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A description, of the physical limnology of Lake Memehremagog is

given, based on data '\l\obtain.ed with ' recording instrument.artion between 1975

and 1977. The mar‘ked,changes in depth’ alo;\g the length of the basin are

found to play a majorf-‘ role in hygﬁddyna;ﬁic and thermédyn.amic processes

i - ,
‘Surface seiching is found t0 generate internal waves over a

m the lake.
‘ ¢

topographic d,iscontinu\lty in  the same way, barmotropic{tide generates:

[y

the contirental shelf break in oceant Upwelling from a

@ i
d to shallower portion of the lake is explained in terms. of a modification

“interpal tides at

« A .
. to} the solution for the- wind response of a simple two-layer rectangular
basin. Temperature differences between different pértsf‘*of the' lake in

spring and fall is due to the more rapid héating and cooling of shallow

= ¢

oy \’ ?
Heat storage in the sedimeg{t}?is also found to be an. important
5 .

s

' regions.

factor in the .heat budget of the shallow basins. In winter this is at least

3
L

'part'ly respongible for observed ‘thermal convection under the ice. A

numerical model was déveloped to simulate the vertical mixing induced by

o * . W
wind, the exchange of water between various parts of the lake, and heat

fluxes through the surface and bottom of the lake. The model results

~ - -

agree qualitatively with observations. . _
~ .
e ]
R :
. 8 - /
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. ‘ Des donne/elS ‘recueillies entre 1975 et, 1977

la limnologie physique de ce
¢

Ad at

- Memphremagog sont

-

et - <.
dtilisees pour decrire

” oo

bassin. Des différences marque/es de profondeurs, le iong du lac',_ jouent

Sy ek T

a -~ -

.
h

, . un “role -‘capital dans Jle processus- hyarodynamiques et thermodynamiques.

i
.

R et e ¥

- . oA - N . S .
. Des ondes internes sont gen€§ees par la seiche de surface, a lendroit -

o

d'une® dispontinUItza/ topographique: de fagon analogue a la ge/ne/ration d'onde

~

§

interne due & fa maree, & la jonction du plateau continental. LR solution

o P . .

ir};iuit «par le ~ vent,

R . T R

- P - : ~
¢ pour le ‘mouvement, dans un bassin rectangulaire a

.

P ~ . . . . -
deux niveau-Test modifiée ,afin dexpliquer la remontée deau venant de la

'S N -

. . ‘ ‘pf;\rtie profonde vers la par‘tie>de faible profondeur. Au pninterﬁps et a

’ . I e re
l'automne des différences de temperature observées sont dues au

13

.réchau_fferﬁent et au. refroidissement plus rapides des regions peu

.

¥ ° N Y ”~ . . A .
profondes. Dans ces der;meres, les sediments jouent un role important
L]

En hiver, le' dégagement de chaleur par

-

’ . / y - . .
. les sédiments est un des Yacteurs provoquant une convection thermique

dans le budget calorifique local.

o

sous la glace. Un modele nurqérique fut de’velop.pé pour simuler le ‘mélange

-

. ~

A .
vertical_du au vent, I'échange deau entre différentes parties du lac et les
- s !
‘transferts de chaleur par la surface et le fond du lac. Lles résultats de .
. N .
. , o » i
: ’ cette simulation sont en accord qualitatif - avec les observations.
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" with its heat budget and stratification cycle. "It follows work initiated in

Vd - .
affecting the waters of Lake Memphremagog in general and more spetifically

B
.
1 . '

N

The earlier

1972 by R.G. Ingram in collaboration with J. Kalff.

. '/ .
investigations were preliminary in nature. They provided a-: good - .

description of the overall stratification cycle and some information on what

hydrodynamic processes were at work in the lake. ' . -

The present study is- based on data ' collected between 1975 ar{a\

N

.

1980. This information is used to complete ‘the earlier data set on the ;
. o * “"f N &

seasonal stratification of ‘the lake. A numerical model of the surface

mixing, of ‘the type originally proposed by Kraus and Turner (1962) and )

4 4

further refined by other authors (Niiler and Kraus, 1977), 1s used to

o

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

o

LY

" between the model used herein and others is that variations in geometry
along the axis of an - elongated basin are taken into account, in effect,

-resulting in a two-dimensional rather than in a sone-dimensional treatment

e W b St g Aok e e T

of the problem. ,Fran a hydrodynamic ‘point of viéew, observed surface

geiches and upwelling events are explained along the general line of Heaps :

-

and Ramsbottom (1966). The theory of linear generation_ of ,internal waves

AN ’ ', .
* by interaction of the surface tide with topography in oceans (Baines,

1982), finds application here, where theﬂ surface seiche plays the role of

. A\
the tide, in generating internal waves. In -the case of upwelling the

. 4 . [ -~ . H

. 5 ]

, ’ . T . 114 !

. ) . !
‘s ’ - i

] !

1 . f P [ ‘

. . PREF ACE - . - ;
| 1 - ’ A | /_—_ .

* The present paper is concerred with the physical ‘processes
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solution for ‘the wind response for a simple rectangular basin are modified

B

for discontinuous bottom topography. This discontinuity is ~found
L] .

conducive to the generation'of internal surges travelling against the wind

[4

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

degenerate into nonlinear undular bores similar to those observed in other

v

lakes (Farmer, 1978‘). o
. This work is intended at least in part to support biological
research in Lake Memphremagog. Apart from a simple description of the
basicgphysical environment, biologists need knowledge of transport 'rates of
nutrients either by advection or diffusiona. Special attention has been
givlen to provide some useful—numbers, and to point the direction where
the' present work oould be applied.
‘ The author s indebted‘:’to R.G. Ingram who i‘n addition to
supervising this study, lent a stm'mg hand in field work and helped in the

analysis of the data. Acknowledgements are also dwue to J. Kalff, R. Flett

‘and generally all the member3\<‘ the Limnology Research Group, whichr

provided research equipment, facltities and part ‘of the funding for this
work. My wife provided typind and proofreading skilis in edditiop to
ipdispené/able moral support. Peter Chandier helped in prgofreadir;g and
Niartec Ltd provilied the use of their word processor and drafting

! e
equipment. . e
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1. INTRODUCTION - _ o ' Y

.
o

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

Particular attention will be given to the stratification

Memphremégog. .

cycle and heat transport mechar;isms in the lake. Thege t.wo subjects are
probably the most relevant for bi'ologists - interested in Lake
Memphremagoé. Stratification defines the basic physic‘a\l environmenpt in

which biota evolyes and also describes the medium in which baroclinic

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

tracer to investigate mixing processes’ which will, distribute dissolved and

suspended matter in the water.

The environment - of the lake will be presented first. \By

environment is meant all factors outside of the lake, water itself, which

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

shape of the basin, the surrounding topography, river runoff and weather

The most distinguishing feature of the

conditions above the water.

environment of the lake is the abrupt changes in depth which occur along

the lengtH of the lake.

El

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

pra:e,éses occuring in the lake. Among the phenomena to be discussed

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

and convection under 1ce. It will be found that in each case the peculil;r*..

morphometry of Lake Memphremagog plays a crucisl role.
f
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Finally, in chapter 4, a stratification model for Lake Memphremagog

-a first

will

be presented. In step,

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

‘considered in particular. Because 'of the disparity in shape of different

the lake, it is divided into three regions each with a
Y] [

characteristic morphometry. In the simulation the three basins are allowed

parts of

to exchange water at a fixed rate, but the surfdce fluxes of mixipg energy

- and heat are -considered individually. In effect this_ model takes into.
- ‘ - ¢ . . N
account both horizontal and vertical mixing.
; ‘ . ) ,
: '
N )
L3
. ° ™
' . /
L4
, ) b
. . . ..
\ ‘ ] dsw ' !
, . ‘ ) ,‘
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existing work on numerical
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< 4 2+ LAKE ENVIRONMENT . Lo >
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© 24 Geegraphical Location ‘ ' T )
. o, §
. 'L Lake Memphremagog is “a long, narrow basin stretching across the

Canada-United States border between Quebec and Vermont. Approaching

from the west it is just past the Sutton Mountains which is the first of a

series of ridges forming the ?Appalachian Range. 'Lying in a north-south

a £y

. axis, the lake is set into steep banks. The shores are steepest on the
western side with a mean grade of 20%¥ and Owl's Head Mountain rises to
500 m above the water level just 1 km from the shore.

As seen in fiéﬁf‘e 2.1 there are two small towns at the extremijties of

the lake, Magog at the northern and Newport at thé,, southern end.

N * ]
.“f Montreal, about 100 km to the west, is §f\e latgest nearby city, followed
by Sherbrooke, 40 km to the north-east. Most of ‘the land in this part of

the Eastern Townships is forested although small cleared areas are used =
"o, ) h]

r® +

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

used mostly for recrestional purposes, tourists from Montreal providing a

k4 -

, major source. of income to local communities.

»

®

13 ’ s
2.7 Morphoﬁmetry ' ) . ) Lo

o Lake Memghremagog' is 40 km long and on the average 2.'{5 km wide. .

Because of its shspe and bathymetry it lends itself to division into three

ENA
¢
€ ?
- )
. .

o LA e - R - . - - . . .
4 A > “ [ N '
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Figure 2.1 Lake Memphremagbg
and its geographical location.
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f major basins, separated by const r\‘cted areas. These are referred }o

C
” according to their relative position as No’rth,’ Central snd South .Besins

(see figure 2.2a). Other subdivisions such as Sargent's Bay and Fitch - .

-

3

Bay may be identified ‘but are of lesser importante.

The glacial origin of all but South Basin is evident in the long
narrow shape and steep-sided cross section of the lake. In this, Llake °

Memphremagog resembles the Finger Lakes in nearby New York State.

Vs

'Accordihg to McDonald* (1967), Lake Memphremagog was formed as a result

~

of glacial erosion, overdeepening, existing valleys and regions of -weaker

T TR SRR e

material. Supporting this, surficial geology charts (Clark, 1967), show

b,

that North and Central Basins lie in a syncline at the junction of two
/"’ °

C different rock formations, v;/hile Fitch Bay is on a fault line. The shallow

E

b depth and generally different shape of South Basin may be explained by

Y

the p_resz?npe of a granitic Ibom.:‘l‘\:rop which is considergbly harder to erode
than, surrounding materials. The sills separating the various basins may
be remnants of harde‘:}ri rock formations or moraih.c!ep,osits ar both. The
presence of éeyeral morainic systems in the region and the unconsolidated
nature of material on Lord's. Island suggést‘ that g'laciz;l deposits are at
least p;artly responsible for the division of the lake. - .

In order to obtain systemaiic infarmation on lake moré:hometry, the
soundings from the bathymetric -chart‘ no. 1351 of - the 'Canqaian
Hydi*ographic Service  were "e‘odec} and.ﬁ entered: into MeGill Universit'y's

-

computer system. This. consisted of entering’ a set of three numbers for ]
¢

! 1

each 'sounding .shown on the map. Th;ase were depth and two horizontal
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‘ . values were interpolated on .a rectangular grid, at 100 m intervals. This
r g A \ &

. regular data set may then easily be manlipulated to-provide any morpho-

[

- , ' . L&
metric 'information. ° Based on the atcuracy of the soundings and position-
9 - - .

‘ing, volumes may be éstimated to within 3%, areas to 2% and depth to 1%.

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

\
area plot which were generated using the computerized information. ~ The
. . .
v cross sectional area shows how well the three basins are separated. Not
£ . ’
g only is the lake narrower &t the junction between the basins but shoaling
% occurs there also. . .
Z’ . * Volume development’curves are illustrated in figure 2.2b, showing
i_ ’ : . : . . . \". ‘ .
i the striking morphometric differences between the basins. South Basin, a
'}: * . l. ’
¥ wide shallow.basip, accounts for 52% of the lake surface area but only 18%
; of the volume. Central Basin with 67% of the water volume occupies only
é 26% of the area. North Basin' is intermediate with a more proportional
1111 '} ' , ] N
o . surface and volume ‘of 22% and 15% respectively. The lake as a whole
iy contains 1.53 km,3 of water, coveé‘ing 92 kmZ. '
\
: Although the interconnecting channels are clearly too wide to

consider Lake Memphremagog as ,yéj_system of individual river-linked lakes,

* it is clear that the divisions and- assymétries between basins have to be

“

taken into account in a phys“ncal limnology study. Y ’ s
b ) . : .
@ — .,
2.3 Drainage and Discharges ‘ .
-
- ) Lake Memphremagog is situated in the St. Lawrence River dreinage
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Figuré 2.2b) . Volume den elopment curves for
Lake Memphremaqoq's three basins.
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Its total watershed area fs 1678 km2 70% of whlch i$ drained by

basln.

three rivers, the Black, the Barton and the Clyde, entering the lake at
~
its ' very southern extremity. ., Of the remelning area, 5.5% is the lake sur-

<

face itself, while the. rest is drained by numerous minor streams, distrib-
4

The discharge is at the northern end of the lake

uted around the lake.

into the Magog River, *which jom$ the St. Francois River in Sherbrookeo:’uS

km to the north-east.

The St. Francois is a major tributary of the St.,

Lawrence River.

-

-

The present drainage syet'em of Quebec's Eastern Townships is' rel-

<
& ‘etiwvely recent. A,ceo:ding to Gadd, McDonald and Shilts (1971), bnly
; . ) jiSQUD years ago this reg;ion was entirely co:/ered by the Pleistocene ice
Tj': cap. A; the glacier retreated, melt wak\er collected between the glacner
éi - ’ front and the Appalachian® hightands, forming Glacial Lake Memphremagog.
§ f’ . " Because the ice completely obstructed “the flow to the north, the water
',%} ' I : level edjusted itself tol whautever pass was available as a splllway in the

mount% to the south. The glacial lake first drained directly: to the

a

south into the Connecticut River Valley. As the ice receded, successively

. lower spillways were uncovered and around 14300 years-ago (Prest, 1969)

- W

. the drainage shifted westward into Lake Champlain- and the Hudson River

watershed. During these early periods, the lake level was up to 100 m

above the present and the (Qacial Lake

- area which is now the valleys of the St.

K ‘cession and by 12000 B.P.

Merhphremagog flogded all of the

Francois and its tributaries until

about 12500 )73rs ago. At this time the élecial front started a rapid re-

(before present) the ocean entered the St.

A
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¢
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- Lawrence lowlands to form -the Champlain Sea. This is when Lake
Memphremagog must have adopted.a level and drainqge pattern approaching

the present day situation, although the lake outline jhas been slightly
. - \ )
modified by the hydrostatic adjustment of thé earth crust which has caused

a differential tilting of the land et a rate of 0.72 m per kilometer. The

r
<

lake level is presently 208 m above mean sea level. .

*  Two of the major tributaries to the lake, fhe Black and the Clyde

rivers, draining ’43% of the watershed, are gauged by the U.S. Department '

of - the Interior's Geological Survey. (The Magog River is also manitored at
the ‘lake discharge. The total inflow into the lake can be estimated fram
the discharge rates of the two gauged rivers, by)assuming that runoff is

proportional to watershed area. This assumption is suppprted by a cor-.

relatign coefficient of 0.99 between mean yearly discharge énd watershed

area obtained from six nearby Vermont rivers (Kalff et al, 1976)“. The

mean yearly inflow into the lake is thus calculafed to be 1.00 km?, which

%

compares well with measured lake' discharge. .Based on precipitatior; data

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

k4 -

yearly precipitatiom on the lake catchment area. This corresponds to a
typical runoff coefficient for this type of rural area, the balance of the
water being accounted mostly by evapotranspiration losses (Gray, 1970).

Comparing the mean yearly flow rate {o the lake volume we.obtain a mean

-~
a 1 .

flushing ‘periiod of 18 months,
Figures 2.3 illustrates the temporal variability in the flow rates,,

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

-
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mind that alth’ough‘ the assumption of watershed proportionality for

i i b

,diécharge estimates is adequate:' for long periods of. time, it will become less
. accurate as the time scele is shortened, especially since one of the

[

monitored rivers is artificially regulated. This will cause estimated -

z
~

fluctuation in flow to be smoother and to lag actual inflow. Seasonal

variabf}ity estimates -using this method should )‘thérefore be oconservative. a°
As can be segn in figure 2.3 ithe 'yearl); runoff cycle is‘_domih’ated‘by the
mspring fréeshet. During the months of March, April and May the mean flow

is 5.;‘0x 106 m3/day, ‘representing ?U% of Fhe annhual tunoff. During the \‘

5
rest of the year flows are well below thé yearly mean; October, November

and December averaging 2.2 x 106 m3/day while the :Vést of the year

averages 1.4 x 106 m>/day. . . {
It can

Figure 2.3 also- shos;«{s the year to year variability of flow.

!

be seen that spring runoff is not evenly spread over a three-month period

but rather'is composed of a few shorter events of rapid snow melt. In
I -
= 1976 which was a year of exceptional snow accumulation followed by a warm

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

Also shown in this figure is the Magog River discharge for 1975, measured

-~

+ " at a small hydroelectric dam usihg the lake as & reservoir. Due to flow -

regulation there is less 'variation in discharge than there is-in inflow. 3

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

-

.3 m as meesgred at the power plant. ‘ -

¢

. " In summary Lake Memphremagog is characterized by a low through

flow except dui'ing the spring melting season \;vhen one third of the leke

o

B T —
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] ‘ \ volume may be -rgplaced in the time of a month or two.  Dwring summer
1}

R oy T e

o 8
andwinter flushing rates are about 2.5% per month while in fall a second-

o midady o

X ary runoff peak due to precipitation increases flushing rates to 5% per

L .
: month. Flow regulation limits seasonal lake wvolume fluctuations to less

than 8%. - .o /]

P
3

L

’ .2.4 Climatology and Weather from Remote Stations

¢
© v

Since net flow through Lake Memphremagog has been found to be

. ’ .

S small, we can expect that interaction with the atmosphere will be the prime

v

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

- “ e . ‘
4 L

importance to determine the atmospheric conditions over the lake. Several

v

' attempts have been made to record meteorological. variables at the lake,
however wé were left with short intermittent time series, with the

exception of short wave rz‘ajiiation which was recorded almost continuously.

Our principal-source of information is therefore data from nearby A.E.S.

/ Al
{Atmospheric Environment Service) weather stations. The bulk of the

- e

daily data is from Sherbrooke airport which is 30 km north-east of the lake
’ 1

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

+

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

redorded at Sherbrooke will be taken from nearbylennoxville which is
) ”

7 about the same distance from the lake.
3 9
First we will examine the mean seasonal variations of .temperatures,

«

wind speed and insolation, &énd look &t their variability. A simple
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analysis on a small data set is used, and the results are subject to all the
limitations associated with this, but will be easy to interpret and adequate
for our purpose. The ‘information presented is all derived from the
Monthly Meteorelogical Summaries for 1976, the year of r:lost intensive
measurement at the lak?. Three sets of curves are shown in figures 2.4a

. to 2.4c. The full lines represent the normal seasonal values of eac'h
variable. The dashed lines are the standard deviations of daily values
from the norm and give an indication of day to day wvariability. The
dotted lines show the standard deviation of monthly mean values from the
normal, for the \decade preceding 1976, giving a measure of how much we
may expect a given month to depart from the norm.

As shown in figure 2.48 the seasonal cycle domi‘nates the
temperature climate, with a range of 29 °C, the peak occuring in July and
‘the lowest value in January. Nermal daily minimums and maximums have
also been plotted to give an indication of typical diurnal fluctuations.
These are seen to have an amplitude of about 13° th\rogghout the year. It
is interesting to note that the standard deviations of daily and monthly
values exhibit a marked seasonal trend with deviations from the norm being
almost three times smaller in summer than in winter. This means that

temperatures are generally more uniform in summer.
z

-

-

Wind depicted in figure 2.4bshows much less seasonal variation,

with a minimum mean speed of 9.8 km/hr in August and a maximum of,

LY
(=]

13.3 km/hr in March. Day to day fluctuations are ,more important than

seasonal trends, with a standard deviation averaging 5.2 km/hr. 'Monthly

/
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Figure 2.4a) Observed air temperature at Sherbrooke. : 3
The upper graph shows the normal ‘daily temperatures. 3
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‘\‘H deviations are of the same size as seasonal fluctuation. *.The prevailing )

wind direction is either-west or south-west for each month. The bottom of

.
b el e

. v ~ ¢
the figure shows wind roses generated from hourly obserwvations in 1976.
"= These clearly 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. i

[Py S S

In figure 2.4c the maximum possible number of sunny hours per

day (or .duration of daylight) has been calculated by astronomical geo-

?
&,,
£
b4

metry, and (is plotted with the other curves. As may be expected all

i i

i - curves follow the same seasonal cycle. It may be more instructive to
‘examine the relative amplitude of each curve rather than their absolute

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

B

the maximum while in winter the sun shines only 24% of the time; the solar

» -

; ; @
- disk is therefore obscured by clouds a much larger fractjon of the time in

winte‘. The standard deviations are quite proportionate to the duration of

daylight. In winter the daily standard deviations are of the same size as

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

. T aTha Gy, Hol e

no sunshine to be a common occurence (no sunshine does not imply no

b b, Mot UMM G o o 5

radiation, as some light does pass through clouds).

n

R P

Table 2.4 is meant to compare the variance of daily and monthly ]

means. The values tabulated are the sample variance .based on. daily 3

13 0 N
©

i . standard deviations and the values of the variance among groups based on . ;

monthly standard deviations. According to the ‘central limit theorem of
statistics these ‘should be two independent estimate.s of the population

q v
L ]
.
.
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: TABLE 2.4 g
IV o . .
COMPARISON OF DAILY AND MONTHLY VARIANCES .

) TemEeratu\re ’ Wind Insolation
n<® s¢ nsZ . sd ns? - sf ns?
(°c2) (°c2) (km2/hr2)  (km2/hr2) (hr2) (hr2)
- January 31 \90 358 - 25 103 -~ . 9 16
February 28 45 135 26 70 11 10
March 31 50: 164 Y26 104 2 17
April 30 . 42 108 25 48 13 21
May 317 12 79 26 . 143 21 - 47
June 30 23 36 38 164 20 92
July 31 8 31 32 185 0 35
August 31 ' 17 - 52 . 19 U119 20 12
September 30 18 36 26 \ 118 14 19
October 31 .18 137 T 40 115 9 8,
\Yovenber 30 23 108 28 N I 6 8
December 31 62 194 35 71 ) 7 ) 9

Meaninq of the Symbals

. .Sg

is the number of days in each month and also the smu;.le; size.

is the standard deviation of daily vdlues for -each month and its sguare
is the sample variance for that month. . i

values. In

S, is the standard deviation of monthly mean values for 16}ears and its
il

square times .n is the variance among groups of da
principle n S2 should be an independent estimate of st -

!
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variance, if the samples are random subsets of the s:;me population. As
. can be seen the variance among gx:oups is'always\ too lar/g,e and random ,
ff daily ﬂuctuat'ions are not osufchient to account for the monthly variations. i
‘ ’ The reason for thjs ‘beha‘vioJr is thsﬁ:t our samples are not random but
;f , \ rather clumpv.;,d. ‘In other words anywbweather conditionh is likely to last
5@ more than .a day and in that sens’e tqday's weather is not independent of
§ “ yesterday's. This clumpec; behavi;JtJlr is to be expected in any time series
? - \;/here‘ considerable energy 'is present at *frequencies lower than‘ the
i‘ sampling frequency. A good example ‘of the effect of 'low frequenC)J
* components is the 1976 monthly wind speedv which were c:ona'istently 30% ' i
. ‘1owe1\than norma’l’throughout the summer season. This is~ s;een in the
. wind roses (figure 2.4b), where the large percen!:a‘ge of calm weather in -
the sur?:me; should be interpreted as a particularity of that ye?r' rather ‘
; than a seasonal trend. \' s - ‘i
?1' ’d Temperature and duration of sunlight exhibit the strongest 2‘
kk sea;o‘na‘l cycle and we can'expect that they will be the prime factors ‘
t dffecting the anr;ual stratification of the lake. Because the r'neteorolog'ical ’ )
i . variables are fourtd sometimes to vary systematically from year to yea~r we :
;é ' may also expect to find marked variations in the lake's thermal cycle. =« )
' 1
& o 2.5 Comparison with ‘Meteorological Observations over the Lake )
. ¢ :
ga Y N R
f”‘ ) ‘ Let us now compare observations at the lake with data from
. Sherbrooke and Lennoxville. For this purpose the Monthly Summaries,
\e ! “
.. -
e -
NE ‘
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giving daily values, again form the main information source, except for the

comparison-of\wind vectors which were based on hourly readings ebtained

from A.E.5. Apart from the continuous recording of incident short wave _ ..

) .
radiation, all of the successful meteorological data recording & the lake
1977. ThHe

was done in a period from July™7th to November 15th,

recording instrument package was installed 7 m above the water level on a

Y

beacon near Newport at the southern extremity of the leke (seé figure
. ) .

2.5). Air temperature, vapour pressure and wind speed were successfully

. \ i
recorded for 98 days, while only 37 days of good quality direction informa-

.tion were obtained. The short wave radjation measurements were done at

A B

shore-based stations near the center of the lake.

~ e g,

The information used
) ¢ .

spanned the years from 1974 to 1977. All suspect data were removed -gnd

of thefreme&ning, 730 days are included here.

Table 2.5 summarizes the results of comparison. Air temperatures

t

o 5 e~

over the lake average 2 °C above those of Sherbrooke; 0.3 °C of the

difference may be accounted for by the adiabatic lgpse rste between the

Yt Saashi

levels of observation. Because the measurements were done in late summer

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

P

represent a seasonal bias. In order to remove this, the differenee
{

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

surface temperature, were examined and compared. As seen in the second 3

column of the table this is a the cost of a lower correlation coefficient,

»
)

but it is felt that this comparison maekes more sense because heatJL_

exchanges between the air. and the water are bound to influence the
iy .

