
CLIHAIOLOGY OF LAKE ONTARIO AND ' 

LAKE ERIE SURFACE HEAT EXCHANGES 
1953-1983 
by" 

A.M. Sawchukl and W.M. Schertzerz 

NWRI Contribution No. 88-37 

1 Department of Geography
O 

University of Toronto at Scarborough 
Scarborough, Ontario MIC 1A4 

Project Leader: NWRI Climate Studies 
-National Water Research Institute 

Canada Centre for Inland Waters 
Burlington, Ontario L7R 4A6



I

I

I

I

I

I 

I 

I

I

I 

i
x

I

I 

I

I

I 

EXECUTIVE SUIHARI 

As part of the NWRI commitment to the 

major research effort was undertaken to ex 

balance for the Lower Great Lakes. Prior to 

investigations on Lake Ontario were limited 

on Lake Erie previous results were repor 

Canada Climate Program a 

amine the long-terna heat 

this initiative, detailed 

to the IFYGL program and 

ted primarily as monthly 

means. In this investigation, a new model of the surface heat flux is 

developed and verified with IFYGL data. The 

over a 30*year data base for each lake. The 

the daily surface heat flux components and 

verified model is applied 

lmodel is used to simulate 

time series are developed 

from which annual and interannual variability of the hydrometeoro— 

logical and limnological parameters are assessed. The results form a 

reliable baseline of the vclimatology of Lake Erie and Lake Ontario 

from which climate change scenarios can be i 
1 . 

iitiated.



MANAGEMENT PERSPECTIVE 

This study is concerned with establishing the climatology of 

surface heat excahnges on Lake Erie and Lake Ontario for the NHRI 

Climate Studies on the Lower Great Lakes. -Accurate representation of 

the air-water interactions at the water surface is essential for simu- 

lation of the complex lake responses to climate change. The present 

verified model is capable of producing good correspondence between 

calculations and observations in lboth Lake Ontario and Lake Erie 

largely due to improvements in modelling of the solar flux. Addi- 

tional developnent is required for climate applications in the latent 

heat flux and atmospheric longwave sub-models to accommodate the 

influence of atnospheric ‘green-house‘ gases. 

This investigation has produced an enormous hydrometeorological 

data base for Lake Ontario and Lake Erie spanning the period 1953 to 

1983. This data base of hourly and daily parameters will be invalu- 

able for future long-tenn studies on these lakes. '
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ABSTRACT 
A- new model for evaluating rad_iat_ion and surface energy balance components for 

Lake Ontario and Lake Erie is described and illustrated with calcnlations for the 

period 1953-1983. Radiation and turbulent fluxes are evaluated directly while the sur- 

face heat flux is determined as a residual from the surface energy balance equation. 

The model performs calculations on a daily basis, however, results may be combined 
into weekly, or longer, time periods. - 

The model contains many improvements on previous energy balance studies. 
Shortwave radiation receipts are evaluated from a true radiative transfer model that 

treats multiple scattering effects explicitly. Estimates of incoming longwave radiation 

incorporate effects of aerosols and clouds. Root mean square errors for differences 
between estimates and measured net radiation over Lake Ontario during the interna- 

tional Field Year for the Great Lakes (IFYGL) are approximately 3.2 MJ m‘2 day", an 

improvement of approximately 25 percent over previous studies. " 

Estimates of overlake meteorological data incorporate effects of atmospheric 

stability, while evaporation estimates are derived from a mass transfer forr_nulation 

that includes a depende_ncy on wind speed and atmospheric stability. Comparison of 

evaporation estimates with weekly and monthly values tabulated by the IFYGL Energy 

Balance Panel shows excellent agreement.
V 

The model includes a method for estimating surface water temperatures based 

on lake heat content. This relationship represents a strong negative feedback 

mechanism and provides a constraint that prevents numerical instabilities from 

amplifying. The model includes a simple relationship based on cumulative freezing 

degree days for estimating ice concentrations. Comparison of predicted ice concen- 

trations shows excellent agreement with values tabulated by Assel et.al. (l§83) for 

both Lake Ontario and Lake Erie. Extensive comparisons with measured data and pre- 

vious estimates suggest the model can simulate daily radiation and surface energy

ll



balance components accurately and efficiently. .. . 

The model was applied to estimate daily surface radiation‘ and energy balance 

components for Lake Erie, and Lake Ontario for the period 1953-1983. Comparison of 

estimated lake heat content shows good agreement with heat contents determined 

from bathyr_netric measurements, Calcu,la_tion_s demonstrate that, on an annual basis, 

surface heat flux is balanced over periods ranging from three to six years for Lake Erie 

while Lake Ontario appears to be gaining heat over the 31 year period. The gain, how- 

ever, is small and within the uncertainty of the heat content measurements. These 

results may be compared to air temperature climatology at shoreline meteorological 
stations which indicate decreasing air temperatures" from 1953 to the late 1970's with 

a small increajse since that time. 

"The results contained herein describe NWRI Climate Studies conducted from 
1984 to 1987 with respect to modelling the air-water interactions of surface heat 

exchanges. This final report synthesizes results from heat modelling conducted in 
DSS Contracts KW4OS-4,-134.0. KW405-5-0531, and KW4OS-50532. 

ill "
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RESUME POUR LA DIRECTION ‘ 

Dans le cadre de la participation de l'INRE au Programme 

climatologique canadien, dlimportantes recherches ont été éntreprises 
pour étudier le bilan thermique 5 long terme des Grands lacs 
inférieurs. Avant cette initiative, les études détaillées sur le 
lac Ontario se limitaient au programme IFYGL, et les résultats

/ antérieurs telatifs au lac Erié oht été principalement communiqués 
sous forme de moyennes mensuelles. Au cours des présentes 

recherches, un nouveau modéle de flux thermique de surface a été 
mis au point et vér;ifié 5 ’1‘aide des données IFYGL. Le modéle 

vérifié est appliqué 5 chaque lac selon une base de données s'étalant 
sur 30 ans. Le modéle simule les constituants journaliers du flux 
thermique de surface; des séries temporelles sont élaborées A 

partir desquelles on évalue la variabilité annuelle et interannuelle 
des pajaméttes hydrométéorologiques et limnologiques.i Les fésultats

I donnent une liqne de base fiable de la climatologie du lac Etié et 
du lac Qntario, 5 paxtir de laqpelle des~scénarios de variation 
climatoloqique peuvent étré préparés,



PERSPECTIVES DE GESTION 

La présente étude vise 5 caractériser la climatologie
/ relative aux échanges thermiques en surface sur 1e lac Erié et le 

. /
- lac Ontario, dans le cadre des Etudes climatoloqiques INRE sur les 

Grands lacs inférieurs. Une représentation exacte des interactions 
air-eau 5 la surface de l'eau est primordiale pour.la simulation 
des réactions complexes du lac aux variations climatiques. L'actuel 
modéle vérifié permet une bonne correspondence entre les calculs 
et les observations aussi bien pour le lac Ontario que pour le lac
/ 
Erié, grace surtout a l'amé1ioration du modele de flux solaire. 
D'autres travaux sont nécessaires pour les applications i 

climatologiques aux sous-modeles de flux de chaleur totale et de 
rayonnement atmosphérique de grande longueur d'onde, de facon 5' 

pouvoir tenir compte de l'influence des gaz atmosphériquessa effet 
de "serre". i 

_ Ces recherches ont permis d'obtenir une énorme base de
_ 

. / données hydrométéréologiques pour le lac Ontario et le lac Erié, 
couvrant la période de 1953 5 1983. Les paramétres horaires et 
quotidiens de la base de données seront précieux pour les études 
futures 5 lonq terme de ces lacs. V

a



./ / 
RESUME 

Un nouveau modéle pour 1'évaiuation des constituants du 

bilan énergétique de surface et radiatif dans le Iac Ontario et le
I 

lac Erié est décrit et illustré, avec les calculs pour la péiiode 

l9S3+l983. Les flux de rayonnement et de turbulence sont évalués 

directement, alors que le flux thermique de surface est déterminé 

sous forme de fraction résiduelle 5 partir de l'équation du bilan 

énergétique de surface. Le modéle effeetue les calculs selon une 

base uotidienne mais les résultats peuvent etre combines enI 

périodes hebdomadaires ou plus lonques. 

Le modéle comporte beaucoup d‘améliorations si on le compare 

aux études antérieures du bilan-énergétique. 'L'apport de 

rayonnement 5 onde courte est évalué 5 partir d'un modele vrai de 

transfert radiatif, qui tréite explicitement les effets 

dispersion mu1tip1e.< Les estimations du rayonnement incident de 

grande longueur d'onde incorposent les effets des aérosols et des 

nuages. Les erreurs de moyenne quadratique pour les différences 

entre les estimations et le rayonnement net mesufé au-dessus du 

lac Ontaxio pendant 1'Année internationale d'étude des Grands lacs 

(IFYGL) sont de 1'ordre de d;2 MJm-2jour’1, soit une amélioration L 

d'environ 25 pour cent par rapport aux études pxécédentes.



Les estimations des données météorologiques au—dessus des 
lacs tiennent compte des effets de la stabilité atmosphérique, 
alors que les estimations relatives a l'évaporation sont dérivées 
d'une formulation de transfert massique; qui inclut une dépendance 
de la vitesse du vent et de la stabilité atmosphérique.' Une 
comparaison des estimations d'évaporation avec les valeurs

, 

-

l 

hebdomadaires et mensuelles du tableau de bilan énergétique IFYGL 
révelent une excellente cortélation. 

Le modéle comprend une méthode permettant d'éva1uer la V 

temPérature de l'eau de-surface d'aprés la chaleur totale du lac. 
Cette relation-représente un mécanisme de rétto-action fortement 
négative, et donne une contrainte qui emP3che'1'amplification_des 
instabilités numépiques. Pour l'évaluation des concentrations de 
glace, 1e modéle inclut aussi une relation simple, fondée sur le 
nombre cumulatif de degrés-jours de gel. Une comparaison des

l 

concentrations de glace prévues montre une excellente corrélation- 
avec les valeurs de tabulation d'Assel gt gl (19831 pour 1e lac 

. 1 , . .-, Ontario et le lac Erie. Une comparaison poussee avec des valeurs 
mesurées et des estimations antétieures montre que 1e modéle pent 
simuler exactement et efficacement le rayonnement quotidien et le 
bilan_énergétique de surface. .

'
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Le modéle a été utilisé pour évaluer 1e bilan 

énergétique et 1e rayonnement de surface quotidiens du lac Erié 
et du lac Ontario pendant la période l9S3—1983. Une étude 

- 
‘ 

-
» 

comparative montre qu‘i1 existe une bonne corrélation entre la 
chaleur totale estimative des lacs, et la chaleur totale 

déterminée grace a des mesures bathymétriques. Les calculs montrent 
qu'annue1lement 1e flux thermique de surface s'équilibre sur uné 

. /..
, période variant de trois 5 six ans pour 1e lac Erié, alors que le 

lac Ontario semble faire un gain de chaleur pendant la période de 
31 ans. Mais, ce gain est faible, et il se situe dans les limites 
d'incertitude des mesures de la chaleur totale. ‘Les résultats 
obtenus peuvent se comparer 5 la climatologie des températures de 
l'air aux stations météorologiques littorales, qui révéle une 

diminution de ces températures de l9S3 jusqu'a-la fin des années 
70, avec une faible augmentation depuis cette époque.

4 

Les résultats présentés ici décrivent les études 
climatologiques INRE, effectuées dé 1984 5 1987, et plus préoisément 
la modélisation des interactions air-eau flu hiveau'des J.» 

échanges thermiques de surface. Ce rapport final présente la 

synthése des résultats de la modélisation thermique, effectuée en 
vertu des-contrats MAS KW405—4—1340,'KW405-S-0531 et KW405—50532.
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(1983) and Scherzter (1987) for l.ak 

latter studies. Such studies indicate the magnitude and va 
energy balance components as well as some di 

I. INTRODUCTION
V 

The exchange of energy across an air-water int 
W erface is a fundamental mechan- 

_ ism in the formation and decay of thermal stratification of at water body and in knowledge of how water bodies moderate climate. Modelling this exchange may be accomplished by evaluating components of the surface energy balance equation. Neglecting minor energy gains and losses, such as from chemical and biological sources. the energy balance equation at the lake surface may be given as (Lain et.al., 1983): 
e

I 

a Q'—QH'-Qu'—Ql—Qi—Qu=° 
I11 Q‘ is net radiation, Q" is sensible heat flux, Q“ is latent heat flu q x. Q is the surface heat flux, Q, l_s ice heat flux. and QM represents minor heat flux terms such 

where 

as exchanges resulting from inflow and outflow of water into the lake and from pre- 
cipitatlon over the lake. Surface heat flux may then be evaluated as a residual term in eq.( 1). 

Evaluation of energy balance components for a lar e i k id g a e aeally requires measurement of individual components at representative locations at the lake sur- face. This is seldom possible except during specialized experiments such as the international Field Year for the Great Lakes (IFYGL). One must therefore model mean meteorological conditions at the lake surface by averaging meteorological data from adjacent shoreline stations. Computational techniques may then be applied to estimate radiation and energy balance components of eq.( 1). 
This approach was applied by Derecki (I975) for estimating monthly evapora- tion totals for Lake Erie (1950-1968) and, with some modifications, by Lam et.ai.' 

e Erie (lakewide and individual basins) for 1967-1982. The winter months of November to March were excluded in the two 
__riablllty of monthly 

fferences. it is difficult to determine,



.2. 

however. whether these differences are due to differences in how radiation and energy balance components were parameterized . or to differences in time period for which computations were performed. or to some combination therein. 
Few comparable long-term studies exist for Lake Ontario. although intensive 

measurements and calculations of energy balance components were performed dur- ing IFYGL from April. 1972 to March.i973 (Pinsak and Rodgers. 1981). Quinn and 
i den Hartog (1983) compared latent and sensible heat fluxes evaluated from solvin8 the energy balance components with other methods, such as estimates from the water balance equation and mass 
IFYGL E 

transfer models, with values recommended by the 
nel'€Y Balance Panel. These authors observed that evaporation estimates varied widely during the April to June period, but with only minor diiferences 

thereafter. These analyses indicate the potential sensitivity of some computational 
ques during certain portions of the year. although specific causes rem be identified. ' 

techni 
ain to 

it is also important to note that the energy balance comparisons performed with ll-'YGi. data were based on an extensive data base comprised of detailed over- lake measurements. Such detailed measurements are -not likely to be available on a routine basis. Thus, studies of the long-term behaviour of surface energy balance components will have to rely on modelling techniques that perform accurately for 
all times of the year and utilize crude. but routinely measured. meteorologicaldata. 
Objectives of the Study 

This study has two major objectives. The first objective ls to develop a model for evaluating daily values of surface radiation and energy balance components.‘ Many of the models appearing in the literature (some of which are described in Sec- 
tion 2 and 3) contain empirical and site-specific parameterizations that render gen- 
eral application diificult. The thrust of the present modelling eiffort has been to replace empirical and site-specific formulations with physical models (where
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possible) thus leading to a numerical algorithm with 'al gener application. Consider- 
able effort has been expended in ensurin th al g e gorithm is numerically stable, pro- 
vides accurate flux estimates. requires little computer time. and performs in all 
environmental conditions. Sections 2 and 3 describe model ‘development. Section 4 
describes model performance. 

The second objective is to apply the model to surface heat flux calculations for lake Ontario and Lake Erie (lakewide and individual basins) for the period 1953 to 1983 to evaluate the magnitude and variability of surface energy balance com- 
ponents and to compare these estimates, where possible, with estimates from other long-term studies. l
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2. MODE!-UNG Tl-IE ENERGY BALANCE AT A LAKE SURFACE 
The model to evaluate energy balance components consists of component algo 

rithms to estimate each term of eq.( 1). This section describes the deflning equations 
for each component. Section 3 describes how the model was implemented for calcula- 
tions and the required data sources. - 

i

l 

2.1. Net Radiation 

Net radiation ls a dominant" term of the surface energy balance of large midlati- 
tude lakes such as Ontario and Erie (Pinsak and Rodgers. 1981). it-is also the most 
difficult term to model because it is strongly dependent on the state of the atmo- 
sphere and the underlying surface.. it will seldom be possible to prescribe these con-‘ 
ditions. especially cloudiness. precisely. 

Models of net radiation are derived by partitioning net radiation Q’ into its com- 
ponents: 

Q.!(1e-v°Is)Kp+l-0“!-r*¢.W7§ 
[2] where as ls the albedo for shortwave radiation. Kb is the incoming shortwave radiation 

at the ground surface, Ln is the incoming longwave radiation-. L, is the (upward) 
reflected longwave radiation, ¢_; is the surface emissivity, a is the Stefan-Boltzmann 
constant (5.67x10" Wm'2K"‘), and T; is the surface temperature (K). The first termton 
the right hand side of eq.(2) represents the net shortwave radiation (0.3 pm 5 A 5 4.0 pm). The re_m_aining terms represent the net longwave radiation (4.Q;1m 5 X 5 l00pm). Kp is the sum of a direct-beam component S and the downward diffuse 
flux D. Eq.(2) may then be restated as: 

Q’-(1-as)($+D)+Lp-I-r*¢svT§ ' 

[31 
Evaluation of Q'was based on a term-by-term evaluation of eq.(3). ’
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2.1.1. Shortwave Radiation 

Shortwave radiation-atmosphere interactions are complex: they include spectral 
absorption by atmospheric gases. multiple scattering by air molecules, aerosols-. and 
clouds. and spectral reflection at the Earth's surface. A variety of models have been 
proposed to evaluate radiative fluxes incorporating these processes. They range in 
complexity from detailed numerical solutions of the radiative transfer equation 
(Bergstrom and Viskanta. 1972; Braslau and Dave, 1972; Liou. 1973, 1980) to simple 

_stat_isticai relationships based on one or two parameters such as relative sunshine 
duration (Angstrom. 1924. 1956; Mateer, 1955; Davies, 1965; Driedger and Catchpole, 
1970) or cloudiness (Laevastu. 1960; Kimura and Stephenson, 1969). 

Models based on detailed numerical solutions 
have the advantage of incorporating all processes aifecting the radiative transfer pro- 

of the radiative transfer equation 

cessr The primary disadvantages are the requirements of; (i) extensive computing 
resources and (ii) detailed knowledge of vertical profiles of atmospheric composition. 
Radiative transfer algorithms have, for the most part, found application to theoretical 
studies of changes in the radiation balance of the Earth-Atmosphere system when it 
experiences a change in composition. Application to studies where radiation fluxes 
must be repeatedly evaluated remains largely untested. 

Simple statistical models. on the other hand._ require little computation but are 
generally suited to monthly time periods (Davies, 1980) and involve coefficients that 
are site-specific. Little confidence can be placed in these models for providing accu- 
rate flux estimates over short time periods such as a day. ' 

. The shortwave radiation model developed in this study (the Delta-Dz model) is a 
blend of these two extremes. it represents av modification of the more general 
Delta-.DM model of Sawchuk (1983) to evaluate daily totals of shortwave fluxes 
(direct-beam. upward and downward diffuse fluxes) at the ground surface accurately 
and efficiently. Multiple scattering by air molecules, clouds. and aerosols i_s accounted
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for. as is spectral absorption by ozone and water vapour. The model includes partial cloudiness and provides a realistic treatment of boundary layer aerosols. 
The Delta - D2 algorithm represents a two-term discrete ordinate solution to the 

radiative transfer equation for diffuse shortwave radiation in a scattering and absorb~ ing atmosphere. The heart of the Delta-D; algorithm is an algorithm termed the homogeneous Delta-D; for evaluating radiative flux es in a homogeneous. atmo- 
sphere. Evaluation of shortwave fluxes in a vertically inhomogeneous atmosphere 
containing multi-layer clouds and one or more aerosol species may be evaluated by resolving vertical profiles of atmospheric composition into layers that are homogene- ous with respect to composition and into spectral intervals across which gaseous absorption is eifectively constant. Spectraily integrated fluxes are then oi btalned by applying the homogeneous Delta -"- D; algorithm to each layer-spectral interval combi- nation and surning the results. 

Z. 1. 1. 1. ‘The De_Ita—"D; Model for a Homogeneous Atmosphere 
Model description may be simplified by first considering radiative transfer in a homogeneous atmosphere where atmospheric composition is everywhere identical. The solar beam is assumed to be incident at the top of the atmosphere from an angle 0 from the local vertical. 

The radiative transfer equation defining the diffuse intensity in a homogeneous, atmosphere is then (Chandrasekhar, 1950); 
.

' 

_ 2: +1 
- -1<w>+% f f ml.¢;»'.¢'>1<¢.pw>dwd¢' :41 0 -I 

t 

+-_‘;’$po.¢:»..¢.>exp<-»/».> 

where l(r.#.¢) is the diifuse intensity along direction (/4. 'h ¢) w ere p -.cos0 and ¢ is the azimuth angle, 1 is the optical depth 
' 

is th ,0, e single scattering albedo, and p(;i.¢; p',¢')
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is the scattering phase function describing the angular distribution of radiation scat- 
tered by an elemental volume of atmosphere. The optical depth. single scatterin 
albedo‘, and scattering phase function are the optical properties of the atmo

E 

sphere 
and are determined from, e.g. Mie theory. when the physical characteristics of the 
atmosphere. e.g. aerosol number density. complexindex of refraction. are specified. 

Physically, the first term on the right hand side of eq.(4) representsithe attenua- 
tion due to scattcring and absorption along direction (p,¢). The second term accounts 
for the contribution of multiple scattering of photons into I(r.;;.¢) from all directions 
(p'.¢') while the third term accounts for those photons scattered directly from the 
solar beam at direction (p,.¢,,)._ Equation (4) therefore describes the net gain in diifuse 
in_tensity along direction ’(p,¢).-

‘ 

Equation (4) may be simplified for flux computations. First, the scattering phase 
function may be approximated as an M -term series of Legendre polynomials:

M 
po.¢;~'.¢'>—E~m<<=os¢.> 

rs] 
I: -0 

where Pi¢(COS¢_¢,-) is the Legendre polynomial of order k. ab; is the scattering angle (Fig. 
2.1) between (14.48) and (p'.¢'), and wk are the. phase function moments of P(p,¢;[l",¢') with 
respect to Pk. 

Second, when the scattering phase function is approximated by eq.(5). I(r,;;.¢) can be expanded as an M -term Fourier cosine series (Chandrasekhar. 1-950): 
M

. 
~ 

1<1.».¢>= Z‘ ri<1.,i.¢>=<>su<<¢' -¢>1 
l n 161 iii-‘O 

Only the I, term of eq.(6) contributes to the flux. Substituting eqs.(S) and (6) into 
eq.(4). and integratin over azi h g _i smut yields the azimuthally-averaged radiative transfer 
equation for the diffuse intensity:

-
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Figure 2.1 - Definition of the scattering angle (Raschke, 1978). Angles 0 and 9 denote zenith and azimuth angles; respectively, while subscripts i and s denote incident and scattering directions, respectively.
. 

I _+l 
8l(r ) ' we M-I l

~ 1»?-" =-1<¢.»>+_71<r.#>g~iPi<#>Pi<w>d~' 
[7] 

wo(77Fa) / 
M_1 

P P , 

4, expc-r to gwk k(#) *k(I1a) 

‘where the subscript o has been omitted for clarity.
V 

A variety of techniques have been proposed to solve eq.(7) (Lenoble, 1977). One 
technique that has been extensively analysed and shown to possess several advan- 
tages from the point of view of both accuracy and computational efficiency, is the 
discrete ordinate method (Sawchuk. 1983). This method consists of approximating 
the integral term of eq.(7) by a Gaussian integration formula: 

+1 ' 

I f /<#>d#=:§_;1wim1i> ‘I81 
. 

'1 ' 

where the wk are weight functions and the pk are the abscissas. or points of division on
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[0,1] (with symmetric points on I-1.01). at which the function is to be evaluated. The value chosen for M is a balance between accuracy (obtained with large values of’ M) and computational efficiency (obtained with small values of M), in general, the amount of computation is proportional to M3. and for this reason it is desireable to keep the value of"M as small as possible. Sawchuk (1983) has shown that the two-point integra- 
tion formula has an accuracy of better than ten percent compared to higher values of 
M, e.g. M = 16. in this study, Mis chosen to be 2 leading to a two-point, or ‘two-stream’. 
formula. Section 2.1.1.2 describes how two-stream formulae may be modifiedto per- form well for all conditions. For the two-point formula. w -w -1 +1 -1 .- Wh"¢ 0+1 ‘=75 and fl_| - -5 (Abramowitz and Stegun, 1972). 

Repeated application of eq.(8) to eq.(7) by setting p in eq.(7) equal to each 
abscissa yields a pair of coupled linear differential equations defining downward (p 1) and upward (/44) diffuse intensities: 

1) 
(70/11) + (7I/1-1‘) + Exp I50) 

dl(r-14-1) - -Ul(r-#1) - Vl(r-:1-1) - QeXP(‘-r/up) 
[101 

where 

u-5,(1 +341) ,2 

v-5.<1-%¢) 
- 3 ' 

P-Qofu +'% 
-'- 3 Q-~.ru -%> 

f - (#3)/Zfl 

and where g .- is the asymmetry factor.
1 

Solution of equations (9)-(10) is straightforward. Application of matrix tech-

I 

nlques. for example. yields: '



I A- 

H -10- 

l(1.m) nkie“ -I-¢=Rl=e"" +¢exp(—r/1:.) 
Q I111 ' 

l(7,[l_|) =C]R2Ex'+CgR|E-x"|>fiEXP(-T/14¢) 
i 

[12] where 

X -VU2 — V2 

Rl ==§$(vl +(U+ V)x") 

R; -56(l —(U+ Wk“) 

¢_-I-P043‘ -U)-VQl/D 

fi=[Q#§' +U)—VPl/D 

D - V2 - U2 +p;;2 
and c1.c2 are constants.

'

l 

For the two-stream approicimation consid d 
eigenvalues and the columns of th 

are the con-es 

ere in this study, ix are the two 
e (2><2) matrix R: 

R1 R2 
.R - R; R 1 

pohding eigenvectors. Letting A be the diagonal matri __X 
- 

exp(>.¢) 0 

and c a column vector with el 
matrix equation: 

I 
0 ¢XP(—>J)] 

ements c 1 and C2, eqs. (I 1) and (12) can be expressed as a 

I(r.11)=RA¢+eXp(‘—1/u.)P 
"

- 

where p is a column vector with elements a and 
side then represents the hornogeneo l 

,6. The first term on the right-hand 
us so ution and the second term represents the 

particular soluti 

deterr_ni_ned up to some arbitrary constant. 

on. Mathematically, c|,c; arise because eigenvecto rs can only be
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Sincethere are two constants. a pair of linear equations defining c 1 and rs; are 
required to solve forthem. The equations defining these constants are obtained from 
boundary conditions for dilfuse fluxes at the top and base of the atmosphere. 

