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Abstract 

This report presents simulation. results and observational 
data relating to the water quality conditions of Lake Erie for the 
twelve-year period from I967 to 1978. In an attempt to explain the 
large seasonal variations manifested in the observations, detailed 
weather records were used to reconstruct, through computer simulation, 
the thermal stratification regimes in the lake. By allowing the ther- 
mal layer thicknesses to change dynamically, the mass balance models 
can now simulate accurately weather-dominant phenomena in the lake. 

Specifically, regular seasonal patterns in dissolved oxygen in the‘ 

epilimnion and irregular patterns of anoxic chemical regeneration of 

soluble reactive phosphorus were both found to be in accordance with 
well-defined prevailing weather conditions. 

Similarly, modelling of interbasin transport, vertical 
entrainment and wind-wave resuspension has led to improvement in the 
long-term simulation of total phosphorus concentrations. Indeed, from 
the twelve-year simulations and observations, it is concluded that 
lake total phosphorus concentration has decreased, primarily in 
response to the phosphorus removal program. However, even with the 
inclusion of detailed meteorological influences, the simulation of 
dissolved oxygen response to the phosphorus removal program remains, 
at best, a rough guess; better long-term loading and sediment chemis- 
try data are required to find more definitive answers. In the mean- 
time, preliminary- estimates of these water quality responses are 
provided for averaged weather conditions, and to underscore their 
limitations, probable responses to favourable and adverse weather are 
also presented.
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Résumé 
La present rapport fait état de résultats de simulation et 

de données d'observation concernant les conditions de la qualité de 
l'eau du lac Erie pour la période de douze ans écoulée de 1967 5 
1978. Pour tenter d'expliquer les variations saisonnieres importantes 
constatées dans les observations, des renseignements détaillés sur le 
climat ont été utilises pour reconstruire, grace 5 la simulation par 
ordinateur, les régimes de stratification thermique du lac. En 
permettant 5 l'épaisseur des couches thermiques de varier de fagon 
dynamique, les modéles de bilan massique ont pu servir 5 etudier les 

phénomenes determines par le climat survenant dans le lac. De fagon 
plus precise, on a constaté que les caractéristiques saisonniéres 
régulieres de l'oxygene dissous dans l'épi1imnion et que les carac- 
téristiques irréguliéres de la régénération chimique anoxique du phos- 
phore réactif soluble étaient toutes deux liées 5 des conditions 
climatiques dominantes bien définies. 

De meme, l'utilisation du modele pour le transport interbas- 
sin, l'entrainement vertical et la resuspension due 5 l'action des 
vents et des vagues a amélioré la simulation 5 long terme des concen- 
trations de phosphore total. En effet, 5 partir de ces douze ans de 
simulation et d'observation, on conclut que la concentration de phos- 
phore total dans le lac a diminué, principalement en réponse au 
programme d'élimination du phosphore. Toutefois, méme avec 
l'inclusion de données détaillées concernant les influences meteorolo- 
giques, la simulation de la réponse de l'oxygéne dissous au programme 
d'él1mination du phosphore demeure, au mieux, une hypothese de premier 
ordre. Pour obtenir des réponses plus sfires, il faudra compter sur 
des meilleures données concernant la charge 5 long terme et les carac- 
téristiques chimiques 5 long term des sédiments. Dans 1'interva1le, 
des estimations provisoires de ces réponses de la qualité de l'eau 
sont fournies’ pour des conditions climatiques moyennes. Et, pour 
souligner leurs limites, des réponses probables 5 des conditions 
climatiques favorables et défavorables sont également présentées. 
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Summary 
_ 

This report presents and interprets the observed 
environmental data and simulation modelling results pertaining to the 
water quality of Lake Erie for the twelveéyear period from 1967 to 
1978. During this period, the phosphorus removal program was intro- 
duced and reinforced while the weather exhibited extreme environmental 
conditions affecting the hypolimnetic oiygen depletion in the Central 
Basin. By applying new systems modelling methodologies, both the man- 
madee effect of ‘nutrient reduction and the natural influence of 
meteorological and limnological processes on the lake water quality 
have been simulated and verified with the observed data. The confié 
dence level achieved in the Simuletieh ireéulté fiae enabled the 
construction of new response curves of lake water quality to changes 
id total Phoééhorus loading and water levels. which are. for the first 
time to our knowledge, accompanied by enveloping curves representing 
possible_responses to favourable and unfavourable weather conditions. 

Main Findings 

The following are the major findings of the report: 

1. Over the twelveéyear period, the lake total phosphorus concentra= 
‘ 

tion showed a general reduction trend, particularly in the Western 
Basin. There were irregularities in the downward trend of the 
’lake phosphorus concentrations, as a result of occasional loading 
pulses, wind-wave resuspension, and anoxic chemical regeneration. 

2. The effiect of the phosphorus removal program on the dissolved 
oxygen concentration in the Central Basin hypolimion was masked 
by ‘large variations in the concentration. Weather



5. 

factors, which included wind, solar radiation, heat fluxes, air 
temperature and water vapour pressure, controlled the thermal 
layer thicknesses, water temperature, interbasin transport, verti- 
cal entrainment and turbulent diffusion, which in turn dominated 
the seasonal variations of the lake temperature and dissolved 
oxygen concentration. 

There are three main meteorologically induced thermal responses of 
the lake identified in the twelve-year period, namely the 
"normal", the “shallow-hypolimnion" and the "entrainment reversal" 
types. 

‘ 

At the present rate of phosphorus loading reduction, 
anoxia will always occur in the Central Basin in response to the 
shallowvhypolimnion type as in the case of 1977, and will not 
likely occur with the entrainment reversal type as shown in 1972. 
These two response types approximate the upper and lower bounds of 
meteorological influences. 

Only when these seasonal meteorological changes were accurately 
accounted for could the long—term effect of phosphorus loading 
reduction on the hypolimnetic oxygen depletion in the Central 
Basin be estimated. limitations of available loading Even then, 
and sediment chemistry data prevent accurate calculation oftthis 
effect. An initial estimate is for ‘a reduction of about 
0.1 g 02/m2/day in the sediment oxygen demand in response to an 
assumed linear decline of phosphorus tloading from 25 000 MT 
(metric tons) to 15 000 MT per year over the twelve-year period. 

Anoxia may be averted by the careful regulation of the lake water 
level under normal meteorological conditions. the 
possibilities of 

However, 
significant shoreline property damage and 

ecological effects resulting from adverse weather events may 
preclude this solution.
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Figure S.l. Two-dimensional (longitudinal and‘ vertical) 
repfeaentation of observed cruise data (Se_pt_e,mber 13-19, 1978).
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Table 3.1. Diagnostic Results of spring Vglges of 
the Settling Velocity of Particulate Phosphorus 

Year settling ve1o¢1ty 
' ‘(m/day) 
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. 0.23 
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Mags gfid Heat Budgets 

The observed nutrient loading data have been interpolated 

into monthly estimates for the three basins for application to budget 
computations. A. new interpolation scheme, TWIST, was designed to 
interpolate ’the lake concentration. data, according to the observed 
three-dimegsional thermal structure (see Appendix). The 
threeédimensional interpolated data were then collapsed into a 

two—dimensional representation showing the vertical and longitudinal 
variations (e.g. Fig. S.1). Further reduction in the dimensionality 
of theninterpolated data is possible to meet the requirement of, for 
example, a three-basin three-layer model.- By assuming knowledge of 

loading and lake concentrations in the three basins, an estimate can 
be made by mass balance methods of the particulate phosphorus 
sedimentation rate (Table S.l) and the uptake rate of soluble reactive 
phosphorus for chlorophyll 3 production (Fig. S.2). Similarly, heat 
exchanges between the lake and the atmosphere can be calculated by 
heat balance methods. From observed heat contents of the lake and 
estimated incoming heat fluxes, an improved version_of the total heat 
flux into the lake can be derived (Fig. S.3). Detailed records of 
meteorological data over the twelve-year period were used to provide 
comprehensive coverage of the day-to-day weather events affecting both 
ghe mass and heat balances in the lake (Fig. S.4). 

This diagnostic screening of observed data (Chapters‘2, 3, 

4 and 5)_is an important step in providing useful empirical results 
and in facilitating the calibration and verification of the prognostic 
models (Chapter 6). 

V l 
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Modelling Framework 

Figure S.5 shows the framework of the threesbasin three- 
_layer model, i.e., a nine-box model. The novel feature of this design 
is that it allows for dynamic changes in the thermal layers in the 
model. The spatial positions of the epilimnion, mesolimnion and hypo- 
limnion are determined on a daily basis by a one-dimensional thermo- 
cline model. Thus, the nineébox model allows for processes of water 
level, hydraulic flow, entrainment, eddy diffusion and interbasin 
transports. These physical processes apply to all variables in the 
biochemical submodel. 

Figure S.6 shows the components in the biochemical submodel, 
which consists of soluble reactive phosphorus (SRP), organic 
phosphorus (OP) and dissolved oxygen (D0). The loading data, the 
meteorological data, and_the computed water temperature and thermal 
layer positions are all inputs to this model. The 1978 data were used 
for calibration, and the data for 1967 through 1977, for verification. 

Model Results 

A detailed display of the model results is given in 
Chapters 5, 6, 7 and 8, which also encompass the concept of developing 
water quality models of intermediate complexity. Briefly, models of% 

the type shown in Figure. S.5 are, found to .depend on models of 
different spatial resolutions to compensate for the spatial details 
lost in the definition of the framework. For example, an important 
link to the nine-box model is the one-dimensional thermocline model. 
Figures S.7a and b illustrate computed vertical temperature profiles 
and thermocline positions, respectively, for the ¢entral Basin for 
1970. Similar computations for the period 1967 to 1978 revealed three 
basic classifications for the thermal structure which are related to 
weather (Fig. -S.8). In the "shallow hypolimnion“ type, the
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sediment oxygen demand was able to deplete the oxygen substantially in 
the Central Basin hypolimnion in spite of the biological production 
and physical sources. This then led to the biochemical regeneration 
of soluble reactive phosphorus, amonia and even hydrogen sulphide 
from the sediment. In the "entrainment reversal" type, the formation 
of the thermocline was disrupted by storm events and a large supply of 
oxygen due to wind mixing and upward entrainment prevented the onset 
of anoxia. The effect of the "normal" meteorological type is 
intermediate between those of the other two types. Similarly, models 
of higher dimensions-were used to ascertain the empirical formulae for 
such physical processes as interbasin transports, wind-wave 
resuspension, and upwelling and downwelling episodes. 

Figure S.9 shows the computed and observed concentrations of 
total phosphorus and dissolved oxygen for the epilimnion and hypolim- 
nion for the Central Basin during the period 1967 through 1978. The 
dissolved oxygen concentration in the epilimnion remained saturated 
most of the time and was therefore a strong function of water tempera- 
ture, which exhibited regular seasonal patterns._ By contrast, the 
total phosphorus concentration in the epilimnion at springtime has 
gone down from 25 pg/L to about 17 pg/L, mainly as a result of loading 
reductions. On the other hand, the dissolved oxygen in the hypolim- 
nion underwent seasonal cycles, but the extent of anoxia was 
influenced by the weather-induced thermal structure types. The total 
phosphorus concentration in the hypolimnion was strongly marked by the 
anoxic regeneration events. In these computations, the sediment 
oxygen demand was fixed at a rate of 0.15 g 02/m2 day (cf. Eq. 9.2 in 
Chapter 9). 

Application 

The computed results of Figure S.9 show remarkable agreement 
with the observed data, particularly for the dissolved oxygen at the
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epilimnion. A detailed examination of the relative errors for these 
variables is shown in Figure S.10. For example, the median relative 
errors of the epilimnetic dissolved oxygen and total phosphorus and. 
their hypolimnetic counterparts are 1.3%, 11.7%, 7.92 _and 12.2%, 
respectively. However, in spite of this partial success, the applica+ f 

tion of the nine-box model for deriving long-term equilibrium concen- 
trations of total phosphorus in response to loading changes‘ must 
proceed with caution. 

Because of the prominent effects of meteorology displayed in 
the verification results, a new approach to define these equilibrium 
concentrations is proposed. Briefly, if one would let the total phos- 
phorus loading be a given constant, then the equilibrium lake concen— 
tration could be reached after five or six years of simulation, 
provided that the same annual meteorological pattern is used for each 
year. However, if the weather pattern is allowed to change from year 
to year,-a longer simulation time is needed. An example is to use the 
twelve years (i.e. 1967 to 1978) of meteorological data as a climatic 
cycle, and with the loading fixed at a constant rate, to use the 
results at the twelfth year (i.e. 1978) to represent the "weathered" 
equilibrium concentrations. Furthermore, the results at the fourth 
year (i.e. 1970) will Abe influenced by the "shallow hypolimnion" 
thermal structure, whereas those at the sixth year (l972) will be 
influenced by the "entrainment reversal" thermal structure. These‘ 
latter two equilibrium concentrations provide the upper and lower 
bounds of the weather influences. By computing different equilibrium‘ 
concentrations for different loading rates, response curves of lake 
concentration to loading can be obtained. 

Figure 3.11 shows equilibrium concentration curves for (a) 
the epilimnetic total phosphorus concentration of the Western Basin in 
response to total phosphorus loading, (b) the hypolimnetic dissolved 
oxygen concentration of the Central Basin just before fall overturn,
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in response to total phosphorus loading, and (c) the same dissolved 
oxygen concentration in response to water level changes. Tb demon- 
strate the usefulness of these curves, the observed values from ship 
cruise observations are also plotted in the figure. Note that the 
observed values are dynamic values and that they do not reflect 
equilibrium conditions. They should also be treated as approximate 
values because of the inaccuracies in the loading estimates and in the 
timing of the fall turnover dates. Nevertheless; the spread of the 
observed data conforms well to the envelope of the computed equili- 
brium curves, and their trend is in agreement with the mean curves, 
particularly for the Western Basin (Fig. S.l1a). Similar curves are 
given in Chapter 9. 

.Recommendations 

1‘. The response curves provided in Chaptler 9 offer a preliminary 
estimation of the lake water quality response to the combined 
efifects 6f man-made phosphorus loading reduction and natural 
weather forcing; similar curves for nearshore zones are required 
for more detailed analysis. 

2. The nineébox model should be applied beyond the twelveéyear period 
'with particulerfl emphasis to update the long-term effect of 
nutrient loading reduction on the sediment oxygen demand. This 
requires continued usage of lake surveillance data and necessifi 
tates improved methods of estimating nutrient loadings. 

3. Research on climatic influences on water quality should be streng- 
thened; new results from nutrient dynamics and sediment chemistry 

_ 

should be incorporated into the model formulation; and toxicant 
effects on primary production should be included in the model if 
such effects are found to be significant.



‘Research on the development of models of "inter’m[ed_ia;_t_e complexity 
should be directed towards a more efficient modelling framework; 
the~'cofi;puter programs should be made interactive to facilitate 
the incorporation of these recomme_ndations ef,fi_ci'e‘_nt_:?1Y. Qtfld for 
1j;a;nageinent— appli cations .



CHAPTER1 

Lake Erie asints 

1.1 Introduction 

_ 

In recent years, industrial and municipal discharges have 
had deleterious effects on Lake Erie water quality. _on the basis of 
the trophic status defined with reference to phosphorus loading and 
hydraulic retention time (Vollenweider et_al., 1980), Lake Erie can be 
considered mesotrophic to eutrophic. Regulations have been instituted 
which restrict the input loading of such nutrients as phosphorus. 
However, Lake Erie physiography and the influence of weather systems 
over the basins are also important considerations in regard to Lake 
Erie's recovery from eutrophy. 

I 

That physiography of’ Lake Erie is unique ‘among. the Great 
Lakes in the sense that the lake is the shallowest vand ‘can be 
distinctly divided into three basins. The Western Basin, with a maxi- 
mum depth of 10 m and being the smallest in area of the three basins, 
receives more than half of the total load of phosphorus of.the entire 
lake. This basin is still considered as eutrophic by many researe 
chers. The Central Basin, which is the largest in area, has a maximum 
depth of 25 m. Such a physiography is prone to the formation ofha 
rather broad but shallow hypolimnion in the summer. 

. 

Often, the 
hypolimnion becomes: anoxic as a result of strong sediment oxygen 
demand. The Eastern Basin, being the deepest basin with a maximum 
depth of 65 m, is also stratified, but the waters remain oxic and 
eutrophication is less acute. 

On the other hand, being the southernmost of »the Great 
Lakes, Lake Erie is affected by‘ warmer‘ weather in the summer and,



strong-westerly winds in the winter. These weather systems cause non- 
‘homogeneity in the distribution of water quality variables. ln parti- 
cular, during the stratified period, there are distinctly different 
distributions of water temperature, dissolved oxygen, soluble reactive 
phosphorus and phytoplankton in the vertical water column. The 
hydraulic flow and wind-driven circulation influence the transport and 
spreading ‘of the pollutants from the loading sources to offshore 
areas and, in general, create a longitudinal concentration gradient 
from the Western Basin to the Eastern Basin. These weather effects 
render the observational data difficult to analyse unless an appro- 
priate data zoning method, accounting for the spatial heterogeneity, 
is devised. 

The importance of the data zoning method becomes apparent 
when ship cruise data are used to derive the oxygen depletion rates 
for the Central Basin. Dobson and Gilbertson (1971) defined the 
hypolimnetic waters as water which is no more than 3°C higher than the 
minimum temperatures observed within a particular cruise survey. This 
definition made possible the inclusion of the thermocline waters at 
the eastern end of the basin but not the warmer hypolimnetic waters at 
the western end. Charlton (1980) used temperature traces where 
available to define the hypolimnion, but had to use a temperature- 
thickness regression relationship when these traces were not avail- 
able. Rosa and Burns (1981), however, found that there was no such 
relationship. Instead, they advocated a representative area approach 
in which a mesolimnion exchange model was used with corrections for 
‘interbasin transports and vertical diffusion. The drawback of this 

method is that it requires close cruise intervals and the mass balan- 
ces among the three basins as a system are disregarded, since the 

corrections are applied .only to the Central Basin hypolimnion. 
Instead of using these diagnostic methods, Di Toro and Connolly (1980) 

used a mass balance model to predict oxygen concentrations for various 
segments of Lake Erie. The partition of the vertical layers in this



model was fixed throughout the stratified cycle. While this constant 
layeréthickness prognostic approach is applicable to deep lakes such 
as Lake Ontario (Simons and Lam, 1980), its application to Lake Erie 
is questionable. Indeed, Di Toro and Connolly (1980) had to change 
the epilimnion thickness from 17 m for the calibration year (1970) to 

- 13 m for the verification year (1975) in order to fit the data. For 
shallow lakes where the displacement of the thermocline is comparable 
to the hypolimnetic thickness itself, it is known (Ivey and Boyce, 
I982) fihat diffusion alone is not sufficient to explain the entrain- 
ment processes. Therefore, the constant layer-thickness model has the 
tendency to diffuse more oxygen from the epilimnion to the hypolimnion 
than the entrainment models would, particularly when the thermocline 
is actually below the prescribed position. 

Nevertheless, it is clear that the analysis of Lake Erie 
data should not consist merely of a statistical exercise, but must 
involve calculations (Vollenweider and Janus, 1981) with sound know- 
ledge of limnology. Of course, one extreme form of calculation is to 
divide the lake into. hundreds of cells and to utilize the fully 
three-dimensional description of the thermocline surface in the analy- 
sis. An example is the three-dimensional model of Lam and Simons 
(1976). However, such a detailed approach would quickly be faced with 
a large number of unknown coefficients (Simons gt al., 1979) and is 
not as economical as models with less spatial complexity. The prob- 
lem, therefore, is the choice of the proper complexity, preferably 
intermediate complexity, for the model. 

Thus, a new modelling approach emerges as follows. The 
centre of many controversies (e.g. Charlton, 1980; Rosa and Burns, 
1981) surrounding water quality studies in Lake Erie lies with the 
definition of the hypolimnion. If the water temperature data were 
densely sampled in space and time, this definition would have been 
easy. However, the lake data are not always collected so densely. On



the other hand, the meteorological records are abundant around Lake 
Erie basins, and the basins are sampled at more frequent and regular 
intervals. Since the meteorological forcing is the direct cause of 
the thermal stratification in the lake, it is clearly essential that 
the definition of the hypolimnion be tied in with such» weather 
records. One advantage is that the information on the thermal struc- 
tures in any past year can be derived if the weather data are avail- 
able. VAlternately, if a long-term weather forecast becomes reliable, 
the lake thermal structures can be likewise forecast. Fortunately, 
over .the past two decades, a 'sizeable body of knowledge has been 
gathered by physical limnologists on the thermal processes of lakes. 
While there are still major gaps of understanding in short-term turbu- 
lence processes, the simulation of the long-term seasonal behaviour of 
the stratification cycle has been made feasible by bulk parameteriza- 
tion using a one-dimensional laterally integrated model. This model 
is economical to use and-is able to reproduce accurately the areally 
averaged vertical thermal profile for both the Central and Eastern 
basins of Lake Erie. 

From the simulated daily temperature profiles, the dynamic 
positions and layer thicknesses of the epilimnion,lmesolimnion and 
hypolimnion can be obtained. These are input into, on a daily basis, 
a segmented mass balance model of Lake Erie, consisting of the three 
basins with two or three vertical layers. That is, the layers are 
adjusted daily and the mass balance model permits the vertical 
entrainment and lateral water movements associated with the changes. 
In other words, the one-dimensional thermocline model and the six- or 
nine—box mass balance model together form the main frame of our new 
modelling approach. It is through such a systems approach that we are 
able to confirm Charlton's (1980) finding, of the short-term 
weather-induced variations on the oxygen depletion rate and, at the 

same time, are able to detect the longsterm influence on the sediment 
oxygen demand by nutrient -loadings as reported by Rosa and Burns
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(1981). The diagnostic and prognostic results of‘ this modelling 
approach have been mentioned in the summary and will be discussed in 
detail in the subsequent chapters. The content and order, of 
appearance of these chapters have also been provided in the summary. 

1 -2 Physical Ciharaegetistics 

Lake Erie forms the southernmost portion of the Great Lakes 
system (Fig. 1.1). It is centred on 42°15‘ north latitude and 81°15‘ 
west longitude. The Lake Erie Basin encompasses an area of 
103 000 km2 and lies within the Province of Ontario and portions of 
the states of Michigan, Indiana, Ohio, Pennsylvania and New York. 
Approximately one quarter of the basin area, 25 320 kmz, represents 
the lake itself. Compared with the other lakes within the system, 
Lake Erie lies completely above sea level, contains the smallest 
volume of water and is the shallowest (Fig. 1.2). 

Physical characteristics of Lake Erie are given in 
Tables 1.1a and 1.lb. The lake is elongate, and has its major axis 
oriented approximately west-east at N70°E. Its maximum length is 390 
km with an average width of 70 km, and it reaches a maximum of about 
90 km near the midpoint of the long axis. At low water datum, it 
contains a volume of 473 km3, has a mean geometric depth of 18.7 m and 
has a depth of half volume of 9.97 m. 

Figure 1.3 shows Lake Erie bathymetry. Most of the lake is 
shallow. However, there is a progressive increase in depth from a 
maximum of 10 m in the west end to a maximum of 65 m in the east end 
of the lake. On the basis of bathymetry, the lake can be subdivided 
into three distinct physiographic regions: the Western Basin, the 
Central Basin and the Eastern Basin. »The shallow Western Basin is 
separated from.the relatively flat-bottomed Central Basin by a rocky



Table 1.1a. Physical Characteristics of Lake Erie 

Lofi water datum (LWD) 173.3 m 
Length 388 km 
Width 92 km 
Shoreline length 1 377 km 
Total surface area —25 320 km2 
Volume an Lwn 470 km3 
Mean geometric depth ‘ 18.7 m 
Depth of half volume 9.97 m 
Maximum depth below (LWD) 64 m 
Maximum surface elevation (IGLD) 174.7 m 
Conical ratio 

‘ 

0.29 

Table l.1b. Physical Characteristics of Lake Erie Basins 

West Central East 
ttttsgagfttgcgrttagegtuwn; A 

2 9712 km?" 178 73é”i£§{2M_’ 7S“7é'i’27“1;m:27“7 

Volume (LWD) 20 km 300 km 
_ 

150 km3 
Maximum depth (LWD) 10 m 25 m 64 m 

BUFFAL6 

CENTRAL BASIN 

=f CLEVELAND 

Figure 1.3. Lake Erie bathymetry (metres).
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island chain extending from Point Pelee, Ontario, to Marblehead, 
Ohio. A low wide submerged sand and gravel ridge called the Pennsyl- 
vania Ridge which extends from Long Point, Ontario, to Eric, Pennsyl? 

vania, separates the Central and Eastern basins. For computations in 
this report, the lake has been divided into three basins based on 

these physiographic features (Fig. 1.3). 

A comparison of surface area and volume at corresponding 
depths from the surface, is shown in Figures 1.4a and b for each 
basin. Cross-sectional areas for vertical boundaries separating the 

West-Central and Central—East basins are illustrated in Fig. 1.4c as a 

function of increasing depth from the surface. To facilitate computa» 

tion of basin boundaries for each layer within mass balance models 
described in this report, functions were derived to approximate the 

hipsometfic data. Boundaries are permitted to change with respect to 

mean daily water level movement.



l3HAPTER2 

Lake Erie Loading 

2-1 Data 

in this study, the emphasis on 1oading”data was placed 
obtaining where possible, both the flow and concentration data rather 
t-ban accepting 1'>11'ev3iou.1y cou1put.ed loads. Once obtained evalua- 
ted, the data sets were uniformly subjected to the same loading calé 
culation procedure. In some instances where data were not sampled or 
available, methods of estimation were employed. 3The purpose of this 
exercise is to attain some uniformity and consistency in the calcula- 
tion and estimation of the chemical loading data. Without such a 

step, the choice of loading data determined previously by different 
methods would be difficult (Fraser and Willson, 1981; Dolan ggAg;., 
1981). 

The raw data required for this study were obtained from many 
sources. The primary agencies involved in collecting the necessary 
data are the following: 

(1) Environment Canada/NWRI, 
_ 

(2) Michigan Department of Natural Resources, 
(3) New York Department of Environmental Conservation, 
(4) Ohio Environmental Protection Agency, 
(5) Ontario Ministry of the Environment, 
(6) U.S. Environmental Protection Agency, 
(7) U.S. Geological Survey,

V 

(8) U.S. National Oceanic and Atmospheric Administration. 

The loading data are sumarized according to source types, 
as described below.



2.1.1 Tributaries 

Tributaries were defined as rivers and streams that flow 
directly into Lake_ Erie excluding the Detroit and Niagara rivers. 
Concentration data were obtained from the water quality monitoring 
station closest to the mouth of the river, and the corresponding flow 
data were obtained from the gauging station nearest to the water 
quality sampling site. No attempt lwas made_ to distinguish such 
sources as municipal plants or industrial outfalls that flowed into a 
tributary upstream from the water quality site. 

Data for the Canadian tributaries were obtained from the 
Ontario Ministry of the Environment (MOE) for the period 1967e1974. 
To supplement these data for the years 1975 and 1976, additional data 
were acquired from PLDARG Canadian Task D. ‘Similarly, data on flows 
and concentrations for the 14 U.S. tributaries studied were obtained 
from the USGS Water Resources publications for New York, Michigan and 
Ohio (1966-1976). These data were also suppleented by information 
retrieved directly from the U.S. STORET system that contains concen- 
tration and flow data for specified tributaries in the United States. 
For the years 1977 and 1978, data were obtained from the International 
Joint Commission. 

2.1.2 Micipal and industrial loads 

‘These sources are defined as point source dischargers to the 
lake or plants which discharged to a tributary downstream from the 
selected tributary water quality sampling station. In all cases both 
the concentration and the flow data were obtained from the monitoring 
point closest to the plant discharge. 

Data for the eight Canadian municipal plants identified for 
the study were obtained for 1967,V1975 and 1976 from the International



Joint Commission reports (1969; 1976). ‘Additional data were obtained 
for 1968, 1972, 1973 and 1974 from a report-by Appelby (1977).« Some 
of these data were incomplete and required estimation, As in the case 
for tributaries, the International Joint Commission'provided data for 
the years 1977 and 1978.. 

The U.S. direct municipal dischargers included in this study 
are those identified in a report by the U;S. Army Corps of Engineers 
(1975), Flow and concentration data for the six plants in New York 
State were abstracted from the operating and maintenance files of the 
New York State Department of Environmental Conservation (NYDEC)a 
Similarly, the data for 22 municipal‘ dischargers ‘from Ohio were 
obtained from the records on file with the Ohio EPA Northeast and 
Northwest d;i_st,rict offices. The data for the’ 'three‘p1an‘ts located in 
Michigan were released by the Michigan Department of Natural Resources 
(.MDNR)- 

The availability of industrial nutrient and chloride data 
was severely limited, leading to the usage of the published material 
‘of.the International Joint Commission (IJC: 1973, 1974, 1975, 1976). 
The industrial data obtained for the individual sites were included in 
the computations particularly with reference to the state of Ohio, 
which maintained excellent records with the major variable studied 
being chloride.

e 

2.l.3+Atmospheric.1oads 

Reliance was placed on published. loads- for atmospheric 
contribgtions. The total yearly loads for total phosphorus, chloride, 
and total nitrogen were taken from a study by Elder et al, (1977), 
Aifigflia, nitrate plus nitrite, and’ Kjeldahl nitrogen loads were 
obtained from the work of Kuntz (1978). Atmospheric loadings were



‘assumed constant over the twelve—year period and spatially homogeneous 
(Elder _e_t_a_l_'_., 1977; CCIW, 1977’). 