.
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_ . S ' TABLE 2.5 :
= G[MPAR)’SUN OF OBSERVATIONS ON LAKE MEMPHREMAGOG e
WITH NEARBY AES WEATHER "STATIONS ’ ' )
’ *
- ' Temperature
Difference -
. ' Between Air Wind Speed
i ) Air and Water Absolute North East
! : ’ Temperature Sur face Value. Component ~ Component Insolation
Lake . L . g " R
Mean value . . o 15.0 2.3 13.0 -11.0 -1.0 \ 0.567* @
Standard deviation . 16.0 4,2 14.0 7.9 6.8 . 0.230* @
- * * Sherbrooke : .
1 : Mean value . 13.0 -4.2 6.50 -2.55 . -1.41 0.473*
Standard deviation 14.0 5.7 7.40 2.90 2.50 0.500%*
Correlation coefficient » _-0.99 0.94 0.68 © 0.49 0.43 0.93
‘? - 3
~ 7 Of)
Based on 98 Daily Means Based on 890 Hourly Based on
% . " Observations . Two Years
) . - of Daily
\ / ; " Observations
r . . : .
s  *  ‘These “numbérs are for the ratio of observed™ clear sky incident %ﬂ;_wave radiation.
‘ #*  These nymbers are for the ratw observed to maximum posaiblé daily duration of sunshine.
¢ i . .
- v
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easurements. .

F rom oolump three we see that the observed wind speeds (absolute.
values) are not ver); well co;"related, with observed mea‘n speeds -at the _j
. ] lakée being twice those at Sherbrooke. Another co’rrelatio\n analysis using 5 ;
da)‘/ averages yielded a coefficient of 0.82, suggesting that over a longer

L4 -
! . - time scale the winds are better Trelated. . The next two columns in th(:: table
show a compari"éon of the wind as vectors. This is one of several anélyses

(including cross correlation of north and east components) undertaken in

an attempt to relate wind direction at the two locations, correlation

coefficients were however even lower and we are forced to eccept the fact §
¢ that there is no simple relationship between wind at the two locations.
The ratio of the magnitude of the vector mean velocity to the mean scalar ,
velocity is sometimes used to compute a ooeffi_cient: of directionality in
.oceanography. Applying this we obtain 0.85 and 0.45 flor the lake and for
) . Sherbrooke respectiveiy, indicating that wind directions are steadier at the ﬂ
lake. These gesults suggest the importance local topography may have, . /
which in turn raises the question of how representative measurements -at
‘the Newport beacon are of conditions ovs:r the lake in general,: since the

low landscape in the sourthern part of the lake contrasts with the ;

Pl mountainous shores ©sewhere. Although & few instantaneous observations

were taken sporadically while installing_ other instrumentation in the lake,
there is much too’ little data to answer t‘F’\ese questions, and at best we .

may oonsider our wind measurements applicable to South Basin only.
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‘ i The number ‘of hours of surshine were not recorded as such at the
. ' '

-

£ e
%m‘m%mx

lake. Instead a more. relevant parameter to heat budget of the water,

Y

incident short wave radiation flux, was measured almost continuously.

Ak Sk

This quantity is formed allmost entirely by the visible light spectrum and

according to Gray (1970) the ratio of observed incident shortwave‘ radiation

2 . )
to maximum clear sky shortwave radiation can be linearly relsted to the

» ratio of actual number of sunny hours to the maximum daily duration of

? . - ?
v sunshine. These quantities for the lake and for Lennoxville respectively ’ f
o N 0 .

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 i
weekly averages of these quantities. This resulted in an even higher cor-
' relation of 0.98 suggesting that these two quantities may be wused equiva- v

‘

t lently over a long time scale.
: !
In summ)ary we can say tﬁ}at all meteorological observations at the .
lake and at Sherbrooke' or Lennoxville are well correlated, with the excep-
tion of wind direction. Temperatures 7 m over the lake are about halfway

! ‘ between water surface temperatures and air temperatures at Sherbrooke.

Absolute wind speed over the lake is also about twice what it is at

A N

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

: ced by a factor of 1.2, suggesting that the relationship is strongly - infiu-

) enced by lgcal topography and therefore varies over the lake. The above
analysis is wvalid only for the ice-free season as the fluxes of heat, radi-

ation and momentum will change over. the solid ice and snow boundary.

Vapour pressure and long wave radiation were not considered here.
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‘ However, they are cdntrobled mostly by

\

teriperature and discussion will be

. .
left for later, in the context of the lake thermal budget.
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3. LAKE PHYSICS e |

The investigation of physical processes in Lake Memphremagog was
initiated in 1972. Before 1975, megsurements by R.G. Ingram and P. Ros
consisted of taking beor‘nperature and velocity profilest and undertaking a
series of drifter tracking experiments, at numerous statior?s.(unpublished
data and reports).

The temperature observations showed that the thermal cycle of the

lake is typical of dimictic basins. Throughout the year the stratification

is predominantly stable with warm water overlying oool water in summer,

[

and the reverse in winter. There are two short transition periods' in the
year, in spring and fall when the surface w;atger approaches. the"tempera-
ture of maximum density (3.98 °C). At these times ;:onvective overturn
vertically n;i;<es the whole water column. Figure 3.0a— shows’th__e‘ thermal‘
cycle otfserved in North Basin during the 1972-73 season. The regign* of
sharp tempsrature gradient, called the thermocline, is the prevalent fea-
ture of the summer stratification of both Central and Nort'h Basins. In
mid-July the central depth of thg thermocline in gll basins spproaches the
mean depth of South Basin and from this time until fallvtgrnover strat;if}-
cetion is observed intermittently in this basin. The presénce ‘of marked
‘ tilting of the isotherms (see figure 3.0b) s‘uggelsts that this may be due to
the exchiange of geep waters, throhgh the action of long internal waves.
The velocity and drift experiments revealed complex circulatior;
patterns. In some instances thé flows seemed to follow recognizable
’

. S
. .
I . .
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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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Figure 3.0b) Observations of isotherm tilt on July 31, 1974
(from unpublished data, R.G. Ingram)
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patterns with a surface current forced by the wind, separsted from a

bottom counter current by a shear zone sometimes located across the
thermocline. Generally, however, the data shpwed widely varying flow
directions with velocities typically in the 5 to 15 cm/sec range.
Notwithstanding the fact that some of the variabili.ty may be due to boat
motion while taking a profile at anchor, the degree of current variability
measured is typical of lake peasurements (Bengtsson, 1978).

These early observations provided valuable information on the
general properties of Lake Memphremagog, but it became evident that
continuous measurements of temperature and velécity would be necessary to
elucidate .some of the® observed beghaviour. In the fall of 1975 several
recording current meters and a recording thermistor chain consisting of 11
sensor‘s at 5 m intervals became available for moorings‘O\}er extended
periods of time. During the fifat year of the mooring program, attention

DR e

was focussed on determining prevailing conditions in each part- of the

wlake. i Mooring sites were thus selected ‘near’ the middle of the three

7

basins. Preliminary results confirmed the importance of inter-basin
exchanges and for the second year of the study instruments were installed
brimarily near the jd;uwci:io'n of South and Central Basins. Figure 3.8c
shows. the location of mooring stations while table 3A gives the mooring
schedule.  Only :bhe moorings for which data were successfully recovered
are included in the schedule. For example, due to instrument failure's no
data were collected at station ‘\St 7.

|

The present chapter will, be devoted to the analysis of data
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' Thermistor chain
[

= ' 5t5, 6 to 56 m

] .
975 \> . . Current meter
' St2, 4m

e, s b e AR ¥ sl B AR sy

Thermistor chain

WA i

— b L4 1 r~ 2
St5, 6. to 56 m St5, St5, St5, . Sts,
X ) 8to58m 36toB6m. 9 to59m_  2toS52m
- - - Current meters
1976 - T - e——y r v — - ™~
‘ ) ) ‘ : St2, 4 m _StZ, 4m St3, 4m St3, 2.8 m i
) ’ B a -. o ’ ’ E i . C . N
- ‘ _5t2, 4m : st1, 4.2 m St2, 8.1 m St3,76.6 m S5t3; 8 m
f 1 ' . 4 i It Y et 1 \A iy 1 - | :
- i . h \ n 11
| - ;o ) : Thermistor chain -
Sts, 2 to 52 m o o 3 ’ .
y . B G il - Current meters
y . 19 . D ————]
1, 1971 ¥ : St38, 8.5 m
4 ] . , - —

- | R ‘ S5t3, 2.8 m St3, 9.2 m St3A, 8.5 m
‘ ' - - A ——

T St3, 8m . Sté, St6, St2, St4, 1} w .,

' ‘ ‘ - ‘ Mm 15m 25m . E

[ ! - L [ e 3 A 3 Hnad 'y b 4 ' — Y ;

Jan " Feb = -Mar Apr May Jun Jul N\ Aug - Sep Oct’ Nov Dec
N Table 3A. _ Mooring &chedule for thermistor chain and current meters. Each line represents a pei‘iod of
- measurement at a given location. Below the lines, the station number- and depth of measurement are indicated. “-
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‘ . obtained during those two years, and to some theoretical explanation of

observations.. Although the chapter is divided into two sections entitled

Hydrodynamics and Thermodynamics, both topics are strongly interrelated

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

category. , During the course of the study it has become apparent that the

¢

¥

flow velocities in the lake were often be]ow the threshold of detection of

. X )
Temperature measurements are therefore

-

¥ - the current meters (1.5 cm/sec).

of critical importance and most of the processes to be discussed deal with

0
T

* 7 heat transport in some way.

* «
-

3.1 Hydrodynamics

3
. B

In this sectlon we will dlscuss motlons within Lake Memphremagog /

\
which are primarily driven by atmosphenc forces. These include the

Al

familiar surface and internal seiches but also the occurence of non-periodic

. motions. As mentioned earlier no wind information is available that

relates well to conditions O\Zer the lake, therefore we can only speculate as
r . Pl . ‘

to the ‘atmospheric couplihg of these motions. ) ‘ g

4 ‘
¥

) ‘ Because of thealargé number  of moorings involved we will not-

b
: consnder each rdata record mdlvudually. _ The flrat step in the analysis is

-
‘e

the exammetlon of the general features of the curreént measurements, as

they are the mosgt . dxrect indicators of - hydrodynamnc propertles. Then"

several obsePVed hydrodynamxc phenOmena will be dlscussed Jdn turn with
t.

‘both current and tempera;ure data being used to support the

-
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Gen{!%l Character of Current Observations

.directions. The effect of this containment is supported at station St6 by-.

N\

. Table 3.1A presents the overall properties of current observations

S S gy Shnse

i

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

below the limit of detection of our instruments (1.5 cm/sec), and in any
N o - , )

case are not much greater than the instrument accuracy claimed by the

manufacturer (¢ 1 om/sec). This makes it very difficult to obtain
meaningful statistics of  flow patterns in the lake. Measurements in k

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

large vane (0.5 mZ) which serves to orient the instrument into the current |

.

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

for flows down to a fraction of a centimeter per second. In the table’, two

-

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

assumption that all current speeds are zero when undetected by the

instrument, while the higher value is for the current set to the stall speed
of the sensor (1.5 crn/sec); whenever no flow is recorded. These values

give a measure of the rapge in which the real mean is expected to lie. N?

a

AR S

. /
vector averaging was dong-< the results fall far below the measuremen

errore.

S
The lowest overall currents were observed at stations Stl and

v

Sté. At both locations water displacements are limited g; shores in three

»

the fact that currents very seldom flow .in a northerly direction, while at

all other stations the flow is predominantly in a north-south direction.
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st1
Vnnx =5 cm/sec

15% € 1.5 em/oec

\

Yrax = 14 ca/sec

60% < 1,5 cm/sec

5t2

5t3
Vioax = 22 cm/sec

77%< 1.5 cm/u;c

'

St4

vu.; = 12 cm/aec

1105 €1.5 en/woc

o
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'sté
Yuex * 10 cm/sec

4% < 1.5 cm/sec

Summer no direction 31% N, 185 E, 39% N, 103 E, 40% N, 15% E, 18% N, 40% E,
(3une to measurement i 31% S, 20% W Y 8% 5, 175 W 1% S, 415 W
August) R , -
Vasan® 0-8 = 1.7 | Vpear® 3.0 - 3.6 Ymosgs 3.8 = 4.2 | Vpgant 0.3 - 1.6 Vmear® 0:1 - 1.6 .
20 dayns 26 days 54°days ‘ 26 days 35 deys
a Veax = 14 co/sec Vepax & 15 om/eec Vgax = 12 om/sec
455 € 1,5 cm/sec 67% < 1.5 em/nec 3% < 1.5 cw/sec
- «
Fall 28% N, 16% £, 43% N, 115 E, 49% N, 225 E,
(September 38% 5, 18% W 335, 135 ¥ 8% 5, 215 W
°& October) Vooar? 1.4 = 2.6 Vmcar® 2-3 = 2.8 | Vpoan® 0.1 - 1.6
. 60 days - 50 days 9 days
¥
Yuax = 3 cw/aec Vaex = 4 cm/sac
Winter
(ice~covered 0.5% < 1.5 em/sec 3% < 1.5 cm/sec -
season) .
8% N, 71% E, 71% N, 6% E,
1% 5, 05 W 20% S, 3% W !
Vmean® 0.0 - 1.5 Vioar 0.0 = 1.5
3 "120 days 140 deys
1
- Vnax = 7 cw/sec Vaax = 12 cm/sec Yuax = 7 ca/sec
Spring '
(before June) ‘ 66% < 1.5 cn/sec $5% < 1.5 cm/sec 35% < 1.5 cm/sec
TN 32 N, 1T E 30% N, 165 E, B N, 92[.‘
¥5s, 25 W 385 5, 165 W 508 S, 23% W
Vooar® 2.6 = 3.1 Vmoar® 2:2 = 3.0 Vopous® 16 ~ 2.8
E 13 deys

&
Entriss follow this format:

Veax © Waximum speott
% of the time with velocities < 1.5 cm/ssc

% of the time with flow to north, ssst, south and west
Vmean = range of ssan speeds
dyration of sampling -

. Table 3.1A General

\

*
k8
L™

30 days

!

el

24 days

N.B. Station St5 wox used for

temperature measures only

current statistics in Lake Memphremagog.
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.




PP S S p e SR T o R I it A

°
T R e

’

.| &

@ 34

L ﬁ lw

~ ‘ .?

t The maximum velocities were recorded &t St3 where the flows were also the i
‘ ) i

J most strongly polarized along the¥axis of the lake. These are not much §
greater than observed currents st 5t2, indicating that the effect of the g

’ . ‘C i

constriction at Skinner's Island, which by continuity should yield larger §

3

flows, is of the the same order as the effect of increased wind fetch over

N
South Basin. At St4 neither constriction nar fetch can enhance the flow

and observations show g'enerally'low cux:\rents.
The most obvious seasonal feature is the almost total cessation of

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

observations and the scrutiny of satellite photographs revealpd that the
' freeze-up of Central Basin lags that of the rest of the lake by up to a
o)

month. Thig seems to have very little effect over currents in South

Basin, which/ stop as soon es there is a local ice cover. During the winter

i
only a few{\ small spikes of current associated with runoff, lasting no more
hY

°

than half a day, were detected. These, however, are about twice as large

as what would have been expected from our estimates of peak discharge in
section 2.2, pointing to the inadequacy of the method used,.when dealing

with short rapid events. - . ,
E

For the rest of the year, differences between 1976 and 1977 are of &

the same.size as seasonal variations and no definite seasonal trend can be
- \ v

-

identified. .

v’

+In the upcoming discussion a closer look will be given: to the, time

, series of both current end temper,atuxzé measurements. Unfortunately the

. cl‘lppying (jhe‘ velocity signal each time it falls below the threshold of the

A 5
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]
2 ‘ instrument acts to confuse the results of spectral analysis and we will have

to rely primarily on visual interpretation of the current record.

Temperature measurements, however, are easily subjected to standard time;

F]

series %analysis and the temperature profile measurements in Central Basin

-

will supply important information on baroclinic motions of the lake. The

o ~ ~

author is indebted to R.G. Ingram who undertook most of the spectral

'enalysis of the data.

Motion at the Frequency of the Surface Seiche

. S :}‘\‘:Lﬂi‘";}h‘w BRI we o,  -

IR

o
> i

°

Visual inspection and spectral analysis of all current meter
measurements at station St3 during ice-free seasons reveal a strong
oscillation at a period of 2.1 hours. To determine if thig could be due‘ to -
surface seiching Defant's method (Neumann and Pierson, 1966) was used to
determine‘ the period of the first resonantnbarotropic mode. This involves
solving numerically ghe one-dimengonal equations of mo}nentum and mass

PR

conservation, for a long wave propagating along the axis of the lake. The

il

\
lowest eigenvalue for which velocities at the extremities of the basin are
w

zero, correspond to the fundamental resonant mode. Higher eigenvalues

—— N
can be used to give the higher order harmonic resonances. Because the

expécted resonant period is much shorter than the inertial period for the

L

T A BT

latitude of thRe lake (17 hours), ooriolis acceleration can be neglected.

Similarly, viscous dissipation is neglected bel:ause the damping time

s
Fad

constant of observed oscillations is about five times the resonant

TR
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S . @ - -
period. By analogy to damped harmonic oscillators (Hamblin, 1976), this .

TS
) “
-]

R
QAo es

will” yield a shift in period of only 0.05%. From the bathymetric informa-

]

tion presented earlier, the solution depicted in figure 3.la and a period of

2.0 hours were found for the fundamental seiche. Tllue. small difference

)i"

% between computed and observed resonance period may be attributed to the

E idealization of lake geometry.' 'Specifically, in order to retain one—dime’- s
? sionality, Sargent's Bay and Fitch Bay were neglected, as was rthe-lateral,
@ shift in Jlake center-line which occurs at the two extremities of South

¥ Basin.

p From figure 3.la we see that the maximum velocities' occur st the

s junction of South and Central Basings. It is not surprising then that {
f seiching oscillatibns were detected only a St3. The reason' for the veloc-

“ ity maximum is twofold: first, this is the location of the central node of

En

r the oscillation, and second, it is the narrowest point along the lake.
Another sglightly less important velocity maximum exists near Lord's Island

between Central and North Basing. Unfortunately, all the moorings in this

region were at station St6, in the lee of Lord's Island rather than in the

adjoining channels, and no seiching was recorded.

)

bg Three_portions of the October 1976 record at 4.0 m and 6.6 m,
’ @

where seiching is predominant, are plotted in figure 3.lb. Periods o

stratification,which are marked by & large temperature difference between '

the instruments, are noted. These are the results of upwelling events

s

which will be investigated later. As can be seen, the oscillatory motion is .

13

not always in ‘phase and of the same magnitude, as would be expected for

_a simple baroi:ropic wave. Particularly on October 9“‘, both seiching and ]
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Figure 3.la Solution to the -ffrst barotropic resonant mode for Lake Memphremagog.
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‘ steady motion are strongly sheared. Surprisingly, the oscillations at 6.6 -

e g T SIS
A .

T T

m are from side to side of the basin. Three processes come to mind which
may induce shear: bottom friction, nonlinear interaction between the ;
sheared steady flow and oscillatory flow and finally, baroclinic motion. We'%

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

‘observed behaviour. ‘ 3
Both Smith (1977) and Grant and Madsen (1979) have investigated
theoretically the interacting bottom boun&ary layers of steady and
. -0scillating flow. Although prima'rily concerned wjth the case of wind waves

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

applicable here. They give the thickness of the oscillatory flow botindary
layer as:

»
& = 2K Umax/ @

where K =0.4 is the Von Karman constant
@ is the angular frequéncy of the oscillation
and Usmax is the friction velocity corresponding to the |
maximum instantaneous shear stress on the
bot tom. | |

»

Generally, Ugmax may be related to the maximum flow velocity,

.

Vmax + by & friction factor, f , as: .
——
c ’ ‘ Usmax = Vmax V1/2
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Using a Vtypical .t of 0.006 for ategdy flow over a sandy bottom
yiaﬂjﬁ = 6 m for the velocities observed on the 9th of October.
'Follg ng Grant and Madsen's method of determining. the friction factor for
an oscillatory flow yields. f = 0.06 and § = 21 m, so‘thatmg‘learly the
turbulent bouhdary layer et least approaches. the full dep,tih of the water
columr;;m Details of their analysis break down when the boun;iary' i;yer
becomes comparable to the wate:: depth since, they basically consider a
modified form of the l:aw of the wall, with only one sheared boundar):.
However, some qualita'tive oﬁnclusions 'W{Qy apply. In the constant slress
region of a bottom boundary layer, an oscillatory flow at an angle to the
steécjy flow will cause the steady flow to change direction with depth.
This arises because stress is proportional to the square of the ;/elocity 80
that the effects of. the tp{g flow vectors do not add up linearl);. This may
explain the rotation of the steady current vector observed on occasion but

&

not the rotation of the oscillatory flow.
1

-

1

.
:

Regardless of bottom friction, nonlinear effects may come into play -

because of the sudden change in topography at station St3. In order to
;ssess the potential for nonlinear effects we can evaluate the linear and
nonlinear scceleration terms, g—ty and vy g_;(‘! , of the equation of
motion. To a first approximation we can consider nonlinearity as a small

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

nature of the constriction at St3. Then, ‘.;_.‘.": Vw and from the solution

w—'

V . v¢5 x 10-3 cm'l, just

for the linear seiche (figure 3.la) Vv o

40 .
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north of the constriction. 'Substituting the maxipum observed amplitude of
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the os'cillating velocity 8 dn/sé{é) we obtain 0.0070 cm/sec? and 0.0032

sy
S

2o 3T

\ ‘ : .
cm2/sec for\ﬁhe linear and nonlinear terms respectively. Both are of the
R,

2

same magnjtude and nonlinear effects are likely to beofelt. This will likely

be enhanced by interaction with the steady flow which will amplify the

. 1

nonlinear acceleration. The sheared background fl'owf is the sfeady state

®

circulation arising from the surface wind stress, and . as such will be
affected by topography in a very diffe,\gént way from the barotropic
‘ ’ - oscillation. In genersl, the wind-driven~ shear flow is proportional to

channel depth while the inverse is true of. the seiching motion. Also the
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effective drag at the bottom of the epilimnion may change abruptly when

ey 3

passing from a region where the surface is in contact with the bottom
.i (South Basin) to a region where it overlaps a denser water mass (Ce |
i . Basin)/: thus causing & sudden change in wind driven velocity . not
534 clear how the two compc:nents of motion will interaét, but it seems pl@L:siblgh

that rotation of the oscillatory flow may occur if the wind stress is at an,

angle to the axis of tRe lake. ) Ve

-]

. ) The fact that sheared oscillatory flow is observed during or near
] s ’/
s episodes of <stratification at the mooring site, ’ suggests- that baroclinic

ST R AR e

x

waves (internal waves) may come into 'play. For long interfacial waves one

5
T
§ may calculate the interface displacement, D , corresponding to a givgn
B ' - - ~a
velocity amplitude . V “as: o -
. v .
D = h=
4 lci 1
N !
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hy and h being the thickness of the top and bottom layers
1 2

where h; = Is an equivalent depth
i

respectwely .
, \/g hj AP g the phase velocity. ‘ . '
Assuming that the stratification structure occuring on October lﬂth is
composed of two layers of temperatures, 14 °C end 6 °C, each layer 5 m
thick, we obtain hj = 250 cm and C; = 12 cm/sec. Then for barcclinic

waves to induce flow velocities of the same order as -the surface

- seiche,they must have amplituae of order 120 cm. No temperature

- Because the thermocline is very sharp, with a thickness less than the 5 m

fluctuation qt the 2.1 hour period are observed at S5t3 indicating that any
vertical displacement is probably sm;ll. This, however, is inconclusive
since we are probably very near regions of generation and refl;action 80
that the waves are not progressi\ce. Spectra.l analysis of temperature
measurements in. Cen*tral Bas;in show marked peaks near the surféce

seiching period (figure 3.lc). Cross spectral analysis shows: the

oscillations to be vertically ooheéentl, confirming their interfacial nature.

-

.

] - (
spacing of the thermistor sensors, it is difficult to assess the amplituse of

7 . . ; . .
vertical displacement. .Estimates assuming a linear temperature gradient

!

between sensors, suggest an amplitude of order 100 cm (figure 3.lc)..

These internal waves can be generated by the interaction of the surface

seiche with the .abrupt change 'in topography near Ski'nner Island, much in

*the same way internal tides are genersted at the continental shelf break by

ey b

surfacettides. Baines (1982) gives an excellent review of linear generation

© L4 f ' » N . .
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mechanisms for internal tides.’ For the stratification used earlier, and a

sloping‘ Dottor,n with a 5% grade,tjust‘nolrth of St3, his 'solution predicts

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

3

observations in Central Basin the mean thermocline depth is about 14 m so

that the interfacial depth must have varied in time before it was detected
at ‘the current meter level. -Accordihg to Baines, the maxirﬁt;m amplitude
of thé internal ﬂwaves‘ (160 'cm) Y:ould have occured when the'thermocline
Jassed the sill depth . (I0 m). These may~ therefore eccount for a
cbnsiderabl;a amount of shear. In view of the large amplitude of both the

surface seiche and the internal waves it is probable that nonlinear effects

come into p'lay as generation mechanisms. For the October 1976

stratification another possibility is resonance with a transverse internal

1

seiche. This might explain the transverse oscillation observed, but it is

difficult to imagine how energy oould be transfered from the rface

longitudinal to -the internal transversal seiche. Other " generation

mech:;fsms *for the transverse internal seiche such as those 'described by

v

Csanady (1973) rely on coriolis force -to transfer longitudinal stresses into
lateral motion, but they can only produce small displa(:e[‘nents in a lake as
narrow as Lake Memphremagog. Current meters were moored st séation
St3A and St3B to yield information on the lateral structure of flows near
Skinner Island; they showed coherent oscilla-tions with only insignificant

amplitude differences scross the channel. ' .

It should be noted that the peak st thé surface seiching period’ is
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t prominent feature of the current spectra, for all of the data collected at

_the lake. -, Only the 2.1 hour. seiching oscillation js appareht in visual in-

TaclZeante St

. specj)ion of the current meter data, the other spectral peaks were there-

fore * interpreted as spurious response due to the clipping mentioned

B
.
‘ r

‘earlier. ., - . s

.- ~In summary we can say that surface seiching is an important
. 1.

“ .