‘ 

At the base of the atmosphere. the upward diffuse intensity is assumed to be pro- 
portional to the total incoming (direct + diffuse) intensity and surface albedo: 

1<¢.»-1>-="7‘<r»+s> e 

1131 

where I-‘D is the incoming diffuse flux at the base of the atmosphere (eq.[ 15]) and S is 
the incoming direct beam solar radiation at the base of the atmo sphere ( eq.[17]). 

top of the atmosphere, the direct beam radiation is assumed to be the onl 
Al the

y 
incident radiation: 

_ l(t=0-m)",-0 
Y [14] 

Equations ('13) and (14) constitute a system of linear equations defining c 1 and C2 
and may be solved by conventional Gaussian elimination methods. 

Upward F0 and downward '1-‘D diffuse fluxes are obtained by integrating intensities 
over zenith and azimuth directions:

i 

2: +1 

I F»-f f '_(T-I‘i)IldI1d¢ -= =1<1.i¢,) us] O O 

2:0
» 

i 

r.,=- f [(7-ll-i)I4dI1d¢ - -»1<1.i-i> us] 0 -lo 

The extinction of the direct beam radiation is described by the Beer-Bouger- Lam- 
bert law and is given by". M 

Sv-I_4o(l'_Fo)eXp(-7/ 
I 1 7]
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2. 1.1.2. Application at the Delta—MMethod 
Extensive numerical testing of several low order (e.g. M -2 or 4) radiative 

transfer models indicates that all algorithms experience numerical diificulties when 
5,->1 (quasi-conservative scattering), g->1 (increasing forward scattering) and/or 
some combination of these two cases. One expression of these numerical difficulties 
are negative fluxes for some combinations of optical depth and solar zenith angle (e.g. 
Liou. 1973). 'l'hese observations would appear to preclude application of low-order 
radiative transfer algorithms to real atmospheres. which would be the most useful 
from the viewpoint of computing times. I

e 

Joseph et.al. (1976) and Wiscombe ( 1977b) have demonstrated. however. that it is 
possible to extend the range of the Eddington approximationia two.-term spherical 
harmonics solution to the radiative transfer equation). and thus any radiative transfer 
algorithm to all (Jug) combinations. even to non-absorbing, highly asymmetric. scatter 
such as by cloud droplets at visible wavelengths. This extension to all (§,,g) combina- 
tions was made with the DeIta—_M method (Wiscombe. 1977b). ‘ 

The DeIta—M method provides a rational basis for transforming a highly’asym- 
metric scattering problem to an equivalent transfer problemwith reduced values of 5, and g for which most radiative transfer algorithms, including two-term approxima- 
tions. perform well. The essence of the Delta-Mrnethod is that the large forward peak - 

in the scattering phase function associated with large particle (e.g. aerosols. and cloud 
droplets) is truncated by an amount I} which depends on both the order of approxi- 
mation Mand the scattering phase function used to represent the scattering process. 
For the Henyey-Greenstein phase function. which has been shown to simulate Mie. 
scattering well (Hansen, 1969) (and which is used in this studY) and the M -2 discrete 
ordinate solution described above, f; — Q2. 

in iPPlic'ation. the Delta-M method consists of simply scaling the optical proper- 
ties describing the transfer problem and applying these scaled parameters in place of
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the unscaled parameters in the radiative transfer equation. The scaling relationships 
for two ‘term solutions to the radiative transfer equation are: 

0' =-a/(1 +4) 
1181 5.'-<1-rs);/<1—5.r,> 
[191 ' 

f '='(l -wok)? 
[201 

where g’ is the scaled asymmetry factor, 5,’ is the scaled single scattering albedo. and 
r’ is the scaled optical depth,

_ 

Extensive numerical testing by Joseph et.al. (1976). Schaller (1979). and Sawchuk 
(1983) indicates inclusion of" the Delta-M method can lead to (often) dramatic 
improvements in flux estimates. When the Delta-M method is combined with the 
two-term‘ discrete ordinate approximation of Section 2.1.1.1 (thus leading to the 
Delta-“D; approximation). where one can take advantage of numerous symmetries, 
one obtains both accuracy and computational efficiency. 

2. 1 . 1 .3-. The Multl-Layer Component 
The real atmosphere ls characterized by vertical inhomogeneities such as aero- 

sols, clouds (possibly at several altitudes), and varying concentrations of spectrally 
absorbing gases. The Deltd—D; model may be applied to this vertically inhomogene- 
ous atmosphere by first resolving the solar spectrum into spectral intervals across 
which the gaseous absorption coefficient is effectively constant and second, by resol_v- 
ing the vertical profile of atmospheric composition into layers within which atmos- 
pheric composition is eflectively constant. Spectrally integrated fluxes are then 
obtained by applying the Deltas-D; model to each layer within a spectral interval to 
obtain spectral fluxes (in practice. quasi~monochromatic fluxes). Spectral fluxes are 
then summed to obtain diffuse fluxes integrated over the solar spectrum. This pro- 
cedure entails two distinct sub-algorithms‘: calculating shortwave fluxes for a single - 

spectral interval (the ’multl-layer formulation’), and subdividing the solar spectrum 
into spectral intervals (the ’multi-spectral formulation’).
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The multi-layered atmosphere is shown in Figure 2.2. 
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Flgure 2.2 - The multi-layer atmosphere (Sawchuk. 1983). 

it has been subdivided into homogeneous layers acro ‘h ss w, ich 5', and g are constant 
The solar beam, wit_h incident flux density equal to a-F, enters the atmosphere. at an 
angle 0, from the local vertical. The ground surface is assumed to reflect radiation l_so- 
troplca_l_ly.wlth_a_l_bedo_ 0;. Layer numbering begins at the top of the atmos 
layer quantities are indicated by superscriptas within 

phere while 
parentheses. For example. 1"‘)
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indicates total optical depth from the top of the atmosphere to the base of the k-th 
layer while Ar“) represents the optical depth of the k-th layer. The homogeneous 
Delta-Dz is applied to each layer to obtain the homogeneous solution (W), RY‘). R5") 
and the particular solution (a("),p(")). "

A 

_ 

The system of equations defining the ck for each layer are obtained from boun- 
dary conditions for diffuse intensity at the top and base of the atmosphere and con- 
servation of energy at layer boundaries. A two-layer atmosphere will illustrate the 
process. There are four constants in all. Therefore, four equations defining the ck are 
required. 

The first equation states that the direct beam solar radiation is the only radiation 
incident at the top of the atmosphere, i.e.._ there is no diffuse radiation incident at the 
top of the atmosphere: 

V 

!("=0-#1) *0 t 

a [21] 
The second ‘equation states that the downwelling" diffuse flux at the base of the 

first layer equals the downwelllng dllfuse flux at the top of the second layer: 

1"><1">.m - 1‘=><#=>.m> 
[22] 

while the third equation states that the upwelling diffuse flu_x at the top base of the 
first layer equals the upwelling diffuse flux at the top of the second layer: 

I‘»”(1"’-n-1) - I‘2’(1“’-u-1) [23] 
The last equation specifies the upward diffuse intensity at the base of the atmo- 

sphere:
. 

I 
, 

I<=><1<*>.»-.> =-¥[1‘=.><1‘=>.».> +¢.<»r.>=""”~] j 1241 

y 

sllbstllllllflfli ¢XPl'¢S$l0n$ fbf I(1.ml8nd l(1-ll-1) (eqs,.[1i1] and [12]) yields a system 
of linear equations defining the Cgi

.
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A c=- b [25] 
Where ' 

I RS1) RS1.) Q Q A5 Rsl)¢] R§"e_1 -Rs2>8g -R?)¢_g. 
R§”¢1 Rln¢-1 

V 

-R982 -Rifle-2 
0 0 S 

(R?)-¢IsRl2))¢2 (Ri2)“¢sR?))¢z 4 

I exp~(_,<1>/,,°)[,,,<2)_,,(1>] 

0(1) “ 

eX1>(~r/:1.) [am —fl‘"] 
b E 

11 1rF 
6XP(-1'/#¢)[¢s[¢¥m + -5”] 

Cs [c§", cfi". cFl.c?l]T;. eye exp(=g)t(/'1), and the superscript Tdenotes the transpose. 
The order of the system of equations defined“ by eq.(25) can become large even 

when the number of layers is kept to a minimum. The coelficient matrix A, however, 
has a special structure: it is a banded matrix. For the two-stream approximation used 

K 

in this study. the number of non-zero diagonals is five, leading to a penta-diagonal 
system of equations. Sparse systems of equations may be solved efiiciently and accu- 
rately with well-written subroutines, e-.g. the International Mathematical and Statistical 
Library (IMSL), that take advantage of the sparse structure (e.g. Wiscombe, 1977a). A 
similar method, but one which reduces the computations much further. is applied in 
this study. it makes use of a block-tridiagovnal solution to eq.(2S). it is essential that- 
eq.(2S) be solved accurately and efficiently. because integrated fluxes for one solar 
zenith angle are obtained from solving eq.(25) for each spectral interval that the solar 
spectrum has been subdivided into (Section 2.1.1.4). 

l

~
u
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The block-tridiagonal solution evaluates the LU decomposition of A by organis 
ing as a tridiagonal matrix where each element is an M x M matix (block): 

A‘ C‘ 
bu) Bz 4: €z- 5(2) A 2 0 0’ 0 g n 

. . . hm 
A 8,, A, 

where thevA,.- 8;, and Ci. are square matrices of order M. and the bi” are column vectors 
each with M elements. The vector of unknowns cm is assumed to have this same parti- 
tioned form. The LU decomposition ofA has the form (lsauccson and Keller. 1966): 

A-L-U 

A1 _ I, r, 
B2 A; - '2 112 

.=. 33 A3 . . .- 

. . 
_ 

- 1~(,,_,, 

3;, An In 

where the I, are identity matrices of order M, and the 2, and I‘, are square matrices of 
order M. The definition of A, L. and U provides a recursion relation for evaluating the 
A‘

' 

A,-=-A1. r, -Ii;-'-c, 
[261 

A);=A|,—B),l"(k-1). k==2.3. "'JI 
[27] ‘-1 Pg-Ag ‘Cg, k='Z.3,"',(II-*1) 
[28] 

The solution stage involves two steps: (i) first solving: H 

l.-y-.-b 
[29] 

by forward substitution. The vector y has the partitioned form of b and c. The recur- 
sion relation is":
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ym_A;1. bu) 
[30] 

ya) -15‘ [baa _ 3k.y<k+-1)] [31] 

The second step involves solving 

- 

’ 

U-c - y [32] 
Equation (32) is normally solved by recursion. although the important observation is 
that. c("’ 1 yi"). When only surface fluxes are required, as in this study, the c, required 
for evaluation of surface fluxes are available when the last layer has been processed. 
Thus. the back substitut_l_on step (eq.[32]) can be obviated entirely (this step normally 
entails approximately one. quarter of the time required to solve a system of linear 
equations). 

Equations (26)-(32) highlight other advantages of the block-tridiagonal solution. 
First, the B, are lower-half zero, while the C, are upper-half zero. This reduces matrix 
products by a factor of two, in eifect saving a matix-matrix product for each layer. 
Equations (26)-(32) can be coded in a form that avoids calculating inverses explicitly. ’ 

For example. eq.(28) can be re-written as: ' 

’ Am, i.I' Ck 
Evaluating Pk by solving this system of equations is both quicker and more accurate 
than finding I and performing an additional matrix-matrix product. in addition. by 
computing the LU decomposition of it one obtains a rapid solution for the y"‘), since 
eq.(30) may be re-written as eq.(28) was. Thus, both eq.(28) and (30) may be solved by 
computing the LU decomposition of A; once and only once. Sawchuk (1983) list 
several other advantages of the block-tridiagonal solution. One important furt_h_er 
advantage is described in Section 3.3. l 

2. 1.1.4. The Iviulti-Spectral Component 
it is crucial to compute spectral fluxes efficiently. because spectrally integrated 

fluxes entail solving eq.(2S) for as many spectral intervals as the solar spectrum has
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been subdivided. Because of the highly oscillatory nature of gaseous ab$O1'Ption 
coefficients, a sufiiciently detailed subdivision would require on the order of several 
thousand spectral intervals. Clearly. processing thousandsof spectral intervals to 
evaluate (integrated) fluxes for one solar zenith anglewould lead to prohibitive com- 
puting times. Therefore. a method for reducing the number of spectral intervals must 
be implemented to render computations feasible. The 'multi-spectral’ component 
identifies the precise manner in which the solar spectrum is subdivided. 

in the solar spectrum, water vapour and ozone are the principal absorbing gases. 
These gases are also spectrally separate and this observation leads to a major subdivi- 
sion of the solar spectrum into two maior bands at 0.83 ;ll'i'i. Wavelengths less than 
0.83 pm will be referred to as the visible band, wh_lle wavelengths greater than 0.83 pm 
will be referred to as the near infrared band. » 

For the near infrared band, this study has applied the wing scaling tapproximation 
of Chou and Arkihg (1981) to reduce the number of spectral intervals to a minimum 
(=-9) while retaining high ac_curac'y. 

Briefly, the wing scaling approxirnation seeks to approximate the spectrally 
dependent gaseous absorption coefficient k,(p.7), where p is pressure and Tis tem- 
perature, as a function of" some (ideal) reference pressure pi and reference tempera- 
ture T,. That is: 

"w(.P-T) == l<»('P» 7}) [33] 

where t is a scaling parameter (0 5 :5 1) to account for the non-sa_turation at the line 
centre. T,. p,, and t are empirically chosen to minimize the difference k,,(p.T) and 
k,(p,,T,). Chou and Arking choose p,-=300mb. T,==240K. and t-0.8 on the basis of 
sensitivity tests. 

4 . 

Molecular line data of McClatchey et.ai. (1972) were then used to compute 
k,.(p, - 300 mb. T,=240K ) at 472,000 wavelengths between 0.83 um and 4.0 pm. This
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wavelength range includes the flve rnalor water ‘vapour bands centred at 0.94 um. 1.14 
pm. 1.38 pm. 1.87 pm, and 2.7 pm. Distribution of absorption coefficients were then 
tabulated for each absorption band and the entire near infrared band at equal inter- 
vals of A_Iog(k,) -=0.e3 for log(k,) --5.0 to log(k,) -3.7. By noting the incident 
shortwave flux associated with each Alog(k,). and by dividing the shortwave flux con- 
tained within Alog(k,,) by the shortwave radiation incident over the entire absorption 
band, a "set (i.e. distribution) of weights (fractions) and absorption coefficients k. is 
obtained for both individual absorption bands and the entire near infrared spectrum 
is obtained. Sawchuk (1983) applied these tabulated data of Chou and Arking (1981) 
to reduce the number of spectral intervals within the near infrared spectrum to only 
nine. 

‘Sawchuk (1983) applied a similar technique using low resolution (2_0 cm") 
transmittance model LOWTRAN 4 (McCiatchey' et.al.. 1974) to parameterize ozone 
absorption across the visible spectrum 0.2 pm to 0.82 pm with only nine spectral 
intervals. Weights and absorption coefficients for each of the 18 spectrals are given in 
TABLE 8.2 (Appendix B). V

. 

Chou and Arking (1981) have demonstrated excellent agreement between the 
wing scaling aiiproximation and line-by-line calculations, which may be considered 
the most‘ accurate that may be performed within the limits of uncertainty of -line 
parameter data. in addition. Sawchuk (-1983) demonstrated that the nine" spectral 
interval bands described above were superior to other methods of representing the 
distribution of absorption coefficients.

0 

Reflected shortwave radiation is evaluated from the product of the incoming 
shortwave radiation and the surface albedo. The albedo of the water surface is 

assumed constant at 0.08 for both visible and near-infrared bands. The albedo of ice
0 

is set‘ at 0.75 for the visible band and 0.45 for the near infrared band. These values 
were determined from spectral values of albedo for snow tabulated by McClatchey
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eaal. (1972). Reflected radiation integrated over the solar spectrum were then 
obtained by areally weighting water and ice surfaces. 

2.1.2. Longwave Badiation 

Evaluation of longwave radiative fluxes is simpler than for the shortwave case 
because multiple scattering effects are small and may be neglected. in addition, 
infrared transfer is dominated by absorptionand emission processes and these are 
easily parameterized in terms of the _Stefan- Boltzmann law, 

incoming longwave radiation at theground surface Lb may be viewed as being 
comprised of two terms: a clear-‘sky component L, originating from emission by water 
vapour, carbon dioxide, ozone. and other trace gases. and a cloud-aerosol component 
I-cm ~ 

lo '=' Lo "' I-CH 
. [34] 

The clear-sky component is easiest to model and a variety of empirical expres- 
sions for L, have appeared in the literature (Brunt. 1932; Swinbank. 1963; ldso and 
Jackson, 1969; Brutsaert. 1975; Satterland. 1979: Idso, 1981). These statistical models 
represent 1., as simple functions of surface air temperature and vapour pressure, 
except the Swinbank and ldso and Jackson formulae where 1., is a function of air tem- 
perature only. Swinbank’s relationship. for example, is: 

L,-5.-31xl0'“T§_ (Wm'2) ' 

[351 

Paltridge and Platt (1976) observe that eq.(35) was derived by Swinbank from 
predomi'nantly‘nightti_me conditions which are likely to be associated with inversion 
conditions. During daytime. when lapse conditions predominate. the actual centre of 
gravity temperature is lower relative to screen temperature and eq.(3S) overestimates 
observed radiative fluxes by approximately 20 Wm“: (winter) to 30 Wm‘?-(summer) 
for midlatitude stations such as Aspendale, Australia. Paltridge and Platt (1976) con-
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clude that eq.(35) provides good estimates of L, if daytime estimates are reduced by 
an average of 20 Wm‘2. Unfortunately. these authors do not indicate the correction 
factor to be applied when daily values of L, are computed from the dailyemean T;-. as in 
this study. 

; 
There are other problems associated with application of simple statistical 

models for longwave fluxes. For example. most expressions, as eq.(35) illustrates, are 
power functions or polynomials that perform well near the centre of gravity of the 
data from which the relations_hi_p was determined but may deteriorate at higher or 
lower temperatures. Most authors simply do not state the range of validity appropri- 
ate for their model. Some models, e.g. Brunt (1932) and ldso and Jackson (1969). con- 
tain constants that are site-specific and thus not strictly applicable to locations other 
than that for which they were developed. Finally, none of these simple‘ models 
attempt to incorporate the effects of aerosols. Aerosol effects on L, may be small in 
some circumstances. but there is a growing body of experimental (Rouse et.al.. 1973; 
Dairymple and Unsworth, 1978) and theoretical (Welch and Zdunkowski. 1976) evi- 
dence. which indicates that these effects are not insignificant. These studies suggest 
aerosols may contribute from 30 to 60 W m"*' to L, The lower Great Lakes straddle the 
industrial heartland of Canada and the United States: aerosol effects on both the 
shortwave and longwave spectrums must be significant. 

These problems frustrate attempts to apply simple models for L, generally and 
lead to the developmentof a physically-based model for L, for this study’-. although it 
may be applicable to other geographical regions. 4 

Z. I 1 - Clear-Sky Formulation 

The physical basis for the model of L, developed in this study is that the atmo- 
sphere radiates as a blackbody outside the window region (8.3 pm 5 x 5 12.8 pml (Pal- 
tridge and Platt. 1976). Then, '
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1-. =~ (1 -’ flT)v'l1 (Wm") I361 

where T, is the radiating temperature (K) of the atmosphere. and flis the fraction of 
the Planck curve within the atmospheric window at temperature T4. f». a function of 
temperature. is routinely required for evaluation of L, and Lag". An eificient evaluation 
of f; was developed by first integrating the Planck function between 8.3 and 12.8 pin 
‘from T4 ==100 °C to T4 = 100 °C in steps of AT, _==5 °C (1-ioughton. 1986 (p.236-237)). 
These values of fis== I(T4) were then fit to as combination of Legendre polynomials of 
order 0 to 3 inclusive to obtain a third order polynomial: 

» fr--4o+7'(A1+7'(Az+As7')) [37] 
where T’ is the scaled temperature:

_ 

1 TA ‘ 

Equation (38) scales T4 to the interval [-1.1-1], as required for evaluation of Legendre 
polynomials. which are the basis functions of eq.(37).- The value of T4 applied in 
eq.(38) must be repreisentative of the centre of gravity ternperatuere of the radiating 
atmosphere. Following Paltridge and Platt (1976). these altitudes are assumed con- 
stant at 300 m in summer and 200 m in winter. 

Comparison of values of fir computed from eq.(37) and numerical integration of 
the Planckcurve reveals root mean square errors of 0.0012 over the temperature 
range [-100°C.l00°C];- the root mean square error decreases to 0.00087 over the tem- 
perature range I-40°C, +40°C] where the majority of fp evaluations will be made. 
increasing the order of approximation i_n_ eq.(37) does not appreciably reduce root 
IIICEII square €l'l'Ol'S. 

Equation (36) will underestimate L, because‘ f} includes emission by ozone at 9.1
h 

pm and 9.65 pm. The 9.1 pm band is only partially absorbing. Kondratyev (1965. p.130) 
suggests this band extends from approximately 8.97 pm to 9.17 pm with a mean
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transmission of approximately 0.55. The 9.65 pm band is much more intense. it 

extends from 9.4 pm to 9.9 [llh with a mean transmission of 0.05. Legendre Polynomial 
approximations were developed for both bands, as in eq.(37). Coefficients for 

estimating each of the three portions of Planck curve are given in Table D3 (Appendix 
D). 

in the presence of aerosols. radiation emitted by gases will be scattered by aero- 
sols. To a first approximation, it was assumed that the asymmetry factor could ade- 
quately describe the transfer to the ground surface. The asymmetry factor depends 
critically on the type of aerosol and relative humidity. The urban aerosol model pro- 
posed by Shettle and Penn (1979) was assumed to best represent aerosol conditions 
over the lower Great Lakes. These authors surveyed amd merged direct measure- 
ments of aerosols from several different environments to obtain models of physical 
and chemical properties for several aerosol species, e.g. urban. marine. continental, in 
the atmospheric boundary layer. These authors then applied Mie theory to evaluate 
optical properties for each aerosol model as _a function of relative humidity and 
wavelength for both solar and infrared spectrums.

_ 

- in the infrared spectrum. the spectrally-averaged asymmetry factor might be 
assumed to be heavily weighted to the value nejar ll pm, as the bulk of emitted radia- 
tion will be at these wavelengths-. as Wien's law demonstrates. it was therefore 
assumed that the asymmetry factor at ll pm best described the average asymmetry 
factor in the infrared spectrum. A Legendre Polynomial approximation for the 
infrared-averaged asymmetry factor gm as a function of surface relative humidity was 
determined as: 

0||t=¢o+U'x(@1+U'n(flz+¢3U'n)) [39] 

where U’; is the scaled relative humidity,
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o zu -99 
a 0'.-—§9.— [401 

where U3 is the relative humidity (percent). and the a, are tabulated in TABLE D.4 
(Appendix.D). - 

2.1.2.2. Efiects oi‘ Clouds and Aerosols 

Evaluation of longwave emission from clouds and aerosols is more diificult 
because fluxes depend explicitly on cloud-base temperature and liquid wate_r content 
of cloud and on aerosol species. 

' For aerosols, spectral values of optical properties tabulated by Shettle and Fenn 
were applied to approximate radiative transfer. To a first approximation, it was 
assumed that aerosols contribute to LD through emission at window wavelengths: 

I-H». fl-=m1‘i. [411 
where e" is the aerosol emissivity averaged across the atmospheric window, and TH is 
the mean temperature (K) of the aerosol layer. Radiation emitted outside window 
wavelengths may be assumed to be completely absorbed by atmospheric gases. 

Since the single scattering albedo defines the ratio of scattered radiation to total 
radiation attenuated for an individual scattering event, 

Following Hunt (1973). it was assumed that the value of Z», at xi - ll pm was representa- 
tive of the entire window region. Values oft}, at 11 pm for relative humidities ranging 
from 0 to 99 percent (Shettle and Penn. 1979) were used to derive a Legendre Polyno- 
mial approximation relating (l -5,) to relative hu_m_idity. as in eq.(39). Coefficients are " 

given in TABLE D.2 (Appendix D). 

Clouds are often assumed to radiate as blackbodies, although this is not likely to 
be true for thin clouds such as Cirrus or, more generally, for clouds with low liquid 
water contents (Stephens. -1978a). Stephens (l978a) has demonstrated that cloud
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emissivity ¢¢ is approximately an exponential function of cloud liquid water content. 
Stephens (l978a) has parameterized ¢¢ at window wavelengths for downward emis- 
sion as: l 

‘ 

. ¢¢= 1 _—exp(-0.1 16 W) [431 
where Wis the total liquid water content (g m'2). Assumingthe cloud contribution to 
1., to be that emitted at window wavelengths. cloud emission may be approximated as; 

I-c fawn 
, [441 

where T315 cloud base temperature (K). Evaluation of Wis described in section 3.2.1. 
The net efiect of cloud and aerosol emission Lg, will be less than the sum of L" 

and L¢ because some of the radiation emitted by the cloud will be attenuated by the 
aerosol layer. Short of developing a radiative transfer algorithm to determine the 
joint effect, it was assumed that La” could be modelled as the sum of radiation emitted 
by the aerosol layer plus cloud-emitted radiation transmitted by the aerosol layer. 
The small optical depths of the haze layer at window wavelengths suggested the 
transmission of cloud emitted radiation through the aerosol layer could be approxi- 
mated by Beer’s law: ' 

Km) - I¢eXp(—m_/n.) [451 
where 1-“ is the optical depth of the aerosol layer averaged across window 
wavelengths. I, is the radiation emitted by cloud. and p, is the cosine of the zenith 
angle of incident radiation. Clouds will emit radiation in all directions so that incom- 
ing radiation at the top of the aerosol layer cannot be strictly considered a collimated 
beam as. for example, the solar beam.» Therefore, p;;' was assumed constant and set

H 

equal to 1.66. which is approximately the mean value of the cosine of the zenith angle 
over the range [0, 90]. ‘ '

. 

Aerosol oPtlcal depth was computed from data for the urban aerosol model of 
Shettle and Fenn (1979). By definition. optical depth is given by an integration over
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altitude of the extinction coefficient. When the extinction coefficient is constant with 
respect to altitude. a_s assumed in this study, optical depth may be determined from: 

Tn ' (En)nn X Du [4 5] 

where D“ is the depth of the aerosol layer (km), and (E,,),;p is the extinction coefficient 
at ll pm corresponding to an aerosol particle density of ND particles cm'3. 

