B T By s 2 5 z AT T

S ey P BN 3 A e
P %) 5 o 2 AR A 5 A

T EARTS
ﬁxﬁ«

ZeE

S
RS

by
z SSES eI
T ¥ A s ::‘ Y 3 s ol ‘.ﬂg\,\?r;.;é’;!\

e
Fs s
S
e
e
Shta)

00d
e

i

A Ry
‘%::Mx

A

o
Tt
S

g

SR

=
A e e

R L
R

Sl

Jotie
e

SRS L
et g

BT "‘":'7‘??
S

..'ﬂ;(*-ﬁﬂ;*\

Ay
AR

i )

G




B

Fisheries.
and Environment
Canada

Péches
et Environnement
Canada

Heat Content of Lake Ontario and

Estimates of Average Surface
Heat Fluxes during IFYGL

F.M. Boyce, W.J. Moody and B.L. Killins

TECHNICAL BULLETIN NO. 101

. (Résumé en francais)

INLAND WATERS DIRECTORATE,

CANADA CENTRE FOR INLAND WATERS,
BURLINGTON, ONTARIO, 1977.




© Minister of Supply and Services Canada 1977
.. 8t No,
1S8N- 0-862:01245-3
CONTRACT NO. 08KT.KL229-7-1040
" THORN PRESS LIMITED




CONTENTS
Page Number

INTRODUCT I ON 1

MEASUREMENTS )

COMPUTATIONS AND ERROR ANALYSIS 3

RESULTS | | 8

CONCLUS 1ONS 10

© ACKNOWLEDGEMENTS 10

REFERENCES ‘ 11
APPENDICES

| 1. Survey Design and Sampling Methods 12

2. Heat Flow to Lake Ontario‘from Rivers, Streams, 15

Power Generating Stations, and Industrial and
Municipal Wastes

3. Nine Point Digitization of Continuous Analogue 20
Traces of Temperature Versus Depth

43 The ZOOP Algorithm 22
5. Estimates of Heat Fluxes to and from Lake Ontario 45
Due to Rain, Snow, and the Formation and Melting
of lce. :
6. Detailed Results in tabular form ‘ L9
TABLES S 85
FIGURES 105




ABSTRACT

This report is a contribution to the Energy Balance
Program of The International Field Year on The Great Lakes. The
net heat flux across the surface of Lake Ontario from April 1972
until June 1973 is estimated using data from 46 ship cruises and
measurements of river temperatures and discharges. An effort.
has been made to compute the degree of uncertainty attached to
the heat flux values. Results are given in graphical and tabular

form; the latter are intérpolated to standard weekly intervals.




RESUME

Ce rapport s'insére dans le programme du bilan énergétique intégré
a 1'Année internationale d'étude des Grands lacs. Le flux thermique
net de part en part du lac Ontario, d'avril 1972 & juin 1973, y est calcul€
d'aprés les reﬁseignements'Fournis‘par 46 croisiéres et la mesure des
débits et températures des cours d'eau. On s'est employé & calculer le
degré d'incertitude inhérent aux valeurs des flux thHefmiques. Les résultats
se présentent sous la forme de graphiques et de tableaux. Dans le dernier

cas, ils sont interpolés a des intervalles hebdomadaires types.
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Heat Content of Lake Ontario and Estimates of Average Surface
:-Heat Fluxes during IFYGL

F.M. Boyce, W.J. Moody and B.L. Killins

INTRODUCT | ON

From.April 13972 until July:. 1973, during the International Field
Year on the Great:Lakes (IFYGL), a large effort-was made to evaluate the -
fluxes of.thermal energy across. the surface of L;ke Ontario (Elder et al.
1974) . . Knowledge of these fluxes is essential to:an understanding of how
Lake Ontario influences-the climate of the adjacent region. Furthermore.
it may. be possible to refine the empirical formulae used t6 estimate evap=:-
oration and transfer of sensible-heat and to obtain parameterizations of
these fluxes in terms of easily measured mean variables which are applicable
to the other Great Lakes.

~Unlike the land's surface, a deep body of water stores a sub=

stantial portion of incoming thermal energy during the spring:.and- summer
: (botﬁ'surfacevand‘subsurface waters are warmed) and releases this energy back
to the atmosphere during the fall and winteir. .The periods of maximum and-
minimum heat tontent: occur laferrthan the periods of maximum and minimum
~heat flux. It is this:zlag effect that helps to moderate the climate: on-the
- shores of a- large lake.

iIf the distribution of temperatureEWithin'a:lake—is known at various
points in time," the quantify of heat stored in the lake, and its changes
can be ¢omputed.. The change in heat content between-twovsﬁch poiﬁts intime,
less thnguantity;of heat- added. by tributary stfeams,uand théermal effluents:
is equal to. the quantity of heat which has crossed:the lake's upper free

surface. - The computation of these.fluxes is the. purpose of :this work.




MEASUREMENTS

THe¢;$}ﬁ body ;%:dafa cbﬁﬁfﬁtS'Of temﬁeéaturé profiles faken from
ships at a network of stations (Figure 1) during'hé'lFYGL Heat conterit
surveys. Whenever possible, two ships were used in order to reduce the
survey time. Most cruises were completed within 60 hours. The faék'wés
divided between U:S. and Canadian vessels (Table 1). Guildline electronic
bathythermographs . (EBT's) were>installed aboard all-vessels, and-with
rare-exéeptﬁons these instruments were used to obtain»ail theatemperature

~profiles. The Gui]diine p?obe'is lowered Frqm a-stationary vessel and,
coupled with an X-Y recorder, produces a continuous’ analogue plot' of temp-
erature versus.deptﬁu(pressure); The plots constitute the primary data used
in this report. The design of the survey and ;he sampling methods:are dis-
cussed in Appendix 1.

Additional measurements of lake temperatures were obtained from
moored self-recording instruments: (current meters, fixed temperature pro-
filers) (Figure 2). -These measurements consist of repeated temperature
samples:-(up to 10 samples per hour) at fixed depths.and locations. In fhe A
present work, ‘these.measurements have not been-used in the heat content cal-
culations but rather they have served to describe the nature of the time
variability of the lake's thermal structure at time scales shorter than thésé
of the ship surveys. The surface temperature of the lake was measured at.regu-

Nar intervalé with an ai}borne‘infrared.thermometer«(ART) (1rbe and Mills, 1976).

An effort has . been made to estimate the quantity of heat carried

to and from the lake by rivers; streams and discharges of”waste“heat. - The

overall effect of these fluxes is small,but‘SOmé,Anotably the Niagara River
inflow and the St,-Lawrehée River outflow, have marked local effects. ' Data

on stream flow and temperatures has been obtained from Water Survey of -




Canada, U.S. Geological -Survey, St. Lawrence Seaway Authority, and Ontario
Hydro. Local obsérvers were recruited to measure water temperatures at the
mouths of the Credit, the Ganaraska, the Trent and the Moira Rivers on the
‘Canadian shores from April until November 1972.
Data collected by the consulting engineers, H. G. Acres [H. G.

Acres Ltd., 1970] was used to estimate the waste heat rejécted to the
lake from power generating stations, sewers, and heavy industry. The céi-
putation of the heat advected to and from the Take is described in Appen-
dix 2. |

| Addltlonal heat flux terms arise from prec1p|tat|on |nto the lake
and from phase changes (meltlng of snow and formation and melting of ice
cover). Avaulable data permit an order of magnltude estlmate only of these

terms (See Appendlx 5.)

COMPUTATIONS AND ERROR ANALYSIS

vAn logue to Dngltal Conversuon of Temperature Depth Plots

After much experimentation [Boyee, l97l] a simp]e manual
method mas devnsed which represents a contlnuous temperature depth proflle
by a sequence of up to 9 temperature depth palrs These palrs def:ne 8
contlnuous l:near segments whlch best fit the analogue trace. ThIS informa-
tion together wnth the sampllng time, station number and pos:tlon and depth
to the bottom can be stored on a single 80 column I BM card (Appendix 3).
The mean square error of this representatlon, expressed as heat content
(squared) contributes about 10% of the total variance Wthh also includes

internal waves, instrument accuracy, and digitization errors [Boyce, 19717,




... A11 of the temperature profiles obtained during the 'IFYGL cruises
were reduced in this fashion to IBM card images, key punched, and edited in
~ card form and then committed to magnetic taper,.The coded profiles are simply
manipulated in either card or magnetic tape form. -The chief disadvantage
of this method is the ease with which errors can be .introduced in the manual

coding stage. Verifying the data took much longer than we had.anticipated.

A‘Computatlon of Stored Heat

For computatlonal purposes, the lake was divided horlzontally into
2 km square elements (4 km?). The bathymetry was repreSented by the average
ldepth of each of the elements (adJusted for lake level) lhe lake was Fur-
ther subduvnded horlzontally lnto lO zones (Flgure 3) based on known reglonal
'E»dlfferences in the lake s thermal structure and on the dlstrlbutlon of moored
current meters in the IFYGL network. These zones are arbltrary and do not.
affect heat content calculations. Finally, the lake was vertically_divided
into 8 layers defined by the depths 0, 10, ZO;lhb; 60, QOQ‘IZO,MaEd lSO'm,
The algorithm employed to compute stored heat hasislmllarltles‘
with the Thiessen polygon approach [Thiessen, 1912]. Starting with
the firstAlayer (o - lOml, each element of the lake wlthln the layer is
assngned to the sampllng pount nearest to it. Thus data trom‘stationll'
over the vertlcal |nterval 0 to lO metres is applled to all the elements
closer to station 1 than to any other statlon lhls ls equuvalent to a :
ihorlzontal llnear |nterpolat|on of the temperature data between sampllng
po:nts. By‘varlous snmple strategles, the computatlons are reduced to
reasonahle limits The procedure is repeated for each layer, wnth |ntermed-
|ate results belng stored by zone and by layer The chonce of layer depth
vrepresents a balance between accuracy and computational ecohomy. The Al-

gorithm, known as program Z@@P, is the latest of a family of similar routines
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[Boyce, 1973] and is descrlbed in Appendlx 4 together wnth tests on its ac-
curacy The Iatter |nd|cate that less than 25% of the total varlance of

the funal heat content value is due to the computatlonal method

Accuracy of the Final Result

In outlining the methods gsed to measure the~temperature distribu-
tion within the iake and to comndte'the stored heat, we have mentioned_sevr
eral sources of error. We shall_summarize them here.

.- The errors can be claSsified into two groups, those whose effects
‘we can estlmate a Erlorl, and those over WhICh we have no such control. In
the flrst group are uncerta:ntles arising from lnterna] wave actIV|ty (mo-
tions of the thermocline occurring at time scales much shorter than the
duratlon of a crulse) instrument errors, dlgltlzatlon errors, and‘computa-
tlonal errors, - In éstimating the combined effect of these errors we assume
that the 105 stations, if properly sampled, would adequately define the
thermal structure of the lake. In this context, a single EBT profile rep-
resents one sample of pOpulation whose range is established by the level of
internal wave actnvuty and random temperature fluctuatlons. These are known
: to be ubnqultous phenomena by assumlng them to be random and by usnng
" rough estimates of thelr amplitudes, we can arrive at an estimatenof>thefr
contribution to the total error [Boyce,1971]. “The "Guildline EBT.and the
associated e]ectronics and recordfng apparatUS have an accuraoy of the.order
* ,05°C in temperatures and about * 0.5% of the depth range used under good
- econditions. In actual practice, these limits are probably closer to *0.1°C
and + 1 m.. To complete:this list we must add the errors due to the digitiza-
tion and computation stages briefly discussed above.  Since the heat content

may be viewed as a weighted mean of the vertical integrals of the individual




“proflles, we assume that the error of the mean is approxnmately N“1/2 tlmes
the error of an |nd|V|dual proflle where N is the number of stations (nomln-
ally 100). The error estimates are summarized in Table 2 the tOtal
variance (error) is the square root of the sum of the individual variances:

| The second type of error arises from the Finite duration of the
surveys. 'Réthéé than ah instantaneous eicture of the teﬁperature structufe,
we have a potentially blurred image due to the'chahges'?nAstrUCEure occurring
while the cruise is in progress. The changes can be due to‘heating and cool-
\{néfor due to the internal readjustment of the waterfﬁaSSes to changes in
' meteoroleg}Cal forcing. The fatter;seurce of error could be bréberi? termed
aliasfhgierror and its effect is impossible to estimate. We suspect that
it could be large. |

"_EXcludfng the aliasing term, we propose a formula for estimating

“error of the form

£ (e, 1)

Eé is the error due to the sources listed in Table 3, expressed on ajper-
statlon basis; N is the number of statnons. The:functjon f, inQicatihg,the
contrlbutlon due to flnlte survey duratlon s '.must inerease moqqtonfcaiiy

w:th T (zero for T 0) and must also depend to some extent on the average

rate of heat flux q. We propose that the form of f is

f(q,t) = aqrT
where o is a constant. Clearly if q is constant.durjng the survey, period
.and if the heat content is(eya]uatedrat_the mid-point of the survey, as we
_do inffaet,'thenquwould be .identically zero. q,representsfthen a measure

of the non-uniformity. of the heat flux primarily -at diurnal time scales.




This formula assumes, in effect, that variability of the heat f]ux as ex-
pended by f(q,T) increases with the absolute value of the mean flux itself.