‘ ' feature of the barotropic circulation of Ldke Memphremagog. Because of

the canstriction at Skinnerll;aland the flow. is locally complex, being in-

.

fluenced b){ friction, nonlinear effects and "the generation of internal

waves. Thgse internal waves are the on.ly recognizable oscillatory feature
of baroclinic metions. Internal waves are probsbly also generated at the
constriction between Central and North Basins, in which case they\’ would
propagate in both basifis. No temperature time series are .available in
North Basin to verif;l this assumption. Typical flows assoc_iated with the
surface seiche h;ve_, an amplitude of 3 cm/sec at Skinner Island. According
to a solution obtained for the resonant oscillation of the. lake, this cor-
‘ responds to surface displacements of 1.25 cm and 1.90 cm at Newport and .
! L
Magog respectively. Although the time history. of atmospheric foreing
would be important, comparison with the wind response oomputéd for an
iaeaiizéd rectaﬁgular basin (Heaps and Ramsbbttorp, 1966) suégests,‘ to a
first appmxi;mation, that a surfar;‘e stress of order 2.3 cijnes/cm2
(corresponding ts a wind speed of 43 km/hr) 'lasting for about an hour

would be required to produce the largest odcillations . The estimates of

- displacement and wind stress seem reasonable but remain unverified. It is




§
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probable’ that each basin of Lake Memphremagog can oscillate at its own

resonant period (Murty, 1271), these motions would have to be detected by
* LN

, water level measurements as the associated current would be too small.

Ky
* ! ]

Cold Upwellings from Central into South Basins

a
Here we will discuss events in which sudden bursts of cold water

are observed to flow along the bottom from Central to South Basin. Since
during these events the equilibrium thefmocline depth is below the level of
the sill separating the two basins (10 m) and since( most of the water thus
transfered is not returned to the hypolimnion, they can be qualified as
upwellings. During three mooring peribds at stations St3, St3A or StJB', a
total of 9 such events were detected. Figure 3.1d shows portions of
cuMEnt meter records extracted from each of the three mooring periods,
and showing upwelling. In fall 1976 measurements at two levels permitted

at least an estimate of the vertical extent of the cold w;ater tongue.

" During the same period, temperature was recorded at 5 m intervals at 5t5,

thus providing some insight into the accorhpanying baroclinic motions. In
early summer 1977 a single current meter moored 1 m off the bottom
recorded t’:he largest number of upwelling events (5 in 34 days) ,\' At the
gsame time another current meter was installed at tle other extremity of
Central Basin at St6. In Auguét 1977 three -c':urré.nt meters recording
simultaneously at stati‘onq St3A, St38 and St4 ‘provided information on the

horizontal structure of the cold water flow.

[ 4
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g‘ In the upcoming: text we will first take a cdoser look et the. 4
" . u

relevant data, then consider what hydrodynamic processes may be involved

and finally, estimate the importance of these events from “a thermodynamic

point of view, .

The most interest‘ing data is prc;bably that collected in 1976. The
current mgsteré at St3 were st depths of 4.0 and 6.6 m in 10 m of water.
T‘he two cold water fronts détected by the lower current meter were not

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

thickness between 3.4 and 6.0 m. Temperasture records at St5 show

strong flOctuations associated with the upwelling. In one case a
well-developed nonlinear undular bore of the type found in other long
lakes (Hunkins and Fliegel, (1973), Thorpe (1971), Farmer (1978)) was
ob;erved. The high frequenpy'internal waves which accompany this front :
are not well resolved and are subject to aliasing by 6ur long sampling
interval (10 min.). These oscillatioﬁs, called solitans becsuse of their
similarity to solitary waves, result from the interaction of nonlinear
steepeni;g and dispersion of large amplitude disturbances (Zabusky and , ﬂ
H . Kruskal, 1965). This ipternal front is shown in figure 3.le together with 1

the temperature fluctuations associated . with anéther upwelling. In both - .

cases the upwelling e St3 has been preceded by a gradual temperature

drop at StS. It should ' be mentioned/jhat temperature fluctuations

recorded in Central Basin and smaller vdriations observed at the bottom

%

current meter on October 6tf" suggest that at least one cold water

c X intrusion of thickness less than 3.4 m may have gone undetected.
‘ ¥

-
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( Comparison of the 1977 early summer record with the others shows -

the difference resulting from a weaker stratification period. During the
N, »
major part of this mooring the thermocline depth was sat or just below

10 m., Very small. fluctuations in its level will therefore lead to upwelling.’

The temperature gradient in Central Basin was also weaker leading to a
smoother variation of temperatures during upwelling, and in many cases
the beginning and end of fheh events are not well defined. The current
meter moored at 5té (}lot shown), 15 m deep, showed similar but more
numerous temperature fluctuations. No systematic relatidnsﬁip seems to
exist between the measurements at St3 and S5t6. Cold water exchanges'
probably .occur between Central and North Basins, howewver because Sté6 is
Iocated in the lee of Lord's Island rather than in the interconnecting
channels on either side of it, no currents are recorded and lihis transfelj'

s

remains unverified,

. The temperature measurements at St3A and St3B show °‘that theé’

cold water intrusion is laterally uniform.”™ The sudden drop in temperature
at the start of the upwelling occurs within the instrument sampling interval

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

attributed to the variations in bottom topograp‘wy‘. Both instruments are

7.8 m deep ‘but the total water depth is 8.5 m at St3B and 9.1 m at ShtBA.‘
_ The time series at station St4, 1.5 km into Cenltral Bagin and 12 m gieepz'
shows a gradua‘l decrease in temperature before the uﬁwelli‘ng l*gnd a very
aﬁrupt return to normal oond;tions efterwards, - This abrupt change. is
reminiscent of the surge observed in October 1976. 'The highept velocities

c = N
. v
.

<
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at St4 occur duriﬁg a flow reversal accompanying this front,

_ Most upwellingﬂ \events occur at the same time as surface seiéhing.
The ’emplitude of the seiche varies considerably from one event to the next
and stroﬁg seiching occurs with no upweiling. ‘In the present discussion
the two phenomena arﬁ assumed to be related only inasmuch as they both

require strong winds along the axis of the lake. This is surely 'simplistic,

especially in view of the interaction which can occur between the

barotropic and baroclinic flow, but the present dsta base does not justify
a more detailed analysis. \

. 'The gradual fall in temperature observed before and during the
cold intrusions corresponds to a rise in the level of the thermocline.
Since the ‘measurement site (St4 or St5) is always nearest the southern

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

resulting in a southerly surface wind stress. According to Heaps and

Ramsbgttom (1966) the thermocline will sink at the down-wind end of the

leke and rise at the upwind end in response to atmospheric forcing. For a
_steady uniform surface stress, T , the interface between two liquids with

_ & density difference, 4P (small compared to unity), will reach an

equilibrium tilt, 2% , of T where . . is gravitational acceleration
q y ax 1 Wl r 9 g

and h,, the depth of the top layer. If the surface stress is imposed
suddénly , the interface will start tilting, overshoot its equilibrium
positions .ar\d oscillatd st its natural resonant period, between the,

horizontal ‘and "twice ita equilibrium position. Table 3.1B shows estimates

of the t,il-t and wind stress needed to produce them, together with a

-
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© - Table 3.18
o« Intrusion and stratificstion properties {for the thermocline at rest)
N during the nine obaserved upwelling eventa.

. Properties of Cold Intrusions
, - i Duration Tempersture juwp  Thickness of . Mean Volume
£ - intrusion velocity transport
10/9/76 13 hra 18.0° - 6.0° | 6 om/sec  >10x106 m3>
fo>34m A7x106 W<
. ' <6.0 m.
. 13/9/76 14 hrs $2.0° - 7.0° 7 cm/sec  >12x106 m>>
<21x105 mI<
1-2/6/77 28 hre’ 10.0° - 6.0° 9 co/sec  >8x106 >
L 9/6/77 not well defined 13.5° - 8.0° 3 cn/sec
12/6/11 28 hrs.- 14.5° - 8.0° >1.0m 6 om/sec >6x106 »5>
28/6/77 not well defined 14.0° -~ 9.0° § cm/sec
29/6777 not well defined 15.5° - 7.5° f ¥ cm/sec
22/8/17 11 hes- 19.5° - 6.0° [ 12 cm/sec  STHI06 md>
>1.5m
. 9/9/77 10 hes 19.0° - 13.0° } 12 om/sec  56x106 3>
§ 1
i
Properties of Centrsl Basin Str;tific.ticn
. !hermcline( ) Difference in mesn densily & Phase velocity of First internal
depth between epi- and hypolimnion long internal waves resgnance period
10/9/76 19 +3 - a.70 x 10-3 g/cw’ 27 % 2 om/sec 24 % 2 hrs
T
13/9(76 2143 m 0.44 x 10-3 g/cm’ 23 % 2 cw/aec 30 & 2 hrs
10/6/77 Wetn 0.50 x 103 g/cad 18 & 1 cm/sec 42 %+ 2 hrs
20/8/17 31w 1.62.x 103 g/cw 37 £ 1 cm/mec 19 £ 1 he

Heat
transport

80x1012 cal
136x1012 ol

60x1032 cal
105x1072 cal

32x1012 cel

39x10%2 cal

94ax1012 cal

39x1012 cal

Thermocline tilt required Sutface stress required

for observed upwelling

2.1 0.6 x

2.3+ 0.6 x
>0.2 £ 0.2 x

>0.7 £ 0.2 x

® Tilt = 2 x (mean depth of thermocline - layer depth st St3)

10-3
10-3
10-3

10-3

to produce s corresponding
equilibrium tilt

2.7 £ 0.8 g/cm sec?
2.1 + 0.8 g/cm sec?
>0.1 + 0.1 g/cm sec?

>1.4 + 0.8 g/cm sec?

Equivalent wind speed
(drag caefficient = 1.3x10-3,

47 2 & km/hr
42 £ 5 km/hr

>9 £ 9 km/hr

>33 £ 3 km/hr

Langth of Central Basin

N s =L

(A
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summary of the general intrusion and stratification properties for the nine §
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observed events. The uncertasinties originate primarily in the
. s ;

determination of thermocline depth with temperature measurement levels 5 m i

apart or from line angle when profiling from a boat. The talculated -

stresses are consistent with those required for the observed surface

seiching. Assuming that no overshooting occurs, these would have to

oA
t

lastfor the time required for the thermocline to achieve the tilt, plus the

’

duration of the upwelling. For a suddenly applied stress the time

required. to first reach the equilibrium is one quarter of the resonant
period of the basin. Then- for the fall 1976 -and summer 1977 events a

. southerly wind bl(gwing for a total duration of about 18 hours would have

been needed.

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

NI AR T e PR ST R

very little tilt could be sustained since the only boundary against which
) the cold water could accumuléte is the southern e;tremity of fhe lake.
Ancther balancing force for the pressure, gradiént imposed by the surface
stress is the nonlinear acceleration. Neglecting the thermocline tilt oom-l

pared to the 'local 5% bottom slope we can find, using the conservation of

+

.o ’ 2
mass requirement, that this accelerstion ( V %-}(’ ,) is given by 0.05 -I\-:-

) . 2
where h, is the thickness of the intrusion at St3. The pressure field

-«

?

R e R T T e
§

T

@ LY

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

T

- F%" s where p and h; are the density and thickness of the surface
. hy ,

water. For a southerly wind and a south flowing intrusion the signs are

=

Cﬂ‘ " " guch that for the two terms tend to balance out. In the fall 1976 events
: ' \
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Figure 3.1f Schematic representation of the effect of steady setup and standing internsl
wave in response to a steady wind stress imposed at time 0. On the left is the case of
normal rectangular basin, on the right, for a rectangular basin with’ a partly reflectin
boundary. In the first column, the full line represents the half of the standing wave

initially travelling left, and the dashed line represents the half of the standing
initially travelling right.
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‘ when the best estimates of h, and h, are available we find that: the

acceleration term could balance a surface stress of 1.2 to 4.0 g/cm sec?
which is again consistent with other stress estimates. Further into South
Basin & rapid decrease in intrusion . thickness would be required to balance

the surface_stress on the flat bottom and widening channel. As the layer

~,

- . thins the velocity of internsl waves it can sustain on .its interface

® s

decreases and a{aproaches the speed of the layer itself (ie. the layer

-

" Richardson number becomes small). This will cause shear instability and

0

mixing. Neglecting the change. in width we can find that the layer
Richardson number will have decreased from 9 to 1 only 200 m downstream

from St3. The widening of the Jlake will only enhance this effect. In

addition to shear instability, mixing will occur due to entrainment. If
[

surface agitation is assumed to provide energy for this mixing the rate of
’ . T .32 , )

gntraijpment can be given by %'_:2: Z_(/.)Eg - (Niller and Kraus, 1977).

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

the oold water layer €{°f about 25 cm/hr can be expected in every case

‘except for the early summer 1977. This may have little effect at St3

where the intrusion layer may be relatively thick, however its importance

-

‘will increase as the layer thins rapidly with distance into South Basin.

N4

The rapid mixing which is expected to occur within a few hund red meters

after water enters South Basin explains why very little of the upwelled

n
L A »

water is ever observed to flow back to Central Basin.
'The sudden temperature rises observed in Central Basin during

upwelling events correspond to abrupt depressions of the thermocline.

. -
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Their origin and the development, im one case, of an undular surge, is
not es clear as the upwellings themselves. One problem is that at any one

time there is only one measurement station in Central Basin, and we cannot

directly ascertain the direction' of propagation of ansy disturbance.” At

first it was thought that these disturbances were generated- at the
upwelling site as water was suddenly. removed from the  hypolimnion.
éupporting this, the 1976 measurements show a difference in timing

‘ between the start of the surges at St3 and tt}e 'pessqge of the disturbance
at St4 equal to the amount of time required for a s}gnal travelling at the ?"“
speed of infinitesimal waves to travel the distance between the two

‘.. ’ stations . In this interpretation, however, it is not dear how"° the
upwelling ooyld result in a depression of the t‘hermocline -even if water is

i = 3

removed from the hypolimnian. Furthermore the 1977 obsirvation bf a’

.

temperature surge corresponding to the end of the upwelﬁng and the flow

reversal ‘observed at St4 would, suggest a south travelling pulse. Any,

|

interpretation which can reconcile all observations is of an interfacial

* -

> <
depression travelling southward. This deformation of the thermoclirte 3
° would first be detected at St4 and later cause the cold intrusion to cfase
as the interface is brought below the level of the sill. Using the end, of

¢

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

! terﬁperature at St3) as the signal for the arrival of the surge, we can

>

. compute a transit time of 9 hours between S5t5 and -5t3 in . fall 1976. .

- I

Considering the 4.5 km separeting the two sites the velocity of the surge
can be, 6 computed as 14 com/sec. This Is considerably less than the phase
c , |
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velocities shown in table 3.1B, however we must consider that the thermo-

cline is heavily tilted and that any disturbance travelling southward is

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

profiles measured in Central Basin (figure 3.le) we can com;::ute the phase
velocity of long waves just ahead and just bc;hind the October 10th surge.
‘These are 22 cn/sec and 27 cm/sec respectively. Similarly the wave cele-
rity at S5t3 can be calculated as 12 orn/sec; These values cllearly show that
the phase velocity for the thermocli;'.ke ;at rest (Table 3.1B) used to

gsupport the north travelling pulse hypothesis are not applicable under

severe tilt conditions. The values of the disturbance velocity based on

the travel ‘time is still relatively low but‘this may be due to the uncer-
tainty in determining the arrival time of the pulse at St3. |

A qualitative .description of the generation mechanism for the
upwelling and the internal surge can be given by looking & how the

response of a rectangular two-layered basin is modified by allowing one
As illustrated ‘in figure 3.1f the response is

The right

" discontinuous boundary.

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

cd

&
gside of the figure shows that as a result of the imperfect reflection steeper

interfacial tilt occurs. et the downwind end of the lake, at time 7—; .« This
,"/m“\\ i .
" depression subsequently travels along™ the tilted thermocline, to the

*
upwelling zone. This snalysis makes no sttempt to solve the boundary

. conditions exactly, but is conceptually correct. Following Farmer (1978)

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

linear ‘surge is xp, = § ;’/ = . For the 10th of October 1976 this
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X -

yields xy =-9 km, thus a southward-travelling dist\urbanc‘e originating at
the northern end of Central Basin could have degenerated into  the <

observed surge at st5.

The idealized response illustrated in figure 3.1f is for a suddenly

,

imposed wind stress, just sufficient for the the;‘mocline to reach the sill at
equilibrium. In a pragtical situation the amplitude of the southw’ard pulse
(therefore the formation of the surge) and the duration of the upwelling
would depend on th‘e time history‘ and:intensity/ of the, forcing. ..
Nongtheless, the present model explains the obsgrvatic’m that the duration
of upwelling is roughly proportional 'to the resonant internal period since it
is not a steady state wind driven circulation. » .

Table 3.1B &!so gives estimates of volume and heat transport

associated with upwelling. These were computed using the mean intrusion
properties and assumes that no part of the water injected into South Basin
flows b;:k into Central Basin. For the spring 1977 observations th'ese
calculations must bé considersd very approximate since the water st 5t3 is
probably always stratified and a profile of temperature end velocity would
be required .to ‘properly computg the e;ﬂdy fluxes. In most cases the
intrusion is followed by a flow reversal which ma;l carry some of the cold
water back to Central Basin. Th#e maximum amount of water observued' to
flow back was about 20%. A representative quantity of heat transported
1‘0(‘~ the summer and fall events i; 1014 cal.. This corresponds to a cooling »

of 0.4 °C and a surface transfer of 250 cal/cm? for South Basin.

Observed temperature drops before and ~ after upwelling are typically

¢
2
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. Island but a phosphorous rich bottom layer hes been detected on occasion -

1.5 °C indicating that during these 'storm events atmospheric heat flux

dominates over the effect of intrusion. Heat budget calculations to be’

outlined in chaptér 4 support this .oon'clusion, yielding surface heat loss .
‘ranging from _liOU to 600 cal/em? pér day during the upwelling events. i
The volume of water removed from the hypolimnion of Central Basin would
caL:se a drop in thermocline le;/el of approximately 1 m This is compara-

ble to the deepening due to entrainment (0.05 m/hr for the stress found

earlier) when the epilimnion, agitatéd by the surface wind, erodes the

underlying stratification. The combined deepening is compatible with

observations of the temperature profile in Central Basin.
On a day to day basis, the effect of upwelling on the heat budget

anci stretification of the basins of the lake is smaller 'but comparable to the’

effect of surface fluxes. Due to the low frequency of -these events they
;:;robably have very little influence on the seasonal thermodynar;mic cycle of
the lake. Perhaps a more important.factor is that they provide a means
by which the deep water, richer in nutrients, can be mixed (in the eupho-
tic 2one. Previous calculations have shown that~this water would mix ver-
tically a short distance into South Basin. For the velocities u;ually J
observed in South Basin (see table 3.1A) a lgir;‘\e scale f01_'l the horizontal
dispersion of this enriched water over the“ whole South Basin is 4 days.

5] +
There is no evidence for a persistent nutrient maximum near Skinner

(Flett., 1977) Furthermore, this reglon in the lake is always a favorite

It

fnshmg spot auggestmg that biological activity ,may be enhanced locally.

- . , ¢ . ’
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should be mentioned that the combined effect of current's and wave motion
would rbe vigorous enough at Skinqgr Island to transport sand particles
and resuspend finer material ‘(Gra;l; and Madsen, 1979). This is support-
ed by the fact that this region of South Basin, called Rocky Plateau, has
very little finf segiment on the bottom, and may explain why the observed
high phosphorous layer is usually more turbid. 'i'he resuspension of sedi-

ments in itself may be more imporlént in enriching the water than the

upwelling.

Non-periodic Current\ Structures

Here we will briefly look &t current features of a non-}:eriodic
nature.. These last for time scales of several days and their general char-
acter suggests a directly wind-driven circulation. QOur purpose here i,s-
gimply to degcribe the current structures which may be expected\ in the
lake.

. Figure 3.1g shows data recordéd in summer 1976 and St2 in ‘water
9.5 m deep. Two instruments wel:eﬂmoored on a single line & 4,0 and
8.1 m. As may be seen, twice dufing this period, a stable stratification .
was formed and subsequently aestrdygd by wind mixing. These episodes
are typical of stratified water bodies and are usually well exélained By

!

mixed layer dynamics, and in chaptei' 4 an attempt will be made to simulate_ .

the lake stfatification using a numerical model. / Some evidence of diurnal’j

"heating can be found during the periods of general homothermy. These,
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however, cannot result from direct solar radiation since the maximum effect

felt at 8.1 m usually occurs near midnight. They are caused instead by
) P

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 ur}i-dif'ectional with amplitude decreasing

®

_ with depth during periods of homothermy. Otherwise the flow is in oppo-

site directions and stronger near the" bottom. The fact that the current at

4 m is lower during periods of stratification may be due to the position of

)

the instrument near the middle of the water column and possibly close to a

level of minimum current, where the flow reverses direction.

kd
B S i

In order for the flow to maintain a steady direction with no bottom

W Aean W

return flow, large scale horizontal circulation must exist. The only time

ey

o

during which such horizontal flow pattern could be monitored was during

oar

o N . .
have shown that the flow in this region is usually vertically sheared with

on occasions, the flow may also be laterall‘y sheared. The currents during
these episodes are lower than average® but still measurable ( 2.5 cm/sec).
One period of laterally sheared flow lasted for "4 days, indicating the
teady state nature of this circulation. The observations show mostly
ortherly currents on the east side and southerly flow on the west side,
esulting in a cyclonic circulations The observation period is much too

-

rt to determine if this is a persistent feature.

<

the 1977 experiments - at St3A and St3B. Other moorings in this negior?i‘

surface flows opposing bot’tom currents. The fall 1977 moorings show that,

62
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These observations c;or?wfirm “earlier' 'measuremeni\s using - profi'ling-
Vﬁ\h\ current meters, ar}zd poitlwt to a oorlnplex, spatially . varying circulétibn'
Mpattern.— 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 observed absolt."te velacity ’
(Table 3.1A) and to the mean width of the basin we obtain a coefficient of
1.2 x 106 cmZ/sec. This would yield a time scale of 17 days for the
longitudinal mixing of South Basin. This can only be considered ss an
order of magnitude estimate since choosing the length instead of the width |
of the basill'm as a dimension scale results in a colefficient 3 times larger and
a mixing time 3 times smaller. Furthermore during storm conditions the

maximum observed velocities could momentarily increase the diffusion by a

factor of five. » 4
3.2 Thermodynamics

In this section we  will present data which will support a hesat
budget and stratification model for Leke Memphremagog in chapter 4,
Since the model is not valid for the ice-covered-season, special attention
will be given here to the implication of wintgr observeations. The daté in
itself" is of interest in defining the basic physical environment and its
variability in the lake. ' | : -

Figure 3.2a summarizes temperature profile datg collected between

1972 and 1977. Each data point represents the mean of all observations

»
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. .Overall Thermal Cgcle

taken durmg the two- week period centered on, the middle of each month.

Most data points result from averaging at least three profiles teken either

on different days or at dlfferent statlons within a basin and contamination

2
t

of the signal by baraclinic motions is negligib’le. The variations shpwn are

therefore trutly:- representative of seasonel and interannual veriebility. One

problem with the averaging process is that it effectlvely smooths out the
thermoclme during pertods of rapid change but comparison thh the , raw

data reveals . that two-week‘ averagmg still reproduces all significant

feat ures.

‘v

i ¢ ' . ,
‘ As. mentioned. earlier this .lake follows & typically. dimictic cycle,

A

'ivith ‘the seaaonal .warming and cooling bemg the predommant feature.

Interennual variatiorn for the ice- -free season can be quxte large (~4 °C).

..Comparing_data for the three basins we find that the main lake response to

surface heat ﬂyxes is unimodal, i.e. the ‘lake warms and cools as a whoke.

\

. Following * the: progression -of stratification through each season it can be
- /

. &egn that any year is not consistentfy warmer or cooler but, that from

vatiable on a time scale of a day to a month.

month to month they change position on, the graph. This is consistent

N

A . s
. with earlier’ results which shows that meteorological conditions were quite

.

¢+ Examining the data wuée closely we can also detect a bimodal

_thermal response as expected in an asymmetric -basin. There‘i,s often a

N .
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slight temperature gradient along the lake, with Central Basin having a

Pt

Y

[

-

evidenced by summer bottom temperatureg_/hesr 4,5 °C, but by mid-May,

- ; ' , :
rest of the lake. In June, stratification is quasi-continuous up to the §

temperature intermediate between those of South and North Basins.

Ice breakup usuélly occurs simultaneously over tht; whole lake, in N
the later part of April. The inverse stratificatn‘an)in South Basin breaks .
down hnmédiately and the water warn;s to above 4V°C within a few days,
vyhile Central Basi\n\ reaches the temperature of maximum density only a
week latex:. During this period, cabelling must occur where the warm ;,{;""”
water ( >4 °C) meets cooler water (< 4 °C),'formin§; a denser mixture
which sinks to the bottzmji of the lake. The resulting feature called a
thermal bar is commonly observed in large lakes. This, phenomenon was
not studied in detail in Lake Memphremagog, however, the position of the
thermal bars is regulated by local water depth (Sundaram, 1974), and it is
probable that the downwelling region remains near the junction of Central
and South Basins, where the depth rapidly changes.

After the thermal bar period, Central Basin stratifies rapidly, as
South Basin is still vertically uniform and 0.5/ to 2.0 °C warmer than the ;

.surface, for the v\!hole lake. 'Warming occurs primarily in a near ‘surface
layer so that depth differences. become irrelevant and temperatures are
near horizontally homogeneous. In July and August a thermocline forms

near 10 m, which is almost twice the mean depth of South Basin. During .

these montﬁs the southern end of the lake is on some occasions warmer

angd on others cooler, with typical differences of 0.5 °C. [The response

)

.
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remains mostly bimodal, with one extremity of the lake warmer than the
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'orjwer and ;the temperature fluctuations reflect short term variations in
surft;ce heat flux. The stabilization of the thermocline near 10 m may be
in part due to increased dissipation and (miuxing at the depth of the sills,
for baroclinic motions of a shallower thermocline.