2.2 Connecting Channels 

2.2.1 Detroit River 

The Detroit River exhibits a complex structure with respect 
to water quality variable concentrationsr In the region chosen for 
the computation of the loads out of_the river (range DT 3.9),.the 
horizontal concentration gradients for phosphorus and chloride vary 
substantially and in opposing directions across the transect 
(Fig. 2.1). This situation necessitates the subdivision of the 
transect into panels and weighting of the flow regime in order to 
compute representative loadings from the river. The panel weighting 
was made by considering a uniformly distributed flow at range DT 3.9 
and by proportioning this flow by the panel areas. 

The Detroit River range 3.9 which stretches between Lee 
Point in the United States and Bar Point in Canada has been segmented 
into 20 panels in a report by the U.S. Army Corps of Engineers 
(1975). For the purpose of this study a comparison was made between 
the sampling locations used over the ten-year period by the Ontario 
Ministry of the Environment and the Michigan Department of Natural 
Resources relative to the river segmentation. In this study the river 
range was segmented into 13 panels such that two water quality sampl- 
ing sites would be located in each panel and that over the twelve-year 
study period there would always be at least one sampled station in 
each panel for each year (Fig. 2.2). 

Daily flow records for the Detroit River from 1968-1978 were 
obtained from the U.S. Geological Survey using the computation made by
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the National Oceanic and Atmospheric Administration based on varia- 
tions in river and lake levels. These data were supplemented by addi- 
tional records of flow for 1967 estimated from the mean monthly calcu- 
lations reported by Derecki (1975). 

The, Canadian chemical data analysed by the NOE for the 
period 1967-1926 were sumarized by PLUARG Canadian Task D.» 

Similarly, data for the U.S. component were obtained from the U.S. 
"STORET" system operated by the U.S. Environmental Protection Agency. 
When these data were combined, a total of 22 sampling stations were 
available for the study period. 

Computation of the Detroit River load was made by summing 
the contribution from each of the segments, which were treated as 
independent sections each with its own variable concentrations and 
flow. An unbiased estimator technique_(Eq. 2.1) was used to compute 
the load from each segment. 

2.2.2 Niagara River 

A procedure similar to that used for the Detroit River was 
adopted for computing outflows ‘through the Niagara River. The 
transect between Fort Erie, Ontario, and Buffalo, New York, ‘was 

tsubdivided into nine area weighted panels. Flow data were obtained 
from the USGS water resources publications for the state of New York 
(1966-1978). The flows were measured as powerplant discharges plus an 
estimated flow over the Falls at Niagara. The chemical concentrations 

were obtained from the MOE and PLUARG Canadian Task D. Each panel 

segment had one sampling station at the cross section midpoint. As in 

the case of the Detroit River, each panel‘ load was calculated 

independently using Eq. 2.1. Summation of individual loads at each 

panel provided the total load through the Niagara River.



2a2.3,Estimation.method 

- The chosen estimator technique (Beale, 1962) utilizes the 
additional information where available for annual and(monthly flows in 
the computation. Thus, some of the variance associated with perturbae 
tions in flow is removed, yielding an estimate with minimized variance 
associated with the flow component.. This method has recently been 
evaluated (1981) as the most suitable for application 
in the Great Lakes basins. 

The estimator ‘E; is_ expressed (Tin, 1965; Kendall 
Stuart, 1968) as follows:

V 

(2.1) 

¥'mean daily flow for the year
d 

= mean daily loading for the days for which 
‘concentrations were determined

A 

mx = mean daily flow for the days for which 
’ concentrations were determined 

' number of days for which concentrations-were » 

—determined 

n . 

X X1Yi— n my - mx 

and



and the X1 and Y1 are the individual measured flow and calculated 
loading, respectively, for each day for which concentrations were 
determined. The mean-square-error of this estimator may be estimated 
to terms of the order n“2, assuming the population size is very large,

/ 
by: 

A ‘s2 s2 s ” *" 2 _ 2 1 -x Y. xv E-[(P»"Py)]-my - n- m2—+.m2—2_mxmy 
X y 

+ 1 2 
Sxz 

2 _ 4 
sxz sxy -2° °(—z) —'2mm 

1). m m X x x 7 

sxy 2 sxz syz 
+ (m m‘) +3. :2 (2.2) 

Xy x y 

where Syz is calculated analogously to Skz. 

2.3 Loading Estimates 

Detailed loading computations for all sources of total 
phosphorus, soluble reactive phosphorus, total nitrogen, nitrate and 
nitrite, ammonia and chloride to Lake Erie, including estimates of the 
outflow load through the Niagara River, have been ade for the years 
1967 to 1978. Estimation procedures for these parameters are 
contained in a report by Fraser and Willson (1981). 

2.3.1 Ibtal phosphorus 

Total phosphorus shows a marked decrease in the order of 502 
over the period of study, with a clear dominance of the influence of
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the Detroit River component (Fig. 2.3). This one source represented 
an average of 56% of the total loading to the system. However, over 
the period of study (1967 to 1978), the_total phosphorus loadings from 
the river dropped from 14 309 to 6205 MT._ Similar reductions of 
approximately 50% are noted for the contributions from municipal and 
industrial sources. Reductions cannot be identified in the tributary 
component, because the tributary component shows more variability than 
the other components. Since tributaries reflect the activities occur- 
ring within their‘ respective drainage basins, it should not be 
expected that these sources show signs of reduction until control 
measures on land use activities are implemented. Due to a transcrip- 
tion error, the l975 Detroit River load was reported in Fraser and 
Willson (1981) as 6521 MT. This value has now been revised »to 

7521 MT, yielding a total load of 15 534 MT of phosphorus and a 
corresponding net load of 11 728 MT. 

Examination of the loading results shows the dominant 
influence of the United States sources (Fig. 2.4). The distribution 
of major population centres within the Lake Erie Basin which heavily 
favours the United States is mirrored in the ratios between Canadian 
and U.S. tributary and municipal loads. Other than the Detroit River, 
the major source to the West Basin of Lake Erie is the Maumee River 
and Toledo, Ohio. Canadian sources to the Western Basin are minor in 
comparison with the U.S. sources, which account for 96% of the total 
basin load. 

Over the period of study the highest loading of total phos- 
phorus to Lake Erie occurred in 1968 (D6 977 MT) coinciding with the 
highest Detroit River load of 17 822 MT. on a seasonal basis, the 
loading to the Western Basin generally follows a similar pattern from 
year to year. A significant increase in load occurs during the spring 
freshet in March, followed by relatively low loads during the sumer.\ 
Autumn loads are slightly higher, being influenced by higher precipi- 
tation on the basin. This can be seen clearly in the 1967 and



.1972 seasonal loadings (Fig. 2.5). Over the period of study, two 
. incidents of flooding occurred in the Maumee Basin. In 1972, a large — 

dam on the river was breached, resulting in a very high flow and load 
ep”r;u;riif,butj1on. Much of thisf load to the "West Basin was particulate in 
nature, and hence, settled out to the sediment very quickly. Simi- 
larly, in 1976, another flooding episode occurred causing abnormally 
high total phosphorus loads. 

The Central Basin of the lake exhibits a loading distribus 
tion similar to_that of the West Basin, with the major sources being 
the Cayahoga River and Cleveland, Ohio. The second most significanth 
source to the Central Basin is the Black River, Ohio. Contributions‘ 
from Canadian sources are relatively low but are approximately ten 
times greater than the West Basin levels. The Central Basin was domi- ’ 

nated by the U.S. sources at the 89% level in 1967 and at the 792' 
level in 1978. 

The overall load of total phosphorus to the Central Basin of 
the lake has been reduced from 60 MT/day in 1967 to an average load or 
40'MT/day in 1978. This figure includes an estimate of the contribu= 
tion from interbasin transport from the West Basin. The estimate is 
computed from the hydraulic flow, the crossesectional area of the 
basin at.the defined boundary, and the concentration of total phospho-

V 

rus in the West Basin. As was the case, although not prominently, ink. 
the West Basin, relative increases in loading have been noted in the 
spring and fall seasons in the Central Basin (Big. 2.5). 

The Eastern Basin is dominated by the loading of the Grand 
R1;v‘er,’_()nt;a;jr1o, ‘representing 62% of”the’ total load to~the basin. 
Indeed, the Grand River is the only major Canadian source to the 
entire lake. Located in this basin are two major municipal centres, 
Fort Erie, Ontario, and Buffalo, New York. These two cities are not 
considered as sources to the basin, as their municipal effluents
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discharge into the Niagara River; the Buffalo River, however, is a 
tributary source. 

‘ 

Over the twelve years studied the load to the Eastern Basin 
has declined on an annual basis from a high of approximately 25 MT of 
total phosphorus per day in 1968 to 15 MT/day in 1977. As in the case 
of the Central Basin, the seasonal loads depicted here (Fig. 2.5) 
include a contribution for the transport from the Central to the 
Eastern Basin. 

Seasonal effects are similar to those of the Central Basin, 
with siightly higher loads in the spring and fall. However. a signi- 
ficant event occurred in 1973 involving the Grand River, Ontario. 
this river reaches £1904 stage quite regfilarlyfduring spring freshet. 
In 1973, flooding caused the total phosphorus load for March to exceed 
70 bi’?/day, but the 1o_a_d ma'tet'.1a1 was 1_.ajrj:ge1y pinorganic unava;i'1_e1b_le 

phosphorus which settled quickly and contributed little to the lake 
concentration. 

2a3a25So1uble reactive phosphorus 

Soluble reactive phosphorus, which may be considered to be 
the soluble inorganic form of phosphorus most readily available for 
biological use, shows loading patterns fairly similar to those of

_ 

=total phosphorus (Fig. 2.6). Although the agnitudes of the loads are 
‘considerably lower than those for total phosphorus (e.g. Eastern Basin 
summer load is about 2 MT/day), seasonal distributions are discer- 
fliblés Thé déminance of the Detroit and the Maumee rivers in the 
Western Basin is again evident. 

‘From lake-wide averaged figures, this form constitutes about 
34% of the total phosphorus. The bioavailability associated with this 
-form is an important factor in managing Lake Erie eutrophication
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problems. gAs demonstrated by Simons and Lam (1980), a reduction in 
the soluble reactive phosphorus load is more efficient in bringing 
down the in-lake phosphorus concentrations than an equivalent reduc- 
tion in the particulate load. As shown in Fig. 2.7, the soluble 
reactive phosphorus load has declined quite drastically for the lake 
as a whole. The main reduction lies with the Detroit River, but addi- 
tional reductions can be noted in the other sources also. The down- 
ward trend is particularly evident between 1967 and 1969. After 1969, 
the decline is about 740 MT/year.

' 

Both the total and the soluble reactive phosphorus loads» 
will be used in the mass balance models in this study. However, to 
offer some comparisons, the lakewide annual loads of the following 

water quality variables are also provided. 

2.3.3 riiuégeu 

Total nitrogen loads to Lake Erie have been increasing, with 
significant increases beginning in 1972. The four nitrogen variables, 
total nitrogen, nitrate plus nitrite, Kjeldahl nitrogen, and ammonia, 
although related, display somewhat varied behaviour over the twelve 
years studied (Fig. 2.7). Nitrate plus nitrite, which constitutes the 
major soluble inorganic component of total nitrogen, has increased 
since 196i at an average rate of 7800 MT/year. Examination of the 
load sources for nitrate plus nitrite indicates increases in the 
contributions from the Detroit River and tributary sources in concert 
with reductions in the municipal and industrial component.. This 
factor can be related to the installation of municipal treatment 
plants which, although their design is to reduce organics and remove 
phosphorus, also remove an amount of nitrogen in the process. Thus 
treated effluents are likely to show reductions, whereas untreated 
vsources may display increases.
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Kjeldahl nitrogen, which is a combined‘ measure of the 
organic nitrogen and ammonia component, shows some variability from 
1967 to 1970, with a levelling up to and including 1973, followed by 
an increase to 1978. In conjunction with the examination of the 
Kjeldahl nitrogen the ammonia loads show a larger variability with an. 

average ioading of approximately 47 000 MT/year. over the study 
period. Of note here is the increase in the contribution of organic 
nitrogen from 1974 to 1978 attributed to the Detroit River and 
tributaries to the lake.

" 

2.3.4 Chloride 

The variable chloride was included in this study to act as a 
conservative substance within the lake chemistry. The loading of 
chloride (Fig. 2.7) displays some variability over the study period 
except in the latter years 1975 to 1978 where a higher than average 
load is noted. This increase'is attributed primarily to the contribue 
tion coming from tributaries.’ It should be noted that as well as the 
load presented here, an additional load of 1.0 to 1.5 million metric 
tons Of chloride is added to Lake Erie annually from road salting 
operations (Fraser, 1981).
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Lake Chemistry 

3.1 Introduction 

As noted in Chapter 2, the Western Basin receives the 
highest input load of the three basins of Lake Erie. This basin is 
usually well mixed with respect to both temperature and chemicals. 
The basin is classified as eutrophic because of the large phosphorus 
load. Substantial quantities of chemical materials are also trans- 
ported to the Central Basin from the Western Basin. The Central Basin 
supports a high productivity level and is thermally stratified in the 
summer. These conditions allow the formation of strong chemoclines 
for several water quality variables including dissolved oxygen and 
soluble reactive phosphorus. The thermocline inhibits significant 
oxygen transfer from the saturated epilimnetic waters to the hypo1im- 
nion, causing anoxia. Under anoxic conditions, redox potentials 
become very low and negative, leading to the onset of chemical reduc- 
tion processes. The main results of the reduction are strong releases 
of available phosphorus and ammonia from the sediment. 

Depending on wind and other weather conditions, a westward 
hypolimnetic eurrent may; at times, bring oxygenérich waters from the 
Eastern Basin into the Central Basin and relieve the anoxic condition 
somewhat. The net transport, however, is still from the Central to 
the Eastern Basin. Thus, the description of the lake chemistry must 
take into consideration the spatial differences of the basins, An 
§X§fiP1§ is offered by the basin-averaged concentrations of total 
phosphorus and chloride given in Table 3.1._



Table 3.1. Lake Erie Horizontal Gradients 

Western Central Eastern 
Variable Basin Basin Basin 

Total phosphorus (pg P/L) 35.6 25.6 18.1 
Chloride (mg Cl/L) 16.8 23.9 24.8 

Total phosphorus displays the highest concentration in the 
West Basin, because of loading effects. As the material moves east- 
ward, elements of the nutrient are subject to sedimentation processes 
such that, even with additional loads of phosphorus entering into each 
basin, a general decreasing west-east gradient is observed. On the 
other hand, the chloride ion, which is essentially a conservative 
variable, shows a gradient in concentration toward higher levels from 
west to east. This may be explained primarily by the additional 
sources of chloride loaded to the lake in each basin. 

The existence of chemoclines and thermoclines also compli- 
cates the data analysis in the Central and Eastern basins. The hypo- 
limnion in the Central Basin can be 2 to 4 m thick during the anoxic 
period and requires an accurate method to estimate chemical concentra- 
tions within that layer. ln general, a data estimation method, which 
is capable of selecting homogeneous zones according to the thermo- 
clines and chemoclines, is required for all the three basins. Such a 
method is discussed in detail in the Appendix. Briefly, at each data 
collection cruise, the observed temperature data will provide the 
vertical thermal structure at a given sampling station. The assumed 
structure forms the basis for vertically interpolating the water 
chemistry data at that station. Depending on the sampling station 
patterns, the vertically interpolated chemical data are then interpo- 
lated horizontally over chosen distances so that, desirably, the whole 
lake is covered. During the horizontal interpolation, only data from 
the same assumed thermal layer, e.g. top 1 m of the epilimnion, are



used for interpolation within that particular layer. The result is a 
three-dimensional array of interpolated data. 

These interpolated lake chemistry data serve two purposes in 
this study. One purpose is to check diagnostically, from mass balance 
principles, whether the estimated chemical loads are consistent with 
the observed in—lake concentrations (Section 3.3). The other purpose 
is to verify the watéf quality models and to assess their predictive 
capability (Chapters 6 and 8). Thus,A depending on the spatial 
_complexity of these models, the three-dimensional data can be used 
either as they are, laterally averaged into a two-dimensional 
(longitudinal and vertical) representation, vertically integrated into 
an areal map, or averaged into two or three layers for each basin; 

The accuracy of this data estimation method is affected, of 
course, by the station density and distribution and the availability 
of the thermal structure information. Over the period of 1967 to 
1978, a total of 63 ship cruises were found to be adequate for the 
data estimation analysis (Table 3.2). Additional data from sources. 
(eag. Herdendorf, 1980) not identified in Table 3.2 have been used to 
supplement weak data sets. Such requirements were minimal, as the 
?Ii@efiV data set was of sufficient calibre. 

Table 3.2. Primary CCIW Cruises Used in Lake Chemistry Analysis 

67 68 69 70 71 72 73 74 7§lM 76 77 78 

101* ‘102;d‘103”l102”A101* 101 101 101 101 101, 102 103 
102* 104 108 103 101 102 103 104 102 102 .103 104 
111 108 110 104 111 103 106 106 105 106 
113 111 106 117 104 _109 107 I06 108 
113 112 107 107 

. 110 107 110 
- 105* 109 108 111 - 109 111 

111 112 113 114 
A113 
114 
116 

*Creat bakes institute
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3.2 Tho-Dimensional Interpolated Data 

To summarize the interpolated water quality data over the 
twelve—year period given in Table 3.2, we have selected the laterally 
averaged two-dimensional version of the results for discussion. There 
are many interesting features among the 63 cruises, but they are 
sufficiently represented by the late summer cruises of 1968, 1970, 
1975 and 1978 to cover years with high nutrient loads, thin 

hypolimnion, thick mesolimnion and reduced nutrient loads, respec- 
tively. Our discussions will centre on the relationships'among water 
temperature, total phosphorus, soluble reactive phosphorus, and 
dissolved oxygen so that a conceptual model can be visualized. To 

supplement the discussions, the data of chlorophyll a, nitrate plus 
nitrite, ammonia and chloride will also be presented. In preparing 
the figures for these two-dimensional results, the vertical scale has 
been enlarged to enable clearer representation of contours. 

3.2.1 Temperature 

Detailed discussions of water temperature as a physical 
paramter are given in Chapters 4 and 5. Biologically, water tempera- 
ture is a primary factor affecting the photosynthesis of phytoplank- 
ton. For example, the rise in water temperature in spring signals the 
growth of the diatom species. Chemically, it affects the kinetic 
rates. For Lake Erie, the lake chemistry is tied in closely to the 

thermal structures, particularly the thicknesses of the hypolimnion 
and mesolimnion layers. 

Figure 3.1 shows the temperature distributions of the four 

years under discussion. In 1970, a sharp thermocline extends 

throughout both the Central and Eastern basins. .The Central Basin 

hypolimnion is quite thin and extends fully to the basin boundaries.
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TEMPERATURE (°c) TOTAL PHOSPHORUS (us/L.) 
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.Figure 3.1. Two-dimensional representation of o§served data for 
tefiperature and total phosphorus for the August-September 
period.



-The case for 1978 is similar to that of 1970 with a slightly thicker 
hypolimhion in the Central Basin. The East Basin, however, shows 
deeper penetration of heat. In contrast, the 1975 situation is 

radically different, displaying very broad hypolimnion and mesolimmion 
layers in the Central.Basin with the hypolimnion temperature 2°C below 
normal. The 1968 data also show a moderate stratification. 

3.2.2 Total phosphorus 

Total phosphorus represents both soluble and particulate 
forms of inorganic and organic phosphorus. The total phosphorus 
regimes for the late summer display significantly different lake 
effects (Fig. 3.1). Horizontally, a decreasing west-to-east gradient 
is apparent in all years. The Western Basin concentration, which is 
subject primarily to the loading influence of the Detroit River, is 

approximately 50 pg P/L in 1968. As the loading of total phosphorus 
has declined so has the basin concentration. In 1978, a value of 
35 pg P/L is observed. 

The Central Basin exhibits the strongest effect of stratifi- 
cation during the August to September period. The very shallow hypo- 
limnion observed in 1970 is responsible for the large release of phos- 
phorus from the sediment into the hypolimnion. In 1970, the gradient 
in total phosphorus was approximately 40 pg P/L over a thermocline 
thickness of one metre. Massive releases of nutrient material from 
the sediment occur under anoxic conditions in which the redox poten- 
tials are negative, thereby causing disruption of the stability of the 
surficial sediments. Of the other years presented in Fig. 3.1, 1968 

and 1978 both show degrees of hypolimnion phosphorus regeneration but 

not of the magnitude observed in 1970.



Essentially, no increase in hypolimetic phosphorus in the 
late summer of 1975 was noted. Although the Central Basin was strati- 
fied, both the hypolimnion and mesolimnion were of higher than average 
thickness. This indicates the presence of strong vertical diffusion 
Which might have brought in more oxygen to the hypélimnion from the 
upper therfiel layers. Thus,-the oxygen demand of the sediment was 
satisfied and large-scale anoxia was precluded. 

3,3,3 Soluble reactive phosphorus 

Ihis parameter is the soluble inorganic form of phosphorus 
most readily available for use as a nutrient in phytoplankton produce 
tion. Although terminology implies that only one phosphorus form is’ 
considered, this parameter, in fact, is a representation of several 
phosphate (P0g) species of the orthophosphate type. 

During the winter isothermal period, whole lake concentra- 
tions of soluble reactive phosphorus are at their highest, The‘ 

.charactef1st1c longitudinal gradient decreasing_from west to east is 
also present as in the case of total phosphorus (Fig. 3.2). When 
swarming begins in the spring, epilimnion concentrations of SRP rapidly 
decrease due to phytoplankton nutrient uptake. The degree of phos- 
phate reduction is suffiicient to yield extensive epilifinion concentra- 
tions between 1.0 and 2.0 pg P/L, exerting a limiting factor upon 
phytoplankton growth. The sediment release mechanism under anoxic 
conditions discussed previously is clearly shown for soluble reactive 
phosphorus in the late summer (Fig. 3.2). A comparison of relative 
concentrations’ of total and soluble phosphorus concentrations shows 
that of the material regenerated to the hypolimnion waters, between 
60% and 80% is of the soluble reactive form. However, the duration of 
time that these high concentrations of soluble phosphorus remain in 
the hypolimniofi is very short, implying a rapid loss mechanism in the 
Central Basin hypolimnion at this time.



SOLUBLE REACTIVE PHOSPHORUS DISSOLVED oxvesn 
(Me/L) 

b 

Figure 3.2. Two-dimensional representation of observed data for 
soluble reactive phosphorus and dissolved oxygen for the 
August-September period.
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The regeneration of soluble phosphorus to the water column 
from the sediments represents a significant internal load of nutrient 
material to the lake. This contribution is unaccounted for in compufi 
tations of loadings. However, the subsequent uptake and sedimentation 
followed by the onset of the tall mixing period may well offset much 
of the impact. 

3.2.4 Dissolved oxygen 

Concentrations of oxygen in aquatic systems are governed by 
many mechanisms. In epilimnetic waters the concentration is mainly 
controlled by ambient temperature and pressure. Under.normal condie 
tions there is sufficient oxygen present to establish 100% saturation 
at all times. Typically, during the winteréspring isothermal period, 
oxygen concentrations lie in the range l2 to 13 mg 02/L. As the lake 
warms, the oxygen concentration in the epilimnion decreases but still 
maintains 100% saturation. Under fully stratified conditions and when 
the temperature in the epilimnion reaches 20°C, oxygen saturation is 
achieved with concentrations of 8 to 9 mg 02/L (Fig. 3.2). 

Chemical and microbiological oxidation processes occur 
h 

continuously in both the water column and the surficial sediments of 
the lake. These processes comprise the water oxygen and sediment 
‘oxygen demand (Burns, 1976b). Hypolimnetic oxygen depletion in the 
Central Basin has been the centre of international concern for many 
years (IJC, 1969; Burns and Ross, 1972; Vollenweider, 1968). Anoxia 
occurs when aerobic decay processes acting on organic material consume 
the available oxygen in solution. Although anoxia technically is the 
absence of any oxygen, the International Joint Commission has accepted 
an analytical value of less than 0.5 mg O2/L to be representative of 
the condition (IJC, 1978).
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Since the thermocline prevents significant diffusion of 
oxygen from the epilimnion to the hypolimnion, the depth of the there 
mocline on the Central Basin is of prime importance in the evaluation 
of the relative severity of the anoxic conditions. Figure 3.2 shows 
different levels of oxygen depletion in the Central Basin hypolimnion 
for the four years. In the case of 1968, low oxygen values in this 
hypolimnion may be masked by higher concentrations which reside on the 
same transverse axis during the preparation of the two-dimensional 
representation. 

The strong stratification of 1970 permitted a particularly 
severe episode of anoxia to occur which, as previously noted, released 
substantial amounts of nutrients into the hypolimnion. A similar 
though less severe situation was observed in 1978. Although some low 
oxygen concentrations were computed for the western end of the Central 
Basin in 1975, only a very small area was involved.« The dominant 
feature of this latter year is the thickness and position of the 
thermocline relative to the basin morphometry (Fig. 3.1). 

3.2.5 Chlorophyll 3 

Chlorophyll §_is an indirect measurement of phytoplankton 
concentration in the water colum from which estimates of the total 
algal biomass can be obtained. However, varying levels of chlorophyll 

a in phytoplankton and algae throughout the annual season mean that 
this parameter should be used primarily as an estimate of chlorophyll 
biomass. Despite these drawbacks, the parameter does yield useful 
information in regard to phytoplankton (Stadelmann and Munawar, 1974). 

The two-dimensional results for chlorophyll a_ (Fig. 3.3) 

show generally higher» concentrations in the Western Basin with a 

gradient to lower concentrations toward the east. This conforms with 
the nutrient distributions discussed previously and is indicative of
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"Figure 3.3. representuztgion of observed data for 
chlorophyll 3 and n‘1tr‘at'e plus nitrite for the August-Se‘p‘ten_1ber 
period.



the influence of nutrient concentrations on phytoplankton within the 
lake. In the deeper waters of the Eastern Basin, concentrations of 
chlorophyll_a do not rise beyond approximately 2 to 4 pg/L due to 
light limitations. However, in the Central Basin, which has a uman 
depth of 19 m, sufficient light does reach into the hypolimnion to 
support chlorophyll phytoplankton growth. By the latter part of the 
summer season concentrations of chlorophyll a in the Central Basin 
range between 10 and 12 pg/L over the water column from the surface to 
the bottom. Note that these high concentrations of chlorophyll a_at 
the Central Basin hypolimnion are associated with the high anoxic 
regeneration of soluble reactive phosphorus (Fig. 3.2) in the case of 
1970. 

3.2.6 Nitrate plus nitrite 

This parameter contains the two primary inorganic forms of 
nitrogen used as nutrients by algae within the lake. Nitrite (N02) 
represents only a small fraction of the total concentration. 
Generally, springtime concentrations in the lake average 300 pg N/L 
with a strong horizontal gradient decreasing from west’ to east. 
Epilimnion concentrations of nitrate are depleted due to phytoplankton 
growth, yielding concentrations in the range 10 to 20 pg N/L which are 
not uncommon in the late summer epilimnion waters (Fig. 3.3). East 
Basin hypolimnion waters do not show seasonal changes in the concen- 
'tration of nitrate to the same degree as the waters in the upper layer 
and, therefore, are indicative of whole lake trends in the concentra- 
tion over time. Over the twelve—year study period the deep water 
concentration has increased from approximately 150 pg N/L to 300 pg 
N/L between 1967 and 1978, respectively. This increase is a 

reflection of the increasing nitrate loadings noted in Chapter 2. 

Vertical concentration gradients of nitrate are strongly 
related to the thermal structure. During periods of hypolimnion
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anoxia in the Central Basin when sediment material is regenerated to 
the water column, nitrate concentrations increase in the same way as 
the phosphorus species discussed previously. The magnitude of the 
release, however,_does not appear to be as large as the phosphorus 
release. Concentrations of nitrate plus nitrite were elevated from 
10 pg N/L to 50 pg N/L at this time. Higher concentrations are noted 
in the hypolimnion as in 1978 (200 pg N/L) which are related to higher 
levels of nitrogen concentration in the epilimnion-waters. 

Except in very localized nearshore areas where the pH is 
low, the variable ammonia is in the aqueous form of the ammonium ion 
(NHn+). Ammonia is produced in the process of microbiological decay 
of organic material and as a constituent of excreta. Ammonia can be 
taken. up as a nutrient- directly by some phytoplankton, although a 
tworstep aerobic bacterial process converts most ammonia into nitrite 
and subsequently from nitrite to nitrate. Amonia concentrations 
display a horizontal gradient in Lake Erie again decreasing from west 
to east (Fig. 3.4). A strong hypolimnion increase is noted for the 
Central Basin corresponding to periods of anoxia. Under' anaerobic 
conditions reduction occurs, producing ammonia from nitrate and 
nitrite. If the degree of reduction is severe enough, organic 
naterial in the sediments will be decomposed to methane. This situa- 
tion has, as yet, not occurred in Lake Erie. However, as is noted for 
1970 in particular and in 1978 to a lesser degree, reducing conditions 
have occurred sufficiently to produce high concentrations of ammonia 
(over 50 pg/L). 