The choice of o is for the moment subjective. Letting a = | is
_ an extreme s?tuation,for_if impJ}es that there is no cancellation of errors
in the averaging process. From various simple models of the heating and
cooling processes, we conclude that o = 0.2 provides a.conservative esti-
mate of error. . S

As can be seen from Table 2{,E°(t);is strongly correlated with
the stratification of the lake. We have used the data of Figure. b
and made Eq (t) to be linearly related to the difference between mean lake
témperature and the temperature of the,upperﬁlo'm,.~Eo assume§,the-vajue of
3000_ca1/cm? when this difference.is maximum and 1500 cal/cm? when- the lake
i; homogeneous. In this fashion we have estimated the confidence limits

,.Letting,ql % Aq1 be.thg;hgat content * confidencg,limits,forr
cruise 1 at central time tl,vand qz,:ing be the heat con;gnt;i,confideﬁce'
Jimjt for»crui;e 2 at central time tz,;the mean rate of heat transfer between

tand t is
20 1 '

/Aq12 + Aq 2

92 - q1 2

tz't;_

-assuming thé,two-measuremehts'tbjbe Statiéticé]1y'ihdepehdent&’"Thisfféfmula

has been employed to construct .Figure 5. The reader will be well aware of

the subjective. nature of this error-estimate.




RESULTS I : G Co - T
* Heat' content -computations have been‘madefaf regular weekly inter-
vals via ~ linear iﬁféfpblatioﬁ of the cruise data in time. These computa-
" tiéons are presénted in tabular form in Appendix 6. The main body of these
results can be sufimarized in a few diagrams (Figs.-4, 5, 6).
The heat storage cycle in the lake can be ~ represented by“a plot
of fhe average temperature of the lake versus time (Figure ). ‘During
lﬁYGL, the maximum-héat content occurred near Sept. 20, 1972 (7.5°C) afd the .
following minimum occurred around March 1, 1973 (1.5°C). The change of 6°C
is equivalent to a heat transfer of 10.02 x 1018 calories. A.curve showing A‘
anrage~témperature bf the upper 10 m of the lakeis pldtééd”oﬁ‘thé*géﬁe
diagram:- Thé‘divgrgéhée of the lake mean temperature and the fgﬁpératﬁfe
of. the -upper 10 m can be construed as a measure of the stratification of the
lake. Maximum summer stratification appears to precede maximum heat content
by a week or so, whereas maximum winter stratification appears to precede
thminimum heat content by a small ;mount.': B |
" The relevant éurVes,inéofar as energy budgets‘a?e'cohcéfhed;Jare
tﬁose of Figures 5 and 6. Figure 5 shows the average rate of heat content
change between the IFYGL cruises. An estimatghqf the 95% confidence limits
of these fluxes is shown on the diagram. The tyées gf errors included in
this estimate are instrument errors, digitization errors,rcomputational
_;_gr(0r§,¢lossesagf accuracy due-to missingﬁstatidhs‘andaextended survey périods.
_Errors due _to large scale.water motions occurring during the surveys (aliasing)
cannot be directly estimated, but the possibility of this_additionaluérrof
can be inferred from the wind rétord and from the changes in the large scale
thermal structure. The likelihood of such contamination is expressed on the

éQrve of Figure 5.




Finally,Figure 6 shows the average surface heat flux and the flux
due to advective heat transfer (rivers, power plants, etc.) at weekly intervals.
The choice of weekly intervals is a computational convenience intended to
QIIOW a more simple dove-tailing of the different data sets in the energy
balance computation. As one can see from Figure 5, the errof estimates
~.depend on the time interval between successive cruises; they are less for
longer.intervals, since the errors for each heat content evaluation become
smaller in relation to the change in heat content. In view of'the”largé
- week-to-week variations in rate of heat content changes we should be wary of
applying a mean rfate of change taken over two or three weéks, say, to a situa=
tion where the other components.of the energy balance are evaluated at weekly
intervals or less.

It is noteworthy that the period where heat is lost from the léke
(September to March) exhibits the greatest variability in heat. transfer
rates. ‘Presumably this is due to the ‘greater input of mechanical energy to
‘the lake ‘during the episodic but vigorous fall storms and the decreasing
stability of the water column as heat is removed.

The curve of week1y.averagéd heat flux from fFVefs, power plants,
and sewers (Fig. 6) shows that this flux is Tess than 10% of the surface
flux except at brief periods when the surface flux changes sign.; It is,
moreover, dominated by the Niagara-St. Lawrence: through=flow (Appendices
2 and_é)@ The mean absolute:vaIUerofAthe surface:heat-fluxAWS'about'300
cal/cm?/day, whereas that of the "advective' component is about 5 cal/cm?/day.

For the sake of completeness, we have tabuiated monthly mean values
of surface heat fIUxes, advected heat flux including precipitation, and
effective heat fluxes due to ice formation and melting (estimate only)

(Table 4, Appendices 2 and 5). This table emphasizes the importance of the




ice-melt term in the heat budget in March.

CONCLUSIONS - .

It is not the aim of this work to optimize the manner in which the
surface heat flux data are presented. This can only be done when all the
terms in the Energy Budget have been gathered together. THe purpose of this
report is to present the facts in such a way as to make their interpre=
tation as simple and as honest as possible.

It is clear, nevertheless, that the uncertainties in the individual
heat content computations are too large to permit useful energy budget
comﬁutations at a weekly fime interval. The choice of an apéraging interval

(biweekly or longer) must await scrutiny of the other input terms.
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APPENDIX 1

}Sprkey Designfand-Sampllng Methods . .

The unattainable ideal is the determination of the temperature of

the lake at every ponnt at a snngle |nstant in time. " With the available re-

:sources of two maJor shups equupped wnth Gulldlnne EBT probes we must attempt

to approach the ldeal goal as closely as possnble Uslng the expression de=

fveloped in- the main body. of the test for the confldence lIMItS applylng to

a heat content determlnatlon,we get

_where Eo (t) |s the confidence limit for a snngle EBT proflle, N |s the

number of stations, T is the duratlon of the cruise and k .is taken to be
20% of tHe_meanfheat'Flux.“ T is related to N by the expression (for a

single ship) '

T =,/lT-xL<>_ ;'NT

:i;where A is the surface area of the lake, Vis the speed °f the Sh'p’ Ty is

the time taken to occupy the statlon.‘ ThlS last expressuon is based on the

’gassumptlons that the plan of lake has a small aspect ratio and that the

stations are uniformly dlstributed over the lake s surface;

E is minimized when

12




When two ships are operated simultaneously,the effective V and T are

.doubled and halved respectively from the single ship values.

Taking V = 10 knots,h'rs = 0.3 hr for a singlevship,_vEo = 3000.cal/cm?,
and k,=,5.cal/qm?/hour_(O.Z.x.max‘syrface heat flux) ., (A= 1.85 x 10" km2),
the optimum number of stations using two ships works out to be 92. The time

taken to run the pattern is about 50 hours and E is 550 cal/cm?. These.

figures constitute a worst case situation and it is interesting that the 93

. station IFYGL pattern run with two ships comes close to the optimum.

In winter time (no stratification) Eotbeqomes.]500_ca1/cm2>and the
optimum number of stations using a single ship is 40 over a time of_35 hours.
E is 412 cal/cm®. The enforced single-ship cruises thus did not cost a heavy

error penalty.

Sampling Procedure

The configuration of the Guildline EBT probe used in the Field Year
requires that the ship be almost fully stopped before lowering the probe to
the bottom. During the station manoeuvres the ship tends to drift downwind |
and the flow pattern around the ship can range from a downwind vertical dis-
placement of water particles‘to an upwind internal hydraulic jump [Boyce, i971].

In order to minimize the effects of the disturbance on the tempera-
ture profile it is necessary to sample on the downwind side 6f the ship and
outboard a distance which depends on the draft of the ship. This is usually
awkward. However, through judicious manoeuvering of the ship and by good
coordination between bridge and deck, a procedure can be developed to
eliminate the worst of the shfp disturbance problem. Suppose that the EBT

davit is located on the port side of the ship. The ship approaches the

13




station with the wind on the starboard bow. Forward way is reduced until
theére is just sufficient way to carry the ship past the Fone of propellor .wash
distdrbancé with a slight upwind component.

The EBT cast is made as soon as the ship has slowed sufficiently
té6 avoid a large trailing wire ‘angle but before’the:ship‘has started to
drift downwind (Figure'7). ‘Only the down trace fS'recor&éd; In heavy
weather, such manoeuvres may be impractical, but on the other hand, the more
homogenéous Uppernlayers which result from increased vertical mixing reduce

the severity of the disturbance.

14




APPENDIX 2.

Heat flow to Lake Ontario from Rivers and Streams,
Power Generating Stations, and Industrial and Municipal Wastes

In additfon to thermal energy transferred across the surface/of the
Iake; energy is admitted to or lost from the.basin by virtue of flows of
watef throuéh’the lateral boundaries (inflow and outflows) and by elec;rica]
generatihg stations, and by industries and municipalities which draw water from
the lake and return it at higher temperatures

Let».Qai be the quantity df heat with respect to a reference temp-
erature,(eo, which flows into the lake from a river or stream (j th tributary)

during a time interval t, it g_tl. Q,; will be of the form

t)
Q; =/ pp g, (t) (6:(t) -0 ) dt
. : i I (o]
to

where Cp is the specific heat of water (assumed constant), q; (t) is the
volumetric flow rate of the tributary, and_e} (t) is the temperature of the
tributary as it enters or leaves the lake. We can calculate the quantity of
heat with respect to Ob advected into the basin by summing over all the N

tributaries and outflows

Since, in practice, flow and temperature ‘data are available at a limited
number of tributaries N'<N,an estimate of QA may be formed as a weighted

sum of the measured tributaries

15




| QA = X Wr Q..

where the MU. are all greater than 1 and represent the contributions of
adJOIHIng watersheds of presumably SImllar characterlstlcs The ch0|ce of
wJ.,S
say

must meet the requnrement for a water ba]ance in the lake, that is to

N , L S S S
T W, S q; (t) dt = change of mass of water in basin

due to evaporation precipitation and.shifts of mean lake level. This is a
necessary but not sufficient criterion for theﬂcgnvect‘choice~of the: -

wJ‘ls

The heat rejectea to the lake from power generatihg stations,
sewers, and industrial effluents could be computed in the same fashion pro=
vided mean flows through the systém'and both ‘irtake and butfaljztehﬁefatures
‘were known. In practice, these contributions may be éstTmatea'trthéihb1e
rules of thumb"baSed’on:khowiedge of ‘the ihdUstrial‘brOCesses Ttherhaik )

efficiencies) involved.

Stream and Rivers

iDaily temperature recqrds are available for a limited number of
rivers flowing into Lake Ontario (Table 5)‘(Figures 8 and 9). On the
Canadian shore, The Canada Centre.for Inland Waters tecruited local observers
toémeasure.water,temperatures at the mouths of the Credit, the Humber, the
Ganaraska, the Moira and the Trent Rivers. .Ryan, Thermographs (clockwork
analogue recorder using pressure-sensitive paper and a Bourdon tube for

temperature element) were used to give a time-continuous record which was

16




augmented by a daily bucket thermometer réading. These records extehdlfrom
:Aprll 1972 through November 1972, |
 On the U.S. side of the lake, temperature data is available from

the Nlagara, the Genessee ‘the Black and the St. Lawrence Rlvers This
data was obtalned from U S. Geologncal Survey - Water Resources Data for
New York. o | “ |

The temperature of water flowing from the Bay of Quinte into Lake
Ontarlo is estlmated from data provnded by the Ontarlo Mlnlstry of the En-
‘VIronment [D A Hurley, 197h, personal communlcatuon] and from the temperatures
of the Moura and/Trent Rlvers. | ‘b | |

Daily’tlow rates and drainage basin areas on the'Canadlan side
were obtained for all significant tributaries trom.the Water SuryeyrofJCanada.
Similar data Was‘ohtalned for the U.S. side from U.S. Geologlcal Survey

Usung a map of the drannage basun of Lake Ontarlo the dralnage
areas flowung into each of the shore zones of the lake were planlmetered.
For each zone, the sum of the gauged dralnage areas was computed and the
ratlo of gauged to ungauged portlon of the zone calculated Each gauged
stream was assugned temperature data from the stream nearest to it where
Htemperature measurements were obtained. For each day and each aone thel
'sums of the temperature discharge products were formed for the gauged areas
and then the ratio of gauged to ungauged areas was used to eXtend the
estimate to the rest of the drainage area in that zone (Tablei6).

The heat advected to the lake by streams is:summed over weekly
intervals coincident with the weekly water balance measured by the Water

- Balance Board.




