (811 , ABASINI1S) ,AVCU328), ATEMP(328), ABOTIIO. 328), 
l.AFLUXC21 l ,AHEAH3),AVEAR( 1170) 
EQUIVALENCE (AC,EN,DZ), (ABASIN,BDl. (AVOL,VS), (ATEI1P,TS). (ABOT,SS) 

7.dAFLUX, TAU), (AHEAT ,(-!S), (AYEAR,ASTRO) 

C MOST VARIABLES ARE AS DESCRIBED IN THE MAIN PROGRAM "p/" 

C .ADDITIONAL VARIABLES ARE : 
C TI.TA - MINIMUM ANP MAXIMUM DAILV TEMPERATURE 
C ( RI,RA - MINIMLI.'1 AND MAXIMU:1 DAILY RELATIVE HUMIDUYo 
C U - DAIL Y MEAN WIND ~.PEED 

C H - DAILY NUMBER OF SUNNY HOURS 
C QSW - DAILY SHORTWAVE INCIDENT RADIATION 
C T - MEAN, TEMPERATURE AT SHEBROOKE 
C VA,EA - MEAN VAPOR PRESSURE AND SPECIFIC HUl1lDITY AT ~,HERBROOlŒ 

C VO.EO - VAPüR PRESSURE AND SPECIFIe HUMIDITY AT WATER SURFACE 
C S - RELATIVE INSOLATION 
C ST - TlME ru:: VEAR IN RADIANS FROI1 THE 5Ul1MER SOLSTICE 
C 
C "CO.'1PUTE SIDERAL TIME OF THE YEAR 
C AND THE TRUE JULIAN DAY. 

... . 

ST=JDI.Ol7202424+3.3189927 \ 
JDD=r.OD (JD-I , 3b5 ) + 1 

C GET THE INPUT DATA 
IF (,JD.LT.JO) CALL MEAN(Hh TI.RA,RI,U.H,QSW) 
IF (JD.GE.JO) fŒADl!i.lO) lD,ij1,TItTI,RA,RI .. U,H,QSW 

10 FORMAT (212.1X.7F5.1) 
IFŒOF(51.NE.O.} GO TO 999 

C TRANSFORM WIND FROM KHll-lR TO CG~ l'NITS 
U=U/.036 

C TRANSFORI'I S. W. RADIATION FROM LANGLEYS TO CGS UNITS 
QSW=QSW/DAY 

C COtlPUTE RELATIVE INSOLATION 
S=H/ASTRO(2,JDD) 

C COt:PlJTE SHOOT WAVE RADIATION FLUX IF NOT ~[ASllRt.l\ (GENERAL FORMLru~ BY GREY) 
C TWO FIRST COEFFICIENT OBTAINED BV LEAST SQUARES FIT OF tAKE 1>ATA 

IF (QSW.EQ.O. IQSW=(.246+. 734fSlf(S15.-23.\SIN(STlt309.*C(IS(Sn 
X-4,ISINISTf2. 1-5. *COS(ST*2.) I/DAY 

C ampUTE TOTAL ABSORBfIl.,SHORTWAVE RAD1ATION USING THE DAILY ALB~OO Fmi:TlON 
~ sa THESIS SECTION 4.3 

RO~S\lf{.934tS*IA5TRO(3".lDDh057» , , 
C COMPUTE THE ~iEAN DAILV VIlPOR PRESSURE (AT SHERBROOKE (MB) 1 ASSUMIM, THAT 
C THE NINIr.UM RELATIVE HUMIDITV OCUIRS AT THE TIME OF MIlXIMLIM TEMPERATURE 
CAt.:o VICE VERSA. 

VA=(RAI (6.1747+. 3b254*TI +. Q:?5058*TI.T!)+RI*(ô.1747+. 36254*TA+ 
X. 025058*1 AI TA) 1 1200. '. 

C NOW CHANGE VAPœ PRESSLIRE (MBI TO SPECIFIe HUMIDITY IG/CMu31 
EA=YAt7.522E-7 , 

C Q(mpUTE t'.EAN DAILY TEMPERATlIRE j~T SHffiBl\OOKE IINCLUDING CORRECTION FOR 
C LAP~ RATE FOR HEIGHT DIFrtRENCE BE:r~ Tif U\KE AND THE AIRPOOT. 