Shettle and Fenn (1979) provide extinction coefficients for a number density of 
20.000 cm‘? and tables with particle number density as a function of visibility and 
relative humidity. The number density tables are set as a bi-cubic spline function 
which estimates particle number density ND as a function of ambient visibility (km) 
and relative humidity. The corresponding e_xt_i_nction coeificientv is then computed 
from: ' 

(‘E;¢_)_u|> - ' (5n)Nn - 20.000 [4 7] 
'

i 

incoming longwave radiation _from clouds and aerosols is then given by: 

1-cu-¢nv71| + (fr¢cv7'§Q'=XP(-1-65m) [481 

The radiation flux density emitted by the ground surface Luis assumed to follow 
grey-body emission: 

l-u-1507'} [491 

where cg is the surface em_issivity and T; is the ground surface temperature. There 
appears to be little dl_ffer‘enc,e in spectrally integrated values of snow/ice and water 
emissivities. Therefore. cg was assumed constant at 0.985 (Davies et,ai.. 1971). in the 
presence of ice, the ice-covered surface is assumed to have a temperature of 0 °C. T; 
is then modelled as: ~ 

r T; - T.»-(1 — Pl) + Tim [50] 

where T, is the surface water temperature (K). T; is 273.15 K, and p, is the fraction of
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iake surface covered by ice. 

2.2. htrbulent (Latent and Sensible Heat) Flutes 
Latent and sensible Q" heat fluxes were evaluated by application of the 

Bowen ratio method: 

, fi|r'='% r I511 

Expressing Q3 and Q‘; in terms of the turbulent transfer mechanisms and assuming 
equality of eddy diffusivities for heat and water vapour. fig may be expressed as 
(Quinn andden Hartog, 1981): A 

(Tw '~’ Tn) - kP_'—i">i 2 "pk t 

(3: - ea) [5 1 

where k is a constant (= 6.lx10“). P is atmospheric pressure (mb). T, is surface water 
temperature (°C). T, is air temperature (°C) at a level a above the water surface. e, is 
the saturation vapour pressure (mb) at T,-., and e, is the vapour pressure (mb) at level 
a. 

k is often assumed to be a constant (e.g. Elder et.al.. 1974; Pinsak and Rodgers, 
1981), although it may be evaluated directly from (Monteith, 1973): 

* Cpp k .- T [5 31 

whflre Cp is the speciflceheat of aim 

c;-1 (I + 0.-9q)cp, [54] 
where q is the specific humidity (kg kg“) and C)‘ is the specific heat of dry air 
(1005,! kg") K", Pis pressure, L is the latent heat of vapourization. and ¢ is the ratio of_ 
gas constants for dry air to that ofwater vapour (0.622) 

Vapour pressures were determined from (Pruppacher and Kiett, 1980):
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e.=a.+ Tim + ‘Ra: + ‘Ila; + ‘R04 + ‘Ila; + T¢¢))))) I551 

where e, is in mb and Tin °C. Equation (55) is valid over the temperature range -50 
‘Cg T5 50°C. Values of the a, are given in_'l'ABLE C.l (Appendix C). Actual vapour 
pressures are obtained by substituting the dew point temperature T4 in_ eq.(5S). 

With pg determined from eq.(Sl). either Q" or Q4; must be independently 
evaluated. In this study. Q1; is evaluated from a variant of the mass transfer approach. 
Sensible heat flux is then obtained from: V 

- Qn -'finQ1.z [551 

ln the mass transfer (approach. evaporation is modelled as a function of wind 
speed and vapour pressure difference between the lake surface and the overlying air 
(Quinn and den l-lartog. 19,81): ’ 

E - M(e, - e,) U,tp ' 

I571’ 

where E is the evaporation rate mm day", M is the mass transfer coefficient. e, and e, 
are defined by eq.(55). and U, is the wind speed at level la (defined below). Alterna- 
tively. evaporation may be computed from a bulk transfer (aerodynamic) equation as: 

t 

5 C£P(q.r “ 44) Uatb [5 8] 

where C; is the bulk evaporation coefficient at level a.; p is air density (kgm'3), q is 
specific humidity (kg kg"), and tp is the number of seconds in a day. Specific humidity 
ls defined as: ' 

_ 0.622e, 
, 

" ‘ 

P‘-*0.378e’, ‘ 

t

. 

Since 0.3 78¢, << P. q==0,62’2e,/Pand substituting this expression for q in eq.(S8) yields:
r 

1='=c.»<e.-=.>v.:;> [591 

where t} is-the product of 0.622 and to -
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Comparison of like terms in eqs.(57) and (58) shows that the mass transfer 
coefficient M is proportional to the bulk evaporation coefficientl} . air density. and 
surface pressure: 

P¢;': 
_ M = T [50] 

In application. p and Pwill be given while C; will have to be evaluated; Quinn and den 
I-iartog (1981) examined three methods of evaluating C; from data collected over Lake 
Ontario during IFYGL. each of which employed a different method for assessing 
atmospheric stability. For given values of T, e, e, and U, it may be shown that these 
methods predict different stability measures. 

Quinn and den Hartog (1981) concluded that, for most Grejat Lake studies. inclu- 
sion of variation of C; with stability was not warranted. These authors then regressed 
C; against U, for neutral conditions and obtained: 

' c§X I03 =O.7l3 +0-07Ug ' 

[61] 

where U; is windspeed at Z-8 m. Equation (61) includes the significant variation of 
C; with windspeed. Stability effects were incorporated indirectly by scaling overlake 
wind speeds as a, function of stabi_lity-criteria established by Phillips and lrbe (1976) 
(see Section 3.1).

l 

$orn_e"i_n_sight into the evaporation behaviour of large lakes may be obtained by 
prescribing values of U;. vapour pressure difference between lake surface and overly- 
ing air. and air density in eq.(57) with M evaluated from eq.(60). For_U, =- llms“. 
M; -0.0971, which is identical to that determined for Lake Hefner and used by many 
investigators (e.g. Derecki. 1975). 

Over Lake Ontario during ii-TGL average wind speeds were 4 to-5 ms". with max- 
imum average daily wind speeds of 7 ms" during November (Quinn and den I-iartog. 
1981). Assuming the Lake Hefner value for M would result in substantial overesti- 
mates of Lake Ontario evaporation rates. it is therefore expected that evaluation ofM
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by eq.(60). rather than assigningit a constant (in particular. the Lake Hefner) value. will 
result in improved evaporation est_imat_es. 

_ 

With evaporation rates computed from eq.(S 7). corresponding energy flux densi- 
ties are obtained from: 

Qt: ' Psl-E - [52] 
where pg is the density of water('assumed constant at 1.000 kg m‘3) and I. is the latent 
heat of vapourization at surface water temperature T,,,. I. is a weak (linear) function of 
temperature and the following simple linear regression equation is sufficiently accu- 
rate:

e 

t 1. -2.5003511 -0.0023511 -r, (MJ kg") [631 

2.3. Ice Heat Flux 

ice formation and decay are significant events in the thermal regime of a_ midlati'- 
tude lake because of both the thermal exchange between ice and water (release of 
latent heat of" fusion during ice formation and heat loss in melting) and the i_arge 
reflectivity of the ice surface to shortwave radiation. From data collected over Lake 
Ontario during IFYGL, Pinsak and Rodgers (1981) observe average daily values of 
=-' 0.5 Wm"2. Largest" daily values. 25 —S0Wm'2, were observed during late February 
and early March when ice ‘concentrations began rapidly decreasing. By comparison, 
these maximum values amounted to z%Q'at this time ofyear. ' 

Previous studies either aifix a constant value for Q (e.g. Derecki. 1975) or neglect 
it altogether (e.g. Henderson-Sellers. 1986). indeed, Pinsak and Rodgers (1981) 
observe that, for Lake Ontario during IFYGL, a 15 percent diflerence between observed 
and predicted ice concentrations amounted to a heat flux difference of = 1 Wm'?. 
which is not significant at any time of the year. These results suggest that the thermal

\ 

exchange between ice and water may be relatively insensitive to accuracy of predicted
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ice concentrations. Net radiation.-however. will be much more sensitive to ice concen~ 
trations and this was the motivation for modelling ice concentrations in this study. 

The ice concentration model developed in this study may be described as a 
statistical-physical model. The statistical part of the model relates to characterizing 
ice concentrations (fraction of lake surface covered by ice) as a function of time of 
year t. This relationship will clearly be unique for a given lake because this will 
depend on lake depth as well as topographical controls. The relationships developed 
in this study for Lake Ontario and Lake Erie are derived from ice data prepared by 
Assel et.al. (1983). These authors, using several data sources ranging from historical 
ice-chart to satellite imagery, quantified maximum. normal. and minimum ice concen- 
trations for each of the Great Lakes for each half of winter monthsfrom the second 
half of December to the end of April. 

Assel et.al. (1983) related limiting ice concentrations to an easily computed quan- 
tity, the cumulative freezing degree days Ztfp. The freezing degree day fp is defined as 
the difference between the mean daily temperature and 0°C. e.g. fp 4 if mean daily air 
temperature is -4°C. in addition. Efp is a non-negative function of time of year. Bi- 

monthly ice concentrations for both ‘lakes are given in TABLE l-i,.1 (Appendix H). These 
data were used to establish six spline functions for each lake: 

‘max " Kt) [64] 
In '= Kl) [55] 

‘nun " R!) 
- [55] 

(2‘fD)max i‘ Kt) [6 7] 
($fo)»| = KI) [681 

<:=r.>>....e..-=m> 
' res; 

where I is ice concentration and the subscript n refers to normal ice concentrations. 
Spline functions [64] through [69] estimate ice concentrations for an arbitrary 

day D, with corresponding cummuiative freezing degree days SID, as follows. First, 

two arrays (x and y) each containing three elements are evaluated,’ x, contains (2fp),,,;,,
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for D, -x; contillns (SID), for this day. while x, contains maximum ice concentrations 
for this day. These x, are computed from splines [69] to [67] respectively. The y; are 
the corresponding ice concentrations determined from cubic splines [64] to [66]. 

The arrays xand y define a new relationship for this day D, where Sf,’ (i.e. xg) is 
the ‘independent variable and I (i.e. y,) is the dependent variable. A new spline func- 
tion is determined using the xand yarrays. This allows estimation of ID, correspond- 
ing to 2fp,~. 

4 
e 

V 
_

' 

This procedure may appear time consuming, but the computational effort is actu- 
ally quite small. This is because the first step (evaluating spline functions [64] to I691) 
need only be performed once, before any other ice concentration computations. Com- 
putations are further economiied by noting that the spline functionswiil remain con- 
stant for a given day. Therefore. this information may be stored as a (ZX3) matrix. one 
for each day of the winter season. Then. estimation of ID, for any day requires only 
one functlbn evaluation-. ' 

One disadvantage of this procedure is that for any day D, estimated ice concen- 
trations will be constrained to the interval (Inn. 1,,-,)p,. Thus the model cannot simu- 
late a new minimum or maximum ice concentrations for a given day D,. However, 
there are likely to be few such instances since the original data base spans almost a 
century of ice observations. 

ice heat fluxes Q,are evaluated from: 

' Q -AM-ti": [70] 
where Al, is the change in ice volume. L; is the latent heat of fusion (0.335 M] kg"), 
and p| is the density of ice. assumed constant at 916 i<gm". The computer code keeps 
a running counter of daily total ice volume. The change in ice volume is determined 
from the product of fractional lake surface area covered by ice (eqs_.[64]-[69]) and the 
estimated depth of ice. i4. which is assumed to be a simple function of the ice concen-

.

X
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tration: 

I4.-O.2Ip,_ (I'll) [71] 

I,-o.4exp(1,,* - 1) (rn) [72] 

Equation (71) is appliedwhen ice concentration is less than 50 percent: eq.(72) when 
ID, is greater than or equal to 50 percent. Equations (71) and (72) are approximate fits 
to ice depth and concentration data for Lake Ontario during IFYGL (Pinsak and Rodg- 
ers, 1981). 

2t4. Minor Energy Heat Fluxes 

Minor heat fluxes include exchanges resulting from inflow and outflow of water 
of difiering temperature to and from the lake. precipitation. and waste heat from 
industrial and power plants. Detailed analyses of these energy exchanges by Boyce 
etal. (1977) for Lake Ontario during IFYGL reveal that these exchanges are small, 
approxirnately one percent of the daily sjurface heat flux or less. These results agree 
well with values given by Derecki (1975) for Lake Erie. 

in this study. daily values for minor heat fluxes were set according to monthly 
values. Values for Lake Ontario are based on values reported by Pinsak and Rodgers 
(1981). while values for Lake Erie are taken from Derecki (1975). The values are given 
in TABLE i.l (Appendix l). These estimates of QM may not be very accurate, however, 
they are probably correc§t in order of magnitude.
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3- MODEL IMPLEMENTAUQN s 

The equations defining energy balance components of Section 2 require several 
data sources for implementation. These include: overlake meteorological data, verti- 
cal profiles of atmospheric temperature and humidity, and specification of boundary 
conditions: incoming shortwave radiation at the top of the atmosphere and surface 
water temperature. This section describes how these quantities were evaluated. 

3. 1. Meteorological Data Base
- 

The model equations implicitly assume input meteorological data representative 
-of overlake conditions. i_n the absence of direct measurement». overlake meteorologi- 
cal data must be modelled from a knowledge of mean conditions at the lake perimeter. 
The procedure applied in this study consists of two steps. The first step involved con- 
struction of a data base consisting of mean hourly data from stations at or near the 
lake perimeter for each day of the study period (l January, 1953 - 31 December. 1983) 
for Lake Ontario. Lake Erie, and the three basins of Lake Erie. Meteorological stations 
are shown in Fig. 3.1. Hourly station data included: wind speed (ms"), pressure (mb), 
air temperature. (°C), dew point temperature (°C), relative humidity (percent), visibility 
(km). and total cloudiness (percent). 

The second step involved application of scaling relationships to overland data to 
estimate overlake values. Previous Great Lake heat balance studies (e.g. Derecki. 1975; 
Lam et.aI., 1983; Schertzer. 1987) have applied scaling raftios derived for monthly time 
scales (e.g. Richards and Fortin. 1962). Extensive statistical analyses of paired 
overland-overwater measurements of wind speed_. air and dew point temperatures, 
reveals that the difference between overland and overwater values depends on fetch, 
duration of air over water, and atmospheric stability over the lake (Phillips and lrbe, 
1976. 1978; Phillips and Almazan, 1981): * 

Phillips and Almazan (1981) summarized these comparisons according to (i)
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Figure 3.1 - Meteorological stations for Lake Ontario and Lake Erie.
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fetch, (ii) overland wind speed, (iii) atmospheric stability. ind (iv) stepwise multiple 
- regression equations for estimating overlake values in terms of overland values and 
other statistically significant variables (e.g. duration of air over water. surface water 
temperature). Analyses in terms of atmospheric stability included classifications rang- 
ing from very stable to very unstable» and averages over all stability classifications. 
Unformnately, Phillips and Almazan did not compare overlake values predicted by 
these methods with direct measurements. Thus. there is no indication which method 
best simulates overlake meteorological conditions.

Q 

As part of the model verification process, this study examined methods (i), (ii) , 

and (iii). Method (iv) could not be examined because required data were either‘lacl_<ing 
or could not be adequately evaluated. 

The scaling functions for simulating overlake data from overland data are 
defined in TABLE 3.1. t 

TABLE 3.1 - Defin_it_ion of Scaling Functions for Overlake Variables. 

1
V 

Parameter Scaling Function Definition 

Ii 

Til ATI Ta, land " Ta, Ink; 
Ta A Ta Ta ma - T4 um 

Analyses of predicted evaporation" totals’ and modelled lake heat content (Sec- 
tion 4) during ll-'YGl. indicates that evaporation rates are sensitive to how overland 
values of U, T, and T4 are scaled. in general, all methods were found to perform simi- 
larly during the heating portion of the‘ year (eariyvMarc_h to late August). especially 
when wind speeds are low. say < S ms". Major difierences were observed during high 
evaporation episodes in autumn and winter, particularly with high wind speeds (say.
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»U,>8ms"). in these circumstances. method (ll) underestimated evaporation rates 
(and thus sensible heat fluxes). in some cases quite dramatically. Method (iii) was 
found to predict-evaporation totals that were too large compared with values recom- 
mended by the il-'YGl. Energy Balance Panel (Quinn and den Hartog, 1981). Method (i) 
was found to perform best in these circumstances (in fact, at all times of the year) and 
was therefore chosen as the scaling method. 

Method (i) represents scaling functions in terms of fetch and overlake atmos- 
pheric stability (A1). which is defined as the difference between the overland air tem- 
perature T,_ |,,,4 and the surface water temperature Ts. Stability classifications and 
corresponding scaling ratios are shown in TABLE 3.2. 

TABLE -3.2 - Definition of Stability and Scaling Functions. 

Stability C1855 Definition ' Ry ATA AT; 

very stable r AT2 lO.4°C 1.1 8.78 4.38 

stable 3.5°C 5 A T< l0.4°C 1.1 3.74 0.50 
- neutral -3.4°C g AT<i3.5°C 1.4 .-0.17 - 1.08 

unstable, -1 0.4°C 5 A T< —3.4°C 1.7 -2.81 - 1.63 

veryunstable AT<—l0.4°C 1.8 -5.26 -3.08 

Values for Rw are given by Phillips and lrbe (1976); scaling ratios for air and dew point 
temperatures are given by Phillips and lrbe (1978). 

Overlake relative humidity UR must be re-evaluated on the basis of these scaled A 

temperatures. UR was evaluated from the definition of relative humidity (Barry and 
Chorcly. 1976);; »
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u, =i >< 100% [731 3: 

where e, is saturation vapour pressure (mb) at T, and e is the actual vapour pressure 
(mb) evaluated as saturation vapour pressure at temPerature T4. 

Values of surface atmospheric pressure obtained from the data base are 
equivalent sea-level pressure. These values were adjusted to surface values by appli- 
cation of the hypsometric equation:

_ 

Hz) =~ P¢eXp(-az/RT”) 
. [741 

where P, is sea-level pressure (mb). Q is gravitational acceleration, z is surface eleva- 
tion (m), R is the gas constant for air (_287Jkg-"K'»')- and Tn. is the average air tempera- 
ture (K) of the layer midpoint between surface and sea-level, obtained by applying the 
(average) environmental lapse rate -1 - —6.S°C km“ from the surface to the layer mid- 
point. 

No transformations were applied to values of visibility or cloudiness. 

3.2. Model Atmosphere 

3.2. _1. Vertic1alProflles of Temperature and Humidity 

Application of radiative transfer models for estimating surface fluxes requires a 

knowledge of vertical profiles of temperature. humidity, and atmospheric composi- 
tion. Thejse quantities were not measured in this study and therefore had to be 
modelled. in this study. the atmosphere was modelled as a six-layer atmosphere with 
three layers above S km and three layers below S km. 

Temperature and humidity profiles above 5 km may be viewed as slowly varying 
functions of time of year. For these layers it was assumed that climatological tem- 
perature and humidity profiles for a model midlatitude atmosphere (McCl_atchey e1.aI., 
1972) were applicable. These authors provide climatological data for winter and sum-
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mer seasons, although seasons are not defined by dates. For this study. it was 
assumed that summer lasted from I May to 31 October, while winter lasted from 1 

November to 30 April.
_ 

Day to day variations in temperature. humidity. and atmospheric composition 
will be much greater in the lower" troposphere. Vertical profiles of these quantities 
were generated from a knowledge of surface conditions. The lowest layer (the sub- 
cloud layer) was initialized first. The environmental lapse rate is assumed to be 
-.-7.6 °C km" (summer) and 48.1 °C km" during winter (Matveev. 1965'). The depth of 
the sub-cloud layer then becomes: 

’ 

0, -e 300 +2, (mi 
' 

I751 
where D; is the depth of sub-cloud layer (m) and Zpl$ given by (Matveev. 1968): 

_ Z»-DAT“ (ml [761 
where AT“; is the difference between surface air and dew point temperatures, and _D 
is-given by: '

' 

- (mK"') [771 

where b -'-L/R,.T§ with L being the latent heat of vaporization. R-~, the gas constant for 
water vapour, and T4 the dew point temperature (K), H is the absolute value of the 
environmental lapse rate (°(_Ir_n";), H 1 is the alititude of the tropopause (m) (12 km in 
summer, 10 km in winter-)-, and H - RT4/Q. Where R is the gas constant for dry air. is the 
scale height (m). The factor 300 (eq.[75]) is included to ensure that the depth of the 
first layer is not equal to zero when the air-dew point temperature difference is zero. 
A depth of 300 m may be considered as the approximate cloud-base altitude u_nder 
completely overcast. precipitating clouds for mid-latitudes (Matveev, 1984). Pressure 
at the top of the sub-cloud layer is determined from the hypsometric equation where 

,
. 

the appropriate temperature is the mean temperature of the sub-cloud layer.
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Cloud. if present, is assumed to occupy laye_r number 5. The saturated adiabatic 
lapse rate-is assumed to adequately descri_be the _temperature lapse rate within cloud 
(Mclntosh and Thom; 1979) at cloud-base temperature T, The corresponding 
saturated adiabatic lapse rate 1‘, is aPPr0xlmated from Rodgers (l976)i A 

P _ l‘[1+(l.w,/RT,,)] 
_ 

_ 

‘ l1+(L’¢w;)/<“Rcfl'5>l 

where L is the latent heat of vapourization, iy, is the saturation mixing ratio for pres- 

(°C kin") ' 

.[78] 

sure and temperature at the cloud base, R is the gas constant for air. ¢ is a constant ( = 
0.622 ). Cp is the specific heat of air (1.005 Jkg"l(_"). and I‘ is the dry adiabatic" lapse 
rate (-9.8 °C km"). 

There is no way of adequatelgyi assessing cloud depths, and since the model- 
assumes that all cloudiness is contained within the cloud layer. cloud depths were 
specified as a function of time of year (TABLE D._5 Appendix D). The cloud depths 
given in TABLE D.5 are smaller than those frequently considered in numerical radia- 
tive transfer studies but are more representative of low stratilied clouds encountered 
in experimental radiative transfer studies (e.g. Neiburger. 1949, Slingo et.a!. 1982, 
Schmetz et.aI. 1981). 

The cloud liquid water content Wis estimated from (Mclntosh and Thom, 1969): l 

W“ wcPaDc (Ema) [79] 

where W¢is the equivalent condensed water 

w,=A—gi (2 kg") [801 

where A"T3_1- is the temperature diiference between cloud-top and cloud-base. Pa is the 
average air density (kg m") within cloud, and D¢_- is the cloud depth (m). 

Aircraft observations of cloud liquid water contents (e.g. Slingo et.aI.~. 1982) often 
indicate measured values of Wless than that computed from following the saturated 
adiabat to cloud top. The diflerence is accounted for by entrainment of drier air from
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above cloud. Accordingly. cloud liquid water contents determined from eq.(78) were 
reduced by 25 percent of those estimated from eq.(78). This scaling is approximately 
the _reductlon observed from aircraft traverses through midlatitude cloud decks. 

_ 

Vertical profiles in the above-cloud layer are determined once pressure and tem- 
perature at the cloud-top are determined_. Layer water‘ vapour PW and ozone Po 
Gmounts are evaluated from from: -

- 

Pw'Pi~>|;of|-1109:. (8 311'?) [31] 

A Po'Po; fo;D|. (¢m-aim) [32] 

where pflzq -is the water vapour density (gm") at layer midpoint (Selby and 
McClatchey. 1975): 

pm -= U;[Aexp(18.9766 - -14.9395/\ - 2.43ss,4=)] 
where A -_= 273.156/(Tn. + 273.15). Tm, is the mean temperature of the layer (°C). UR is the 
fractional relative humidity. pq, is ozone density (g m'3) at the layer midpoint, 
fflzq (- 0.1) and fq, (= 46.667) are constants to convert water vapour and ozone densi- 
ties to rnass densities per unit altitude (Braslau and Dave, 1972). and D; is layer thick- 
ness (km). _

' 

Layer water vapour amounts calculated from eq.(8l) were then sca|_ed for the 
wing-scaling approximation:

. 

, 
l P“; -=P..<T>/P,)°"‘ [as] 

where P ls the pressure at the layer midpoint (mb) and P, is thereference pressure 
level (300 lllb). 

3.2.26. Optical Properties of Clouds and Aerosols -

1 

Optical properties of clouds and aerosols were evaluated from the physical pro- 
perties of lndividual layers. Bulk layer optical depths. single scattering albedo. and
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asymmetry factor must be defined when two or more atmospheric species contribute 
to layer attenuation of radiation. Cloud eifects are restricted to layer number S. while 
effects of boundary layer aerosols are incorporated in the sub-cloud layer (layer 
number 6). 

' incorporation of aerosol effects for estimation of iongwave radiative fluxes was 
described in Section 2.1.2.2. Shortwave radiation calculations required spectral band 
averages of r, Z», and _g. i.e. over the visible and near infrared spectral bands defined in 
TABLE D.1. Average values of E", Z1, and gwere computed for both bands and for each 
value of relative humidity considered by Shettle and Fenn (1979). Because of the wide 
-spectral limits, band-average quantities were determined as weighted averages of the 
spectral shortwave flux incident at the top of the atmosphere. incident spectral inter- 
val fluxes were-taken from the Labs and Neckel (1968) solar spectrum. Aerosol optical 
depths are determined by first estimating the particle number density as a function of 
surface visibility and relative humidity as described in Section 2.1.2.2. Assuming the 
extinction coefficient does not vary with altitude, band-average values of aerosol opti- 
cal depth 14 are given by:

' 

'='n(>-)~» - r<v.- un) H 
E§f(x)Np i 20.000 

X DL [84] 

Cloud optical thickness was determined from empirical relationships of cloud. 
optical depth and cloud liquid water path (Stephens. l978b):

' 

log(r¢_v) -‘.-0.2633 + l.7095ln'[log(W)] [85] 

4 |Og(r¢_1i:) = 0.3492 + 1.5s1sinll.og(Mi [861 

where '1-¢_vis cloud optical depth in the visible band and 1;“; is cloud optical depth for 
the near infrared band. Stephens (l978b) has demonstrated that eqs.(85) and (86) pro- 
vide excellent approximations for cloud optical thickness and that all cloud types lie 
on, or deviate only slightly from. these curves. This observation suggests that, for
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radiative transfer calculations. cloud liquid water path is the important parameter, not 
necessarily cloud type per se. Band-average values of single scattering albedo and 
asymmetry factor for clouds are given in TABLE D.l (Appendix D). 