Heat from Power Generatlng Statlons, Sewage, and Industry

Data sources for theSe computatlons are ‘H.G. Acres ahd Co. Reports
(H. G. Acres 1970) and monthly estimates of heat rejected durlng 1972 to Lake
Ontario for 3 statlons in the Toronto area supplled by the Generatlon Projects
D|V|S|on of Ontario Hydro The power plants consudered are llsted ln Table
7. It wnll belnoted that the plants are grouped ln.the Toronto area and in
the Rochester-Oswego area. |
| Usnng averaged monthly values of heat reJected furnished by Ontario
Hydro and extrapolatlng the shape of the demand curve, expressed as a frac-
tion of total capaclty, to the stations on the U S. side (output - capacuty X
monthly fractuon), smooth curves were constructed for the outputs of these
plants ouer the fleld yean; |
The conversnon from megawatt hours of power produced to calorles of
heat reJected to the lake was accompllshed using formulae based on the
overall efflClenC|es of fossul fueled and nuclear power statlons.
Fossnl fueled statnon 1.03 x lO9 calorles reJected/Mw hour
Nuclear statlon | h l 77 x lO9 calorles reJected/Mw hour
| The next stage was to compute the heat reJected to each of the :
shore zones of the lake over successuve weekly |ntervals. Funally, one must
.conSIder addltlonal |nputs of heat from munlclpal sewage and manufacturlng

act|V|t|es (see table l H.G. Acres Ltd 1970) These are consudered to. be

constant_throughout the year. These sources are llsted in Table 8.

Heatbhduected_by Zones

- It is a.simple matter to compute the net heat transported to the
whole lake (referred to some arbitrary temperature), but {t is generally im=
possible to compute the net heat advected to each zone,since we have no

direct information on the advection of heat through the open lake boundaries
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of the zone. We have assured fhat this Heat is transported at the tempera-
- ture of the outflowing St. Lawreiice river-water. Thus the net heat advected
to the zone by rivers is taken to be tﬁe:produét of the river discharge to
- the zone and.the temperature difference between the inflowing water and the
outflowing St. Lawrénce water. This measure produces at best a qualitative

estimate which is included in the tables of Appendix 6.




APPENDIX 3 -

-:Nine:Point Digitization of Continuous Analogue. -
___Traces of Temperature Versus Depth . _

.. ... The ‘rationale :behind -the choice of this format has ‘béef discussed
. by -Boyce,1971..; Briefly resumed
1. A digital representation of the analogue plot of temperature
versus depth (original format of field data) is required for
machine computations.
2. The reconstructed profile drawn from the numerical data must
conserve the main features of the original profile and also the
vertical integrals of the original and fernstructed profiles (heat
content per unit surface area) must be equal within acceptable
limits. The limits in this case are defined primarily by the
accuracy of the original trace.
3. The method must be economical with only the minimum number of
data points consistent with (2) above being retained. Moreover,
the digitization procedure must be workable by technical and
clerical staff whose basic training is not necessarily in the field
of physical limnology.
The procedure employed was to represent the original trace by a
maximum of 8 continuous straight Iine segments, the end points of which con=
stitute 9 temperature depth pairs (surface temperature, the temperature-depth

pair at maximum penetration of the instrument, and seven interior points to

" be chosen by the person perfofming the digitization). The interior points

selected are those where the slope of the temperature depth profile changes
most rapidly, the so-called Upreak points'' of the curve. The resolution of

this scheme is sufficient to document the main features of the profile plus
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some of the more important secqndary‘Fgatqres such as transient thermoclines,
sheets and layers,etc. (Figure»]d)f .InJnge Ontario, temperétures are re=
corded to the nearest 0.1°C diIAebtﬁﬁ fo fﬁe nearest metre.

The 9 temperatures and 8 depths (;qrface‘tempgraturg fﬁp{{éggzero
depth) plus time, geographicél location, and éthér,identffiérs are recorded

on a simple 80 column IBM card in the format given in Table 9.
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APPENDIX 4

The Z@gP ALGORITHM
Qescrigtion o
The computer program 08P is designed td compute an approximation

to the volume integral
(1) Q(t) = S/ C (x,y,z,t) dxdydz
v

where C(x,y,z,t) is the concentration of heat or dissolved substance (quantity/
unit volume) defined in a lake basin. The volume of integrafion is defined

by the bottom topography of the basin and the mean elevation of the free sur=
face. Q(t) is the total quantity of the measured parameter in the basin. In
practice, an approximation to the continﬁous concentfation fiela C(x,y,z,t)
must be cqnstituted from a series of vertical profiles of concentration made

at time t, and at different points on the surface of the basin*,

¢ (%, Yk, 20 ) k=1,2, ... K

The épproximation to the integral (1) can be expressed as a weighteg

sum of the vertical integrals of K concentration profiles

zB K
(2) Q(e) =f 5% T A (2)C (z,t) dz

The weighting function Ak(z) may be interpreted as the horizontal '‘areas of

influence' ascribed to each sampling point on the horizontal plane. The in=

* |n practice the profiles are made at different times as in the case of a
ship survey, but they are treated as if they were made at same central time, t .
The accuracy of the volume integral Q (t ) is affected by this spread in samp=
ling time (see appendix 1 of this report). : ‘ :
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dividual profiles extend vertically to a depth z, limited by the water depth

-at that point so that
(3) -~ : Ay (z) =0; z> z,

The simplest manner by which the function“Ak(z) can be defined is
via the Thiessen polygon approach (Thiessen, 1911). If we divide the hori-
zontal plane .into a number, L, of small elements. or cells, whose vertical
- Projections extend to z = 2gg 2= 1, 2,...5 Lthen at any given level z, the
value of the function A (z) \is equal to the sum of the areas of all the cells
within the lake whose centre points lie closer to. the point (xk, yk) than to
any other of the k sampling points,and whose vertical span encompasses the
level z (zp, >2).

An equivalent stratagem is to aésfgn to each of the Eeiié dété
from the sampling point nearest to it provided that the céii aﬁd tHé{"’.
vertical profile both extend through the level z in question. This is the
procedure adopted in the Z#@P algorithm. 'Practical cphéidefatidné.éé;éési‘
tate the division of the lake into a f?ﬁftéfﬁuﬁbér 6? horizontal layers defin-=

ed by the planes z=2z,m=0,1,2, ..., M. where z°'=N0’énd'lefé‘équal

to the depth of the deepest sample profile. Within each léyéf; egéﬁlcéﬁl
which extends~i259_the'layer is assigned data from the §éﬁbffn§ point nearést
to it provided ‘that the sample profile exfénds"fhroqgh the layer (?fg.‘fj).
Since z is generally less than zg, ‘the deepest pofnt 1h"thé"iake; itis

assumed that the concentration value measured at ZM applies to fhé volume of

the lake between the horizontal planes zf=?iM*éhd'z = zB}’,The validity of

this assumption depends on how closely z, épproacﬁéé'zs and the véertical
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structure of the_concentration profiles near 2'=‘zM;

The heart of the matter is the effective horizontal ihterpolation
imposed by this approach. The vertical resolution is at the discretion of
the operator. The Thiessen polygon approach is approximately equiva]ent to
a linear interpolation between adjoining stations; it is rough but honest
and lends itself well to the computation of lake volume total. Given the
. time variability of vertical distribution within a lake, each prbfilé must
be viewed as a single sample of a random variable, and in thiS”éontext“the
simple area weighting is the most appropriate way to form what is essential-
ly a lake-wide average. The principles of the algorithm are more fully dis=
cussed in an earlier report (Boyce, 1973).

Inputs to the program are a digital representation of thé"bathyméfry
of the lake with reference to a fixed datum, the height of'the‘wétér:1évél
above the datum at the time of the survey, the depths of the horizontal planes
defining thg layers of verti;a] integration, a zone directory which deter=
mines to which horizontal zone an individual cell belongs, and the.vertical
profile;_atAthe sampling position together with their locations. -

. Outputs from_theﬂprogram are the estimates of stored heat and
éverége temperature by zone withinleaqh layer plus layer totals, zone totals,
éna iéke.totals. |

ﬂajpr,advgntages of the algorithm are that it adjusts automatically
to changes in the_number_gnd horizontal distribution of the station profiles,

and all computations are referred to a single representation of the lake -

bathymetry.

Included at the end of this appendix,is~an,annotated-]iSting of .

ZOOP in FORTRAN IV language as programméd for 4 C.D.C. 3300 computer.




Sensitivity of Computed Lake Heat Content to Choice of Vertical Layers

of Integration ‘and to Changes in Horizontal Station Distribution

- (a) Vertical Layers

- Two sets of temperature data were used. Set A comprised the’pro-
files. from the June 12-16,.1972 crulse on Lake Ontafio. = Set B comprised the
profiles from the September 5-7, 1972 cruise. The set A data is representa-
tive of the late thermal bar period when horizontal and vertical temperature
gradients are pronounced, and represents a worst-case situation from the ‘point
of view of complexity of the temperature distribution pattern. -Set B data is
representative of complete vertical stratification.

Four different layering schemes were tésted. The depths of the
planes separating each layer are given in Table 10a.

.Scheme 1; with the largest number bf-layerS“was”consideréd"fb be
the most accurate and served as a control. Schetie 3 was chosen as the com-
promise between accuracy and computation effort: and was used for the routine
conputations of heat content. Schemé‘} was further tested by a series of-
computations made with each of the horizontal planes shifted upwards one
. metre for each computation (Table 10b).-

The computations using‘the original scheme 3, plus the 9 additional
variants, 35 to 3}, were averaged and the standard deviation calculated.

This standard deviation is representative of the error introduced by*fHe’
inﬁgragtion of a fixed set of layers of integration with a presumably random
collection of maximum sampling depths. The results of these tests are
summarized in TaBIe 11.

It is seen that the accuracy of the integration decreases with
the number of horizontal layers as expected. The significant figure,'h0wever,

' the standard deviation of the average of computations using schemes 3, 3a,




..31. This deviation, about 0.03 x 10%% cal or 160_ca1/cm2,-is much
larger thén the deviation of the mean from the standard value. Thus the
expected error of a single computation using layering scheme 3 is + 160 cal/cm?
during stratified conditions.

The above calculations were performed using the full set of sta-
“tions (105). A test of the sensitivity of the scheme to changes in sample
patterns was made by running. the program with half the stations only. The
division of the data into two parts was done in 3 ways (Table 12). Layer-
ing scheme 3 was employed and the differences are exbressed with respect to
the value obtained for the full complement of stations.

This test reveals one of the problems inherent with the interpola-
tion scheme. On the basis of past data and theories of lake motions, the
variations of thermal structure are more rapid offshore. than along shore.
Henée one would expect that sampling ought to be more dense in directions
perpendicular to the shoreline in order to produce. the best accuracy for the
least numbe F of stations. This notion suggests that of the three methods of
splitting the data in two, the first,alternate north-south.lihe,.would best
presefve the main features of the thermal structure. The horizontal inter-
polation scheme, however, makes no distinétion between the distances in off=
shore and alongshore directions and thus operates most successful]y with a
uniform spacing of stations.

The above results indicate that the error incurred by loss of
stations up to 50% of the original pattern is of the order of 10 cal/ci?
per station.

To summarize, the horizontal layering schéme introduces an un-
certainty of * .03 x 1028 cal (+ 160 cal/cm?) into the computed heat content

figure, while the sensitivity of this figure to lost stations in the
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original pattern is about * 10 cal/cm? per station dropped. In view of the
additional sources of error (see main text) the present scheme of integra-

tlon was judged to be adequate.
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PROGRAM Z0O0OFP

A COMPUTER ROUTINE FOR CALCULATING PARTIAL AND TOTAL LAKE VOLUME
CONTENTS OF A DISSOLVED SUBSTANCE FROM ARBITRARY DISTRIBUTION oF
CONCENTRATION PROFILES.

THIS IS A MODIFIEC VERSION OF PQOGRAM SPLOTCH, ALL SUBROUTINES
USED IN THIS DECK ARE THE SAME AS THOSE OF SPLOTCH; EXCEPT FOR
SUBROUTINE SPLOT, WHICH WAS OMITTED., THE MAXIMUM NUMBER oF
STATIONS HAS BEZN INCREASED TO 125

DESCRIPTION uUr INPUTS, OUTPUTS, AND CONTROL PARAMETZRS

IMAXy JMAX MAXIMUM DIMENSIONS OF SPATIAL ARRAYS
(154457)
KMN MAXIMUM NUMBER OF STATIONS (125)

ZIKP)KP=1,KDM

LEVELS DEFINING LAYER DEPTHS (METRES)
KOM,LE.10

KDMM MAX IMUM NUMBZR OF LAYERS EXTENDING FROM
SURFACE TO DEEPEST POINT
LAYER KDMM EXTENDS FROM Z(KDM=-2) TO
DEEPEST POINT

DLAT GRID LENGTH (KM)

DA CELL AREA - (M¥**2)

‘AA(L)QBB(L),L=1,5

PHIM,GM

COEFFICIENTS DEFINING TRANSFORMATION
BETWEEN GEOGRAPHICAL COORDINATES
(LAT,LONG) AND GRID COORDINATES (I,J)

LAT AND LONG OF GRID ORIGIN (DEGREES)

IMy UM DIMENSION OF GRIO (SPATIAL ARRAYS)
IM.LE, IMAXQ JM.LE.JMAX

ZBO(I D) T=1,IMy J=1,JM CONTAINS ZONE NUMBER ANOD
DEPTH OF EACH GRID CELL
INT(ZBO(I+J)/1000.)=Z0ONE NUMBER
AMOO(ZBO(I4J)+10004)=DEPTH (M)

BRANCH INPUT CONTROL FOR DIGITAL BATHYMETRY
3RANCH=0, Z80 INPUT FROM CARDS
BRANCH=1, ZA0 INPUT FROM DISK ‘

1z STARTING ZONE FOR PARTIAL VOLUME CONTENT
INCREASING IN STEPS OF 1 TO IZMAX

HD HEIGHT OF WATER LEVEL ABOVE CHART DATUM
{METRZS)