3.2.8 Chloride 

Examination of the changes in the conservative element 
chlorideshows a decreasing trend from coneentrations of 24 mg G1/L in 
1968 to 20 mg Cl/L in 1978. The reduction in chloride concentration
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AMMONIA (us/_L) CHLORIDE (MG/L) 

Figure 3.4. Two‘-tdimensienal representation of observed data 
for ammonia and ‘chloride for the August-Septe’mber period.
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is primarily the result of dilution due to increased lake flushing 
during the study period (Bennett, 1976). ‘Chloride concentrations are 
rather .uniform ‘vertically within the water column but display a 
distinctive horizontal gradient‘ increasing ‘from west to east 
(Fig. 3.4). This gradient is opposite in direction to the nutrient 
and biological parameters discussed previously. 

3 . 3 D_1agn9§“t:i¢_ fiflags _ Balances 

The discussions in Section 3.2 clearly point to a conceptual- 
‘model in which both the loading and the thermal stratification influ- 
ences play an important role in the temporal and spatial distributions 
of chemical variables in Lake Erie. Only after these influences have 
been quantified, can the kinetic transformation among the variables be 
established. An example of establishing kinetic rates by quantifying 
observed data with respect to thermal structures is the work of 
Charlton (1980) and Rosa and Burns (1981) on the sediment and water 
oxygen demands. Charlton (1980) used the observed position of the 
thermocline- to derive the hypolimnion thickness which was then 
correlated to the_oxygen depletion rate. Rosa and Burns (1981) used a 
three-layered structure to interpolate the oxygen concentration within 
each layer, which enabled them to correct for the vertical diffusion 
and entrainment effects. Furthermore, they considered essentially a 
mass balance budget for the Central Basin hypolimnion-by incorporating 
the interbasin transports. The oxygen depletion rate was then 
obtained as the residual of the budget. 

A more elaborate diagnosis can be achieved with the present 
three-dimensional interpolated data. Instead of a direct two-layered 
or three-layered interpolation, the three-dimensional data have been 
subjected to a fine vertical resolution (see Appendix), e.g. 25 layers 
for the Central Basin. ‘This permits a more accurate vertical interpo- 
lation of the observed data, so that on reducing them back to the two? 
or three-layer representation, the incorporation of the vertical
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~ I= Input from upstream lake (Detroit River‘) L= from all sources (Atftiosohefe, Municipal, 
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Figure 3.5. Schematic of Lake Erie dynamic mass balance model. 
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distribution is more precise. Furthermore, the mass balances for all 
the layers and basins can be carried out, as the_ data are easily 
reducible. The detailed formulation of such a mass balance model is 
given in Section 5.5. For the present discussion, results diagnosing’ 
the sedimentation rate from the total phosphorus loading and concen- 
tration data will be given, as well as the kinetic rate for uptake and 
respiration.from the soluble reactive phosphorus data. In both cases,‘ 
the three-box and the six-box models are used in which the loadings, 
concentrations, advective diffusive and entrainment processes are all 
assumed known (Fig. 3.5). The rates in question are_then obtained as‘ 

residuals of the model equations (5.16 to 5.18 and 5.20 to 5.25). The 
oxygen depletion rate, however, will be addressed later in Subsections 
6.2.4 and 6.3.3, using the prognostic approach.- 

3.3.1 Sensitivity of the lake concentration data 

It is pertinent to include here a discussion of the sensi- 
tivity of the lake concentration data reduced to the three-, sixé and 
nine—box representations used in this study. An example can be seen- 
by examining day 275 of Tables 3.3 and 3.4. The Central Basin oxygen.‘ 
concentration is reported as 8.24 mg O2/L for the. whole basin 
(three-box). Splitting the basin horizontally at the midpoint of the 
thermocline (six-box) results in values of 8.76 mg 02/L and 
4.45 mg Q2/L for the top and bottom layers, respectively. Further 
elaboration to epilimnion, mesolimnion and hypolimnion (nine-box) 
resujlts in values of 8.79 mg 0.2/L, 7.43 mg O2/L and 2.72 mg oz/L, 
respectively. The degree of oxygen depletion in the hypolimnion is 
noted the most clearly in the latter case. However, there is an 
indication that lower oxygen levels are also present in the sixebox 
model reduction but absent in the three-box. 

Similarly, the sediment release of phosphorus is more_evi—3 
dent in the nine-box representation on day 275 in the Central Basin 
(Table 3.3). Note that the three-dimensional interpolatiofi. Scheme
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Table 3.3. Total Phosphorus (pg P/L) Box Model Reduction 

C. Basin E. Basin 

Day W T B E M H W T B E M ‘H 

151 14.35 13.79 15.06 13.35 15.04 15.00 15.51 15.30 15.63 14.95 16.09 15.59 
S 1.51 1.40 1.36 1.34 1.15 1.34 2.10 2.82 1.74 2.99 1.83 1.76 
172 12.77 12.53 13.59 12.29 13.37 13.35 14.05 14.30 13.77 14.37 13.86 13.83 
S 1.72 1.77 1.41 1.52 1.88 1.11 2.26 1.39 2.69 1.35 1.39 2.91 
196 14.43 13.36 18.13 12.79 17.03 18.78 14.55 13.63 15.63 13.49 14.54 15.91 
S * 3.73 3.32 2.11 2.96 2.83 1.90 1.93 1.47 1.74 1.41 1.54 1.70 

233 14.99 14.21 18.36 13.67 16.52 20.07 13.46 12.97 14.10 13.05 12.66 14.42 
S 3.75 3.12 3.36 2.01 3.91 3.35 2.55 1.14 3.05 1.14 1.06 3.14 

259 15.91 16.02 15.29 16.07 15.35 15.38 10.80 11.15 10.28 11.22 10.29 10.31 
S 4.81 4.16 3.29 5.11 4.81 2.12 0.87 0.95‘ 0.56 0.95 0.45 0.59 

275 16.76 16.41 19.32 16.51 16.00 21.49 10.48 10:80 9.95 10.87 9.93 9.98 
S 4.89 4.17 6.48 4.23 3.91 6.89 1.42 1.01 1.61 1.02 0.37 1.68 

WA= Whole Baein (three-box) E = Epilimnion (nineébox) 
T =.Top Layer“ (six—box) M = Mesolimnion (nine-box 
B = Bottom Layer (six-box) H = Hypolimnion (nine-box) . 

S = Standard Deviation 

Table 3.4. Dissolved Oxygen (mg 02/L) Box Model Reduction 

c—. Basin 
3 

E. Basin
3 

Day W T B E M H W T B E M H 

151 12.44 12.84 11.94 12.70 12.87 11.70 13.74 14.21 13.44 14.26 14.02 13.35 
S 1.15 0.65 1.30 0.60 1.13 1.20 0.57 0.52 0.38. 0.59 0.28 0.34 

1172 9.55 9.53 9.62 9.62 9.42 9.72 11.12 10.93 11.35 10.89 11.15 11.38 
S 0.86 0.82 0.94 0.50 1.17 0.65- 0.73 0.48 0.80 0.42 0.58 0.85 
196 8.76 9.02 7.85 9.22 7.97 7.76 9.91 9.62 10.25 89.59 9.72 10.42 
S 1.23 0.94 1.42 0.42 1.65 1.17 0.72 0.24 0.76 0.18 0.62 0.66 

214 -8.35 8.81 6.76 8.99 7.60 6.61 9.01 8.95 9.08 8.99 8267 9.26 
S 1.35 0.56 1.51 0.13 -1.38 1.45 0.87 0.18 1.09 0.15 0.45 1.10 

233 7.76 8.37 5.11 8.76 6.28 4.86 8.20 8.39 ‘7.94 8.43 8.10 7.95 
S 1.97 1.28 1.52 0.38 1.96 1.36 1.07 0.43 1.35 0.42 0.66 1.40 

259 7.62 8.27 3.99 8.37 6.15 2.15 8.50 18.70 8.21 8.70 8.64 8.13 
S 2.47 1.00 2.67 0.73 2.50 1.77 0.52 0.12 0.63 0.12 0.15 0.66 

275 8.24 8.76 4.45 8.79 7.43 2.72 8.67 9.11 7.95 9.12 8.90 7.82 
S 2.29 0.26 2.99 0.18 1.71 2.56 0.81 0.10 0.73 0.09 0.24 0.70 

Who 1e Bas in (three-box) E Epi 1i_mnio'n (nine -box) 
Top Layer (six-box) M Mesolimnion (nine-box

_ 

Bottom Layer (six-box) H — Hypolimnion (n1ne'bOX) 
' 

S = Standard Deviation 
U5 

I-J

8 
II 

II 

II 

I 
II

II
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(see Appendix) preserves the basin morphology. 
3 

The hyvolimnetic 
concentration in the nine—box model, therefore, can be at 23 or 24 m 
depth. Thus, the concentrations given in Tables 3.3 and 3.4 refer to 
different layer depths for different cruise days. The standard devia- 
tion associated with the) concentration for a particular box is 
obtained from all the interpolated and observed data within that box. 
That is, it represents both interpolation and observational errors. 

.3.3.2 Diagnostic results using total phosphorus data 

Both the loading and the lake concentration data were inter- 
polated vinto daily values by time-series interpolation (Simons and 
Lam, 1980) over the period 1967 to 1978. The advective transport and 
the dynamic movements of the thermal layers were based on those used 
in Chapter 6, which were derived from heat budget (Chapter 5) and 
oneédimensional simulation‘ of the thermocline (Chapter 7). it is 
important to note here that, given the uncertainties surrounding the 
time-series interpolation, the diagnostic results have been intended 
primarily as a preliminary check on the consistency of the loading 
data and the lake concentration data. If the diagnostic results on 
the sedimentation rate and the soluble reactive phosphorus kinetic 
rates are uniform over the twelve-year period, then the two data sets 
should be quite consistent and the estimated rates (e.g. Fig. 3.6) may 
even be useful to the subsequent prognostic investigation. Otherwise, 
explanation must be sought for those cases with anomalies. 

For example, the Western Basin receives‘ 60% of the total 
loading of phosphorus to the whole lake which shows seasonal varia- 
bility. Sedimentation increases dramatically for some years (1967, 
1969, i970, 1972 and 1976) during the spring runoff period with rates 
between 60 and 100 MT/day (Fig. 3.7). This is particularly prevalent 
with flooding of the Maumee River. Summertime Sedimentation rates are 
substantially lower. The high sedimentation associated with spring
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runoff implies that much of the phosphorus entering the West Basin is 
particulate in nature and is composed of non-available apatite 
phosphorus and phosphorus associated with clay particles. Such 
material will sediment out quickly, predominantly in the nearshore 
regions of the basin. 

The Central Basin presents a more complex picture, as shown 
in Figure 3.7. During the late winter and early spring, the computed 
net flux of phosphorus towards the sediment is over 50 MT/day. This 
rate is larger than that of the Western Basin because the Central 
Basin is larger in volume. When the_spring growth period commences, 
the net sedimentation rate begins to lower as more phosphorus material 
remains in the water column a result of uptake by phytoplankton. As 
the algae begin, to die, sedimentation rates r‘1se~ag"ain until. late 
September. If oxygen concentrations are depleted in the hypolimnion 
the net sedimentation curve swings rapidly" to »be negative as 
phosphorus is chemically regenerated to the water column from the 
sediments. As an example, in 1970, the net sedimentation rate for the 
Central Basin was -35 MT/day for the duration of the anoxia. 

A major effect may be noted in June 1972, when a major storm 
(Hurricane Agnes) passed through the Great Lakes Basin. The effect on 
the net sedimentation curve is dramatic, moving from a rate of +80 
MT/day to a rate of -80 MT/day and back to +80 MT/day. The storm 
significantly disrupted the physical structure and chemical mechanisms 
of the lake for a short duration of about a mmnth. However, the 
significance of this event is not in the magnitude of the change in 
the rate, but rather in the effect upon the anoxic condition, so that 
much of the sediment return seen in Figure 3.7 is not due to chemical 
regeneration. The paucity of data in 1973, 1974 and 1976 pt9d§ces 
rather monotone net sedimentation, which is a falsification due to the 
time interpolation.‘
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Total phosphorus net sedimentation rates" for‘ the Eastern 
Basin were approximately 20 MT/day throughout most years up to the 
onset of fall overturn at which point mixing processes overshadow 
sedimentation, yielding either a balance between settling and sediment 
return or a negative sedimentation rate in favour of physical 
resuspension (Fig. 3.7). The hurricane of 1972 also affected the net 
sedimentation rate in the East Basin, causing large-scale sediment 
returns over a relatively short time span. In 1973, a‘ flooding 
episode of the Grand River, Ontario, increased the sedimentation rate 
for the basin, doubling the average rate to 40 MT/day during March. 
The rapid increase in sedimentation in the spring is indicative of a 
particulate load which settles rapidly to the sediments. 

3.3.3 Diagnostic results from soluble reactive phosphorus data 

Biological considerations of phosphorus uptake can be 
approached from the relationship between the nutrient soluble reactive 
phosphorus (SRP) and the biomass indicator chlorophyll a, This rela- 
tionship between phosphorus concentration and chlorophyll a is central 
to the discussion of biomass control in Lake Erie (Vollenweider, 1975; 
1976; Simons 55 al., 1979). 

During the spring, prior to the advent of any significant 
sediment effects from either chemical or physical sources, the uptake 
of SRP by phytoplankton can be seen in the relationship with chloro- 
phyll a‘(Fig. 3.6). The correlation displays a slope of -2.17, indi- 
cating an inverse relationship in the growth curve of chlorophyll a 
biomass with phosphorus in the ratio SRP:CH = 2:1. The ratio 
examined for the correlation was obtained from the three-box model 
results assessing the Central Basin only. In assessing only the 
spring period, while the surface waters begin warming, the growth 
relationship can be considered to represent growth conditions in the 
epilimion throughout the lake as a whole.
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As the.annual cycle proceeds, the rate of change in soluble. 

reactive phosphorus is affected by other factors of source and sink 

that are not directly related to chlorophyll 3 biomass growth. Bio- 

logical uptake and respiration as well as sediment return of SRP may 
be expressed jointly in terms of phosphorus as a net uptake and 

regeneration rate B, as given by the following equation (Simons and 

nag, 1.930)
' 

s=1—o—_L_1“RP (3.1) dt 

where 1 is input, 0 is output and t is time. 

The Western Basin shows a strong uptake of phosphorus 

related to the spring period for the first six years studied, followed 
by a more uniform pattern in the latter years (Fig. 3.8). In most 

cases, independent of the spring growth period, fihosphorus within the 
basin is depleted at a rate of between 5 and 10 MT/day. The smoothing 
of the uptake curve in the latter years of the study is related to the 

overall decrease in soluble phosphorus concentrations within the 
basin. 

The uptake and regeneration episodes can be identified over 
the period of study for the Central Basin." in all of the years from 
January to May, the positive sign of the curve is indicative of bio- 

mass ‘uptake at a rate of approximately 20 MT/day of phosphorus 
(Fig. 3.8). Following the initial uptake phase which, using 1970 as 
an example, is dominated by diatom species until early May (Munawar 
and Munawar, 1976), the uptake rate decreases as phosphorus concentra- 
tions within the basin tend to increase. This can be seen clearly in 

the years 1967, 1970, 1971 and 1972. In June the uptake curve 
increases again as the strong summer growth phase for phytoplankton 
species dominated by phytoflagellates and diatoms begins. Near the
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end of summer (August to September) for most years, regeneration of 
soluble phosphorus from the sediments occurs. With low oxygen concen- 
trations in the hypolimnion, the orthophosphate ions in the pore 
waters remain immobile associated with hydrated ferric oxide (Williams 

gt §l.,’1976). Under actively reducing conditions of anoxia, metal 
' phosphate complexes are destroyed, liberating orthophosphate ions into 
the overlying hypolimnion waters. This ion migration is sufficient to 
representxan internal loading of soluble phosphorus detectable as the 
negative component presented for the late summer in Fig. 3.8. The 
magnitude of the release is directly related to the areal severity and 
duration of hypolimnion anoxia. 

The third process which affects the uptake and regeneration 
curve are storm events, although resuspension of this type is less 
pronounced than corresponding effects to the total phosphorus compo- 
nent. This becomes evident in examining the 1972 June storm event, 
which produced very strong resuspension of total phosphorus (Fig. 3.7) 
and yet had little effect upon the soluble form (Fig. 3.8) indicating 
the dominance of the particulate fraction in strong physical resuspen- 
si0n'episodes.* 

The Eastern Basin spring uptake rate has been reduced from 
approximately 10 T/day to 5 MT/day over the study period with the 
decrease commencing in 1974 (Fig. 3.8). This is consistent with the 
reduction in total phosphorus concentrations. Seasonal patterns with- 
.in the _East ‘Basin are reasonably consistent throughout the study 
period with an increasing uptake rate until June, at which point the 
uptake rate reduces for a short time prior to the onset of the summer 
growth period. :The change in the uptake rate is again related to phy- 
toplankton species composition for the East Basin in which the spring 
diatom population is reduced by early June (Munawari and Munawar, 
1976).’ Evidence of fall uptake is noted in the upper layer represen; 
tation from the six-box results, which is related to the increasing 
dominance of diatoms in the fall.
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3.-3-4 Sedimentation coefficient 

A sedimentation coefficient (6) can be computed firom_the net 
sedimentation rate (Fig. 3.7) as.fo1lows: 

Sr _ 

where Sr = net sedimentation rate for total phosphorus 
PP = mass content of particulate phosphorus. 

Particulate phosphorus is an estimate of phytoplankton bioe 
mass derived from the organic phosphorus fraction 

OP = TP — SRP (3.3) 

By subtracting the inorganic fraction (SRP), total organic 
phosphorus remains along with a small quantity of unreactive inorganic 
phosphorus which is considered as being negligible. Total organic 
phosphorus represents both a particulate land soluble organic 
fraction. In general, the particulate phosphorus component represents 
approximately 75% of the total organic fraction with the difference 
assigned to the soluble organic component. 

The coefficient of sedimentation is computed for the Central 
Basin for the years 1967 to 1978 (Fig. 3.9) in which it is apparent 
that seasonal cycles closely resemble those determined for the total 
phosphorus sedimentation curves (Fig. 3.7). An estimate of settling 
velocity for particulate phosphorus is determined from springtime 
values as 

6' = <5 -§ d i 

(3.4)
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where 0' = settling velocity (m/day) 
0 = sedimentation coefficient (day"1) 
V = volume (ma) 
A = area (m2). 

Estimates for the coefficient of sedimentation -(0) are
1 approximately 0.01 day‘ throughout the study period and correspond to 

a mean settling velocity for the basin of 0.2 m/day (Table 3.5). This 
laverage value is in agreement with estimates made for the Lake Ontario 
epilimnion computed with the Marquardt optimization procedure applied 
to a twofilawer budget model (Simona st 31., 1979). .

I 

Table 3.5. Spring Values for Sedimentation Coefficient (o) 
and Settling Velocity (0') 3 

Year 
A 

o (day'1) o‘ (m/day) 

1967 0.013 0.23 
1968 . 0.010 0.18 
1969 0.022 0.39 
1970 0.011 0.19 
1971 0.010 0.18 
1972 0.008 0.14 
1973 0.005 0.09 
1974 0.013 0.23 
1975 0.009 0.15

3 

1976 
_ 
0.011 0.19 

1977 0.013 0.23 
1978 0.012 0.21 

In comparison, an annual taveraged settling velocity of 
0.11 m/day has been made for the Lake Erie Central Basin using data 
from 1970 (Burns, 1976a). The difference between the two estimates is 
due to the consideration in this study of the spring period only, and 
therefore the present value does not include summer regeneration‘ 
events which would have the effect of lowering the estimate.



The largest deviations from the average settling velocity 
occurred in 1969 and 1973. These two years had sparse data sets 
covering the spring period and hence a larger deviation can be expec- 
ted in these two years. The settling velocity can be used in this 
study as a check upon the loading estimate accuracy relative to the 
behaviour of the models. If the estimated load of total phosphorus 
was significantly different from the actual load, this would be 
reflected by proportionate deviations in 0', i.e., if the estimate of 
load was high, 0' would be correspondingly higher than the mean. ‘As 

can be seen from Table 3.5, the loading estimates may be considered 
reasonable. 

To this point, emphasis has been placed upon the five major 
variables concerned with the study of eutrophication in Lake Erie: 
temperature, total phosphorus, soluble reactive phosphorus, dissolved 
oxygen, and chlorophyll a, The interdependence and interaction 
between these variables will be explored in detail later. Although 
consideration of the nitrogen forms (nitrate, nitrite and ammonia) has 
been made, these variables have been de—emphasized due to the require- 
ment for additional evaluation and a more quantitative understanding 
of the dynamic interactions associated with them. This area is the 
subject of forthcoming research on the water quality problems of Lake 
Erie related to eutrophication.



CHAPTER4 

Physical Data ase 

4.1 Introduction 

Several organizations within Canada and the United States 
are responsible for providing basic data pertinent to the Great Lakes 
and surrounding basin. A sumary of supervisory agencies has been 
given in Section 2.1. Observation networks consist of a limited 
number of synoptic stations which provide hourly data. Other 
specialized stations provided periodic or seasonal observations rang- 
ing from threeehourly, daily or monthly averages. All the physical 
data are formed into daily observations by appropriate averaging or 
interpolation for the period from 1967 to 1978. 

During this period, a total of 62 lakeewide surveys of phyé 
si-cal Vatriables were used. most of which also involved che1i1ic_a_1 

measurements, as given in Table 3.2. The measurements were conducted 
primarily between the months of April and November corresponding to 
periods of lake stratification. The frequency of the surveys varied 
from a minimum of two to a maximum of eight per year. In general, the 
station density was of the order 1:400 km2. Ship data were used in 
this analysis for approximation of water surface temperature, vertifi 
cally integrated water temperature and mean vertical extinction coef6 
ficient. The extensive limnological data used in this report permit a 
.more detailed analysis of Lake Erie and its basins. Previous studies 
were limited to few observations and reliance on water intake tempera- 
.tures as predictors of lake temperature and heat content (Miller, 
1952; Powers 55 El., 1959; Derecki, 1975). 

Meteorological observations from landébased stations at the 
periphery of the lake (Fig. 4.1) were used to approximate over-lake



meteorological and radiation fields. There isva paucity of meteorolo- 
gical observations at close proximity to the lake on the Canadian 
shoreline. One consequence of this problem is the possible bias of 
lake-wide and basin averages to values along the southern shoreline. 
Mean daily observations of air temperature, dewpoint temperature, wind 
speed and direction, and sunshine duration were readily available from 
these stations within the 1967—78 period. Data from the lake-exposed 
stations Pelee Island and Long Point are par'tic'u1a—rly relevant to this 
study, especially for the computation of basin mass exchanges. 

Meteorological buoy observations were not available for most 
of the study period except in the years 1977-78. Figure 4.1 shows the 
location of a meteorological buoy used to represent open-lake condi- 
tions. Meteorological data from the buoy have not been incorporated 
within the model framework, but are used for independent verification 
of computed overelake meteorological fields. 

Current‘ meter measurements at the Pennsylvania Ridge in 
1977-78 (Boyce 35 al., 1980; Chiocchio, 1981) formed the basis for 
basin transport computation for the mass balance models and for veri- 
fication of model parameters. 

4.2 Physical Data 

The physical data described in this chapter are: 

(a) Water temperature, 
(b) Air temperature and vapour pressure gra‘d.ier11ts. 

(c) Wind speed, 
(d) Lake inflow and outflow, 
(e) Water level, 
(f) Mean vertical extinction coefficient,
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(E) Light for primary production, and 
(h) Heat content. 

4.2.1 Water temperature 

‘Water temperature at the surface and at depth was measured 
at a grid of stations over Lake Erie during the 62 cruises for the 
period 1967-78. Observations from electronic bathythermograph (EBT) 
and fixed temperature profilers (FTP) were digitized at CCIW and 
processed to derive estimates of water surface temperature and verti- 
cally integrated temperature. By interpolation techniques, similar to 
the Theisson polygon approach, lake~wide and basin temperature 
estimates were ‘derived. Additional observations of water surface 
temperature were given by monthly ART surveys (AES, 1967-1978). 

A composite of all cruise values of water temperature- 
collected over the study period is given in Fig, 4.2. These graphs 
indicate a uniform and predictable water temperature increase for all 
basins during the heating season. However, the greatest variability 
in seasonal values occurs at maximum temperature and in the cooling 
season. The longeterm data indicate temperature variation in the 

range of 2°C to 3°C. 

Estimates of daily water temperatures utilized in this 
investigation. were derived by recourse to two approaches. Under 
conditions of sufficient survey measurements and availability of ART 
observations, interpolation through these data would provide the best 

estimate of current year water temperatures. Water intake tempera- 

tures were not used. For the years in which cruise data were sparse, 
available data and ART values were supplemented by reference to long- 

term water temperature values. ‘These were derived by polynomial fit 

through cruise data, over the study interval 1967 to 1978.
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Polynomial fit through the cruise data for basin and lake- 
wide cases is given in Fig. 4.3b. These curves clearly illustrate 
‘seasonal lags in the mean temperature and are related primarily to the 
‘heat storage capacity of each basin. _The Western Basin is the 
shallowest basin and heats to maximum temperature at a faster rate 
than the other Lake Erie basins and cools at a higher rate due to the 
more efficient wind-induced mixing in the fall. The deeper Eastern 
lBasin lags the Central Basin in the heating season but retains its 
heat in storage for longer periods during the cooling phase. Compari- 
son of the surface water temperature and vertically integrated tempe- 
rature for the Western Basin reveals nearly identical values,_ and 
hence demonstrates vertically mixed conditions throughout most of the 
year. Comparisons for other basins show substantial differences. 

Large lakes have a tendency to tmoderate meteorological 
Through 

air-water interaction, air temperatures, winds and humidities are 
conditions. over them and also over adjacent land areas. 

modified as the water acts as a heat source or sink. Since the water 
temperature varies substantially between basins, the implication is 

that Lake Erie cannot be treated uniformly. This has been demonstra- 
ted in terms of the bathymetry and also in terms of the thermal 
regime. The advantage of the present investigation is the availa- 
bility of detailed data to account for such basin differences. 

An indication of the variability of water temperature values 
is given by examining the scatter of values about the cruise data 
(Fig. 4.2). On the basis of these data, the expected error in water 
temperature estimate is in the range of i1.5°C. Absolute values of 

daily temperature departures from the mean may be much larger for 

‘shorter periods of‘ time depending on the prevailing meteorological 
‘conditions.



4.2.2 Air temperature and vapour pressure gradients 

Air temperature and vapour pressure ‘are used in the 
computation of the lake energy balance. Daily values were observed at 

’ “stations at the lake periphery. and as‘ indicated previousiy. 
measurements maybe biased to the southern shoreline (Fig. 4.1). Basin 
averages are determined as arithmetic means from station data nearest 
the basin boundaries. 

Daily air temperature averages from shoreline stations were 
‘adjusted to over-lake conditions, according to Rodgers and Anderson 
(1961) 

Ta = 0.25 TL + 0.75 T5 (4.1) 

where TL(°C) is air temperature measured on land and T9(‘C) is 

water surface temperature. Saturation vapour pressure (es) is 

determined by using the estimated water surface temperature (Ts°C) 
(Dilley, 1968)

‘ 

es = 6.1073 exp [(17.269-Ts)/(Ts + 237.3)] (4.2) 

‘Ambient vapour pressure (ea) was determined from daily estimates of 
dewpoint temperature at the lake perimeter. Overélake vapour pressure 
was determined by applying lake/land corrections (Richards and Fortin, 
1962). Figures 4.4a to c Show summaries of the long-term air 
temperature, stability and vapour pressure values expressed as monthly 
means, respectively. 

Air~water temperature difference is an indicator of atmos- 
pheric stability over the water surface. Fig. 4.4b summarizes the 
long-term average monthly stability conditions for Lake Erie.
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Under stable conditions, the air is warmer than the water surface, and 
the wind speed and evaporation tend to be lower. On the other hand, 
unstable conditions persist when the air is cooler than the water 
surface and the magnitude of such processes mentioned above tends to 
increase. As indicated, stable conditions tend to prevail in the 
period March to mid-July and unstable conditions exist for the rest of 
the year. Comparison with other long-term_data (Derecki, 1975) shows 
good agreement. 

Vapour pressure gradient is illustrated in Fig. 4.4c for 
long—term monthly means and standard deviation ‘about the monthly 
means. For most months, comparison with. other long-term data 
(Derecki, 1975) is reasonable. The comparison for spring and fall 
values is less impressive. As indicated previously, the present 
analysis utilized additional station data which were located at the 
lake Periphery. Derecki (1975) reported that the lowest vapour pres-A 
sures of the air occurred at London, Ontario, and this was probably 
due to its location farther from the lake, which eliminates possible 
lake effects. In this study, the London data were not used. Compari- 
"son of the present computations with. mid-lake buoy data indicates 
acceptable results (Subsection 4.2.4). 