Bulk layer optical depth r,._ single scattering albedo Z), ,. and asymmetry factor g3 
are then computedtfrom (Leighton, 1978): 

T3?!‘-_-+T4+fR+1’¢; 

wo8"(7R+i\'oC'7'C+UoA)/78 

03 = (Gczb cfc 4' 84:!» 4'4)/(Zia 8*!) [39] 

Values of Rayleigh scattering optical depth 1;; for a layer AP (mb) in thickness is 
given by:

l 

1|; I r,AP/P, [90] 

where P, is surface pressure (mb) and r, is given by (Hansen and Travis. 1974): 

1, -= 0.008569>\"(l -1-0._0113‘x-Z + 0.0o013x-‘) [91] 

where >. is wavelength of radiation (pm). Values of r, for visible and near infrared 
bands are given in TABLE D;1 (Appendix D), 

Optical depths due to gaseous absorption 1'5 are given by: 

1a=E-Ua [921 

where F, is the gaseous absorption coefficient averaged over the spectral interval 
(TABLE 8.2) and Ua is the mass of gas in a given layer (eqs.[81] and [82]). 

3.3. Delta -D; for Daily Totals or Shortwave Radiation 

The equations describing the DeIt_a—D2 model describe the procedure for 

evaluating shortwave radiation for a single solar Zenith angle. For partial cloudiness, 
the shortwave calculations must be performed twice: once for the clear-sky portion 
and once for the overcast portion of the sky. Total radiative income is then the 
weighted sum of the clear- and cloudy-sky radiation fluxes. Previous studies (e.g.
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Fouquart and Bonnel. I980) weight radiation fluxes according to fractional cloudiness 
. while calculations are often performed on an hourly basis (e_.g. Atwater and Bail, 
1974) to account for diurnal variations in cloudiness. 

This procedure was initially implemented in this study. The results were not 
encouraging from the viewpoint of computing times. The reasons lie in the large 
numberof times the radiation code was called: from 18 times per day in December to 
approximately 32 times per day in June for days in which partial cloudiness was 
recorded in each hour. The number of calls to the shortwave routine, was reduced 
when an hour was either clear or completely overcast. although these occasions form 
a small portion ofdistrlbution of hourly cloudiness. 

' A procedure for reducing the number of calls to the shortwave radiation routine 
was therefore established to reduce computer time requirements, This procedure 
proved almost asaccurate as performing calculations on an hourly basis and reduced 
the number of calls to the radiation to amaximum of two calls per day. independent of 
time of year.

_ 

The procedure partitions the day into two periods: a bright sunshine period and 
an ‘equivalent overcast period. Prior to calls to the shortwave radiation routi_ne, each 
daylight hour was examined to evaluate the fraction of the hour that was in bright 
sunshine and the fraction of the hour that was overcast. Each portion of the hour is 
then weighted by the cosine of the solar zenith angle at the mid-hour. This process 
yields four quantities: l 

. . 

i 

Isa] 

IUIIIIT 

s.-;ay;“r,.e 1941
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i llilflf 

,i,,-é E cosZ,-fq [951 
A/ 

__1"'{""' 
4.1,, - 3 Z‘ coslr r,, [961 

where C, is the duration of overcast sky. and S, is the duration of bright sunshine. N is 
the duration of daylight for the day in question (N -i.-S; + C,). t}, is the fraction of the i- 
th hour that is in bright sunshine. fq is the fraction of the i-th hour that is overcast. ;T_, 
is the mean zenith angle for thebright sunshine portion of the day. and is the mean 
cosine of the solar zenith angle for the overcast portion of the day. Part hours at the 
beginning and end of the daylight period are not considered. as radiative fluxes at 
these times are negligible. 

Duration of overcast and bright sunshine is obtained from a knowledge of total 
cloudiness. The duration of bright sunshine is often assumed to have the form:

l 

Equation (97) can onlybe true at the maximum and minimum values of C. assuming the 
values do not change during‘ the hour. Moreover, eq.(97) cannot be true for h_igh- 
altitude clouds. such as Cirrus clouds. which transmit most of the shortwave radiation 
incident on them. 

Analyses of the relationship between duration of bright sunshine and total 
cloudiness (e.g. Timanovskaya and I-'eygei’son, I972) often reveals a curvlinear rela- 
tionship between S, and Cwhere S, is much larger for 0.2 _<_ C5 0.6 than predicted 
from eq.(97). An approximate fit to the S,—C data given by Timanovskaya and 
Feygel'son (1972) is: 

S,-= 1.-c<1°*° 
' 

[931 
where Cis the total fractional cloudiness. Equation (98) was applied to partition each 
daylight hour into bright sunshine and overcast. C, is then determined. from
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C.-= 1 -5.» - 

The shortwave radiation routine is then called twice per day. once to process the 
clear sky portion of the day. and once to process the overcast portion of the day. 
Daily totals were then obtained from a weighted average of duration of clear sky and 
duration of overcast. For example. the dire_ct beam radiation Sis given by 

S =- (5,-K» + C.'R<:)/N [991 
where R, is the direct beam flux for the bright sunshine period of the day and R¢is the 
direct beam radiation for the overcast portion of the day. Only one call to the 
shortwave radiation routine is required when S, or C, equals zero. 

The majority of days over the Great Lakes will be classified as partial cloudiness 
which. by virtue of eq.(99). means that the shortwave calculations will have to be per- 
formed twice. The computational advantage of the block tridiagonal solution of the 
De_Itq—D; model is that calcu_lations for the clear-sky are performed first. The yand I‘ 
matrices (eqs.[28] and I311) will be identical for the cloud-sky case. except for the 
cloud layer. Thus. if these results are saved from the clear-sky calculations, as they 
are in this study. only the cloud layer needs to be processed. This greatly reduces the 
computation. and eifectively reduces the total shortwave calculatiions by a factor of 
two. Shortwave radiation codes which solve eq.(25) with library subroutines must 
solve this system of equations for the clear-sky and overcast sky cases separately. 

3.4. Boundary Conditions
l 

3.4. 1 . Incident Top-of-the-Atmosphere Shortwave Radiation 

instantaneous incident shortwave radiation at the top of the atmosphere is given - 

by Lambert's Law: 

. 

A 

I =- I,-cosZ-R '2 [100] 
where R” is the (normalized) radius vector, Z is the solar zenith angle, and I, is the 
solar constant (1370 W m"). The zenith angle depends on the latitude i, time of year.6
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I 
(solar 

I 
Mid-hourly‘ values of cosZ are required for evaluating E and I, while daily values of 

declination). and the time of day h (hour angle) according to: 

cosZ - sinlsinii + coslcos6cosh [101] 

R'are.req'uired for evaluating incidentshortwave radiation for each spectral interval. 

I Hour angle was evaluated from: 

I 
- h= l5(12 -LAT) (degrees) [102] 

where LAT (hours) is the local apparent time (true sun time) and evaluated from (Lati- 
l mer. 1971): V 

I 
LAT--= CT-I-AL + E, [103] 

where -AL is the longitudinal difference between the station longitude L, and the stan- 

I dard longitude for the time zone of the station L, (75 °W for this study)
L 

~ - AL = (L, - L,)/15 (hours) ‘ 

[104] I and CTis clock time (hours). 

I Spencer’: (1971) approximations for R’. 6 (radians). and E, (radians) were applied: 

I 
R'= aio + a_ ;cos0, + 8381119, + a;cos20, + a4sin20, [105] 

A 

where 0, is the Julian day of the year expressed in radians: 

I 
Q 

, 21rd,, ‘ Q,-W 
I 

~ where d,_, is the day of the year (0 on 1 January. 364 on 31 December). The soiar.decli- 
nation and equation of time are determined from: 

6 - no — a ;cos0, + a;sin0, - a3cos20, + a4sin20, Q a;cos30_, + a¢sin30, [107] 

I Values of the coefficients a, are given TABLE E.l (Appendix E). 

E, = no 4- a |cos0, - azsinv, - a;cos20, - a4sin20, [108]
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3.4.2. Surface Water Temperature 

Surface water temperatures were modelled in this study. as measured values 
were unavailable prior to 1966. Schertzer and Sawchuk (1985) summarized all avail- 
able surface water temperature measurements (bucket measurements from ship sur- 
veys. airborne radiometer thermometer (ART) surveys. and satellite measurements) 
for the lower Great Lakes for the period 1966-1983. 

Figure 3.2 compares available paired surface water temperature measurements 
(bucket measurements from ship surveys and ART measurements) for Lake Ontario 
for this time period. The comparison includes paired measurements taken within 24 
hours of each measurement. This time delay is not considered significant as diurnal 
variations in surface water temperatures are believed to be small. Strong upwelling 
events are an obvious exception. i 

Agreement between the two methods appears ‘good. Temperatures measured 
from ship surveys are almost always less than corresponding temperatures from ART- 
surveys. This may result from the the nature of bucket measurements which are usu- 
ally made a few centimetres below the surface. Evaporation at the surface would 
account for a lower temperature. T’ 

The dashed line in Fig.3.2 represents ¢ l °C limits from the 1:1 line. The majority 
of comparisons fall within these limits. The root mean square error of the diiference 
between paired measurements ls 0.75 °C. This value serves as a benchmark com- 
parison for the algorithm to estimate surface water temperatures described below. 

The algorithm to estimate surface water temperature is based on the relationship 
between surface water temperature and the total heat content of the lake (Fig.3.3).i 
The relationships were derived by using paired surface water temperatures and heat 
content values obtained from (vertical) temperature surveys conducted from vessels 
by personnel from the National Water Research institute at the Canada Centre for 
inland Waters. Surface water temperatures included temperatures obtained from both
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Figure -3.2 v- Comparison of Paired Surface Water Temperatures (Ship and ART) for Lake Ontario. 19664983. 

ship and ARTsurveys. so that some of the variability is accounted for by the variabil- 
ity between these types of measurements. 

Figure 3.3 illustrates this relationship for two periods of the year: a warming 
phase (15 March to 10 September) and a cooling phase (ll September to 14 March). 
Separation oi’ the relationship into two periods became necessary because of the large 
thermal inertia of the lakes. This is especially apparent for Lake Ontario where the 
relationship is very d_ifle're‘nt for heating and cooling periods. The difference between 
heating and cooling periods are much less for Lake Erie because it is much shallower’ 
than Lake Ontario. For both lakes there is a much larger variability during the warm- 
ing period of the year. especially during late summer when heat contents are at. or 
near. their maximum values. Some of this variability can be accounted for by



-51. 

diiferences in lake levels, while much of the variability is probably accounted for by 
upwelling of colder water to the surfaice. 

The relationship between T,-and Qwas approximated by a linear combination of 
Legendre Polynomials of order O to S inclusive. These are shown as the solid and 
dashed curves in Fig. -3.3. Higher-order approximations were attempted but they did 
not appreciably reduce the root mean square error of the estimates or improve statis- 
tics of the ht. in addition, higher-order approximations displayed erratic behaviour 
(e.g. oscillations) near the upper and lower limits of Q The relationship has the form: 

5 . 

r.=-§_')a.Q. H091 lo 0 
where the coefficients are tabulated in TABLE I-7.1 (Appendix F), and Q’ is the scaled 
lake heat content to the interval IQ, Q,,]. where Q; is the smallest measured heat con- 
tent, and Q, is the largest measured heat content. The scaling relationship is:

1 

Q’=(ZQ-Q1-Q.)/(Q.—Q1) “[1101 

Equation (110) converts Qto the interval [-1. ll as required for the evaluation of the 
Legendre Polynomials implicit in eq.( 109), Values of Q, and Q, are given in TABLE l1‘.1 
(Appendix F). 

.

- 

Statistics of the approximation (eq.[l09]) are shown in TABLE 3.3, which summar- 
izesroot mean square errors of the di_ifere‘nce between predicted and observed sur- 
face water temperatures for data given in Figure 3-.3.

, 

TABLE 3.3; Root Mean Square Errors of Di_fl’erenc'es between Predicted (eq.[l09]) and Observed Surface Water Temperatures (°C). 

Lake Ontario Lake Erie Lake Erie Lake Erie lake Erie
h 

WarmingPhase 
_ 1.32 1.19 1.14 

w’ 

1.13 1.09 Cooling Phase 1.05 'o.9s o.a7 o.s2 1.11 - 

TABLE 3.3 illustrates that, in almost all cases. the approximations perform better dur-
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I-'lgu_re 3.3 .- Relationship between Surface Water Temperature T, and Total Lake Heat Content Qfor Lalge Ontario. Lake Erie. and lake Erie Basins (upper Relationship between Qand T,-, lsshuwn In the lower half; Full llne represents warming period; dashed Ilne represents coollngperlod. 
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ing - 

the cooling period the warming period. 
Root mean square errors are slightly larger than the root mean square error of the 
difference between bucketand ART surface water temperatures during the cooling 
period. Root mean square errors average 0.97 °C during the cooling phase and 1.15 °C 
during the warming phase, reflecting the effects of upwelling of cold water. This eifect 
is most evident for Lake Ontario. which is the deepest of the water bodies considered. 

The lower half of Fig. 3.3 shows the inverse relationship Q-r f(T,,). This relation- 
ship. derived in exactly the same manner as eq.(i09). is applied once and only once at 
the start of the simulation. Surface water temperature is initialized either by specify- 
lng a known value for T, or estitmating the mean daily su_rfa_ce water temperature 
(described below). The inverse relationship is then called to estimate the lake heat 
content on the day immediately prior to first day of the simulation. For each day of 
the simulation. Q, is evaluated from the energy balance equation. Lake heat content is 
then Updated by adding the surface- integrated surface heat flux to the lake heat con- 
tent. Surface water temperature for the following day is then evaluated from the 
direct relationship T, -= IIQ) (eq.[l09]). in the event of missing data for a day. the pro- 
cess is modified to estimate daily T, from a function for mean daily T... Lake heat con- 
tent is then updated with this value of T,,.

' 

Daily mean T,-. was estimated from linear combinations of Legendre Polynomial 
functions (order 0 to 15, inclusive) using all available surface water temperature meas- 
urements (Schertzer and Sawchuk, 1985) for each of the water bodies examined in this 
study. These approximations are similar to those developed for eq.(10_9), except that 
the dependent variable is Julian day. Coefficients and scaling functions are provided 
in TABLE G.l (Appendix G). while the resulting functions are plotted in Figure 3.4.
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Figure 3.4 ‘Mean Dally Surface Water Temperature for Lake Ontario. Lake Erie, and the Basins of Lake Erie. 1966-1983. From Schertzer and Sawchuk (1985). -Symbols 
represent surface water temperature collected by ship survey (open squares). ART (open circles). and satellite imagery (open diamonds). 
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4» MODEL TESTS 
Individual model components were tested with data for lake Ontario for the 

period May. 1972. to March, 1973 (IFYGL). lake Ontario was intensively monitored 
during this period and the resulting data base has served as the basis for model 
verification of many radiation (e-.g. Atwater and Ball. 1974; Davies ei.aI.-. 1975) and 
energy balance studies (e.g. Eider 'et.aI.», 1974; Phillips. 1978; Quinn. 1978). since that 
time. This study adheres to this practice. Model verification included assessment of 
overlake meteorological conditions. radiative fluxes. turbulent fluxes. ice concentra- 
tions. surface heat flux. and estimated lake heat contents. 

Many of the comparisons between model estimates and measured values are 
presented in. graphical form. Numerical measures of goodness-of-fit include root 
mean square error Em,-. mean bias error E,,|,, and the index of agreement D. The root 
Iflflill square CITOI, 

inn 
£.....=- [%J4<x.-x.>’T 11111 

where x, is the estimated variate. x, is the observed or measured value. N is the total 
number of observations, indicates the size of the difference between model estimates 
and measured values (defined as error in this study). The mean bias error is defined 
BS2-

N
1 

£_,, -W24, , [1121 

where d_, is the j-th deviation. The mean bias error describes the tendency of the 
model to overestimate or underestimate over the entire data set. l 

The index of agreement (Wiilmott, 1981) is defined as:



I N 
210., —-xq)’ 0- 1 - 1131 

g'_;[lx',,l + |x',,l]“
V 

where x‘,J=x,,-K and 3',’-x,’-¥;. where the overbar denotes the mean. The 
D-statistic estimates the overall agreement between model estimates and measured 
values. As described by Wiilmott (1981). '0 specifies the degree to which the observed 
deviations [about 71;] correspond. both in magnitude and sign. to predicted deviations 
[about $1". The numerator in the second term on the right-hand side of eq.(1 13) can 
be shown to represent the portion of unexplained error. while the denominator 
represents the total potential error. l?hysically. Drepresents the fraction of explained 
error accounted for by the model and ranges from 0 (little or no agreement) to I (per- 
fect agreement). The advantage of this D-statistic. as opposed to the correlation 
coeificieint. is that assumptions regarding the underlying distribution of the indepen- 
dent variable are not required. Moreover. ‘unlike the correlation coefficient. the 
D-statistic is sensitive to differences between the observed and predicted means as 
well as other changes in proportionality‘ (Wiilhmott,-.1981). 

4.1. Oven-lake Meteor-olnzicai Data
- 

Comparison of model estimates of overlake air temperature, dew point tempera- 
ture.wind speed. and cloudiness. are shown in Figs. 4.1 - 4.3. 

Figure 4.1 compares mean three-“day air overlake temperatures (thin line) with 
buoy measurements (thickiine) compiled by Almazan (1980). This was the smallest 
time interval for which comparisons could be made. Deviations are shown in more 
detail in Fig.~4.l(b). The root mean square error of the deviations is 2.2 °C. while the 
mean bias error is -0.2 °C. Figure.4.1(b).iiiustrates that the model both overestimates 
and underestimates overiake air temperature. in general. model underestimates are 
larger in magnitude than overestimates, accounting for a negative mean bais error.
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from Almazan (I980). ' 

I as 

I 1 
I 

" ' " 
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Figure 4.1 - Comparison of Estimated Three-Day Mean Air Temperatures (thin line) 
with Measured Values (thick lines) over Lake Ontario. It May to 30 November, 1972. 

s» zo t<=> ‘I , ||’I_lL 

.5“ _ |.. ._l 
g g.>.l '.~»-..-e| .__L.____ my JUN JUL we smr oer 

H l 

nov 
U 

Hone of Year, Three Day Periods, 1 Hay - 30 November. 1972 

1'hrea-Day 

Hem 

Air 

o 

in

3 
-if 

=i 

8 _ g>___\ __ g 

e (5) 
‘ 4

2 
'6 

5 

H,.|“.,J|1.‘.|..,',|.W..‘||.|.||,CHI||]|I|'.,.,||,,||.||]| 

nut? JUN wt. we sap oc'r V Nov 
' Tivnc of Year. Three Day Periods. 1 May — 80 November. 1972 

Model estimates are generally in phase with measured values and show best agree- 
ment frorn May through early July. The magnitude of errors appears to increase 
thereafter. Part of the explanation must lie with errors in surface water temperature 
(Section 4.2)-. because the scaling functions for overiake meteorological variables are
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functions of the difference between overland values and surface water temperature. 
Figure 4.4 illustrates that surface water temperature was overestimated during July. 
This would decrease A1; thereby decreasing the scaling for overlake air temperature. 
thus accounting for the large underestimates shown for July.

. 

largest model overestimates occur during October and November. These 
overestimates appear to be associated with the ilrst outbreaks of true Arctic air over 

the lake. Although errors in surface water temperature may be a contributing" factor, 
the analysis seems to suggest that the open-ended nature of the sjcaling functions 

(Table 3.2) for very stable andvery unstable classes may be contributing to these 
overestimates. This seems particularly true for overestimates during November, 

when surface water temperature is well estimated. 

Figure 4.2(a) compares mean monthly overlake air temperature estimates (thin 
line) with buoy measurements averaged over the lake (thick line) tabulated by Alma- 
zan (1980 ). The root mean square error (1.1 °C) and mean bias error (0.09 °C) both 
decrease with the increase in averaging period. Figure 4.2(a) suggests that air tem- 

peratures are generally underestimated during the summer months by approximately 
1°C and overestimated during the winter months, although the sample size (*-t 8) is 

small. i 

Figure 4_.2(b) compares mean monthly dew point temperature estimates (thin 
line) with values tabulated by Quinn and den l-iartog, (1981) (thick line). The root 
mean square error (1.1 °C) is similar to that for air temperature while the mean bias 
error (-0.8 °C) ’ indicates an overall underestimate. Nine of the ll months have 
underestimated dew point temperatures. with the largest errors occurring during the 
months of September tb November when the difference amounts to approximately 
1.6 °C. 

' 

'

. 

- Figure 4.2(c) compares mean monthly wind speed estimates (thin line) with meas- 
ured values (thlck lines) from towers (8 m) and buoys (3 m and 4 m) (Al_maza_n, 1980).
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Figure 4.2 - Comparison of Estimated Monthly Mean Air Temperature (a). Dew Point 
Temperature (b), Wind Speed (c). and Wind Speed over Central Basin of Lake Ontario 
(d) with Observed Values during IFYGL. Dew point temperatures given by Quinn and 
den Hartog (1981); values of wind speed and air temperature are from-Almazan (1980). 
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Average wind speeds tabulated by Almazan (1980) refer to a reference height of 3 m 
and were obtained by assuming neutral stability and the logarithmic wind Profile§ 
Wind speeds in this study refer to a height of 8 in. There is generally goodagreement 
between estimated and measured wind speeds, especially in the spring and early



.52, 

summer months when the differences are less than 0.1 m s". The errors are much 
larger from December to March when the difference averages more than 2 m s". The 
large differences at this time of year account for a root mean square error of 1.6 m s" 
and a mean bias error of 1.16m s" for the entire study period. Part of the disagree- 
ment arises from the uncertainty of wind speed values during the winter months tabu- 
lated by Almazan. Many of the buoys stationed in Lake Ontario became inoperative in 
early December. Almazan does not indicate how wind speeds from December to 
March were determined. 

Part of the disagreement is also due to differences in reference levels. This 
difference can be (partially) removed by transforming estimated wind speeds to 3 m. 
Assuming neutral stability and the logarithmic wind profile: 

U; lnz, -lnz, 
27; iaz-.Tz, ‘"41 

where z is height (m), U are wind speeds. and -z, is the roughness height (0.01 cm 
(IFYGL Atmospheric Boundary Layer Panel)). U3 - 0.9l3U;. These values are shown as 
the dash-dot lines in Figure 4.2(c). The agreement has improved, with the root mean 
square error at 1.1 m s" and mean bias error of 0.6 m s*1. The maximum difference is 
2.4 in s" in January. 

A more instructive comparison is Figure 4.2(d) where estimated wind speeds 
(thin line) are compared with average wind speeds derived from buoys in central 
basin of Lake Ontario. which is what the model is att_empti_ng to simulate. The agree- 
ment over this time period appears quite good. The root mean square error is 
0.5 in s" and the mean bias error is -0.4 m s". which as Figure 4.2(d) demonstrates. 
represents a consistent underestimate. These differences must be larger on a daily 
basis. Unfortunately-. there are no published tabulations of average daily wind speeds. 
Such tabulations would provide a better verification of scaling functions applied in 
this study. .

V
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Atwater and Bail (I974) performed extensive analyses of cloudiness over Lake 
Ontario during IFYGL These authors combined cloud data from land stations, ship 
surveys. and satellite imagery, to form a cloud data-base for TIFYGL. in addition-, 

regression equations were developed to account for lake effects on cloudiness. ‘Two 

effects were considered. First, during springtime. it was assumed that the lake surface 
was much colder than the overlying air. This condition _strongly suppresses cloudi- 
ness over the lake in comparison to values reported at land stations. The second 
effect occurred during autumn when the lake surface was warmer than the overlying 
air. These circumstances would enhance convective activity over the lake surface. so 
that cloudiness, especially low level cloudiness. could be expected to be greater over 

the lake compared to values at land stations. The correlation coefficients for these 
statistical relationships were on the order of 0._25, corresponding to a coefficient of 
determination (percentage of explained variation) of approximately 6 percent. The 
low degree of explanation attests to the difficulty of quantifying lake effects on 
cloudiness. 

Figure 4.3 illustrates the deviations between estimates. of daily total cloudiness 

and values tabulated by Atwater and Ball (1974). Deviations are positive when values 
from the present study exceed values given by Atwater and Ball. and negative other- 
wise. The root mean square error of these deviations is 0.13. which is close to the 
estimated.uncertainty of cloudiness observations. The largest discrepancy between 
the two cloudiness values occurs during May, when differences reach 0.92. The 
difference may arise from Atwater and Ball's fog model, which Predicts almost com- 
plete overcast on these days. There is some evidence (Section 4.3.1) that Atwater and 
Ball's cloudiness values on these days are much too large. Their estimated incoming 
shortwave radiation on these days are underestimated by over 20 M] m’? day"-. Their 
cloudiness values must therefore be seriously in error. 

~ Differences between the two data sets are much less for the remainder of the
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Figure 4‘.-3 - Comparison of Estimated Dally Overlake Total Cloudlness with Values Re ported by» Atwater and Ball (1974) ovenf Lake Ontario during IFYGL. Deviations are defined as the difference of Atwater and Ball's values ‘ ’ 
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study period. Values for the presentstudy appear as positive deviations on most days 
from September to March, although the differences are not much greater than could be 
expected from the uncertainty of cloud observations. Mean monthly estimates of" 

incoming shortwave radiation (Section 4.3.1) are underestimated by amounts of order 
0.1 MJ m“? day". however, these differences could easily arise from assumed cloud 
depths. Cloudiness values also appear overestimated during September and October. 
These. months are also months in which incoming shortwave radiation is overes- 
timated. There is thus little evidence to suggest cloudiness values in the present 
study are in serious error. 

4.2. Surface Water Temperatures 

Comparison of estimated and measured surface water tempe_ratu'res during» 
IFYGL are illustrated in Figure 4.4. The full line shows estimated daily surface water 
temperatures while symbols represent measured values. The measured values 
include both ship and ART surface water temperatures. For this reason error bars, 
representing 0.75 °C. have been included on measured values. Deviations between 
estimated and measured values are shown in more detail in Figure 4.4(b). 

Figure 4.4 demonstrates generally good agreement with measured values. The 
root mean square error of the deviations is 1.24 °C which is within the range of root 
mean square errors for the temperature-heat content relatjionshaip for the lower Great 
Lakes (Section 3.4.2). The mean bias error is posit_ive, as is evident from Figure 4.4(b). 

Largest errors occur on a few selected dates. These dates correspond to major 
upwelling and hydrodynamical events in Lake Ontario. The large overestimates dur- 
ing the latter half of June, 1972, for example, are associated with Hurricane Agnes 
(Boyce et.aI., 1977), while colder upwelied water near the middle of’August was associ- 
ated with the "Betty" storm. Boyce ¢t.aI. noted other major upwelling events on 19 
September. 18 October. and i to 7 November. Overestimated surface water tempera- 
ture on these dates are clearly shown in Figure 4.4(b)._ These results were not
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anticipated when the temperature-heat content relationship was developed. The 
efiects. however, do not appear long-lasting. because the temperature- heat content 
relationship is ’a ‘strong negative feedback mechanism. There appears to be a rapid 
adjustment in most instances. October seems to be a general exception, although, as 
shown later, evaporation totals for October are in excellent agreement with recom- 
mended values (IFYGL Energy Balance Panel). 