IDIR ZONZ DIRECTORY GONTROL

NSTAT(K) yK=14KM

IDIRCNE.D CAUSES OUTPUT OF ZONE MAP
STATION NUMBER (1 TO 999)

0
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PSTAT (K 1 54)
PSTAT(Kyl,2)

PSTAT(K +291)
PSTAT(K,242)

CUKoKL) 9ZMIK 5KL)

SCAFC

ZSTAT(K)

ZSFCINC ,KD)
ZVOL (NC,KD)
ZTOT (NC,KD)
ZCONINC ,KD)
STOL (KD)

VOLTL (KD)
CONTOL (KD)

AVLAY (KD)

TVYOL (NC)
CONTO(NC)
AZON (NC)
VTOL
HTOL
AL AK

INPUT DECK

CARD NO, VARIA

i TI(L)
TITLE

BRANGC
IDIR

Az Es e ieNels s EsNe e Relo Ne NeNeRoRo Yo e NoNo No NeNe NoRa Re Ro o Xe Xe X2 Re ks R Xo Re Re Rz R R Re ko X2 N2 Ko Re X2 R R N o )

£ wn

12,17

" STATIONS ARZ ‘NUMBERED WITHIN THE PROGRAM
. VIA'THE INOEX K, K=1,KM
_ LATITUDE OF KTH STATION,

DEGREES AND MINUTES

" LONGITUDE OF .KTH STATION,

DEGREES AND MINUTES

‘CONCENTRATION-DEPTH PAIRS

(DEPTHS .IN METRES) MAX KL=9

COEFFICIENT USED TO CONVERY OUTPUT TO

DESIRED UNITS , OUTPUT UNITS FOR VOLUME.:

CONTENTS ARSI (CONCENTRATION UNIT)*(VOLUME

UNIT=M**3) *SCAFC S

 MAXIMUM SAMPLING DEPTH AT KTH STATION

OUTPUTS

AREA OF LOWER SURFAGCE OF KD-TH LAYER
CONTAINED IN NC-TH ZONE (M**2)

VOLUME OF KD=-TH LAYER CONTAINED IN
NC=TH ZONE (M**3)

VOLUME CONTENT OF KD-TH LAYER CONTAINED
IN NC-TH ZONE

- .AVERAGE - CONCENTRATION OF KD TH LAYER
- CONTAINZD IN NC-TH ZONE -

AREA OF LOWER SURFACE OF kb-rn LAYER
(WHOLE LAKE) (M¥%2)
VOLUME OF KD=TH LAYER (HHOLE LAKE) (M*+3)

- VOLUME CONTENT OF KO- TH LAYER

(WHOLE LAKE):

AVERAGE CONC‘NTRATION IN KD TH- LAYER
(WHOLE LAKE) : - -

VOLUME OF NC=-TH ZONn (M*‘3)_

- VOLUME CONTENT ‘OF NC~-TH ZONE - -

AVERAGE CONCENTRATION OF NC-TH ZONE
TOTAL VOLUME OF LAKE (M¥#3) .

- TOTAL VOLUME CONTENT OF LAKE.

AVERAGE CONCENTRATION OF LAKE

8LES FORMAT
sL=1,20 S 20A4
CARD FOR OIGITAL MAP
H 11
I5 .
MAX,HD : 215,F10,2 ..
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s NeXeReNololeReReNeNo e Re e NoNe NoNoNe Ne Ne)

5 KDMyZ (KP) 9 KP=1,KOM I3,10F7.2

6 DLATsPHIMyGMyIMyUM Fto032F1045,21I3

8 BB(I) 1I=1,5 SEL14.6

9 SCAFC, TI(L) L=1,15 E12+5+8Xs15A4
SCALE FACTOR AND OUTPUT UNITS

1C+ ZBO(IoJ) I=1,IM, J=1,JM  19F5.8
CONCENTRATION DEPTH DATA

1 TI(L) L=1,20 20A4%
TITLE CARD FOR CONCENTRATION DATA

2+ NSTAT(K)  ((PSTAT(KyLsM) 3L=1+2) yM=1,2),
C(K,i),(c(K,N).ZM(K.N).N—z,Q)

FORMAT 224

BLANK CARD AT END OF STATION DATA

INTEGER RAN

"INTEGER TI(2G),8RANCH

LOGICAL STOR,PLOT

DIMENSION ZSFC(20,10) 4STOL (10) 4MHYP (125)
DIMENSION ZVOL(15,10),ZC0N(15,10)5ZTOT(15,18),AZON(15)
DIMENSION CONTOL (18) VOLTL (10),AVLAY(10)
DIMENSION ISEL(125)

DIMENSTON CONTO(15),7VOL (15)

DIMENSION Z(10);PLOT(10)

DIMENSTON NHYP(125) 3 CONSTA(125),V0L(125)
DIMENSION PSTAT(125,2,2)

COMMON/RAND/RAN

COMMON/ZEST /ZSTAT (125)
COMMON/COEFF/AA(S),BB(5)
COMHONIVARS/ISTAT(izs)9JSTAT(12§),STOR(125)
COMMON/VNAM/NSTAT (125)
COMMON/VCON/TIMyJM4KM,SCAFC

COMMON/FACT /GM9PHIM, SLAT 3 SLONG

COMMON/ /NO(154,57) 3ZB0 (154,2),L8
COMMON/DTA/C(12549)4ZM(125,9)
EQUIVALENCE (NO(1),PSTAT (1))

DATA IMAX JMAXsKMM/154457,125/

CALL FORMS(1)

RAN=1

READ IN CONTROL DATA
READ(5,200) TI

READ(5,203) BRANCH
READ(5,204) IDIR
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OO0

QOO OO0

OO0

OOOO0O (]

191

192
130

[AY)

READ(5,210) IZ,1IZMAX,HD
READ(5,600) KDM, (Z(KP) 4KP=1,KDN)
READ(5 4201) DLAT4PHIM,GM,IM,JM
DA=(DLAT*100C.) **2

READ(5,601) AA,BB

WRITE(6,199)

WRITE(6,607) TI

WRITE(6+606) PHIM,GM
HRITE(6,610)HD

WRITE(6,605) AA,88
READ(5+611) SCAFC (TI(L)yL=1,15)
IRITE(6,612) (TI(L) 4yL=1,415)

TEST FOR ADEQUATE PROGRAM DIMENSION
IF((IM.LE.IMAX).AND.(JH,LE.JMAx))Go 70 1
ARITE(65,202)IMy UMy IMAX g JMAX
STOP 00001
CONTINUE

READ IN MEAN DEPTHS OF GRID CELLS

CALL READ(HD,BRANCH)
READ IN STATION DATA,

READ(5,200) TI
WRITE(64607)TI

DO 100 K=1,KMM _

READ(55224) NSTAT(K) 3 ((PSTAT(KsIsJ)2I=242) sJ=152) +C(Ks1) o (CIKoKL

C) e ZMIK4KL) yKL=2,9)

IF (NSTAT(K) oLE.0)GOTO 2
ZM(Ky1)=0.0

00 191 II=1,9

IJ=10-1IT
IF(ZMIKsIJ) oNE, D )GO TO 192
CONTINUE

ISTAT(K)I=ZMIK,IJ)

CONTINUE

FLAGs PROGRAM SPACE FILLED BY STATION DATA

WRITE(64205)INSTAT (KMM)
K=KMM+1

KM=K-1

CHECK ON SAMPLING AND INTSGRATION DEPTHS. IF Z(KDM) IS GREAT:ZR
THAN MAX ZSTATUK),Z(KDM) IS CHANGED TO MAX ZSTAT(K)
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OO0

OO0

OOOO QOO0

500

o2
803
501
502

503

165

104

ZSM=1.0 :

DO 500 K=1,KM -
IF(ZSTAT(K) +LE+ZSMIGO TO 500
ZSM=ZSTAT(K)

KSM=K

CONTINUE

D0802L=1,9

LL=10-L

IF(ZMIKSM,LL) «GT40,)G0OTO803
CONTINUE

T8=C (KSM,yLL)

DO 501 KD=1,K0OM
IF(Z(KD)eGT,ZSM) GO TO 502
CONTINUE

GO To 503

KDM=KD

Z(KD)=ZSHM

CONT INUE

WRITE(H977) KDMy(Z(M)yM=1,KDM)

CALCULATION OF INDIGCES ISTAT(K):JSTAT(K); OF CELL ENCLOSING
STATION NSTAT(K) : , ;

DO 104 K=14KM

CALL SEED(K,I04J0,0LAT)

IF(((I0+GEe1) sANDL(I0.LE. IM)).AND.((JO.GE 1. ANO.(JO.LE.JM)))
160 TO 105 . :

FLAG AND STOP, ERRONEOUS STATION DATA

NRITE(G,ZDG)NSTAT(K)
SToP 00002 .

ISTAT(K) =IO

JSTAT(K)=JO
CONTINUE

MAIN BODY OF PROGRAM STARTS HEREZ

KDMM=KOM-1

STORE CONCENTRATION-DEPTH DATA

REWIND 25 3
WRITE(25) ((C(I’J,QZH(I,J"J—199)§I~1!KH) (

- ENDFILE 25

ZONE HAP IS PRINTtD OUT IN THIS LOOP
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IF(IDIR-EQ.0) GO TO 308

WRITE(6,340)
CALLIFLOWR(1)
00 303 J=1,JM
CALLIFLOWR(2)
D0 302 I=1,1IM
JBO = Z30(I,.L8)/1000.
XBO=AMOD(ZBO(IsLB)41000.)
IF (XB0+GT<040) GO TO 305
NO‘I’J)?‘lo
GC TO 302
305 NO(I,J)=J80
302 CONTINUE
303 CONTINUE .
CALLIFLONR(3)
D0 301 L=1,154
WRITE (614300) (NO(L,N)yN=1,57)
301 CONTINUE
308 WRITE(6,198)
WRITE(6,199)

INITIALIZE ZONE AND LAYER TOTALS

QOO

00 123 NC=1,15
CONTO(NC)=0,
TVOL (NC) =(,
DO 1123 KD=1,10
ZVOL(NC,KD) =0.
ZCON(NC+KD) ==1,0
ZTOT(NC,KD) =G,
1123 CONTINUE -
123 CONTINUE

VOLUME CONTENT OF EACH LAYER IS COHPUTED IN THIS LOOP
(ENDS ON STAT‘MENT 101)

ODOOO

D0 101 KD=1,KDMM
ZU=Z(KD)
ZL=Z(KD+1)
VOLTL(KD)=0,
CONTOL (KD)=0,

k STOL{KD) =8,

INITIALIZE ARRAY NO(I,J)

OO0

CALLIFLOWR(1)
D0 103 J=1,JM
CALLIFLOWR(2)
DO 102 I=1,IM
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59
102
103

54

53
120

109

XB0=AMOD(ZBO(I,LB)»1000.)
IF(XBO.GT.Z(KD)) GO TO 58
NO(I5J)==-100

GO 70 102

NO(IsJ)=0

CONTINUE

CONTINUE

CALLIFLOWR(3)

CHOOSE STATIONS WHOSE PROFILES PASS THROUGH KD-TH LAYER
AND ASSIGN CENTRE CELLS IN ARRAY NO(I,J)

DO 120 K= 19KH

KKK=K

IF(ZSTAT(K).LT.Z(KD+1)) GO TO 53
STOR(KKK) =, TRUE.