Vapour pressure derived from land-based stations at the 
periphery of the lake is modified to represent over-lake conditions by 
adjustment coefficients (Richards and Fortin, 1962) or by regression 
techniques (Phillips and Irbe, 1978). The former technique was used 
in this analysis.l The humidity ratio H is defined as H = eab/eal 
where‘ eab is humidity over the lake surface and eal is humidity 
over_the land. Richards and Fortin (1962) used 525 matched ship and 
land observations to derive average humidity ratios. Observations for 
this analysis were derived from Lakes Huron, Ontario, Superior and 
Erie. The mean value of the ratios was 1.14 reduced seasonally to 
1.13 and 1.15, respectively, for spring and summer.



Table 4.1 Comparison of Monthly Lake/Land Humidity Ratios 

Richards and Fortin V Buoy data This study 
(1962) (1977) 

HQ Hg Mean 

A 1.14 1.14‘
1 

M 0.86 
_ 

1.09 1.28 1.14 1.11 
J 0.94 1.06‘ 1.17 1.09 1.09 
J 1.09 

A 
1.06 1.13 1.08 1.09 

A 1.09 1.00 1.04 1.01 1.09 
S 1.11 1.00 1.05 1.01 1.11 
O 1.15 -— —- -2 1.15 
N 1.15 ‘ -— -- -- 1.15 

H¢ = Humidity ratio computed using Buoy ILA afid central 
Basin average land-based vapour pressure. 

HE = Humidity ratio computed using Buoy ILA and Eastern 
Basin average land-based vapour pressure.



Table 4.l presents a comparison of humidity ratios which are 
computed using average land-based values in 1977 and data from l977 
buoy records, with values of Richards and Fortin (1962). It shows a 
number of departures from the monthly estimates given by Richards and 
Fortin (1962). The most significant difference is that values in May 
and June are greater than 1.0, implying that for lake Erie in 1977 
overdwater vhumidity at the buoy location. was greater than average 
over-land humidity. Due to the tentative nature of these results only 
the values of ratios in May and June from Richards and Fortin (1962) 
are altered to reflect the buoy results. This has implications for 
evaporation and heat balance computations discussed further in the 
re'P0rft (Subsection 5 . 2 - 3 ) - 

4.2.3. Wigs! speed 

Winds constitute a principal force for driving Lake Erie
I 

currents (Simons, 1976s), for providing energy for lake setup 
(Hamblin, 1979) and for providing a mechanism for heat dissipation and 

_ 
mass transfer from the lake surface. Lake Erie is particularly 
susceptible to large-scale water level motions in response to wind 
events for the following reasons. The lake is relatively shallow and 
presents its long—axis along the direction of the prevailing winds 
Which occur from the southwest quadrant for most of the year (Phillips 
and. Mcculloch, 1972). In addition, Lake Erie has records of the 
h.1_g_ih_es1_;. n1on1;fhj1y» wind speeds around the lake. Significant shoreline 
damage can occur in these circumstances, and the energy is sufficient 
in cases of high wind storms to perturb existing stratification in the 
Central Basin and to influence the interbasin transports (Boyce 
gt_§l,, 1980). 

As indicated previously, wind speed was observed at meteoro- 
logical stations at the periphery of the lake (Fig. 4.1). Hourly and 
three-hourly station data were formed into daily means. Land-based
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averages were adjusted to over-lake conditions by application rof 

lake/land wind ratios (R) determined by Lamire (1961) (Table 5.2). 
Basin wind speed averages were formed as arithmetic means of data from 
stations nearest to the basin boundaries. 

Figures 4.5a and b show monthly mean wind speed for basin 
and lake-wide cases." In all basins minimum wind.speed occurs in the 
summer months. Differences between Central and Eastern Basin monthly 
mean wind speed are small. However, the Western Basin experiences 
values averaging 0.5 to 2.0 cm/s lower. This implies a sheltering 
effect due to the surrounding land mass which is not evident in the 
other basins which have longer fetches. Variability of the monthly 
mean wind speed is shown for the lake-wide case in Fig. 4.5b. The 
greatest variation in wind "speeds occurs in the spring and fall 
months. 

A comparison of long-term monthly mean 1ake—wide wind speeds 
(Fig. 4.5b) with those derived ‘by Derecki (1975)V shows generally 

. higher values in this study. The greatest departures occur in the 
fall months. Several factors contribute to these differences. 
Derecki (1975) adjusted wind speed measurements from stations at the 
periphery of the lake to a common height which in1od,1_f_f1ed observed wind 
speeds lower by approximately 10%. In addition, Derecki's computa- 
tions were based on data from Buffalo, Cleveland, Toledo'and London. 
In this study, London data are not considered representative of lake 
perimeter conditions, and the present investigation incorporated addi- 
tional observations from presently available lake exposed stations, 
Pelee Island and Long Point, which tended to have higher wind speeds. 

4.2.4 Comparison of meteorological data and buoy values 

One major problem with computation of over-lake meteorologi- 
cal fields is the paucity of lake.data for verification of computed 

____
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values.’ In the present study, buoy data for the period. May to 
September 1977 are processed and are compared with calculated values 
from stations at the lake perimeter. 

Figure 4.1 shows Buoy‘ 11A located on the boundary between 
the Central and Eastern basins. This is a complex area of interchange 
ing ~water masses (Boyce gt_ al., 1980; Chiocchio, 1981) and the 
overlying air would be expected to be affected by changes occurring at 
the air-water interface. The buoy meteorological data are digital, 
and were recorded on nmgnetic cassette at 10-minute intervals and 
processed at CCIW. Data were formed into monthly means for comparison 

\ purposes. 

Figures 4.6a, b and c show monthly mean temperature differ- 
ence, vapour pressure difference and wind speed from the buoy data 
compared with Central Basin averages. "The dashed 

_ 

lines ,represe.m;,
‘ 

standard deviation about the monthly mean Central Basin values. The 
comparison 19 reasonable. as bdth model and buoy values Shdw Sifiilaf 
seasonal trend and monthly variability. 

4.2.5 Lake inflow and outflow 

Detailed analysis of Lake Erie water balance components was 
conducted by Derecki (1975) in which it was determined that inflow and 
outflow volumes have a pronounced effect on Lake Erie hydrology. 
"inflow from the Detroit River is an order of magnitude greater than 
other components such as precipitation or runoff. On an annual basis, 
a 1% change in inflow or outflow produces approximately an 8% change 
in the evaporation, respectively. 

Figure 4.1 illustrates locations of the stations at which 
basic inflows are determined. These data are coordinated by the Coor- 
dinating Comittee on Great Lakes Basic Hydraulic and Hydrologic Data 
and are used in this analysis. Figure 4.7a sumarizes average Lake
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Erie inflow and outflow volumes for the period 1967-78 expressed as 
monthly means. As indicated, Detroit River inflows show a maximum in 
the summer months in response to the supply from sources outside its 
drainage basin. Niagara River outflows show a peak discharge occur- 
ring in spring and early summer months as a consequence of basin run- 
off. Discharge rates for the Detroit and Niagara rivers which ¢orres- 
pond to the stratification periods over the period 1967-78 average 
5.07 x.1Ol7 and 5.52 x 1017 cma/day, respectively. The Detroit River 
inflow averages approximately 902 of the Lake Erie outflow through the 
Niagara River. Variations about the monthly means for the Niagara 
River »are nearly twice as large .as those observed on the Detroit 
River. For Purposes of mass balance models discussed later in the 
report, the average hydraulic flow is computed and represents the 
average of inflow and outflow volumes (Fig- 4-7a). 

Average water temperatures and transects along the Detroit 
.River and Niagara River in the period 1967-1978 were measured by the 
Michigan Department of Natural Resources (MDNR) and by the Ontario 
Ministry of the Environment (MOE). Discussion relating to the 
measurement and averaging techniques used for these and other measure- 
ments across the river transects is given in Fraser and Willson 
(1981). Available data for all of the years are given in Figures 4.7b 
and c. Polynomial fit through these data represents an estimate of 
the river -temperature for computations involving heat inflow and 
outflow from Lake Erie. 

4.2.6 Water level 

Water level fluctuations are the result .ofc lake volume 
changes. On Lake Erie, daily water level measurements are conducted 
at 12 shoreline stations (Fig. 4.1). These data are collected by MOE 
tin Canada and the.NOAA Lake Survey Center in the United States. For 
purposes of this investigation, H reported monthly’ means from



observation stations were averaged and referenced to the midpoint of 
the month. Interpolation through the monthly means ‘is used to 
represent mean lake level fluctuations. The plane of reference for 
Great Lakes water levels was established in 1955 and is called thev 
International Great Lakes Datum (IGLD). The man elevation according 
to the IGLD for Lake Erie is 173.31 m above sea level. 

Figure 4.8 shows interpolated water levels for Lake Erie 
from 1967~78. The water level undergoes a seasonal cycle in which 
higher levels occur in the summer months and low values are prevalent 
in winter. The lowest water levels occurred in 1967, and high water 
years with average summer values greater than 174.5 m above sea level 
occurred in 1973 to 1976 inclusive. Mean daily water level changes 
-are small. Average monthly water level changes are in.the range of a 
few centimetres. On an annual basis, changes in water levels are 
relatively small due to the cyclic nature of the hydrological factors, 
but the amplitude of annual variations can be large. Large annual 
water level variations occurred in the years 1969, 1972, 1973, 1974; 
1976 and 1977, the difference -between maximum "and minimum levels 
averaging approximately 0.5 m." 

Digital bathymetry of Lake Erie was determined by Robertson 
and Jordan (1978) based on IGLD levels. Hypsometric functions were 
derived to approximate these values (Fig; 1.3). On the basis of these 
functions, hypsometric parameters for Lake Erie basins couldv be 
derived and extended to incorporate changes due to water level 
fluctuations. 

4.2.7 Mean vertical eitinétidn coefficient 

The penetration of solar radiation into the water colum is 
assumed to decay exponentially with depth at a rate dependent on the 
water transparency.‘ On Lake Erie, Secchi disc (30-cm diameter) and



transmissometer data were collected on 67 cruises for the period 
1967i78. In this analysis, Secchi disc values were used as the basis 
for the estimation of mean vertical extinction coefficient 2 in the 
wavelength band 400 to 700 nm. 

Details of the procedure for determining a are given (Simons 
35 gl., 1979; Schertzer g£_g;., 1978). In general, the diminution of 
light intensity between the surface and some depth follows tthe 
BeerséLambert law. Spectrometer data which are measurements of 
irradianceu are used directly to estimate 5 for specific station 
locations (vollenweider, 1955) 

I1 

5 = l 2 [% (lnI__ - lnI )] 
‘ 

(4.3) 
.n i=1 Z 1 

where n denotes the number of successive layers of observations with 
depth. Extinction coefficients derived from spectrometer measurements 
were then regressed with inverse Secchi observations. Regressions 
formed ifrom observations at corresponding locations in_ the period 
.August to October 1975 (Jerome, personal communication) were used to_ 

derive the following 

5 = 0.97 (1/8) + 0.15 n 26 cruises (4.4) 
r = 0.93 ‘ 

Using this regression relationship, 2 was estimated for each basin 
and cruise 1967-78. A linear interpolation between cruise data for 
each year provided daily approximations of the mean vertical extinc- 
tion coefficient. For the years with limited cruise data, subjective 
interpolation nsing long-term means was initiated. 

Eigure 4.9 is a composite of e for the period 1967-78. 
Cruise means are plotted at the midpoint of the survey period which
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usually lasted one to two weeks. The general trend for all basins is 
high extinction values in spring and fall months with a minimum 
occurring in the summer. The turbid nature of the Western Basin is 
quite evident, as indicated by the wide scatter of values. 

4.2.8 Light and primary production 

Surface radiation fluxes and extinction coefficients can be 
combined to estimate radiation as a function of depth. In turn, the 
radiation must be related to the optimum light intensity for phyto- 
plankton growth. Effects of lightv on photosynthesis have been 
reviewed by Vollenweider (1970) and Platt gt;§l, (1975). A convenient 
formula was suggested by Steele (1965), namely, r = R exp (1-R) where 
r is the relative photosynthesis and R is the solar radiation in the 
photosynthetic wavelength band expressed as a fraction of the satura- 
tion light intensity. In a homogeneous layer of water, the light 
intensity decreases with depth as R = Rt exp (-52) where Rt is the 
incident radiation at the top of the layer and e»is the extinction 
coefficient. Thus, Steele's function can be integrated immediately to 
give the depth-averaged light factor 

1% 1-R 
p=§3<e R"—e “> 

‘ (4.5) 

where Rb is the radiation passing through the bottom of the layer 
and 6 is the layer thickness. 

The light factor, p, which will be directly incorporated in 
the photosynthesis formula (Table 6.2), was computed at hourly inter- 
vals from the Lake Erie data base and then averaged over each day. It 
was estimated that 6% of the incoming radiation is reflected and that 
48% of the net radiation is contained in the photosynthetically active 
400- to 700-nm band. The saturation light intensity, referred to this
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band, was taken to be 4.75 cal/cmz/m by recourse to the light effect 
curves presented by Stadelmann gt_§l3 (1974). Figure 4.10 gives an 
example of the light factor p for the epilimnion, mesolimnion and 
hypolimnion layers. 

4;2.9 Beat content 

During the period 1967-78, a total of 62 temperature surveys 
were conducted at specific locations in Lake Erie at which vertical 
temperature profiles .were derived by electronic bathythermograph. 
Using a nine-point digitization scheme and intefpolation techniques, 
these data were processed to derive average temperatures for 
layer from the lake surface and heat content. Heat content was 
derived for basin and lake-wide cases for each cruise period. A plot 
of all derived heat Vcontent over the study period is given in 

Figures 4.11 and 4.12, for the lakefiwide and basin cases. 

The greatest variability in the heat content is at the 

period of maximum heat content and in the cooling phase of the lake, 
as in the case of water temperature discussed previously. Variation 
of the lake and basin heat content from year to year is related to the 
vinteraction of various climatic and hydrological factors with heating 
and cooling processes in the lake. Meteorological factors contribute 
to the deepening of the surface layer, while hydrological processes 
cause temperature changes by horizontal movement of. water. These 

factors do not operate uniformly on the lake from year to year and 

hence, detailed analysis (see Section 5.2) of surface heat flux is 

necessary for evaluation of the depth of the mixed layer. 

Polynomial fit through the cruise data was conducted in an 

effort to generalize the relationship between basins. The results are 

given in Fig. 4.11. The largest range between maximum and minimum 
heat content occurs in the Central Basin and is attributable to its
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temperature surveys in the period 1967 to 1978. 
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bathymetric characteristics and larger volume of water. The Western 
Basin has the smallest range of heat content. As indicated in 
Fig. 4.11, times of occurrence of maximum and minimum heat content 
vary for all basins. Analysis of the long-term data shows that in the 
stratified period, the ratios of basin heat content to lakefiwide heat 
content are relatively constant in the period April to November, 
approximately 0.06, 0.68 and 0.26 for the Western, Central and Eastern 
basins, respectively. 

Previous investigation of Lake Erie heat storage was con- 
ducted by Derecki (1975; 1976) from limited survey data in which he 
used temperature profile data 1960-63 from the Great Lakes Institute 
(University of Toronto) for determination of average water temperature 
for various depths from the surface. By an adjustment procedure, 
these data were extended over the period 1952-68 and the.heat content 
was estimated by summing energy contents at the prewdetermined depths 
(Derecki, 1975). Figure 4.12 shows a comparison between results of 
the present long-term data 1967-78 which used cruise data with the 
approximation of Derecki (1975) for the period l952é68. The figure 
shows a considerable departure between the two studies. Part of the 
difference may be in the fact that the present study incorporates data 
from high water years and the period 1952-68 had generally lower water 
levels. Heat content estimates for the period 1960-63 by Derecki 
(1975) agree much closer with the results of the present study. 

Model simulations described in this report rely on detailed 
meteorological and limnological data such as described in the precede 
ing sections. In particular, models of the lake thermal regime (see 
Sections 7.1 and 8.3) require estimates of wind speed, solar radiation 

and mean vertical extinction coefficient.. Figure 4.13 illustrates 
these data for Lake Erie for the period 1967 to 1978.
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Figure 5.4. Average monthly evaporation for Lake Erie basins 
for the period 1967 to 1978 for the months April through 
November. 

(a) Monthly mean basin evaporation rates; (b) variability of 
monthly mean basin evaporation rates; (c) comparison of 1977 
computed Central Basin and East Basin evaporation with 
evaporation from mid-lake buoy, Buoy 11A.



of water masses resulting from the inflow—outf1ow balance. The magnié 
tude of this component is of an order less than reflected solar radi- 
ation or sensible heat flux (Derecki, 1975) and is neglected in this 
analysis. 

5.2.2 Radiation components 

Lakefiwide heat flux components were computed from relation- 
ships given, in. Table 5.1, incorporating values for various rate 

coefficients (Table 5.2). Computations were based on daily estimates 
of meteorological and limnological data. Figure 5.1 gives a summary 
of long-term. monthly means for solar and longwave fluxes for the 

months April to November. Table 5.3 shows a comparison of long-term 

monthly mean net solar radiation and net longwave radiation in this 

study with that of Derecki (1975). These values show relatively good 

agreement for most months, considering the differences in the period 

of analysis and the differences in computational time scales. 

5.2.3 Evaporation 

The mass transfer approach to compute lake evaporation is 

based on the removal of water vapour from the water surface by turbu- 
lent diffusion and transport. Evaporation is derived by employing a 

modified version of the Lake Hefner relationship (U.S. Geological 

Survey, 1954; Derecki, 1975), which uses average wind speed and vapour 

pressure data adjusted to over-lake conditions (Table 5.2). 

Figure 5.2 shows a comparison of long-term mean monthly 

evaporation derived in this study with mass transfer and water balance 

evaporation from Derecki (1975). Water balance values can be 

considered as a control with which other approaches can be compared. 

Figure 5.2 shows a number of departures from the results of Derecki 

(1975). In particular, it is apparent that the evaporation estimates
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Table 5.2. Meteorological and Radiation Factors 

(1) (Z) (3) (4) (5) (6) 

R H a A CF a b 

A 1.81 1.14 0.08 11 0.37 0.15 0.61 
M 1.71 l.11* 0.08 8 0.61 0.22 0.56 
J 1.31 1.09* 0.08 6 0.59‘ 0.14 0.64 
J 1.16 1.09 0.08 2 0.61 0-13” 0.61 
A 1.39 1.09 0.08 4 0.58 0.17 0.59 
S 1.78 1.11 0.08 10 0.52 0.16 0.67 
O 1.99 1.15 0.09 15 0.45 0.15 0.61 

, 
N 0.13 17 ’O.22 .0.12 0.58 2.09 1.15 

(1) Lamire (1961) 
(2) Richards and Fortin (1962) (*Th1s study, Table 4.1) 
(3) Davies and Schertzer (1975) 
(4) Anderson and Baker (1967); Derecki (1975) 
(5) Derecki (1975)-mgdifiied in this study 
(6) Sanderson (1980) Pelee Island data 

Table 5.3. Comparison of Lake Erie Radiation Flux 
Computations 

(a) This Study 1967 to 1978 

A M J J A s 0 N 

x* 365 464 488 453 A431 346 215 94 
L* -68 -121 -121 -142 -134 -122 -105 -58 

(b5 Derecki 1952 to 1967 

K: 358 477 525 505 437 347 242 131 
L* -30 -117 :93 -130 -144 -137 -133 -99 

K* = Q5 ' or 
L* = Qa ‘ Qbs ‘ Qar



Table 5.1. Heat Balance Relationships 

Q3 = Q0 [a + b <s,,,/S,,)] 

Qr = “ Q3 
Q8 = 5 Ta“ - [228.0 + 11.16 (/es, - /ea) - A ]-cF 
Qb = €'°Tsu 

Qar = (1 ‘ 5')Qa 
Qe = [Q.O097 (es - eaofl) u-R]-L 
Qh = 5°Qe 

Q* = Qs ' Qr + Qa ‘ Qb ' Qar 

Q0 = extraterrestrial radiation (cal cm'2 day'1) 
Sm a measured sunshine (hours and tenths) 

potential sunshine (hours and tenths) 
Ta 5 air temperature (°K) 

T8 = surface water temperature (°K) 
Td = dew point temperature (°C) 

es = saturation vapour pressure at T8 (mb) 
e# = ambient vapour pressure at Td (mb) 

esa = saturation vapour pressure at T8 (mb) 
A = mean mnthly station adjustment term (Anderson and Baker, 1967; 

. 

Derecki, 1975) (cal cméz day'1)
‘ 

CF = mean monthly atmospheric radiation correction factor 
= mean wind speed (m/s) 
monthly mean surface albedo (Davies and Schertzer, 1975) 

q
9
a 

II 

= Stephan~Bo1tzmann constant 
e‘ = emissivity at the water surface (0.97) 

5 Bowen ratio, 3 = (Ts - T8)/(es - ea) 
= lake/land humidity ratio 

lake/land wind ratio 
= latent heat of vaporization, L = 596 - 0.52 (Ts) (cal cm'3) 
= radiation constants U‘ 

E 
‘W 

IN 
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Figure 5.1. Monthly means of Lake Erie radiation 
components computed for 1967 to 1978.



balances are derived as a proportion of the lake-wide case. Finally, 
the basin heat balance is used to derive a first approximation of the 
"horizontal heat exchange between basin boundaries. 

A comprehensive analysis of lake-wide energy balance for 
Lake Erie has been conducted by Derecki (1975). It is interesting to 
compare the present analyses which utilize daily meteorological and 
limnological data. with the results of Derecki (1975), who derived 
monthly mean values. 

5,2;l‘Lake~wide heat balance analysis 

The exchange of thermal energy between the lake surface and 
the atmosphere involves parameterizations of heat sources and sinks 

Qs _ Qr + Qa - Qar _ Qbs _ Qh - Qe + Qv = Qt (5'1) 

where 
Qs = incoming global solar radiation 
Qr = reflected global solar radiation 
Q8 = incoming longwave radiation 

Qar = reflected longwave radiation 
Qbs = outgoing longwave radiation 
Qh = sensible heat flux 
Qe = evaporative heat flux 
QV = net advected energy 
Qt = surface heat flux. 

Equation 5.1 disregards minor energy gains or losses such as from 
chemical or biological sources or from conduction through the lake 
bottom and transformation of kinetic energy. The component QV 
represents the net energy gained or lost by the lake due to exchange



ISHAPTERS 

Heat and Mass Balance Models 

5.1 Intéroductign 

The transfer of thermal and mechanical energy across the 
air~water interface is a primary mechanism for the formation and decay 
of lake thermal stratification. The surface heat flux is required as 

a boundary condition for simulation of vertical temperature distribu- 
tion and as a thermocline position for input into mass balance 
models. The following section provides a description of the heat 

balance approach which produces a first approximation of the net hori- 
zontal exchange between Lake Erie basins. A more precise description 
of this horizontal exchange and other physical processes is given in 

the latter part of this chapter in the discussion of the mass balance 

model. 

5.2 that Balance Model 

Estimation of the surface heat flux can be approached from 
the equilibrium temperature concept (Edinger 35 El., 1974) which is 

dependent on accuracies in heat exchange coefficients, or by calculat- 
ling the net heat flux to the lake directly (Di Toro and Connolly, 

1980) which is dependent on detailed a_priori knowledge of surface 

water temperature, or from detailed heat» balance analysis. The 

detailed heat balance approach is used in this investigation, which 

involves parameterization of the relevant heat exchanges as a function 

of readily available meteorological data (Rodgers and Anderson, 1961; 

_ 

Derecki, 1975). Computation of the lake heat balance is a reasonably’ 

large undertaking. The approach used in this analysis is to derive 

the 1ake—wide heat balance from empirical relationships and to opti= 

mize the results based oni the observed heat mcontent. Basin heat



of the present study are in phase with months of maximum and minimum 
water balance evaporation. The most significant departure is that 
periods of high condensation at the lake surface in April are reduced 
and high values of evaporation in May do not occur. It is probable 
that. this departure arises partly because of‘ better‘ water surface 
temperature estimates in the present study and partly because of the 
variation of the humidity ratios, as shown earlier in Table 4.1. 

A further comparison between the evaporation results is 
given for overlapping years of study 1967 and 1968 (Fig. 5.3). 
Although agreement between results of the present study with the water 
balance estimates of Derecki (1975) is not as good as for the 
long-term case, the annual comparison shows a good correspondence in 
seasonal trend and the monthly values are generally in phase with the 
water balance evaporation. 

Figure 5.4a shows evaporation estimates for Lake Erie 
basins. It is apparent that the rate of water loss is the greatest 
for the Western Basin in the spring and sumer months, showing a 
significant difference from the other basins. Seasonal evaporation 
rates from the Central and Eastern basins are similar, but a seasonal 
1ag—1n the basin evaporation rates in early spring and fall is related 
to differences in meteorological conditions such as air and water 
temperatures. The volume of water evaporated is the greatest from the 
larger surface area of the Central Basin. 

The variation in monthly mean basin evaporation based on the 
period 1967-78 is shown in Fig. 5.4b. The evaporation rate for the 
Western Basin is predominantly positive, but periods of condensation 
on the lake surface can be expected to occur in the Central and 
Eastern basins during the early spring. These episodes appear more 
prevalent in the Eastern Basin. Maximum rates of evaporation occur in 
the Central and Eastern basins during the fall, months, and these
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months also show the highest variation in evaporation. Comparisons of 
evaporation estimates from the Central and Eastern basins in 1977 with 
the buoy values (Fig. S.4c) show good correspondence for the period of 
April to August. This is a verification of the present computations 
for that period. However, for the period of September to November, a 
large deviation occurs, indicating further research is needed. 

5.2.4 Lake-wide surface heat flux 

Computed daily heat flux components are summarized into 
monthly means for comparison purposes and expressed as a flux through 
the surface per day in Figures 5.53 to c. Standard deviation about 
the monthly mean is given for each component. For the period 1967-78 
average monthly values of the net radiation flux are positive over the 
stratification period April to November. Evaporative heat flux is the 
lowest in the spring and increases to a maximum under unstable 
conditions in the fall. During the period April to July, sensible 
heat flux represents a gain to the surface and thereafter represents a 
loss. However, in comparison, the evaporative heat loss is 
significantly larger. 

Figure 5.5d shows the lake-wide surface heat flux. In the 
period April to August, there is a net heat gain in the lake surface 
which results in temperature increases. The cooling phase of the lake 
begifls in m1d—August and progresses to minimum heat content in the 
winter months. Comparison of flux values with those derived by 
Derecki (1975) for the period 1952-68 shows good correspondence except 
for springtime evaporation and sensible heat flux. It appears that 
surface heat flux in April as derived by energy balance approach by 
Derecki (1975) is substantially too low in comparison with both the 
present values and with the heat content observations for the spring 
period (Fig. 5.5d).
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5.3 'Scaling_§gg Interpolation Techique (SIT) for Optimiging 
the Lakeewidelfleat Balance 1 H 

The previous discussion detailed a first approximation to 
the lake~wide surface heat flux. Verification of the accuracy of the 
daily heat flux computations can be accomplished by direct comparison 

' with over-lake flux values and/or by. derivation of lake-wide heat 
content for comparison with measurements. 

Summation of the daily surface heat flux, expressed as a 
quantity of heat from an initial minimum value usually at the first 
cruise in April inclusive to November, gives a computed heat content 
curve which can be compared with measurements. Figure 5.6 shows ini- 
tial results for selected years as an example. Heat content derived 
from lakeswide survey values is plotted at the cruise midpoint. The 
agreement between measured and computed heat content for most years is 
reasonable for the heating portion of the year, but the largest depar- 
ture occurs in the cooling phase due to the accumulation of errors in 
the summation from minimum heat content. Errors in the surface heat 
flux are due to inaccuracies of specifying over-lake meteorological 
and limnological data. Recall that surface water temperatures are 
derived as smooth interpolation through survey and ART data. One 
solution to minimize the inaccuracy is to contain the errors between 
consecutive cruise periods where such data are available and to 
distribute the total error over the inter-cruise interval. When 
cruise data are not available, recourse is to long-term mean heat 
COIICEHC . 

A first order adjustment of the heat content estimation is 
achieved by defining a scaling coefficient, y, between each cruise 
interval:



n 
B - A - E (QDR-QNR)j 

=1 
v = 

t 

3“. (5.2) 
B‘ - A - Z (QDR-QNR)j 

j=1 

where = initial heat content at cruise midpoint 
B = measured heat content at the next consecutive cruise 

midpoint - 

B‘ = estimated heat content at the next consecutive cruise 
midpoint 

QDR, QNR = heat inflow and outflow by Detroit and Niagara 
rivers, respectively. 

Initial estimates of the daily surface heat flux for the lake-wide 
case, expressed as a quantity of heat between the specified cruise 
interval, are updated (QF'n = y - QFu), and a new heat content curve, 
which must pass through the observed values, is derived. This adjust- 
ment procedure has the advantage of’ distributing the total 
inter-cruise error over the period of several days while maintaining 
the sense of the day to day meteorological influences. Errors in the 
procedure can occur at the period of maximum heat content where the 

flux values may be exaggerated. 

Figure 5.7 shows a comparison of the new lake-wide heat 
content modified by the Scaling and Interpolation Technique (SIT) out- 

lined above with observations. Differentiation of the modifed heat 
content curve gives new estimates of daily surface heat flux. 