By mid-September the oooling trendj is' well established and the
thefmocline has deepened to 12 m. South Basin remains colder than t‘he
rest of the lake for the fall season. The temperature difference reaches
about 2 °C by the end of October. In November the fall thermal bar
forms, with South Basin up to 4 °C oooler than K\Cent:ral. Because of the
larger tem;;erature differences, the fall thermal bar lasts longer (2 to 3
weeks) than its spring counterpart, and in 1976 South Basin was
ice-covered by the time it ended. In 1976 -current meters at S5t3 did not
show intreased harizontal  heat®flux compared to the rest of the year,
suggesting that thg thermal bar has little effect on the heat or water
budget of each basin. - -

Freeze-up in Central Basin occurs in late December‘or early
January, roughly} a month after South Basin. Very fewﬁobservaliions ;re
available for North Basin but satellite photographs show that it also
freezes over before Central Basin, indicating that at least in late fall

depth differences between these basins become important. During winter

the water temperature at the ice interface must be 0 °C everywhere. -~

"South Basin has a bottom temperature near 4 °C , and its water column es.

a whole warms between December and March. In Central B\aei@ thq
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temperature af 10 m depth is between 2.0 °C and 1.5 °C during this time,

creating a horizontal change in temperature et the level of the sill.

During spring runoff (end of March and beginning. of April), the

temperature under the ice decreases slightly due to the large inflow of,

" melt water near 0 °C. In 1976 a homdgeneousrrnixed layer foermed in

o

Cen;g‘al Basin at this time. This was i:witielly interpreted as a oérivective
layer resulting from solar rediation (Farmer, ’ 11753, but more ~carefaul
considerations showed that the rate of \deépeging’ of the' layer was more
related to the volume of runoff th-an to shor;;wave 'radiation. flux. It can
be speculated that' duri]ng this record runoff yéar, "velocities were hidgh
enough to cause .turbulent mixing of the water column as it pagsed the

constriction at Skinner 'Island, resulting in an homogeneous layer flowing

into Central Basin. A mixed layer was also observed .intermittently

between 17 m and 22 m in 1977, but again it cannot be accounted for by

&

local solar heating and must be advected from elsewhere iﬁ the lake.

Towards the end of the spring freshet, the temperature of both South and

r

Centrél Basins rises, in response to increased solar input anfi"’;:;erhaps..

warmer river inflow. When the ice breaks up, South Basin is already at 4

°C throughbut most of the- water column while Central Basin is near 3 °C.

'Thermal Corivection . ' . L . o

4

The pressure gradients due go ho';‘i'zon\tfal temiperature differences

. in Lake Memphremagog are typically 0.5 x 10-% g/(cm? sec?) and during

LY
.
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the ice-free season ,Q:he' wind stress due to the slightest breaze will suffice

.to offset ‘this: In®, winter, before the spring runoff these pressure
gradients ;are the only 'forces which can generate baroclinic motions, for )
t b *

whichw‘muqh evidence has been found. :

e

Figure 3.2b shows mo;wth!y temperature .pro’files measured with a
b =, ; .

jthermisto‘} chain at St5 in 1976 and S3t4 in 1977. The instrument

L4

. . panufacturer claims an absolute accliracy of 0.1 °C. Feor a small .
[ . B ] ) 7 .
femperaturé'ranée, such as observed’'in winter, the relative “error of any

one sehsor will bebnear‘e'r the resolution of the data logger (0.02 °C).
\ , ’D 4 IS . * R p

W

: _ The observed heating bet\;veen January and “March represents about 20% of

.

- . i M -
the’v incident solar radiation at the surface. Such high transmission rates

Ll

b/f the ice and:snow cover have been observed by other authors. (Farmer,

'1975(): however in our case the heaiing rate depar‘f;s markedly ¢ from the

[}

' . ! B ) - . - -
exponential curve expected for the direct absorption.of solar radiation. In

B .
1976 the heating below 23 m would imply an unreasonable water -

“

' transparency with ‘an extinction coefficient five times smaller than observed
values (0.3 to 0.5 m-1), Vertical ni;lecplar diffusion would have a

negligible effect on the observed temperature profile and throughflow is

[y

too small to generate ‘turbulence (Ri ~ 100). The, temperature changes
which occur below the ice cover™in Central‘Basin must therefore be due to .

" the advection of warm water/(from%lsewhere in the lake. N

[y
N

In 1980 anwinter survey was undertaken to determine- if the

differences between the 1976 and 1977 profiles could be due to spatial

7

a

varigtion, and perhaps linked to dynamic processes. The result$ shown in

- bl B . Iy < .
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. figure 3.2e were obtained with a thermistor probe with an accuracy\of

Q

0.1 °C. Both samples were taken for conductivity determination which

s’howed variations of less than 2 , corresponding to a salinity of 1

ppm, which.would have a negligible effect on water density. The results

4

therefore confirms that the difference between 1976 “and 1977 may be due
to horizontal variations. Furthermore since témperature is the only impor-
tant factor determining water density, the horizontal structure cannot be

'in static equilibrium and sonie motion must exist below the ice cover.
- :

As mentioned earlier, current meter data at 5St3 show that,

although the velocities are below measurement level, the flow is directed

4

towsrds the north at 8.5 m and south at 2.8 m. This suggests"that some”
convective heat exchange is occur-ring between South and Central Basin,
with cooler water ehtering South Bés}n near the surface and warm water
leaving elong the bottom. Late in ;he\ season the flow direction near the
surface reverses in response to higher run.off, indicating that convection

velocities are, smaller than those associated with throughfiow durinh the

v

freshet ( 0.8 cm/sec).’

o

Solar radiation throught the ice cannot be dismissed as a possible

energy source for convection, as it could cause more intensive heating of

the shallower South Basin. It is difficult to est}mate its effect since the

transparency of the snow and ice cover ki\ay easily vary by an order of

magnitude, and no £adiation measurements below: tpe ice are available.

3 v #

Ancther source of energy which may be assessed with some confidence s

the I:eleaae of the heat absorbed by the sediments during the summer

months. In chapter & it will be shown that the sediments of South ‘Basin —

¢

;
x \
.
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can take part in 30% of the local heat budget. To verify the importance of
this in winter, a simple one-dimensional thermal model for the water column
- ‘and underlying sediments was ,devised, During the ice-free season the

water of the basin is assumed to be homogeneously mixed so that the

sediment surface is subjected to the summer temperature cyﬂe, and

absorbs heat. The temperature profile of the sediment is computed by -

applying” a finite difference integration acl;eme to the heat equation, using
the sediment properties to be discussgd in chapter 4.. As soon as ice
' covers the water column, molecular diffusion and thermal convection ‘are
as;sumed to the only transport mechanism. The water surface temperature
is fixed et 0 °C and both the sediment ar;d water ,prof'iles ax:e determined
by- thﬁel heat equation. Due to the heat released by the sediment, the
¢ bottom water may reach 4 °C. Any further heating will result in an

[

unstable stratification as the bottom water becomes lighter than l;hat
directly overlying it. %I.n such’ circumstances a convectively mixed layer of,
4 9°C would form on lthe bottom and grow vertically as Farmer (1975)
proposed for solar heating under ice. Numerically this. is simulated by
mixing two adjacent water layers ‘if, they become unstable.. Figure 3.2d
shows the results of the simulations. The depth of th;‘? convective layer is
ve}y sensitive to the temperature of water at the time of frez;ze-up, and
gseveral runs were done to examine this dependence. As can be seen, &
mixed layt;r of 1 m forms even for ‘an initial winter temperature of D“‘C~. -
For 1 °C, which is wiore realistic, the mixed layer grows to more than half
tl';e mean depth of So;th Basin. -The error in sediment heat flux is " 20%

4

-

P R I A = v, S

¥
i

i
R T P




o R

e (")
Lo * | .
,a z
- w .
2
a N ’ PR L kel T
o 204 , ot *,
@ W . ',0‘3
- :
A | _|CONVECTIVE LAYER o
. s 15 {DEPTH FOR INITIAL WINTER
) N " |TEMPERATURES OF 3
. 5 '." SUMMKER WATER
, -] 'S ‘.’ TEMPERATURE
w 105 o .
: L4
I
» > 8
' s 5-
. -~ '
- > E
<™
= -x - oJ $ 4 $ 4=
N < ._ L4 L t L}
=58 BOTTOM HEAT FLUX
Oaan . FOR INITIAL WINTER &
: 4 -5 BOTTOM HEAT FLUX TEMPERATUBE OF 3.6°C
<\ FOR INITIAL WINTER ) "
2} TEMPERATURE OF 0°C
. x = 104 - A
("v\-—y\c—l i o
w
-
N < "1’J‘ f
: w .
s :

r

9L

o, 4I'-'igure 3.2d Result of simple heat sediment heat storage and release model. .

PR




]

v Ay . - e

1

and since the,datar shows ne sign of such a mixed layer we must conclude
that i;he heat is trans;)orted out of the basin. The mean under-ice
‘sédimént; heat' release of 5 cal/cm? per day is sufficient to account for the
observed warming of bpth South‘é;‘\d Central Basins from January until thg
start -of runoff (mid-May). “As for North Bf;sin, few observations are
.available, but its smaller volume implies that it would account for only a

small fraction of the thermal energy. \%
As seen in figure 3.2c the isotherm slopes down between S5t3 and
St4, and we can ‘infer that a)’densi-ty currelnt flows down the slope. The

temperature minimum between St4 and St5 in 1980, and the cooling

.observed near the bottom in 1977 may be interpreted as & depression in

the isotherms, resulting when the density current, -carried by its

momentum, passes its equilibrium position end is subsequently deflected up

>3

again. This, stationary wave has dimensions comparsble to the length of

Central Basin and exact computations of heast transport are impossible

-

" without temperature profile measurements &t several locations along the

leke, for the whole, ice-covered season.. L
4 N

Summary °

N -~
I

Recapitulating, the thermal cycle of Lake Memphfemagog is dimictlc
A

and primarily uniform over the length of the lake. - The main interest in
/

the slig{lztt temperature variations that may be detected along its length ls

Ao '
in the -insight these may giwve us into exchange rates of water properties

:
°
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between the besins. During the ice-free season currents due to é&tmos-
pheric forcing will dominate exchange processes, and it will be shown in
chapter 4, that a simple turbulent exchange ooefficient adeqf:t;tely mod;-.ls
the interbasin tra._nosport rate. During most of the winter , thermal
convection is the only driving force for internal circulation in the lake.
Obs;rvations and oonsiderjatiob ‘of the heat released by the sediment
suggest thaet a significant amount of water is exchanged betweken the
basins. The under-ice temperature di:stribution in Lake Memphremagog is
more complex thén thét observed in basins of simpler geometry (Stewart:
1972) and en exact determination of transport rate would require mo.re
data. As‘ the end of winter approaches river runoff plays an important
role “in the hydrodynamic and thermodynamic behaviour of the lake. Just
t:;efore- ice breakup the temperature of South Basin is heated almost
uniformly to 4 °C, suggesting that internal heating of the water column

,

and perhaps warmer river inflow may be important in triggeri'ng removal of

the ice cover.
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t 4. THERMAL STRATIFICATIQN MODEL FOR LAKE MEMPHREMAGQG

4

o -

w

In this chapter a numerical model for the temperature stratification

N

of Lake Memphremagog will be presented. The thermal stratification of a

A

:' | water body is the most obvious expression of the inter,ac/tion between the
% water and the atmosphere, for time scales over a few days. It will deter-
§: mine the properties of shorter timé scale phenomena such as the size of
; wind rows and the period of &internal seicﬁes, and define the physical

setting in which biota will evolve. In eddition, within a lake, the trans-

ST i,

port mechanisms controlling temperature distributions are likely to be
important for other properties such as solute. or pérticuldte matter concen-

tration; the understanding of stratification thus provides knowledge eppli-

cable in other branches of limnology.

3

Numerical modeling has found applicatibns in most aspects of

scientific research as a tool to test and further our understanding ‘of

nature. In.environmental sciences an additional incentive is the need for

- .

predictive capabilities to help in plannfng‘ the development of natural
;esources with the minimum detrimental effect. In the last decade several
lacustrine stratification models have been developed, whiclh c’;n quan-
titatively simulate the thermal cycle of\lakes. F‘The main area of : plication
of these models is in reservoir manégement where the effect of changes in
. water level, or the choice of inflow/outﬂo;ﬂ location’s on the thermal regime

~ of the basih it6elf and its discharge, may be simulated. In Cases where

the sources and sinks of other conservative properties are not' far

[y
H
’ 8
. v
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.source of buoyancy with no loss of generality.

78
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removed from those of heat (i.e. near the water surface),. minor modifi-

cations of thermal stratification models will suffice to predict their vertical

.
-

distribution.
In the first section of the present chapter a review of current

stratification models is presented. In the second section the use of a

-

one-dimensional model for lLake Memphremagog is justifigd and a final
choice is made on the type of model to be used. Section three looks at
the boundary condition to be imposed on a modei 9f the lake. In the last
part lthe final modeled strati-fication is compared to observations and
b;)nclu'sions are reached on the usefulness and limitations of this model.

P

4.1 Review of Present Thermal Stratification Models

-~

Mugh of the work on _stratifgéation effects hag  been concerned with

\V the ocean where the dénslty is a function of temperature, salinity and

o )
pressure. In lakes and in the thérmocline regions of the ocean, the depth

" ‘is small enough for the pressure dependence to be neglected. As for

salinity, excluding salt fingering, its effect is homologous to that of

temperature so that consideration of one or the other can be sufficient

(Munk and Anderson, 1948). Here.we will consider heat to be the only

. ~ ]
In lakes and parts of the ocean where mean

the surface mnd{tion uniform, isotherms’ will, on the average, be nearly
horizontal:® This permits the: use of -one-dimensjpnal equat.ions to describe

-

t

currents .are small and .
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‘ d the - thermal structure of these bodies. Neglecting molecular diffusion

compared 'to turbulent transpert the conservation of heat for a basin of

‘ varying cross-section is (Tzur, 1973):

<4

S ,cawT..l L pCcAWT
2 pCAWT L LpCAWT « g 4.1.1

.

-1
A

 In oceans the larde horizontal dimensions allow one to neglect the

" variation of A so that 4.1.1 reduces to:

-é—pc-'i'-:—

5 Q.z_pCW'T' - pr'V_V?o Q; 4,1.2

3 dz
'where:
T = time
= density (ML-3)
= heat capacity (QC-1M-1)

temperature (C)

> <4 O =
"

= cross sectional area at a given depth (L2)

N
#

= vertical coordinate; zero at the surface, and
positive upward (L) . ) o
W' = vertical velocity (LT-1)

internal heat sources (QT-1L-3), in the ocean is given

-
~

. -
-
)
n

-

by:

o ‘\' . ’»i L ' N ﬁz .
. L ] u*l \ )q:p%g , ’ ,;




and Iin closed basins by:

Q; =% '_ﬂz* % o

where:
p = extinction .ooefficient (L-1)
. O = penet’rating component of short wave radiation
flux (QL-27-1)
o @, = heat flux through the bottom (QL-271-1)

Oyerbars denote mean components and primes denote ﬂLctuating
components. ‘ ' S ,

The second right-hand 'term in these equationé"represents vertical
advection due .to- upwe}ling and can often be neglected. It é;n be
, determined' in the oceans by overall dynamiéal consideration and in lakes it
is the result of inflows and outflows below the surtéce which " are “part of
the boundary conditions, 6., “and @, are slso given by boundary
conditions while B is a pro'perty of £he water. It therefore remains to
determine the first right-hand term, the turbulent heat flux, in order to-
solve for T .

Two methods are widely used to find a solution, turbulence closure
models and mixed layer models. - In the turbulence médel, by analogy to
molecular_ diffusion th(-';r tup:bulent flux is often represented by:

pC WV =pC Ky &L . 4.1.3

- B PR -

ot
oz
« 3

i
e




N ‘:li?,

.

Ky is the eddy diffusion coefficient for T with dimensions’ (L2T-1)

Ky is related throdgl:t en empirical or semiempitical relatlonship to the

density and velocity structure. of the water column. It is therefore

[ s .
genersally necessary to solve the equation of motion in order to determine '

'

T.

In m|;<ed layer models one assumes a priori the exxstence of a
homogeneous surface layer in which all mixing takes plaie. One can then
easily integratem equation 4.1.1 or 4.1.2 from the' surface (z =z 0) to th‘e‘
bor:tnm of the mixed layer (z = -h). Then pC _W_TTI'—'IR;) is the surface

'heat flux prescribed by the boundary condition. At the bottom of ihe'

miked layer when h increases the heat flux is used to bring the underlying

water to the temperature of the mixed layer, therefore:

e WT| = pCW(To~Ts) 4.4
I
where:
shy 3h ' 1
, We = "(M) 8t o ‘ S
. N 2
To = temperature of the mixed layer :
Tp = tempersture just below the mixed layer \\

H() s the Heaviside function defined as:

P

_1,x>0
H(')' o:x<o

When h decreases there is no entrainment ahd W’T ‘ 0. The
. ; : +

*
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" turbulent kinetic energy (TKE) equation, which is also integrated from
z2=0to z=-h, is then used to evaluate We so that there is 'sufficient

mechanical enér:gy genersted to maintain the mixing in thep[aye\‘. 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

components and the subsequent manipulation to ‘obtain the equations of

mean momentum, continuity and TKE, are given in many- textbooks’

(Phillips, 1966, for example). Here we shall just give the resulting
relations after using several simplifying assumptions. The Boussinesq

approximation neglects - variation of density except in the pressure.terms.

~

The pressure is given hydrostatically; this holds if thé‘mean vertical

velocity is much smaller than its hgri'zontal counterpart and 'if the vertical
component of coriolis force is neglected, - We can neglect nonlinear terms
and horizontal Reynolds stresses' assuming small currents compared to the

wave speed and horizontally isotropic turbulence.,
k v

The governing equations are then, l

for momentum oconservation:

:at!'-vaV +%VP+5‘-:— ’_\_l:: o7 _—
' ) 491.5
&P _ ,
hy P9
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~ where:
A

F

'V'@. + gowT - 1 o[W’(W'z"\V'z)"/ W P'] 1.7
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is the horizontal velocity (LT-1) o
= sin(p)x 27/ day andy, ,
is the coriolis paran;hter, (r-1 - -
is the latitude , L \
is the density (ML-3) .
is the pre)ssure‘ (MT-2L-1)
is the gravity (LT-2) b
= W'2+!:._y: is the TKE per unit mass (!;ZT‘Z) - ‘ -

= %- g.f- is the ‘coefficient of thermal expansion (C-1)

is the molecular viscosity (L2T-1)
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have the same meanln? as before.

, The meamng of equatiens 4.1.5 and 4.1.6 is stnaightfarward but .

equatlon 4.1.7 merits term by term explan?’tion. ’
+* y R

(A) - the shear production termi; as the kinetic energy of a shear flow Is

_slways greater than that of a uniform flow with the same momentum, any

Q

decrease in shear by mixing' must generate ean equivalent amount of

turbulent energy.

"~

(B) - the buoyancy produciidn-tem; .any change‘in the stratification by

f the mixing brings about.a change of potential energy which must also be

balanced by turbulent kinetic energy: f

(C) - the turbulent energy flux expressed the transport of turbulent

energy by the turbulence itself. , .

\ N
(D) - the dissipation by viscosity.

) (E) - the rate of éhange of TKE is usually negligible and-the equation is

considered in its halanced form most of the time. v R

s

The only term in equations 4.1.5 to 4.1.7 which involves horizontsl

-

coordinates is 71,-_Y,P in 4.1.5. It is not generally feasible to. solve the

¥
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* three-dimensional equstion of motion wunless we are interested in the

velocity structure per se, and in some way equation 4.1.5 mqs{ be aone-

" dimensionalized. Since we are concerned with velocity shear, only the .
- "baroclinie pressure warrants' consideration. It can be shown that it will
act on a scale equal to the time it takee\/for long Internal waves to travel

the length of the basin:

4

- ' = '-—_-—I:-——— Acloe -
9" h . ’
/
; B h v
J ' , where L is the horizontal dimension of the basin 4 /
( " . {
h is the depth of the thermocline
g’ =glvp/P) = | -
e VP is a characteristic density difference between the top and
bottom waters. :
— I'n oceans and in lakes larger than 100 km, this time scale is
usually larger than the dominant 2-3 day period of atmospheric events.
The pressure force therefore never'}lasﬁ., the time to fully develdp in
responge to surface wind stress, and can be neglected. _

In small lakes the pressure term is usually computed approximately

by dimensional considerstions, or the shear production term in 4.1.7 is

hneg lected altogether.

In the following pages we will review different versions of both _

types of one-dimensional models and see how different suthors apply them

to small basins. ' These are presented roughly in chronological order of




)

their publication to show the evolution of ideas on the stratification = -

process. The papers discussed were chosen to be representative of the
work in this field, and are but a subset of a large amount of literaturs.
A more complete list of publications on the subject is included in th

bibliog raphical section.

Turbulence Closure Models

As mentioned esrlier most of these models postulate the following

-
form for the turbulent fluxes:

aT .
- - -WT? = —KT S‘i aolo?
g 8V .
- WV = ~Ky Fr

2

This subset of, turbulence closure models can be called eddy

coefficient models. The eddy coefficients are usually taken to be of the

form:
n = KT,O Fr , 4-1.10
! ¥
= Kyo'Fy
i A - N -
’ ?
) /
/ -
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where noughts indicate coefficients for neutral stability, ~

- The F functions depend on both stratification and “shear.

Dimensional analysis shows that if the F's are to be dimensionless they

must be functions of the Richardson number, to ,

!

. ‘ . ga dT/éz
0: - a.l -
{ Rig PV D22 1.4

R
»> v —_

- o
where Ri; denotes the’gradient Richardson number.

Similarly it can be argued that Ky g and Kyg must depend on
" some Reynolds number ( Re ) which expresses the ratio of inertia to
~ viscosity, the only two forles that _come| int6 play in an homogeneous

0y

flow.  This formulation permits a separate evaluation of the effect of
varying Ri and Re.

4 The first realistic model of the uppel ocean stratification was that
of Munk and Anderson (1948). ~Basr-:d on /Ahe then available obqepvatior.\\al
evidepce, the>_/ assumed KT,O and KV,O to be equal. They obtained
values for ;(0 as a function of - wind speed from a Qraph in Sverdrup et al

(1942). For the F functions, they chose: - % , ‘ _

- ' o
-

T
"

- _h.‘
1+ Py Rig )V

Qg o . K= (1 + p.r};s )"hT

where Py By ny. My . are set;tiempirical constantd chosen as 10,
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10/3, 1/2, 3/2 respect'ivefy. . .

" Their limited compu\isional facilities permitted only a steady state

2 ~

VT

! agreement of theéir calculations fot thermocline depths with .observations in

Swee)!water Lake was probably fortuitious gisice they neglected the effect of

pressure .gradients and varyinlj cross-sectional area. When sgpplied to

oceanic situations their technique underestimates the depth by ‘a factor of

one Half. However, their_;?suitably descril_aes" the qualitative features

of stratification in these wéter bodies (see figure 4.1a): a relatively

. . uniform surface layer separated by a thin regio-n of sharp terqpera'ture

i
3
B
»
¥

7

3

gradient ftom the underlying water, with little mixingﬂoccurring at depth.,
In .1973 .Sundaram and Rehm used a modified form of this® model

applied to a lake. They reasoned that due to continuity, furrents must be

—————— -~ \,7 .

VR, R

- very small in lakes, so more enerﬁ/ wauld be transfered from the \n;ind to

direct mechanical mixing by interaction with the surface waves, than to the

|

solution to the set- of .equations 4.1.2, .5, .9, .10, .11 and .l12. The .

! mean current flow. Then a, fmore appropriate velocity to scale the
i . R 1 3
?[ . Richardson numbér would be the frictional velocity:
4 b .
3: f . *.
: ° u, =V ;,9— h—  4.1.13
ad
o+
/ : ' "
j . 1, is the surface wirtd stress ‘
"g 80 that ' '~
": 4 ¥ )
N 3
! % v zz ¢
] » , Ri. = - 9&ZI T 4.1.14
é’ (.,i- , ¢ » P u. bl
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It should be pointed out that this will ‘be ejuivalent to Rig for &

.
A . P

« " unmiform surface layer for times long compared to L//‘\\/ g’h , when the

. -~ internal”oscillationg of the lake will have attenuated and the¢0nly currént
. &

that can remain is the surfdce boundary flow. N

b

'ﬁ ' They put‘,'. ‘0 . . . . ] ' ) '

'

P ..
where ¢ is an, empirical constant.

There are two regions in which this formulatxon is' not ekpected to
be vz[alid: the region below the thermoclme (the depth where AZT/bz "= 0),

~ '

wt\'}{pch is effectively shielded from surface disturbances by the stratifica-

-

tion; and the region above the convection depth during periods of coolipg.

Ky is assumed to be constant in these zones and ‘equal to the value at
A .

- the higher and lower limit of these regiorré respectively. They solved the
time dependent problem (equation‘sﬂl&.l'.Z, 9, .10, .14) iteratively, using
Ny = 1 and gy = 0.1 approximating the seaﬂso‘nal change- in surface heat

[y B
flux and wind stress by sinusocidal functions. They give results for

~

c.= 2.82 x 1073 m, presumably chosen to g‘ive the best fit. for' conditions
’ over Cayuga Lak}e New York. Their model agrees well with observatlon,

predlcted thermocline depths are” probably w1th1n observational error, and .

I
r

temperature prediction is wnthm a few degrees. It should be noted ‘that

&
\4 consideration of “ti\e variation in cross-sectional area by the use of 4.l1.1
(ﬁ X ‘ N 9 .
. ) ' n \ ) - ‘ o~
- / . T, / ‘
. 7 N h ’ , ’ ) v
. | ‘ ) . 2
i@' . e , ‘_ - ! ,‘. -
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could considerably didtort their computed profiles! The authers point out

that their model predicts well the uniform temperature gradient observed in

~ .
-

. " spring, a feature that mixed, layer models cannot predict since they assume
SI . a discontinuous stratification at the start.- v
T 8

Mellor and Yamada (1974) have developed a hierarchy of the

&

e R
A

Ch]

do not form a closed set unless some behaviour is
L

w'y’ and

WIT’.

assumed for the third order moments like W V'V% ‘in term (c) of 4.1.7.

s
' P o .