I=ISTAT(KKK)

J=JSTAT(KKK)

IF(NO(I,J)e GE.O) GO TO 5&

FLAG AND STOP. ERRONEOUS STATION DATA

GO TO 53
NO(IoJ)=K

GO0 TO 120
STOR(K)=,FALSE.
CONTINUE

ASSIGN NO(I,J) CELLS TO INDIVIDUAL STATIONS

CALL FILL

| THIS SEGMENT(TO STATEMENT 116) DISTRIBUTES VOLUME CONTENT 8Y
ZONE WITHIN EACH LAYER AND SUMS TOTALS FOR EACH LAYER

ZLL=0.0

DO 116 NCC=1Z,IZMAX
NC=NCC

DO 109 K=1,KM

NHYP (K)=0

CONSTA (K)=0.,

MHYP (K) =0

VOL(K) =0,
CALLIFLOWR(L)

D0 111 J=14JM " ‘ -
CALLIFLOWR(2)

00 110 I=1,IM
K=NO(T 5J)
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JBO=INT(ZBO(I,LB) /1000,)
ZW=AMOO (ZBO (I,LB) ,1000,)
IF(KeGTs0,AND.JBO.EQ.NC) GO TO 115
GO TO 110
115 IF(ZW.GELZL)GOTO0126
MHYP (K) =MHY P(K) +1
VOL (K) =VOL (K) + (ZW-ZU)
CALL LAYIN(K,ZUyZW,CONC)
CONSTA(K)=CONSTA (K)+CONC
GO TO 110
126 NHYP(K)=NHYP(K)+1
110 CONTINUE :
111 CONTINUE ,
" CALLIFLOWR(3)
CONLAY=0,
VOLAY=Q,
SRZ=0.
CONC=1,
DO 15 KOUM=1,KM
K=KDUM
HYK=FLOAT (NHYP (X))
SRZ=SRZ+HYK+FLOAT (MHYP(K))
IF(HYKsLEoOs) GO TO 41iS
- CALL LAYIN (K5ZUsZL,CONC)
415 VOLAY=VOLAY+VOL (K)+HYK*( ZL-ZU)
CONLAY=CONL AY +CONSTA (K) +HYK*¥CONC
15 CONTINUE
IF(VOLAY.EQ.04) GO TO 116
AVCON=CONLAY/ (VOLAY* SCAFC)
CONLAY=CONL AY*DA
CONTOU(NC)ZCONTO(NC) +CONLAY
TVOL (NC)=TVOL (NC) +VOLAY* DA
CONTOL (KD)=CONTOL (KD)+CONLAY
VOLTL(KD)=VOLTL (KD)+VOLAY*DA
STOL(KD)=STOL (KD) +SRZ*DA
ZVOL (NC,KD) =VOLAY*DA
ZCON(NC yKD) =AVCON
ZTOT(NCs»KD) =CONLAY
ZSFCINC,KD) =SRZ*DA
116 CONTINUS _
AVLAY(KD)=CONTOL (KD) /(VOLTL (KD) *SCAFC)
101 CONTINUE

STATION LOOP ENDS HERE

ESTIMATE OF VOLUME CONTENT OF LAKE BELOW DEEPEST SAMPLING
POINT(ZZM) :
(DEEPEST CONCENTRATION(T3)*VOLUME BELOW LEVEL ZzmM)
THIS COMPLEMENT IS ADDED TO THE TOTALS FOR THE LAYER KDMM

DOOOOOOOO

CALLIFLOWR(1)
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00800J=1, JM
CALLIFLOWR(2)
D0800I=14IM
JB0=Z80(I,LB) /1000,
ZZM=AMOD (ZBO(IsLB),1000,)
IF (ZZM.LE,ZSM)GOTO800
ZAM=(ZZM-2SM) *DA
TAM=TB*ZAM* SCAFC
CONTO(JB0)=CONTO(JBO) +TAM
TVOL (JB0)=TVOL(JBO) + ZAN
ZVOL (JBO 4 KDMM) =ZVOL ( JBOy KDMM) +ZAM
ZTOT(JBO,KDMH) =ZTOT(JBO,KOMM) +TAM
800 CONTINUE
© CALLIFLOWR(3)

COMPUTATION OF LAKEWIODE TOTALS AND AVERAGE CONCENTRATIONS
FOR EACH ZONE

HTOL=C.

VTOL=0,

DO 933 NC=1Z,IZMAX

HTOL=HTOL+CONTO(NC)

VTOL=VTOL+TVOL(NC)

AZON(NC)-CONTO(NC)/(TVOL(NC)*SCAFC)
933 CONTINUE:

TOTAL LAKE GCONTENTS

WRITE(6,935)

ALAK=HTOL/{VTOL*SCAFC)

WRITE(6,931)VTOL,HTOL 4 AL AK

DO 9350 NC=IZ,IZMAX

IF(ZVOL(NC,KOMM) . EQ. 0.,) GO TO 950 ' S

ZCONINC, KOMM) = ZTOT(NC,KDHM)/(ZVOL(NC,KDHN)'SCAFC)
950 CONTINUE

PRINTED OUTPUTS

WRITE(H5,351)

WRITE(6,607)T1

WRITE(6,988)

WRITE(6,1001)

WRITE (65989 (Z1J) 4J=25KOMM)

WRITE(6,1301)

WRITE(6+1002)

DO 953 NC=1Z,IZMAX o

WRITE(649954 NGy (ZVOL (NCyJ) 9J= =1 yKDMM) 3 TVOL (NG)

WRITE(6,1001) R S ‘
953 CONTINUE

vu=0 ’

KDMMX1= KDHM-i

DO 955 J=1,KDMMX1

VUSVU+VOLTL (J)
955 CONTINUE
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1953

958

960

VUU=VU+VOLTL (KDMM)
VKM=EVTOL-VUU

VKDMM=VTOL-VU

WRITE(6,1002)

WRITE(6,1001)
WRITE(H5,956) {VOLTL(J) 4J=1,KDOMMX1) yVKDMM; VTOL
WRITE(6,951)

WRITZ(6,607)T1I

WRITE(6,1088)

WRITE(6,1001)
WRITE(64+989)(Z(J) 3J=2,KDMM)
HRITE(S5,1001)

WRITE(6,41002)

D0 1953 NC=IZ,IZMAX
WRITE(6+1954) NC s (ZSFC (NC +J) 5J= 1,KDHM).STOL(NC)
WRITE(6,1001)

CONTINUE

WRITE(651956) (STOL(J) 9J=14KOMM)

WRITE(6,951)

WRITE(6,607)TT

WRITE(6,957)

WRITE(6,1001) o
WRITE(6,989) (Z(J) 4J=2 ,KDMM)

WRITE(6,1001)

WRITE(6,1002)

D0 958 NC=IZ,IZMAX

WRITE(655990)NCy (ZTOT (NCy J) 4 J= 1+ KDHH) 4CONTOING)
WRITE(6,1001)

CONT INUE

WRITE(6,1002)

WRITE(6,1001)

CKM=TB*VKM* SCAFC

CONTOL (KOMM)=CONTOL ( KDMM) + CKM.

WRITE (64991 ) (CONTOL (J) yJ=1 4KDMM) , HTOL
WRITE(6,951)

WRITE(6,607)T1

WRITE(6,959)

WRITE(6,1001)

WRITE(65989) (Z(J) yJ=2,KDMM)

WRITE(651001)

WRITE(6,1002)

DO 960 NC=IZ,IZMAX
HRIT=(6,961)NC9(ZCON(NCoJ),J ioKOHH)oAZON(NC)
WRITE(6,1001)

CONTINUE

WRITE(6,1002) -

" WRITE(65,1001)

TBB-CONTOL(KDMM)/(VKDMM‘SCAFC)
HRITE(6s962)(AVLAY(J)9J=19KDHMX1) TBBqALAK

NO PUNCHED OUTPUT IF ISENSWCH(1).GE.1
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IF(ISENSHCH(1)) 821,821,822
821 WRITE(62,200)TI
WRITE(62,980)
DO 981 L=IZ,IZMAX
NC=L. E
WRITE(62 5982) NCy (ZVOL (NC 4KD) 9 KD=1 4 KDMM) » TVOL (NC) -
981 CONTINUE
WRITE(62+983) (VOLTLIKD)KD=1,KDMM)4VTOL
WRITE(62,200)TI
WRITE(62,984)
DO 985 L=17,IZMAX
NC=L ' o
 WRITE(62,982)NC, (2TOTINC,KD) yKD=1,KOMM), CONTOINC) -
985 CONTINUE - :
WRITE(62,983) (CONTOL (KDY ,KD=1,KDMM) yHTOL
WRITE(62,200)TI
WRITE(62,986)
DO 987 L=IZ,IZMAX
NC=L
WRITE(652,982)NCy (ZCONINC 4 KD) 9 KD=1 5 KOMM) 4 AZON (NC)
987 CONTINUE
WRITE(62,383) (AVLAY(KD),KD=1,KDMM) 4 ALAK
822 STOP 77777 :

FORMATS y

77 FORMAT (10X,I10,9F10.1)

198 FORMAT (1HR)

199 FORMAT (1H1)

200 FORMAT (20A4)

2n1 FORMAT(F&4.0,2F10455213) o

202 FORMAT(SX,5SHPROGRAM-DIMENSIONéINSUFFICIENT-TOQRECEIVE»DIGiTAL
AMAP /95X s BHIM= 914 95Xy SHIM= 3 145 5Xy SHIMAX= 5 Tty SX 5 SHUMAX=914)

203 FORMAT(I1) .

204 FORMAT(IS)

205 FORMAT(5X,37HPROGRAM SPACE FILLED 8Y STATION DATA.,/,
120HLAST STATION NUMBER=,14) ' :

206 FORMAT (5X,7HSTATION, I442X,23HLIES OUTSIDE -THE REGION)

207 FORMAT (1HD, 21X 32HVOLUME CONTENT FOR LAYER BETWEEN F6a191Xy

J10HMETRES ANDyF6e191Xo14HMETRES IN ZONE, I3) o
2€8 FORMAT (/ +6X »28HNO SOLUTION FOR Y AT STATION,I%)
210 FORMAT (2I5,F10.2) . :
224 FORMAT(I359Xe2(F2:09F301)5F3.198(F3:15,F3.0))
300 FORMAT (5X45712) : :
320 FORMAT (50X, 32HAVERAGE CONCENTRATION OF LAKE IS,1PZ154.8/)
330 FORMAT(///50X,32H TOTAL VOLUME CONTENT OF LAKE ISs4Xs1PEL15:6/)
335 FORMAT (//60X, 10H**¥2¥x2322//) R e S
340 FORMAT(///20X 41 9HDEFINITION OF. ZONES//)
600 FORMAT(I3,10F7.2)

601 FORMAT(S5Ei4.6) . ° . o
605 FORMAT (1HD,32H TRANSFORMATION COEFFICIENTS=X- 45(1PE15.4)/1X, "
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11 32H - =YY= 45E15.4)
606 FORMAT (1H0,29H MAP ORIGIN (IN DEGRE*S) IS (9FSe291He9F5:291H),)
607 FOR"AT(iHQ,//lUX,20A4’
610 FORMAT(/SX,iSHNATER L:VEL IS 9F8o2 2Xy24HMETRES ABOVE CHART DATUM
1/7) »
611 FORMAT(51205'8X’15AB)
612 FORMAT (/45X y15A4/)
761 FORMAT(1H0///50X,33H TOTAL VOLUME CONTENT OF L2 ER ISs“XviPEiscSI)
762 FORMAT (50X, 33HAVERAGE CONCENTRATION OF LAYER ISy4X,1PE15.6/)
763 FORMAT(//5X,45HVOLUME OF LAKE BELOW DEEPEST SAMPLING OEPTH = )
11PE12.5,6H M“3//5X922HchPEST OBS:RVATION AT,1X30PF5.1,
2 21HM, OCCURS AT STATIONs, I4,114 -~ VALUE = ,FS5.1,5HDEG, Cy/7/5%,
3 34HCONTRIBUTION TO VOLUME CONTENTS = 41PFE12.5,29H ADJUSTED TOTAL
& CONTENTS = 1£12.5) : A ’
931 FORMAT (10X, 3E20,11)
935 FORMAT(///7/7+5X325HVALUES FOR THE WHOLE LAKE//)
951 FORMAT (1 H1)
954 FORHAT(5X9IZ§2X,1H‘91ﬁ(‘10PLFLZ.5)’
956 FORMAT(3X,7HTOTAL *,10(=10P1F12.5))
957 FORMAT (///+11X,36HTOTAL CONTENTS (10#*15 KILOCALORIES)’/)
959 FORMAT(///+11Xs33HAVERAGE TEMPERATURES (DEGREES Co)v/)
961 FORMAT (5Xs1242Xs1H* 3 10(3X4F64253X))
962 FORMAT (3X,7HTOTAL *,10(3XeF6:2,3X))
980 FORMAT (5X,25HVOLUMES BY ZONE ANO LAYER)
982 FORMAT(I3,7E11:65/433X,751144) !
g83 FORNAT(3X,7Elio“,/y3X,7:1104)
984 FORMAT(5X,31HHEAT CONTENTS 8Y ZONE AND LAYER)
986 FORMAT (5X,20HAVERAGE TEMPERATURES)
988 FORMAT(///911%, 24HVOLUMES (10%%10 M¥¥3), /) .
989 FORMAT{3X,64HZONE * LAYER DEPTHS (BOTTOM) (M) LAST COLUMN IS ToOT
1AL FOR ZONE 9/ 93X g AH* 3/ 49X 4 2H* 910(3X1F6.193X)) C
990 FORMAT (5X41252Xy1H% 510 (= =15P1F12.5))
9391 FORMAT(3IX,7HTOTAL *913(-15P1F1205))
1004 FORHAT(QXQIH*)
1002 FORMAT (3X,130 (1H*))
1088 FORMAT(///’11X,37HSURFAC: AREAS AT TOP OF LAYER (K"“Z),/)
1954 FORMAT(5XsI1252Xe1H*,10(~ =6P1F104142X))
1956 FORMAT(3X,7HTOTAL *910(-6P1F10,1,2X))

END

39




10

20

30

40"

50

50
70
80
30

100

1190

120

130
140

SUBROUTINE READ (HD,BRANGH)

THIS SUBROUTINE READS AND ORGANIZES DEPTH INFORMATION
WHICH IS STOREO IN THE ARRAY ZBO(I,J)e THE CORRECTION
TO DEPTHS FOR MEAN WATER LEVEL IS MADE HERE.. THE ARRAY.

ZB0 IS STORED ON DISC FILE ACCESSED THROUGH UNIT 20

INTEGER BRANCH

COMMON /VCON/ IMyeJMaKM
COMMON /7 NO(154457) 3ZB0(15442)

IMM2 = IM-2. o
DO 10 L=1,2

DO 10 I=1,154
280(I,L) = G,

REWIND 20

IF (BRANCH.EQ.1) REWIND 30
BRANCH = BRANCH+1
L =1 : :
DO 100 J=13JM o

G0 TO (2C,3C), BRANCH :

READ (5,130) (ZBO(I,L)sI=1,IMM2)

GO TO 40 .