Figure 5.8 shows the difference between the modified and unmodified 
estimates of surface heat flux. The results indicate that for the 

period April to August, differences between the modified and unmodis 

fied results are relatively small, averaging 10 cal/cmz/day. Larger 
differences occur in the period September to November in which the 

unmodified computations ~require greater heat’ loss from the lake 

surface in order to match measured heat content values.
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Figufe 5.7, Computed Lake Erie lakefiwide heat content modified through 
Scaling and Interpolation Technique and estimation of basin heat content 
as a proportion of the computed lake-wide heat content. 

( O ) Observed heat contents computed from CCIW tempetature surveys; 
B1 West Basin, B2 = Central Basin, B3 = East Basin, 34 = Lake~wide
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Figure 5.8. Average difference between lake-wide 
surface heat flux computations determined through 
modification by Scaling and Interpolation 
Technique (QtT).and with no modification (Qt) 
for the period 1967 to 1978. 
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(a)rEvaporative heat flux. 
(b) Sensible heat flux. 
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( E ) Estimated Buoy 11A evaporation based on 
20 days of measurements. '



These differences in the period September to November can be 
attributable to a combination of several sources. As indicated 

"previously, some error exists in the approximation to over-lake condi- 
tions and the advective component Qv is neglected. However, it is 

noted also that comparison with buoy values for the evaporation rate 

in 1977 shows that evaporative heat loss at the buoy location 
(Fig. 5.9) is greater than computed losses in September and October 
(cf. Subsection 5.2.3). The difference is of the order of the 

averaged adjustments (Fig. 5.8) to the unmodified surface heat flux 
for September and October 1967 to 1978. 

5.4 ggsin Heat Balance and Exchange Rates 

A schematic of the components of Lake Erie basin heat 
exchange in the one-dimensional case is given in Figure 5.10. Whereas 
major inflow and outflow volumes and temperatures are observed, 
horizontal basin exchange rates are not measured.‘ A first approxima- 
tion to the exchange rates is derived from the heat balance. This 
requires the approximation of the basin heat storage and the heat flux 
at the air-water interface so that the net horizontal heat transfer 
may be calculated as a residual. 

5.4.1 Approximation of basin heat storage 

Uncertainties in components of the basin heat storage 
preclude direct computation. The approach used in the present analy- 
sis is to consider basin heat content as a proportion of lake-wide 
heat content., Previous analysis detailed the derivation of lake-wide 
heat content and lake-wide surface heat flux based on optimization 
procedures. Computations were based on daily meteorological data. 

The proportionality factor pi can be defined as, for 
i = 1,2,3:
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Figure 5.10. Schematic of components considered in the evaluation of the 
net heat exchanged between Lake Erie basins using a Heat Balance approach. 

E3

1 

eHEAT 

CONTENT 

(x 

1018 

CAL) 

0) 

¢/?.. 
1’ ’ 
I/.’_._>_:__o___—_—._§. 

iAI‘|\;1'i‘_J‘i;j1AIS|OINl_ 

HEAT CONTENT RATIO 

pi = HCi/HC4 

1.0 

.8; p2 

.5: 

.4: Vp3 

'2: —< D;
o "A]M‘J 'J '}i§TsTiiTo' N' 

Figure 5.11. Ratio of basin to 1ake~wide heat content for Lake Erie based 
on polynomial fit through observations in the period 1967 to 1978. 

(a) Polynomial fit to long-term lake-wide and basin heat content observations. 
(b) Basin to lake-wide heat content ratios. 

(P12 1 = 1,2,3 for West, Central and East basins, respectively).
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pi 
= HC1/HC4 (3:3) 

where HC1 is the heat content for the ith basin and Hcn is the 
lake-wide heat content. 4Based on polynomial fit through longéterm 
basin and lake-wide heat content (Fig. 5.11), it is apparent that the 
pi's are relatively constant over the period April to November 
(Fig. 5.9). Therefore, using proportions determined from long-term 
cruise data or from individual years when a sufficient number of 
cruises are available, daily basin heat content is derived as 

HCi = Pi°HCh ' (5.4) 

and the basin heat content change is approximated as AHC1/At where 
At = 1 day. 

A

b 

Basin heat content, modified by the Scaling and Interpolav 
tion Technique and the basin proportioning procedure outlined above, 
is also illustrated in Fig. 5.7 for the years 1967-78. Observed 
values of basin heat content based on temperature surveys are plotted 
at the cruise midpoint. The agreement between measured and computed 
basin, heat Acontent is dependent on the accuracy of the derived’ 
proportions. 

5-4-2 358: éichaflgéd at the aiirintet intefface 

Heat exchange relationships used to determine first approxi- 
mation to the heat flux at the airdwater interface are given in 
Table 5.1. VThe unmodified (see Section 5.3) basin surface heat 
exchange is computed as 

QFi = (Hr - He — Hh)1 (5.5)
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Figure 5.12. Comparison of long-term monthly mean surface heat flux 
modified through Scaling and Interpolation Technique ( D ) with 
unmodified calculations ( I ) for Lake Erie basins. 
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Figure 5.13. An example of the computed summertime net quantity of 
heat and net velocities exchanged across Lake Erie baelns determined 
through Heat Balance appfoach for 1969 (teniday means).



where QF = basin surface heat flux (unmodified) 
Hr = total heat due to radiation exchanges 
_He = total heat due to evaporative exchanges 
Hh = total heat due to sensible heat exchange 

and the subscript 1 refers to the ith basin. Heat gains or losses 
from the Detroit or Niagara River are excluded. 

A modified value (see Section 5.3) of the quantity of heat 
gained or lost from the airewater interface of the ith basin is 

derived by updating the initial basin. estimates by the ratio of 
unmodified basin to unmodified lake-wide quantities of heat 
R1 5 (QF1/QFn). Modified values of surface heat exchange for the. 
Western and Eastern basins are then formed as, respectively 

QF'1 = R1°QF'n and QF'3 = R3'QF'u (5-6) 

and consistency is imintainedz by forcing the Central Basin surface 
heat exchange to be the residual 

QF'2 = QF'L, — QF'1 - Q_F'3 

Final estinates of the daily basin surface heat flux are determined by.’ 

dividing the total daily basin heat change by the basin surface 
area. Figure 5.12 shows a comparison between unmodified and modified 
basin surface heat flux expressed as monthly means averaged for the 
period 1967 to 1978.

' 

5.4.3 Basin net horizontal exchange 

Oneedimensional approximation of the net interbasin exchange 
using the heat balance approach required estimates of the total basin



heat storage change and the exchanges at the air-water interface 
only. The procedure for these computations was outlined in 
Subsection 5.4.2. Using estimates of these heat exchanges coupled 
with heat inflows or outflows through the Detroit River and Niagara 
River, e.g. 

QDR = pep (Vr°Tr) ' (5.8) 

where QDR = Detroit River heat inflow 
Vr = volume inflow 
Tr = mean water temperature of inflow volume (Fig. 4.7) 
p = density of water

' 

cp = specific heat of water 

the net exchange of heat between basins can be determined as a 
residual. 

The net amount of heat exchanged between the West and 
Central basins of Lake Erie is approximated (Fig. 5.10) as 

H1 = QDR + QF']_ ‘ QD1 (5.9) 

and similarly the exchange between the Central and Eastern basins 
becomes 

H2 =‘H1 + QF'2 - QD2 (5.10) 

Heat loss through the Niagara River is determined as 

CNR = H2 + QF'3 - QD3 (5.11)



where H1 = heat exchanged between West and Central basins 
H2 = heat exchanged between Central and East basins 
QF'1 = West Basin surface heat exchange (modified by SIT) 
QF'2 = Central Basin surface heat exchange (modified by SIT) 
QF'3 = East Basin surface heat exchange (modified-by SIT) 
QD1 = West Basin heat storage change 
QD2 e Central'Basin heat storage change 
Q53 2 East Basin heat storage change 
CNR E computed Niagara River outflow. 

Figure 5.13 shows the one-dimensional approximation of the 
net horizontal heat exchange between the Lake Erie basins. Using 
estimates of the basin net hetizohtal heat exchange, éstimates of the 
xnet transport velocity in a one—dimensiona1 sense can be derived as 
the following! 

U1 = H1/(pcp A1°Twi) . (5.12) 

where U1 = net horizontal transport velocity across basin 
boundaries (151, west to Central Basin; i=2, Central to 
Eastern Basin) 

H1 = basin mean heat exchange associated with Vi 
Tfii = basin vertically integrated temperature (determined 

from long-term mean or cruise data within a particular 
' 

year); Twi is dependent on the upstream flow direc- 
tion, i.e. sign of H1, e.g, Twi is Western Basin 
‘temperature if Hi > 0 and i = 1 

A1 = cross-sectional areas (cmz). 

Figure 5.13 also shows ten-day means ‘of net horizontal transport 
velocities for the period 1967-78. Net exchange velocities determined 
by the heat balance approach are in the order of the approximations



A‘ A2 ¥:_ I 
*1? $13 

V391 
‘ duuiu u2 

Vac? R‘ 
2, 
" ”’ 

AAM‘ 
vqfm

¢ v R2 f‘ ._ M2 52 

§3$ M3~~* S3 

Figure 5.14. Basin boundaries and major components incorporated in the 
three-box mass balance model of Lake Erie. 

N=ET’EXCHANG’E 

(cM/ 

s)

3 

2: /———-——e———u1 

.1: 
I __._.__.___._..——LJ2 

O I I I I I 

Figure 5.15. Computed net exchange 
rates between the West-Central (U1) 
and Centra1iEast (U2) basins based 
on the hydraulic flows.



derived by considering the mean hydraulic flow based on the Detroit 
River (Q1) and Niagara River (Q2) flows 

U1A1 = U2A2 = (Q1 + Q2)/2 (5-13) 

where U1 = mean hydraulic flow rate (cm/s)Q 

Q1 é river flows (cm/s)‘ 
A1 = cross-sectional areas (cm2). 

Although Q1 will vary seasonally, computations indicate that U1 is 

about 2 cm/5 and U2 is about 0.5 cm/s. Since these velocities are 
derived from diagnostic heat balances, they are not "statistically “ 

reliable to replace the interbasin exchange velocities, 51. Rather, 
the purpose here is to see whether they would reach some constant 
values, as an indirect check on the heat flux estimation. Such an 
interpretation of diagnostic model results has also been used in the 
discussion of the settling velocity of the ‘particulate phosph_9g-fiqs 

(Subsection 3.3.4, Table 3.5).



5.5 v Diagnostic Mass Balance Hbdels 

Vollenweider (1969, 1975) discussed the response of a lake 
to external loading using the concept of the input-output box model. 
‘For a substance such as total phosphorus, the model may be generalized 
88 

= L + s , L = I - o 1 
i (5.14) %1§ 

where the left-hand side represents the time rate of change of the 
total mass_ of the nutrient contained in ‘the lake, I is the total 
nutrient input to the lake, 0 is the loss by river outflow, L is the 
net loading and S is the net contribution from the sediments to the 
water. 

tsimons and Lam (1980) have investigated the relative merits 
of the input-output box model. Whereas conventional prognostic models 
are used to produce time series solution of chemical concentration, 
the more profitable use of the input-output box model is to solve it 
diagnostically. That is, approximation of the unknown quantity is 
obtained as residual, assuming other quantities known from observa- 
tional or interpolated data. An example is the estimation of the net 
sedimentation 

__gy S - L dt (5.15) 

On the~other hand, the box model is somewhat limited in its ability to 
describe the complex interactions within the lake. Specifically, the 
net sedimentation term is usually not directly proportional to the 
total nutrient concentration and may be a function of the organic 
fraction which may vary considerably over time. As well, there are



limitations associated with parameterization of spatial? variations 
such as the vertical gradients during summer stratification. 

In mass balance models of the constantly stirred reactor 
(CSR) type; the interaction between the sediment and water is often 
assumed to occur at the bottom panel of a box which is used to repre- 
sent a homogeneously mixed lake. However, large concentration gradi= 
ents observed-‘particularly in the stratified season necessitate 
increasing spatial complexity to describe the ongoing processes. 
While it is recognized that there are several forms of phosphorus 
which contribute differently to the total lake concentration, there 
are uncertainties associated with the kinetics between the different 
forms (Simons and Lam, 1980). Consequently, only one form of phospho- 
rus is exanined here. namely, total phosphorus. 

The following section .describes the formulation of‘ and 
derivation of rate processes from box- tmodels of increasing 
complexity. Specifically, the three-box, sixébox and nine-box mass 
balance models are » discussed. Description of higher order 
multi-layered models of the prognostic type will be given in Sections 
7.2 and 8.3 later. The emphasis here is placed on formulating the 
diagnostic approach of calculating the net settling and resuspension 
of total phosphorus in Lake Erie basins as a response to the effects 
of thermal stratification and interbasin transport. Preliminary 
results of this diagnostic approach have been discussed in Section 3.3 
in conjunction with the lake chemistry data. 

5.6 Afnieggfiox Hbdel 

Lake Erie consists of three distinct basins such that the 
least complex mass balance formulation of the CSR type must consider 
at a minimum three basin compartments. The most general GSR case is a 
three—box model. Relevant basin boundary terms and major mass balance



5-28 

components are shown schematically in, Figure 5.14. The system 
equations describing the three-box model are 

dV1P1 , 

dt 
= I1 - U1A1P1 - S1 + R1 (5.16) 

dV2P2 
at 

= 12 + U1A1P1 " U2A2P2 ' 32 + R2 (5-17) 

dV3P3 
--d-t- = I3 +lU2A2P2 " U3P3A3 " S3 + R3 (5.18) 

where for i. = 1,2,3 representing the Western, Central and Eastern 
basins, respectively, P1‘is the total phosphorus concentration, t is 

time, 11 is input loading, U1 and A1 are the transport velocity 
and cross-sectional areas between basins 1 and 1+1 for i=1 and 2, U3 

and A3 are the transport velocity and cross-sectional area at the 

outflow, V is basin volume, S1 is the sedimentation of phosphorus 

from water to sediment and R1 is the resuspension of phosphorus from 

sediment to water{ 

The transport velocity in the three-box model must obey the 

.hydraulic flow continuity constraint. As discussed previously, the 

hydraulic flow is defined from observations of Detroit River inflow 

(DR) and Niagara River outflow (NR) volumes, such that the hydraulic 

flow (Qm) is computed as Qm = (DR + NR)/2 on a daily basis. 

Consequently, the net horizontal transport velocities can be 

calculated as 

U1 = Qm/A1 (5.19) 

where isl,2 across the West-Central and Central-East basin bounda- 

ries. Alternatively, the transport velocity can be estimated as a



residual by rearranging Equations 5.16 to 5.18. Figure 5.15 shows the 
net horizontal transport velocity U1 as determined from considera- 
tion of the hydraulic flow. Since the hydraulic flow is determined as 
the average between major inflow and outflow volumes, U1 is rela- 
tively invariant (cf. Fig. 5.13).‘ From long-term calculations, the 
average net velocity across the West-Central basin boundary is about 
2 cm/s and across the Central and East basins is about 0.5 cm/s (cf. 
Subsection 5.4.3). .In comparison with the net horizontal transport, 
which is approximated numerically by the upwind differencing scheme in 
Equations 5.16 to 5.18, the horizontal diffusion term is small and is 
neglected in this calculation. 

In _the diagnostic approach, the left-hand-sides of Equa- 
tions 5.l6 to 5.18 are assumed to be known from interpolated observa§\ 
tional data.. Consequently, unknowns can be selected from theh 

right-handssides and solved for as residuals. The most uncertain com- 
ponents of the phosphorus model are the settling and resuspension 
terms. In» general, S1 is related to a settling rate oi and a 
particulate.form of phosphorus, PP1, so that the settling formula- 
tion, .cf. Eu. 3.2, S1 = o1PPi holds. Conversely, R1 repre- 
sents the physical resuspension of phosphorus due to wind-wave inter- 
action or the chemical regeneration from the sediment under anoxic 
conditions. Because R1 is related to many external factors not 
parameterized here, it is treated as a -general term of sediment 
return . 

Rearrangement of Equations 5.16 to 5.18 gives net sedimenta- 
tion (S1-R1) such that a positive Si-R1 represents net settl- 
ing of total phosphorus, while a negative value indicates.a net return ' 

amount. Long-term results of the three-box CSR mass balance model 
have been given in Section 3.3.



5.7i Six-Box Model 

In the constantly stirred reactor model, the concentration 
is assumed to be homogeneous throughout the.water column. Thus, in 
the case of chemical regeneration of phosphorus from the sediment 
under anoxic conditions, the regenerated phosphorus is added to the 
entire column. ~Such an assumption is of course not alwaysa true, 
because anoxic conditions usually occur in the presence of a shallow 
hypolimnion under a strong thermal stratification influence. Often, 
large density differences (Figures 3.1 to 3.4) between the upper and 
lower layers of water effectively restrict vertical mixing. Thus, in 
the realistic case, resuspended phosphorus at the sediment-water 
interface should remain within the hypolimnion until the existing 
stratification is perturbed and vertical mixing ‘becomes effective 
again; 

The simplest way to incorporate the thermal stratification 
phenomenon in a mass balance model is to divide the water column into 
two layers. The effect of considering a two-layer mass balance model 
framework is to increase the model complexity by requiring solutions 
to- more compartments and by introducingl additional processes and 
parameters into the model. 

One possible formulation for achieving a two-layer model is 
to separate the 1ake.at a chosen but fixed depth. By noting the 

interpolated/observed temperatures, the vertical mixing or exchange 
coefficient across the fixed compartment boundary can be calculated 

(Simone and Lam, 1980). A more preferable approach for Lake Erie is 

to permit the layer interface to coincide with the actual observed 
thermocline or with the computed thermocline position. 

Computation of thermocline position can be accomplished 
using a one—dimensional (2) temperature model, as discussed in
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Chapter 7. As indicated previously in Subsection 4.2.9, the tempera- 
ture model is dependent on meteorological parameters such as the 
surface heat flux, and consequently, thermocline position can be esti- 
mated from year to year without detailed knowledge of the thermal 
structure. For the six-box model, the layer-interface for all three 
basins is constrained to correspond to the computed Central Basin 
values (see Fig. 6.3 and Sections 7.2 to 7.4). 

Since the layer—interface is allowed to change dynamically 
in time, the vertical exchange coefficient should always be small, 
permitting minimum mixing across the interface. Moreover, since the 
upper and lower layers correspond more closely to the epilimnion and 
hypolimnion of the water column than in the case of a fixed position, 
the effects on: the phosphorus concentration as a result of 
sedimentiwater interaction can be more precisely followed and meni- 
Vtored. 

One additional complication arising‘ from a two-layer 
variable interface formulation is the necessity to follow the changes 
in epilimnetic and hypolimnetic volumes and basin boundaries. Daily 
water level changes are also incorporated in the model. Figure 5.16 
shows relevant basin boundaries and major components of the six-box 
mass balance model. Generalization of the three-box: model" system 
equations to the six-box case including the thermal stratification 
.ef£é:ct-.3; gives the following ’ 

d(VllP11) 
d; 

i ‘ 11 ' U11A11P11+E1AB1(P12"P11)+W1AB11’12'311, (5-20) 

"_U12A12P12-E1AB1(P1é‘P11)'W1A31?12‘312+R1 (5-21)
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Figure 5.16. Basin bounfdaries and major corgponents incorporated 
in the six-box mass balance model of Lake _Erie_. 
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d(V21P21) ‘ 

V

’ 

--—*jfi;‘*' = I2-U21A21P21 + U11A11P11 + E2AB2(P22*P21) (5-22) 
+ W2AB2P22-S21 

d(V22P22)
. '—-15?‘-' = - U22A22P22 + U12A12P12 ' E2A32(P22'P21) (5-23) 

- W2AB2P22'- $22 + R2 

d(V31P31’ ‘“"7fi§“‘ = 13 + U21A21P21 ' U3A3P31 + E3AB3(P32‘P31) (5-24) 
+ W3AB3P32 - S31 

""1fi;“‘ = U22A22P22 ' E3AB3(P32 ' P31) ‘ W3AB3P32 (5-25) 
- $32 + R3 

where the symbols and notations are the same as in Equations 5.16 to 
5.18, except that the second subscript 1 or 2 is used to denote the 
upper or lower layer. tespective1y._ The vertical exchange coefficient 
is denoted by E1 -and the vertical" transport parameterv and 
cross-sectional area at the thermocline interface by W1 and AB1, 
i=1,2,3, respectively. 

Figure 5.17 shows the major processes parameterized in the 
six-box mass balance model which include consideration of (a) hydrau~ 
1-ic flow field, (b) vertical entrainment, (c) the water level varia- 
tions, (d) interbasin transport, and (e) turbulent diffusion. 

Estimation of the lake-wide daily averaged water levels was. 

detailed in the physical data base section. The basin boundaries 
(Fig. 5.16) were computed from hypsometric curves referenced to the 
lCLD for Lake Erie, namely 173.31 m above sea level. Since limnologie 
cal measurements and the thermocline computations (Section 7.3) are 
referenced with respect to the surface elevation, the increment in



water level, above or below 173.31 m,is added to the lower layer, and 
the measurements and computations’ are extrapolated to the added 
portion. 

On the other hand, the layer positions are modified by the 
daily water level in such a way that they must be aligned with the 
daily surface level at the lake top, while the upper layer thickness 
remains unchanged as the whole thermal structure is shifted with 
respect to the lake bottom. Accordingly, the cross-sectional areas 
and volumes of each box in the model are affected by the water level 
changes. The cross-sectional areas, volumes and basin boundaries used 
in the following discussion are already modified by the daily water 
level'variations§ 

5-7.1 Hydraulic flow 

_ 

The lateral and vertical velocities are computed from the 
hydraulic flow continuity constraint and are based on observed inflow 
(DR) and outflow (NR) data. Note that the difference between inflow 
and outflow is largely responsible for the water level changes, which 
will be discussed in Subsection 5.7.3. For simplicity, we apportion 
the hydraulic flow, Qm = (DR+NR)/2, for each cross-sectional 
boundary 

I 
l

T 

bU'l1 = (A11/A1)-Qm 
T 

(5-26) 
U'12 = Qn ‘ “'11 (5-27) 
U'21 f U'11 A 

(5.28) 
U'22 3 fin ‘ Uf21 

I 

(5-29) 

where U'ij ‘is _the hydraulic flow lat each vertical cross. section 
i=1,2 and layer j=l,2.' The sign convention is positive flow towards 
the Eastern Basin. 

'~ 
Sincev the layer interface (thermocline) is 

constrained to follow the computed Central Basin values, all relevant 
components of the lower layer in the Western Basin are forced to zero
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when the thermocline is below the maximum depth of the Western Basin. 
By no means can the velocities defined by Equations 5.26 to 5.29 
completely represent the horizontal movements of water. If they are 
viewed as streamlines of the flow field, then some vertical transports 
(Subsection 5.7.3) are also required to maintain fluid continuity. In 
addition, internal flow gyres, in the form of vortex comkonents (Sub- 
section 5.7.2), must be used to augment these streamlines to define 
wind-driven circulations. 

5-7.-2 Ii;te1,=bas'in_ transport 

While internal flow gyres exist for both unstratified and 
stratified periods, a distinction is made here in reference to the 
parameterization of internal flows based on observations at the 
Pennsylvahia Ridge (Boyce g£_g;,, 1980; Chiocchio, 1981). The conven- 
tion adopted is that internal circulations between the Central and 
Eastern basins are considered only for the stratified period defined 
as the period of observation for Julian days 154 through 254. 

Both hydrodynamical computations (Simona, 1976a; Lam, 1980) 
and observational data (Boyce et_§l., 1980) show deep exchange at the 
Pennsylvania Ridge in the direction from the East to the West basin. 
For example, data for 1978 have been processed (Chiocchio, 1981) and 
are reproduced in Fig. 5.18 as 48—hour averages. Boyce et_§l, (1980) 
have suggested that the hypolimnion flows at the Pennsylvania Ridge 
are related to and primarily opposed to the surface winds. 
Correlations show that indeed they are related, and they will be 
discussed in Section.5.8. These correlations then provide the daily 
mesolimhetic Qfld hypolimmetic flows from meteorological data for the. 
model computations. 

Thus, for fully mixed periods, the horizontal transport 
velocities, Uij, are simply those defined for hydraulic flow, i.e.



uij =bU'i_j/Aij 
_ 

_ 
(5.30) 

where crossesectional areas i=1,2 and layers j=1,2 are as defined 
previously. For stratified periods, the net effective flow, FHV, is 
estimated by windeflow correlations in the lower layer at the Pennsyl- 
vania Ridge. Note that the cont.1m1‘it’y' of flow is‘ not affected‘ by 
adding an internal flow, going from Central to Eastern Basin in the 
lower layer, up from the lower to the upper layer in the Eastern 
Basin, then from Eastern to Central Basin in the upper layer, and back 
to the lower layer from the upper layer in the Central Basin. This 
internal gyre, resembling a vortex flow. is a simplified version of 
the flow pattern shown in the twoidimensional simulation (see Section‘ 
8.3 and Fig. 8.4). This internal flow is defined as CV, and is 
combined with the hydraulic flow, U'22, to form the net effective 
flow, FHV, in the lower layer of the Central Basin 

FHV = CV + U'22 
Or

I 

CV = FHV - U'22 (5.31) 

Thus, the horizontal transport velocities at the Pennsylvania Ridge 
are now defined as 

U21 = (U'21 * CV)/A21 (5.32) 
U22 = FHV/A22 (5.33) 

The modification due to this internal flow on the vertical transport 
velocities will be discussed in Subsection 5.7.3. Note that the 
horizontal transport components are approximated by upwind weighted 
finite difference forms (min and sinuous, 1976), and he‘i_i¢e, the 
horizontal diffusion terms can be omitted in view of the numerical 
dispersion.
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Penngyivania Ridge computed as 48*honr averages for 
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(a) Mesolimnion flow at the Pennsylvania Ridge. 
(b) Hypolimnion flow at the Pennsylvania Ridge.
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Figure 5.19 shows a time-series plot of the L978 thermocline 
position and the horizontal transport velocities. Note that there is 
sometimes a sizeable east to west component in the hypolimmion which 
may replenish the depleted oxygen in the Central Basin by transporting 
water containing relatively higher oxygen content from the Eastern 
Basin. 

5-7-3 Effec_t:~_1ve vertical ve_1ocil:y‘ parameter V1: entrainment. 
hydraulic flows, interbasin transports,Aand water levels 

The daily temperatures computed by the one-dimensional ther- 
mocline model (see Section 7.3) for the Central and Eastern basins are 
based on a finer spatial resolution than the box mode1s.: In grouping 
the one-dimensional spatial details into a two-layer or three-layer 
structure, particularly where the layer thicknesses change dynamically 
with time, it is necessary to consider two types of vertical mixing 
mechanisms: entrainment and turbulent diffusion. Both of these 
mechanisms can be derived from the one-dimensional temperature 
results. The vertical entrainment will be discussed here, and the 
turbulent diffusion, in Subsection 5.7.4. 

A‘Movement of the thermocline downwards results in an entrain- 
ment of water from the lower layer to the upper layer and vice versa. 
Physically, this exchange of volume of water does not involve changes 
in horizontal transport, nor is there any actual vertical flow of 

water associated with it. From a modelling point of view, however, 
the objective is simply to redefine the thermocline for such a move- 
ment from one time step (At), to the next, effecting a gain of the 

entrained volume (and its content) to the upper layer and a loss of 

the same to the lower layer. Thus, it is possible to consider an 

effective vertical velocity parameter which will not only incorporate 
this effective exchange of entrained volume_between the two layers but 
also combine with- the vertical flowu components .in the ‘hydraulic



flow (Subsection 5.7.1) as well as the vertical flows in the internal 
gyres (Subsection 5.7.2). It must be emphasized that the latter two 
physical movements are not related to the entrainment Process. These 
three processes are presently linked because it is computationally 
convenient to combine them. 

The contribution of entrainment to the effective vertical 

velocity parameter,‘ W1, which has the dimension of a velocity 

(m/day), is (dvij/dt)/ABi, where V13 is the volume of the jth 
layer of the ith basin and ABi is the horizontal area at the ther- 

mocline. In other words, At-Wi-AB1 would be ‘equivalent to the 

entrained volume At-(dVij/dt), i.e.i WiABj s dvij/dt, had there 

been entrainment processes only. Indeed, if we rewrite, for example, 
the left-hand side of Eq. 5.23 as d(V22P22)/dt 5 V22dP22/dt + 

P22dV22/dt, then P22dV22/dt is equal to -W2AB2P22 on the rightehand 
side. Since the same volume (and its content) is added to the upper 
layer (Eq. 5.22), the exchange of materials due to entrainment is 

effectively achieved. 

Note that dV11/dt also includes the change of water levels 

for the case of the upper layer. Again, it is computationally conve- 
nient to combine water level changes with the change of thermocline 
positions, because the thermocline positions are computed from the 

water surface, which changes with the water levels (Subsec- 
tion 7.4.2). In unstratified periods, in order to retain a six-box 
model structure, the “thermocline” is artificially »imposed at 1 m 
below the lake surface with_ a large vertical diffusivity (Subsec- 
tion.5.7.4) to effect the fully mixed condition. Now, any change in 
water level will cause this artificial thermocline to move up or down 
in order to maintain a thickness of 1 m for the upper layer. Thus, 
vertical entrainment occurs because of such an artificial displace- 
ment and the effective vertical velocity parameter applies. During 
the stratified period, the computed thermocline positions reflect
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adjustments due to actual physical processes, but the positions are 
still measured from the lake surface. Therefore, the effect of water 
levels is likewise incorporated through dV11/dt and TW1 as in »the 

unstratified case. 