. Alternatjively anothexj set of equations can be derived to describe these
third order moments, but: these Wwill introd;.Jce .fo'urth order components.

] These in turn can be éssumed functions of lower moments or can be given
as<a function of everr higher fluctuating omoments and so forth. In the
lowest level. of their system, they neglect terrr;s (c) and (E),in 4.1.7 and,

set term (D) proportional to a3/ f . They show that this is equivalent to

where

TR PR T B Y L R PR B

. -
af! eddy wefficient _ model Kro = Kv,o = fa . and F, and ' Fy

are fixed functions of the liichaxjdson number, given -graphically in figure

4.1b (which also shows the functions used by Munk and Andérson,

TERE AL SRy

Py

Sundaram and Rehm, and mixed layer models).

. ¢ so
. N - z
) 1 ] lzl a dz

D .

: 1 o o =

~

. The mixing length £ can

. be defined as:.

~
n

; - turbulence clgsure model . Equatior'\é 4.1.1 to 4.1.7 plus " equations for

.

AW i T, ik z,

Rk

L e

4.1.15

-

4

\

gwqdz : .

*
'

'S

“ In 1975 Mellor and Durbin used this model to predict she behaviour

of the upper ocean. Their results agree quantitatively with a month and a

0
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°

half of observ:a‘tian,s at siet‘iqn Papa (50° N, 1450 W.), “without any adjﬁst—
ment of constants béing needed to fit the data. The c:omp‘)uta‘ti‘orfs also
agree ‘well with laboratory results by Kt?to and P}:;/uii;)/s (l96§). ;Jnfortu—
ne;tely‘ this model 1s not directly apﬁplgcable to lakes wnless the full

.

A ; . . . .o s
dimensional equations of motion are solved, since . it relies uniquely on
sHear -for the generation of. turbulence. A

. Svensson (1978) also usked a mo‘del which wolld correspond to level 1.

in Mellor and Yamada's scheme, but assumes that the turbulent transport

of energy, term (C)in 4.1.7 and dissipation, term (D), are ‘givep by a dif-

,

fusion equation similar in form to 4.1.9, with appropriate eddy coefficients

Iy

,‘KT and Kyi He approximéted the effect of pressure by:

?‘ N ‘ ’ L -

.

. o

where Cp is-a constant which depénds on the dimensions of the

lake. This ﬂ;rmulation is-valid only for t< L/,/g’h or if L/,/g’h>2-3 days,

since it does not include bdroclinic pressure. In this model vV is

a

-not a velocity at a specific point, but-is.a representative value of velocity

- at/a given depth for the whole lake. The success of his model is compar-

able to that of Mellor and Dusbin except below thg thermocline where
, . K 5" . o
mixing is consistently underestimated. The main object of his paper was

to investigate by numerical experiments the effect of varying crosssectional
area, Apr'essure, and absorption of short wave radiation below the surface,
’ ' o

all of which are neglected jn the previously discussed}‘odels. The results

o
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Jon rr T : ‘ ¥ - : B . -
- { . for % basin of 100 km by 20 km .showed ‘that pressure will have a negligibie
» o7 .
* | effect, this is” to be expected as the coriolis force will dominate the '
. - | ¥
— . v N -
T - qpressuré term for baroclinic motions in large basins. * However,

S .
\ .

.
|
L4

- A 4 - . ‘ : .
- ‘consideration of both change in horizontal area with depth and variation in

"

RS

)F\ . * ‘
T the extinction coefficient can change thermocline depth and ‘temperaturie
N ~

R

. ‘,l N _ differences by as. much as 100%.

S 9',' Other models such es that of- Huber ‘and Harleman (1972) which .

L . .consider only rm{ecular diffusion could be included here but they deal with

i Wt Ay

basins having a large through flow, with inlets and outlets at different.

e - " depths.  They are dominated by vertical sdvection,.and will not_be
. : . . N ‘

-

‘ ' - considered here.
i, “ a N [ ’ﬁ' . v

s
R
= . ¥ o '
- .

; ‘ . ‘
i - Mixed Layer Modeis _

,J_."'. , s \ < . P . ‘ .
' \ T ) N 4 . . e .

v .~ . Mixed layer models depend lcritically ‘on the assumption that the

< mixing occurs only( in the homogeneous surface layer. In -the previous

? T e , section ‘'we have seen that this is reasonable except ‘as pointed out .by
S}Jrlmdarem and Rehm for periods of rapid change in heat flux. They show

.y o

that the determining parameter is IT, the ratio of the time scale for

e e ™ B, iR R R i G S
.

1\. : " variation in surfa‘qe condition to thé time scale for the formation of a new
~ ‘ﬂ . . ’ " )
thermocline in response to these variations. * The latter can be given by:

A ’

. { 2 ' ‘
| _ oy = T v : 4.1.17 i

: ’ 09’;28 \
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Using representative values for seasonal -surface heat flux @, and
wind stress u2 of 200 cal/cm? day and 10 cm2/sec?, respectively, we find

+the scale to be 5> days. * Mixed layer podels are therefore most useful for

describing seasonal caycles. They are not applicable during a few weeks in

early spring when a combinstion of small @ , small a and large

.

%;29_ combine to makeé 1l less than one.

Following from the abowve discussion we shall examine seasonal mixed

layer models in oceans and lakes, relying on Niiler and Kraus (1978) for

the derivation of the general theory. .,

e

As discussed earlier, the heat flux at the bottom of the mixed layer
%

{
,)is given by: .

pC W’?'I-,,..,' = -Wp PCAT ‘ 4.1.18

Similarly the momentum flux et the bottom-of the layer can be given

by: . \N .
1 .
WM, = oW ¥ - Gy A ¥ 1AV 4.1.19

where A denotes the difference of' a variable across the
discorj'ntinuous ?nterface at the bottom of the mixed layer.
The first right-hand term is the momentum flux needed to bring
entrained water to the velocity of the mixed layer. The second term
‘ .

accounts for momenturf lost to internal waves, Cqg being a generalized drag

coefficient. This parametrization for internal wave radiation loss is rather

' &
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crude and others have been proposed (Kantha, 1977).

_96

'

At the surface these fluxes are given by the boundary conditions:

3

Yy PC WY, = %
= J— To - 2
WV = -2 = -u
. o P *

we get for a lake: -

also integrate it over the mixed layer:

7, is the wind stress (ML-1T-2),
3 . o

Jntegrating 4.1.1 and 4.1.2 from z=-h to z

W and using the previously obtsined values of flux at z

4.1.20

= 0 , neglecting _.

=-hand z = 0,

~

8T, (© - - P Pp (0 A oFZ 4.1.
st LA We 4T An *+ g Re v st pluace ) “
@‘ [0 oA o
-h 42 pC \
and for the ocean: »
3T, 0, ) _gh
h -0 : = — -0 — A 4-1.22
>t We AT + pe + Pc(1 e )

T he noughts now denote surface values, while -h

values at the bottom of the mixed layer.

F
or now‘

-

subscripts denote ’

/

Iexués neglect the presébre gradient term in 4.1. 5 and -

-
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8% : .
é—t + hf."_‘!?' = ui - We Al - C4 Al IA_V_J 4,1.23

o
. v

The only unknown in 4.1.22 and 4.1.23 is W which we will obtain

by integrating ~the TKE.*® We will proceed term by term; for clarity each
. y

-

]

is tabulated with a brief description in table, 4.1A.

b

-~ The general heat conservation equation in the absence of advec-

tion-(valid only for a lake with a small-throughflow) can be given as: .

oT S W — ¢ O
ot "(TZW -7 V/Tl + ﬂ,_;g; eﬂz 4.1.24

L

Mixed layer models assume a vertically constant T in the surface

. 1

layer. We can therefore expect horizontal turbulent fluxes v VT’ to be
constant also. Integrating this~e‘quatidn between -h and 0 and again

between a depth z and 0, the two resulting equations can be used to

eliminate ’g“{ and V'V'T , to give:

r B oz pb T
- e he ) - T W, AT ‘0.1.25

Integrating again we obtain the integral of -term (B) in (5):

4,1.26

0 o Qp h 1. .ph h 1 hWe AT
a = b - — -— 2T O3
o af WT sz [’vf’c PG-3 (G 1y e
- . : P
As % is usually much smaller than h, the term containing PP s
often neglected. In the ocean and in lakes when T >'4 °C, @ is negative.
- \
\ .

\
i
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C . . TABLE 4.1A
o 4 N\ Lo LIST AD DESCRIPTION OF TERMS ° . | ,
°, - IN THE TURBULENT KINETIC ENERGY (TKE) EOUATID?!

R ° Term ﬁ . ~ Description
. @ T o

N (A) WV sy, Shear production tem . °

4 il 0 bz ' ' + .
. ~

-
-
\ . “

'~('B)' . ea WYV

«

Buoyancy produetion term

1 4 Jl ', 4 X :
(C) .- -1 "—[w'(\w/2 + V%) 4 -—WP’] Turbulent energy flux
. . ~ ‘ 2 o2 . P . ) . -
L . | Q ~ | ] i . \
' . . ; + & W ‘ . s ' '
, (D) ) - v[(!’.'x)z (S-lw)z] _ lVlscouB dissipation ’
o i} < . ~ . . B ' | . P ' o
. LI 4 a ) . . ,:)
. i (E) 1 ¢?, ' v Rate of change of turbulent
) 2 at . . energy
’ ‘ + %
- - . . i " N - V)
“ ’ — .
- & - » . 3 )
! \ 3 ”~ - . ’
. R he . . a 3
a’ N . ) - , “
-~ 2 . . = - & . |
. ﬁ : - A . :
> ] . . )
: i ' L
:é ° "- \ D ' \ t‘ N
b .
E »Jj . ) . .
A P *
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~ Since ®p is always positive the second right-hand term is a sink of energy

+

(except in fresh water when T < 4 °C). @, can have either sign and can

therefore be .a source or a sink. As for the last term in a stable

.

stratification it is always a sink.

. . - ©

>

- Integrating term (A), W'V’ g-lz’, is not so simple since the velocity

gradient tends to infinity at the base of the mixed layer.” We can "

I3
get around this by sallowing the velocity to “vary linearly in a thin

L b

transition zone betwéen z =-h and. z =-h (b’ > hy) . Then using our

previously Obtained value for W'V we get:
i i oV dzr . 1 2 . 1 <3
o by WV 0T e 1LE e Jep 1T 127
. ® '
& N
o ’ ' ~
{ o Shegx" within the layer is limited‘ to a mean surface wave drift

zone. From dimensional "arguments, W'V’ near the surface must be

proportional to u,z and the velocity gradient to u, so_that the integral of

%

te:n&B) is: Co ° . ®

o2 1.0 =3
Wo IVIT + 3G INIT 4.1.?8

: -"Wg mp ul +

[ )
N

where is a proportionality constant.”
/Mo P

 Each of these térms is positive and therefore a source term. L

o 4 . 1
o
BN “

- The flux “term (c), in the TKE equation has to be evaluated at

%

\




v

- : ' ' : ' 100

.
1

.

/ the top and bottom of the mixed layer, At the surface this flux must

S

equél_ the rate of working by wind velocity over the surface. Since the

friction velocity is linearly related to the wind velécity we have:

4

b

. s . 1 ’ C A
S 'E["((w'i‘ VZ2) . %W"ﬁ’]]uo.: m, _'-: Wair = m, ul 4.1.29

u»\/\'“'

~

m; and m, are proportionality constants,
s

and W,;, is the wind speed.
This term is a source of turbulent energy.
* . *
At the bottom of the layer the flux must -equal the rate wbich

~

turbulent energy has to be suppliedqto make the entrained water as

-3

-

ag(x\ta'ted as the mixed water, then:
X !
, . -

‘V’ a ' —
i Y 4 2 lwe @ 41.30
—Swwr V) s IWPI|, = —p % S
e which is a sink term.
N cj

.
s

- The most criticized part of mixed layer’models is the specification
' : .
of dissipation, term (D) which we will now label ¢ . Most, often io ¢ is
‘ h

assumed to be proportional to the ac’;tive turbulence.generéting proces:ses

(the source term previously discussed), so that : ‘

”

| . h
=G =(1-0) Eneon 2. "fd%’%(%'%*iﬂ (g*%))]l;l}.l

s lmyem-mu + c1-83 W, VP + (%D - ¢)|vf

4

*
.

4
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of : ~ s )
. 'Y -
The Heaviside function is used to account for the buoyancy terms. .
which may be either sources or sinks. .
e 9 )
The notatign for the proportionality constants

’ P,

: m, n s -and c¢'is
' v 5
used for convenience. -

2

¥

~ We can now add all these-équatlon“s to obtain the integrated . .

equation of TKE. Factoring—out W we have: D
L} ’ » hed - - a‘l?32

~ L Welq?+ e s1¥f) = mud + o(1- MU A-m)+ st -wup e - m)
: @ » © @ " T @ . ‘
3 ) v
+ € IVl

’ )
where we have use;.d the following abbreviations¢ '

6. = gahAT *is the.internal wave speed squared for a degb basin
* . : ' !
_ gah @& . : . :
Jo = 5 pc I8 theb potential energy available from surface hest flux

3
» N s '

k3 o .
Jp = 9ah 99(.'2'.-% . g‘ﬁ"(!zl + %” is the potential energy available from

s penetrating solar radiation

Table 4.1B “lists the meaning of each te'rm.

/

The first term, involving< @2 is usually small and often neglected.
- W . -

I not,‘ q? can be parametrized in terms of u, and the buoyancy fluxes

(Zeemen and Tennekes, 1977). .

)

There are -other possgible paramétrilations for the dissipation, .’
° |
-h

-¢ , but' this one has the. advantage that the “efficiencies (m,n, s and ¢)

with which different processes affect the entrainment velocity (We) can be

4
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TABLE 4.1B

LIST AND DESCRIPTION OF TERMS

10#

IN THE INTEGRATED TURBULENT KINETIC ENERGY (TKE) EQUATION

_Term Source
. - ‘ ta) - sink
: ; .
5 We q? '
. ()] sink
1 2 )
-i-w° Ci
l‘ e
. © - source
. 1 2
. -zW 8|y
/ Al
. *
- ) sqQurce
‘ - m u}
B -
4 ! oo
® either

Jo(1 - HU) (1-m))
« Jp(1-wupa-m)

) -

-3
cp (X

sink

Description

Rate of increase of total' TKE
due to increasing layer
thickness. .

-

Rate of increase of potential -
energy of the stratification
due to entraimment.

Shear "production term at'the

L]

Remark - ~

negligible

\ may include

base of the entrainment " the effect
‘layer. of term in
. addition to
) dissipation
Primarily ,direct wind mixing
. term, due to agitation of the -
" surface, but .also includes
shear production by surface
drift, . ) N
Potential energy available from source for
atmospheric heat fluxes. cooling;
sink for
- ¥ . heating,
except in
Ve fresh water
‘ when 4 °C
Rediation loss due to This tem
internal waves. s is rarely
explicitely
' included.
U ez -
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Iy , . , considered individually. Experiments anpd observatlgns where only one

generating process i\s at work (Kato and Phillips, 1969; Farmer, 1975,
- , ) d ) LY
etc.) confirm that the dissipation ?r‘?tegral is reasonably independent of the

mixed layer thickness h. It is not yet sure however that the dissipation

SRR
=

- effect on the different energy generating processes can be added linearly.

Equations 4.1.21, .22’, .23 and .32 form a closed‘set which is most

S T Sl W e,
had

g ¢
- often —solved by finite difference methods. If the change in h and 75, -

from one iteration to the next is small, then nonlinear interactions of the
' i

terme may be neglected on the scale c;f the time step. Entrai nment

' velocities ( We) can be calculated for the individual source terms and then,
: added. Most authors have found that a time step of a day or less yields

N
- . adequate reésults. The iteration usually starts in spring when the thermal

VN
Y -

D=

T
W

‘gtructure is vertically uniform. As the heating starts a thermocline forms -

. 12
at a certain depth h . Since there is no entrainment, -‘h is .found by-

L
.

-

;; ' solvairig 4.1.32 with'the left-hand side set to zero. At each iteration the

;; l rate of heating-id generally increasing at this time of the year. The thirﬁd

;é- ) : * 1 right-hand term therefore grows and h decreases while the temperatfure of

? the mixed layer increases. Progressively shallower and warmer thermo- ;
% ,' ] .clines are formed, leaving behind a series r.:nf fossil interfaces. If an

f analytical solution was fou_r:d, a continuous stratification would result with j

only discontinuous first derivative at the mixed layer base. When the

- surface heat flux finally levels o‘ff st the height of summer and starts.
¥
’ =
decreasing, the wind mixing and shear terms in 4.1.21 gradually gsin over

T S T e ST TF

the buoyancy .terms sp that the left hand side becomes positive. " Then
X ’ .
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entrainment -starts éating at the ungerlying. stratification even though the

~

.

surface Jwater might still be 'warming. Ddring entrainment a characteristic

A

. . T, ‘ . o’ o . N
discontinuous interface is formed. When heating converts to cooling in late
‘ ' IS .

, 1
fall the positive buoyancy flux will contrébute to the erosion process and
) 3

the mixed layer will rapidly grow until once again a uniform stratification,

is reached (see ..figur;a 4c). "~ In fresh water o changes sign when the

water- has cooled to 4 °C so that .an’ inverse temperature stratification

M

starts - developing~ The surface mixing process is however soon arrested

b}

by ice formation when the surface temperature becomes zero.

Several authors have contributed to the development of this

»

model. In early applications all but one or two terms in t

N

h\; integrated TKE
» [
equatign were retained (Kraus and Turner, 1967; Pollard, Rhines and
. . b
Thompson, 1973). In recent years the trend has been to include more and

more of the terms and to refine their parametrization. We will not review
. . .

this prqg(ession here as it would largely be repetitious of the‘previous
derivations, the reader may refer to the bibliography for a list.of papers

‘on the subject. It,is worthwhile however to‘oonsider two recent papers

»

concerned with the use of mixed layer models in closed basins.
Spigel and Imberger (1980) have used equations 4.1.21 and 4.1.32
to simulate the stratification of a reservoir. In their analysis they

neglected the °rate- of change in TKE (3), the effect of penetrative- solar

radiation (f) and the<internal wave KJsses (@), but included the shear .pro-_

duction term (c) by coupling the stratification model with a simple hydro-

v

The latter approximates the basin by a box containing two

-

dynamic model.
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Figure &4.1c) Schematic representation of the response of a mixed layer
model to a seasonally varying heat flux with constant wind-stress. (The
the profile of the current iteration; the dashed line is the

full hne is

~piruiile of previous ilerations: arrows indicate the direction of progress.)
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layers of liquid with = density difference Ap. The top layer has a depth

"h equal to the mixed layer depth and the bottom layer occupies the

-

remainder of the basin, whlch has a total de th H . Coriolis force is‘not .

N
included but it is pointed out that for very large lakes it can be taken

into’ account by replacing T; (the period of the first internal resonance

-

mode) by F1 (the inertial _period) in the upcoming derivations.

In the dynamical model,- after the onset of a wind stress, the
o &

velocitiy difference between the layers increased‘linearly until a_time:

¢ <

t = -—E-—'” ” 4-(1033

ZCi . N .
[ : ' v

'when it Teached its maximum value:’

— ' I - 4
2 - -
. AVmax = Ul 4.1:34
2hc,
AP h(H-h) .

N

7 * ] s

~

. . .
The intdcface moved with the same period but out of phase by a.

quarter cycle. The 'equilibrium tilt was given .by the inverse of a

Richardson number charscterizing the mixed layer: ‘

[
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‘The thickness. of th;‘ bottom turbulent boundary layer, "X, lbeing\
‘ N ' . <~ ‘a . »

7

. given by an empirical f{)rmul}a:

b s .
]

' - i
b «

‘ X = 'Vmax T7° (0.1 sect?) . © . 4.1.38

» N . ’ J a., , ¢
’ The behaviour of the solution is illustrated in figure 4.1d). To

N ’

) analyze -their effect on- mixing the authors: defined four regimes -with .
' . ‘ 7

: . respect .to Ri but other equivalent classifications are possible (see! |

LY

lThompson and Imberger, 1980). The'range and main features of these°
regimes are given in table 4.1C. Following the notation of the author$ we

will now examine each regime starting with the one where wind mixing lIs
. ‘ - L
the least intense. ) .

' - In regime IV, buoyancy is strong enough to inhibit large seiching
. . ?

-and the shear at the interface is too weak «to contribute to entrainment.

-
I3

In this regime mixing energy is )just suffiﬁent to keep the surface layer

R agitated.

+

’
] v
- “

) 4 D
- In regime 1l wind energy will significantly contribute to

I P

. . Vo .
v -( : [ ¢ 4
Td = Tl ﬂ l —4 N 401-37 )

— ey
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i e e n o bt

2
RiL > 7 ()

%-%-(ﬁgﬁaiifRiL > 1

.t

‘agitation.

TABLE 4.1C

'g ’la
"PRINCIPAL PROCESSES
‘ AT WORK

-

Only wind mixing threugh surface
agitation.’

*®

- ®

Only wind mixing through surface

Y

Shear ipduced mixing and oOver-
turning due to upwelling.

All of the above. - .

MAIN FEATURES

Sharp thermocline; ‘small

deepening. a

Sharp interface; large
segiches; slow deepening.

Diffuse interface; no
seiching due to large
damping; horizontal

temperature gradient.

‘Vertical uniformity; small

" internal seiches; almost no

to mo horizontal temperature

gradient., -
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Figure 4.1d) “Internal oscillations of a rectangular basin, without

entrainment, after the onset of a constant wind stress.

The tilt igs defined

as the difference of the lake, divided by the length of the lake.
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t ' entrainment. Although internal waves and seiching will be induced by the

wind stress, their amplitudes are still too small to affect entrainment.

o,

- Comparing terms (b) and (¢) in 4.1.32, where we have replaced
B \IV| by AVmax 8&nd let s~1 we obtain the criterion for entrainment due to

shear, which is also the upper bound of regime II.

R - 1L ___*.L_.>1/2
L 2 h H-h

Therefore in this regime shear can be great enough to induce deepeni.ng;g
/i

This is important when the velocity is near its maximum value at every

interval % T - These events are maintained until either entrainment has

increased h or damping decreased A Vmax , 80 that the system reverts to
regime 1II (this is illustrated in fig;u‘e 4.1e).

Their model has the peculiarity that it simulates Kelvin Helmholtz
billowing which makes ‘part of the energy from the shear available for tur-

bulent production. In the absence of surface stirring this process will

.

diffuse the interface symmetrically rather than cause entrainment in one
U

direction or the other,& Therefore the shear produced TKE is used to

smooth out the interface linearly about h and over asthickness equal to
2

s(AVmax)/gAp_f. This, up to a certain point, will simulate the finite thick-

ness interface which~is occasionally observed.

. Tr—

- In regime I, the time scale for the mixing of the whole basin,

both vertically and horizontally: is a few hours. In view of this, tf;e_
w

‘ previous scheme does not apply and the authors use a model of a constant

t f\ vertical eddy diffusivity of 6.25 u,H. The water becomes uniférm a very
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Figure 4.le) Effect of oscillation on mixed layer deepening.

During shear
induced entrainment periods, the kinetic energy of the oscillation is used
to produce TKE rather than sccelerating the fluid (episodes A, B and C).
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" ’ " ghort “time after éntering this regime. R K §

~ “ .

When applie}d to a warm fronomictic basin (a basin that retains a_

positive temperafure ‘gradient, never falling' below 4 °C) in Western

Australia over a period of a year, it was found that regfmes 11 and 1V

) .

te dominate, and that the effects of a shear remained small. Regime .11 only
. - -~

5 ) occurred with exceptionally high wind. Inasmuch as ~these events are rare 4

. v 7

4 o h * and short a simple model not considering regilﬁes I and-1I may be adequate

- e >

- for the seasonal cyéle/fof many lakes. Comparison of model prediction with R
, A

* observations show only marginal improvement over an esrlier version,

s

.neglecting shear (Imberger et al, 1978). - . - :

Bloss and Harleman (1980) have developed a model that, in contrast’

Y -

. - i
; . to the one discussed above, considers 4l terms of the TKE equation éxcept’
the shear production term. In their analysis - they parametrize terms (a)

e . ‘ .
and (g) as Cy q? ‘3—? and Cp q2 (gh é’—f’ )1/2 respectively. In their

u

~ % @ .
, : algorithm entrainment due -to thermal convection (terms ¢e) and ¢f) ) is
. )

L ' . " treated separately so that the velocity scale q is simply set equal ‘to

u,. Generally, however, we may scale g3 to the sum .of terms

¢
anr

@, (&) and () as:

v - @ = ud s Boggesp ] 4.1.39

Then the buoyancy term will be implicitely included:in term ) if we.

ot replace ‘mu} by mgql. 'Defining‘a layer Richardaon number as:




LA ’,R"z‘gA.Ph ,’.‘ AJ".
. L. pa? ¢ :

- . . A ” , ‘' "
the TKE equation can be manipulated to yield: . o

% .
94Ph b g g, I° VR 4.1.40
2P 4 t . 27L Cr* RiL' ot

.
o

Noting that the numerstor ‘of the left-hand side is equal to the
ﬁotent:ial enefgy change associated with entrainment— while the‘denominator
is the turbulent kinetic energyninput \?{e see that this ‘expressiAoanives ,the‘
conversion rate of TKE into potential enerdy of stratification. Bloss and
Harleman have solved the abové equation’ for three lakes of widely varying .
properties, using the odnstants obtained by Zeeman and Tennekes (1977).~
Temperature predictions are within one degree Celsius in most cases.” In
order to verify thg importance of variéus componentsd'of the TKE eq:lation
they did several model runs neglecting one term or the other esch time.

The conclusion reached was that over the wide range of conditions

presented by the three lakes each one became important at one time or

-

another.