READ (30) (ZBO(I,L),I=1,IMM2)

IF (HD) 58 983450

0o 70 I=1,1IM :

ZIL = Z80(I,L)

IF (ZIL) 6070460

© ZBO(IyL) = ZIL4HD

CONTINUE '

IF (J.SQei) GO TO 98

IF (IFUNIT(23)) 120,490,120 o
BUFFER OUT (20,1) (ZBO(1,L)+ZB80(154,L))
L = 3-L :
CONTINUE : o

IF (IFUNIT(20)) 120,110,120
END FILZ 20 :
RE TURN
WRITE (69140)

STOP 10001
FORMAT (19F&4.0) , _
FORMAT (1HO ,3SHERROR ENCOUNTERED DURING BUFFER 0OUT)

END

Lo
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SUBROUTINE SEED (KyIOsJO,OLAT)

- THIS .SUBROUTINE 'CONVERTS :FROM GEOGRAPHICAL COORDINATES

" 'T0 GRID. COORDINATES. INPUTS.ARE LATITUDE AND LONGITUDE

18

20
30

40
50
60

70

80
99

~ (PSTAT(K;252)) AND OUTPUTS ARE INDICES -I05J0s OF THE
" 6RID:CELL.INT.O WHICH THE POINT FALLS. ‘THE TRANSFORMATION .
1S EXPRESSED AS TWO SECOND ORDER POLYNOMIALS IN LAT.
AND LONG. .

REAL LAT,LONG

COMMON /COEFF/ A(5),B(5)

COMMON /FACT/ GM, PHIM;LAToLONG
COMMON /VNAM/ NSTAT(125)

COMMON 7/ PSTAT(125,2,42)

LAT = PSTAT(K41,1)+PSTAT(K9291)/60.0
LONG = PSTAT(Ky152)+PSTAT(Ky2,2)/760.0

G = GM=LONG

P = LAT=-PHIM L
X = G‘A(1)+P*A(2)+P*G*A(3)+(G*‘2)‘A(4)*(P"Z)*A(5)

Y = G“B(i)+P48(2)+P‘G‘B(3)+(G‘“2i‘3(#)+(P*‘2)‘B(5)

I0 = (X/DLAT)+1,
JO = (Y/DLAT) +1,
RETURN

END

SUBROUTINE IFLOWR (N) .

THIS SUBROUTINE TRANSFERS DEPTH AND ZONE INFORHATION -ON
AND OFF INTERMEDIATE DISC STORAGE (UNIT 20).

COMMON 7/ N0(154’57’0280(15k’2’9L

GO TO (109299“0)9 N

REWIND 20

BUFFER IN (20,1) (ZB0(1,1),7Z80(154,1))

L =2 . _

RETURN

IF (IFUNITU(20)) €0,30570

BUFFER IN (20451) (ZBO(1,L) 3ZB0(154,4L))

L = 3-L - .

RETURN

IF (IFUNIT(20)) 60,50,50

RETURN

WRITE (6,80)

STOP 20001 o

WRITE (6,90) ‘ LT

STOP 26002 V ’ '

FORMAT (1HD 41HPARITY ERROR ENCOUNTERED DURING BUFFER IN) .
gggMAT (1HO 44 3HUNEXPECTED EOF ENCOUNTERED DURING BUFFER IN) B

b1




OO0O0OOO0O

10

10
20

30

490

SUBROUTINE SLUFF (I,J,MOVE)

*?fDUE ‘TO-FINITE GRID. RFSOLUTION, A STATION:-MAY BE 'ASSIGNED

- T0 A CELL OF ‘DEPTH LESS THAN :THE MAXIMUM SAMPLING DEPTH.
-~ SLUFF - -CHECKS ¢ ADJOINING 'CELLS 'TO  SEE IF "ONE “OF ‘THEM IS
DEEP - ENOUGH ‘TO ‘CONTAIN THE STATION. IF NOT, THE PROGRAH
- 'PRINTS “A-FLAG 'AND' STOPS, :

LOGICAL MOVE

ODIMENSION II(8), JJ(8)

CO”HON 77 NO(154457) 42B0 (154%)
DATA II/041 4191505 -15-1,-1/ -
DATA JJ/1+1909=19-19=-140,1/
MOVE = ,TRUE,

DO 10 K=1,8

I0 = I+II(K)

JO = J+JJ(K)

IF (NO(I.J). EQ-O’ RﬁTUQN
CONTINUE & o s
MOVE = oFALS:.7W'"“

RETURN
END

SUBROUTINE FILL

ALGORITHM ASSIGNING CELLS IN LAYER TO NEAREST STATION .
WITH PROFILE EXTENDING THROUGH THE LAYER: - o

LOGICAL STOR
COMMON /RAND/ RAN .
COMMON /VARS/ ISTAT(125)'JSTAT(125)oSTOR(125)ﬂﬂ
COMMON/VCON/IMs M KM ,SCAFC - .~ s
COMMON 7/ NOU(154,57)
00 40 I=1,IM
DO 40 J=14JM L
IF (NO(IsJ)eNEoD) GO TO 40 o
MINDSQ = 1000000 e
DO 30 K=1,;KM Mgt g SR T
RAN = =RAN
IF (+NOT.STOR(K)) GO TO 30
IMIS = I-ISTAT(K) e
JNJS = J=JSTAT(K) T
KDISSQ = IMIS*IMIS#JMJS*JMJIS
IF (KDISSQ-MINDSQ) 20:10,30
IF (RAN) 20,20430
MINDSQ = KODISSQ
- KNEAR = K
CONTINUE® -+ -"ih
- NO(THJ) = KNEAR
conr:uu=
RETURN
END 42
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SUBROUTINE LAYIN (KoZU9ZL900NLAP)

. - PERFORMS - VEQTICAL INTEGRATION OF K-TH PROFILE BETMEEN »:g~1

N.VDEPTHS ZU AND ZL. CONLAP = QUTPUT, IF PROFILE. DOES: NOT
EXTEIND TO ZU OR ZL, FLAG IS PRINTED AND PROGRAM o
STOPS.

DIMENSION CW(10), ZW(10)
COMMON /VNAM/ NSTAT(125)
COMMON/VCON/IXs JX KMy SCAFC
COMMON/DTA/C(12549) 5 ZM(125,9)
SIG(A,A1,4B5B1,Z) = A+((A1-A)/(B1-B))*(Z-B)
JM = 9
D0 10 J=1,JM
IF (ZM(KyJ)eGTWZU) GO TO 20 '
10 CONTINUE )
WRITE (6,80) NSTAT(K) ‘
HRITE (64S0) (C(KyJ) sZMIKsJ) 9 J=1yJM)
CONLAP = 0.0
STOP 30001
20 IF ((J-1).6T.0) GO TO 30
JJ = Je1
CH(1) = SIG(C(K,J)9C(K’JJ,oZH(K,J)qZH(K,JJ) Zy)
GO TO &0
30 JJ = J-1
CH (1) = SIGIC(KaJJ) 9CIKyJ) 9ZMIKyJS) 9 ZM(KyJ) 4 2ZU)
40 ZW(1) = ZU
IN =1
Do 50 JH=Jy IN
IW = IWel
IF (ZM{KyJW) «GELZL) GO TO 60
CW(IW) = C(KyJW)
- ZACIN) = ZMIKeUNW)
50 CONTINUE
HRITE (6,100) NSTAY(K)
WRITE (6+930) (C(KyJ) 3ZMIKyJ) yJ=1,yJIM)
STOP 33002
60 JJ = JW-{
CW(IW) = SIG(C(KeJJ)oC(KyJH),ZH(K,JJ’¢Zﬂ(K,JH)’ZL)
ZH(IN) = ZL
IAM = IW
DO 102 IW = 2,IWM

ZWL = ZW(IN)
INU = ZW(IN-1)

IF(ZWU.EQ.ZHL) GO TO 102

AT = (CW(INI=CHW(IW=1))/(ZWL-ZHU)

AO = GW(IW=1) - AT*ZWU

CONLAP = CONLAP + AO¥(ZWL-ZWU)+D.5*AT* (ZWL*ZNL -ZHU® ZWU)

102 CONTINUE
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CONLAP
80 FORMAT
. 90 FORMAY
100 FORMAT

$7HSTATIQN;I#)

RETURN
END

= CONLAP¥SCAFC + * .~ | L |
(1H0 ,36HPROFILE DOES NOT EXTEND TO TOP LAYER/BHSTATION ,14)
(1X35(3X 9 2HC 9F 5 29 3X 5 3HZM=yF 54 29 1H/) )

A1HD.,42HPROFTLE DOES ‘NOT EXTEND TO BOTTOM OF LAvER/

Ly




APPENDIX 5

‘Estlmates_of-Heat Fluxes to and from Lake Ontario Due
.. to Rain; Snow, and:the Formation and Melting of_ lce: -

B

A heat fluxlacross the surface of the lakeAls produced by rain
and snow falllng into the lake or by the\formatlon and meltlng of an ice
cover.v We assume that these fluxes are small ln comparlson WIth the major
4surface fluxes, at least in the average but an order of magnltude estlmate
‘%seems approprlate lf only to decude whether a more exact analysns IS warranted.
- lt is assumed that Fain enters the lake at the local wet bulb
temperature T ,so'that the amount of heat enterlng the lake durlng a rajin-
fall of P cm is P Cp P T calorles/cm wlth respect to. the reference tempera=
ture of 0°C. |If the precipitatjon enters the lake as snow, the largest por-
tion of the attendant heat flux7w1ll be due¥to3the latent heat of the melting.
Thus after a snowfall of'S cm, the-amount of heat which has entered the lake

is
']e.p; SL .calornes/cm | '

whé}e'§ 'ns the densnty of snow (taken as l/lZ that of water at 0 C) and

'L$'|s the latent heat of meltlng (taken as 80 calorles/gram) The mlnus sign

|ndlcates that heat is lost from the lake ln the meltlng process. It IS

assumed that the snow enters the lake at temperatures close to 0 C and hence

that the sensuble heat transfer from the show lsgnegluguble compared wnth the

latent heat effect

.NA'

Slnce the dlstrlbutlon of preclputatlon in tlme |s eplSOdIC a
precnse estlmate of the heat flux would requure knowledge of the wet bulb
temperature durlng the maJor preCIpltatlon events Thls |nformat|on |s avall-

able in the meteorologlcal records but the labour of complllng it |s out of




proportion to the present goal of providing an order of magnitude estimate.
‘For this purpose,the mean monthly values of alr temperature T accumulated

precupltatlon (raln and snow) PT'—'P + S ~mean: vapour pressure e, and mean
atmospherlc pressure p provnded by the Canadlan Atmospherlc Envuronment

Serv:ce [Phllllps and McCullough l974] have been consudered adequate. A -

rap|d perusal of thls data shows that the amounts of raln and snow vary _

1 s co : .
S vie

Mconsnderably from one end of the baS|n to the other ) To reflect thls varu-
:atnon we‘have expressed lake totals as the welghted nean of values at four lo-
catlons on the shore of the lake namely Toronto and Trenton on the Canadlan
slore and Rochester and Watertown on the U S snde (Flgure l2)

| The equatlon [Haltlner, G J , and Martln, F L., 1957]

0.662 L
R e

e T TP

e

| e;presses:the relatlonshlpvanong:the:meteorolooicalvvarlables. ‘ewwishthe
saturation vapour pressure on water and |s a functnon of T , the wet= bulb
temperature be is the latent heat of evaporatlon,‘spd}ls the specnftc

heat at constant pressure of dry anr ( 240 cal/gm/°C) and P |s the ‘mean

NS

atmospherlc pressure Solvung the above expressnon for T ; and then usnng
Reynolds averagnng under%the assumptlon that L |s constant,llndlcate that
‘}the expressuon should apply to a good approxumatlon to mean values‘ The
Lmonthly mean value of T so obtalned wnll at tnmes dlffer substantlally'
from the value obtalned durlng perlods of ralnfall, and thls analysns would
 be lnvalld for any purpose other than an order of magnltude estlmate.ruln

the computations a snmple |terat|ve procedure 1s used to determnne T wnth

| values of e,(T ) benng taken from the Smlthson|an Meteorologlcal Tables

[Llst 19h9l

L6




The results. of these computations are.given in tabular form (Table
3, column 3) for the whole Lake. . .
In the western.half of Lake Ontario,,significapttice cover is a

rare and ephemeral - event and.its influence on a.weekly heat budget can be
safely neglécted. A seasonal ice cover does develop at the eastern end
ofﬂthe;lake,in~thegKingston:basin¢and~pack,iqe,agcumula;es.in;the Eastern
.-Basin.. Based,9n_data3from:shipLcruises,fthe,seasopalgjcg cover in the:King-
...ston Basin.was in place by January .15, 1973, and had melted, by March 26, 1973.
~The_quamofftbe?Kingsypn.§asinais‘approgimatgly 1500..km? and. a typical .ice
thickness .in.mid-season is 50 cm. . Assuming.that the ice cover formed at a
uniform rate during the first 35 days (January 15 to February 19) and melted
at a uniform rate during the next 35 days (Feb. 19 to March 26) ahd without
accounting for what must be a sizeable transport of ice down the St. Lawrence
river (of the order of 10km?/day), the local surface fluxes of heat during
the formation and melting of this ice are + 114 cal/cm?/day or * 9 cal/cin?/day
on a whole lake basis. These are the effective fluxes to a lake full of water
only (specific heat of 1 cal/gm/°C). Significant quantities of pack ice were
observed on the 12:14 February cruise (3000 km?) and on the February 26-28
cruise (4500 km?). This ice had melted by 12-15 March 1973. This ice was
present for about 35 days. Assuming as before constant rates of growth and
an average thickness of 10 cm, and assuming that the maximum area of the ice
pack was 5000 km®, the heat flux on a whole lake basis is + 13 cal/cm?/day
between February 5 and February 22 and - 13 cal/cm?/day between Feb. 23 and
March 13. Thus the estimate of effective heat fluxes due to ice formation

on a whole lake basis are:

L7




+

9-cal/em®/day  ° - 'Jahuary 15°to February § -

22 cal/cm?/day February ‘6 to February 20

+

"22°¢al/cm?/day February 21 to March 13° °

9 ¢al/em¥day = March 14 €6 March 26

n

.-t COnce ‘again ‘these are to be construed ds ‘order of magnitude es-

" timates. ‘When applied“to-the whole lake,tﬁe'effegtfve*heat“flax due to ice
formation and melting is of minor importance,but sincé the ice is confined
“'to the*Easterh‘regioﬁ§"0f'the'Téké;wfﬁe;iocai;éffedfs“éfe%gigﬁifiééNt‘and sug-

gést’ that more work should be done on this aspect of the energy ‘budget’”
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APPENDIX 6

Results in Tabular Form




Julian Date Julian } Date Julian} Date’
Day | pay : - Day :
| 103 | 12 April 1972 | 271 27 September 432 | 7 March
110 19 April = - , ' 439 14 March
N7 | 26 April 278 4 October k46 I 21 March
B ‘ - 285 11 October 453 28 March
124 | 3 May 292 | 18 0ctober , , S
131 10 May 299 25 October Leo L Aprid
138 17 May : 467 11 April
145 24 May 306 1 November 474 18 April
152 31 May 303 8 November 481 25 April
320 15 November N
159 7 June 327 22 November 488 2 May
166 | 14 June 334 | 29 November [ 495 | "9 May
173 21 June .| 502 .16 May
180 28 June 341 6 December | 509 | 23 May
) ' 348 13 December | 516 = | 30 May.
187 | 5 July 355 20 December .| |
194 12 July 362 27 December | 523 6 June
201 19 July 530 13 June
208 26 July 369 3 January 1973 537 20 June
' 376 10 January 54k 27 June
215 2 August 383 17 Janaury
222 . 9 August 390 24 Janaury
229 16 August 397 31 January
236 23 August
243 30 August Lok 7 February
4 4n 4 February
250 6 Sept. 58 2] February
257 13 Sept. 425 28 February
264 20 Sept. N C

Notgi- The dates indicated on the tables are;Julian_Days‘ébunted from Day 1
-on January 1, 1972.. The correspondances-with regular calendar dates are
given above. . . -
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AVERAGE TEMPERATURES AT 00H ON DAY145.
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AVERAGE TEMPERATURES AT 00OHW ON DAY222,
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AVERAGE TEMPERATURES AT 00OW ON DAY229.
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TABLES 1 to 12




Table 1. = Summary of parameters relevant to the accuracy of estlmates of -
heat content based on ship cruises. :

127 3 B 5 (38 7. . B

Cruise |: Central Ships | Stations [ Peak Wind - Heat ‘Content Errrors’ ' Remarks
No. Tlme Sampled | Stress - 10'® calories i

i Duratlon A » - P w.r.t. 0°C

1 L 6/4/72, 97 L0 | 90 E,2, 5/b/72 | - 2.696 N
@) I . o (244)

2 1 11/4/72, 103 | L,PD | - 9] E,2, 5/4/72 2.785 o B
: - (48). | IR e (196) .

3 184772, Mo L Lo | 8 | sw,t, 16472 |- 3am L
| (66). = R S (321)

4 ’:~25/h/72, 17| L,po | 83 fw,3, 2224072 | 3.421 |-

(30) : | | | (285

S | s sz, | e |93 [swiasizz | 3975 o
| (50’ o [ 777 | oe

6 9/5/72, 131 | Lo | 93 CSE,1, 10/5/72 | W.322 C

| (50) | - | | G-

7 16/5/72, 138 | RA | 74 | 'SE,1, 1075772 | 4.683 1, 2

e N ; G374y

8 1 25/5/72, 146 | A 65 | w1, 25/5/72 ' 5.836 1,2

(69) | § o (686)

9 62,153 | Roa | s |, assme | 6.3y 1,2
e | R R L ¥

{10 776172, 159 | LD | 93 | Vight winds | | 6.935. | 1

| IR B (V) - R o 2sy
[ ez, 166 | RA |81 | sE, s, ws6/7p  7.360 | 12,30
(91) IO T T | (497)
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Table 1.  (Cont.)

1 2 T s h 5 6 7 8
Cruise iCentral Ships | Stations| Peak Wind Heat Content | Errors Remarks
No Time ’ Sampled Stress 10'8calories
- Duration ' w.r.t. 0°C ?
12 21/6/72, 173| R 59 |s.2, 22/6/72 8.068 1 1,2,3,4| Agnes Storm
' (80) : - (666)
13 28/6/72, 180| R,A 5 s,2, 22/6/72 8.740 1,2,3,4 | Agnes Storm
(91) o ] (728)
14 '677/72, 188 | R,A 93 lw, 1.3, 30/6/72 | 9.473 B Full Stratification
CGoy 1 i | (463)
15 ' 18/7/72, 201| R,A 91 |Light Winds 10.368 1 | Greater heat gain
(53) _ | (438) | at eastern end
16 2/8/72, 215 | R,A 87 light winds 11.382 1, 3 Greater heat gain
. (80) (557) Western end
17 15/8/72, 229| R,A 90 11.790 1, 4 "Betty' storm
-(47) 4 » . (368)
18 29/8/72, 243| R,A 92 | Vight winds 12.318 1, b wind reversal W-E
| (b)) - I I (394)
19 | 6/9/72, 251 | R,A 88 | 11ght wind 12,431 1,2
(4k) - o . (AR wines - (334)
20 13/9/72, 257| R,A 90 |1ight winds 12.499 1, 3 | uniform surface
(7%) | . 1. . (331) | temperature
v<217~~~f—f~19¢9/72,”zshka,AvﬁqLﬁ;HL93f' INEY, 1579772 12.643 11,4 marked upwelllng.
' - (50) - ; - S —-- | (324) | ‘max. heat ‘content -
22 - 26/9/72, 27| R,A 89 _|high winds: - 12.505 1,4 ... | long internal wave
- (43) (310)

activity
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Table 1. (Cont.?

Cruise
No

2 -
Central
Time ,
Duration -

: Shiips

T

1 Stations
| Sampled

[ s

i Peak Winds
' Stress

| w.rit. 0°C

6

caloriies

Content

. 7

Errors

8

Remarks

23
24
25
26
27
28
29
30

31

32

.33

(58

(64)

18/10/72,292]

(62)

26/
(43)

1/11/72, 307|°

(43)

(61)

(62)

28/11/72,334]
©(62) i

(75)

5/i?/72, 279

lf/i0/72,236Jf
7/11/72, 313

14/11/72,320] R.A.

7712772, 342} -

| 13712/72,348|
(73)

MK, PD

93

92
87
23
93
57
-
82
90

91

‘39

[
| 1ight winds . -

L sW, 3, 14711772

[ ne, 2.5, 12/12/73

| r2.004

Tight winds:
" SE,2, 8/10/75

. NE, 2, 16/10/72

W, 1.25, 30/]0/7é

W15, 7/11/72

S, 3, 14711772
. NE, 4.2, 27/11/73

sW,2.5, k/12/72

{11.753

10.945

| 10.864

10.649

{ 10,444
s, 2, 81/72 |

110.129

| 9.630

3.305

| | 8.593
L E 2, 60272 | T

¥8.203> .

: Fﬁrét»fallﬂétorm
‘; Bfg upwelling

‘ Rélaxafidn.of
upwelling .

1 overturn

major adjustments
large scale features

very unsteady

" Considerable evolution}:
- large scale features




Table 1.  (Cont

?)

]
Cruise
- No

2

Central

Time

Duration - |-

i

Stations’

Sampled

Peak Winds
- Stress

5

6

' Heat Content:

wer t, 0°C

- 10!® calories

7

Errors

8

Remarks

s
.35
36
| 3
\ -~ 38
39

(40)

‘4/1/73, 370

(51)

(51)

17/1/73, 383‘
(0) T

30/1/73, 397
(59) . :

1 13/2/73, b

(48)

27/2/73, 1425

(46)

L/4/73, 460 -
- (73)

19/12/72 3533=

9/1/73, 377"

l]‘3/3/731 h39-j
: (55) |

B 27/3/73, h53< i
BC A

51

27
81

Lo

47
b6

91

3|

1 93

W, 3, 30/12/72
NE, 3, 1/1/73

W, 3, 5/1/73
W, 3, 5/1/73

3, 2, 29/1/73
W, 2.5, 31/1/73

| NE, 3, 18/12/72 |

NE, 3, 4/1/73

NE, 2.5, 15/1/73

2;'30/1/73

SW,']}nglh/3/7§>

| sw, 3.5, wa/73 | W,

i
B (

SW, 1.5, 27/2/7?ﬁ:;;___

7.419

© 6.687

. (6.343)
5.364

4,733

1
(496)

1, 2

(372)
2
(320)

* ﬁ  2
| (372)

1, 2
"!(240)

A, 2
| (321)

partial survey

incomplete
Winter Thermal Bar

Partial coverage

due to ice, .

breakdowns

‘ice -cover

‘east end

winter .thermocline ]
minimum heat content |

) }(]7]) T N




Table 1.. (Cont.)

1 2 3 N 5 | 6 | 7 8
Cruise Central | Ships Stations | Peak Winds | Heat Content | Errors ; Remarks
No Time | Sampled Stress ©° | 10'® calories) o
Duratfon ‘ » co f w.r.t. 0°C
W 1/5/73,,"89 | 60 | sw, 2, 25773 | s5.557 1, 2 Thermal bar
o | *(51) - 1 . R »} : 'i“. : -(333)
| (57) | : o thsl |
6 27/6/73, 545) L 62 : © 9.839 ]l 1, 2 fuil stratification
| (54) | T | (79 | T
Colqmﬁ I: Séquentia] cruise number. v .;Column 6: Heat content of lake in ]018 calorles with

o respect to 0°C.
Column 2: Central date of cruise: day/month/year, o
' Julian Day commencnng January 1, 1972, - .Column 7: : Code denoting quality of synoptic picture
Duration of ‘cruise in hours (bracketed flgure) o _of lake thermal structure and assoc1ate,
S 1computat|ons » ,

Cotump 3: Ships tak|ng part-tn the cruise

L C.S5.S. Limnos ' o 1. Resudual errors. (lnstrument, random
PD C.C.G.S. Porte Dauphine ; interval waves) only.
MK M.V. Martin Karlsen : : 2. Possibility of error due to faulty
R N.O.A.A. Ship Researcher : ; distribution of samples (omitted
A Cape Fear Technical Institute ship - stations).
Advance 1| ’ o3, Possublluty of errors due to prolonged
: : S cruise duration.
Column 4: Number of stations sampled. L, Possibilities of errors due to ongonng
C large-scale readJustment of lake thermal
Column 5: Peak Wind Stress. (Dynes/cm? computed with - I : structure
' constant drag coefficient of 0.003) in ten = . . :
day interval prior to the cruise. Letters . ' Flgure ln‘brackets Standard deviation
. refer to octant to which the stress is o " (error) in cal/cm® based on number of
directed. Central f|gure of group_ is peak stations sampled, duration of cruise and
stress (daily average) in dynes/cm2, date rate of heat transfer.

refers. to day on which peak wind stress
occurred (day, month, year). ‘ Column 8: Remarks




|

|
Table 2. - . Data defining 10 zones of Lake Ontario. Each zone is qeflned
by ‘shoreline and straight llnes drawn on a polyconic |

prOJectlon between the ponnts labélled in Figure 3.

(a) ‘Kreas of ZOnes (kmg) and list of points defining zone bouﬁdaries

. Zone - o ‘Area km? ' N Boundary Points:
1 - 1568 _ AD
.2 - 828 . . .. _A BEF .
3 1188 ' BCFG
s  hob -~ CDGH -
5 1732 -~ EFINM
6 - 3140 o FJNOKG
7 572 7 GKOPH
8- 3744 MNOTU
9 3436 ‘ NOTSRO
10

1872 ORSTUP

(b) Positions of boundary points (see Figure 3)

Boundary %atltude ¥ : " Longitude

Point Degrees North) (Degrees West)E
A 43° 37.4' 79° 21.8!

B. 43° 31! 79° 19!

c ¥3° 19" 79° 1k

D 43° ]3:9f Lo 79% 119
E 43° 51.3" , 78° 51.2!

F 43° L . o 78° k9!