T=ITA+TI> 12+.27 
c 
t."lOOP FOR EAO! BASIN 

DO 5 1=1.3 . 
IHIN=l 

------ -- -~) 'H 1!fP : 1. 1 
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IF 1],[0.2) IMIN=43 
IF (J.E{~.~) JMIN=259 . ~ 
IMAX=IHlNi BDII)/DZ 
TO=ATEt\P 1 1 HINI' 

, 

C' COMPUTE VAPOr< PRESSURE IHBI AT THE WATER SURFACE 
VO=6.17~7t. 36Z54*ATEHPI IHIN)+. 025058IATEYiPIlMIN)IATEflP( ININI 

C COMPUTE SPECIFIe. HUMIDITY IG/CHu;n AT THE WATER SURFACE 
EO=VOI7. 522E::7 ' 

C CHECK FOR 1 CE 

1) 

IF IlCE(l).EQ,O) GO TO~ 
F'Hl!iW(l)=(l.IIRO 
PHILAH}.) =0. 
PHISEN( 1>=0. 
PH 1 LW Il) ::{) • 
TAUII)=O. 
GO TO 3 

C COMPUTE THE FLUXES PROPER --F=-
C EXCEPT FOR Lm~G WAVE RAUIATION THE NUMERIC CONSTANTS IN THE FOLLOWING 
C UNES, ARE COEFFICIENT DETERrnl\'ED BY L. S. FIT TO C.OliPùTE FLUXES USING 
C SHERBROOIŒ '-lEATHER OBSERVATION. 

2' PHISIHII=RO 
PHILAH 1 )=-( IEO-[A) *U*1.6)*CEIQLATIfFlTOI0 
PHISEN( 1 1=-1 nO-TA>iUI1. 9-1110. )ICQ*ROAIRICA*FlTOIO 
TAlJ(I)=CDtROAIRI1 7éOOO. +UIUI2. 311F7TOl 0**2 -

C TKA AND n:o ARE THE ABSOLUTE TEMPERATURES OF THE LAKE SURFACE AND THE')-
C AIR AEOVE Il. 

C 

TKJl=TO+l. 5-. 93*IT0-TAl+273.16 
TKO=TO+273.16 
PHILW(l )=1.~:5H2HTKflH411 1-.2WIEXP(-. 777E-3I CTKA-2n, 16)**2) 

XI( 1. +.181 (l-S»-. 98*TKOu41, 

C SPI\EAD THE HEAT TO EACH SUCE OF H20145'1. OF THE SHORT \olAVE FLUX PENETRATES 
C THE \>IATER, THE: REST IS ABSORBED IN THE FIRST LAYER 1 • 

3 DZB8A=DZitBETA!Il 
Ql=PHISIHI)t.4S 
DO 11 \.I=HUN,IHAX 
Q2=Ql-. 45*PHISW(l) *EXPHJ-It'lIN+lIIDZBETAI 
Ql=lU!<Q2 

11 ATEMP(..I)=ATEI1PIJ)+Q2/DZ*DAY 
IF (!cEIlI.Ea.!) GO TO 5 
AHEATII 1 = IPH 1 LATII ) +PHISENI 1 )-+P.HILWI 1) 

Z+.55fPHISWIII) Q:, 

. ATEMPI I/'IIN)=ATEMP( IMIN)+AHEAT (IlfDAY1DZ 
CHILOOP END 
C 

S CONTINŒ 
C 

RET~ 

C 
C END OF ~TA 

C 
C 

999 JD=474 
RETURN 
END, 
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c 
c 
t 
C 

C 

C 

C 

C 
,'Ai 

C 

C 

C 

THIS SliBROUTlNE SUPPLIES ~EASOllAL VALUES OF WEATHER VARIABLES 
FOR SHERBROOKE. 

. cttt'd10N lûEN/DZ,CE,CQ,QLAT ,F7TOHi,CA, (D, fiOA IR , n:SED,ROSED,'CSED, 
XDAY, XV.BINT(2.30) ,RO.G,C,ETA,CK,CL,CT,CS,JD,H2OK 

. 
. COI1t1ON IBASIN/BD(3),VO(3l.BETA(3), ICE(31, 11H(3), TKELEFT'(3), QlMX (3f' 

% ,lSHEAR(3) 'ê' 

GO~~ON IVOL/VS(42),VC(21b),VN(10) 

COHr~N ITEMP/TS(42l,TC(21b),TN(70) 

ct 

aitL~ON IBOT ISS(10,42},SCnO,21b) ,SNUO, 70) " < 

-tOl"J'lON IFLUXITAU(3hPHIlW(3) ,PHISW( 3) ,PHIU\'H3). PIÜSEN(3). ' 
l.PHISED(3l,PHIEX(3) 

alMl10N IHEAT/QS,QC,~ 

alMl'lON /YEAH/ASTRO(3,3bbl. TAM02l, TlM(12),RAtH12),RIMUi). 
7.t-.'l'\(12)'H!1U2) 

/" 1 

. . 

C.,*flOTAL STORAGEf'tf 

" 

• REAL AGEN(Sll,ABASINI15),AVOL(32Sl,ATEruO(32S),ABOT(10,328). 
XAFLUX(21).AHEAT(3).AYEAR(1170) . 