There are two discontinuities in theiestimated surface water temperatures. 
These ocjcur on 10 September. when surface water temperature decreases from 
approximately 20.5 °C to 16 °C. and on 15 March. when temperature incre_as‘es from 
approximately 1.5 °C to 2.5 °C. These discontinuities arise from the switchover of the 
temperature-heatcontent relationship from heating to cooling phase and cooling to 
warming phase, respectively. Both functions predict nearly the same surface water 
temperature in mid-March and the resulting temperature discontinuity is small. usu- 
ally less than i °C. A 

The resulting temperature discontinuity in.m_ld-September, however. can be 
large. Only if the position on the warming phase function is close to the intersection 
of the warming and cooling phase functions will the resulting discontinuity be small. 
One method of avoiding potentially large temperature discontinuities is to rescale the 
problem as follows. One first estimates the heat content for the first day of the cool- 
ing phase and the heat content from the cooling phase relationship assuming tem- 
perature continuity and average these two values. Surface water temperature is then 
re-initialized, using the T,,,- f (Q) relationship. This value of Tw is then used as the 
surface water temperature for the first day of the cooling phase. This procedure pro- 
duces an error in Tw of less than 2 °C. which is less than errors resulting from the ina- 
bility to simulate upwelling of colder sub-surface water.
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I Figure 4.4 - Comparison of Estimated Dally Surface Water Temperature with Measured Values (Schertzer and Sawchuk.l985) during IFYGL. 
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4.3. Surface Radiation Fluxes 

This section summarizes comparisons of estimated and measured surface radia- 
tion values. Davies and Schertzer (1974) compiled measured surface radiation totals 
for a number of stations in and around Lake Ontario during ll-'Y“GL. Values included all 
components of the surface radiation balance for each of 13 zones comprising Lake 
Ontario. These data have been used to derive maximum and minimum daily flux den- 
sities and a mean daily value by areally weighting values recorded for each zone. 

The comparisons presented in this section include estimates of radiation fluxes 
by Atwater and Ball (1974). These authors performed radiation calculations at a 
number of grid points over Lake Ontario to describe spatial and temporal variations 
of surface radiation fluxes over the Lake Ontario. These radiation values were applied 
by the ll-'YGL Energy Balance Panel to estimate evaporation totals, as well as other 
parameters. 

incoming shortwave, incoming longwave, and net radiation, are considered i_n 

this section. The first two fluxes represent the largest components of the surface radi- 
ation balance and are the most dllficult to model, as they are strong functi'o‘ns of the 
state of the atmosphere and ground surface.‘ Errors in reflected shortwave and 
longwave fluxes are much smaller, analysis of net radiation will include effects of 
errors in these fluxes. ' 

4.3. 1. incoming Shortwave Radiation 

‘incoming shortwave radiation comparisons are shown in Figures 4.5 - 4.8. Figure 
4.5 illustrates’ the range and estimates from the present study (upper half) and Atwa. 
ter and Ball (lower half) expressed as deviations from mean measured values. Vertical 
scales for graphs are not the same. Figure 4.5 illustrates that the shortwave radiation 
model developed in this study is capable of est_i_rn_ati_ng incoming shortwave radiation 
quite Well. Daily estimates are almost always within the range of measured values.
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Largest errors occur during the spring and early summer months, as is the case with 
Atwater and Ball's "model. The Delta-D; model, however, both overestimates and 
underestimates. This contrasts with results from the Atwater and Ball model, where 
errors of the same sign tend to occur for several consecutive days. Moreover, these 
errors are large. amounting to 10 to 20 M] m'2‘day“. Averaged over the surface area 
of the lake, this must seriously underestimate surface heat flux. it seems likely that 
cloudiness values employed by Atwater and Ball for these days were seriously overes- 
tlmated. 

Averaged over the study period, the root mean square errorlof estimates from 
the Delta—D; -model are 2.46 MJm'2day'1. This is a large improvement from the 
corresponding value from the Atwater and Ball model of 3.6 MJ m‘? day". Both 
models provide acceptable estimates during the winter months. although estimates 
from the Atwater and Ball model are consistent underestimates. This may stem from 
their model which neglects multiple scattering effects. s 

The distribution of radiation estimate errors are illustrated in Fig. 4.6. Figure 4.6 
illustrates that errors from mean measured values (Fig. 4.6(a)) and from the range (Fig. 
4.6(b)) are more evenly distributed for the Delta—D2 model. Errors from the Atwater‘ 
and Ball model tend to be negative. demonstrating that, overall, the Atwater and Ball 
model tends to underestimate incoming shortwave radiation. This may be the result 
of both model formulation and cloud input data, which, however. was more detailed 
than available for this stud)’. 

Figure 4.7 compares incoming shortwave radiation estimates from both models 
as a function of cloudiness. The intervals represent 0.1 total cloudiness. Figure 4.7 
shows that there is not a large difference in estimates for C>0.6 (Delta-D2 estimates 
have a lower Em, in all cases). The major difierence between model estimates occurs 
when the sky is partially overcast with small cloud amounts. Delta-D2 estimates are 
superior in these circumstances, which is important because these conditions are
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Figure 4,5 - Deviations of Estimates (present study - upper half; Atwater and Ball 
(1974) - lower half)‘of Dally Incoming Shortwave Radiation from Mean Measured 
Values (Davies and Schertzer. 1974) over Lake Ontario. 1 May. 1972. to 31 March, 1973. 
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Figure 4.6 - Frequency Distribution of Absolute Errors (Difference of Mean Measured Values from Estimated Values) of Estimates of Daily glncoming Shortwave Radiation. 
Solid line refers to results from present study; dashed line for Atwater and Ball's 
(1974) results. (a) refers to deviatlonsfrom mean measured values; (b) refers to devia- 
tions from the range. 
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associated with large radiative gains’ at the surface. especially during spring and early 
summer months. 

Figure 4.8 illsutrates the effect of averaging period on root mean square errors 
and D-statistic for periods ranging from 1 to 10 days. Root mean square errors for 
Delta-D2 estimates decrease almost exponentially with increase in averaging period.
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Figure 4,7 - Comparison of Estimates of Daily Incoming Shortwave Radiation as a Func- tion of Cloudiness over Lake Ontario, 1 May. 1972, to 31 March, 1973. Symbols represent results from present study (full circles) and Atwater and Bail (1974) (open circles). Diagonal lines represent the 1:1 line. » 
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Figure 4.8 - Comparison of Root Mean Square Errors and D-Statlstlcsvof Estimates of 
Daily Incoming Shortwave Radiation. over Lake Ontario. I May, 1972, to 31 March. 
1973. as a Function of Averaging Period. Symbols represent results from present 
study (*) and Atwater and Ball (1974) (open circle). S
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Five-day’ estimates are almost a_s good as 10 clay estimates. Estimates from the Atwa- 
ter and Ball model decrease more slowly with averaging period; IO day e_sti_m.ates are 
only marginally better than 5. day means. The 7 day mean estimates, which were used 
by the IFYGL Energy Balance Panel, have an error that is comparable to 3 and 4 day 
mean estimates from the present study. Beyond five day periods. Em, begins to oscil-

1 

late by approximately 0.5 MJ m'2 day", il_lustra_ting theeffect of large errors occurring 
on consecutive days. Root mean square errors for Delta-‘D2 also display this
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behaviour. but in this case oscillations are strongly damped. On a monthly basis. root 
mean square errors for Delta-D; are 0.69 M] m'2 day" compared to 1.43 M] tn‘: day" 
for estimates from the Atwater and Ball model. These results attest to the dramatic 
improvement in flux estimates possible with radiative transfer models. 

4.3.2. incoming Longwave Radiation 

Comparison of estimates of incoming longwave radiation are shown in Figs. 4.9 
to 4.12.. Figure 4.9 illustrates daily estimates of incoming longwave radiation during 

IFYGL it demonstrates that while e_stimates from the present study both overestimate 
and underestimate. incoming longwave radiation is generally underestimated as 

confirmed by Fig. 4.10. The majority of deviations lie in the range -4 to l M] m'2 day", 
as compared to results from the Atwater and Bail model. where most of the deviations 
are in the range -2 to 3 M] m‘? day". These deviations are within, or close to, the 
uncertainty of incoming longwave radiation m_ea_surements (approximately 10 per- 
cent, Latimer (1971)) for the majority of days for both models. 

These comparisons emphasize the importance of -accurate overlake air tempera- 
tures which were available for Atwater and Ball's calculations. Figs. 4.1 and 4.2 both 
suggest that overlake air temperatures are underestimated in the present study. The 
largest underestimates» occur during the spring and early summer months, which is 
also the period when errors in estimates of incoming longwave radiation are largest. 
There may be another source of error. The present study assumes the altitude of the 
centre of gravity temperature for emission varies from 200 m (winter) to 300 m (sum- 
mer). With the assumed environmental lapse rates used in this study. this reduces the 
radiating temperature by a further 2 to 3 °C. This height may be [00 g";-¢ar_ e_g_ an am; 
tude of 100 m may be more aPPr0priate. 

On a daily basis». the root mean square error of model estimates is approximately 
3.2 M] m'2 day" for the present study and 2.5 MJ m"" day“ for the Atwater and Ball 
model. Figure 4-.11 compares estimates of incoming longwave radiation as a function
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of cloudiness. Figure 4.11 shows that there is very little difference between flux esti- 
mates for the two models for C> 0.5. The striking diiference is for low values of 
cloudiness. where estimates from the present model consistently underestimate 
measured values. One possibility that was not considered during the model develop- 
ment stage was the possbility of temperature inversions. Although the strength and 
location of temperature inversions will depend on both time of" day and season, one 
might reasonably assume that the diurnally-averaged environmental lapse rate in 
these circumstances might be quite small. say, close to zero. Even small differences in 
the assumed environmental lapse rate could lead to large diiferences in flux estimates. 
especially during summertime, because of the fourth power nature of the Stefan- 
Boltzmann law. This seems to be evident in Fig. 4.11. where the largest underesti- 
mates occur when the measured fluxes are greater than 25 MJ m’? day“, i.e.. summer. 
These results emphasize the sensitivity of longwave fluxes to air temperatures, in 
contrast to shortwave fluxes which are somewhat ‘ 

insensitive to the exact 
composition-temperature profile. 

Figure 4.12 illustrates root" mean square errors and D-statistic for flux estimates 
as a function of averaging period. Flux estimates from both models improve with 
increase in averaging period. There is little difference between estimates from either 
model for 10 day periods. One interesting result is that the D-statistic for estimates 
from the present model continue to increase with averaging period. Analysis suggests 
that estimates’ from the present study are in better agreement for averaging periods 
greater than S days. One possible explanation for this result is‘ the distribution of 
errors as a function of time. Figure 4.9 shows that estimates from the Atwater and Bali 
model are almost consistently less than mean measured values from May through Sepi- 
tember. Thereafter, model estimates are almost consistently greater than mean meas- 
ured values. Average flux estimatesldo not appreciably improve with averaging 
period because improvement depends on both overestimates and underestimates
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Figure 4.9 - Deviations of Estimates (present study - upper half; Atwater and Ball 
(1974) - lower half) of Daily Longwave incoming Radiation from Mean Measu_red 
Values (Davies and Sehertzer. 1974) over Lake Ontario, '1 May. 1972. to 31 March. 1973. 
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Figure 4.10 - Frequency Distribution ofvA‘bsolute Errors (Difference of Mean Measured 
Values from Estimated Values) of Estimates of Daily incoming‘ Longwave Radiation. 
Solid line refers to results from present study", dashed line for Atwater and Ball's 
(1974) results. (a) refers to deviations from mean measured values; (b) refers to devia- 
tions from the range. 
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occurring within the averaging interval. The present model both overestimates and 
underestimates and this leads to a better agreement With increase in averaging period. 
On a monthly basis, root mean square error of flux estimates is 1.31 M] m"? day" for 
the present model and 1.38 M] m‘? day" for Atwater and Bali’-s model.
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Figure 4.11 - Compafison of Estimates of Daily incoming Longwave Radiation as a Function of Cloudiness over Lake Ontario, 1 May. 1972. to 31 March, 1973. Symbols 
represent results from present study (full circles) and Atwater and Ball (1974) (open 
circles). Diagonal lines represent the 1:1 line. 
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Figure 4.12 - Comparison of Root Mean Square Errors and D.-Statistics of Estimates of 
Dailyincomlng Longwave Radiation over Lake Ontario, 1 May, 1972, to 31 March, 1973, 
as a Function of Averaging Period. Symbols represent results from present study (*) and Atwater and Ball (1974) (open circle). 
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it is difficult to explain why both models underestimate incoming longwave 
fluxes. Atwater and Ball had temperature and humidity profiles from radiosonde 
ascents. Therefore, boundary" conditions for solving transfer equation 
were known. as opposed to modelled. There is the possibility that these profile data 
were not applicable or representative of conditions over the lake. Or, their treatment 
of aerosols on infrared radiation transfer. e.g_. assumed physical properties of the 
aerosol model. may be inappropriate. 

.

A 

Flux estimates from the present model are known to be sensitive to small tem- 
perature changes. For example, the root mean square error for monthly flux estimates 
decreases from 1.31 MJ m"2 day" to approximately 1.07 M] in'2 day" when the step 
function for scaling functions (T able 3.2) is replaced bya polynomial approximation.
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Thus, only small temperature changes may be required to bring flux estimates into 
better agreement with measured values. This might result if surface water tempera- 
tures could be more accu_ra_tely modelled. 

s

' 

There is one other possibility that is relevant to both models. Neither model 
treats multiple scattering effects in the infraredregion in a credible manner. The 
Atwater -and Ball model relies on what is essentially a transmittance model derived 
from the radiative transfer equation, while the present‘ model relies on elementary 
concepts from radiative transfer theory. Neglect of multiple scattering eifects was 
assumed on the basis that such effects are small in the infrared spectrum, since optical 
depthsare likely to be small. This assumption fmay not in fact be valid, and consistent 
flux underestimates may simply be reflecting the neglect of multiple scattering effects. 
The previous section demonstrated that even simple two-term radiative transfer 
models can greatly improve shortwave flux estimates compared to conventional 
transmittance models. This possibility should be investigated in future research. 

4.3.3. NGI Ridlillull 

Net radiation estimates include errors from each component term. improvement 
in flux estimates will depend on simultaneous improvement in each term. or on com- 
pensating errors. Comparisons of net radiation estimates with measured values are 
summarized in Figs. 4.13 and 4.14. ' ‘ 

.

" 

Figure 4.13 illustrates deviations of daily estimates from mean measured va_lue_s 
and range of daily values for both the present study and Atwater and Ball's model. 
Vertical scales in fig. 4.13 are not identical. Figure 4.13 is similar to Fig. 4.5 for 

shortwave estimates. Root mean square error of daily flux estimates is -3.-2 

M] m‘? day" for the present model and 4.1 MJ'm'1? day" for the Atwater and Ball 
model. These root mean square errors decrease with averaging period for both 
models. although the decreaseis much greater for estimates from the present study. 
The D-statistic increases with averaging period, as both shortwave and longwave

I
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Figure 4.13 - Deviations of Estimates (present study - upper half; Atwaterand Ball 
(1974) - lower half) of Dally Net Radiatioh from Mean Measured Values (Davies and 
Schertzer. 1974) over Lake Ontario, 1 May. 1972, to 31 March. 1973. 
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Figure 4.14 - Comparison of Root Mean Square Errors and D-Statistics of Estimates of 
Daily Net Radiation over Lake Ontario. 1 May. 1972; to -31 March, 1973. as a Function of 
Averaging Period. Symbols represent results from present study (*) and Atwater and 
Ball (1974) (open circle). .
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estimates improve with averaging period. 

Both models yield acceptable estimates during the winter months. although the 
present model yields estimates that exceed the range by 1 to 2 M] m'2 day". Esti- 

mates from the present model during the spring and summer months are clearly supe- 
rior to those from the Atwater and Ball model. both in terms of magnitude and fre- 
quency. This is significant from the surface energy balance point of view: this is the 
time of maximum energy gain at the lake surface. it is importantv. therefore, that radia- 

tion models perform well at this time of year. The present model for estimating net 
radiation performs well in this respect.

1 

01234587891011
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4.4. Turbulent Fluxes ‘

" 

Estimates of turbulent energy fluxes depends upon values of the Bowen ratio, 
wind speed and the mass transfer coefficient. Figure 4.15 compares estimates of daily 
Bowen ratio (thin li_ne) with values tabulated, by Pinsak and Rodgers (1981) for Lake 
Ontario for the period 1 May, 1972. to ll December. 1972. Values tabulated by Pinsak 

and Rodgers are considered to be exact in this analysis. as values were derived from 
overlake values of air and dew point temperature, as well as known values of surface 
water temperatures. They assumed a constant value for the psychrometric constant 
(eq.[53]). whereas kwas evaluated directly from the definition of this parameter in this- 
study. in addition. values from the present study incorporate the effect of humidity 
on values of specific heat of air. While the net effect is likely to be small, some of the 
variation between Bowen ratios shown in Fig. 4.15 will arise from this difference in 
evaluation of k. 

Figure 4.15 illustrates essentially two regimes of agreement. Estimated daily 
Bowen ratios fluctuate considerably from May to August , a time when overlake stabil-e 
ity can be generally classified as stable. Largest disagreement between model esti- 
mates and observed values occur at this time of year, although individual deviations 
tend to be isolated. Figure 4.15 suggests that estimates are generally in phase with 
observed values, while absolute differences may be large. Much of the error in 
estimated values can be traced to errors in surface water temperature. The large devi- 
ations occurring in early June and late July result from overestimated surface wate_r 
temperature. The impact of underestimated surface water temperatures from mid 
_Iu_ne to early July results-in underestimated Bowen ratios. 

A _’ 

Figure 4.15 illustrates a second Bowen ratio regime beginning in September. Esti- 
mates and observed values are in virtual agreement. An exception occurs near the 
middle of September. when estimates of surface temperature changes from the heat- 
ing to cooling period functions. This agreement is encjouraging because evaporation
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Figure 4.15 - Comparison of Estimates of Daily-Averaged Bowen Ratio over Lake On 
tario. 1 May to 16 December. 1972. Values tabulated by Pinsak and Rodgers (1981) shown by thick line. Results from the present study shown by thin line. 
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I what surprising during October, where surface water temperatures are overestimated
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Figure 4.16 -y Comparison of Estimates of Weekly-Averaged Sensible Heat (upper half) and Latent Heat Fluxes (lower half) with Values Determined from Objective Analyses 
(Holland et.al.. 1981) over Lake Ontario, 1 May to 26 October. I972. 
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I and dew point temperatures and surface water temperature are largely compensating. 
,

I The good agreement between estimated and observed Bowen ratios indicates that 
errors in evaporation must therefore derive from errorslin estimates of wind speed
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and/or the bulk evaporation coefficient C5. “ ' 

*

E 

Figure 4.16 compares estimated latent and sensible heat fluxes with values 
obtained by objective analyses (Holland et.aI.. 1981). These values are considered as 
the measured values in the following discussion. The utility of these values lies in the 
fact that it is possible to attach confidence limits to (mean) values. Ninety-five percent 
confidence limits are implied in values shown in Fig. 4.16. Estimated latent and sensi- 
ble heat fluxes are shown by open squares in Fig. 4.16. 1 

The root mean square error of the difference between meafnlmeasured values and 
flux estimates is 0.78 MJ m'2 day" for sensible heat flux and 1.77 MJ m‘? day" for 
latent heat flux over this time period. These values may be compared with the root 
mean square of the range of measured values in Fig.-1.16,: 1.91 M1 m'2 day" for sensi- 
ble heat and 3.53 MJ m"" day‘! for latent heat flux. These comparisons indicate excel- 
lent agreernejnt over the period considered, which includes stabilitiy classifications 
ranging froin very stable to very unstable. l_ 

Estimates are within the range of" measured values for almost every week. The 
major disagreements for sensible heat flux (approximately 1 M] m‘? day") occurs dur- 
ing June when surface water temperatures are overestimated. These overestimated 
surface water temperatures apparently have little or no effect on latent heat flux esti- 
mates, however. A similar situation occurs in September, howeverl the effect is quite 
different-. Sensible heat flux is reasonably well estimated while. latent fluxes are 
underestimated. These underestimates may be related to the underestimated wind 
speed (Fig. 4.2 (d)) and/or the mass trans-fer coefficient which is essentially a function 
of the bulk evaporation coefficient CE. This question cannot be resollved at the weekly 
time scale. Accurate knowledge of atmospheric stability and wind speed on a daily 
basis will be required to resolve this question.

1 

Figure 4.17 compares estimated weekly evaporation totals with 'values tabulated 
by the ll-‘YGL Energy Balance Panel for the period 4 May. 1972. to 28 March. 1973. The

I
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Figure 4.17 - Comparison of Estimates of Weekly Evaporation ‘Totals (thin line)ywith 
Values Tabulated by the IFYGL Energy Balance Panel (Quinn and den l-lartog. 1981) for 
Lake Ontario, 4 May. 1972. to 26 March. 1973. -
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. values tabulated by the IFYGL Energy Balance Panel employed Atwater and Ball's net 

A 

radiation values and surface heat fluxes determined from vertical temperature
I 

profiles on Lake Ontario. Evaporation may then be evaluated from:
I 

t E: Q‘-Q,+QM+<2, 1 

0(1+fi)L 
1

l 

The largest differences occur during August, September. and €:October, when

1
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evaporation rates are approaching maximum values. The effect of: errors in surface 
water temperature appears ambiguous. During the latter half of J1-me, surface water 
temperatures are overestimated. This appears to have little effect on evaporation 
totals. Surface water temperatures are also overestimated during early July. when the 
diiference between the two evaporation totals is 13 mm. During the August to Sep- 
tember period. relative errors -range from S to S0 percent, with overestimates and 
underestimates being approximately equal in magnitude. From; November onwards, 
deviations from .measured values range from -6 mm to 8 mm onf a weekly basis. The 
root mean square error of the difference between estimated and measured weekly 
evaporation totals is 9.3. mm week" with a mean bias error of mm week“. sug- 
gesting an overall underestimate of evaporation totals. n 

Figure 4.18 compares weekly evaporation totals from the present study with esti- 
mates by Phillips (1978) (heavy line) and Quinn (1978) (dash-dot line), Phillips per- 

formed evaporation calculations by applying multiple regression equations to esti- 
mate overiake wind speed, air. and dew point temperatures (as described in Section 3) 
for a grid over l.al_<e Ontario. Fetch and surface water temperatures, were known 
exactly. Aerodynamic equations were applied toestimate latent and sensible heat 
fluxes, where C; was allowed to vary with atmospheric st_ability. although this was 
specified as a step function. Phillips‘ approach is thus similar to the present study in 
form, except that many variables are modelled in this present study. 

'

, 

Quinn's approach is simi_lar- in that aerodynamic equations were applied to esti- 
mate daily evaporation totals-. The major difference was that C; was determined as an 
explicit function of atmospheric stability through the nondimensional wind speed 
gradient. potential temperature gradient, and the Monicn-Obukhoiv length. input 

meteorological data was derived from buoys -stationed in Lake Ontario. The buoys 
became inoperative in early December.‘ Quinn's results therefore end at this time. 

Figure 4.18. demonstrates that all three methods yield nearly identical results
l
. 

. 
-

1

l

l

I
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Figure 4.18 - Comparison of Weekly Evaporation Totals for Lake Ontario, 7 May. 1972, - 

30 March, 1973. Thick line represents estimates from Phillips (1978); dash~dot line 
represents estimates from Quinn (1978); estimates from present study shown by thin 
line. ’
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from the beginning of the study period (7 May, 1972) to early September. The largest 
disagreement occurs in September and October with more minor variations 

thereafter. Accepting Phillips‘ values as the measured values yields a root mean 
square error of 10.3 mm week" for_est'l"mates for the present study and a mean bias 
error of +0.8 mm week". Accepting Quinn's values as the measured values yields a



Monthly 

Evaporation 

Totals, 

mm 

-Q0. 

Figure 4.19 - Comparison of Estimated Monthly Evaporation (thin line) with Values recommended by the IFYGL Energy Balance Panel (Quinn and den Hartog. 1981') for 
Lake Ontario, May. 1972, to March. 1973. ‘
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root mean square error of 9.4 mm week" and la mean bias error of -0,2 mm week". 
These results are similar to those obtained for evap.orat;ion totals recommended by 
the ll-'YGL Energy Balance Panel, although the mean bias error is much closer to zero. 
suggesting a better overall estimate. There are clear differences in vveeklY evapora- 
tion totals between the four sets. it is encouraging, however, that results from the
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Figure 4;20 - Comparison of Estimates of Monthly Evaporation with Values Recom- mended by the ll-‘YGL Energy Balance Panel for Lake Ontario, May, 1972. to March. 1973 
_ (Quinn and den l-iartog, 1981). Symbols represent present study (full circle), aero- dynamic method (open circle), energy balance (diamond). and water balance (square). 
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present study are comparable with recommended values since the present study uses 
input data collected at land stations. 

Figure 4.19 compares estimated monthly evaporation totals (mrn) from the 
present study (thin line) with recommended values (Quinn and den Hartog, 198(1). Fig- 
ure 4.20 compares monthly evaporation totals from this study with values deterrnined 
from the mass transfer method. energy balance approach. and water balance methods.
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The largest difference in the present study occurs during September when the 
difference amounts to IS mm, or 15 percent of the recommended value. Estimated 
evaporation is ejssentlally exact in all months except'September and November. in no 
other month does the relative error exceed S percentof recommended values, 

Figure 4.20 demonstrates that. on a monthly basis, estimates from the present 
study compare very favourably with other methods surveyed by Quinn and den Har- 
tog (1981). Monthly estimates are on or near the 1:1 line for both low and high eva- 
poration rates. ' 

4.5. Ice I-ieat Flux 

Figure 4.21 compares estimated weekly ice heat flux over Lake Ontario for the 
period 2 November. 1972. to 28 March. 1973. with estimates tabulated by the IFYGL 
Energy Balance Panel. The agreement between the two estimates is generally excellent 
throughout the study period. This suggests that the fractional ice concentrations 
predicted by the ice model are correct. at least in order of magnitude. The largest 
differences occur over a four week period from mid-February to mid-March. when the 
error ranges from 1 to 3 M] m‘? day“, which is similar to errors in incoming longwave 
radiation. Errors at other times are insignificant. "

' 

lce heat fluxes presented by the IFYGL Energy Balance Panel for these four weeks 
may be overestimated. Boyce et.aI. (1977) e=m'..atea minor energy fluxes. including 
ice heat flux, and found ice heat flux values of approximately 1 MJ m‘? day" from 
mid=February to mid-March. Est_i_mate_s from the present study agree with these values 
closely. ' 

4.6. Surface I-leat Flux and Lake Heat Content 

Figure 4.22 compares estimated ‘weekly surface heat flux with values derived“ 
from vertical temperature profiles from ship surveys in -Lake Ontario during IFYGL 
(Boyce et.-al., 1977). Figure 4.22 de_monstrates that weekly surface heatfluxes fluctuate
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Figure 4.21 - Comparison of Estimates of Weekly-Averaged lte Heat Flux with Values Tabulated by the IFYGL Energy Balance Panel (Quinn and den Hartog, 1981) for Lake Ontario, I November. 1972, to 26 March. 1973. Modelled values are shown by thin line‘; tabulated values shown by thick line. - 
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about measured values by within the 5 M] in“? day", which is within the uncertainty 
of the heat content measurements. Errors in flux estimates are evenly’ distributed 
with respect to sign and time of year. Root mean square errors are 4.8 MJ ma‘? day", 
2.2 MJ m'2 day“. and 1.0 M] in‘: day" for weekly. biweekly. and monthly periods, 
respectively-.