Recall that actual flows in the six-box model are decomposed 
to a streamline component and a vortex component, the horizontal por- 
tions of which have been discussed in Subsections 5.7.1 and 5.7.2, 
respectively. To complete the computations of the hydraulic flow and 
interbasin transports, W1 must incorporate two additional contribué 
tions corresponding to the vertical portions of these flows. In the 
case of hydraulic flows, if the thermocline is above the maximum depth 
of the Western Basin, the vertical portions involve a vertical veloe 
city of -U'12/AB1 at AB1 and a vertical velocity of +U'22/AB3 at AB3 
(Fig. 5.16). If the thermocline (i.e. the thermocline of Central 
Basin; see Subsection 5.7.1) is below the maximum depth of the Western 
Basin, they become -U'22/AB2 at AB2 and +U'22/AB3 at AB3. Of course, 
it is possible to adopt other hydraulic assumptions, but the 
constraint is that when combined with the wind-driven flow, the resul- 
tant vector of the hydraulic and wind-driven currents must be equal to 
the observed actual flow, FHV (Subsection 5.7.2). Under the present 
assumption, the contribution of the vortex component to W1 is 
-CV/AB2 for the Central Basin and +CV/AB3 for the Eastern Basin. 

In summary, the effective vertical velocity parameter, W1, 
is used to simulate the processes of entrainment, water levels, 
hydraulic flows and wind-driven currents through Equations 5.20 to 
5.25." The time change rates of the layer volumes can be obtained from 

' the computed layer thickness and the hypsometric curves (Fig. 1.4c). 
The effective velocity parameter is, for the fully’ mixed periods, 
defined as:
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dV11 
, 

' 
'

’ 

W1 ; - U']_2)/A_B]_ (5.34) 

dV2]_
V 

dV31 
W3 = at + U'22]/AB3 (5.36) 

For the stratified period, the additional volume of water as 
a result of the imposed internal gyre of flow strength, CV, is 

accounted for by redefining W2 and W3 as 

dV21 H 
W2. = ‘ CV)/A32 (5-37) 

dV31 
W3 = ‘EE‘ + CV + U'22)/A33 A (5-38) 

5.7.4: diffusion 

The term “turbulent diffusion" is often used loosely to 
denote the residual flucfiuation COfiD0nént. Whéfl the aVet8§éd mean 
component is isolated from a turbulent flow fields In the context of 
the six-box or_ the nine-box mdel, if the entrainment velocity 
represents the averaged condition, then the vertical turbulent 
diffusion is the residual component obtainable by isolating the mean 
entrainment transport from the one=dimensional temperature results. 
»Specifically, let‘ Tij denote the temperature in the ith basin and 
jth layer, i=l,2,3 and j=1,2, and let E1 denote the vertical 
turbulent diffusion velocity (m/day) at the ith interface. 
Furthermore, let E1 denote the mean entrainment of heat, and let the 
symbol ~ denote quantities at t+At, where t is time and At is the
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increment in time, say, one day.. Then, consider the lower layer, 
i.e. j = 2, for the ith basin 

II\ (5.39) l.'l~'.1 

1 
= (V12 ' V12) T12 if V12 V 

I31 I 
1 

— (V12 - viz) T11 if viz > V12 (5.40) 

The heat balance equation for the lower layer, assuming the lateral 
heat transport is negligible, is 

~ ~ 
vizriz = vizriz + E1At - E1-AB1(T12-T11)-AT (5.41) 

so that 

d(V T )
' 

_ - _ ;_;12_i2 E — 
( E ( +—7fi?——O)/ABi (5.42) 

for i=1,2,3. Note that t is in days, Tij in °C, Vii in m3, and 
AB1 in m2, then the "heat" content is in °Cm3; to obtain units in 
calories, multiplication of the heat balance equation above by water 
ldensity and specific heat is necessary, The turbulent diffusion 
velocity, E1, is mainly used in the six-box mass balance model to 
bring about the full mixing condition, in which case a value‘ of 
10 m/day has been taken as its arbitrary upper limit. During 
stratification, the.vertical entrainment component, along with the 
vertical hydraulic and internal flow transport component, is more 
important. Indeed, the turbulent diffusion velocity approaches zero 
during this period- and a restriction on negative values must be

1 

imposed.
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Figure 3;20. Basin boundaries and major components incorporated 
in the nine-box. mass balance model of Lake Erie- 
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Figure 5.21. 
the nine-box mass balance model bf Lake Erie. 

Schematic of the major processes parameterized in
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5.8 line-Box Model 

The six-box model for Lake Erie is the most general 
framework which incorporates a thermal stratification feature as well 
as the interbasin transports. To simulate the thermal structures with . 

greater accuracy requires increasing model complexity with inclusion 
of more, vertical detail. This is accomplished by including the 
feature of a mesolimnion by adding another layer between the 
epilimnion and hypolimnion, forming a three-layered nine-box model. 

The six-box model allows consideration of processes in the 
presence of thermal stratification via separation of the water column 
by a one-layer interface analogous to a thermocline. However, the 
transports between the Central and Eastern basins mainly occur in the 
mesolimnia of these two basins compared with what has been defined as 
the hypolimnion in the six-box model. Thus, by inclusion of a middle 
layer, the transports can be more completely described. 

Derivation of the upper and lower mesolimnion interface is 
accomplished with the one—dimensiona1 thermocline model described in 
Chapter 7. It is assumed that the Central Basin thermal structure can 
be extended over all basins and that the vertical transport components 
will compensate for this simplification. 

Basin boundaries (Fig. 5.20) between compartments are 
allowed to change with time in response to changes in. mesolimnion 
interface depths, and as discussed previously, water level effects are 
added to the lower layer. The components of the nine—box mass balance 
model are given schematically in Fig. 5.20. The system equations 
describing the nine-box model are 

d(V11P11) 
dt = I1'U11A11P11+E11AB11(P12*P11)+W11A3i1P12‘311 (5-43)
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""jfif"‘ = - U12A12P12-E11AB11(P12-P11)+E12AB12(P13-P12) (5.44) 
- W11AB11P12 + W12AB12P13+S11-S12 

d(V13P13) 
. . 5 -'——7fi;-- = - U13A13P13-E12(P13-P12)-W12AB12P13-S12+R1 (5-45) 

d(V21P21) ; _ ---g;-- - I2‘U21A21P21 + U11A11P11 + E21A321(P22 P21) (5-45) 
5 

+ W21AB21P22 - S21 

d(V22P22) 4 

' ’ 

-*-jfi;-- = ‘ U22A22P22 + UL2A12P12'E21A321(P22 * P21) (5-47) 
+ E22AB22(P23-P22)-W21AB21P22+W22AB22P23-S22 

4d(V23P23) + U 5'4 E AB (P —P ) (5 48) --7fi;-- - - .23A23P23+U13A13P13- 22 22 23 22 - -. 

- W22AB22P23 - 523 + R2 

‘3‘_‘{31P3.1’ _ 3 _ 3 -—-=3;=== - 13 + U21A21P21‘U31A31P31+E31AB31(P32—P31) (5-49) 
W31AB31P32 - S31 - 

-“V32-P32) -u - - -w AB P -s (3 so) -—jfi;-- - 22A22P22'E31A331(P32 P31) 31 .31 32 32 - 

‘“V33P33’ 
_ .

. ""jfif"‘ = U23A23P23‘E32A332(P33‘P32)-W32AB32P33'S33+R3 (5-51) 

Figure 5.21 shows the major processes parameterizeo in the- 
nineébox mass balance model. Again, the lateral and ‘vertical 
velocities are computed from the hydraulic flow continuity 
constraint. The hydraulic flow Qm = (DR + NR)/2 is apportioned for 
each vertical cross section as:



(A11/A1)°Qm (5.52) U'11 = 

U'12 = (A12/A1)°Qm (5-53) 
U'13 = Qm - U'11 - U'12 (5.54) 
U'21 = U'11 (5.55) 
U'22 = U'12 (5.56) 
U'23 = Qm 5 U'21'U'22 (5-57) 

where components and subscripts are as defined previously for basin 
and layers. Vertical transports required to maintain continuity.are 
described later. 

As in the case of the six-box model, the interbasin horizon- 
tal transport velocities are defined for each vertical cross section 
for the unstratified and stratified periods taken as Julian days 154 
to 254 due to data constraints. Layer interfaces for the 
unstratified or weakly stratified periods are imposed for calculation 
conveniences only, and horizontal transports are defined from the 
hydraulic flow values as: 

U = U'1j/A ~ (5.58) 13 ij 

where Uij represents the horizontal transport velocity and the other 
components are as previously given. 

In the stratified period for 1978, observations were made of 
the mesolimnion and hypolimion flow at the Pennsylvania Ridge 
(Fig. 5.18). In most cases, the deep flow opposes the hydraulic flow, 
and this is accounted for by imposing an internal circulation which 
represents a gyre restricted to rotate between the Central and Eastern 
basins about the mesolimnion boundaries. We define an internal circu- 

lation for the lower mesolimnion boundary as: 

cv = FHV - U'23 (5-59)



and for the upper mesolimnion boundary as: 

BV = FMV — U'22 + cv (5.60) 

where CV and BV are flows and FHV and FMV represent observed 
transports for the hypolimnion and mesolimnion, respectively, at the 
Pennsylvania Ridge. Finally, horizontal transport velocities between 
Central and Eastern basins are redefined for the stratified period as: 

U21 = (U'21_ - -BV)/A21 
t 

(5.61) 
U22 = FMV/A22 (5.62) 
U23 = FHV/A23 (5.63) 

Observation of the deep flow at the Central and Eastern 
Basin boundary was conducted only in 1978 for sufficient duration for 
application in the mass balance models. For analysis of the long-term 
period 1967 to 1978, relationships are formed to describe the general 
exchange at the Pennsylvania Ridge. 

Boyce g£_§l, (1980) and Chiocchio (1981) formed consecutive 
48-hour averages of temperature, wind and currents from meteorological 
buoy and E31 observations. The averaging period contained three full 
cycles of the dominant inertial frequency, and it was assumed that the 
averaged values would respond to major atmospheric forcings and to 
large-scale adjustments of the lake. ‘Analyses of these data showed 
that flows in the deeper portions of the Pennsylvania Channel oppose 
the wind. One conclusion of these studies was that exchanges at the 
lower layers of the Pennsylvania Ridge are correlated with meteorolo- 
giéal factors such as the strength and persistence of the down-lake 
(eastwards) component of the wind. In addition, the integrated 
effects of heat and momentum flux are also postulated as having an 
important role in determining the magnitude of the interbasin deep 
water exchange (Boyce g£_§l,, 1980).



As a first approximation to the deep exchange at the Penn- 
sylvania Ridge, 48-hour averages of the 1978 estimated hypolimnion 
flow from June 1 to September 11 (Qhiocchio, 1981) were plotted 
against two-day mean east component winds (along lake axis) determined 
from Long Point observations. Figure 5.22 shows all of the available 
data for the observation. period. The large scatter of values is 
attributable to periods in which the flow field has not adjusted to 
the meteorological forcings at the lake surface. However, selection 
of events in which relatively high wind speeds and persistent wind‘ 

directions occurred-gives a general relationship between the surface 
winds and deep flow. 

Analysis of the 1978 data at the Pennsylvania Ridge shows 
that mesolimnion velocities and flows are generally correlated to 
hypolimnion values. Consequently, if hypolimnion flows can be appro- 
ximated from Long Point wind data, a first estimate-of the mesolimnion 
flow can be derived (Fig. 5.23). In this manner, the layered mass 
balance boa models can be extended over the years in which observa- 
‘tions of the deep flow at the Pennsylvania Ridge are lacking. 

As in the six-box model, movement of the layer interface 
downward induces a vertical transport of water upwards and vice 
versa. In the three—1ayer case, the interfaces may move in the same 
direction simultaneously without causing a volume.change in the middle 
layer or, alternatively, movement of the interfaces may be such to 

increase or decrease mesolimnion volume. Volumes of the other layers 
will change accordingly. To account for these possibilities, the 

effective vertical atransport velocity parameter W1 (see Subsec- 

tion 5.7.3) is computed from the lower layer upwards for each basin. 

For unstratified or weakly stratified periods, the vertical transport 
velocity parameter is computed for each layer as:
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W12 = (9% -‘ U'13)/A1312 - ~(5-64') 

W11 = (‘ dz? 1‘ W12 “ U'12)/A311 
' (5.65) 

1122 = - i:—§—_3— /A1322 (5,166) 

W21 = (‘ 61%} + W22)/A321 
» 

(5-67) 

1132 = 
A( - :c‘:t3;—3 + U'23)/AB.32 ' (5.68) 

W31 = (' d:? + W32 + U'22)/A331 
A 

(5-69) 

For stratified conditions, the additional volumes of water as a result 
of the internal circulations at the Pennsylvania R1i'dge are accourjated 

for by redefining Wij for the Central and Eastern basin boundaries 
881 

Ian = v(— :1? — CV)/A322 
‘ 

(5.70) 

Wwzl = (- 2% wn + CV)/AB21 (5.71) 

W32 = (- (1:33 + cv_ + U"2W3)/AB32 (5.72) 

W31 = (- E — CV + W32 + U'22)/A1331 (5.73)dt



In terms of the eddy diffusion for the nine-box model, similar 
formulations can be made by extending those in the six-box modei. 
Again, the computation should start from the bottom layer. Let Eij 
and Eij denote the turbulent diffusion velocities and mean 
entrainment of heat for the ith basin and jth interface. Then, for 

I the 501.‘ 1:1 9223 

d V T 
V _ — _ 13 13 V 

E12 " (E12 ( dt ))/A312 “'74) 

d V T 
_ — _ _;1z__12 E11" (E11 + E12AB12)/A311 “'75) 

Again, similar upper and lower bounds have to be imposed on the 
computed vertical .diffusion coefficients, as in the case of the 
six-box model.
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CHAPTERS 

Prognostic Mass Balance Models 

6.1 Introduction 

The mass balance models discussed in Sections 5.5 to-5.8 
refer to the diagnostic use of the mass balance equation as applied to 
individual water quality variables. The prognostic use of the mass 
balance models, on the other hand, assumes that the time change in 
concentration of the water quality variable is not known and must be 
obtained by solving the mass balance equation. To enable the solution 
to be found, not only would the input loading be assumed known but so 
would the biochemical. kinetics, sediment-water interactions, and 
physical transports. The implementation of these limological proces- 
ses in the Lake Erie prognostic mass balance models will be the main 
discussion of this chapter. 

A 

a The Lake Erie prognostic modelling approach has three 
salient features. The first feature is to allow the thicknesses of 
the epilimnion, mesolimnion and hypolimnion to change in time during 
the simulation, by using the results from a thermocline model (see 
Chapter 7). This implies that the homogeneous zones chosen as the 
boxes in mass balance calculations change in time, area and volume-as 
the computations proceed, so that the'limnological dynamics of the 
water quality_variables are subject to less spatial inaccuracy. The 
second feature of the Lake Erie prognostic models is that the water 
temperature, interbasin transport, wind—wave turbulence and other 
physical processes used in the models are computed directly from 
meteorological parameters, external to the lake. This eliminates the 
need to use observed lake data of temperature or conservative tracers 
to establish such physical processes as turbulent eddy diffusion. 
Consequently, forecasts of lake water quality depend on projected



loading and long-term weather forecasts, rather than on the extrapolah 
tion of existing cruise data. There is, however, the option to uti- 
lize observed data to optimize the meteorological inputs, such as heat 
fluxes. The third feature is that the models are first calibrated 
with short-term data, i.e., those collected from the Central basin 
and Eastern Basin of Lake Erie for 1978. This allows the subsequent 
verification, not only for these two basins but also for the Western 
Basin as an independent test case. The data collected at CCIW for 
1967 to 1977 are then used for the 1ong—term verification to establish 
the predictive capability of the models. 

In this chapter, the calibration and verification results of 
a six-box model will be presented, i.e., by dividing the lake into 
three basins, each of which consists of two layers separated by the 

thermocline. The two-component phosphorus model _(Simons and Lam, 
1980) developed for Lake Ontario is adopted for Lake Erie, with a new 
component of_dissolved oxygen added to it. Thus, there are six boxes 
representing the homogeneous zones of the lake, and there are three 

variables - soluble reactive phosphorus, organic phosphorus and 
dissolved oxygen - in each of the boxes. To investigate the advan- 

tages and disadvantages of increasing the spatial complexity of_this 
model, we extend the six-box model to a rune-box model which also 
consists of three basins, but each of which is now composed of three 
layers: epilimion, mesolimnion and hypolimnion. The number of water 
quality variables remains unchanged in this nine-box model. Of 

course, it is possible to include other variables, e.g. nitrogen and 
silica, but there are already several major uncertainties with the 

phosphorus system (Simons and Lam, 1980). 

In Section 6.2, the sixebox model will be discussed with 

emphasis on the dynamic features of the thermocline and its effects on 

the water quality variables. In Section 6.3, the nine-box model is 

shown to have a better spatial resolution,.and the effects of dynamic



thermal layers will be further explained. The results of calibration 
and verification of those two models will be contrasted, particularly 
in their capability to simulate the loading and meteorological effects 
on total phosphorus concentration and the oxygen depletion condi- 
tions. Sensitivity analysis, relative errors, application and senario 
tests of the models will be discussed later in Chapter 9. The incor- 
poration of finer spatial details, e.g._nearshore-offshore transports 
and sediment-water interactions, will be discussed in Chapter 8. 

6-2 .Lh£9%*V4=1aP1e Hodel 

In Simons and Lam (1980), a phosphorus model was developed 
for Lake Ontario and verified with data for 1972 through 1977. The 
lake was divided into upper and lower layers separated at the thermo- 
cline, corresponding approximately to, but not.exactly being the same 
as the epilimnion and hypolimnion. Two forms of phosphorus were 
considered, namely soluble reactive phosphorus (SRP) and organic phos- 
phorus (OP). The total phosphorus (TP) was considered as the sum of 
(SRP) and (OP), while the particulate phosphorus (PP) was obtained 
from an empirical relationship, (PP) = (OP) — 5, expressed in pg/L. 
It was shown that the conversion of SRP to OP, and vice versa, depends 
on a critical balance of uptake and regeneration. Apparently, there 
were many possible ways of formulating these factors. Nevertheless, 
apart from this uncertainty of formulation, the two-compartment model 
appeared to explain the seasonal cycles and the six-year (1972-1977) 
downward trend of the phosphorus concentrations in Lake Ontario quite 
satisfactorily. The application of this two-layered two-compartment 
model to Lake Erie, however, requires a number of major modifications. 

Because of the basin topography (see Section 1.2), it is not 
possible to use the’ lake-wide mean concentrations. A six-box or



nine—box model is required for Lake Erie. Another major change is to 
allow the thicknesses of the upper and lower layers to vary in time. 
This change is necessary because, for example, the thickness of the 
lower layer can vary from 1 m to 24 m in the Central Basin, whereas 
the maximum depth is only 25 m. The error due to excessive diffusion 
,would be large in Lake Erie models, if the thermocline were fixed at 
only one depth, as in the case of the Lake Ontario model (Simons and, 
Lam, 1980). This error can be avoided by using the concept of verti- 
cal entrainment. That is, when the thermocline moves downward, the 
volume of water traversed in the lower layer by the thermocline is 
entrained to the upper layer, and vice versa, when the thermocline 
moves upward. The detailed mechanisms of the entrainment and-other 
physical ‘processes for the six-box modell have been discussed in 
Subsection 5.7.3 for a single variable, such as total phosphorus. In 
prognostic models, these processes are simulated for all of the model 
variables. 

The other modification to the model of Simons and Lam is the_ 

inclusion of the dissolved oxygen as-a variable in the model, since 
oxygen depletion, particularly in the Central Basin hypolimnion, has 
been considered as a major water quality problem of the lake. There 
has been some controversy over the causes of oxygen depletion in Lake 
Erie. Charlton (1980) correlated oxygen depletion rate to the 
‘hypolimnion thickness, Rosa and Burns (1981) stressed the effects of 
interbasin and vertical transports, and Di Toro and Connolly (1980) 
proposed the reduction of oxygen depletion by reducing total phospho- 
rus loading. Thus, it seems inevitable to include dissolved oxygen as 
the third variable in the Lake Erie model. Since the Lake Erie model 
has now encompassed all these different aspects of oxygen depletion, 
careful calibration and verification of the model will clarify these 
controversies (see also Section 9.4) .



6.2.1 odel structure 

Figure 6.1 shows the schematic for the biochemical kinetics 
of the three variables for a typical basin with a two-layered struc- 
ture. It is understood that the physical processes such as entrain- 
ment, advection, diffusion and interbasin transports have been calcu- 
lated. Table 6.1 contains the equations for the kinetics depicted in 
Figure 6.1. At the upper layer, the oxygen is produced by photosyn- 

_ 

thesis and reaeration at the lake surface, with plankton respiration 
and some sediment oxygen demand as removal processes. Most of the 
time, oxygen is saturated or even supersaturated in the upper layer 
and the saturation is a function of the water temperature. At the 
lower layer, photosynthesis can occur, since this layer may still be 
within the photic zone, particularly at the early part of the 
stratification period. As in the case of Lake Ontario, plankton 
respiration activity is reduced in the lower layer because of lower 
temperature and smaller particulate particle size. While there is no 
reaeration of oxygen in the lower layer, there is a persistent sedi- 
ment oxygen demand as well as a water oxygen demand mainly resulting 
from plankton respiration.A The sedient oxygen demand is formulated 
as in Snodgrass (1982) with a rate of k3=O.5 g/m2 day and a 
half-saturation oxygen concentration of K°=1.4 mg/L (Table 6.1a). 
For the two phosphorus forms, again because of the dynamic change in 
layer thickness, uptake and respiration can occur in both upper and 
lower layers. The loadings of soluble reactive phosphorus and organic 
phosphorus are assumed to enter the upper layer of each basin. A 
return component for soluble reactive phosphorus is included for the 
detrital. decay at the sediment-water interface. The return rate, 
rp, is usually small (0.0001 g/m2 day) and could be considered as 
part of the plankton respiration activities but becomes large (0.0044 
g/m2 day) during anoxic conditions (Nriagu and Dale, 1974). Because 
of the two—1ayered structure, anoxia is assumed to occur at 1.5 mg/L 
oxygen in the lower layer. Settling of the particulate phosphorus may
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Model structure of the six-box three-variable model



d(V1) (SRP1) 

d(V2)(.s1;?2) 

d(V1) 

Table 6.1a. Equations of Six—Box Three-Variable Mode1_ 

dt F1(SRP1) - U1_+ R1 + rp(ABo-AB1) 

dt F2(SRP2) - U2 + R2 + rp A32 

(ABo‘A31) - U1ABo (OP1-5) F1(0P1) + U1 — R1 + rw 

d(V2)v(0P2) 
V 

_

‘ 

""“”i.iidit1_«.~ = F2(0P2) + U2 -' R2 + rwAB2 + a1AB1(0P1-5) - o'2AB,1(0P2-5_) 

d(V1)(D01) D0
V .___;§E;=;a _= F1(D01) + [fp°(U1-R1) - ks(ABQ-AB1)]‘B6$;E;-+ rAABo(DOs-D01) 

d(V2) (D02) 
V 

. D02 = F2<D°2> + [fpo ‘U2-R2> - ks A321 B62716 
Note: The subscripts 1 and 2 denote first and second layers; the subscript 0 
denotes surface quantity; SR?, OP Vand D0 are concentrations of soluble 
reactive phosphorus, organic phosphorus and oxygen, respectively; T is tempe- 
rature in °C; AB and V are area and volume; F is physical and loading source 
-term; U R are uptake and respiration in piankton; r 13 phosphorus 
return from sediment per area: rw 18 Ph08Ph0fh8 ré§uspendeJ)by Wind Waves; 
0 is settling velocity; f 0 is phosphorus to oxygen ratio in photosynthetic 
production of chlorophyll; k3 is sediment oxygen, deand; K0 is 
halfesaturation coefficient for oxygen; D05 is saturated oxygen concentraé 
tion; rA is reaeration coefficient. 

Table 6g1b;r_§0nstan§s and Formulas of Six-Box Three-Variablgshodel 

SR? 
1 T 1 U1 = 0.43 91 (1f07) 1 

§§§Y;6:§ (OP1-5)V1 (p = light factor, Eq. (4.5)) 

_ 

I 

.T2 V 
SRP2

_ U2 9 0.5 P2 (1.07) §§§;:6T§ (OP2-5) V2 

:1 = 0.02 (1.o7)T1 (oP1—5)v1 

R2 = 0.002 (1.07)T2 (op2—5)v2 

01 = 0.2; 02 = 0.4 (m/day) 

rw = 0.001 W/WS; W3 = 5 x 105 m/day; W_= wind speed (m/day); (rw = g/mzday) 
rA = 2 m/day; k = 0.5 g/m day; KO = 1.4 mg/L; fpo = 140; 

0.0001 g/m day (0.0o44 g/mzday if D02 < 1.5 mg/L)



occur to the sides of the basin (since the surface area, ABO, may not 
be the same as the interfacing area, AB1, at the thermocline), and may 
also occur through AB1 and enter the lower layer. Because the 

layer thicknesses change with time, so would the interfacing area A31, 
so that the portion of particulate phosphorus which settles on the 
sides may increase as the thermocline moves downward. To account for 
the physical iresuspension (rw) of phosphorus from. the sediment, a 

simple formula (somlyody, 1979) based on the study of Lam and Jaquet 
(1976) is used in the model (Table 6.1b). 

6.2.2 calibration 

The data collected at NWRI from seven cruises for the year 
I978 are used for calibration of the six-box threesvariable model. 
Measurements in this year were conducted primarily in the Central and

V 

Eastern basins, with the purpose of an extensive analysis of the water 
quality in these two basins. The absence of data for the Western 
Basin in 1978 should not affect the 'calibration of the model and 
actually can be left as an area for verification using data from 
previous years. The model constants are given in Table 6.1 after 
c_a,l»ibr‘a_,tion with 1978 data. Essentially, those constants which origi- 

nated from the Lake Ontario model (Simone and Lam, 1980) are kept the 

same, e.g. the settling velocities a1 and 02 are 0.2 and 0.4 m/day for 
the upper and lower layers, respectively. The uptake and respiration 
coefficients for the upper layer are the same as the Lake Ontario 
model, but changes were made to improve the uptake rate and to sup- 

press respiration at the lower layer. The phosphorus regeneration 
‘rate from the sediment is based on the values reported for oxic and 

‘anoxic condition in Project Hypo (Burns and Ross, 1972). The sediment 

oxygen demand required to contribute to the oxygen depletion in the 

six-box model is 0.5 mg 02 m'2 day'1- It was believed that most Of 

the_ sources of oxygen due to physical transport, entrainment and 
diffusion. have been more appropriately accounted for by using" the
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dynamic thermal layers approach than by using the fixed layer 
approach. However, as discussed later in the nine-box model (Section 
6.3), this sediment oxygen demand is probably too high, because extra- 
neous sources of oxygen still exist mainly through "leaky" diffusive 
processes in the six-box model. All the meteorological data such as 
air temperature, wind and solar radiation are observed daily values 
for 1978 (Fig. 4.13) and used in the model. The phosphorus loading 
data for 1978 (Figures 2.5 and 2.6) are used in the simulation. 
Figures 6.2a,b, c and d show, respectively, the calibrated results for 
1978 for temperature, dissolved oxygen, soluble reactive phosphorus 
and total phosphorus. The results‘ for the Western Basin hypolimnion 
‘are not shown, because it is too shallow and exists only briefly. The 
temperature is volume-averaged, obtained from the one-dimensional 
thermocline model (see Chapter 7) and is based on the computed thick- 
nesses of the upper and. lower layers from the same model. All 
observed data are interpolated values, using the chemical interpola- 
tion program, TWIST, as described in the Appendix, and are averaged 
over the computed layer thicknesses. As shown in fig. 6.2a, the 
computed temperature agrees satisfactorily with the observed data, but 
is over-predicted in the Eastern Basin lower. layer. The computed 
oxygen concentration (Fig. 6.2b) compares well with the observed data 
in the upper layer. Note that the variations measured by the standard 
deviation of the observed oxygen data in the upper layer are rather 
small, indicating the homogeneity of the data in this layer. A large 
variation on the observed oxygen can be seen in the lower layer, and 
the computed oxygen concentration is within the standard deviations 
except for the Eastern Basin. Thus, the Predicted oxygen is rather 
sensitive to the predicted temperature. The soluble reactive Phospho- 
rus concentrations (Fig. 6.2c) are rather low, about 1 to 2.5 pg/L, 
during the stratification period for both’ the computed and the 

observed values for all layers. While this is expected for the upper 
layer because of active uptake, the low values for the lower layer



indicate that photosynthesis or a rapid loss mechanism.may occur as 
discussed. in Subsection 3.2.3. There is a brief period of anoxic 
pcondition, as reflected in a sediment regeneration of soluble reactive 
phosphorus and low oxygen concentration, towards the end of Septem- 
ber. For the total phosphorus simulation, as the sum of SRP and OP, 
the computed values agree well with the observed data (Fig. 6.2d). 
Note that the level of total phosphorus concentration is about 15 pg/L 
vfor the stratified period, as compared with the SRP concentration of 1 

to 2.5 pg/L. 