EQUIVALENCE (AGEN,DZl,(ABASIN,BD).(AVOL.VSl,(ATEHP.TSl.(ABOT.SS' 
7.. eAFlUX,TAU),(AHEAT,QS),(AYEAR,ASTRO) 

I1:JD/30.5+1 
Il=MOD(11+11.12)+1 
12=MODU1.12)+1 
DIF=JD/30.5+1.-Il 

c TA=TAM(Il)+(TAM(I2~-TAHlll»fDIF 

TI =Tl l'U 1 1)+(TII1( 12)-TII11 Il f>fDIF ' 
RA=RAHeJl)+eRAM(I2)-RAH(Il»fDIF 
RI=RIM(Ill~(RIM(I2)-RIM(Il»*DIF 

.. W;!r.'!1(IlH(WMCI2)-"''I1U1)) tDIF 

c' 

,H=HIH 11 )+eHM( IZI-HtHl1) )fDIF 
QSW=O. 
RETURN 

- END 

, ' 

" , . 
, '" 

c ....... ' ~ .... '1 ~ 

'f 

CIIIIIIIIIIIIIIIIIIIIIIIII/tllfllllllllllllllllllltllil11111111111111111111111/1, 
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 
c 
C ' 

c 
c 

" c c 
c 

c 

c 

SUBROUT INE SED 

THIS SUB~COTlNE COMPUTES THE tGT EXCHANGE WITH:THE s;DIHOOS 

THE VARIABlES ARE AS DISC.RIBED IN nE MAIN PROORAtl , 
<' , 
~1ON IGEN/DI.CE,GQ,QLAT,F7TOlQ,CA,CD.ROAIR.TKSED.ROSED.CSED. 

XDAY.XV.BINTl2.30'.RO.G,C.ETA.CK,CL.CT,C$.JD.H2OK 

CXM\~ON IBASIN/BO(3).YO(3',BETAC3).ICE(3).IIH(3',TKElEFT(3,!QTHX(3) 
1>ISHEAR(3' 

m!.'I1lN /VCl./VS(.42J. VC(21bl. VN(70) 

,\ 

. , 

'; .. 
.~, . 

J. 
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: ' "(:(Jr.r.ON /lEI1PITS(~) 1 TC(21b). TN(70) 
C 

tor.:10N IBOTlSSOO, 42).SC(10,21b)~ SNÜO, 70) 
C 

COI'J10N IFLUX/TAU(3), PHILW(3) 1 PHISWI 3), PHILAT(3)"PliISEN(3), 
lPHISEDI3I,PHIEX(3) 

C 
COMMON IHEAT/QS,OC,ON 

C , 
COMMON IYEÀR/ASTRO(3,3bb),TAM(12),TIM(12),RAM(12),RIMI12), 

7.WM(12) , H!1(12) 

C 
C 
C****TOTAl STORAGEtl*t 

REAL AGEN(Sll,ABASIN(151IAVOLC3281,ATEMP(32S),ABOT(lO,32S). 
7.AFL6X(21),AHEAT(3),AYEAR(11701 

EQU1VALENCE (A&EN,DZ),(ABASIN,BDI,IAVOL,VS),IATEMP.TS),{ABOT.Ss) 
1.,(AFLUX.TAUl,(AHEAT,OS),(AYEAR,ASTROI 

c 
C 

1 C COMPlITE FACTORS TO U5ED REPEATEDLY 
TKDZ=TKSED/DZ 
[lAYDZRC=DAYIWZ*ROSEDfCSED1 

C 1 

CffL~ ON BASINS 

c 

00 1 IB=I.3" 
BETADZ=BETAIIBl*DZ 
IMIN=l 

. IF lIB. EG. 21 lKIN=43 
IF (IB.EO.3) IKIN=259 
Ir~X=IHINtBD(IB)/DZ 

QT=O. 

CtftHUf*HLOOP ON WATER SLABS 
,DO 2 lSLAB=IMIN.lMAX 

C FLUX INTO THE WATER _ 
~=(ABOT(1,ISLAB)-ATEHPIlSlAB»tTKDZf2 

/ 

c 1 .DCItfl' FORrET TO ADD THE SOLAR RADIATIOO INCIDENT 00 THE SEDItENT 
QO=Qlf(AVOL(ISLABI-AVOl(ISlAB+ll)/DZ 
ATEMPIISLABI=ATEMPIISLABI+QO/AVOL(ISLAB)tDAY 
Ql=Gl-.45tPHISW(IB)tEXPII-ISLAB+IHIN-1)tBETADZ) 
QT=OT+Olt(AVOlIISlABI-AVOLIISLAB+1)I/D2 