1 

. Accurate surface‘ heat fluxes are required for evaluation of lake heat content, 
which. in turn, is required in estimating surface water temperature. Comparison of
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Figure 4.22 - Comparison of Estimates of Weekly”-, Biweekly-. and Monthly-Averaged Surface Heat Flux with Values lnterpolated from Heat Content Measurements (Boyce et.al., 1977) for Lake Ontario. 3 May. 1972, to 28 March, 1973. Model estimates shown by thin line; values inferred from heat content measurements by thick line.5 
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’ Figure 4,23 - Comparison of Estimates of Daily Lake Heat Contents with Measured Values (Boyce et.al-._, 1977) for Lake Ontario, l May, 1972, to 31 March. 1973. Model es- 
timates shown by full line; measured values given by error bars, 
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estimated daily heat ‘contents with measured values (Boyce et._aI. 1977) are illustrated 
in Figure 4.23. The full line represents the modelled heat content. while symbols 
represent measured values. Boyce et.-al. estimated the magnitude of several sources
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of error affecting heat “content measurements. The error bars represent these meas- 
urement errors, in general, measurement errors vary from approximately 1 to 10 per- 
cent of heat content ‘values. 

Figure 4.23 illustrates excellent agreement between estimated and measured 
heat contents. The largest dlsgreement occurs in the September-October period, 
when surface Water temperature must be estimated from the cooling phase function. 
Errors in surface water temperature at this time of year are therefore critical. During 
the rest of the year, heat contents are accurately estimated. Estimates are within, or 
close to. uncertainty limits of measured values. Part of this good agreement arises 
from the negative feedback nature of the surface water temperature"-heat content rela- 
tionship. Errors are never allowed to amplify. The agreement is also good because 
major components are estimated well at the times that it is important to estimate 
accurately. l.e., net radiation during the spring and early summer months and latent 
and sensible heat fluxes during autumn and early winter months.

\
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5. ENERGY BALANCE CLIMATOLOGY OF THE LOWER GREAT LAKES 
' The model for evaluating radiation and energy balance coI_nPonent_s described 

in Sections 2 and 3 was applied to estimate daily values for the lower Great Lakes 
for the period1953-1983. This Section describes the results of this simulation. 

Figure 3.1 illustrates shoreline stations from which meteorological data were 
merged to form a meteorological data base for each lake. Meteorological stations 

are not equally distributed: the data base is biased to data from Canadian stations 
for Lake Ontario and to the American stations for Lake Erie. No sensitivity analyses 
have been performed to estimate the impact of station bias to the data base. but it 
is believed to be small as prevailing winds are from the west to southwest. which is 
ne_arly coincident with the major axis for both lakes. 

5.-L ENEKGY BALANCE COMPONENTS 
Figures 5.1 and 5.2. illustrate maximum, mean. and minimum live-day values for 

selected hydrometeorological variables, radiation and energy balance components 
for Lake Erie and Lake Ontario, 1953-1983. respectively. Comparison of mean 
monthly values is shown in Fig. 5.3. In general. maximum and minimum values 
represent approximately two standard deviations from estimated mean values. 

Air and dew point temperatures are similar for both lakes. The largest 

difference occurs from April to July. when Lake Erie air temperatures are greater 
than for Lake Ontario. The dllference in air temperatures is approximately 4 °C. 
and approximately 1 to 2 °C for dew point temperatures. Part of this difference 
arises from Lake Erie's more southerly position, while much of the difference is 
accounted for by low surface water temperature of Lake Ontario at this time of 
year. This pattern is reversed during late autumn and early winter months when 
Lake Ontario is warmer than Lake Erie, although the differences are small. 

Maximum wind speeds are observed during December and January, when they
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Figure 5.1 -V Maximum, Mean, and Minimum Five-Day Hydrometeorological. Radiation, 
and Energy Balance Components for Lake Erie. 1953-1983.

i 

I _ - 
_ . »»

u es so 
5-." 5

E 

—g _. 1 

" 

I 
I 

5 
' 

I 1 
'

" 

so 

-a 
'm~~e:'~~; = ~ - ;--- - ‘ 

I

- 

- ' 
. » ' ' 

percent. 

Us 8 

am FEB MAR APR MAY Jun JUL AUG SEP oc'r Nov Dec 
Pirne of Year 

average approximately ll rn s" for Lake Ontario and 8 m 's'1 for Lake Erie. Lowest 
wind speeds are observed during May and June when they average approximately 4 

to 5 m s". There is little 'differe_nce in wind speeds during early summer months. 
The difference is much larger. however, du_ring the winter months when it amounts 

-1 
-to approximately 3 m s . The difference arises from the greater scaling for wind 
speeds over Lake Ontario thatarise from the larger difference between overland air
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Figure 5.1 - Maximum, Mean. and Minimum Five-Day l-iydrometeorological, Radiation, and Energy Balance Components for Lake Erie. 1953-1983. 
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temperatures and surface water temperatures at this time of year. 

Clou_di_ness is slightly greater over Lake Erie than over Lake'Ontario during 
winter and early spring. although these differences are slight. Cloudiness is nearly 
Identical for both lakes from May to November. Maximum cloudiness for both lakes 
occurs during November and December (approximately 80 percent) and is least dur- 
ing July, August, and September (approximately SO percent) when surface pressure
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Figure 5.1 - Maximum. Mean. and Minimum Five-Day Hydrometeorologicai. Radiation, 
and Energy Balance Components for Lake Erie. 1953-1983. ‘ 
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is greatest over both lakes; Largest surface pressure at this time of year occurs in 

association with maximum poleward displacement of the Bermuda anticyclone-. 

- Seasonal variation of surface "visibility is similar for both lakes. -The data 

reveal a primary maximum during April and October. when cyclonic activity is
1 

greatest-. Minimum values_are observed during the winter months when migratory 

anticyclones stagnate over the /Great Lakes basin. This is also the time when indus-
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Figure 5.1 -.Maximum_, Mean. and Minimum Five-Day Hydrometeorological». Radiation 
and Energy Balance Components for Lake Erie, 1953-1983. ' 
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trial activity is greatest and convective motions are least. A weaker. secondary 
minimum occurs during August when the Bermuda anticycione is displaced pole- 

ward. Visibility is consistently greater over.Lake Ontario than over Lake E_rie. This 

difference averages approximately 4 km.
.

4 

Monthly estimates of ice concentration are in excellent agreement with 

tabluated values of Assel etal. (1983). it is therefore anticipated that estimates of
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Figure 5.1 - Maximum. Mean. and Minimum Five-Day Hydrometeorological, Radiation, 
and Energy Balance Components for i_.al_<e Erie, 1953-1983. V 
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surface albedo are correct. Bowen ratios are similar for both lakes. Largest values 

are observed during the winter months. Minimum values are found during the late 
spring and early summer months, when fix is approximately zero. Bowen ratios are, 
however. most variable at this time of year. They fluctuate within a much narrower 
range during the winter. ' 

-

_ 

Shortwave radiation Kl, is greatest during June and July and least during
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Figure 5.1 - Maximum. Mean. and Minimum Five-Day I-lydrometeorological, Radiation. 
and Energy Balance Components for Lake Erie. 195-3-1983.. 
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December. when the intensity of the incoming solar beam at the top of the atmo- 
sphere is least and cloudiness is generally greatest. Shortwave radiative income is 

very similar for both lakes from September to December. incoming shortwave radi- 

ation is greater over Lake Erie from January to March,» Lake Ontario has a 

larger receipt from May to July. Both lakes have similar geographical position. 

Therefore, differences in daylight period are minor. These diffe_re_nce_s in shortwave



_-l04- 

figure 5.1 Maximum. Mean-. and Minimum Five Day Hydrometeorological, Radiation. and Energy Balance Components for Lake Erie. 1953-1983,. ' 
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income arise for two quite different reasons. During the winter months, Lake Erie is 
largely ice-covered. ice-cover greatly enhances multiple scattering of shortwave 
radiation and is responsible for the larger shortwave radiative income over Lake 
Erie. Lake Ontario experiences relat_ive_ly little ice-cover during the winter and mul-_ 
tiple scattering effects are therefore reduced. 

Cloudiness is similar for both lakes at all times of the year. however, visibility
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Figure 5.2 - Maximum. Mean, and Minimum Five-Day Hlydrometeoroiogical-. Radiation, 
and Energy Balance Components for Lake Ontario. 1953-1983. 
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is greater over Lake Ontario than over Lake Erie. This results in a greater shortwave 

radiative income over Lake Ontario for the May through July period. The difference, 
approximately 2 to 4 MJ m'2 day“, is not insignificant and emphasizes the i111p‘Q)'-, 

tance of incorporating aerosol effects on radiative transfer. I ,

1 

The ‘reflected shortwave radiation, being directly proportional to Kl, and the 
surface albedo Q‘; is largest over Lake Erie during February and March when ice con-
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Figure 5.2 - Maximum, Mean. and Minimum Five-Day I-lydrometeorological. Radiation 
and Energy Balance Components for Lake Ontario. 1953-198-3. 
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centrations are greatest. Reflected shortwave radiation is approximately one half of 

the incoming shortwave radiation at this time of year. The small ice concentrations 

over Lake Ontario have little impact on reflected radiation as the incoming 

shortwave radiation at this time of year is also small. Thus, annual variation of 

reflected shortwave radiation over Lake Ontario is very similar to that for incoming 

shortwave radiation.
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Figure 5.2 - Maximum, Mean. and Minimum Five-“Day Hydrometeorological, Radiation 
and Energy Balance Components for Lake Ontario. 1953-1983. 
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incoming longwave radiation is largest during July and August and least in 
January and February. This pattern strongly mirrors the seasonal variation in air 

temperature. Longwave fluxes a_re greater over Lake Erie than over Lake Ontario at 
all times of the year except during November, December, and January. when they 
are approximately equal. During May and June, incoming longwave over Lake Erie 
exceeds that for Lake Ontario by 2 to 4 MJ m": day“. This difference results from
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Figure 5.2 '- Maximum. Mean. and M.lnlmumLFive-Dav Hyd.ror..neteorol0zical. Radiation. 
and Energy Balance Components for Lake ntario. 1953-1983. V 
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greater air temperatures over Lake Erie at these times, but may also reflect a greater 
radiative income from greater aerosol concentrations. 

On an annual basis, incoming longwave r'adiat~ion ranges from approximately 
23 M] m’: day" in January to 34 MJ m'2 day" ‘In July for Lake Erie and 22 

MJ m'2 day" in January to 33 MJ tn“: day" in August for Lake Ontario; This is a 

range of approximately ll M] m4 day" for botli lakes and is approximateilyone
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Figure 5.2 - Maximum. Mean. and Minimum Five-Day I-lydrometeorologicai, Radiation, 
and Energy Balance Components for Lake Ontario. 1953-1983. 
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half the annual range for incoming shortwave radiation. This is a consequence of 
cloudiness which affects iongwave radiation income differently from shortwave 

radiation receipt. During winter months, when cloudiness is greatest, incoming 

longwave radiation is greater than would be observed if there less cloud. The 
4

. 

opposite effect occurs duringlsummer months when cloudiness is less. in these 

months. incoming longwave radiation is less than would be observed if cloudiness
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Figure 5.2 -Maximum, Mean. and Min,l_r_nu_m Five-Day Hydrometeorological, Radiation, and Energy Balance Components for Lake Ontario. 1953-1983. 

.: _ 
I 1 _ . 

I I , -
: 

.. 
2 

5 .e 
'

; 

"i e

1

Q 
L, 
MI 

m" 

day" 

m-8 

day-1 

1° ,3 I s, ” 

-I ' 

I I 
| . 

Q, 
ll! 

m"z 

day 

é
2 
Q'- 

g 

" 
v

4 

-11- I - 

_ f

» 

JAN FEB MAR APR MAY _ JUN JUL Aus SEP OCT NOV DEC 
- Tvrne of Year 

were greater. The net result is that the seasonal variation of cloudiness reduces the 
annual range of incoming longwave radiation. Shortwave radiation is directly bro- 
portional to cloudiness. in wintertime, cloudiness reduces an incoming solar beam 
that is initially low in intensity. During the summer mont_hs, the incoming solar 
beam is much more intense while small cloud amounts result in large radiative 
gains at the surface.
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Flgure 5.2 Maxi_mur_n, Mean. and Minimum Five Day Hydrometeorological, Radiation 
and Energy Balance Components‘ for Lake Ontario, 1953-1983. 

.. .. _ _N_. 
L ‘ H‘ I 7 . _ i 

‘
I 

_ . rwi = 5" 
. _ . - 

_ . r. . W ' ' 
_ . _ . - 

llJm" 

Qujlfl-m"

8 

anlnouo-oo5$:5=8l 

e
0 

~ . .
- 

_ . 
' _ - 

’ _ . 
‘ _ . 

V " ' 
-‘ ' ' 

- ~ ' 
. 

' '
- 

Eli 
. ' '

, 

_ 
~ 

- ' ' 
. ' ' 

.
' 

. ' . ' . ' _ . I 

_ . 
I 

_ . 
_ _ - 

_ 
~ . 

I 1 1 — I i ‘Pu 

0,11: 

m'* 

day" 

i ii 
is

é 
‘ 

_ . 
_ _ _. _.._ _ _ ., . - 

JAN MAR APR war JUN JUL we SEP oc'r NOV ozc 
1‘|'.1ne of Year A 

Theupward emitted longwave radiation LU, being directly proportional to sur- 
face water temperature. displays the same seasonal variation as the latter. Outgoing 
longwave radiation is largest during August for both lakes and least in February 

when surface water ternperatures are at. or near, minimum values. Outgoing 

longwave radiation is slightly larger for Lake Ontario from December to February 
when Lake Ontario is slightly warmer than Lake Erie. The largest clifierence occurs
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Flgure 5.3 - Comparison of Mean Monthly Values for Selected Hydrometeorologlcal 
Variables, Racllatlqn, and Energy Balance C0mp0nen_ts for Lake Erie (thln line) and 
Lake Ontario (thick line). 1953-1983.
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during the May through August period when Lake Erie is significantly warmer than 
Lake Ontario. - 

Net rad_ia_t_ion balance is the joint elfect of the net shortwave and net longwave 
balances. Forboth lakes, net radiation is a slowly“ varying function of time of year. 
it is approximately -zero from late November to early February. it has a broad. 

rather featureless. maximum in summer when it averages approximately 1S 

M] tn": day“ (Like Erie) to 18 MJ m'2 day“ (Lake Ontario) from mid- May to late 
July and then begins decreasing rapidly thereafter. Net radiation income is very 
similar for both lakes and strongly mirrors the shortwave income. except that 
values are reduced by approximately 4 MJ m'2 day“. which is approximately the 
amount outgoing longwave radiation exceeds the incoming longwave radiation. Net 
radiation is greater over_Lake Ontario (approximately 3 to 4 MJ m'2 day“) from May 
to August. This result largely reflects the increased shortwave radiative income 

arising from reduced aerosol concentrations. \ 

Seasonal variation of latent and sensible heat fluxes is opposite to that of net 
radiation. Largest latent heat fluxes occur during autumn and winter months while 
smallest values are observed during late winter and spring months. Figure 5.3 

shows, however. that times of maximum and minimum values for Lake Ontario lag 
behind thosefor Lake Erie by approximately two to three rnonthns. Largest latent 

heat fluxes occur during October for Lake Erie and December for Lake Ontario.
\ 

These differences arise from the differences in timing of occurrences of maximum 
temperature and vapour pressure gradients between lake surface and overlying air. 
The larger heat content of Lake Ontario ensures that surface water temperatures 
decrease at a slower rate. while Arctic air masses generally appear in late November 
and early December. The magnitude of latent heat fluxes during the high evapora- 
tion months is similar for both lakes, approximately 10 MJ m“: day". 

Latent heat fluxes decrease during the winter months. although the decrease is
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much more rapid over Lake Erie because of seasonal ice-cover. Lake Ontario.‘with 
little ice cover, averages 5 MJ m‘: day“! during these months. During the spring 

months, latent heat fluxes over Lake Erie are small. but positive, and become large 

by July and August as surface. water temperature _rapid_ly increases. Lake Ontario 

heats up muc_h more slowly. During May and June. ambient dew point temperatures 
are approximately equal to. or greater than, surface water temperature of Lake 

Ontario. The result is that latent fluxes are frequently close to zero or negative 

(condensation) for these months. Surface water temperatures begin increasing 

rapidly during July and August. and latent heat fluxes begin increasing. 

Seasonal variation of sensible heat fluxes mirrors that of latent heat fluxes, 

since sensible heat flux is directly proportional to the latent heat flux by the Bowen 
ratio. Sensible heat fluxes are less than latent heat fluxes, as the average Bowen 
ratio is less than one. ‘Largest differences between the lakes occurs from December 
to March, when the difference is approxi_mate_ly_S MJ m'2 day". Differences are 

much smaller at other times of the year. Lake Ontario sensible heat fluxes average 
'-I to -2 MJ m4 day" from April to July. indicating a heat gain at the surface. Sensi- 
ble heat fluxes over Lake Erie during these months is approximately zero or slightly 
negative. On a annual basis, maximum sensible heat fluxes lag behind maximum 
latent heat fluxes for both lakes“. This effect arises from the difference in seasonal 

variation of latent heat flux and Bowen ratios. The latter lags behind the former in 
such a way that the increase in Bowen ratio is larger than the decrease in latent heat 
flux. The difference is usually small, but large enough to yield maximum sensible 
heat fluxes after largest latent heat fluxes have occurred. 

The surface heat flux is the joint effect of net radiation and turbulent heat 

fluxes. Seasonal variation for both lakes is very similar: maximum heat gain occurs 
during June for both lakes. while largest losses occur in November for Lake Erie and 
December for Lake Ontario. Maximum and minimum heat fluxes are approximately
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2O Mj m’: day"! for Lake Ontario and approximately 12 MJ m"2 day”, -for Lake Erie. 

Annual net surface heat flux is not zero. however. it is close to zero for Lake Erie 

over periods ranging from three to six years-. Lake Ontario &PP¢ars to be gaining 

heat on an annual basis. although the gain over the 31 year period is small. amount- 

ing to approximately 0.4 percent of average annual minimum heat content. This 

value is well within the estimated measurement error for heat contents. 

5.2- LAKE HEAT CONTENT 
Accurate evaluation of lake heat content is a crucial step in model calculations 

because surface water temperature. upon which estimates of several other variables 

are made. is directly proportional to heat content. On the other hand, lake heat 

content serves as an important constraint on estimated surface heat fluxes and, in 

turn. on estimated turbulent heat fluxes. Heat content measurements afford an 

independent verification of surface heat estimates and provide some insight into 

the stability of the numerical algorithm. This section describes the comparison of 

daily estimates of heat content with measured values for Lake Erie. Similar com- 

parisons have been performed for Lake Ontario. however. they are not very 

different from those pre‘senftec_l in Figure 5.4 for Lake Erie. 

Figure 5.4 illustrates daily estimates of heat content for Lake Erie for 1953 to 

1983. Measured heat contents, obtained from vertical temperature profiles from 

ship surveys-,4 are available for the period 1967 to 1980. These are shown as filled 

circles on the appropriate dates. Mean daily heat contents. obtained by averaging 

over the 31 yea!‘ Period. are shown by the dotted line. 

The estimated daily heat contents were obtained with a single run of the com- 

puter programme. The results are encouraging. Agreement between estimated and 

measured values are generally quite good. especially between 1967 and 1973 when 

estimated values are in virtual agreement with measured values. Estimated heat 

contents appear consistently overestimated during 1978 and 1979. while the
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agreement improves during 1980. The overall agreement is thus seen to be good, 

especially since the model had been simulating daily heat contents for 14 years 

before the first measured values became available. " 

The good agreement suggests that the model representation of the physics of 

the surface heat transfer is correct. The. major uncertainty are heat contents during 

the winter months, when ice conditions preclude ship surveys. No "run-away" situa- 

tions (e.g. negative heat contents which arise in frequent large heat losses during 

winter) were ever witnessed during the 31 year period, however, and this sug_ge_sts 

that wintertime heat contents are reasonably well estimated. 

There is one source of uncertainty in these results. This is the effect of lake 

levels on heat content values. Lake surface area is assumed constant in this study, 

which implies a- constant lake level. Lake levels vary seasonally, e.g. snowmelt dur- 

ing March and April-, and with heavy precipitation events. The good agreement 

between ejstirnated and measured heat contents between 1967 and 1973 suggests 

these effects may be small, although they may have some bearing on overestimated 
heat contents in 1978 and 1979. - 

Finally, the model was developed and tested with data from Lake Ontario. it is 

therefore encouraging that the model has performed well for Lake Erie. These- 

resuits provide confidence that the model has captured the essential physics and is 

numerically stable. 
g

- 

5.3. LONG-TERM VARIATIONS
\ 

. Figures 5.5 and 5.6 illustrate the annual variation of hydrometeorological vari- 

ables, radiation, and energy balance components for Lake Erie and Lake Ontario, 

respectively. for the period 195-3-1983. Trends are observed for some of the vari- 

ables, while other variables display little or no trend, The best documented trend 

has been the decrease of air temperatures since the late 1940's. Figures 5.5 and 5.6
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demonstrate decreasing air temperatures over both lakes since 1953. The decrease 
is not consistent and several years (1953. 1955. 1959. 1964. 1973. 1975. and 1983) 

stand out as years with well-above average (for 1953- 1983 period) annual tempera- 

tures. The decrease in annual temperatures appears to have halted near 1965 and 
fluctuate for approximately the next ten years. Air temperatures over both lakes 

then begin increasing... Since 1978. mean annual air temperatures have risen 2.3_ °C 

over Lake Erie and 1 °C over Lake Ontario. By 1983. mean annual temperatures 
were well above the 31 year average and close to values observed near the begin- 

ning of the study period.
' 

Dew point temperatures and surface water temperatures closely mirror the 
changes that have occurred in air temperatures during this time. Since 1978. annual 

surface water temperatures have increased for both lakes, although the increase has 

been more moderate for Lake Ontario than for Lake Erie. in this same period, how- 

ever. dew point temperatures have increased by the same amount for both lakes. 

. Annual variation of Bowen ratio appears erratic over Lake Ontario, with largest 
values occuring between 1968 and 1980. Over Lake Erie. annual Bowen ratios 
appear to be inversely proportional to mean annual temperature. 

Annual variations in cloudiness appear to be the same over lakes. with a very 
small increase over this period. There appears to be little variat_ion in annual mean 
visibility over Lake Ontario. Lake Erie vi_sibi_lit_ie_s fluctuate about the 31 year mean 
until approximately 1970, after which time visibilities begin increasing. Since 1972. 

annual mean visibility has increased by nearly 3 km. The value for 1983. 12.7 km, is 
close to values observed for Lake Ontario (13.1 km). 

Wind speed has varied similarly over both lakes. Values increased between 

1953 and 1958 and then began slowly decreasing until 1976. Wind speeds for 1976 
are amongst the highest values observed for both lakes during the 31 year period. 
Wind speeds have -decreased since 1977. By 1983. annual wind speeds had
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Pigure 5.5 - Annual Variation of HydrometeorologicalVariables. Radiation. and Ener- 
gy Balance Components for Lake Erie. 1953 - 1983. Mean values for 1953-1983 
period shown by thin dashed line. 
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decreased close to low values observed in the early l95‘0's. 

ice concentrations have varied inversely with air temperatures. Thus, there has 

been a slow, but steady, increase in annual mean ice concentrations over Lake Erie
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Figure 5.5 - Annual Variation of ll-lydrometeorological Variables, Radiation. and Ener- 
gy Balance Components for Lake Erie. _l953 - 1983. Mean values for 1953-1983 
period shown by thin dashed line.
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which apparently culminated in 1970.-' ice concentrations then decrease dramatically 
to 1975 (to low values observed in the early 1950's) and then increase rapidly to 
near record values in 1978. Values decrease slowly thereafter and especially in
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Figure 5.6 - Annual Variation of Variables, Radiation. and Ener- 
gy Balance Components for i.ak_e Ontario, 1953 - 1983; Mean values for 1953-1983 shown by thin dashed line.
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1983 when there is a large decrease associated with the record warmth of 1983. 
This pattern is also observed for Lake Ontario. Surface albedo is directly propor- 
tional to ice concentrations. and thus annual variation in surface albedo and
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Figure 5.6 - Annual Variation of Hydrometeorologlcal Variables. Radiation, and Ener- 
gy Balance Components for Lake Ontario, 1953 - 1983. Mean values for 1953-.1983 
shown by thin»dashed line. 
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reflected shortwave radiation is almost identical to that for ice concentrations. 

Incoming shortwave radiation appears to fluctuate around the 31 year period 

mean from 1953 to 1963 and then begins to slowly decrease thereafter. This pat»
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tejrn is observed for both lakes. The decrease appears to have halted in 1973 for 
Lake Erie and 1972 for Lake Ontario. The decrease appears to be related to increas- 
ing cloudiness over this period of time, The_ decrease. 1.6 MJ ll‘!-2 day". is the same 
for both lakes. incoming shortwave radiation receipts have increased over Lake 

Erie since 1972, mostly as a result of increased visibility. incoming shortwave radi- 

ation receipts have fluctuated about the 31 year mean value for Lake Ontario, 
although the results suggest a steady increase since 1979. - 

incoming iongwave receipts have generally declined from 1953 to approxi- 

mately l970 after which time receipts begin increasing. The decrease prior to 1970 

amounts to 8PProx_imately 1 M] m'2 day", and is slightly more than half the 

decrease in incoming shortwave radiation. This may be the result of increasing 
cloudiness which has reduced, at least partially. the effect of decreased tempera.- 

tures. incoming iongwave fluxes have generally increased since 1970, with values in 

1983 close to, or equalling, the large values observed near the beginning of the 

study period. The upward emitted iongwave flux. being directly proportional to 

surface water temperature, varies in almost the same m_anner as the latter. 