6.2.3 Long-term siulation: 1967 to 1978 

The data discussed in Chapter 3 for 1967 to 1977 are used 
for verification of the six-box three-variable model. The model 
constants are all kept the same as calibrated, but the interpolated 
loading data for total phosphorus and soluble reactive phosphorus are 
used as discussed in Subsections 2.3.1 and 2.3.2 for the eleven-year 
period. Furthermore, the meteorological data prepared as daily values 
for each of the three basins, including wind, air temperature, water 
level, inflow and outflow, solar radiation, heat inputs and light 
factor for primary production (Eq. 4.5), as discussed in Section 4.2, 
are all used in the model. These meteorological data are also used in 
the one-dimensional model and produce the computed water temperatures 
as averaged daily values for all the dynamic layers or boxes. Thus, 
the water temperature so computed is dependent on the daily meteorolo- 
gical inputs only, without the dependence on measured water tempera- 
ture (see Chapter 7). An important output from the meteorologically 
driven thermocline model is the computed thermal layer thicknesses. 
As will be discussed in Section 7.2, the thermal eddy diffusivity used 
in the thermocline model is composed of three segments: the wind mix- 
ing and thermal buoyancy regime, the internal wave oscillation regime, 
and the bottom turbulence regime. Recognizing that definition. of 
thermal layers in the lake is rather subjective and sometimes diffi- 
cult or ambiguous, these three physically defined regimes offer
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conveniently and objectively the definition for epilimnion, mesolim- 
nion and hypolimnion. As will be seen in Section 7.2, the thermalh 
eddy diffusivity is defined by solving iteratively the nonlinear heat 
balance equation over the water column of a basin, and the three 
regimes are matched according to daily meteorological forcing func- 
tions. The layer thicknesses so defined respond more correctly to 
meteorological conditions than those obtained without using meteoroloe 
gical inputs. However, the six-box three-variable model does not use 
a three-layered structure for each basin, but rather the two layers 
separated by the thermocline. Figure 6.3 shows the computed thicknes- 
ses for the three layers, as well as the position of the thermocline 
computed as the midpoint of the mesolimnion, for 1967 to 1978 for the 
Central Basin. The thermocline depth, measured from the surface, has 
been verified with observed data (see Fig. 7.9 and Subsection 7.4.1). 
Because anoxia often occurs in the Central Basin. hypolimnion, the 
dynamic curve of the thermocline of the Central Basin is used as the 
interface of the lower and upper layers for all basins with adjustment 
as part of the vertical diffusive transport for the Western and 
Eastern basins (Subsections 5.7.1 and 5.7.4). 

The dynamic changes in the thermal layer structure in the‘ 
Central Basin during the twelve-year period from 1967 to1978 areshown 
in Fig. 6.3. Three types of thermocline dynamics can be identified 
for explaining the six-box model results. First, the "normal" type, 
as shown in 1967, 1968, 1971, 1973 and 1976, shows a gradual, almost 
monotonic, downward movement of the thermocline (dashed line, 
Fig. 6.3), e.g., dropping from a depth of 7 m in early June to a depth

I 

of 16 m at the end of July in 1967. Secondly, the "shallow hypolim- 
nion" type, as shown in 1970, 1975, 1977 and 1978, shows a relatively 
shallow hypolimnion over most of the stratification period and a rapid 
initial lowering of the thermcline, e.g., lowering from 12 m to 20 m 
over the month of June in 1970. Thirdly, the "reversal entrainment"
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type as shown in 1969, 1972 and 1974, shows substantial upward move- 
ment of the thermal layers during the stratification period, e.g., in 
1972 there were major storms in June and in August causing the thermal 
layers to rise and fall in rapid succession, reflecting instability of 
the balance between wind mixing and thermal buoyancy. These three 
classes of thermal layer thickness play quite different roles in 
affecting the dynamics of the three water quality variables in the 
six-boxemodel. 

6.2.4 Dissolved oxygen: verification, 1967 to 1977 

Figures 6.4a to e show the computed and observed results for 
dissolved oxygen for 1967 to 1977 (with 1978 results also attached for 
comparison) for the upper layer, Western Basin; the upper and lower 
layers, ’Central Basin; the upper and lower layers, Eastern Basin, 
respectively. From Figures 6.4a, b and d, in which the upper layer 
results are shown, the predicted dissolved oxygen concentration agrees 
very well with the observed. As mentioned in the discussion of the 
model structure of the six-box three-variable model, the dissolved 
oxygen in the upper layer is almost always saturated and hence is a 
function of the surface temperature. The good fit of computed and 
observed oxygen results at the upper layer for all the basins is 
therefore more of an indication for correctly predicting water tempe- 
rature than an indication for accurate photosynthesis and reaeration 
formulae. Furthermore, since the agreement in the Western Basin is as 
good as the other two basins, the dissolved oxygen component of the 
six-box model is verified to apply equally well for the Western 
Basin. As the Western Basin has a maximum depth of 10 m, only the 
results of the upper layer,.which represent the whole basin most of 
the time, are given in Fig. 6.4a. As for the results in the lower 
layers, for the Central and Eastern basins, the comparison of computed 
versus observed values, is quite satisfactory. While both basins



exhibit oxygen depletion in the lower layer, the computed and observed 
oxygen concentration is seldom depleted to less than 4 mg/L in the 
Eastern Basin (Fig. 6.4e). On the other hand, the dissolved oxygen 
concentration in the lower layer of Central Basin can reach to less 
than 1 mg/L. Even though the thickness of the thermal layers is 

permitted to change dynamically, the lower layer may still include a 

portion of the mesolimnion, as dictated by the two-layered structure 
in the six—box model. Hence the computed oxygen concentration does 
not often-go below the level of 0.5 mg/L during anoxia, as discussed 
in Subsection 3.2.4. In the model, anoxic condition is assumed to 
occur when oxygen concentration drops below 1.5 mg/L. If this defini- 
tion is accepted, then, for the "normal type" of thermal layers (e.g. 
1967, 1968, 1971, 1973 and 1976), anoxia seldom occurs, or occurs only 
for a brief period. as shown. in Fig. 6.4c. However. for the "shallow 
hypolimnion" type of thermal structure (e.g. 1970, 1977 and 1978), 
anoxia can occur for two weeks or more. Because of the fast drop of 
the thermocline at the onset of thermal stratification for this type 
of thermal layer, little replenishment of oxygen is obtainable from 
the upper layer and the sediment and water oxygen demand gradually 
depletes the oxygen in the lower layer. In 1975, although there has 
been a fast drop of the thermocline depth in May, there is enough wind 
mixing during summer (Fig. 4.13) to induce diffusion across the layers 
in the Central Basin and hence no anoxia is observed. As for the 
"reversal entrainment" type of thermal layers, such as in the case of 
1972, there is a sufficient supply of oxygen entrained from the upper 
layer to the lower layer because of the upward movement of the thermo- 
cline and hence the dissolved oxygen level in the lower layer stays at 
above 4 mg/L. Such large entrainment appears to be associated with 
storm events; similar but weaker entrainment occurrence, as in the 
case of 1969 and 1974, is not so successful in preventing the occur- 
rence of anoxia. Thus the classification of different types of ther- 
mal vlayers provides only a general guideline or a rule of thumb 
concerning the effect of meteorological factors on oxygen depletion.
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The study of thermal layer thicknesses alone does not always 
satisfactorily explain all occurrences of anoxia. Associated with the 
changes in layer thicknesses are vertical diffusion and interbasin 
transport which can alter the oxygen depletion scenarios indicated by 
the different types of thermal layer thickness. Based on the agree- 
ment between computed and observed oxygen concentrations for 1967 to 
1978, it is strongly indicated that the meteorological effects domi- 
nate the seasonal variations of the oxygen concentration in both the 
upper and the lower layers of the basins. The effect of nutrient 
loading, be it an increase or reduction, on oxygen depletion cannot be 
seen imdiately, particularly in the presence of highly fluctuating 
meteorological effects. For example, the fact that anoxia does not 
occur in 1972, but does occur in 1978, is explainable by meteorologi- 
cal factors, but not explainable by ‘the t-o'ta'1 or soluble reactive 
phosphorus loading reduction between 1972 and 1978 (Figures 2.3 and 
2.7). Therefore, it seems that the phosphorus loading effects on oxy- 
gen depletion, however small, are long-term and related largely to the 
sediment'oxygen demand quite beyond the detection of the six-box model 
and the data represented by the two-layered structure. 

6.2.5 Soluble reactive phosphorus: verification, 1967 to 1977 

Figures 6.5a to e show the computed and observed results for 
soluble reactive phosphorus for 1967 to 1977 (with 1978 included for 
comparison) for the upper layer of the Western Basin, the upper and 
lower layers of the Central Basin, and the upper and lower layers of 

the Eastern Basin. For the Western Basin, the soluble reactive 
phosphorus concentration is strongly affected by the loading. For 
example, in Fig.6.5a, the observed data in 1968 show a measured value 
of about 12 Hg/L in May, and a value of 62 pg/L in July. Since the 

‘ 

loading for the same period is only‘ an approximate estimate (see 
Subsection 2.3.2), the seasonal variation is not simulated correctly. 
In general, the winter values are predicted too high for 1967 to 1973,



but the overall computed values for summer are within the observed 
errors. Note that both the computed and observed values of soluble 
reactive phosphorus in spring come down from a range of 30 to 40 pg/L 
from 1967 to 1973 to about 20 pg/L for 1974 to 1978. ‘This decline of 
available phosphorus is in line with the reduction of total and 
soluble_reactive phosphorus loading in the Detroit River. As for the 
upper layers of the Central and Eastern basins, the summer-uptake and 
fall-regeneration patterns are satisfactorily modelled. In 1971, 
however, the value measured in early February seems to be rather low 
and cannot be properly accounted for by the model. Otherwise, the 
agreement of computed and observed SRP values is rather close for the 
upper layers (Figures 6.5b and d). The lower layers are interesting 
in that both comuted and observed values show active uptake of phos- 
phorus during April to May for the Central Basin, and during May to 
June for the Eastern Basin. Of course, note also that because of the 
dynamic changes allowed in the lower layer thickness, the lower layer 
may include a portion of the photic zone. During the calibration, 
photosynthesis is allowed in this layer and regeneration is suppres- 
used, leading to the low level of SRP in this layer, i.e.,about 1 to 2 
pg/L in the summer for both basins. The other feature also noticeable 
is the sediment regeneration of SRP during anoxic condition. The 
anoxic conditions in 1969, 1970 and 1977 produce a relatively large 
‘amunt of SRP in September, whereas for other years such as 1978, the 
regenerated amount is not as large (Fig. 6.5c). In general, the model 
underpredicts the amount because of the two-layered structure used by 
the model. That is, the lower layer has included a portion of the 
mesolimnion in it, which tends to bring down the concentration due to 
averaging and vertical diffusion. In general, the decline of SRP 
concentration in the Central and Eastern basins is not as large as 
that in the Western Basin.



6.2.6 Total phosphorus: verification, 1967 to 1977 

Figures Q.6a to e show the corresponding comparison for 
total phosphorus. Again, the loading dominates the changes in total 
phosphorus concentration in the Western Basin. The loading data seem 
to be quite consistent with the computed and observed total phospho- 
rus, e.g. in 1970 to 1974. The model underestimates total phosphorus 
in 1975 for the Western Basin. In early spring of 1976, there was a 
large pulse of total phosphorus loading from the Maumee River; both 
the computed and the observed concentration show an increase at about 
the same time. For the upper layers in the Central and Eastern basins 
(Figures 6.6b and d), the agreement is as satisfactory as for soluble 
reactive phosphorus. The effect of settling after algal growth is 
reflected as a decrease in the total phosphorus in August in the upper 
layer. Again, the drop in total phosphorus concentration is more 
pronounced in the Western Basin than ‘in the upper layers of the 
Central and Eastern basins. For example, the computed January value 
of total phosphorus is about 65 pg/L in 1970 and about 32 pg/L in 1977 
in the Western Basin, but the computed January value is about 24 pg/L 
in 1970 and about 15 pg/L in 1977 in the Central Basin. The observed 
values also show similar trends, and hence are in support of the load- 
ing reduction estimate given in Chapter 2. As for the lower layers, 
the settling activity also causes a decrease in the total phosphorus 
concentration around August, as shown in both the computed and 
observed values. In. winter, the wind resuspension of particulate 
phosphorus brings the concentration level up in almost every year for 
all the basins, and all the layers, due to full mixing. However, 
these particulate phosphorus materials probably do not participate 
much in the biochemical kinetics, but rather settle back to the sedi- 
ment quickly. This is particularly so in the Western Basin 
(Fig. 6.6a).
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From the twelve—year comparison, the model results seem to 
simulate the general seasonal behaviour ‘of the dissolved oxygen, 
soluble reactive phosphorus and total phosphorus in the lake. The 
limitation to better simulations seems to be that of the ability to 
acquire more reliable loading estimates. The meteorological seasonal 
forcing seems to be far better simulated, "as shown in the oxygen 
simulation. 

6.3 Nineihox Three-Variable Model 

The addition of a middle layer, or mesolimnion, to the 
two=1ayered structure of the six-box model has two main advantages. 
From the physical point of view, the change in temperature from upper 
layer to lower layer is gradual, considering that the temperature data 
are averaged by volume-weighting to produce a mean basiniwide vertical 
profile. Intrinsic in the averaging process is the constraint of 
horizontal thermal layers. In reality, a thermocline consists of 
troughs, crests and convolutions and is never a flat plane. Thus, to 
assume that there is a flat thermoclinic plate separating the upper 
and lower layers adds to the inaccuracy of the assumption of homogene- 
ous zones. An example of this inaccuracy is reflected in the six-box 
model simulation (Fig. 6.5c) of the sediment regenerated phosphorus in 
the lower layer of Central Basin. Further examples of this data 
representation problem have been discussed in Subsection 3.3.1 (Tables 
3.3 and 3.4). If the spatial irregularities of the thermocline depths 
are confined in the mmsolimnion, one finds that the upper layer now 
represents_more ofthe epilimneticcondition, and the lower layer, the 
hypolimentic condition. The other advantage of including the mesolim- 
nion in model simulation is that epilimnetic particulate materials 
settle immediately to the lower layer in the two-layered model and the 
regeneration process, which consumes oxygen, occurs mostly in the 
lower layer. The addition of a mesolimion therefore creates a
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buffering volume, where some detrital decay and oxygen consumption 
take place, so that the apparent increase of oxygen consumption in the 
hypolimnion can be eliminated. As illustrated in Fig. 6.2, the 

thicknesses of the epilimnion, mesolimion and hypolimnion have been 
computed by the thermocline model. The physical definition of the 

mesolimnion used in the thermocline model (see Chapter 7) involves the 
concept of internal wave oscillations, which are affected by meteoro- 
logical forcing and, more important, are consistent with the averaging 
procedure based on lake thermal structures as outlined in Section 

3.1. Thus, the computed thermal layer thicknesses are used to define 
the three layers for each of the three basins, forming a nine-box 
model. Note that to avoid confusion, the terms "upper layer" and 
"lower layer" are used to describe the two layers in the six-box 

model; and the terms "epilimnion“, “meso1imnion" and “hypolimnion", 

the three layers in the nine-box model. 

6.3.1 Model structure 

The model structure is basically unchanged from the sixrbox 
model. The addition of the mmsolimnion involves a straightforward 
extension of the physical transport, entrainment and diffusion proces- 

see, and is adequately discussed in the diagnostic design of the 

nine-box mass balance model in Section 5.8. However, two points of 

caution are worth re-mentioning here. Because of the presence of the 

mesolimnion, the interbasin transport across the boundary between 
Central Basin and Eastern Basin consists of two basic wind-driven flow 

patterns, one circulating within the epilimnion and mesolimnion of the 

two basins and the other circulating within the mesolimion and hypo- 

limnion of the two basins. This restriction is vimposed in the 

nine-box model because as in the case of the six-box model, the ther- 

mal layer thicknesses of Central Basin are used for all the basins, so 

that the epilimnetic water of one basin flows only to the epilimnetic 

water of the adjacent basin, and so on. In reality, the thermal layer



thicknesses differ in adjacent basins. For example, the hypolimneticl 
water in the Central Basin may flow directly to the mesolimnetic water 
of the Eastern Basin; in the model simulation, this is achieved 
indirectly through combination of the two basic flow patterns discus% 
sed.in Subsection 5.8 (Fig. 5.21). Of course, one can allow diffe- 
rences in layer thicknesses for different basins in the model, but 
this kind of spatial detail cannot be handled adequately in box models 
and must be simulated by using models of higher resolution (see 
Chapter 8). The other remark is that the mesolimion is relatively 
thinner than the epilimnion or the hypolimnion, most of the time. To 
derive the vertical entrainment velocity for this middle layer, care 
must be exercised not to allow dynamic volume changes and water level 
changes to accumulate in the mesolimnion. In other words, any excess 

‘ or deficiency of water in the water budget of the basin should be 
“balanced with water from the epilimnion or hypolimnion, but not from 
the mesolimnion. 

Figure 6.7 shows the schematic of the nine-box three-vari- 
able model, and Table 6.2 contains the model equations for the 
biochemical kinetics. Essentially, the kinetics for the mesolimnion 
are the same as those for the hypolimnion, which in turn resemble 
those of the lower layer in the six-box model (cf; Fig. 6.1 and 
Table 6.1). Note that the surface area, ABO, of a typical basin is 
larger than the ‘interfacing, area, AB1, between _the lepilimnion and 
mesolimnion, which is larger than the interfacing area, AB2, between 
the mesolimnion and hypolimnion. The bottom area, AB3, is assumed to 
be the same as AB2. As in the case of the six-box model, these areas 
change dynamically in time, and can alter the pathways of settling 
particulate materials, from water-bound to sedimentébound.
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Table 6.2a. Equations of Nine-Boxlfhreeévariable Model 

d(V1)(SRP1) M éjfj = F1(SRP1) - U1 4' R1 + 1‘p(ABo-AB1) 

d(V2)($R_P2) 
' —-—i?t———"- = F2(SRP.2) " U2 '5' R2 + I’ (AB1‘«AB2)

P 

d(V3)(SRP3)
_ 'Tj = F3(SRP3) - U3 4' R3 + rp AB3 

= F1 (CPI) + U1 — R1 + rw (A30-A31) " o']_ABO (OP1-5) 

d(V2)(0.P2) 
_ _ V --*:fi?-- = F2(OP2) + U2 - R2 + rW(AB1-AB2) + o1AB1(0P1-5)-OQAB1(0P2-5) 

d<nv3><oP3> 7' 

T= F3(OP3) + U3’ - R3 + IWAB3 + g2AB2 .(0P2-5) -' o'3AB2(OP3-5) 

d(V1)(D01) H _ 
_ 

. Do
_ __d_E____ = F1 (D01) +‘ [fp°(U1g-R1) - ks(ABo—AB1)]-D—0T_-|_-K—0— + rAABo(D0s-D01) 

d'(V2_)(D0‘2) D02 
_—..—d—t———— E F'2(D0.2) + [fp°(U2"R2) " ks(AB1"AB2)] 

a<v3><no3> I p 
no3 

———————dt 9 F3 (D03) + [fpo(U3-R3) - ks (AB2-AB3)] H--i-Do3+K° 

Note: The subscripts 1,2,3 denote first, second and third layers, 0 denotes 
surface quantity; SRP, OB and D0 are concentrations of soluble reactive 
phosphorus, organic phosphorus and oxygen, respectively; T is temperature 
(‘C); AB and V are areas and volume; F is physical and loading source term; iU and R are uptake and respiration in planktons; r is phosphorus return 
per area; gw is phosphorus resuspended by wind—waves; a is settling 
velocity; f 0 is _phosphorus to oxygen ratio 111 photosynthetic production 
of chlorophyll; ks is sediment oxygen demand; K0 is half-saturation 
coefficient for oxygen; D05 is saturated oxygen concentration; rA is 
reaeration coefficient.



Iahle 6.2b. Constggtg_gg0 Forulas of Niggfifigx yhpeeévariable Mggg; 

U1 

U2 

U3 

SRP 
0.43 P1(l.07)_ 1 (OP1-5)V1 (p = light factor: Eq. 4.5) 

0 sup 
0.6 p2(1.o7)T2._.;,i§5_ 

T3 SRP3 
. . 

0.02 (1.o7)T1 (op1e5)v1 

0.002 (1.o7)T2 (oP2—5)V2 

o.oo1 (1.o7)T3 (093-5)v3 

0.2; 62 = 0.4; 03 = 0.4 (0/day) 

0.001 W/W3; W8 = 5Ax 105 m/day; W = wind speed (m/day): rw = g/méday 
2 m/day; ks = 0.15 g/mzday; KO = 1.4 mg/L; fpo 5 I40; 
o,ooo1 g/mzday (o.oo44 g/mzday if D03 < 1.5 mg/L)



« e.g., a thickness of 15 m in May or June. 

‘the sediment oxygen demand rate: 
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6-3.2 Calibration 

Figures 6.8a to d show the calibrated results of tempera- 
ture, dissolved oxygen, soluble reactive phosphorus and total phospho- 

In general, rus, using the 1978 observed data. the agreement is as 
,satisfactory as the agreement shown in the six-box model results 
(Figures 6.2a to d). The model constants (Table 6.2) are essentially 
the same as for the six-box model (Table 6.1); the constants for the 
mesolimnion are assigned the same as the lower layer values of the 
six-box mdel. For example, the settling velocities for the epilim- 
nion, mesolimnion and hypolimnion are 0.2, 0.4 and 0.4 m/day, 
tively (of. Table 3.5). One major change in the coefficients used is 

in the six-box model, a rate 
constant of 0.5 g O2 mézdayhl is used; in the nine-box model, cali- 
bration required 0.15 g 02 m’2day'1 to produce better fit with the 
data. An explanation for this discrepancy may be as follows. ln the 
six-box model, there are sources of oxygen in the lower layer which 

Light is 
available for photosynthesis, at least when the lower layer is thick, 
are due to the inclusion of mesolimnion in the lower layer. 

Because of the omission of 
the amesolimnion, more vertical diffusion of oxygen from the upper 
layer is required to compensate for the spatial heterogeneity lost in 
the averaging processes. The lower layer of the six-box model is 
always thicker than the hypolimnion in the nine-box model (Fig. 6.3); 
hence there is more oxygen content in the lower layer of the six-box 

Although the 
sediment area in the lower layer of the six-box model is larger than 
model than in the hypolimnion of the nine-box model. 

that in the hypolimion of the nine-box model, the net effect is that 
the lower layer of the six-box: has more oxygen to consume before 
anoxia can be reached. By contrast, because of the deeper position of 
the hypolimnion in the nine-box model, these extraneous oxygen sources 
are not as great. Furthermore, as remarked earlier, the hypolimnetic 

respec-
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ofactors. 

water in the Central Basin flows to the hypolimnetic water in the 
Eastern Basin. The direct interbasin tranport of oxygen supply from 
the hypolimnion of Eastern Basin can be cut off if the hypolimnia of 
the basins are lower than the Pennsylvania Ridge separating the two 
basins. Beyond that point, any replenishment will be indirect and 
move from the mesolimnion of the Eastern Basin, to the mesolimnion of 
the Central Basin and then to the hypolimmion of the Central Basin. 
As discussed in Section 5.8, the occurrence of this indirect supply 
depends on the wind kspeed and direction and other meteorological 

‘In all, the hypolimnion of the ninerbox model has fewer 
extraneous oxygen sources which are due to improper model structure 
and hence requires a smaller value of sediment oxygen demand. 

All of these differences move the nine-box model closer to 
reality, and in support of this idea, we note that the sediment oxygen 
demand rate of 0.15 g 02, m'2day'l is rather close to the values 
reported by Mathias and Barica (1980) for ice-covered lakes. Since 
for ice-covered lakes the sources and sinks of oxygen are more easily 
accountable, the measurements should be more accurate. Burns 
(personal communication) also found that the sediment oxygen demand 
rate should be around 0.1 g 02 m_2day"2 for the Central Basin by care- 
fully accounting for the various oxygen sources and sinks from known 
data} Thelsefore. by including the meso1.1nm;ion as an integral part of 
the thermal layer structure, and by allowing for the physical process, 
ses associated with a three-layered model framework, the simulated 
sediment-oxygen demand is brought closer to the observed value. 

Figure 6.8a shows close agreement between computed and 
observed temperature in the mesolimnion and epilimnion of the Central 
Basin and Eastern Basin; hypolimnetic temperatures for both basins, 
however, are underpredicted. As for oxygen, epilimnetic values are 
calibrated closely with the data. In_ the mesolimnion, dissolved 
oxygen is depleted in both the Central and Eastern basins. However,
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when each is compared with the depletion of oxygen in the hypolimnion, 
an interesting observation can be umde. In the Central Basin, the 
depletion is less rapid in the mesolimnion than in the hypolimnion, as 
demonstrated by both computed and observed values (Fig. 6.8b). In the 
Eastern Basin, the oxygen in the-mesolimnion is consumed at a slightly 
faster rate than the oxygen in the hypolimnion. 

B 

For example, the 
observed Eastern Basin oxygen concentration in late July of 1970 is 
7.8 mg/L in the mesolimnion, but it is 8.7 mg/L in the hypolimnion and 
9.3 mg/L in the epilimnion. The computed values also show a similar 
trend. This mesolimnetic oxygen minimum can be attributed to more‘ 
active algal decay in the mesolimnion than in the hypolimnion, since 
the particle size is larger in the mesolimion, or, somewhat less 
convincingly, can be due to the physical transport of relatively low 
oxygenated water (e.g. 5.1 mg O2/L) from the mesolimnion of the 
Central Basin. 

Both forms of phosphorus (Figures 6.8c and d) are calibrated 
to the same degree of agreement as in the case of the six-box model. 
Whereas the seasonal variations are more pronounced in the computed 
and observed total phosphorus in the mesolimnia, the soluble reactive 
phosphorus is again at very low concentration levels, about 1 to 2 

pg/L, during the stratified period for all basins. There is a slight 
sediment regeneration of SRP for a brief anoxic period by the end of 
September, and the increase in concentration is not significantly 
higher than that shown in the lower layer of the Central Basin for the 
six-box model (Fig. 6.2c). 

6.3.3 Dissolved oxygen: verification, 1967 to 1977 

Figures 6.9a to g show the computed and dissolved oxygen 
concentration for 1967 to 1977, for- the epilimnion of the Western 
Basin, and the three layers of the Central and Eastern basins. it is 

assumed that the epilimion of the Western Basin is representative of
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the basin in terms of the water quality condition. For the epilimnion 
of all three basins, the agreement between computed and observed 
oxygen concentration is very good. As in the case of the six-box 
model, the dissolved oxygen is saturated most of the time in these 
surface layers (Figures 6.9a, b and e), and therefore depends on the 
water temperature. The goodness of fit for oxygen data is then a 
reflection of the goodness of fit in the temperature calculations. 

On the other hand, the mesolimnion oxygen concentration 
displays different seasonal dynamics in different basins. For the 
Central Basin, the mesolimnetic oxygen concentration, either computed 
or observed, is almost always higher than the hypolimnetic oxygen 
concentration. According to the classification of thermal layer 
thicknesses given in Section 6.2, for the "shallow hypolimnion" type, 
e.g., 1970, 1977 and 1978, the mesolimnetic oxygen is depleted to less 
than 4 mg 02’/L (Fig. 6.9c). For the "reversal entrainment" type, 
e.g., 1972 and 1974, the depletion prevails for the nwnths May and 
June, but the upward entrainment processes due to the meteorological 
conditions prevent further loss of oxygen. In the case of the 
"normal" type of hypolimnion thickness, e.g., 1967, 1968, 1971, 1973 
and 1976, the mesolimnetic oxygen remains at about 8 mg/L or higher 
during the months of May, June and July, as seen in both the computed 
and observed values. In 1971, the nine—box model over-predicts the 
oxygen concentration in the Central Basin mesolimnion. 

The computed and observed mesolimnetic oxygen concentrations 
in the Eastern Basin (Fig. 6.9f) provide evidence that oxygen concen- 
tration minima often occur in the mesolimnion. For example, in 1967, 
as a typical case of the "normal" layer thickness type, the computed 
mesolimnetic oxygen concentration for the Eastern Basin in early July 
is about 9 mg/L, but is about 10 mg/L in the epilimnion and hypolims 
nion. Interestingly, the mesolimnetic oxygen computed in the Central 

r ..

ru
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Basin is about 11.5 mg/L. For this year at least, it appears that the 
mesolimnetic oxygen minimum in the Eastern Basin is caused mainly by 
phytoplankton respiration and sediment oxygen demand on the "sides" of 
the layer because the interbasin transport and the vertical mixing 
processes do not explain this phenomenon. For the "shallow hypolim- 
nion" type, e.g., in 1970, this computed mesolimnion minimum is more 
pronounced, but, at the same time, the mesolimnetic oxygen in the 
Central Basin is also low. It is possible that the mesolimnion oxygen 
minimum is also caused by the transport of lower oxygen concentration 
from the Central to the Eastern Basin. In 1977, the nine-box model 
underpredicts the mesolimnetic oxygen in the Eastern Basin, probably 
because of a more excessive Central-to-Eastern.interbasin transport 
than that used in 1970. In the case of "reversal entrainment", e.g., 
in 1972, upward movement does not seem to hold back this oxygen 
mesolimnetic minimum, as shown by the computed and observed values for 
June and July (Fig. 6.9f). 