C flUX WITHIN THE SEDIMENTS 
DO 3 ISLlŒ=l.9 
~-(ABOT(ISLICEJISLAB)-ABOT(ISLlCE+l.I5LABI)*TKDZ 
ABOTIISLlCE,ISLABI=ABOTIISLICE.ISLAB)+IQ2-Qll*DAYDZRC 

3 Ql=Q2 
2 ABOT(10.ISLABI=ABOT(10.ISLABI-Ql*DAYDZRC 

_C.tffftfftfLOOP END 
C 

, 
\ 

': 

"C COMPlITE EQUIVALENT SURFACE FLUX 
PHISEDII8)=QT/AVOL(ItlINlfDl 

CffLOOP END 
1 cœmNllE 

RETURN 
END 

c 
C 

o • 

C 
CIIIIIIIIIIIIIIIIIII//III/IIII!/IIII/1111111111111111111111111111111111111111111 
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 

C 
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, C, 

'1 

, 1 

<, 

-c 

c 
c 

c 
C 
t, 
C 

, '. 

SUBr<OfJTl NE J10L 

, , 
THIS SU&ROUTINE ~INUlATES MOLECUlAR DIFFUSION IN THE WATER (OLUMN 

C IF ONE DESIRED TO INCLUDE A FORH OF TURBUlENT DIFFUSION BELOW TIE 
C "JXED LAYER, lT WOULD SUFFICE TO CHANGE THÉ VALUE USED HERE FOR THERMAL 
C· CONDUCTIVITV OF THE WATER COLUI1N, TO AN APPROPRIATE EDDY DIFFUSION 
C, COEFFICIENT. 

, C 

'c 

C 

,C 

C 

C 

c 

.C 

c 
C 

COMMON tGEN/DZ,QE,OQ,QLAT,F7TOI0.CA.CD,ROAIR.TKSED,ROSED,CSED. 
7J)AY.XV,e~NT(2,30),RO,G,C,ETA,CK,CL,CT,CS,~D,H2OK 

~r~N /BASIN/BD(31.VO(3),BETA(3),ICE(3),IZM(3),TKELEFT(3).QTMX(3) 
x .ISHEAR(3) 

1', 

COMl1~ /VOL/VS(42),VC(216)~(70) , 
'= 

DOMNON /TEH?/TS(42).TC(216),TN(701 

COMMON /BOT/SS(10,42),SC(10,216).SN(10.70) 

DOMI1ON /FLUX/TAU(3).PHILW(3),PHISW(3),PHlLAT(3),PHlSEN(3). 
lPHlSEOI3),PHIEX(3) 

! ., 
,r .... 

COt'~'1ON /HEAT /QS. QC.~ 
" 

CGr.MON /YEAR/ASTRO(3.366),TAH(12),TIM(12'.RAKI12).RIM(12). 
'7J.,tl1(2).ijU12) L 

C*.ffTOTAL STORAQEff** , 

c 

, REAL AGEN 1 81> .ABASIN(15) ,AVOL(328),AIDIP(328).ABOT( 10.328). 
XAflUX(21).AHEAT(3).AYEARI1170) 

EQUIVALENCE (AGEN,DZ>, (AMSIN.BD). (AVOL, VS), (ATEMP. iS). (ABOT .SS) 
X, (AFLUX.TAU),(AHEAT.QS),(AYEAR.ASTRO) 

H20KDZ=fl20l\/DZ ~ 
,CfHLOOP ON THE THREE BASINS . 

00 1 1=1.3 
C SET l1t BOlJNDING INDEXES 

I/'IIN=1 
if (I.EQ,2) IMIN=43 
IF (I.EQ,3) IMIN=259 
IHAX=I/'IIN+BDII)/DZ 
Ql=O. 

< 0 IF (leEm.Ea.!) Ql=-ATEMP(JMIN).H2oI\DZI2. 
CfllIlHLOOP ON EACH SLAB 

DO 2 J=IHIN,IMAX 
Q2=H20KDZI(ATEM? IJ)-ATEI".PIJ+U) 
ATENPIJ)=ATEr.?(J)+(QI-Q2fAVOL(J+l)/AVOLIJ»/DZfDAY 

2 Ql=Q2 , 
CffflfHL(){f ENDe:; 

1 CONTlNtE 
Cfl~lOO? END 

RETURN 
END 

c .. 

.~ .... 