The net effect of c_hange_s in radiative fluxes is summarized by variations in net 
radiation. For Lake Ontario, annual variations in net radiation are small. rarely 

exceeding 0.3 M] tn‘: day". Variations are much larger over Lake Erie, amounting 
to approximately 0.8 MJ m'2 day". Net radiation over Lake Erie appears to respond 
much more closely to changes in air temperature. For example, annual net radiation 
decreases by 1.4 M] in": day" between 1975 and I978 when the corresponding 
change in annual mean air temperature is 1.8 °C. in contrast, the corresponding 

temperature change over Lake Ontario during the same time period is 0.8 °C wh_ile 
net radiation decreases by only 0.3 MJ m'*2 day". 

Annual variations i_n latent heat transfer closely follow variations in net radia- 

tion. Thus;,A'e_vaporat-ion and latent heat fluxes have generally decreased from the
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large values observed for the 1950's until approximately 1972 (Lake Erie) and 1974 

(Lake Ontario). Thereafter. latent heat fluxes display minor fluctuations. with 

increased values near 1975 when wind speeds increase. Sensible heat fluxes are 

proportional to both the Bowen ratio and latent heat fluxes. The net effect is one in 
which sensible heat fluxes-. for both lakes. fluctuate on a time period of approxi- 

mately three (Lake Erie) to five (Lake Ontario) years with little or no trend over the 

31 year period. 

The net effect of annual variations in radiation and turbulent fluxes is one 

where annual surface heat fluxes are approximately balanced for Lake Erie over 

periods ranging from three. to five years. while Lake Ontario has recorded a small 

gain over the 31 year period. These results suggest that lake heat content is a 

strongly conservative property‘ of the lake system and resilient £0 thirty year period 

variations in hydrometeorological variables.
. 

Several years emerge as distinctly different from average conditions. Figure 

5.4 illustrates these years for Lake Erie. These years include: 1953, 1955, 1959. 

1982, and 1983. These years are notable for the well-above average heat contents 

compared to normal. These years are similar in that above-average heat contents 
were recorded during summer months. The winters of 1953/54. 1954/55. 19.63/64, 
197:3/7'4, 1979/80. and 1982/83, also emerge as unusually mild winters with well- 

above heat contents. Some abnormally cold years with well-below average heat 
contents are also observed. These include the summer months of 1963. 196$. 1971. 
1972. and 1976. The winter periods of 1961/62, 1969/70. 1976/77., 1977/78. 

1978/79. and 1981/82, are notable for winters with below average heat contents. 

These deviations from average conditions are remarkable for le_ngth of time over 

which they occur, lasting anywhere from four to six months. These variations in 
heat content are clearly diiferent from the synoptic effects on, for example. eva- 

poration described by Quinn and den Hartog (1981).
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These longer.-term variations suggest a persistence of certain synoptic events. 

Three of these events have been examined in further detail for Lake Erie. These 

include: (i) June to October. 1983. (ii) November. 1982, to April. 1983. and (iii) June 

to September. 1972. The first two periods represent above normal lake heat con- 

tents during" summer months and winter months, respectively. The third period 

represents below normal lake heat. contents during summer. . 

Figure 5.7" illustrates five-day mean values of selected hydrometeorological 

variables (thick line) and corresponding mean (1953-1983) five=day values (thin 

line). Throughout this period, air (and dew point) temperatures are well above aver- 
age values. ranging from 2 to 4 °C above average. Atmospheric pressure is above 

average for most of the time, while wind speeds and cloudiness are both below 

average. This combination suggests extended anticyclonic weather arising from a 

poleward displacement of the Bermuda anticyclone. in this situation, both incoming 

shortwave and longwave radiation are well above normal. Throughout much of 
June and July, net radiation averaged 4 to S MJ m"2 day" above average, and was 
near normal. or slightly above normal. throughout the remainder of the period. 

The Bowen ratio was generally below average during this period. and was fre- 

quently negative. especially during June and July indicating sensible heat transfer 

to the lake surface. Latent heat fluxes are also observed to be below average. The 

average deviation throughout much of the June to August period is approximately 2 

to 4 M] tn‘: day'l. The combination of increased radiative receipt. reduced loss of 

latent heat. and (a small) gain of sensible heat results in above average surface heat 

flux-. Surface heat flux is found to be above average through most of June. the first 

half of July, and most of August and early September. The average deviation is 

modest, approximately 3 M] m'z‘day". but extended over a long period of time 
'

. 

amounts to a large heat gain by the lake.- 

Figure 5.8 illustrates five-day means for hydrometeorological variables from
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Figuye 5.7 - Five.-Day’ Mean Air Temperatures, Dew Point Temperatures, Surface Wa- 
ter Temperatures, Wind Speed, Cloudiness, Net Radi_a_tlon, Latent. Sensible. and Sur- 
face , Heat Flux; for Lake Erie. I June, 1983- 31 October, 1983 (thick line) and Corresponding Long-Term (1953-1983) Values (thin line
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Figure 5.8 - Five-Day Mean Air Temperatures, Dew Point Temperatures. Surface Wa- 
ter Temperatures. Wind Speed. Cloudiness. Net Radiation, Latent, Sensible. and Sur- 
face Heat FIux,‘for],a1ke Erie, l November. 1982 - 30 April, 1983 (thick line) and 
Corresponding Long-Term (1953-1983) values (thin line). 
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November, l982.' to April. 1983. This period is notable in that it coincides with one 
of the most intense and longest lasting El Nino events on record (Ramage. 198:7). 
l..ike most El Nino events. the event of 1982/83 began in early December. but unlike 
most occurrences lasted rnuchlonger. in this case until mild-April. Air temperature 
(and dew point temperature) averaged 2 to 10 °C above average. and was below 
average (approximately 1 °C) on only three occasions from the beginning of 
November to the middle of April. A 

The distribution of atmospheric pressure illustrates several intense cyclonic 
events. following a more poleward than normal path. were largely responsible for 
warm air advectlon into the Great Lakes basin. Some of the above average tempera- 
tures. however. with clearly associated with the poleward extension of the Bermuda 
anticyclone. it is these conditions that resulted in a Bowen ratio average value of -2 
during February. Bowen ratios were below normal throughout most of the period, 
aswere wind speeds-._ especially from mid-January to mid-March, when they aver- 
aged 2 to 3 m s" below average. 

Cloudiness was above average throughout much of the period. Net radiation 
was above average for most of the period, and in fact. was positive for most of 
November, December, and January. when it is normally negative. Most of the gain in 
net radiation can be attributed to increased incoming longwave radiation. which 
increased in response to both increased cloudiness and atmospheric temperatures. 

The combined effect of below average Bowen ratios. reduced wind speeds. and 
positive net radiation. resulted in greatly reduced l_atent and sensible heat losses 
from the lake surface. in fact, on a number of occasions in November and 
December. the lake was actually gaining sensible heat from the atmosphere. The 
net efiect on the surface heat flux was,to greatly reduce the heat loss at the surface. 
The effect was most notable during November and December and from mid- Febru- 
ary to mid-March. when heat losses were as much as 12 MJ m‘: day‘! below average.



- 131*- 

On one-third of the days in December, the lake experienced a net heat gain, 
although the gain was small, generally less than 1 MJ m": day". This value may be 
compared with an average daily loss of -12 MJ m"2 day" for December for the 3.1 
year period. ~ 

- ~ 

Figure 5.9 illustrates extended, below normal, heat contents that existed over- 
Lake Erie during the summer months of 1972. in many "ways, meteorological condi- 
tions over Lake Erie during this time period were very similar to those over Lake 
Ontario during ll-'YGL. Thus, air temperatures averaged well below average» from 
"early June to mid-July and from the third week of July to the third week of August. 
Five-day mean air temperatures exceeded average ‘values on only three occasions 
from the beginning of June to the middle of September. and never by more than 0.5 
°C. Throughout much of this period, air temperatures averaged 2 to 4 °C below 
average, which is similar to results obtained over Lake Ontario (Phillips and Alma- 
zan, 1981). 

The overall synoptic pattern for these summer months was characterized by 
the polar vortex over Baflin island with a mean trough to Lake Ontario. The result- 
ing wind fiow was described as weak westerlies (Phillips and Almazjan, 1981). 

Except for two exceptions in June, mean wind speed. was below normal for most of- 
June and July. The remnants of Hurricane'Agnes, on 21 June, was the only major 
cyclonic event of the summer (mean pressure. 968 mb). There is relatively little 

variation in surface pressure, suggesting relatively little movement of the trough. 
Cloudiness was well above average, especially during June. and from the middle of 
July to the middle of August. 

V 

The above average cloudiness accounted for a well-below average net radia- 
tion, which was reduced through reduction of incoming shortwave radiation. The 
increased cloudiness partially oflset the reduction in incoming longwave radiation 
due to lower air temperatures. The reduction in net radiation is observed to be
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Flgure 5.9 -’ Five-Day Mean Air Temperatures. Dew Point Temperatures, Surface Wa- ter Temperatures, Wind Speed. Cloudiness, Net Radiation. Latent, Sensible, and Sur- face Heat Flux. for Lake Erie. 1 June. 1972 ~ 30 September. 1972 (thick line) and Corresponding Long-Term (1953-1983) Values (thin line). 
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large: five-day mean values were reduced by 5 to 12 M] m'2 day?‘ from the begin- 
ning of June to the middle of August. ’ 

Latent heat losses were generally above average during June. as were sensible 
heat fluxes. largely as a result of above average wind speeds, especially during the 
passage of Hurricane Agnes. Wind speeds were below normal throughout much of 
July. with the result that the latent heat flux was well below average values, by 
approximately 6 M] r_n'2 day". There was a slight gain (approximately l 

M1 m'2 day") by the lake of sensible heat from the atmosphere. The reduction in 
latent and sensible heat losses reduced the impact of a below average radiative 
receipt. Nevertheless. the surface heat flux was below average through all of June 
and much of July and August. On approximately one third of the days of June. 
when surface heat flux averages approximately 14 M] m'2 day", the surface heat 
flux was close to zero or negative. 

5.4. coumiusous wrm omen srumzs 
There are few studies of the long-term surface energy balance of the lower 

Great Lakes. Derecki (1975) applied the water balance method and two variants of 
the mass transfer approach (MT-l and MT-ll) to estimate monthly evaporation totals 
for Lake Erie for the period 1950-1968. Yu and Brutsaert (1969), using meteorologi- 
cal data from Toronto and Rochester and a mass transfer procedure, estimated 
monthly evaporation totals for Lake Ontario for the period 1872 to 1965. Schertzer 
(1987) applied what is essentially Derecki's MT-I approach for Lake Erie for the 
period 1967-1982. althoughycalculations were not performed for the months of 
December through March. These four studies overlap with the present study and 
permit comparisons of evaporation estimates.

1 

Figures 5.10 and 5.11 compare monthly evaporation estimates from the present 
study with Derecki's MT-I (Fig. 5.10) and MT -ll (F_ig.~5.ll) estimates for the period 

1953 to 1968. while Fig. 5.12 compares evaporation estimates from the present

I
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study with those of Yu and Brutsaert for Lake Ontario for the period 1953 to 1965. 
_Flgure 5.13 summarizes the comparisons for mean monthly values for the respec- 
tive time periods. The studies are similar in that evaporation is determined from 
variants of the mass transfer method. The major differences lie in: (i) the number of 
stations from which data was used to estimate mean meteorological conditions over 
the lake, (ii) deteirmination of surface water temperature. (iii) incorporation of 

atmospheric stability effects, and (iv) evaluation of net radiation. 

Derecki's (l97_5) MT -ll approach consisted of surface water temperatures 

derived from water intakes at Erie and Lake Avon. Ohio, with adjustments to over- 
lake conditions. Derecki observes that “the average temperature from these two 
stations was considered to be su-fficiently representative of the whole lake by 
Powers e,t.aI.. (l959)'-'. The time period associated with this average ‘is not given, nor 
are any comparisons between estimated and measured surface water temperatures. 
The number of meteorological stations used in Derecki's study and the present 
study is the same, while overlake wind speeds were scaled by L_amire's (1961) 
monthly wind ratios -for March through October and Richards and Fortin's wind 
ratios for‘ November through February. The mass transfer results shown in Fig. 5.10 
is based on l-larbeck's (1962) mass transfer coefficient where the need for adjust- 
ment of humidity values is eliminated. Richards and Fortin's monthly scaling ratios 
for wind speed during the autumn and winter -months (October through February) 
are large: they range from 1.94 in February to 2.09 in November. These values are 
considerably larger than used in the present study and must have considerable 
impact on evaporation estimates. Derecki considered effects of atmospheric stabil- 
ity on wind ratios (with values from Richards et.aI.. 1966). but elected to not 

include stability effects on the basis that evaporation estimates using monthly wind 
ratios gave better results.

l 

Derecki’s MT-l approach is similar to the MT-ll approach, except that the mass
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transfer coefflcient is that determined for Lake Hefner. while overlake vapour pres~ 
sures are scaled by Richards and Fortin (1962) monthly humidity ratios. Like the 

MT-ll approach, wind speeds are scaled by Lamire's (1961) monthly wind ratio's. 
while wind ratios for the winter months (November through February) are from 
Richards and Fortin (1962). The d__ifi'erence between the present study and Dereclti's 
study thus amounts to differences in scaling overlake meteorological variables, 

treatment of-' atmospheric stability. and evaluation of surface water temperature and 
net radiation. 

Figure $.10 illustrates that differences in monthly evap.oration_ estimates occur 
at approximately three times of the year. The first period occurs during January 
and February. when Dereckj's estimates are much" larger than those from the 
present study. They diifer by approximately S0 mm in each month. Almost all of 
this difference can be accounted for by the neglect of the effect of ice in Derecki's 
study. his results resemble evaporation from Lake Ontario-, which is largely ice-free 
during winter. ' 

The second major diflerence occurs during July and August. when estimates 
from the present study are approximately 40 mm larger than estimates from 
Dere‘cki's study. The third difference occurs during the high evaporation months of 
November and December. when est_im_ates from the study average 10 to 30 mm less 
than estimates by Derecki. Much of this difference must lie in the offsetting effects 
of atmospheric sta_bil_ity and Lemire’s monthly wind scaling ratios. Application of 

monthliy wind ratios cannot faithfully replicate individual monthly evaporation 
because no allowance for possible differences in meteorological conditions for a 

given month can be taken into account. Monthly wind ratios implicitly assume that 
differences among same months are'minor. Section 5.3 demonstrated that this is 

not necessarily true. and deviations in climatic means for same months can be con- 
slderable. The agreement between the high evaporation months of September and
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October is. however. good. As Fig. 5.10 illustrates the agreement can be quite good 
during some years. but not necessarily in all years. We suspect, although we can 
not demonstrate this conclusively. that evaporation estimates derived from applica7 
tion of monthly wind ratios mayprove suitable when averaged over a sufficiently 
long_ number of years. e_.g. 20 to 30. 

Figure $.11 illustrates the comparison between monthly evaporations totals 
and Derecki's MT-l approach for the same time period. The agreement between 
these results and the present study is slightly better, and demonstrates the 

improvement from including humidity ratios even if they are only monthly values. 
The large differences between evaporation totals for July and August (Fig. 5.10) 
have been reduced substantially. The agreement has also improved for December, 
March, and June. The diflerence for April is much larger. with Derecki's approach 
predicting a mean condensation of 30 mm over this time period compared to a 

mean evaporation of less than 20 mm from the present study. This is asizeable 

difference. Examination of five-day means for Lake Erie evaporation does indicate 
frequent, but small. condensation occurring during the early spring. m‘ont_h_s but 
never as large as predicted by De,recki's approach. 

This difference could arise from the combination of errors in wind speed and 
values of monthly humidity ratios. Derecki observes that the wind and humidity 
ratios are both based on limited overlake data, although evaporation estimates 
agree with calculations from the water balance approach. This statement. too. must 
be qualified. Derecki has shown that evaporation estimates derived from the water 
baiance are extremely sensitive to values of inflow and outflow of water into the 
lake. Errors as small as one percent in inflow/outflow values can result in changes 
in evaporation estimates as large as 70 percent. These errors must be largest dur- 
ing‘-spring when snowmelt is largest. While the uncertaintiy of springtime evapora- 
tion totals can be reduced by considering monthly time periods in the water bale
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ance approach.’ it must still be large. One approach that might be applied to resolve 
these differences would be to evaluate lake heat content on the basis of these eva- 
poration estimates. Lake Erie surface heat fluxes are close to zero on an annual 
basis and this provides a rigorous test for evaporation estimates. 

Figure 5.-I2. illustrates evaporation estimates from the present study and Yu 
and Brutsaert's (l96_9) study. Their approach is almost identical to t_h_at described 
for Derecki's mass transfer method (MT-ll). Overlake wind speeds and humidity 
Were scaled by monthly scaling ratios given by Richards et.aI.;. (1966). while surface 
water temperatures were estimated from M_il_la_r's (1952) tabulation of mean monthly 
surface water temperatures. These values were "corrected" for individual months 
by temperature data from water intakes at l-lamilton, Ontario. and Rochester, New 
York. No error estimates of this approach are given by these authors. They simply 
"assume that these errors are suificiently small to be negligible. Effects of atmos- 
pheric stability are not explicity taken into account, except as expressed by 
Richards et.al., monthly scaling ratios. 

Figure 5.12 illustrates the evaporation estimates. lt shows many of the same 
features as Figs. 5.10 and 5,11. namely. that there is considerable variation for given 
months. The major difference is that the two evaporation estimates compare favor~ 
ably during the January to May period. The present study yields a small condensa- 
tion during both May and June, while Yu and Brutsaert observe condensation during 
May only. Their estimated evaporation for July is higher than for the present study 
by approximately 30 mm. The estimates agree du_ring August and September, but 
are consistently different during the October to December period, when Yu and 
Brutsaert's estimates average 30 mm less per month. it is likely that this difference 

arises from the application of monthly wind ratios as described above. There is 
another. possibility. Harbeckls mass t_ran§sfer coefflcient was developed from studies 
over water resevoirs in the western United States. The coefficient may produce rea-
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A Figure 5.12 - Comparison of Monthly Evaporation Estimates from Present Study 

(thin line) with Estimates from Yu and Brutsaert (1969) (thick line) for Lake Ontario. 
1953 - 1965. 
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sonable estimates for Lake Ontario during the late winter months, but there can be 

little guarantee that it will provide valid estimates at other times.
' 

Schertzer (1987) applied what is essentially Dereclti's MT-I approach to evalu- 

ate surface energy balance components for Lake Erie for the period 1967 to 1982. 

This study did not consider the-months of December through March. There is one 

major refinement in this study. namely, the availability of surface water tempera- 

tures. although interpolation was necessary for daysbetween ship and ART surveys. 
Nevertheless, the availability of surface water temperatures. as opposed to values 

based on water intakes and (largely dubious) correction factors. removes a major 

source of uncertainty in surface energy balance calculations. Unfortunately. values 

for individual years were not tabulated. so that only comparisons of mean monthly 
values could be made.

_ 

These comparisons are shown in Fig. 5.13(d). while mean monthly comparisons 
for Derecki's results are shown in Fig. 5.13 (a) (MT-lg) and (b) (MT-ii), and Yu and 
Brutsaert’s results are shown in Fig. S.l3(c). The symbol and error bars in Fig. 

5.13(d) illustrates mean. +1. and -1 standard deviation for monthly evaporation 

totals from 1967 to 1982. Corres'ponding results from the present study are shown 

by the thin and thick lines. The application of surface water temperatures has 

resulted in excellent agreement between Schertzer's results and results from the 

present study for July and August. There is still ,a large disgreement between eva- 

poration estimates during April while the agreement during the high evaporation 

months of September through November can only be described as poor. 

Net radiation estimates, averaged over this time period, are small and cannot 

account for these differences, except in individual months. while diiferences in sur- 

face water temperature are likely to- be small. This leaves overlake "scaling func- 

tions and atmospheric stability as the possible source for the disagreements.
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Figure 5.13 - Comparison of Mean Monthly Evaporation Estimates from the Present 
Study (thin line) with Estimates from Derecki (1975) for Lake Erie. 1953-1968. (a) 
[MT -l] and (b) [MT -ll], Yu and Brutsaert (1969) for Lake Ontario, 1953-1965. (c). and 
Schertzer (1987) for Lake Erie. 1967-1982. (d). In Figure (d). Schertzer's mean values 
shown by symbol. while error bars represent +1 and -1 standard deviations, while 
mean values from present study shown by thick line with upper and lower thin 
lines denoting +1 and -l standard deviations. - 
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There are two possible ways of interpreting Fig. 5.l3(d). First. values for over- » 

lake scaling functions applied in the present study may be in error. with much of 
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the error arising during very stable and very unstable conditions. Over Lake Erie. 
these will occur during March through May (for very stable conditions) and during 
September through November (for very unstable conditions). in the present study. 

these events are given values derived from statistical analyses. There ls no real 

functional relationship between ove_rlake conditions and overlake scaling functions, 
although the impact on wind speeds is reduced because the bulk evaporation 

coefficent is determined as a_ function of wind speed-.
_ 

The second possibility is that the mass transfer coeflicient and/or scaling 

ratios for overlake data, as applied in Derecki's and Schertzer's study, were inap- 
propriate. First, the value of the mass transfer coeffielent used was that for Lake 
Hefner. Quinn and den Hartog (1981) have shown that application of the Lake 
Hefner mass transfer coefflcient to Lake Ontario during IFYGL resulted in an eva- 

poration overestimate of approximately 20 percent compared to recommended 
values, with largest overestimates generally occurring during the autumn months 
when evaporation rates are largest. This might account for large evaporation totals 
over Lake Erie during the autumn months. 

Second, monthly wind ratios, as noted by Derecki, are based on limited over- 
lake data, while values derived from data over Lake Ontario may not be strictly 
applicable to Lake Erie, as assumed in the present study. Nevertheless. wind ratios 
applied by Schertzer and Derecki for Lake Erie, especially during the autumn and 
winter months. are large: they average 2.0 during these months. While these values 

may be fairly representative of storm events and very unstable conditions, most 
autumn and winter r_nont_h_s are not dominated by these events in a statistical sense. 
This is evident from Phillips and irbe's (1976) detailed analyses of paired land-lake 

meteorological data. Presumably, gdod agreement between the two approaches 
arises when a large frequency of days within a given month can be classified as very 
unstable. These circumstances lead to largest wind speeds in the present study,
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and hence good agreem_ent with wind speeds predicted from Richards and Fortins 

monthly wind speed ratios. Unfortunately, this hypothesis cannot be examined 

here. as Scher't2er provides only statistical summaries of monthly evaporation esti- 

Il'l8t€S. 

These comparisons serve to emphasize that evaporation estimates derived 

from application of monthly scaling ratios should be considered with caution. They 

may yield good estimates when meteorological conditions in a given month. are 
close to average values predicted by the s_cal_ing ratios for that month. "Over the 

lower Great Lakes. however, few months are like the average for that month. 

We thus leave the reasons for differences i_n evaporation estimates depicted in 
Fig. 5.13 as unresolved. Figure 5.13 illustrates that these differences are neither 

trivial nor easily reconciled. Carefully designed numerical experiments with bench- 

mark results will be required to resolve these differences.

I .
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6. SUMMARY CONCLUSIONS
_ 

The study objectives we_re to develop a physical model to estimate daily com- 

ponents of the radiation and energy balances at a lake surface from a limited data base 

and apply the model to the lower Great Lakes. The data base consists of hourly 

meteorological data recorded at shoreline stations. The overall thrust of model 

development was to replace, where possible, empi_rical and/or site-specific formula"- 

tions with physically-based models to achieve general application while providing 

confidence in numerical estimates. Each of the model components was tested with 

data collected over Lake Ontario during IFYGL and compared with results from previé 

ous radiation and energy balance studies over Lake Ontario. 

Model development focussed on three aspects: radiation receipt, evaporation 

rates, and ice cover. Net radiation was estimated from the sum of net shortwave and- 

net longwave radiation fluxes. The shortwave model is a true radiative transfer model 

and marks the first time that such fa model has been applied to evaluate shortwave 

radiation receipts in aboundary-layer study. Comparison of model estimates with 

measured values shows the model can estimate daily totals of incoming shortwave 

radiation that are within, or close to, the range of values measured on most days dur- 

ing IFYGL. Largest differences between model estimates and measured values were 

observed on days with predominantly thin, high-altitude clouds, e.g. Cirro-Stratus 

combinations. Maximum differences between model estimates and measured values 

on such days amounted to thirty percent of measured values. The impact of high- 

altitude clouds on surface radiation receipt was much less when low clouds were 

present. . 

Estimates of longwave radiation were obtained from a variant of Beer's law that 

incorporates effects of clouds, aerosols, and atmospheric gases on incoming longwave 

radiation. Estimates of daily totals of incoming longwave radiation were usually 

within 2 to 3 M] m-'3 day“ of measured values,.which is within the uncertainty" of
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incoming iongwave measurements on most days. ln general, largest errors in esti- 

mates of incoming iongwave radiation were observed for mostly clear days. The 

model underestimated incoming iongwave fluxes in these circumstances. These 

underestimates may result from: (i) underestimated overlake air temperatures, (ii) 

inaccurate specification of reference height for mean atmospheric temperature for 

emission ofradiation and/or inaccurate specification of vertical temperature profile 

for a mostly clear atmosphere, and (iii) neglect of multiple scattering effects. 

-Specification of reference height and vertical temperature profile is likely the most 

important conside_ration. This study assumed a reference height ranging from 200 in 

(winter) to 300 m (summer) as recommended by Paltridge and Platt (1976). if the refer- 
ence height was changed to 50 m, as recommended by van Ulden and Holtslag (1985), 

mean atmospheric temperature for emission would increase by approximately 2._5 °C. 

This temperature increase wouldgbe sufficient to bring clear-sky iongwave radiation 

estimates to within instrumental uncertainty of measured values on most days. This 

hypothesis should be investigated in future research; 

The evaporation model is a variant of the mass transfer approach. The key 

improvement is the replacement of the Lake Hefner value for the mass transfer 

coefficient with a formulation that includes a dependency on wind speed (Quinn and 

den Hartog, 1981). Although this formulation is strictly applicable to neutral condi- 

tions, atmospheric stability is incorporated through scaling of overlake wind speeds. 

Thisapproach resulted in evaporation estimates for Lake Ontario during IFYGL that 

compare very favourably with values recommended by the IFYGL Energy Balance 

Panel. Estimated daily Bowen ratios were found to compare favourably with values 

tabulated by Pinsak and Rodgers (1981). . 

A simple model of ice extent, based on the cumulative freezing degree day con- 

cept, provided acceptable estimates of ice heat flux due to ice formation and decay. 