Some other three-dimensional effects not included in these analyses
are discussed by Tucker and Gpeen (1977) and Sundarsm (1977). .They

are mainly the effects of thermal bars in dimictic lakes during turnover,

[

‘and the effect of fetch on the wind stress. _The‘ first will last for only.a

short period, compared to the yearly cycle when the system is likely to be
in regime 1 or 11, and thus can have only a limited effect on the seasonal

L3

4
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& thermocline. As for fetch effect tl;ey may be included in the coefficients
s and m, or included in the calculation of u, .
’ ) Many mixed layer models, although they are successfully used for

oceans and lakes,/ are not strictly predictive because some of the constants

-

' in the TKE equatjon, are left as-free parameters to obtain a be:st”‘/;i}:.
Shgrman et al (1978) review the values for the coefficients used by A\

different authors and propose a representative set of constants that best

¥
|

fit the body of data available to date. Although there are great variations

in the values used, several experiments (Thompson, 1976; Niiler, 1975)

have shown that mixed layer models are relatively insensitive to the

.’

particular constants utilized. This gives us confidence in m;:del prediction
but leaves much of the theoretieal speculation on the partitionirfg of TKE
unverified. There s little point in fu;‘ther refining the TKE equation until
this can be resolved. ’The danger of using model resultg‘ to. support
theoretical speculation can be illustrated by comparing the; ﬁurbuleqce
closure model of Mellor .and Durbin (1975) and the mixed layer model- by
Denman and Miyake (1973). The former model neglects transport of TKE
from' the surface wave regi?n to the thermocline, \whil;a‘the latter relies

‘

entirely on this process to provide energy for :entrainment. - However both
o -

dgive results that agree well with the same set of observations at ocean

station PAPA. -
@ / ”Th’g experiment of Bloss and Harleman (1980) 'is important in giving

predictive credibility in these models, as it ‘is one of the only ones in

which a model was applied successfully to three completely different lakes,
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without any need for adjustment or calibration.

~

. ~ ’

.
4,2 A.System of Interconnected Basins .

As seen earlier Lake Memphremagog can divided into 3 distinct

basins. One of them, South Bgsi}\, is different from the others by having
a much larger surfacer‘to volume ratio.>
To investigate the effect of such asymmetry on the application of a

one-dimensional model, let ug consider the simple gystem illustrated in

figure 4.2. It corr;prises two basins which are joined \by a channel, where

heat enters through the surface. The temperature of the water in the two

Hbasins is given Gyz

= 1 1 I
T 57’“5'—1,% - Vloex)dt | .
] 1 1- 1 ‘ '
T p (R % Q) ot

-
\Tl and T, are the.temperstures of eac'l)‘ basin, af:bv';e an initial
state of isothermy: (C).- - .
- hy and h, are the depths of the thermocline of the total depth of
esch basin, depending on whether they‘are strat‘i_fied'c‘)r not (L)% -
" Vi and V; are the volumes of the epilimnion of edch -basin (L3).
®, is the‘atmospheric surface heat flux (Q2L-2T7-1),

Qex is the rate of heat exchange Between basins (QT-1).
— L)

t is the time from-the state of isothermy. (T) '
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Figure 4.2 Definition sketch for a simple two-basin )
system to illustrate the effect of lake asymmetry. , , . .
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‘ p is the density of water (ML-3)

b C s the specific heat of water (ac-1m-1) '

'

The ra}:e of heat exchange through the channel can be expressed in”.
L “ 5

a form analogous 1o Fickia;w diffuzion:

13

- , Qex = X (T;-T,) - - 4222

‘
* )

‘where X is an exchange coefficiént (@C-1T-1)

Using the two previous equations to eliminate T; and T, we get:

N o
. . <
-

N > __%
o Ul ) oo i - awe
1 (v1 vz) :

.

, . o (X (1,1 ) !
The time scale for interbasin heat exchange is (CP ( v, + Vz) .

For evénts much longer than this the. basins have pienty of time to ex-
change wdter, the rate of heat transfer will rapidly reach an eq;Jilibrium
and temperature difference bet;n/een basins will bp- small. For events much
shorter than this, the basins are effectively disconnected, their strati-
fication evolving independently. In this case the temperature difference
between basins may + be large compared to the change in tempersture

induced by the surface heat flux.

In the above equations two cases can be identified when heat

A
exchanges are always negligible. First if the mean depth of the‘two epi- ..

o

limnion basins are similar ( hy = h"z ), they will both bebhave similarfy

whether or not they areé connected. Secondly, if one basin has a much

A C

.
1 i -
. ———— . - . S -
-, - . 3 v "
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/.com‘pared to the surface heat flux.

¢

D
o

)

larger volume than the other (V1 >V, ), it will not be affected by the

smaller one, the heat gained thtough interbasin exchange being negligible

Now let uo‘_look at Lake Memphremagog's basins. C’entral and North o
Basins are deep enough so that the thermocline is usually gbéve their mean

depth:' They are likely to have similar stratifications, leading to the first

.case mentioned above with negligible heat transfer. This is' not, so for.

»

T =«
Central and South Basins, as the thermocline is genelg;{ well below the
-

mean depth of South Basin. The volumes of the three basins are

-

comparable so that t:hev'second criteria for negligible heat “exchange does
not apply. Heat exchange between Séuth ‘and Central Basins may

therefore be important.

To evaluate the time scale of interbasin heat exchanges,
(C—)Sp(,%x + %—2‘))-1, one needs to know X, the eyjychange coefficient. - .
Ideally it could be computed from a horiZbntal diffusion coefficient, but we
lack/' adequate fjata to estimate One.l Alternétely an appr‘oximat.e value of
X 1!can be obtaine‘d—dire_ctly from current measurements inlthe boundary
r;egion betweer; South and Central Bas:ins. Assuming that any water parcel

crossing this boundary is immediately and completely mixed in the basin it

enters, then:

X = crav . " 42.4

C ' “ A\

where a is the cross-sectional area of the boundary (9000 mZ)

4o

- . . @
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-and v is the scale of currents. normal to the boundary.

From a- to?al 'of 5 ice-free mont'ha of » current observation near

- \

Skinner Island, the RMS north-south veldcity was faund to be 4 om/sec. .,

- » . 3 -
.Using this value ‘for v we obtain: -

. .
L . o
1 ‘ X4 8.C .
X .= 3.8 x 10 d.é_al._ | 4.2.5

sec -

7 \
-

This represents a_ maximum value, as therer are several ways ‘in

a

1

' which heat or water entering a basin ‘could be returned before being

— ’ — . .
completely absorbed. However on, a few occasions temperature differences

S
PR A

SRR

were large enough to clearly identify a water mads entering South Basin,

PRI

§ . and during these events, only a small por:‘tion of the water was observed
Sﬁ\ o~ o ‘to flow back in‘to Central Basin (section 3. 2) Ualng this value of - X B
; " ) | together wnth the eplhmnmn volume of Central Basm, oorrespondmg to a _
§ - ¢ : ¢ 10 m thermoclme, for \[l and I:he total volume of Srf‘l.'h' Basin for \!2 , We-
- obtain: )

i
[
™

sz

. (CP( 2))—1 = 4,2 days

A TR O

- ' In the case of no gtratific;ationf with V; equal to the full vplume of Central

-

‘Basin: , ' '_.

T (cps% W e o
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Therefore the time scale for'intefbaéin héat exchetnge is rather
short cpmpéged ;m the seasonal cyclé. Thi‘s means the whole lake could Be
considered 'to be horizontally"homOgenEo,us, z;nd the oy\(erall seasonal cycle
w(::uld‘ be well simulated. Rough calculations, - however, will show that for
typical seasonal heat fluxes a temperature differgnée of 1 to 2 °C may still
occur between Central and SO;Jth Basins. This is larger than the sccuracy
.blaimed by n';)st contemporary models;. therefore to use them to their full
capacity the lake assymetry should be considered. 7 '

In order to include the effect of assymetry between different parts

.of Lake Memphremagog, the model developed here will treat the heat and

.+ TKE équations separately for each basin. At each iteration the basins will

be allowed to exchange heat among themselves through equation 4.2,2 '

-using the X defined above. In the model the lake is divided into a series

of horizontal slabs of uniform thickness whose ﬁmperatures we seek to

¥

determine. In order to preserve the stratificationr we will allow heat

q —
exchange between slabs at the same level in each basin. For each of these

the value X defined by 4.2.4 will change as a function of depth accérdin@

to the cross-sectional shape of the integconnecting channel, as?

-~

ot : « \ :
a, = Az Bdiaz) © 4.2,6

v
v [y : ' , . -~ -
a; .is the cross-sectional area of the ith slab at the junction -~

. of two basins. ,

'

Az is the thickness of.each slab. ) y




& v
. . '
[ '

B Lot B (iAz) is the width of the interconnecting channel at the

.depth of the ith slab. o
_In this analysis we n’eg;lect,'the interleaving which is likely to occur
;ﬁhen two water masses ofI different temperatures me'et.—When the thermo-
fcljne is ab?ve the depth of the junction between two basins, thé; epilimnion
of each basin will have similar mearh depths and as seen earlier little heat
‘exchange will occur. I;r the case when the thermocline is below the

junction depth, all of the éxchange will occur withi'n the wind-mixed
, ' ' 0

surface layer and it is assumed that any stratification due to local

convection will quickly be obliterated by mixing and lpe confined to a small

region near the junction. Potential energy which may be exchanged for

kinetic energy during such a convective process is not considered in the-

TKE equations. This is equivalent to saying that all of the energy
- I L4 :
o ) released by convection is used l&lly in mixing.

This model does not apply if convection becomes the main driving

3

B R IR (s R

force for heat exchange. It has ‘been shown in chapter 3 that during the

ice-free season convective effects would be small compared to wind forces.

" This is supported by the observation that no significant change In heat

“n

P

exchange, between South and- Central Basin, occurs during the thermal-

{
bar periods. . , \ ﬁ -

1

It jmust be remembered that the above. scheme, although idealized,i

. can only help improve model resolution for small time scales. since as shown.

-

earlier the "seasonal cycle should be well simulated anyway .

A- yet Gnanswered question is what type of model will be used to

S

L4
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salve the TKE equations A mixed: layér model has been chosen simply

S

because they are generally easier to implement than turbulence closure

model. In particular, contemporary versions of the latter zﬁe a

. detailed determingtion’ of the shear structure while “the former &bnsiders L

simple two layerl flow. As' seen in Bloss and Harleman's paper, model

formulation can be quite simple if shear is neglected.  Their results and

PR
*
)Q

those of Spigel and Imberger seem to indicate that this is ar reasonable

3 .. < o

%’ v assumption, however the t_)asins'they have considered are at least half the

% . size of Lake Memphremagog. The criterion for neblect of shear turbuléncé’

i& production given in the las; section can be given as: : -

£, ' ' . .
: Ty = 2 Rig h\/’al;h' . _ 4.2.7

i ® . :

&” Inserting H = 17 m (mean lake depth), h= 8 m (typical observed

%f thermocline depth) and using - W, = 0.2 cn:/eec (éorresponding to the

:f typical wihd speed over the lake, see section 2.4) and AP = 0.001 .g/cm}

% (correspondipg to a difference iﬁ mean temperature of 5 °C which is

% s, ‘ commonly observed b,et;ﬂeen the Usummepr epi- and°hypon‘mnioﬁ) to compute‘ . '
1% ) '.RlL , we resolve that the lengt}; of ‘the lakeé must be‘ less than 300 km to .

. neglect she;r. In- spring and fall, however, stratification “may be

% temporarily’ weak.er, brihging the critical lake length down by an order of

§ magnitude.  The shear term will not included in }'the model as the wind .

3 ‘ —

information is not of sufficient quality to solve the equal:imon of motion for

the lake. However, periods "when inequality' 4.2.7 does not hold will be
- ] . -
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'flagged in the computational results. ‘It can be shown that the criterion

; / , Ty '
for shear induced mixing is also a criterion for upwelling at the extremities -
of a basin, gad the finding in chapter 3 that upwelling had only e small

{

The formulation of the TKE equation to be used is very similar to

o

that used by Bloss and Harleman presented in section 4.1.- The only

overall effect can help justify thg neglect of shear’.

difference is the parametrization of internal wave. radiation losses is more

¢

general, applying to both shanp or diffuse interface. The following is

from Sherman, Imberger and Corcos (1978):
| e . _

-

r ' 3 2 . .
gAPh sh . 1 Ck ~Cp Rg/(Rg - Rip)* 4.2.8 |
2pG3 &t - 3 L

(1+cosmi ) -

'mwhe;re " q3.= (%‘-)Ws + Jo + Jp
R =

* where %-gl—h is the density gradient just below the mixed layer,

1o
NI

- h /9
Rs = 4 P

and other variables have the same m"eaning as before.

T For the five constants used in this equation we will use the vdlues

€

determined by the same authors as the best fit.to six independqnt sets of

' .experiments. These are:

\

= 1.8

3=

0.38 ) -

(2]
x
"

BB ———ER L

e

hedtiihe W 5

PR, A O o 1




| I ‘ )

s, B
TN

B AT o e T—— ; . R | pEN— T RS N S S
i
o b
_ \ :

123
v 'ﬁ
. - ‘?
. ’ 4o .. |
C% - %
.( v ct = 2 - 25 I .
. X —
e T— . .
: . c = 0.04 ¢
: D

The time stepuused for data input is one day. AThis permits the
use of readily available daily mete;)rological observations from government - ._
’ : opei‘ated weather stations and provide a fine enoughd resolution to
distir)guisr‘1 major weather systems. The . temperature profiles are computed

at 50 cm intervals, wpich is the intended vertical resolution of the model.

ﬁ An integration time step of one  day was used, as reducing it showed only"
= negligible changeé in the results. .
4.3 oundary Conditions for Lake Memphremagog
Y

The boundary conditions for stratification modeling consist of
- sbecifying heat and momentum fluxes across the exterior surfaces of a
body _of&water. In general fluxes may exist at the surface as well 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 P

ofobserved currents. Surface stress must- then be the principal source of .

— momentum and turbulent kinetic energy. In a similgr' way it may be shown

.
*

3 that river inflow will affect water temperatures only by a fraction of a

€
L)

degree. The present model therefore neglects the effects of throughflow. -

This may not be adequate during the spring snow melt during which river

*

discharge can be very large, but this lasts only for a few weeks, at or
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23 ( near the time of turnover when other model assumptions break down. This
3. ' ‘ will have little effect the rest of the year.
! . Momentum fluxes through the surface are entirely due to the action
i of turbulence near the air water interface. Heat fluxes are oo\mposed of
. turbulent and radiative comp‘pnents. The turbulent fluxes are calculated
using the bulk aerodynamic method, as: _
” /
5 1. 2
T = By Py Uso 4.3.1
< ——
. ®q = Cq Ca Pa Uy ATy ° 4.3.2
- Te——
- Pe = Cg L Uso Aeyg . E 4,3.3
- B ' ' Q:
where T is the surface stress or momentum flux (ML-1T-2)
®q is -the sensitive heat flux, transfered by thermal
- conduction. (QL-2T-1)

®e is the evaporative heat flux, oorresponding. to the

water vapour flux. (QL-2T7-1)

Cyq ,Cq and Ce are exchange coefficients for momentum, heat

and vapour.

AR

. [ 1.2 x 1g#3 g/em® is the density of air

o
1]

= 0.24 cal/g °C is the specific heat of air .

-

O
)
]

590 cal/g is the latent heat of evaporation of water

R TS
I

1l

\

e o
1
s
.
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is the wind speed (LT-1)
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AT is the difference between sir aﬁd‘w_ater surface

temperatures (C)

)

de is the difference in specific humidity between sir and

P

»

the water surface. (ML'_3) .

.ThQ subscript 10 in the above‘equations refers to' a measurement
level —of l.‘O m above the w‘at:e_rc surface. In order to apply the above
formulae, a cerrection“fgctgr of 1.07 (Deacon‘ and‘Webb, 1962) was applied
to lake"measurerqénts whitih were at 7 m The coefficient Cq was sel to .
1.2 % 103, a value which Bengtss;an (1978) found representative of lake

conditions.  Following the results of Pond et al (1971) from heat and

P} 2

_;/apaur fluxes above water, Cgq' and Ce are set equal to 1.3 x 10-3,

Two windows in the electron{agnetic spectrum transfer significant
¢ ve ¢ .

amounts of heat to and from water bodies.” The sum is the prima{y

sourgce of short wave radiation  while long wave or thermal radiation

_emanates from the stmospheré and the water surface itself. s

v

iﬂthough incident shport wave radiation is measured near the lake.’

-

The samount -that is - reflected and“ back-scattered by the water must be

-

estimated.” “The albedo of. water® surface to diffuse sky radiation was taken

as ‘0.066 (Kondratyev, 1969). The albedo for direct solar radiation can, be

. ,I'calculated from "an' empirical formula derived for a natural water sur;fac_ze

-

-0.77

(Grey, 1970), as 1.18 Sp , where S, is the angular elevation of the

sun in degrees, The ratio of diffuse to direct radiation depends on cloud

cover- and to_a —first approximation is linearly related to cloudiness

2
-

oyt

(Neumann and Pierson, 1966). The global albedo is then given t;y:
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_stronger.' This can be approxxmated by letting 55% (Ivanoff 1977) of the :

B
Bsting i " 5

’ . - 3
- ' 12 »
L% - ! ‘ ' A
-~ F - .
* 071,
A = (oooa+oos7c+103<1 ) Sa, ) .
—_—-‘ k
where ¢ is the gractlonal cloud cover.
‘ The instantaneous radxatlon flux abeorbed by the water can then be 1
4 N
given by: 1 - . . ™ - o - .
A) : " _

© = Ojncident (0.99 0,057 ¢ - - 1.03 ('1 - sA°'")

The solar fangle can be calculated By georhef.i‘y at any time and the’
diurnal fluctuatlon of oincldent is well’ approximated by the positive half
of a s:}lusotdal curve, 8O that: the above relationship may be ‘easily

integrated over a day to yield an expre’ésnon of the form:

? d’gw = Psw .Inclden~t (°°93;‘ -dre G) 4.3.4
where | ‘D”svv; drne daily fluxes . ‘ . ‘
and G is.& fixed function of the time of year. -
Ivanoff ('19-7‘7) shows thét this flux decreases exponhentially w,ﬁh
deptﬁ, past a few n;eters. SIn thentop“layer, “however, ebsorption is,much

.

radiation flux be abaorbed _near the surface. The penetratlve component .

of short wave radiation is thus ~given by: Cee - .
R . ﬁ . [ . .-I . .
s, L . T _
, ' ’ . ' i
—~ . R =Bz — .
/\ \ ?p .= ,0‘45 08w '.f , A -, Y L
R .t . \ st -
k : ‘ | ; ) P 7 ,
;oo . . " y )
; . R - v . N ”~
. . . . L
J N » I o
. B C .
. y
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Mean extinction coefficients for South, Central and North Basins

deterrr;ihed t.;sing light measurement data provided by R. Flett, are

3

- 9.52 m-1, 0,36 m:l and 0,39 m-1 respectively. ‘These values vary

. . .
- . i - 4

a considerably in response to suspended sedimegit concentrations or algae

B

blooms, but. the extinction cefficients are 50 lqrge that most of the

‘ radnation will be absorbed} in the first few meters of the water column,

&

B ] ~
Al
; with ‘very’ little effect on stratification.’

v

'
. '

o Water surfaces radiate long wave ‘radiation nearly as black bodies.
) LY ! A . N ’
The radiative properties of Jthe atmosphere, however, depen’d strongly on -

. — its vapour content and on cloud cover. Recently Arnfle!d (1979?, has

€valuated the merit of, several empirical formulae for computimg atmospheric
radiation by comparing them: to measurements. He ‘found that fffan'y of
L3 »

them vyielded values within instrumental errer. Combining the1o}1e he/

‘(

. — favoured to the black -body formulae fo‘r water ‘we.can get the relatfonghip

3.

-

S

for the net long wave radiation flux: B

' ,’). " , l. » _ 2 o2 .‘- - - ’ .

o {od (1- 0261 67710 TH)y (1. ke ) - 0pB g4} 435
. < “ ) LA ’

F] v k] . 3 A *

- 1

4 ' ‘ ¥ i, ' v -

where ¢ = L-35 x 10° 1 Eﬁf‘%’—‘m * is the Boltzman constant

S
~
E3

n

, 7 B, s the a:r absolute temperature
’ Ty is the ordinary air tempersture
) * -8 is the water surface absolute temperature A - ;

K depends on the &loud type and can be copiputed from:

c is the'fractional 'clpdd" cover: - RN - -1
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*  where k; is the proportion of certain cloud type

and c; is a constant corresponding to_that ‘cloud type. i

* In order to estimate k; computations wete done'using a list of

given by Kondratiev and cloud cover information covering seven years

v . ‘ .
from. the "General Summaries of Hourly Observations in Canada".

~ t

? . Variations in k from station to station in south-eastern Quebec were found
2 * .

4 to be insignificant and seasonal changes were small. The mean value of
3« - B 4

e k is 0.18 and its standard deviation is 0.01, This mean value will be

1

used in the above equation. .
. .
— Since cloudiness is not recorded at Sherbrooke or Lennoxville,

frectional cloud cover, which enters the -equations for both @, and’’

f

arg Foogng s

w;w , will be apprbximateq by the idealized relationship (1 - s ) where

I

‘ is the relative insolation (defined in section 2.5). Kondratiev’ points out

that several factors may cause deviations from this relationship. As-a

!

check comparison with seven years'of monthly mean observation at Dorv?
(.
‘airport. in Montreal revealed a standard error of + 0.1 in cloudiness, which

.

-.J__,,,_
e AR

l

is considered acceptable in _view of the low sensivity of @, 8nd 0Ogy to
. ‘this variable.
. [ 1

v

.

_ Another possible source of heat flux in lakes is through the

S IR O

_ “sediment water interface. Normal geothermal heat is- of the order of 1 N

i

cal/cm? sec (Hart and Steinhart; 1965) and is -clearly insignificant,

Ve Beasonal heat exchanges between the sediment and the water are potentially

<, aw Ct
SN

more important. Following . Likens and Johnson (1969) the relative

, ' o .

Y
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importance of sediments in the seasonal heat budget of shallow basins Is

roughly given by:

. . . ‘ ’ 1/2
. T (1 year Ps ke C'sﬂ) ‘ 4.3.6
2w : C

Qgotar H

—

whefe H .is the mean basiii depth'
. pg is the densit); of ’the sediments ' (ML3)
. kg is the thermal condictivity of sediments (C;)T’lL'3C‘1)
S Csis the heat capacity of the s‘edi‘ments (QC'IM‘j).

For kg, pg and Cg we will use 2.2 x 16-3 (cm sec °C), 1.52 g/cm?
and 0.54 cal/(°C g) respectively. These are values oorresponding to
sediments oont;aining 65% water (Bullard, 1963). This is a representative
‘water oontet;t for’ surf"iciai sediments in Lake Memphremagog‘ (Flett, 1978).
!-"rom_the above relatic;nship we obtain that 30% of the annual heat budga&

th*Basin ma); involve the sediment. To include this in our model the
area/of bottom in contact with each of our horizontal slabs is'computed and
the heat flux through this surface is computed by numerically solving the
heats, eqfxation for the sedi;nents. Before a simulation run the model i-s
exercised through several mean yearly cycles so that the sediment may
reach an equilihrium temperature profile. As seen in the previous chapter
bottom fluxes can cause oonvec;tive mation. This, however, is ignored and

o

the sediment- exchanges heat with water at the same depths This will have

‘

" little effect since most of the heat transfer will occur in shallow regions

where mixing will overcome cJonvection.

'

‘
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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 éomplex and can be given by:

S

=2

Qtotal = A(Psw *+ Oy+ Oq + ®e) + Qs - 4.3.7 -

L
¢ : . .
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 radia;io'n, meteorological observations at ,the lake are,
available only for a short time, and we must rely or; data frém Sherbrooke
airport. Linear least squares fit was used to relate. observat'ions at the
weather station to those "taken over .the lake. Since the two.data sets
were found to have "greater correlation for averagiﬁ§ periods longer than a
day, 5 day averages were. used for the regressions. This offered the
optimum balance between high correlation and numLer of data points,
minimizing the uncertainty . in the coefficients. There is. the péssibility

that the variations of we‘éther variables are interrelated and because

- w

turbulent fluxes depend on the product of two variables it is prefersble to

find relationships among the products directly, Table 4.3 lists the
‘férmulae obtaingd and the equations for which they are used. In addition
to \r:i;“ese, measured incident short wave radiation flux is used in equation,

4.2.4, and the relative insolation in equations 4.2.6 and 64.2.5 is taken

from Lennoxville data.

v
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1 TABLE 4.3 <
. N |
FORMULAE TO CONVERT METEOROCLOGICAL OBSERVATIONS AT SHERBROOKE AND LENNOXVILLE - -g
° USED TO COMPUTE FLUXES THROUGH THE LAKE SURFACE ) ’
- : 2 M 2 2 o = v T, = -1.5 % ]
Formula © Ufpke =98 kmZ/hr (ATUJjake = -15°C km /hr  (AeU)jape = O ATiake = 15 °C
+2.3 Udper - * 1.9 (ATUgpg, + 1.6 (AelUdgny, . +0.93 ATgl -
| ‘
. . R - L \ 3
Equ&tion ' 4,02.1 L A a.z.z * 412.3 _ ‘g . a.z.s %
Used in : . ‘ oy . .
- for surface ) for sensible - for latent , long wave
shear stress ) % heat flux ’ heat flux " radiation flux
RMS deviation - .
between . . | ‘ :
98 daily 115 km2/hr? - 29 °C km/hr 2.7 10~7 (g km)/{cm> hr) 14 °c
estimates and ) . - ) - ' - ’ N
observations . . ) : '
. | ] E
and between - 52-km2/hr? ., 22 °C km/hr 1.1-x 10~7 (g km)/(em® hr) 0.8 °c
15 five-day ‘ e | : :
averages - ' - §
, L
| - :
_\w -—w-/‘ ’
|
@ r'
. -~ ¢
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A inQéstigate the error caused by using transformed Sherbrogke
‘weather data rather than lake obsérvations, the fluxes were computed
.using -both methods, for the 98 days of meteorological observetior_xs at the

=~ lake. It was found that for daily fluxes the standard errors were about

twice as great as the accuracies of the flux formulae as claimed by their

_authors. When grouped into 5 day averages, however, errors dropped tg

below the' formula accuracy. This is in agreement with results in chapter
—~ &_\ .
T 2 which showed that standard deviations decreased while correlation

increased with longer averaging time. Therefore for time scales londer

’ than a, few days, the fo;mulae themselves, rather than the leck of
ﬁ continuous site s;;ecific gbservétion, imposes a limit on precision. The
% oaccuracie_s fok Osw » PLw » P arlld ‘Do are then 2%, -20%, 20% and 20%
;%; respectively. ' For sediment -heat flux, ac;:tinracy is limited by the
f; knowledge of the water content of bottom materi;ls, and from observed
% e Zax"iations in the quantit}, ®g may be expéc'ggd to vary by, + 15%.
; Because for the ice-free season ml;w , <D‘q ) ®e -~ and Qg are a&msnt
; @lways of the same sign (i.e. loss terms) and the error in the balancing
é term, @, , is small, the former will//qontrol the accuracy of the global
v B heat budget which is expected:l to be withinv 20%. The accur;cy in the long
term surface st'ress ,i::\about 20% also. * |
E o ’ As mentioned in section 2.5 another source of error is the

— .possibility of systematic deviations between weather conditions over the.