C 
CII/IIIIIIIII//IIIIIIIIII/IIIIIÎIIIIIIII/II/IIIIIIII/11111111111/111/1/1111//11/ 
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 
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C 
t 

c 
c 

SlIBROUTJNE EX 

C . THIS SUBROUTINE COMPUTES THE INTER BASIN HEAT EXCHANGE 
C 
C 
C' AlL YARIABLE~ ARE ~S Œ.SCR18ED ÎN THE MAIN PROGRAtt 
C 
C 
C 

COHMON IGEN/DZ,CE,CQ,GlAT.F7TOI0.CA,CD,ROAIR,TKSED,ROSED,CSED, 
1~AY.XV.&INT(2,30),RIf.G.C.ETA.CK.CL.CT.CS,JD,H2OK 

\ C COMHON IBASIN/BD(3),~ETA(3),ICE(3),JZH(3),TKELEFT(3),QTHX;3~ , , 
X ,ISHEAR(3) 

C, COHMON IVOL/VS(42),VC(216),VN(10) , 
C 

c 

'C 

c 

c 

c 
c 

COMMON ITE/'1P/TS( 42), TC'(21b), TN(70) 

OOMMON IBOT/SS(10,42J,SC(JO,2J6).SN(lO,70) 

cor~ON IFLUlJT~U(3),tHILW(3).PHISW(3),PHILAT(3).PHISEN(3). 
1~HISED(3).PHIEX(3) 

~~ON IYEAR/ASTRO(3,36b),TAK(12).TIH(12).RAH(12).RI~(12), 

1~'M(12),HI1U2) 

tttltTOrAL STORAGE**" \a 

c 
c 
c 

REAL AGEN(81),ABA5IN(15),AVOl(328),ATEMP(328),ABOTCio.32S), 
XAFlUX(21),AHEAT(3),AYEAR(1170) 

EQUIVALENCE (AGEN.DZ>, (ABASIN,BD>, (AVOL.VSb (ATEHP, TS). (ABOT ,SS)" 
x,(~eLux.TAU),(AHEAT.QS),(AYEAR.ASTRO) 

QSl=O. 1 
QS2=O. 
Ql=O 
02=0 

CtftLOO> ON INTERCOONECTlNG SI..A8S 1 
DO 1 1.:1,30 

t CHECK IF THE BASIN 15 ICE COVERED 
IF(ICE(1)flCE(2).EQ.O)Ql.:(~S(I)-TC(I»fXVfDZfBINT(1.I) 

IF ClCE(2)fICE(3).EQ.O)Q2=tTCll)-TN(I»iIVfDZ.BlNT'2,1) 
IF IVSIII.NE.O.)TSIl)=TSIII-Ql/VS(IltDAY 
TC(I)=TC(I)+(Ql-Q2)/~CI)tDAY 

TNll)=TNIIltQ2/YNII)IDAY 
QSl=QSltl}1 

1 QS2::QS2+Q2 
C cor.F'UTE EQUIVALENT SURFACE FL~ 

PhIEX(l)=-QSI/YS(l)tDZ 
~nIEX(21=(QSI-QS2)/VC(l)'DZ 

PHIEX (31.:QS2/VNI l)tDZ 
RET~ 

END 
c 

·C 

" 

..' i 

.. ~ . 
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C 
C 

" SUBROUTINE MIXLAY(IHM,E.QTX,TMX,ETA3U3,IHIN,IMAX.IB) 
C 
C THIS SUBROL~INE COMPUTE THE'AVAILABLE TKE AND THE POTENTIAL ENERGY 
C OF A HlXED LAYER CF rTH IHM*DZ. 
C ' 
C . . 

CO~~ON !GEN/DZ.CE.CQ.QLAT.F7TOIO,CA.CD.ROAIR.TKSED.ROSED.CSED, 
Y.DAY,XV.BINTI2,30),RO,G,C.ETA,CK,CL.CT.CS.JD.H2OK 

C 
CONNON IBASIN!BO(3}.VO(3).BETA(3).ICE(3),1rZH(3).Tr~LEFT(3),QTHX(3) 

X .ISHEAR(3) 
0 C -

COMMuN IVOL/VS(42),VC(216),VN(70) 
C , 

COMnON ITEMP/TS(42),TC(216).TN(70) 
C 

Cer~ON /BOT/SS(10,42),SC(10,216),SN(10.70) 
C 

COHMON IFLUX/TAU(3),PHILW(3),PHISW(3),PHlLAT(3),PHlSEN(3). 
XPHISED(3),PHIEX(3) 

C 
COMMON IHEAT 1c:tS, OC. ~ 

è 
ço~.t.[)N IYEAR/ASTRO(3. 364). TA/'I( 12)" TlM( 12) ,RAH( 12) .RIM( 12). 