Although the heat transfer associated with ice formation and decay is small, ice extent
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is important because of the high albedo for shortwave radiation and the effect of ice in 

reducing evaporation rates. Comparison of mean ice extent derived from a 31 year 

simulation for Lake Ontario and Lake Erie with tabulated values of Assel at a_I. (1983) 

showed good agreement. _

i 

The model was applied to produce a 31 year simulation of daily radiation and 

energy balance components forLake Erie and Lake Ontario. Daily lake heat contents 

were obtained from the ‘product of estimated surface heat flux and lake surface area. 

Heat, content estimates were compared with meajsured heat contents for both lakes for 

the period 1967-1982 when vertical temperature surveys conducted from ship cruises 

permitted direct evaluation of heat content. Estimated and measured heat contents 

showed excellent agreement on most days, usually within the accuracy of heat content 

measurements. 

Examination of annual surface heat flux values, obtained from surnming‘ daily 

estimates. reveals that annual surface heat fluxes are not balanced on an annual basis.
J 

For Lake Erie, surface heat flux appears to be balanced over periods ranging from 

three to six years. Lake Ontario appears to be gaining heat, although the gains are 

small and within the uncertainty of measured heat contents. 

Comparl_son of computed monthly evaporation totals with previous studies 

displayed some interesting comparisons and suggests avenues for future research. 

These may be briefly outlined as follows. First, there are a variety of ways for scaling 

overland meteorological data to e_st_imate overlake conditions. These methods should 

be examined rigorously with benchmark heat contents collected for Lake Ontario dur- 

ing IFYGL, This is important, not only from the viewpoint of accuracy of overlake 

meteorology, but also in understanding why different models predict closely in some 

months but not in others. .
» 

Second, there are several ways of incorporating atmospheric stability into over- 

lake data and itis not at all clear which approach performs best in combination with
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the method for scaling overlake variables. 

Third. and perhaps most importantly, future research should examine improve- 

ments in estimating surface water temperature. This is thecruciai variable in energy 

balance studies over lakes. it arises in e‘stimation of overiake meteorological vari- 

ables, Bowen ratio, and incoming and emitted iongwave radiation. Thus, almost all 

components of the model require a knowledge of surface water temperature. One cru- 

cial aspect of model development should be incorporation of effects of (colder) 

upwelled water. '

1
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APPENDIX A - List of Symbols 

Variables are dimensionless, except where noted. Bold’-face quantities represent 
vector-matrix quantities. 

' 

V UPPER CASE ROMAN 

A . Coeflicie_nt matrix for linear system of equations defining diffuse radi- 
ation fluxes in a vertically inhomogeneous) atmosphere. 

C fractional cloudiness 

C, duration (hours) of overcast 

C; - bulk evaporation coefficient 

CT clock time (hours) 

D diffuse radiation flux (MJ m'2 day"). D-statistic 

D‘; cloud depth (m) 

DH depth of haze layer (m) 
D, day of winter season ( -= 1 on I November). 
E evaporation rate (mm day“) 7 

£,,,,, mean bias error 
Em, root mean square error 
E, equation of time (radians) 

Ex, extinction coefficient (kr_n") 

FD downward diffuse flux (W m'2)
g 

I-‘U upward (reflected) diffuse radiation at the ground surface (W m"2) 

H iengthof daylight period (hours) 

Hy, length of half-daylight period (radians) 

Imx 
v maximum ice concentration (fraction of lake surface area) 

[min minimum ice concentration (fraction of lake surface area) " 

1,, 
- normal ice concentration (fraction of lake surface area) 

I, 
A 

_. solar consta'nt(l37OWm'f2) ' 

I (r,p,¢) intensity of diffuse radiation at a point in the atmosphere (W m“2sr") 

Kl, total incoming shortwave radiation at the ground surface
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1. 

I-¢ 

LCJ-I 

1-» 

LO 

LP 

L! 

1-, 

I-v 

LAT
M 
ND
P 
Pk 

Po 

Pw 
Q1 

Q, 
Q. 

Reese

R 
Rw 
‘-R6 

(MJ In" day“) 
latent heat of vapourization (MJ kg°3) 

longwave radiation emitted from cloud base 
net incoming longwave radiation emitted by cloud and aerosol (Wm) 
total Jnconung Iongwave radiation at the ground surface 
(MJ in day’ ') ~ 

incoming clear-sky iongwaye radiation (W m'z) 

standard longitude (degrees) for time zone of" station (75°W for this 
study)

_ 

reflected longwave radiation (MJ nu“: day") 
station longitude (degrees) 

(upwarsl) gfnitted longwave radiation by ground surface 
(MJ m days) 
local apparent time (true sun time) (hours) 
mass transfer coeflicient 
aerosol number density (particles cm"3) 
atmospheric pressure (mb) (also denoted as p - see below) 
Legendre Polynomial of order k 

_

l 

layer ozone amount (atm-cm) 
layer water vapou,r.a_mo'unt (g cm 2) 
minimum (lake) heat content (J) 
maximum (lake) heat content (J) 
lake heat content. scaled to [-1, 1] 

surface heat flux (MJ m 2 day 1) 

sensible heat flux (MJ m'2 day") 
latent heat flux (M1 m“? day") 
minor heat flux terms (MJ m"2 day") 
net radiation (MJ m""’ day") 
gas constant for air (287 Jkg'lK") 

ratio of overlake to overland wind speeds (ins ') 

(normalized) radius vector (radians)
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direct-beam radiation flux (MJ m'2 day") 
duration‘ (hours) of the daylight period that sky is cloud-free 
temperature (°C. K) » 

air temperature (° C. K) 

cloud-base temperature (K) 
dew point temperature (° C) ' 

ice-surface temperature (273.15 K) 

reference temperature in wing-scaling approximation for absorption 
of radiation by water vapour 
lake surface temperature (K) (ice-water combination) 

surface water temperature C’ C) 
scaled ([-1, 1]) air temperature 

mean temperature (°C. K) 
wind speed at level a above lake surface (ms") 
wind speed (ms") at‘ z =.=" 8m 
amount of absorbing gas in an atmospheric layer 
relative humidity (percent) 

visibility (km) 

cloud liquid water con_te_nt (gm“2) 

equivalent condensed water corresponding to cloud depth D, (g kg'l) 
solar zenith angle (degrees) 

LOWER CASE ROMAN 

right-hand side vector in system of linear equations defining diffuse 
rad_i_atlon fluxes for a vertically inhomogeneous atmosphere. 
specific heat of air (1005 J kg" K") 

A

» 

(column) vector of unknowns in system of linear equations defining 
diffuse radiation fluxes for at vertically inhomogeneous atmosphere 
day of year (0 on 1 January; 364 on 31 December) 
ambient atmospheric vapour pressure (mb) 
atmospheric vapour pressure at a level a above lake surface (mb)
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es 

fr 

fs

0 
8: ‘ 

at

h 

74

k 

RAP. T)

I

P 
Pr 

P1 

P(u-¢:_n'.¢") 

qa 

4: 

‘D 

z,,'

W

Z

r 

rs 

AT 
Ar, 

saturation vapour pressure (mb) 
fraction of Planck curve within window wavelengths (8 pm - 12 pm) 
fractional truncation of scattering phase function in the Delta-M method. 

gravitational acceleration (9.8 m s’2) or asymmetry factor 
bulk layer asymmetry factor 
scaled (Delta-M method) asymmetry factor 
hour angle (degrees) 
ice depth (m) ‘

_ 

constant in expression for Bowen ratio 
spectral gaseous absorption coelficlent as a function of pressure and temperature

_ 

latitude (degrees) 

atmospheric pressure (mb) 
reference pressure (300 mb) in the wing-scaling approximation for ab- 
sorption by water vapour _ 

fraction of lake surface area covered by ice 
scattering phase. function 

ambient specific humidity at ta level a above lake surface (kg kg'1) 
saturation specific humidity (kgkg") 

number of seconds in a day " 

constant. -= 0.622 tn 

Weight factors for Gaussian quadrature. weight factors in the wing- 
scaling approximation for absorption of radiation by water vapour 
height or altitude (m) " 

UPPER CASE GREEK 

dry adiabatic lapse rate (-9.8 °C km“) 
saturated adiabatic lapse rate (° C km") 
generally, temperature diflerence (°C. K) 
overland air temperature - overwater air temperature
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overland dew point - overwater dew point (° C) 
temperature difference between cloud base and cloud top (°C) 

maximum cumulative freezing degree days on a given day of the 
winter season D, _ 

minimum cumulative freezing degree. days 
normal cumulative freezing degree days 

LOWER CASE GREEK 

surface albedo 

Bowen ratio 
environmental lapse rate (-6.5 °C' km") - 

ratio of gas constant for dry air to water vapour (- 0.622) 

surface emissivity
' 

c-loud emissivity 

aerosol (haze) emissivity 

zenith angle (degrees)
I 

day of year expressed in radians 
(positive) eigenvalue, or; wavelength (pm) 

generally. cosine (zenith angle) 

cosine (solar zenith angle) r 

cosine of (mean) solar zenith angle for overcast portion of the day 
cosine of (mean) solar zenith angle for clear portion ofthe day. 

frequency of radiation 

incident top-of-the-atmosphere shortwave radiation (W m'2) 

generally, density 
V

, 

density of ice (916 kgm"3) 

density of water (kgm 3)
I 

Stefan-Boltzmann constant (5.67 x l0"W rn'2 K_"")( 
generally, optical depth 

aerosol (haze) optical depth
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bulk (layer) optical depth 
Rayleigh scattering optical depth

V 

cloud optical depth for the near infrared band of shortwave radiation 
cloud optical depth for the visible band of shortwave radiation 
Delta,-M scaled optical depth 

scattering angle (degrees) 

generally. azimuth angle 

azimuth angle of the solar beam 
(scattering) phase function moments 
single scattering albedo 

bulk (layer) single scattering albedo 

Delta-M scaled single scattering albedo
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APPENDIX B - Spectral Data for Delta-D, Model 
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TABLE 8.1 - Band Limits. Incident Radiation. and Absorbers for Delta-D2 Model. 

Band Spectral Limits Incident Radiation Absorber 
om» 1 w nr’ 

l 0.20 - 0.83 799.1 Ozone 
2 0.83 - 3.80 550.7 Water Vapour 

TABLE 8.2 - Spectral Weights w and Absorption Coefficients k for Water Vapour 
(g" cmz) and Ozone ( (atm-cm)" ) in t_he Delta-D-zmodel. 

Band Interval Weights, w, Absorption 
Dir_nensionle_ss Coefficient, k 

lO@\lO‘bU\n0~(HI\.I|-I

1 0.1889376 
0.1530344 
0.4792264 
0.1350144 
0.0188087 
0.-0070454 
0.0069078 
0.004 1 797 
0.0068452 

0.0 
0.0048545 
0.0453514 
0.1151237 
0.8980393 
5.371737 

21.22268 
67.33543 

221.0945 

lO@\lUIUluh-UJIU1-I 

0.2081286 
0.1281448 
0.1852784 
0.1788882 
0.1538072 
0.0991907 
0.0475173 
0.0150750 
0.0039158 

2.2387315-S 

2.238731;-3 
2.238731-:-2 
2.23873E-1 
2.23873 
2._23873E+l 
2.23873E+2 
2.23873E+3
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APPENDIX C 
Coeficlents for Estimating samrauon Vapour Pressure 

TABLE C.l - Coefficlents for Estimating Saturation Vapour Pressure e, (mb). [Pfup- 
pacher and Klett. 1980], 

e, = no + T(a-1 + T(@z + T(43 + T(a4’+ T(a5+a61))))) 

with "r (°c) and e, in mb. ,

- 

an = 6101799961 x 10° 
,6, = 4.436s1ss21‘>< 10" 
42 = 1.42s94ssos >< 10" 
a, = 2650646411 >< 10" 
a4 -.= 3631240396 >< 10*‘ 
as = z_.o34oso94s >< 10" 
as = 6136620929 >< 10'" 

Range of V_a_lid_ity:~ -50 °C to +50 °C (for water).
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APPENDIX D ~ Optical Properties of Clouds and Aerosols 

TABLE D.1 - Band-Average Values of Single Scattering Albedo and Asymmetry Factor 
for Clouds and Normalized Rayleigh Scattering Optical Depths. 
: 

7 2 

.._ ~ --- < _ 

Band Spectral Limits 5° g 1, 
Fm '

1 

Visible 0.20 - 0.83 0.9999 0.8689 0.19295 
Near infrared ‘ 0.83 - 3.80 0.8203 0.8936 0.0048235 

TABLE D.2 - Coefllcients for Estimating Aerosol Emlsslvity (en) at ll pm as a Func- 
tion of Relative Humidity. 

ao 
I 

G1 a3 84 G5 

-0.24300 -0,-2055le-2 0.810306-l 0.16252 -0.47488e-1 -0.12591 ~99.0 

en may be evaluated with the following FORTRAN code: 
ixrh -= amin1(rh. rh_li_m_) ~ 

srh = (2.0*xrh -> rhlim)/rhllm 
hazem - srh*a(5) 
do 1 j - 5.1,-1 

1 hazem =- (hazem + a(i))*srh 
hazem - l0.0**(hazem -1- a(O))

‘ 

where -ha_zem- represents :5 and -rh- is the relative humidity (percent).
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TABLE D.3 - Coeflicients for Estimating Fraction of Planck Function. 

a, 8.3 pm - 12-.8 pm 9.4 pm - 9.9 pm 8.97 pm - 9.17 pm 

no .267-21 .30074e-1 .115-17¢-1 
a, .1o942 .1ss3s¢-1 .78395e-2 
0; -.68 lS3e-1 -.744’95'e-2 -244806-Z 
03 -.14.258e-2 -.15 l43e-2 *.l0605e-2 

TABLE D.4 -- Coefficients for Est_i_r_nati_ng_Asymmetry Factor at infrared Wavelengths 

ao a, a; a3 a4 a 5 
_ 

rhlim 

-.1985l .62llle_-1 .>98930e-1 -.10799e-2 '-.341l3e*l .l6006e-I 99.0 

FORTRAN code for evaluating infrared asymmetry factor is identical to that given in 
TABLE D.2. 

TABLE D.S - Monthly Values of Thickness of Aerosol Layer (km) and Cloud Depths 
(m)- 

Month Aerosol Layer (km) Cloud Depth (m) 

January 
February 
March 
April 
May 
J!-I06 
July 
August 
September 
October 
November 
December 

0.20 
0.20 
0.35 
0-35 
0.50 
0.50 
0.50 
0.50 
0.3 5 
0.35 
0.20 ' 

0.20
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APPENDIX E 
Coeflicients for Estimating Atronomicai Parameters 

Radius Vector). E, (Equation of Time). and 6 (Solar Declination). From Spencer (1971). 
TABLE 15.1 - Coefflcients for Estimating Astronomical Pa__ra_meters R‘ (Normalized 

a, R‘ E, a 

a., 1.000110 
a, 0.034221 
a, 0.001280 
4, 0.000719 

a s 
"5 

0.000075 0.006918 
0.001868 -0.399912 
-0.032077 0.070257 
-0.01.4615 -0.006758 
-0.040849 0.000907 

-0.002697 
0.-0014-80
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APPENDIX F _ 

Coeficents for Estimating Surface Water Temperatures 
TABLE F.1 - Coefficients for Estimating Surface Water Temperature (° C) from Total 
Lake Heat Content Q (EJ). 

I ., Ontario Lake Erie Lake Erie Lake Erie 0 
Lake Erie 

(lakewlde) west basin central basin east basin 

Warming Phase 

X1 
xi: 
"0 
a," 
"2 
as 
"4 
as 

4.0 E] 
56,0 EJ 
0..8264_3e+01 
0. 1 5407e+0Z 
0.75 l94e+0l 
-.S0768e+01 
-.56839e+0.1 
—.S 1098e.-1-00 

2.0 E] 
42.4 E] 
0.13724e+O2 
0.l2236e+02 
—.17184e+01 
-.73865e+00 
-.,l4363e+01 
0.00000e-I-00 

0.2 E] 
2.4 EJ 
0.l4832e+02 
0.1 l734e+02 
0.»35468e+0l 
0.45 731e+01 
-.8l691e+0l 
-l.-S l634e+Ol 

2.0 E-J 015" E] 
28.0 sq 12.0 1:1 
0.l4280e+O2 0.15 16‘le+0_2 
0.1 1487e+02 0.15818e+02 
.-.l0608e+0l -.25469e+01 
0.25846,e+0l -.8481 7e+0l 
-.75l74e+00 -.375S7e+00 
-.3l538e+O1 0.a39948e+01 

Cooling Phase 

*1 
X0 
"0 
"1 
dz 
as 
44 
as 

4.0 EJ 
56.0 EJ 
0.36163e+02 
0.l9963e+02 
0.56224e+01 
0.3979le+0l 
-.l4835e+02 
-.23086e+0l 

. 2.0 El 
42.4 £1 
0.l8809e+02 
0.l8270e+02 
0.l0396e+01 
0.l2633e+0l 
-.2Z080e+0l 
0.00000e-i-O0 

0.2 EJ 
2.4 EJ 
0.105 79e+0l 
0.12 l09e+0 1. 
0.10952e-01 
-.S4l37e+00 
0.34588e+0O 
O.24897e-01 

2.0 EJ 0.75 E] 
28.0 E] 12.0 E] 
0.l3006e+0Z 0.5'3041e+0l 
0.1 l966e-i-02 0.43129e+01 
0.13 132e+Ol 0.32590e+00 
0.218346-Vi-O1 O.l9230e+O1 
-.787A_l5e+Q0 -.2 l486e+O0 
-.1 l266e+0l -.l3190e+0l 

E] denotes exa (l0") joules. 

scale -q- to the interval I-1. +1] 

qpr -= (2*q - ‘X, - xu)/(xuv - x,) 
tw - a(5)*qpr + a(4) 

I do 11- 3.1.-1 
I tw == tw*qp‘r + a(_|) 

[W '- tw + 8(0) 
‘ 1 

Surface water temperature may be obtained by the following FORTRAN 77 code. Let 
variable -q- represent total lake heat content (EJ). Let variable -_tw- represent sur- 
face water temperature (° C).
i 

The above code assumes the coefiicients have been stored in an array -a- dimen- 
sioned as: dimension a(0:5)
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TABLE F.2 - Coeflicients for Estimating Total Lake Heat Content Q (EJ) from Daily 
Mean Surface Water Temperature (° C) 

a, Lake Lake Erie Lake Erie Lake Erie Lake Erie 
Ontario iakewide west basin central basin east basin 

Warming Phase 

x, 0_.2°C 
xu 24.0°C. 
no 0.36163e+2 
a, 0.l9963e+2 
az 0.56224e+l 
a; 0.-3979le+l 
a4 L-0.l4835e+2 
as -0.23086.e.+1 

0.2°C 
Z4.0°C 

0.18809e+2 
0.18270e’+‘2 
0.10396e-I-1 
0.12633¢+-1 
0.2Z080e+l 
0.0 

o.2°c o.2°c o.2°c; 
24.o°c 24.o°c 24.o°c 

O.l0579e+l 0.l3006e+2 0.53041e+l 
0._lZl09e+1 0.1l966e+2 0.43l29e+l 
0.l09S2e'-.1 0.13.l32e+1 0.-32590 
-0.54137 0.2l834e+1 0.1912306-it-1 
0.34588 -0.78715 ~ -0.21486 
0.-Z4897e-1 -0.11266e+l» -0.13 l90e+1 

Cooling Phase 

x, 0.2 °C 
X" 24.o°c 
no 0.48147e+2 
a, 0_.78752e+1 
a2 0.13206e+l 
a; 0.-30410e+2 
"4 - -0.29281e+2 
as -O.239l0e+2 

0.2 °c 
_24.o°c 

0.24345e+2 
0.2 l84Se+2 
-0.54089e+1 
-0.11 124e+i 
-0.35 l03e+l 
0.0 

0.2 °c 0.2 °c 0.2 °c 
24.o°c 24.o°c " 24.o°c 

0.11ll2e+1 0.l555iZe+2 0.72691e+1 
0.10060e+l O.146l7e+2 0.60597e+l 
-0.21496 0.39205e-1 0.98320 
0.14084 -0.1 15316-1 -0.5 69.04e+1 
0.18906 -0.2.4354e+l -0.34716e+1 
-0.15333 -0.99768 0.5821»9e+1 

EJ denotes exa (10") Joules. 

Values of Q (EJ) obtained in same manner- as described in TABLE F.l. except that Q 
is the independent variable and must be first scaled to the interval [-1, +1] with 
scale parameters x, and xu.
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APPENDIX G - Mean Dally Surface Water Temperature _ 

TABLE G.1 - Coefflcients for Estimating Mean Daily Surface Water Temperatures (° C) 
from Julian Day for Lake Ontario. Lake Erie, and Basins of Lake Erie.

I 

4| Lake Lake Erie Lake Erie Lake Erie Lake Erie 
Ontario lakewide west basin central basin east basin 

7‘: 

xll 

' 

-21.0 -46.0 -46.0 -46.0 -46.0 . 

0 

385.0 
_ 

486.0 486.0 486.0 486.0 

"0 
41 
"2 
4: 
44 
45 
as 
47 
"5 
as 
410 
an 
"12 
413 
"14 

0.80339e+l 0.8298Se+l 0.80765e+l 0.77241e+1 
0.13207 0.73451e-1 0.14442 0.13607 
-0.12429e+2 -0.13_960e+2 -0.l2472e+2 -0.1 lS05e+2 
'-0.46734e+l -0.77306 -0_.47287e+1 -0.66 1 88e+l 
0.i4905e+2 0.l6454e+2 0.i4972e+2 0.l398Se+2 
0.24774e+1 0.74508 0.24699e+1 0.3-3434e+1 

-0.62509e+l -0.58893e+l -0.59795e+l 
. -0.l40S1e+1 -0.1 1553e+l -0.15000e+l -0.132 l.0e+l 

0.Z7684e+1 0.28398e+1 0.2~5877e+1 0.32154e+1 
-0.49606 0.20994 -0.56877 -0.51692 
0-0.98244 -0.18352 -0.83773 -0.19092e+l 
0.63489 -0.18616 0.80162 0.64314 
0._35397e-3 -0.81433 -0.509194:-Z. 0.44718 
-0.15105 0.20263e-1 -0.19075 -0.62-935e-1 
0.31140 0.3495 5 0.30950 0.40840 

0.80687e+1 
0.453 13e+1 
-0.821386-n 
-0.l0205e+2 
0.50333e+l 
0.63675e+l 
-0.13872e+1 

- -0.39342e+1 
0.12666 
0.22003e+l 
-0.18160 
-0.1 191 1e+1 
0.9983Se-2 
0.26826 
-0.73 768 

Mean daily surface water temperatures may be evaluated as follows._ Let variable 
-jday- represent the Julian day for which surface water temperature is desired. Let 
variable -tw- represent the surface water temperature. Surface water temperature 
(°C) may then be determined from the following FORTRAN 77 code. . 

I . 
* scale -jday- to interval [-1. +1] 
I‘ 

1' 

\

1 

daynot = (2*jd_ay - x, - xu)/(x, - x,) 

tw qr a(0) + a(l)*daynot .

' 

pm2 - 1.0 
pml == daynot 
do 1 j =- 2.14 
n - j - 1 _ 

p - ((n + n - l)*daynot*pmi _- n*pm2)/(An + 1) 
tw == tw _+ a(|)*p 
pm2 - pml ' 

pml - P 
continue
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TABLE l-l.l - Maximum, Mean. and Minimum Cumulative Freezing Degree Days (2 fp) and Corresponding lce Concentration (I) for Seletted Days of the Winter Season 
(D,) for Lake Ontario. 

APPENDIX I-I - Ice Concentration Data 

Date Do ‘min In (,6) ‘max (,6) (2 fD)min°c (2 fD)|1 cc (E fD)|nax°c 

1 Nov 0.01 
15 Nov 15 . 

. 
31 

15 Dee 45 . 

.1 Jan 62 . 

l5Jan 76 ‘

. 

l Feb . 

1 
‘Mar . 

15 Mar 
A

. 

1 Apr 152 0.4 
0 2 15 Apr 166 . 

1s1 30 Apr 0.0 

02 
1 Dec 0.4 

08 
10 
00 

93‘ 5 0 
15 Feb 107 5.0 

121 20 
135 08 

0.0 
. 0.s 
1.0 
2.0 
3.0 
7.0 

19.0 
24.0 
10.0 
6.0 
2.0 
0.-s 

0.0 

0.0 
1.0 
3-.0 

17.0 
28 

. 52.0 
84.0 
91.0 
5 1.0 
28.0 
18.0 
1.0 
0.0 

22 
44 
48 
65 
91 
117 
135 
96 
46
0 

0.0 0.5 
1 1
2 a 

42 
192 
172 
262 
350 
407 
432. 
408 
341 
2-31

1
3 

44 
130 
217 
355 
517 
544 
739 
783 
739 
687 
596 

TABLE l—l.2 - Maximum, Mean. Minimum Cumulative Freezing Degree Days (2 fp) and Corresponding ice Concentrations (I) for Selected Days of the Winter Season (D ) for Lake Erie. 

Date Do [min In (%) ‘mu (96) (2 fp)m|n°c (2 f 8C D)max°C 

15 Nov . 15 
1 Dec 31 0.2 

15 Dec - 45 0.4 
1 Jan 62 0.6 

15 Jan 0.8 
1 0 1 Feb . 

15 Feb 2.0 
1 0 

15 Mar 0.8 
1 Apr 0.4 

75 
93 
107 

1 Mar 121 . 

135 
_ 

152 
15 Apr 1.66 0.2 
30 Apr 181 0.0 

1 Nov 1 0.0 
1 0 

0.0 
1.0 
2.0 
9.0 

36.0 
65.0 
90.0 
90.0 
64.0 
26.0 
1 0.0 
3.0 
0.0 

0.0 
1.0 
3.0 

64.0 
100.0 
100.0 
100.0 
100.0 
99.0 
94.0 
s4.0 
17.0 
0.0

9 
44 
4a 
s2 
se 
22

1 

(.nNv-O 

22-

0

0
Z
s 

so 
73 
122 
185" 
249 
zas 
287 
244 
175 
88

0
3 

44 
91 

200 
309 
478 
593 
630 
604 
534 
500 
326
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APPENDIX l = Minor Energy Balance Terms 
TABLE I1 Average Daily_¥alues‘ of Minor Energy Balance Terms QM for Lake 
Ontario and Lake Erie (MJ m day’ ). 

Month Lake Ontario Lake Erie 

January 
February 
March 
April 
May 
June 
Jul)‘ 
August 
September 
October 
November 
December 

0.40 
0.40 

o.3s 
0.29 

_ 
0.40 * 0.013 
-0.19 0.38 
-0.19 -0.46 
-0.19 -0.13 
-0. 19 
'-0-' 1 9 
*0. 1 9 
0.40 
0.40 
0.40 

0.13 
0.25 
0.25 
0.46 
0.46 
0.46
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