-

whole lake from those measured in South Bagin. Because South Basin
comprises almost 50% of the lake surface area we may expect the total hea_t\

' :

A
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ﬁ ' budc_;,et to be reasonably accurate. The turbulent ‘energy genersted by

[
surface stresses, however, is assumed to be dissipated or consumgd locally

and is therefore independent of surface area. This means that the pre-

3

dicted vertical tempersture distributions in basins other than South Basin '

.~ / , N X
might deviate from reality. In order to check this the next section will

. compare predicted and observed heat content and vertical ,te&mperature

distributions for' all three basins.

‘ 4.4 Modeling Results

o ‘ . :
The modeling results using mean seasonal meteorological conditions

| i

' *  as ‘input are presented in figure 4.4a. " Comparing' the computed

: temperature profiles with the data presented in chapter 3- we can see two

principal disparities. Ffrst, the pre‘dicted'summer surface temperatures

are two degree?; -short of the mean-observed value. Segorgdly’, the depth

!/
of ‘the Xhermoeline is overestimated by about 50%. Some‘ex\perimer(ting of

El

“.wind mixing indicated a reduction of the mixing energy by half provided a

- better fit for thermocline depth but had, little effect on surface

'temperature.\ The reason for this is that the surface heat flux budget is a -

self-regulating system and summer water temperatures are near « the

equilibrium -point (Sundaram and. Rehm, J973). The balance between heat

~

' poth and are proportional to wind velocity. Reducing the winfd

velocity by one half resulted in a better agreement for both surface
. a i

G .
t - 3

£

ST s T

logss and heat gain terms are changed if the wind speed is modified si@»ce_

——
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temperature and thermocline depth. It is therefore probable that the wind-

(

speed used to, drive the model is too high and that any error in predictio

’

is due to this rather than a faulty parametrization of turbulent kinetig - -

l .
energy. This is consistent with the fact that the recording meteorological

Y TR ST & T e ST T g AT 7
¢

LT

station was installed in_a region which is less sheltered from winds than

|

other p.arts of the lake. Because this cannot be verified without installing

’

several wind speed recorders along the length of the lake, it was decided

SRR RS AT AR, vy e,
N

not to modify model parameters instead f\ﬁ speculating on the cause’ of

g * discrepancies.

‘ The model does predict the observed temperature grad‘ients along
z . " the lake. .’Comjparing the heat transfered between South Basin and Central
i - ‘Basin ( ®gy-) with the other heat sources in figure 4.4a we see that its
: ' geasonal variation has the”\ same hamplitude as other su;face heat ﬂl.;X‘
; ( terms. The calculated®time of freeze—upror Central Basin is the iSth of
? \Bie}&\r?tx»er, lagging South Basin by two weeks. wr

% « uThe sediment heat flux remains a t:ma!l portion of ghe total lake
heat budget, but in South Basin it accoun{l;'s' for up to 25% ofq the r:gt heat
i / flux. It is ihtéresting to 4note that the model predicts some cooling of the
2 | bottom water of South Basin when it is stratified. This results, not from

=)
5

heat exchange with the rest of the lake, but from the absorption of heat

_ by the sediment. This would explain the lower temperatures and gradual

T S

¢ . rise in isotherm level observed as we go from Cehtral to South Basin. (see

5
°

sections 3.1 and 3.3), without recourse to up‘welling which was - shown to

t - have a more local effect.
v/ ° ) ] /

R e A

5 o T e
J
o

e —

R

. .




~

P a

Although shear 1§ not included as & turbulent energy- source in

- — ' }
our model, th; criteria discussed earlier to assess its importance was

eva&gated. Shear was found to play a role in vertical mixing during the

months of April, May and November. Because the shear prc:dyction_term
in th.e TKE equation depends on the fourth -power of thql wind speed, &
reducﬁon in wind velocity vxllould’gr;eatly reduce the importance of shear.

In sur,nm:ary, the—presenthmodel reproduces the qualitative features
of the seasonal stratification cycle in Lake Memphremagog. The main

obstacle for quantitative agreement between the simulation and observations

is the availability of wind data at different points along the lake. If this

«information becomes available, the computer program given in the appendi

v

could be easily modified to incorporate it.
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ALL UNIT ARE CGS

FROGRAM LMODCTAPES, TAPET L, TAFELZ, TRPEL, TRPE 14, QUTFUT)

STRATIFICATION MODEL FOR LAVE MERPHREMAGOG

BY SYCVAIN LE MARGERIE - ¢
A STANDARD MIXED LAYER MODEL IS APLIED TO EACH OF THE LAKES THREE
BASINS INDIVIDUALY. THEIR THERMAL REGIME IS THEN LINKED TOGETHER THROUGH
AN EXCHANGE EQUATION, IN.THE MODEL EACH BASIN IS DIVILED INTO HORIZONTAL
SLABS EACH-RO CM THICK,

FEMEEHE RS
PR
+ 1/0 =
# s
EEIFERERR

ALL OUTPUT (TAPE11) IS WRITEN WITHOUT FORMAT AND THEREFOR NEEDS A
PQST-FROCESSOR TO BE OF ANY USE (FOR LISTING, FPLOTS, E7C..).
TAPE12 CONTAINS INITIAL VALUES OF WATER AND SEDIMENT TEMPERATURE
PROFILES. THIS INFORMATION 1S REPLACED EACH TIME THE MODEL GOES THROUGH
R CONPLETE YEARLY CYCLE. .
TAPEL3 CONTRINS SERSUNAL NETEORGLOGICAL DATA -

TAFE14 CONTAINS MORPHOMETRIC INFORHATION,
TAPES CONTAINS CONTAINS DAILY KETEOROLOGICAL OBSERVATIONS FRoM

SHERBROOKE, LENNDXVILLE, AND THE LAE.

. . o
=zdeono==zoeooes

ALL VARIABLES ARE STORED IN COMMON ELOCKS FOR EASE QF COMMANICATION:

GEN/~—~=mmm e GENERAL VARIABLES=--————-=nn
DZ - DEPTH INTERVAL ’
CE - TURBULENT EXCHANGE COEFFICIENT FOR WATER VAPOR
CQ - TURBULENT EXCHANGE COEFFICIENT FOR HEAT
GLAT - LATENT HEAT OF EVQPORATION FOR H20
F7T010 - FACTOR RELATING WEATHER AT A 10M LEVr.L 10 amvmw.\s AT ™
CA - HEAT CAPACITY OF AIR
CD - WIND DRAG COEFFICIENT
ROAIR - DENSITY OF AIR
TKSED - THERMAL CONDUCTIVITY OF SEDIMENTS
ROZED - DENSITY OF SEDIMENTS .
CSED - KEAT CAPACITY OF SEDIMENTS _
DAY - # OF SECONDS IN A DAY . .
XV ~ INTERBASIN EXCHANGE VELOCITY
. BINT - WIDTH OF INTERCONECTING CHANELS ° ,
RO - KEAN WATER DENSITY - .o
G - GRAVITATIONAL ACCELERATION L -
C - KEAT CAFACITY OF WATER PR
~ ETR - CONSTANT IN MIMED LAYER KODEL
JCK - CONSTANT IN MIXED LAYER MODEL
CL - CONSTANT IN MIXED LAYER MODEL
CT - CONSTANT IN MIXED LAYER MODEL
CS - CONSTANT IN MIXED LAYER MODEL
JD - JULIAN DAY
H20K - THERMAL CCMEUCTIVITY (F WATER

/BASIN/ =—=---~INFGRFATIQN RELATING TO EACH BASIN-—~——-
BD - TOTAL [EPTH -
SA - SURFACE AREA :
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1 o e e

V0 - TOTAL VOLUNE
" BETA ~ EXTINCTION COTFFICIENTS
ICE -~ ICE COVEK FLAG
114 - MIXED LAYER DEFTH / D1
TKELEFT - TURBULENT KINETIC ENCRGY LEFTOVER FROM FREVIOUS STEPS
QTMX ~ TURBULENT KINETIC ENGBGY INTENSITY AT THE LAST STEP.
ISHEAR — FLAG ,SINGNALS POSSIBLE IMPORTANCE OF SHEAR WHEN =1

VS,VC, VN - VLLUME OF EACH SLAB OF WATER FOR SOUTH. (ENTRAL,
NORTH, AND THE WHOLE +AKE,

£y

P11} ) F— WATER TEMPERATURE PROF JLES----———-- -
T5,TC, TN, FOR SOUTH, CENTRAL, AND NORTH BASINS
¢ > R
/BOT/~-----—--SEDINENT TEMFERATURE FROF ILES—--~——n=-=n
§8, SC» SN, FOR SOUTH. CENTRAL, AND NORTH
N 01 7 — ECUIVALENT SURFACE FLUXEG-—n=n-mmmmmmmmm
TAU — MOMENTUM - . -
PHILW — NET LONG WAVE RADIATION ° , -

PRISW — NET SHORT WAVE RADIATION
PHILAT - LATENT HEAT

PHISEN — SENSITIVE HEAT

FHISED - SEMIMENT HEAT

PHIEX — INTERBASIN HEAT EXCHANGE

JHEAT/+---—~=-NET SURFACE HZAT FLUX (EXCLUDING FENETRATING SW RAD)--
@S, DC, ON FOR SOUTH, CENTRAL, AND NORTH
/YEQR/-»—--—----‘?EA“OI\AL ATRASFHERIC DATR—---———= ——
ASTRO - SOLAR INCLINATION, MAXIMUM NUNBER-OF HOUR OF SUNSHINE PER _
DAY, AND ALEEDO FUNCTION FCX EACH DAY OF THE YEAR.
TAM, TIM, RAMRIM; WM HY - NORMAL DAILY MAXIMUM AND MINIMUM TEMPERATURE
» AND RELATIVE HUMIDITY, WIND SFEED AND HOURS OF INSOLATION
AT THE BEGUINING OF EACH KOWTH

COMMON /GEN/DZ,CE, CQ, QLAT, F7TOIU:CA (D> RGATR, TKEED, RICED, CSED,
“ZDAY, XV, BINT (2,30) RO\ G2 €, ETAL CK, CLy CT €S, DL H20K

C
COMMON /BASIN/ED(:i) VO(2),EETA(3), ICE(R) . ITH(3), Ti"?LErT(«) LT
% + ISHERR(3)
c
COMMON 7VOL/VS{42),VC{216),VN(70)
c Y
COMMON /TEMP/TS142),TC(216), TN(70)
¢ ‘ _
COMMON /BOT/55(10,42),SC(10,214),8N{10,70)
C /
T COMMON /JFLUX/TRU(R),PRILW(R), PHISH(R)» FHILAT(3), PHISEN(3), -
WPHISED(3) , FHIEX(3)
¢ .
COMMON /HEAT/0S,QC,GN
¢
COMMON /YEAR/ASTRO(3, 356), TRM(12), TIN(12), RAM(12) S RIM(12),
WM(12),HM012)
(
c

Cer4xTOTAL STORAGE##te
REAL AGEN(81),ARASIN(15)+AVAL (328),RTEN(328),ARDT (10,328)

LAFLUX(21) » RHERT(3), AYEAR(1170)

S, NT————— L

T
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ECUIVALERLE  (AGEN,D2) (AEASING BN, (AVOL,VS) (ATENF S TS) (ABODT,S5)
% (AFLUX, TAUD » (AHEAT, 0S) , (AYEAR» ASTRO)

Lyel o B w B o)

£e## INITIALIZE VARIABLES*a sz

@ - = D1=50. -
CE=1-. 3E"3

Ca=1,3E-3 ' P

OLAT=5%0.
. F77010=1.07
! CA=.24
- CD=1.26-3
ROAIR=1.2E-3
TKSED=2, 2£-3
ROSED=1.52

‘ . L CSED=, 54 : '
' DAY=284500, LT , ,
. o xv=4, ) -
D0 1001 1=1,18 : :

~
M 1001 BINT(1,1}=100000, .
' DO 1002 1=19,30
. 1002-BINT(1,1)=0,
. D0 1003 1=1,30
1003 BINT(2,1)=3000, #(31-1) .
* RO=1, - ' ,
! G=981. ) ‘ - —
c=t. ‘ o
ETA=1.8 e
, (X=,38 o
X ‘ CL=.04 ‘ .
T C1=2.25 ‘ .
: T 08=.3 )
H20K=.001434  ~ ' .
< BETA(1)=.00515 ‘

/\ . EETA(2)=, 00356 C _
BETA(3)=.00379 : T ‘ .
. ICE(1)=0 I o ) -
. ICE(2)=0 ‘ S :
e ICE(3)=0 P
. f 1M1=t . : -
- IM2)=1 . L
11M(3)=t b — .
TKELEFT{1)=0. i
TKELEFT(2)=0.
- TKELEFT(3)=0. -
- . aTMX (1)=0, . T
- ) QTMX(2)=0, e i
L © QTMX{3)=0. - o
| ’ . D0 2 1=1,328 : :
- . - 2 RHEATLI)=0,
: REWIND 14
L CALL VOLUME(VS.42,V0(1),BD(1))
Q , CALL VOLUNE(VC, 216,V0(2),RD(2))
’ CALL VOLUME(VN,70,V0(3),BD(3))
- ‘ REWIND 12
READ (12) ATEMP,ABOT )
REWIND 13 _ —
. READ (13) AYEAR ¥
c .
C READ JULIAN DAY ON WHICH MET DATA STARTS
N C IF JO GE 500 THE MODEL GOES THROUGH A MEAN YEARLY CVCLE
REWIND 11 v
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JU=107 . o
READ (5.101) JO
101 FORMAT(15)
°C
.- ° .
CexexDAILY LOOPs#xa
REWIND S ‘ _
| =JD+1
C GET ATMOSFHERIC FLUXES
T, CALL INPUTTJO)
IF' (JD.EQ.474) STOP

C GET BOTTOM HEAT FLUXES . )
CALL SED ' .
C GET INTERBASIN HEAT EXCHANGE
CALL EX
.C LET MOLECULAR DIFFUSICN ACT ON THE WATER COLUMN
R CALL MOL : -
- C SOLVE THE MIXED LAYER EGUATION . R
CALL STRAT . i ) U
C ENSURE THAT THE HYPOLIMNION IS STARLE ’
CALL MIX - .

C OUTPUT RESULTS
i WRITE {11) AFLUX, ICE, IZM, ISHEAR, ATENP
("
C CHECK FOR ICE COVER -
IF (TSt1).LE.0.) ICE(1)=1 .
T IF (TC(1).LE.0.)ICE(2)=S '
IF (TN(1).LE.0.) ICE(3)=1

. C :
c . :
€979  IF(JD.GE.146) STOP .
CH#HLO0P END , '
IF (JDLLT.473) GO T0 1 ‘
’ REWIND 12
: WRITE (12) ATEMP, ABOT——
- STOP
END
C —
c
c L ]

CHITIIEIEHE LD TR TEEI 11010110001 070110080111110118801
C\\\\\\\\\\\\\\X\\\\\\\\\\\\\}\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

C
‘ SUEROUTINE INFUT(J0)
c . ’
C THIS SUBROUTINE GETS DAILY METEOROLOGICAL VARIABLES AND COMPUTES
\ C  ATMOSPHERIC HEAT AND MOMENTUY FLUXES.
C
COMMON /CEN/DZ,CE,CQi QLAT,F7T010, CAR,LD:RUAIR, TKSED, ROSED, (SED,
__ ADAY, XV, BINT(2,30},R0, G, C, ETR, CKy CL, CT, S, JD, HZOK T
c -
cor ‘o COMYMON /BA(&IBD(S);VG(&,BETA(B),ICE(B)-IZH(S)-TKELEFT(B),QTMX(@
% »ISHEAR(3) B
¢
COMMON /VOL/VS(42),V0(216),VN(70)
— c i
COMMON /TENP/TS(42),TC(Z216),TN(70)
i, C
COMMON /BOT/55(10,42),8C(10+216),SN(10,70)
c

COMHON IFLUX/TAU(3).)FHILN(S)'PHISN(EI).PHXLAT(3).PHISEN(3)-
WPHISED(3), FHIEX(3) !




. - - S B \ 1 . . : - - - - ¢ ’\

. : : W*;Wﬁx'sﬁwwwm"’
-« -~
c . .
COMMON /HERT/Q3, QL. ON
c - .
COMMON /YEAR/ASTROU3,366), TAN(12), TIN(I2) RAM(12),RIN(12),
AME12), HM(12) '
c . : .
c - -

CoaaeTOTAL STORAGEX#E%
REAL AGEN(81), ABASIN(15), AVOL{328) , ATEHP(328) , ABOT (10, 328),
» AAFLUX(21),AHEAT {3), AYEAR(1170)
EQUIVALENCE (RGEN,D1), (ABASIN.BD),» (AVOL,VS), (ATEMP, TS}, (AEOT,SS)
% (RFLUX, TAU), (RHEAT.GS) » (AYEAR, ASTRO)

c

c

c MOST VARIABLES ARE AS DESCRIBED IN THE MAIN FROGRAM L

C ADDITIONAL VARIABLES ARE @ -
C TI. TR - MINIMUM AND MAXIMUM DAILY TEKFERATURE

¢ / RI.RA - HINIMUM AND MAXIMUM DAILY RELATIVE HUMIDETY.

c U - DAILY MEAN WIND SFEED

C H -~ DAILY NUNBER OF SUNNY HOURS - .

c QSW - DAILY SHORTHAVE INCIDENT RADIATION . )
c T - HEAN - TEMPERATURE AT SHEBROOKE

€ VA EA ~ KEAN VAPOR PRESSURE AND SPECIFIC HUMIDITY AT SHEREROCHE |

c V0,EO - VAPOR PRESSURE AND SPECIFIC HUMIDITY AT WATER SURFACE
c S - RELATIVE INSOLATION
c ST - TIHE OF YEAR IN RADIANS FROM THE SUMMER SOLSTICE
c

c

¢

£
PR

COMPUTE SIDERAL TIME OF THE YEAR
AND THE TRUE JULIAN DAY, \ -
ST=JDx, 01720242443, 2189927 : .
JOD=FOR(JD-1,345)+] N \

C GET THE INFUT IATA
i IF (JDLLT.J0) CALL MEAN(TA, TLRARI U HyQSH) ‘
t ° IF {JD.GE.J0) READIS5:10) 1D, 1A, TI,RARIS U, Ha QSH .
10 FORMAT (212,1X,7F5.1) -
IF(EOF (5).NE.0.) GO TO 999
C TRANSFORM WIND FROM KM/HR TO CGS WNITS
U=U/. 034
C  TRANSFORM S.W. RADIATION FROM LANGLEYS TO (GS UNITS
85H=0SW/DAY . /
COMPUTE RELATIVE INSCLATION
. $=H/ASTRO{2,J0D) -
P C CONPUTE SHORT WAVE RADIATION FLUK IF NOT NEASURED (GENERAL FORMULA BY GREY)
; S C  THO FIRST COEFFICIENT OBTRINED BY LEAST SRUARES FIT OF £AKE DATR
) IF (RSW.EQ.0,)QSW=(, 286+, 73445)#(515, 23, +SIN(ST)+309, #COS(ST)
-4, ¥SIN(ST#2,)-5. £C0SIST#2. ) ) /DAY :
C COMPUTE TOTAL ABSORBED SHORTWAVE RADTATION USING THE DAILY ALESDO FUNCTION
. , C SEE THESIS SECTION 4.3
r ' ) RO=05We{ . 934+5% (ASTRO(3, D) -, 057)) . >
- = C CONPUTE THE MEAN DAILY VAPOR PRESSURE (AT SHERBROOKE (MB) . ASSUMING THAT -
' C THE MINIMUM RELATIVE HUMIDITY OCCURS AT THE TIME OF MAXINUM TEMPERATURE
, T AND VICE VERSA,
- . VA=(RA¥ (&, 1747+, 362548 T1+, Q25050 TIaTI HRI* (6. 1747+, 362544 Th+
1 ( ° o 1025058 ¥TA¥TA)) 7200, R
C  NOW CHANGE VAPOR PRESSURE (MB) TO SPECIFIC HUMIDITY (G/CM#3) oL
- ' EA=VA#7.522E-7 , : .
: : @OMPUTE MEAN DAILY TEMPERATURE AT SHERBROOKE (INCLUDING CORRECTION FOR
é ) LAPSE RATE FOR HEIGHT DIFFERENCE BETWEEN THE LAKE AND THE AIRPORT.
) o T=(TA+T1) /24,27
- - e
i

. Ca#2L00P FOR EACH BASIN

Ly

o0

. 05 I=1,3 .
. : : N1




MR STt L v - e ) -

BN

vw.»,‘nw’ﬁ';"g*ﬂ'ﬁ‘ﬁw
. e
_ o IF (1.EC.2) 1HIN=43 _ ‘ ‘
- IF (LEG.3) IMIN=ZS9 '
IEX=IMINGEDU /DT , v
TO=ATEMP ( TMINY ' - .

C " COMPUTE VAPOR PRESSURE (MB) AT THE WATER SURFACE ‘
V0=8,1747+. 36234 ATEMP(IMIN) +, OASOSB*ATEVP(ININ)iATEﬁP(IMIN) . -z

CRNERDCIREIRIN D O R SRR RS W GSIRER NIT TSR T AR,

R N Ca el

TS
ﬁ

C COMPUTE SPECIFIC HUMIDITY (G/CMs#3) AT THE WATER SURFACE ] ‘

E0=V0#7, 522E-7
C CHECK FOR ICE -
IF (ICE(I).EQ.0) GO TO2 - .
FHISH(I)=0.1#R0 — ‘
FRILAT(L)=0. -
PHISEN(1)=0.
PHILW(1)=0.
TRU(E)=0.
GoT03
COMPUTE THE FLUXES PROFER

LINES, ARE COEFFICIENT LDETERMINED BY L.S. FIT
SHERBROOKE WEARTHER UBSERVATION.
2 PHISH{I)=RO ?