ï.WM( 12) 
C 
C 
Cf*ffTOTAL STORAGE**** 

C 

REAL AGEN(Sl),ABASIN(15),AVOL(32S),ATEMPC32S).ABOTCI0,328). 
ï.AFlUX(21) .AHE:AT(3),A~U!Z0) , ' 

EQUIVALENCE (AGEN,DZ),(ABASIN,BD),(AVOL,VS),(ATEMP,TS),(ABOT,SS) 
X,IAFlUX.TAU). (AHEAT.OS), (AYEAR,ASTRO) 

C DETERMINE THE TEMPERATURE AND THE 1J(l.UI'\E OF THE HIXED LAYER 
VttX=O. 
lJIX=O. 

Cu*LOOP 00 EA~ &.AB WITHIN THE tlIXED LAYER' 
DO 1 I=IMIN.IH:1 
QMX=ATErRII)fAVOL(I)+QMX 

1 VMX=AVOL(I)+VMX 
C*ffLW END 

TMX=QMX/VliX 
c 
C DETERMINE DENSITY AND DENSITV GRADIENT~ 

c 
C 

Al..FtlX=ALPHA ITI1Xl 
~ ROI1X=RHQlTHX) 

ROH=ROl1X 
-ROIir-O. 
IF (I~~+2.GT.Ir.AX) GO TO 2 
ROH=RHO(ATEHP( IHM+,l) 
ROHH=RHO(ATEMP(IHn+2» 

2 OOO-"i\OH-ROI'IX 
DRODZ=(ROHH-ROH)/DZ 

C COt1PUTE POTOOIAL ENERGY 
EPOT=O. 
FACTOR=ALFr.XtGtDZ.DI 
00 3 -1= It1IN, Itlt 

c-

-' 

, 
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ID=HMlNtl • 
3 EPOT=EPOT tFAClOFi' UnEMP( 1'-T/'iX)f(JD-. 5' 

C 
C W~PUTE THE COtJVECTIVE VELOCITY WU 

c 

HM=IIHM-IMIN+llfDZ 
UF3=ALFMXtHM'G/IROIC)IAHEATCIBJ 
IF- IUF3.LT.O.) UF3=O. 

C cor.PUTE TOTAL TURBULENT VELOCITY SCALE 
QTX= 1 ETA3U3+UF31 fi. 33333333 
RS=O. 
RI=O. 
COff=O. . 1 

.lf_IDRO.tE.O.1 GO TO 5 
IF (QTX.EQ.O.I GO TO 5 
RI=DROtGI!i.'1/IaTXfQTX' , 
IF (DROQZ.GT,O.'R5=HM/QTX t SORTCGIDRODZ/ROHX) 

c 
C COMPUTE AVAlLABLE TKE 

C 
',,1 C, 

c 
c 
C 

IF (RS.NE.O.lCOEF=RStt3/IRS+RI)tt2 
5 EKIN=QTXtt3tDAYt.5f(CK~CLtCOEF) 

COI'J'UTE ENERGY DIFFERENCE 
,E=EPOr~EKIN 

RETlRN 
END 

"CIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII/1/1/111/11/11111/11111111 
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ . 

C 
, C 

FUt~CTION ALPHAIT) 
C COMPUTE COEFFICIENT or THERMAL EXPANSI~ 

ALPHA=6.793952E-5-1.B19058E-5tT+3.005055E-7tTtT-4.4S0332E-9f 

XTt*3+3.2B166E-l1tT*f3 
RETURN 
END 

c 
C 
C , 
CIII//IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII11111111111777711111111111 
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\~\\ 

C 
FUNCTION RHOm 

C . Cor.?UTE WA1ER DENSITY 
• RHO=.999B426+6.793952E-5fT-9.09529E-bfTfT+l.001~-r-7fTff3 

X-l.1200S3E-9tTf*4+6.536332E-12*Tt*5 
REJURN 
END 

c-
C 
C 
CIIIIIIIIIIIIII//II/II/I/IIIIIIII////IIIIIII//II//I/I/1//11111///11111111111/111 
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 

C 
C 

SUBROOTINE STRAT 

THIS SUBROUTlNE SOLVES THE I1IXED LAYER THE EOOATlOO. --

, , , 

c 
C 
C 
C 
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c . ~ 

('(jI~I'.c'N IGElUDZ ,CE, (D,OLAT ,F7TOlO,tA.W, ROAJfh Tt:~Eth FiOstD, C.SED. 
l.DAY,XVI&JNT(2,30},RO,G,r,ETA,CK,CL,CT,C~,JD,H20K 

t 
lOMMON IBASIN/BDI3',VO(3),&ETA(3},ICE/3),JZH(3).TILLEFT(3),ClTKX(3) 

X ,ISHEAR(3) 
c 

c 

c 

c 

c 

c 

c 
C 

COHMON IVOL/VS(42),VC(216),VNC70) 
q 

COMHON 11EHP/TS(42),TCC216I,TNC70) 

COHMON IBOT/SS(10,42',SCC10,216',SN(10,70) 