6 h3° 26' - | o718 by
H 43° 20.4' Y L A R
J 43° 49.5° 78° 02.5' |
K 43° 27 . 78° 00' ¢

M w03t . 77°.39.50

N ~ b3° 50! i S /Al

o h3e 270 | 77° Wb
P 43° 20.1! _ 77° bh.9'

Q. B R (-

: R ll3° 25' : 760 571 : ‘ .
s h3e 32 76" 38"
T 43° 41 | 76° 26' ‘
U b3 w1+ 76° 12!

02




Ta51e13." Sources of random error appearung |n heat content computations.
' Flgures ‘quoted are errors of the mean value of 100 samples

(stations) drawn from the same population.

O e e b et

Stangard_Deviation ﬁcaj/em2)

Source of error '

Summer

Winter-

Ful],Stratification ,Negiigible Stratification:

Internal Waves
- Instrument errors
_Digitization

Computation

Total (root sum of squares

132

[

4+

200
+ 50
+ 160

. £290 cal/cm?

* 50
+ 100
* 25

£ 100

150 cal/cm?

93




Table 4.

Monthly mean values of surface heat. flux, advected flux,‘heat
~ flux due to precupltatlon , and effective heat flux.due to ice

formatlon and melt for the perlod Aprll 1972 ‘to June 1973

Month | “Surface T | Rivers Rain & Tlee || (2)1.4‘("3){(4),]
Heat Flux | Power Plants| Snow . |- as% of (1) -
cal/cm?/day| cal/cm®/day cal/cmz/day :zailcmzl (absoiutg values)

T : 1 : ay :
| Apr72 | 280 4 -2 a
May Lho 0 3 <l ‘ |
June L8o 0 6 iz
July 130 6 5 2.6

Aug 220 -6 6 <.

Sept 100 “11 5 6.0 .

Oct -200 -6 1 2.5

Nov -260 b -5 <1f

Dec _~koo 6 -14 2.0

Jan 73 ~340 i -6 6 Q

Feb -260 0 -8 14 2.3

Mar +40 4 -1 -20 k2.5

Apr +280 3 1 l&h

May +380 -2 3 <1

June +420 -4 4 <1
94




Tablé 5. i List of tfibdtaries to LékevOntario'for whiéh\temperature data
. - was obtained. _ L :

RfVer Sodrce of Data ' | Index ,
_ntver _ ource of | (seeTabre 6)
Molra | cciw 1

Trent «‘ cCiw 7

Ganaraska B ccw . 3

Humber - CCIW - GLI 4

Credit | cCIwW | 5

Niagara ‘ Ontario Hydro~’ 6

St. Lawrence ' U.S. Geological Survey 7

. Genessee . U.S. Geological .Survey 8

Black : 1 U.S. Geological Survey 9

Bay of Quinte outflow | Ontario M.0.E. 10

' - (0. A. Hurley)
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Table 6.

List of tributaries to Lake Ontario for which flow data was ob-

tained.

The list is organized by zone (see Figure 3).

The table

“gives the drainage area of each zone, the drainage area of each
of the tributaries, and the source of temperature data applied
to each tributary.

Zone | Total Drainage Tributaries Drainage Area Temperature
. No - | Area of Zone _Gauged Flow , Data
vkm? kmz @ee Tab]e 5)
1 - 5589 “'Spencer-Creek"“W“-“166w~- -5
» Grindstone ‘78 5.
Twenty mile 293 5
Credit 829 5
Oakville 1 98 5
East Oakville 199 5
Etobicoke 197 ol
Mimico 62 . b
Humber 800 L
Black - ‘57 5
2 " 1453 don 287 b
Duffin 285 ‘ '
Highland 88-- - 4 3
Rouge = ... 202 3
Little Rouge 78 . 3
- Llynde . |.__ 106 . . 3.
1046
NN
5 1052 Oshawa 11 3
Wi lmot 83 3
Bowmanville 83 3
Ganaraska 264 3
Soper 78 3
Shelter V. 65 3
762
4 665 km? Niagara see note 1 5
”7 7 2157 see note 2 8
10 24154 Genessee 6364 8
Allen 80 8
Sterling 114 8
Oswego 13203 8
19761

96




Table 6. ~ (Cont.) -

' iohe“,'thStél'Dréinégéw:v"Trfbhférféé._,_ fDréihé§e.Area» - Temperature
. | Area of zone ! Gauged Flow { . Data
o oKmE : Cokmt | (see Table. 5)
8 “6962 . 1 Sandy < | o331 . 9
u.s. , _ Black =+ 14859 ‘ 9
side | - 5190 |
1 can® siad 20167 | Trent 12043 10
| tan-.Sidg o Moira .~ = | . 2616 10
Salrion - 891 10
Napanee - 777 o 10
Weton o . !ll ]
S aesss
1 8% 7189 - - f Oswegatchie | 2520 ; 9
|St. Lawrenice 1 - see note 3
: outflow : - )
Note 1

The runoff from 665 km? of land in zone 4 is added to the
~discharge from the Niagara River and the Welland Canal system.
Runoff data and temperature data from zone 1 are applied to this
-area. ’ o '

Runoff figures for zone 1 and temperatures from the Genes-
see river are applied to this zone.

Note 3

The gauging station for the St. Lawrence outflow is locat-
ed at Cornwall, Ontario, downstream from Wolfe Island, the assumed
outlet. Drainage from 7189 km?2 fiows to the St. Lawrence between
Wolfe Island and Corhwall. The Oswegatchie River flow data and
temperatures from the Black River are employed to calculate the
heat flow from this region (718.9 km?) which is then subtracted
from the St. Lawrence Figures based on Cornwall data to yield
the effective outflow of heat at Wolfe Island.
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Table 7.

Lnst of major electrical power plants reje¢ting heat to Lake
Ontarlo durnng 1972 73 '
‘Name Utility: Lccatlon“' Zone “Type " 1 Capacity .
Beebee - | ‘Rochester Gas | Rochester] 10 =~ | Fossil ™ | 222
: 'l and Electrnc o C
.] Russel " " 10 " \‘282
| Ginna. -on o 10 __Nuclear. . b70
J.A. Fitz- Power Auth- Oswego 10 Nuc]earv 1850
‘| patrick ority State :
of N.Y. :
| 0Oswego Niagara Mo- Oswego 10 Fossil Lo7
hawk Power Co.
| Nine Mile " Oswego . 10 - Nuclear . 650 .
Point 5
Pickering .| Ontario Hydro Pickg(jngi 2 Nuclear 'iZOOQ,” .
Manby Ontario Hydro | Toronto 2 Fossil 65
Hearn ~‘Ontario Hydro | Toronto 2 _ Fpssii 1200
Lakeview ‘Ontario Hydro “Port Cre- 1 "Fossil “ 2400
dit
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Table 8. Estimates of heat rejected to Lake Ontario from
sewer outfalls and industrial processes.

Zone v Heat Rejected from Sewers
and manufacturing activities
calories/week

1 .h66 x 101"
.636

.085

.0h2

254

.212

.085

—
N O o N

Total 1.78 x 10'* cal/week

On a lake-wide basis this amounts. to about 1 cal/cm?/
week which is completely negligible.
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Table 9. Format of 9 point digitization of continuous termperature profile
on an 80 column™ IBM card. S

Zone o Data Format
1 - 3 inclusive - |~ -Station Number 13
L - 5 inclusive year » 12
6 - 7 inclusive month 12
8 - 9 inclusive day 12
10 - 12 inclusive hour F 3.1 (ho sign or
decimal)
13 - 14 inclusive lat. (degrees) 12
15 - 17 inclusive . lat. (minutes) 1 F o3 (nobsign or
, decimal)
18 - 19 inclusive Long. (dggrees) oo 12
20 - 22 inclusive Long. (minutes) F 3.1 (nb sign or
' S I " decimal)
23 - 25 inclusive Surface Temp. °C

to nearest 0.1°C

26 - 73 inclusive up to 8 temperatures =| 8 (F3.1, 13)
*depth pairs left-
filled
74 - 76 inclusive depth to bottom (m)%** 13
77 inclusive index of point mark- 1

ing top of thermocline

78 inclusive index of point marking| 11
bottom of thermocline

79 - 80 inclusive descriptive codes

* |If onlyvh pairs are needed, then columns 26=49 are used and columns
50-73 remain blank.

** Temperatures are recorded to the nearest 0.1°C, depths to the nearest
metre.




Table 10.  Test sequences of layer depths for the program ZggP.

(a) Schemes of Decreasing Vertical Resclution

Schemes "Nq. of Layers - Depths of planes of separation (m)
S 3] 0,5,10...,95,100,110,...180,190,196,
, - - 196 to deepest point in lake (196+)
2 21 ‘ 0,10,20,... 180,190,196, 196+
3 - max of 10 -~ 0,10, 20, 4o, 60, 90, 120, 150
: - 150 to. bottom from scheme one
4 ' max of 6 0, 50, 100, 150, 150 to bottom from
scheme 1
(b) Variants of Scheme 3
3a max of 10 ©0,9,19,39,...,149,149+
3B max of 10 . 0,8,18,38,...,148,148+
3C max of 10 N 0,7,17,37,...,147,147+
31 - max of 10 0,1,11,21,...,141,141+

101




Table 11.

Results of tests on Z@PP using different layerihg schemes. Data
set A consists of profiles from the cruise of June 1216, 1972
(Thermal bar conditions), while data set B consists of profiles

from the cruise of Sept. 5-7, 1972 (fully stratified conditions).

Data Set Layering Scheme - Heat Content - Absolute
. - (10%® cal) . Difference
. with regard
“to Scheme 1 e
(10%%cal)  cal/em?
A 1 7.275 -0 A 0
A 2 7.256 - ..019 103
A 3 7.268 .007 38
A L 7.058 : AV 1180
A VAQérage 3,33,... 7;266i .03“> o1 B 49)
31 . o . o
B R - 12.335 : 0 0
B 2 12.339 .00k 22
B 3 12.340 ~.005 27
B L 12.390 - .055 296
B Average, 3,3a... 12.324 + .02 011 60
30 w
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Table 12. Results of Z@@P computations using half-data sets. Results
are expressed. as absolute heat content differences with re-
spect to computations using full data sets. Layering scheme
3 is employed.

Data Set Method of Difference
Division cal/cm?

A Alternate N.S. lines 560
A Alternate stations in sequence k1o
A random 350
B alternate N.S. Linhes koo
B Alternate stations in sequence 110
B random 750

R.M.S. value 480
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FIGURES 1 to 12
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Figure 1.

Map of Lake Ontario showing the locations of stations at
which temperature profiles were routinely obtained.
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Map of Lake Ontario showing the distribution of moored
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Figure 3.

Map.éf Lake Ontario:showing its subdivision into 10 zones.
Table 2 has defined these zones.




TEMPERATURE °C

254

20

0——0 AVERAGE LAKE TEMPERATURE

D——0 AVERAGE TEMPERATURE 0-10M LAYER
IFYGL APRL 1972 - JUNE 1973

T T T T T T ' | T T 1 I

APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY . JUN

Figure 4,
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Average temperature of Lake Ontario (whole lake) and
temperature of the upper 10 m-during IFYGL.
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Figure 5. Rate of heat content change over Lake Ontario during IFYGL.
Shaded zones show 95% confidence limits of heat fluxes ex-
clusive of possible error due to imperfection of surveys
with large scale internal flows in the lake (aliasing).

The probability of such addition error is indicated on the
diagram. !
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Figure 6. Net surface heat flux and heat flux from tributaries and

power plants at weekly intervals over Lake Ontario. The.
~advected heat flux term is multiplied by 10 as it is shown
on: the diagram. = - . o )
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Figure 7. Recommended manoeuvres for a ship approaching an EBT station.

Probe is lowered from the port side.|f the probe is mounted
on the starboard side, the ship should approach the station .
with the wind on the port bow. This procedure is desigred to
minimize the effect of ship disturbance on the measured temp-
erature profile. The sequence of manoeuvres is:

1. Ship approaches station with wind on the starboard bow.

2. Engines are reversed but enough forward way is maintained
to carry the vessel clear of the pool of mixed water.

3. The profile is taken as soon as possible (depehds on in-
strument drag) after the ship is clear of the mixed water .
and before the vessel starts to d;iff downwind,. '

L. Recovery of probe while ship drifts downhwind,
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Figure 8. Map of Lake Ontario showing the location of the principal tributaries
and lakewater cooled power generating stations.
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Figure 9A (for caption, see Fig. 9c)
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Figure 9C.  Average daily temperatures of 5 streams flowing into Lake Ontario
on the north side of the lake. Data from the Moira, Trent,
Ganaraska and Credit Rivers were collected by local observers
reporting to the Canada Centre for “Inland Waters. Data for the
- Humber River was collected by the Great Lakes Institute of the
University of Toronto. ’
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DIGITAL REPRESENTATION

OF EACH CELL

SAMPLE PROFILE
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Figure 11.

'CELL BOUNDARY

ZONE BOUNDARY
Example in two dimensions of the division of a basin into cells,
zones, and layers. The Z@@P algorithm proceeds one layer at
a time. Within each element of the basin, denoted in the dia-
gram by a three-character word, the first two characters refer
to intermediate sums stored by zone and by layer. The last
character indicates . which sample profile applies to the element.
The letter E refers to the deepest layer, the portion of the
basin lying below the deepest sample depth, and the value of
the deepest sample applies throughout this layer.
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Figure 12. Map of Lake Ontario showing zones used to estimate iprec.‘ipita-
tion over the lake based on measurements at four shore stations.
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