PHILAT(I ) =-{(EQ-EA) #U#], &) CE#QLATEF7T010

OO0 O

PHISEN(1)=-((T0-TR)#U1,9-410. ) 2CQxROAIRXCAF7T010 ¢

TRU(1)=CD&ROAIR¥ (76000, +UxUE2, 3F7TO10%42
TKRA AND TRO ARE THE ABSOLUTE TEMPERATURES OF

C AIR RBOVE IT.
TKA=T0+1, 5-. 93+(TO-TAM273. 16
TKO=T0+273. 16

<«

~
EXCEPT FOR LOMG WAVE RADTATION THE NUMERIC CONSTANTS IN THE FOLLOWING

f:
.
=
¥
b,
i
3
3
£y
)
b

T0 COMPUTE FLUXES USING

THE LAKE SURFACE AND THE‘S“""

PHILH(I) =1, 30E-12% ( TKA#®4# (1~ 261 4EXP(~. 777E-2% (TKA-273.16) #82))

- (1,4, 184 (1-8))-, 98 TKOk4),
C .

e C SPREAD THE HEAT TO EACH SLICE OF HZ0(45% OF THE SHORT WAVE FLUX FENETRATES
C THE WATER, THE REST IS ABSUREED IN THE FIRST LAVER). '

3 DIBZTA=DZ=EETA(D)
o Qi=PHISK(1)*, 45
0 11 J=YNIN, IHAX

°

Q2=01-. 455PHISH 1) KEXP(~(J- TN IN¢1 #DZEETA)

QI=01:02 .
11 ATEHP()=ATENP(J)+C:2/D1+IAY
IF (ICE(1).EQ.1) GO TO 5
AHEAT(L)= (PHILAT(I ) +PHISEN( T 4PHILW(T)
1+ SSIPRISWT L) m
© ATEHPLIMIND =ATENP( IMIN}AHEAT (1)4LAY7DZ
CHrELO0P END , , :
c : _
S CONTINUE .
\ ¢ - )
. RETURM ,
¢ Lo
C END OF DATA :
99 JU=4%4 ‘
RETURN
END.
c
c

CII//I/IIIIII/III/1/////l////l//ll///I//I///II//////II///I/lI///IIII//lI/l///ll/
C\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ~
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SUBROUT IX'NE WANCTT TAVRI RAW HiOOH) ;

THIS SUBROUTINE SUFPLIES SERSONAL VALUES OF WEATHER VARIABLES
FOft SHERBROOKE. ’

- COMMON /GEN/D1,CE, CQ\ QLAT» F7T010, CA, LD, ROAIR, TKSED, ROSEDCSED,
%DAY, XV, BINT(2,30),R0:6,C,ETA, CK,CL, CT4 €S, JDs H20K o

COMMON /BASIN/BD(3)+V0(3), BETA(3), ICE(31 TZM(3), TKELEFT(S):QTHX(&”

4 .ISHEAR(3) -

¢

é
COMMON /VOL/VS(42),VC(216),VN(70)

COMMON /TEMP/TS(42),TC(216),TNIT0)
CUIMON /EOT/SS(10,42), scuo,zw),cnuo.m)

-CONMON /FLUX/TAU(3)s F’HILN(3):PHISH(J) PHILA‘T(3) PHISEN(3). -
ZPHISED{3),PHIEX{3) ,

COMMON /HEAT/@S, QC.N

COMMON /YEAR/ASTRU3,366) TAM(12), TIM(12),RAM(32),RIM(12), o
ZRM112),HMU12) L

Ce+4TOTAL STORAGEs#+

" RETURN

.

c

CI////I/I/////ll/I///I///ll//ll/////I///l//l]l/l//(l////I/////l///////l///l///ll
CLAAEALATEEATATATREAAL TR TR LR DAL LT LR VL L

c

c

OO0

REAL AGEN{81).ABASIN(15),AVOL(328),ATEMP(328), RBUTUO»328)'

LAFLUX (21), AHEAT(3), AYEAR(1170)
EQUIVALENCE (AGEN,DI), (ABASIN,BD), (AVGL,VS), (ATEMP, TS}, (ABU’F.SS)
%+ (AFLUX, TAU)\ (AHEAT,0S), (AYEAR, ASTRO) ,
11=0D/30,5+1 .
11=MOD(11411,12)41 ) N -
12=M0D(11,12)41 ' :
DIF=JD/30,5¢+1.~11
" TA=TAM(I1)+(TAM(12)-TAM(I1))#DIF “ S
TI=TIMUID+(TINGI2)-TIN(I1))#DIF ) .
RA=RAMCIS )+(RAM(12)-RAM{I1))#DIF e .
RI=RIM(I1)¢(RINCI2)-RIN(11))#DIF o e
W= (T +(RH(12)-WN(T1) ) #DIF
H=HMU 1)+ (MU T2)-HM11))#DIF ) - R
GISH=0. - : o

- END

\
~ N

i

SUBROUTINE SED
THIS SUBRQUTINE COMPUTES THE HEAT EXCHANGE WITH THE SEDIMENTS

THE VARIABLES ARE AS DISCRIBED IN THE MAIN PROGRAM |

[ ——

COMHON /GEN/DZ, CE+ 68, BLAT, F71010,CA, CDyROAIR, TKSED, ROSED, CSED,
ZDAY.XV.BINT {2,301} >R0:6,C,ETA: LK. €L, CT+ CS» JD, H20K

MON /BASIN/BD(3),V0(3), BETA(3), ICE(3)-IIH(B)JKELEFN3).QTHX(3)
LV ISHEAR(D) . :

COSMIN. VOLUS(A2), VCL214). WLTO)




" COMRON TEMPITSZ), TCI216), TN(TO)

¢t
" COMMON /EOT/SS(10,42),5C(10,216)+SN(10,70) 5
¢ ' , )
© COMMON /FLUX/TAU(3) FHILW(3), PHISH(3), PHILAT(3), PHISEN(3),
“PHISED(3), PHIEX(3) | T
c NS
“a © COMMON /HEAT/S5.GC,ON . -
c \
COMMON /YERR/ASTRO(3,366), TAM(12), TIN(12),RAM{12), Rm(m.
TWM(12),H8(12) ! i
. c » _
/ c ’

Ce#xeTOTAL STORAGE#+#
REAL AGEN(81), ABASIN(15), AVOL(328), ATEMP(328) , ABOT(10,328)s

105L0%(21) , AHEAT(3) , AYEAR{ 1170)
EQUIVALENCE (AGEN,DZ), (ABASIN, ED), (AVOL,VS), (ATEMP, TS}, mBoT.sS)

%» (AFLUX, TAU)» (AHEAT, G5}, (AYEAR, ASTRO)

(¥ . 7
. - c L . . ‘ 1
7 ,C  COMPUTE FACTORS TO USED REPEATEDLY - ‘
. TKDI=TKSED/DL ‘
-, DAYDIRC=DAY/(DZ*RUSEDCSED) G
¢
C+LGOP ON BASINS
J D0 1 1B=1,3° .
. EETADI=EETA(IB)#D2
ININ=1
C “IF (IB.EQ.2) IMIN=43 7
’ IF (IB.EQ.3) IMIN=259
IKAX=IMIN+BD(IB) /D1
ar=0.
¢

Cexererraxel00P ON WATER SLABS
DO 2 1SLAB=IMIN. IMAX
C FLUX INTO THE WATER )
=(ABOT(1, ISLAB) -ATENP( ISLAB) ) ¢ TKDZ#2
C- DONT FORGET TO ADD THE SOLAR RADIATION INCIDENT ON THE SEDIMENT
Q0=01+ (AVOL (1SLAB) -AVOL{ ISLAB+1))/DI
ATEMP{ ISLAB) =ATEMP{ 1SLAB) +Q0/AVOL { 1SLAB) #DAY
@1=01-, 45¢PHISH{ IB) *EXP( (~ISLAB+IMIN-1) #BETADZ)
QT=0T+Q1# (AVOL (1SLAB)-AVOL L1SLAB+1) ) /D2
\ C FLUX WITHIN THE SEDIMENTS
DO 3 ISLICE=1.9
o 2=~ (ABOT (ISLICE, 1SLAS)-ABOT{ ISLICE+1, ISLAB) ) ¥TKDZ
ABOT{ISLICE: ISLAB) =ABOT(1SLICE, ISLAB) +(82-01) $DAYDZRC
3 Q1=
2 ABOT(10, ISLAB)=RBOT (10, ISLAB)-Q1*DAYDZRC
Crexxeerxsz 00P END
C -
~C COMPUTE EQUIVALENT SURFACE FLUX
PHISED{1B)=QT/AVOL ( IHIN)#DZ
CHLOOP END
1 CONTINUE R ,
RETURN A
END - :

mo *

¢

c -

c

U TN LT HIN T 11T
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SUBROUTINE MOL

c

c . .

€,  THIS SUBROUTINE SIMULATES MOLECULAR DIFFUSION IN THE WATER COLUMN
c .

c

IF ONE DESIRED TO INCLUDE A FORM OF TURBULENT DIFFUSION BELOW THE
C MIXED LAYER » IT WOULD SUFFICE TO CHANGE THE VALUE USED HERE FOR THERMAL
C. CONDUCTIVITY OF THE WATER COLUMN, TO AN APPROPRIATE EDLY DIFFUSION
C COEFFICIENT,

C
COMMON 7GEN/DZ, CE, Ot GLAT, F7T010, €A, CD, ROAIR, TKSED, ROSED, CSED,
. YDAY, ¥V, BINT(2,30), K0, G+ C+ ETA, CK» (L, CT, €S, JD, H2OK
o
COMNMON /BASIN/ED(3),V0(3), BETA(3), ICE(3), 1TM(3), TKELEFT(3), QTHX(3)
% » ISHEAR(3)
¢ ‘ )
' COMHON /VOL/VS(42),VC(215) SIN(I0)
* c * = ¢
; COMMON /TENP/TS(42),TCI216), TN(70) , .
¢ - . .
COMHON /BOT/S5(10,42),5C(10, 2161, SN(10, 70) , '
¢

COMMON /FLUX/TAUC3), PHILW(3)+ PHISH(3) »PHILAT(3), PHISEN(3),
. WPHISED(3).PHIEX(3) ‘
C Yo 1
CONMON /HERT/0S,QC, 6N K S

vl o N

C
CONMON /YEAR/ASTRO(3,366), TRH(12), nnuz).mmlz) RIM(12),
\ THM(12) . H4(12) - - . _
c : i
c

CexexTOTAL STORAGE#s#® ’
"REAL AGEN{81),ABASIN(1S), AVOL(328),ATEMP(328) REQT (10,3281,
ZAFLUX{21),RHEAT(3),AYEAR(1170)

EQUIVALENCE (AGEN,DZ). (RRASIN,BD), {AVOL, VS), (ATEMP, TS), (ABOT.SS)
Ly {AFLUX, TAUY, (AHEAT. @S), (AYEAR, ASTRO) . _

-

c A
‘ H20KDZ=H208/D2 ..
C#3L00P ON THE THREE BASINS - ‘ Lo
Do 1 1=1,3 _
C SET THE BOUNDING INDEXES
IMIN=1
, IF (1.EQ.2) IMIN=43
- IF (1.ER.3) IMIN=259
IMAX=IMIN+BD(1)/D1 _— C
01=0, ‘ ]
° IF (ICE(1).EQ.1) Qi=-ATEMP(IMIN)#H20KDZ#2, .
Crexxx32L0O0P ON EACH SLAB ) , .
DO 2 J=IMIN, IMAX g ‘
(2=H20KD1# (ATEMP () -ATENP(J+1)) - C fe
ATENP(J)=ATEMP( n+(m~uzmvm.w+n/AvouJ))/nzmmr S @
2 o=@ 1 N » . -
Cranxeesl O0P END : -
1 CONTINE
Ces#L00P END -
RETURN . . \ B
END - -
c . .. ‘ :
c ) _
CIILIIIE I I 1L LT DL L E L1111 0101201111H
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SUBROUTINE EX

THIS SUBROUTINE COMPUTES THE INTER BASIN HEAT EXCHANGE

ALL VARIAELES ARE AS DESCRIBED IN THE MAIN PROGRAM

OO0 0e00e on

COMMON /GEN/DZ,CE, CQ, QLAT,F77010, CA, CD: ROAIR, TKSED, ROSED, CSED,
%DAY XV, BINT (2, 30) , /8, G, C+ ETR, 0K, CL,CT4 €S, JD, H20K :

C — fe
\ COMMON /BASIN/BD(3).Vmgﬂ(malcg(m:IZH(3)JKELEFT(3)»QTHX(3) .
% + ISHEAR(3)

¢
™\. COMHON /VOL/VS(42),VC(216), WN(70)

c
COMMON /TEMP/TS(42),TC(216),TN(70)
c
COMMON /BOT/55(10,42),5C(10,216)»SN{10,70)
£ . A
COMMON /FLUY/TAUC3), PHILW(3),PHISW(3), PHILAT(3), PHISEN(3),
© YPHISED(3),PHIEX{3) .
c
i COMMON /HERT/GS,QC, GN
¢ .
’ COMMON /YEAR/ASTRO(3, 386), TRN(12), TIN(12),RAM(12),RIM{12), ~
ZAM12),HM(12) '
c
C .
Ce#2xTOTAL STORAGEw+2# = )
REAL AGEN(81),ABASIN(15),AVOL(328),ATEMP{328),ABOT(10,328),
LAFLUX(21), AHEAT(3), AYEAR(1170) _
EQUIVALENCE (AGEN,DZ), (ABASIN,BD), (AVOL,VS), (ATEMP, TS)» (ABOT,SS).
%, (AFLUX, TAU) » (RHEAT, @5 ) (AYEAR, ASTRO)
©C
c
c "
@s1=0, N
- @52=0,
a0
a2=0 .
Cax£LOOP ON INTERCONNECTING SLABS p
D0 1 I=1,30 ’ )
C  CHECK IF THE BASIN 1S ICE COVERED -
IFCICE(11*ICE(2) Q. 0)R1=(TS(I)-TC{1) ) :XV2DZ#BINT (1, 1) -,

IF (1(1‘(2)*102(3).EQ.0)%('18(I)—TN(I))*XV}DZ*BINT(LI)
IF (VS(1).NE,0,)TS{1)=TS(1)-Q1/VS{I) DAY
TC(I)=TC(1)+(Q1-Q2) /%6¢ 1) £DAY
TNCT)=TNLT) +32/VNCT ) xDRY
055=051+401 ’
1 QS2=Q52+Q2

C CONFUTE EQUIVALENT SURFACE FL
PHIEX(1)=-051/VS(1)#D1
FRIEX{2)=10S1-052)/VC(1) D7
PHIEX(3)=052/VN(1)*D2
RETURN . . ’

Da L, T WY vl R
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CHINITIE 10007111000 000004011101101111801411011111101E111110
- CRURRERRAALA AR AR AR BRI TR L LA LA A A

c
SUBROUTINE MIXLAY(IHM,E,OTX, THX,ETA3UZ, IKIN, IMAX, 1B)
C  THIS SUBROUTINE COMPUTE THE AVAILABLE TKE AND THE POTENTIAL ENERGY

C OF A MIXED LAYER G:IEPTH THM*DZ,
C T

c * »
COMMON /GEN/DI.CE.CQ, QLAT,F77010, CA, CD, ROAIR, TKSED, ROSED, CSED,
#DAY, XV, BINT(2,30),R0,G,C, ETA, CK» CL, CT+ CS, JD> H20K

c .
COMMON /BASIN/BD(.’.*),VO(B),BETA(:B),ICE(3):?ZH(3).TKELEFT(S);QTHXG)
% +ISHEAR{3) .

c - -
COMMON /VOL/VS(42),VC(216),VNI70)

c

COMMON /TEMP/TS(42),7C(216),TN(70)

COMMON /BOT/SS(10,42),5C(10,216), SN(IO:?O)

c
COHMON JFLUX/TAU(3),PHILW(3),PHISH(3), F'HILAT(3):PHISEN(3)»
. ¥PHISED(3},PHIEX(3) .
C .
. COMMON /HEAT/@S, GC, ON
¢
COMMON /YEAR/ASTRO(&S&Q) TAH(IZ) TIM(12), RAH(IZLRIM(IZ);
THM(12)
c
c -

Cxx#:TOTAL STORAGE##2%
REAL AGEN(81),ABASIN(15), AVOL(318),ATB'P(328).ABOT(10.328).

JAFLUXE21), AHEAT(3), AYEAR(1170)
EQUIVALENCE (AGEN,DZ), (ABASIN.BD), (AVOL,VS), (ATEMP, TS), (ABOT §8)

%> (AFLUX, TRU), (AHEAT,GS)» (AYEAR'ASTRO)

c

C DETERMINE THE TEMPERATURE AND THE VOLUME OF THE MIXED LAYER
VNX=0. - -
mx=0|

Ca#3L.00P ON EACH SLAR WITHIN THE MIXED LAYER'
B0 1 I=IMIN,IHM
(X=ATENMP (1) *AVOL{T ) +EMX
1 VMX=AVOL(I)+WX
CexxLO0P END
‘ THX=QNX/VHX

C .
C  DETERMINE DENSITY AND DENSITY GRADIENTS
ALFHX=ALPHA(THK)
- ROMX=RHO(THX)
ROH=ROMX

ROHH=0,
IF (JH1+2.GT. IMAK) GO TO 2
ROH=RHO(ATEMP(1H#+1))

ROHH=RHOCATENP(IH+2) )
2 DRO=ROH-ROMK -
DRODZ=(ROHH-ROH) /D2 :
c ‘ ' L
c n
C  COMPUTE POTENTIAL ENERGY .
EPOT=0, | .

FACTOR=ALFYX#GaD2#D1 - T -
DO 3 I=IMIN, IHt o

i L e o B



10=1-1KIN+ § .

3 EPOT=EFCT+FACTORS (ATEMP(I)-TH)#ID-,5)

C .

C COMPUTE YHE CONVECTIVE VELOCITY 5CALE
HM=( IHN-TMIN#1)#D1 , .
UF 3=ALFMX#HM¥G/ (ROXC) *AHEAT (IB)

—  IF (UF3.LT.0.) UF3<0, :

oo

CONPUTE TOTAL TURBULENT VELOCITY SCALE

OTX=(ETABUSsUF3)48,33333333 - ;o

R5=0.

RI=0.

COEF=0, o

IF_(DRO.LE.0.) 60 T0 5

IF (QTY,E0.0.) GO T0 5 ,

RISDROSGEHA/ (GTXSOT) ‘ .
_ IF (DRODZ. 6T. 0. JRG=HH/GTX¥SORTIGHIRODZ/ROMK) -

C COMPUTE AVAILABLE TKE
IF (RS.NE. 0, )JCOEF=RS##3/ (RS+R1)#¥2 -
S EKIN=QTX##3+DAYx, 5#{CK-CL#COEF) . <

C  COMPUTE ENERGY DIFFERENCE
.E=EPOT-EKIN )
RETURN

0D -

L B I o]

CI1I1114200103107110000000000002100001000000010100100010001E R TN 01TIE
CATETATALLATLELTAIALIALALLLTAAALEALERLE LA LAALA LTI LLLALR
c W
o .

FUNCTION ALPHA(T) -

C  COMPUTE COEFFICIENT OF THERMAL EXPANSION o

ALPHA=6. 793952E-5-1. 81905CE-54T+3, 0050556 -74T#T~4, 450332E-9%
%T#83+3, 281 66E-114T#3 ‘ i

RETURN o
END ) .

I
c v
¢ .
CHIIIIILT I LI E 818 1L HTTTTTL LT
£ LETEALAAALALAL AL LLAARERRATER AR LR LT VA
C ,
FUNCTION RHO(T) -
C . COMPUTE WATER DENSITY
* RHO=, 9996426+, 7Y3952E-5%T~9. 05525E -6+ T#T+1, 001685E-74T##3
1-1,120083E-9#T#e4+4,536332E-1 Z#T125 -
RETURN '
&0 -

A -

CIITILIIIIE A REIII I A IEEE000180820000000070000010008011881811880110240800811
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C

C - ,
SUBRCUTINE STRAT

OO0

THIS SUBROUTINE SOLVES THE MIXED LAYER THE EQUATICN.
B -

OO0 o
!




RS-

PR S

30 llﬂ(l) IHM-THINGL .

Coln N /GEN/ITCE+C Oy OLAT, F71010 CA:CD, ROAIR TEEED, RDSEIJ. SED»
DAY, XV, BINT (243014 R0, G+ C, ETR, CK €L, T2 €4 JD» HZOK

‘ COMHON /BASIN/BD(3),V0(3), BETA(R), ICEL3), 1TH(3), TEELEFT(3), (THX(3)
_ L+ ISHEAR(3) )

i COMMON /VOL/VS(42),VC(216),VN(70) '

‘ COMHON /TEMF/TS(42), TCL216), TNCTO)

z COMHON /BOT/SS(10,42),5C(10,216),SN(10,70)

. COMMON /ELUX/TAU(3),PHILM(3), PHISH(3), PHILAT(3), PHISEN(3)s
APHISED(3), FRIEX(3)
c ~ . v
COMAON /HEAT/GS,0C, 6N ‘ :

c P
COMMON /YEAR/ASTRO(35366), TAM(12), TIN(12), RAM(12), RINE12)
W 12),HM(12)

c .

¢

- CarseTOTAL STORAGE ¥+

REAL AGEN(81),ABASIN{(15).AVOL{328), ATEHF'(328) ABOT (10, 328),
YAFLUX(21), AHEAT(3), AYEAR(1170) )

EQUIVALENCE (AGEN,DZ), (ABASIN, BD), (AVOL,VS), (ATEMP, TS), (ABOT, 55)
%s (AFLUX, TAU) » (RHEAT, 6S), (AYEAR, ASTRO)

c MOST VARIABLES ARE AS DESCRIBED IN THE MAIN PROGRAM

C .

c , ,

Cex#4L00P ON THE THREE BASIN to , ¢
B0 1 1=1,+3 . . ‘ oY

1B=1 - [
C COMPUTE WIND MEIXING VELOCITY SCALE CUBED -
ETA3U3=(SGRT (TAU(I) /RD)4ETA) 223 e :
TAUMX=TAU(I) /RO 4
C DETERMINE THE BOUNDING INDEXES FOR THIS BASIN - , .
IMIN=t .
IF (1.EQ.2) IMIN=43 . “
IF (1.EQ.3) IMIN=259 '
IMAX=IMIN+BD(1}/DL .
THM=1ZMC 1)+ IMIN-1
CALL MIXLAY(IHM.E,QTX1, THX!, smsua ININ, THAX, 1)
—ELEFTI=TKELEFT(I)-E .
IF(ELEFT1.GT.0.) 6O 10 10
21 QTX=QTX1 ~
THX=THX1 , . .
ELEFT=ELEFT1 ) .
IF (1HM,EQ. IMIN) GO TG 30 \ .
IHM=1HM-1 <
© CALL_ MIXLAYCIHM.E,QTX1, THX1, msus,mm.lmx.n
ELEFTi=TKELEFT(1)-E
IF (ELEFT1.LT.0.) GO TO 21
60 10 30
10 QTX=QTX1 N
. TMX=THX ‘ )
 ELEFT=ELEFT1
11 IF(IHM+LEQ. IMAX) o0 10 30 .
THM=IH+1 : .
CALL MIXLAY(IRME, mx.mx.msus IKIN, INRX, 1) .
ELEFT= ma.srm)—£+(amx(nuzﬂmu)-arxazaum-mrmn)mz
IF (ELEFT.GT.0.) 60 TO 11

[

L ame dae el - knd s s mn o




* TKELEFT(1)=ELEFT
- GIMXL)=0TX ) :
© T 00 31 E=IMINGIHM > -
“31 ATEMP(K)=THX N :
JF (ICE(1).EQ.1) GO TO §
RlHX~Gl(RHO(ATEMP(lHMH))-RHO(THX))/TAUMX*IZH(I)iDZ
XL=1300000, , D -
“IF (1LEQ.1) GO TO S L) 7
IFCIZHUD)LLT. 30) XL=2600000,
5 IFUIZN(I).LT.18) XL=3900000,
SHEARC=XL/ (28 IHM#DI)#(BD(I)/(BD(})-1IM(1)#DZ) }#+,5
ISHEAR(1)=0, ‘ )
IF (RIMX.LT,SHEARC) ISHEAR(I)=1 . Vo
1 CONTINUE :
_ RETURN

S e 1
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c =°r

c

c . . -
SUBROUTINE MIX .

¢

c THIS SUBROUTINE CHECKS FOR STATIC STABILITY OF THE STRATIFICATION

C ' IF AN UKSTABLE LAYER IS FOUND 1T IS MIXED WITH ADJACENT LAYERS UNTILL

C  STABILITY IS REGAINED,

¢ .
COMMON /GEN/DZCE,CRy QLAT)F7T010s CA»CDy ROAIR, TKSED, ROSED, CSED, —

DAY, XV, BINT{2,30),R0,6,C, ETA, CK, CL, LT, €5, JD, H20K

C = ) ~ \

’ COMMON /BASIN/ED(3),V0(3):BETA(3), ICE(3), IZM(3), TKELEFTI3), QTHX(3)
1 ) ISHEAR(3) .

¢
COMMON /VOL/VS(42),WC(216):WN(70) .

c « . u L
COMMON /TEMP/TS(42),TC{216), TN(70)

c ;

‘ COMMON /BOT/5S(10,42),SC(10,216),5N(10,70) -t -

c - sr—
COMMON /FLUX/TAU(3),PHILH(3): PHISN{3), PHILAT(3),PHISEN(3)s,
ZPHISED(3),PHIEX(3) i L v

c b 5
COMMON /HERT/0S+ 6C: O

()
COMHON /YERR/ASTRO(3,366),TAM12), Tmuz),nmuz),nmuz), R
%N(12) 11012 : *

c_ X v T

c

CrearTOTAL STORRGEHH
REAL AGEN{81),ABASIN{15),AVOL(328), ATEHP(328),ABOT(10,328),

LAFLUX (21), AHEAT(3), AYEAR(1170)
EQUIVALENCE (AGEN.LIZ), (ABASIN, BD)  (VOL,VS) , (ATEXP: TS)s (ABOT.SS)
Y. (AFLUK, TAU) , CAHEAT, 0S) » (AYEAR, ASTRO) ' .
€ ' .
c ~ C
CHHLOCP ON THE BASINS “ : .
D01 1=1,3 .
-C BONFUTE INDEXES | . .

THIN=Y




DS B

IF (1LE0.2) IMIN=43
IFX1LE0.9) 1KIN=259
IHAX=THIN¢BDT ) /D1

Cerzunsaal OOF ON LAYERS -

/‘.‘\_-3
AN

9

é
2

DO 2 JJ=IMIN, IMAX
J=dd

IF{(ATERP(J+1), 6T, 3,58), AND, {ATEMP(J), GE.ATEMP(J+1))) GO T0
— IF((ATEHP(J+1}.LE.3,98), AND, (ATEMPtJ) ;LE. ATENP(J+1))) GO TO

VLM=AVOL(J#1)

G=ATENP (J+1)*VLN

VLH=VLM+AVOL(J)

Q=0+ATENMP(J) #AVOL (J)

THP=0/VLM

J=J-1

IF(J.EQ. IMIN-1) GO TO 4 .
IF{(THP.GT.3.98). AND. (THP.LE.ATENP(J])) GO TO 4
IF({TNP.LE. 3.98) . AND, { THP.GE, ATEMP(J))) GO TO 4
60 70 S

IK=J+1

IKK=JJ¢1 ) -

D0 & K=IK, IKK

ATEKPIK)=THP

CONTINUE

CaarapaexlO0P END

1

CONTINUE

Cxx+xLOOPEND

OO0 M

RETURN
END
SUBROUTINE VOLUME (V+MA, VG, HMX)

THIS SUBROUTINE COMFUTES THE VOLUME OF EACH S0CM SLAB

1

FROM THE MORPHOMETRIIC iNFORMATION ON TAPE14.’

V(IZ)= THE VOLUME OF(H20 BETWEEN (I1Z:-1)DI AND 1Z#D2

VO = THE TOTAL VOLUME

»

REAL V(MA),VE.(120)

READ(14,2) VOL

FORMAT(* *,8E13.7)

D05 1=1,MA ‘
V(D=0 )
V{1)=(VOL{1)+VOL (2) )£250000, :
W=v(1)

K=HA/2

D0 3 I=1.K

Nk=1#2
VIKK)=(VOLUT+1 )%, TSVOL(142) %, 254500000,
VO=VO+V(KK)

IF (VIKK),LE.0.) 60 TO 4 T
KK=KK+] :

VIKK)= (VL (1+1)%, 25+VOL(142)#, T5)¥500000,
VO=VE+VIKR)

IF (V(KK),LE.0.) GO T0 4
CONTINGE
Hik=(KK-1)50, -1,
VIKR)=0, - Cot
RETURN
END

EOI ENCOUNTERED.

I v
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