_ COHMON If LUX/TAU(3',PHILW(3),PHISW(31,PHlLAT(3',PHlSEN(3). 
X~SED(3',PHIEX(3) 

c' 

Cûl"u'10N IHEAT/QS,QC,QN 

~~ IYEAR/ASTRO(3~366),TAK(12',TIM(12I,~1(12),RIK(12), 
Y-Wli(J2} ,!iM(2) 

CffffTOTAL STORAGEftft 
REAL AGEN(81),ABASIN(15),AYOl(328),ATE~(328),ABOT(lQ,328), 

tAFLUX(21),AHEAT(3),AYEAR(1170) 

" 

EQUIVALENtE (AGEN,nZ),(ABASIN,BDI,(AVOL,VS),(ATEMP,T$',(ABOT,SS) 
I,(AFLUX,TAU),(AHEAT,~S),(AYEAR,ASTRO} 

c 
C 
C 

MOST VARIABLES ARE AS DESŒIBED IN THE MAIN PROURAI1 

CffffLOOP ON THE THREE BASIN 
DO 1 1=1,3 
IB=1 

C COMPUTE WIND MIXING VELOCrrv-SCALE CUBED 
ETA3U3= (SQRT (TAU 1 1 I/RO}tETAI**3 
TAUMX=TAUCI) IRO 

C ŒTERMINE THE BOI.kIDING INDEXES FOR THIS BASIN 
IHIN=1 . 
IF (I.EQ.2) IHIN=43 
IF Il.EG.3) ÎtlIN=259 
ItlAX=lHIN+BD(II/DZ 
JHH=lZMfl)+IMIN-1 
CALL MIXLAYIIHM,E,QTXl,TMX1,ETA3U3,~HIN,lKAX,I) 

-ELEFT1=TKElEFT 1 I)-E 
IF(ELEFT1.GT.O.) GO JO 10 

21 QTX=QTXt 
TMX=TI'IXI 
ELEFT=ELEFTI 
IF(IHM.EQ.IMIN) GO TO 30 
1 Ht1=IHl1-1 

. CALL,HIXLAY(IHI'I,E,~rXl,THX1,ET~1U3,IHIN,IKAX,I) ~ 
ELEF.Tl=TKELEFT(I)-E 
IF (ElEFTl.LT.O.) GO TO 21 
GO TO 30 

10 QTX=QTXl 
TI'IX=TI'IX1 
ElEFT=aEFTl 

11 IF(IHM+l.EQ.lMAX) GO JO 30 
1 HI'1= 1 HI't+ 1 

, . 

CALL MIXLAY(IHH,E,QTX,THX.ETA3U3,IHIN,IKAX,I) . 
EUEFT=TKELEFT(J)-E+(OTMX(I'fl2*IZ"(J)-QTX**2~'IHM-IHIN+l»*DZ 
IF (ELËFT.GT.O.) GO TO 11 

30 IlH(I)=IHH-IHIN+l \ 
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c 
", 

~ 
• < 

a 

, " 

0 
\ 

.-
" 

.' TY.ElEFT(I)=ELEFT 
OTI'iX(l)=()TX 

t .. ['0 31 ~:=1t11N. JHJ1 ~ -~ 

"31 ATEHP(K)=THX 
JF oŒm.fo.l) Cio TO J 
RIHX=G.(RHO(ATE~(IHM+l»~RHO(THX»/TAUMXtlZ"(l)tDZ 
XL = 1300000. ./ 

. IF (I,EQ,1) GO TO 5 1 • 

IF(IZMm.lT.30) XL="2600000. 
5 IFUZHW.lT.18) XL=3900000. 

SHEARC=Xl/t2fIHM*DZlf(BDCI)/(BD(!)-IZHtI)tDZ»fI.5 
ISHEAR (J) =0. 
IF (RIHX.lT.SHEARC' ISHEAR(I)=l 

1 toNTI Nl.{ 

RETœN 
END 

c . 

~ 
w 

C //1/11/1//111111111/1111111111/1//11/1111111111111111111111111111/111 1111111 
C\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\,\\\\\\\\\\\\\\\\\\~\\\\\\ . 
C 
C 
C 

c 
c 
c 
C 
C 

C 

c 

c 

c 

" 

SUBROUTINE "lX 

THIS SlIBROUTlNE CHECKS FOR STATIC STABILITY OF THE STRATIFICATICf4 
. IF AN lR~STABlE LAYER IS FOUND tT IS l'IlXED WITH ADJACENT LAYERS UNTILl 

STABILITY IS REGAINED. 

~~~ IGEN/DZ.CE.CQ.GlAT.f7TOI0,CA,GD,ROAIR,TKSED,ROSED,CSED • 
XDAY,XV,BINT(2.30),RO,G,C.ETA,CK.CL.CT,CS,JD·H2PK 

corJUlN ISASIN/BD(3),V6(S),BETA(3).IOEt3).IZ"t3),TKELEFT(3).QTHX(3) 
t ,1 SHEAR(3) 

COHHON IVOL/VS(421,VC(216).YN(70) 

~ ITEHP/TS(42).TC(216).TN(701 

corJilN IBOT/SSC10,42J.SC(10.216),SNt!O.70) 
C--

COI1HON IFLUX/TAU(3).PHILlH3) ,PHISWt31 ,PHILAT(3),PHISEN(3)" 
XP~ISED(3I,PHIEXC31 -

c \ 

COMMON IHEATlQS,OC.~ 
c 

(~MHON IYEAR/ASTROI3,3bbl.TAK(12).TIH(!2),RAMt12).RIH(12). 
Xh'l1(2) .Htm2' 

C__ • 
C 
tttllTOTAL STORAGE .... 

REAL AGEN(81).ABASINllS),AVQl(32S).ATEMP(32S),ABOT(10.328), 
XAfLUX(21).AHEATCS),AYEARCl170) • 

c 
C 

EQUIVALENCE CAGEN,DZ).tABASIN,BD).(AVOL.VSI,(ATEMP,TS).(ABOT.SS) 
1. (AFLUX.TAU).(AHEAT,QS),(AYEAR.ASTRO) 

C!*tlt:œ (li THE BASINS 
00 1 1=1,3 

·C ,0000UTE INDEXES 
'MIN.I 

... 

" ' 

" 
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-' ~".I 8U21& 'M J III 
re' c 

~ r -r, 1 
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, ___ ~_~ ______ .-. "':'-'..__-______ 1 1III!II11;.1 1.3 !à!lakl1i~tI.iU("'& •• !I!UJi" .... lIIaN!iI!."', 

lF (J, ED. 21 1-I'.l N=43 
IF "l l ,[CI. !i) ItilN=259 
ltlAX=lMltHBDII '/DZ 

C*.III.I_LOOP ON LAYERS 
DO 2 JJ=IHIN.IHAX 
J=JJ 

3 If( (ATE/"P(J+1).&T.3.98'.Arm. (ATEHPIJ).GE.ATEI1PCJ+1J)) GO TO 2 
-- IF(CATEHP(J+!).LE.3.981.AND.(ATEHPtJ);lE.ATERPeJ+l») GO JO 2 

VLM=AV(l.(Jtl) 
~ Q=ATEHP(J+l)*VLH 

5 VLH=VLMtAVOLCJ) 
Q=Q+ATEMPIJI*AVOLIJ' 
Tl1?=Q/VlH 
J=J-l 
IF h.'.EQ. It1IN-l) GO TO 4 
IF((UiP.GT.'3.93).AND. CTtI?LE.ATEtiPeJJ» GO 104 
IF«Tr~.LE.3.98).AND.CTHP.GE.ATEr.P(J'» GO TO 4 
00 TO 5 

'4 IK=J+l 
IKI<=JJ+1 
00 6 K=IK.IKI< 

6 ATEHPCK)=THP 
2 COOTINlIE 

C********LOOP END 
1 CONTltŒ 

CntlOtFEND 
RETURN 
END - ) 
SliBROOTINE VOlUME CV.HA. VO.HI'1x) 

C 
C THiS SU&ROUTlNE COliPUTES THE VOLUHE OF EACH 5001 SlAB 
C FR~ THE HOf\?riOMETRIIC INFORMATION ON TAPE14.' 

g . VUl)= tHE voumr ~H20 Be:T~ UZ;-UDZ AND IZ*DZ 
C VO = THE TOTrt. VOLUME 
C 

REAl. V HiA) • VOt. 020' 
1 READC14.2) VOl 
2 FORMATC M -.6EI3.7) 

DO 5 I=l,HA 7 
5 vm=o. . r·' 

V(1'=(VOL(!I+VOL(2»I250000. 
VO=V(1) 
"=HA/2 
DO 3 l=l.K 
!\K=1*2 
V(KK'=(VOL(I+1)*.75+YOl(I+2)t.~)*500000. 
VO=YO+VU(JO 
If CVCKK).LE.O~) GO TO 4 
1oJ<=KK+l 
VIKK'=(VOLCI+1)t.2S+VOlCI+2)f.75)*500000. 
VO=VO+YUG,) 

IF eyeKKI.LE.O.) GO TO 4 
3 CONTINlE 

4 HHX=(KK-l,*SO.-l. 
VCK}.,,=O. " 
RETl.iiN 
END 

EOI ENm.lNTERED. 
1 .. , " 

... 

/ 