The, computed hypolimnetic oxygen concentration shown in 
Fig. 6.9d shows ‘a faster ‘decline than the six-box model result 
(Fig. 6.4c) with the "shallow hypolimnion" type of thermal layers, 
such as in 1970 and 1977. In the case of "reversal entrainment", 
e.g., in 1972 and 1974, oxygen depletion is essentially interrupted by 
the supply of oxygen due to the increase in thickness in the hypolim- 
nion (Fig. 6.3), at about mid+July. As for the "normal" layer thick- 
ness type, e.g., 1967, 1968, 1973 and 1976, the anoxic condition is 
either absent or lasts for a brief period only. Again, the nine-box 
model over-predicts the oxygen concentration in the" Central Basin 
vhypolimnion. On the other hand, the prediction for the Eastern Basin 
hypolimnetic oxygen (Fig. 6.9g) shows the same degree of goodness of 
fit between computed and observed concentration as the six-box model 
results for the lower layer of the Eastern Basin.



6.3.4. Soluble reactive, phosphorus: veri-fication, 1967 to 1977 

Figures 6.l0a to g show the computed and observed results 
for soluble reactive phosphorus in the nine-box model for 1967 to 

1978. Only the epilimnion results for the Western Basin are given in 
Fig. 6.10a, in which the computed sumer concentration is quite close 
to the observed data except for large discrepancies occurring in the 
winter months and for the entire year 1968. "One explanation is that 
part of the particulate phosphorus returned by wind resuspension from‘ 

the sediment is not completely biologically available. For example, 
in 1971, whereas the predicted total phosphorus concentration 
(Fig. 6.11a) is close to the observed data for February and November, 
the predicted SRP values for the same periods are not as good, indi— 

cating an inadequacy in the treatment of particulate phosphorus. 

The computed epilimetic values of SRP in the Central and 
Eastern basins (Figures 6.l0b and e) agree well with the observed 

data, with a fairly consistent seasonal cycle. Note that the summer 
epilimnetic level of SRP in the Western Basin is higher in 1970 than 

in 1976 and 1977, whereas the computed and observed summer values in 

the other two basins are quite low, about 1 to 2 pg/L only throughout 

1967 to 1977. In the mesolimmion, photosynthetic uptake of the solu- 
ble reactive phosphorus is possible and gives rise to a similar 

seasonal cycle in the SRP for both the Central and Eastern basins 

(Figures 6.l0c and f). In 1970, there was a large return of SRP from 

the sediment during the anoxic period (Figures 6.9c and d), and there 

is a significant pulse of increase of SRP in the mesolimnion 

(Fig. 6.10c). 

More significant is the sediment return of SRP in the hypo- 

limnion in September, 1970, as shown both by the computed and observed 

results (Fig. 6.10d). A similar anoxic regeneration can be seen in
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1977 in the computed result. Both 1970 and 1977 have been classified 
as "shallow hypolimmion" type for the thermal thicknesses (Fig. 6.3). 
Compared with the six-box model results, the anoxic sediment return 
for 1970 and 1977 is higher and the SRP concentration is closer to the 
observation in the nine-box model. This ability to simulate 
pulse-like sediment return in 1970 and 1977 can be attributed to the 
shallower layer thickness in the hypolimnion in the nine-box model 
(Fig.7 6.3). However, the pulse observed in September 1969 is 

underestimated. This underestimation leads to speculation that the 
sediment oxygen demand in 1969 should have been greater (see Eq. 9.2, 
Section 9.2). 

6.3.5 Total phosphorus: verification, 1967 to 1977 

Figures 6.11a to g show the corresponding comparison for 
total phosphorus. Essentially, the same satisfactory comparison 
between computed and observed total phosphorus concentration is shown 
in the nine-box model results as in the case of the six-box model. 
The uncertainties associated with the seasonal variation of the total 
phosphorus loading have caused large deviations from the observation 
in the Western Basin epilimnion than in the epilimnion of the Central 
and Eastern basins. The underestimation in 1975 is still obvious in 
these epilimnetic concentrations in the nine-box model results (cf. 

Figures 6.6a, b and d; Figures 6.113, b and e). The same downward 
trend of total phosphorus concentration during 1967 to 1978 can be 

seen in the computed results. 

As for the mesolimetic and hypolimnetic total phosphorus 

V 

concentration (Figures 6.11c, d,_ f and g), they exhibit larger 

seasonal variations than the six—box model results. For example, the 

persistent lower concentrations in these layers in July and August, 

for almost all the years from 1967 to 1978, indicate that settling 
occurs after algal growth takes place. In the Eastern Basin, this
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Figure 6.11. Vefification of the nine-box model for Lake 
Erie basins for total phosphorus, 1967 to 1928.
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drop in total phosphorus is more prominent in the mesolimnion that in 
the epilimnion or hypolimnion (Figures 6.11e_to g). 

In conclusion, the addition of the mesolimnion provides the 
spatial details necessary to discern the effects of the sediment 
oxygen demand rate. The model results are more sensitive to daily 
meteorological fluctuations. However, unlike the six-box nmdel, a 

constant sediment oxygen demand in the nine-box model does not seem to 
simulate the oxygen depletion in the Central Basin hypolimion for all 
of the years, eag. 1969. The sensitivity and error analysis of the 
effects of loadings and meteorological factors on lake concentration 
‘response will be discussed in Chapter 9. 

__ __ _ __ .
, ,



CHAPTER? 

One-Dimensional Thermocline Model 

7-1 _j_..£et?249et1°n 

The Lake Erie basins are sensitive to changes in meteorolo- 
gical factors. Two important physical processes are directly influen- 

ced by the meteorological forcing: the lake-wide hydrodynamic circu- 
lation and the distribution of heat energy. The lake-wide hydrody- 
namics will be discussed in Chapter 8. In this chapter, the thermody- 
namic processes in the lake are discussed. 

Whereas the hydrodynamic circulation influences on 
"lake-wide mean" concentrations of water quality variables are found 
to be slight (Simons, 1976b; Simone and Lam, 1978), the thermal struc- 
ture exerts dominant effects on the dynamics and spatial distribution 
of these variables in Lake Erie (Section 3.2) because of the shallow- 
ness of the lake. The thermal structure of the lake not only defines 
rthe number, size and characteristics of its homogeneous compartments 
but also, within each compartment, the temperature of the water influ- 
ences the biological and chemical processes. For example, oxygen 
depletion, denitrification, and anoxic regeneration of available phos- 
phorus are among the more significant hypolimnetic processes affected 
by_the lake thermal structures. 

More important, a mechanism for the accurate thermal 
structure description provides the direct linkage of such meteorologi- 
cal factors as wind, solar radiation and air temperature to the 
seasonal response of the lake ecosystem. These seasonal variations 
often cause large short-term oscillations in the concentrations of 
dissolved oxygen and soluble reactive phosphorus in the hypolimnion, 
and almost completely mask the effect of long-term nutrient loading



(Section 6.3). However, to investigate the long-term effects of 
nutrient loading, detailed thermal structure computations, such as 
‘the three-dimensional spatial distribution of temperature, _are not 
pertinent. What is required is an efficient and stable algorithm to 
compute the seasonal changes of the mean vertical temperature distri- 
bution over each of the basins over a long period.V 

There are a number of such one-dimensional thermocline 
models (Kraus and Turner, 1967; Sundaram and Rehm, 1973; Mellor and 
Durbin, 1975; Walters eE_al., 197$; Simons, 1980); each has its area 
of application and turbulence closure submodels. However, verifica- 
tion of these models against long-term basin-wide mean temperature 
data has not been attempted. In this chapter, the one-dimensional 
thermocline model developed by Lam and Schertzer (1980) will be veri- 
fied with twelve years of temperature data from Lake Erie. Specifi- 
cally in Section 7.2, the model structure and the model formulation 
are discussed with respect to the parameterization of the physical 
processes in the heat diffusion equation. In Section 7.3, the 
numerical methods for solving the model equation and the calibration 
of the model coefficients will be discussed. In Section 7.4, observed 
data of temperature for 1967 to 1978 are compared with the predicted 
results for the Central and Eastern basins. Computed and observed 
layer thicknesses for the Central Basin in 1978 are also shown. 

7.2 Physical Processes and Hbdel Structure 

The main purpose of developing a one-dimensional thermocline 
model, in the context of long-term simulation of water quality varia- 
bles, is to compute the basin-wide mean temperature, the dynamic for- 
mation and changes of thermal layers, and the seasonal thermal struc- 
ture cycle, in response to various types of meteorological forcing. 
Typically, the seasonal cycle starts with a springtime heating of the 
surface layers by solar radiation, resulting in thermal expansion and



a decrease in water density. _Wind-generated turbulent mixing forces 
the warmer surface waters downward, in an attempt to overcome the 
buoyancy resistance of the colder and denser underlying waters. This 
process continues until the initial isothermal profile is modified to 
a stable stratification structure, consisting of three distinct verti- 
cal layers, i.e. the epilimnion, mesolimnion and hypolimnion. These 
equilibrium layers are so thermally stable that vertical transport and 
turbulent diffusion are all but suppressed across their interfaces, 
particularly across the thermocline where the vertical temperature and 
density gradients are the largest. Throughout the summer period, the 
positions of these layers change and their thicknesses expand or 
contract, according to the meteorological conditions. In the late 
fall, increased wind-generated turbulence, decreased thermal heat 
input, and excessive convective heat loss from the water surface as a 
result of cooler air temperature and lower humidity activate a rapid 
return to the homothermic condition. This process is usually known as 
the "fall overturn". The fall overturn marks the end of the stratifi- 
cation period and restores high oxygen level to the entire_ water 
column. The precise timing of fall overturn is an important element 
in deciding the duration of a shallow hypolimnion, if present, during 
the late summer. In the wintertime, Lake Erie is often partially 
ice-covered. A reverse but weak stratification may occur, because 
water at 4°C is at maximum density and tends to sink to the lake 
bottom, while the surface water is chilled to-0°C. Thus, the lake 
waters may become warmer at the bottom than at the top; the cycle 
again repeats itself at springtime. 

The stratification phenomenon also occurs laterally. As the 
lake is warmed up in early spring, the nearshore zone, particularly 
the shallow regions, may be heated up faster than the offshore zone. 
Between the warmer nearshore waters and the colder (at 0°C) offshore 
waters, there exists a sharp frontal band of 4°C water. This sharp 
band, at maximum density, acts as a lateral thermal barrier to the



transverse transport and dispersion between the nearshore and offshore 
zones. This horiiontal "thermal bar" phenomenon (Rodgers, 1965) 
usually disappears in a matter of weeks as the frontal band moves 
farther out to the offshore regions, becomes less stable and dissi~ 
pates. However, differences in the horizontal distribution of tempe- 
rature do occur thereafter from time to time during the vertical stra- 
tification period. Thus, the thicknesses of the‘ vertical thermal 
layers vary at different locations in the lake, e.g. nearshore vs. 
offshore locations; the thermocline surface is never a flat plane, but 
rather a surface with troughs and crests. The simulation of the 
temporal and spatial details of the temperature distribution requires 
accurate knowledge of the physical processes and models with very fine 
resolution (see Chapter 8).A 

As an example, Figure 7.1 shows the observed hourly mean 
temperature profile collected at a fixed station with a depth of 20 m 
in the Central Basin of Lake Erie. The diurnal cycles can be readily 
traced in the oscillation of the thermocline position. Data are also 
obtained from ship surveys which typically sample the whole lake in a 
period of a week. Figure 7.2 shows typical ship surveillance data, 
interpolated over a two-dimensional (x-z) (along the longitudinal axis 
and depth) representation of Lake Erie (see also the_Appendix-for the 
method_of interpolation). That is, the interpolated data along the 
transverse axis (y) are combined and averaged for each point on the 
x-z plane. Note that the isotherms are not straight lines parallel to 
the lake surface after the averaging. Figure 7.3 shows the same data 
set, plotted as_ a one-dimensional representation for each of the 

basins. _This one—dimensiona1 data representation is obtained by 
further collapsing the two-dimensional data of Fig. 7.2 along the 

longitudinal axis (x) of the lake. Obviously, the one-dimensional 
representation (Fig. 7.3) looses some of the temporal (Fig. 7.1) and 
spatial (Fig. 7.2) details. This also shows some of the limitations 
of the one-dimensional model.
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Figure 7.1. Hourly averaged temperature profiles. 

Figure 7.ZgmV?wo-dimensional (x-z) contours generated by interpolation 
(Program TWIST) of ship cruise temperature data (September 13-19, 1978). 
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Figure 7.3. One-dimensional volumevweighted averaged temperature 
profiles obtained from results of Figure 7.2 for calibrating the 
one-dimensional thermocline model.
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The heat balance equation for a water column or a lake basin 
is given by 

5 BT . 

5; (AKV 5;) + s (7.1) 02 rr 
>|r- 

‘where T is temperature; t is time; z is depth measured from lake 
smiface; A is cross-sectionai area; K,,— is vertical turbulent diffur 
sivity; s is a source term. The diffusivity, Kv, can be a function 

' Of Wind mixing, Coriolis force, buoyancy effects, internal-wave fre- 
quencies, and even molecular diffusion. The following formulation has 
been tested with Great Lakes data and ha_s produced satisfactory 
results. Briefly, the vertical diffusivity is defined over the three 
layers 

Epilimnion: Kv = 1<o(1 + o Ri)‘l -yap/az - % (7.2) 

Mesolimion: Kv = KTC (Ngc/N2)1/2 (7.3) 

Hypolimnion: RV = KB - yap/oz --% (7.4) 

where K9 is the air~water diffusion parameter; K3 is the bottom 
diffusion parameter;-0, y are model coefficients, g is gravitational 
acceleration; p is water density; R1 is the Richardson number; N is 
the Brunt-Vaiséla frequency; TC denotes the value at the thermocline, 
where maximnm_tem§erature gradient occurs. The main concept here is 

that the diffusion‘ at the epilimnion ‘is controlled by the balance 
between the wind mixing and buoyancy effect as well as the effect.of 
free, penetrative convective mixing. At the middle layer, the magni- 
tude of diffusivity is the smallest at the thermocline but increases 
to a value limited only by the bottom _turbulence induced byh wind 
events. This limiting value of the eddy diffusivity is defined as



KB = flKTC and remains constant throughout the hypolinion, but can 
be changed as the air-water diffusion parameter, K0, changes. 

This definition of vertical eddy diffusivity shows the three 
distinct phases of the balance of wind-mixing and thermal buoyancy, 
which can be adapted for designing the layer structures in _mass 
balance box models (Sections 5.7 and 5.8). The switching from one 
phase to another, as defined in Equations 7.2 to 7.4, is accomplished 
by mathematically matching the continuity of the diffusivities so 
defined. Note that the physical parameters, R1, N and p, are all 
functions of temperature and hence Eq. 7.1 is a highly nonlinear, 
partial differential equation, and must be solved by appropriate and 
numerically stable methods (Section 7.3). 

To allow for the variation of the cross-sectional areas, 
A = A(z), of the water column or lake basin at different depths, the 
equation accounts for the diffusive fluxes across varying areal inter- 
faces. This areal dependence sets the model apart from those which 
assume uniform cross—sectional area. The variation of the 
cross-sectional area as a function of depth is given in Fig. 1.4. The 
heat source and sink term, s, is a general term which includes the 
surface heat flux (Subsection 5.2.1) and the solar radiation as 
computed in Chapter 4 (Fig. 4.13). If the lateral heat transfer from 
adjacent water columns or basins can be disregarded, then the surface 
heat flux, Qt, can be applied at the air~water interface as part of 
the surface boundary condition 

ex. <°—T) = (Qt - Rt)/pep. (7.5) 62 surface 

where cp is the specific heat of water and RT is that part of the 
incoming solar radiation. which is within the photosynthetic wave- 1 

lengths of 400 to 700 nm (Subsection 4.2.8). After entering the water 
column, Rt is attenuated by the extinction coefficient, a, such that 
the radiation R2 at a depth 2 is given by:



R2 = Rt exp (—sz)- A 

(7.6) 

Thus, the radiation, R2, is distributed in an exponentially 
decreasing_manner over the entire water column. The incorporation of

T 

Eq. 7.6 as part of the source term, 3, in Eq, 7.1 has been discussed 
in Walters gt El. (1978) for different numerical schemes. The bottom 
boundary condition is‘simp1y the no flux condition. 

6”) 6k 
= 0 (7.7) bottom 

The numerical solution of Equations 7.1 to 7.7 and the calibration of 
model coefficients will be discussed as follows. 

7.3 1194:; calibration 

The calibration of the onevdimensional thermocline model 
Equations 7.2 to 7.7 is based on the observed data for 1970 for the 
Central Basin and the Eastern Basin of Lake Erie. The Western Basin 
is 10 m deep and thermal stratification only lasts for a short 
duration. It is also assumed that the horizontal transport of heat 
can be neglected among these basins (cf. Fig. $.13). It must be 

pointed out here 'that the model requires information of the flow 
structure, Indeed, some turbulence closure models (e.g. Mellor and 
Durbin, 1975) are based on both thermal energy and momentum 
conservation‘equations 

“T 1°R+° (——‘_"w'l‘A +1< 9'5) (7.3) _6't=pTp5§s 3; mbz



<+ ————— -F 

9; = f V x k +-g; (— w'V' + um g; (7.9) 

where the symbols are the same as those in Equations 7.1 to 7.7, 

except that the prime symbol denotes fluctuations and V is the devia- 
tion of the.horizonta1 current from the geostrophic value; w and k are 
the vertical velocity and vertical unit vector; f is the Coriolis 
parameter; Km and um are molecular thermal diffusivity and visco- 
sity, respectively. 

The advantage of the two-equation turbulence closure model 
is in the interaction between flow field and the thermal regime from ~ ~ 
linking terms like w'T' and w'37a However, for practical and effi- 
ciency considerations (e.g. Walters 35 gl,, 1978; Simons, 1980), the 
solution of Eq. 7.8 alone, with some reasonable assumption of the flow 
field, could also provide satisfactory results for the seasonal dyna- 
mics of lake temperature. 

Thus, Ed. 7.1 is derived from Eq. 7.8 by the application of 
the gradient diffusion hypothesis 

_ -- - 91 w'T' — xv‘ 62 (7.10) 

and, similarly, for the momentum equation: 

— ’= 
V 

.9! ~ w'V' _AV Oz (7.11) 

where Kv is the eddy thermal diffusivity and AV, the eddy 
viscosity.



The most common flow profile shape used in the 
one-dimensional thermocline model is the boundary-layer approximation 
with logarithmic velocity shear

\ 

1 .U bu _ * 

where U* = (1/p)1/2 is the friction velocity, 1 is the windi 

stress, u is horizontal velocity, and K is von Karman's constant. The 
wind stress is obtained from 

1 = CD pa 
W2 

. 

' (7.13) 

'where CD is the surface drag coefficient, pa is air density and W 
is wind speed. This assumption of profile shape given by 
Equations 47.12 and 7.13 removes the dependency on velocity in the 

definition of the Richardson number, which can be considered .as ’a 

measure of thermal buoyancy to the wind mixing 

bu 2 =§§e‘_ ' 

R: ‘Q az/‘az (7'1‘) 

where g is gravitational acceleration. If the thermal expansion 
approximation for water is incorporated as 

-15.: _ 715 

where aw is thermal expansion coefficient_andiT-is water temperature’ 

in °C, then Eq. 7.14 becomes 

- (E—)2] (7.16) KZ 
C.p 6T .D a 

R1 = — g «W (H) 5;/[ 9
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The air and water densities, pa and p. should be functions of air 
and water temperature, but constant values are used for Eq. 7.16, see 
Table 7.1. In Eq. 7.2, the first term on the r1gt_n;—hand side uses 
Eq. 7.16 and the empirical formulation (Walters g£_gl., 1978) 

K0 = 0.0045 w 

where W is in cm/s, K0 is in cmz/s; the last term can be approximated 
as 

— o .g.= ' — 9.: - 

y 62 p ygqw (T 4) 62 _ 

(7.17) 

where y is a model coefficient. Equation 7.17 is designed to meke 
Kv large and positive to effect a rapid mixing for the unstable case 
in whieh op/OZ is large but negative. The use of Ri in Eq. 7.2 has 
a similar effect but is often too slow for very unstable conditions 
such as the fall overturn. In Eq. 7.3, the squared Brunt-Vaisala 
frequency, N2, is approximated by 

N2 = 99 = a g aw (T-4) % (7.18)Z 'OIOQ 

Thus, the Equations 7.2 to 7.4 are now expressed in terms of either 
the water temperature or the water temperature gradient, so that 
Equations 7.1 to 7.7 form a closed system, with only one known, namely 
the temperature. 

Table 7.1 shows the value of the model constants used for 
computing K, as defined by Equations 7.2 to 7.4. Note that there are- 
essentially three adjustable constants, c, y and 3. These values are 
based on calibrating Lake Erie observed data for 1970, which have been 
averaged, using the method of three-dimensional weighted interpolation
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Table 7.1. Constants Used in One-dimensional Thermocline Model 

Constants Units 

K0 = o;oo45 w 
' 

K in cmz/3, w in cm/s 

0 = 0.03 -- 

y = 4.6 x 103 cmzs 

5c.B. ‘ 2 “ 
53.3. = 5 " 
K = 0.4 +- 

g = 981 cm/$2 

p = 1 g/cma 

pa = 1.25 x 
1o‘3 g/cm3 

cD = 1.5 x 1o‘3 ~- 

aw = 13.6 x 1o"6 
°C'2 

cp = 1 cal/g/°C
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using the structure of temperature (see Chapter 3). As shown in 
Figures 7.1 to 7.3, different methods of combining the temporal and 
spatial details result in different degrees of smoothness in the 
temperature profile. Hence the model constants depend on the data and 
averaging method used (Henderson-Sellers and Lam, 1982). They also 
depend on the averaging method used in the heat flux estimation, e.g. 
the daily averaged scalar wind speed was used in Chapter 4. For 
example, the value of o is 0.03 for Lake Erie in this study; Walters 
g£_3l. (1978) reported 0 = 0.048 for Lake Washington; and Sundaram and 
Eehm (1973) used c = 0.1 for Cayuga Lake. The other adjustable 

' constant in the Lake Erie model is y, the coefficient which controls 
the rate of adjustment from unstable to neutral conditions. Referring 
to Eq. 7.2 for unstable conditions (R1< 0), the last term becomes 
large and induces a large effective diffusion to mix the unstable 
regime. A similar term Eq. 7.17 is added to Eq. 7.2 to speed up the 
fall overturn. Both coefficients 0 and y are held constant for both 
the Central and Eastern basins. However, it is found necessary to 
assign different values to the third adjustable coefficient, 5, for 
the Central and Eastern basins, as Bc.B_ and fiE_B , respectively. 
This coefficient, 3, defines the limiting value for the eddy diffuse 
ivity, KB, of the bottom layer, as a function of the diffusivity, 
KTC, at the thermocline. It is therefore conjectured that the 
values of B may be also related to the geometry of the basins, such as 
the depths and aspect ratios. 

Both the finite difference and the finite element methods 
(Lam, 1980) can be used to solve the heat balance equation, Eq. 7.1, 
with the boundary conditions given by Equations 7.5 and 7.7. The two 
methods give slightly different results because of the treatment of 
the surface boundary conditions (Eq. 7.5) and the solar radiation 
source (Eq. 7.6). However, these. differences are within the 
uncertainties arising from the heat flux estimation, and hence both 
methods are applicable. The following results were computed by the
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finite=difference method. Basically, the semi-implicit, 
Crank-Nicholson timeédifferencing scheme and an iterative procedure 
(Lam, 1980) are used to handle the nonlinear terms. A time step of 1 

day and grid spacing. A2 = 1 m, are used. Because of the moderately 
coarse spatial resolution, it was necessary to force the computed eddy 
diffusivity, KTC, to a smaller value, e.g. 0.2 times KTC in the 
iteration procedure. Figure 7.43 shows the computed and observed 
temperature for the Central Basin in 1970 and Fig. 7.4b, the computed 
eddy diffusivity. Figure 7.5 illustrates the computed and observed 
thermocline positions for the Central Basin in 1970. For the chosen 
spatial grid resolution, the computed results appear to compare well 
with the observation. 

7.4 Verification: Temperature, 1967 to 1978 

Figures 7.6 and 7.7 show the verification results of the 
one-dimensional thermocline model for the Central and Eastern-basins, 
respectively, for 1967 through 1978. To start the numerical 
integration of a typical year, a fully mixed temperature profile for 
May 1, or the profile of the first cruise in each year is used. The 
difference in the results of using either type of profiles is not 
s‘ig'?nif»i.c'ant as long as the total heat content is the same. The 
numerical integration then proceeds to cover the months of May through 
November. For the purpose of long-term water quality simulation, full 
mixing is assumed for December to March for each year. Thus, the 
model can be used repeatedly from year to year, using the daily heat 
fluxes and solar radiation inputs shown in Fig. 4.13. 

Figure 7.6 shows the results for the Central Basin. Because 
of‘ its relat-ive shallowness, the Central Basin often develops a thick 
.epilimnion (10 m) in June or July; the hypolimmion becomes shallow as 
September approaches and usually reaches a minimum (1 or 2 In) just 
before the complete fall overturn in October. The exception is 1972;
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the stratification was interrupted in June and the temperature profile 
was straightened by storm events, and then became stratified again in 
August. However, it is clear, for example, that the hypolimnion is 
shallower in 1970, than, say, 1978. In general, the fall overturns 
were also fairly well simulated, as reflected in the transitions of 
stratified profiles to fully mixed profiles in the months of October 
and November. 

Figure 7.7 shows the results for the Eastern Basin: the 
thermocline development in this basin is rather periodic. Because of 
its depth, the basin often starts with a smooth but slightly 
"stratified temperature profile in June (e.g June 2, 1969; June '4, 

1970); it develops into a. distinct three-segment stratification in 
August or September (e.g. August 27, 1970; September 18, 1978); then 
it proceeds rapidly with downward penetrative mixing in October (e.g. 
October 17, 1969; October 29, 1975); and the full mixing is usually 
completed in November or December. There are some exceptions to this 
cycle. 

I 

For example, in 1972 there were two major storms which 
disrupted the thermal stratification and the epilimnion was only about 
10 m deep in August, compared with the normal thickness of 20 m. 
Thus, the epilimnion in the Eastern Basin can vary anywhere from 1 or 
2 m in May from the surface to 50 to 60 m in November. 

In general, then, computed temperatures of both the Central 
and Eastern basins show good agreement with the observations. The 
error -analysis of the verification results will be discussed in 
Chapter 9. 

7.4.1 Verification: thermocline positions, 1978 

As a result of its shallowness, the Central Basin has a less 
distinct three-layer structure, particularly if the layers are to be 
established from the observed data alone (Fig. 7.6). The definition 
of the eddy diffusivity (Equations 7.2 to 7.4), however, provides a
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convenient alternate method of defining the layer thicknesses. The 
following is a description of this alternate procedure. 

Using daily estimates of surface heat flux and wind speed, 
daily mean vertical temperature profiles were produced for the Central 
and Eastern basins. Based on these profiles, initial estimates of the 
upper and lower mesolimnion boundaries were made at the points of 
matching diffusivities (see Equations 7.2 to 7.4). Objective determi- 
nation of the basin thermal structure was accomplished by application 
of a numerical procedure based on an extension" of Newton-Taylor 
least-square fitting method (Papadakis, 1981). The’ method is an 
"iterative technique which allows the’ determination of the best 
least-squares fit of three line segments to the computed temperature 
data. The intersection points of three linear segments define the 
upper and lower mesolimnion boundaries, and hence the thicknesses of 
the three layers. In general, the layer positions defined by 
Equations 7.2 to 7.4 are good initial guesses and therefore the 
convergence of the Newton-Taylor method is fast. 

For purposes of mass balance models, smoothed daily esti- 
mates of layer thicknesses are derived by interpolation through 
five-day means. Only the values for the stratified period from Julian 
days 160 through 278 are chosen from this procedure. For computa- 
tional convenience, values for the unstratified season are determined 
subjectively. The results of these boundaries for the Central Basin 
for 1967 to 1978 have been shown and discussed in Fig. 6.3 (same as 
Fig. 7.10 in this chapter) in conjunction with the mass balance box 
models. Central Basin thermocline values for the six-box model are 
determined as the average between upper and lower mesolimnion bounds. 

To verify these computed thermocline positions for _the 

Central Basin, the observed values at the boundary between the Central 
and Eastern basins for 1978 are used. During the stratified season of



1977-78, a network of current meters, meteorological buoys and 
thermistor arrays was installed (Boyce e£_3l., 1980; Chiocchio, 1981) 
at the Pennsylvania Ridge. These measurements were augmented by 
weekly temperature surveys. The intensive studies were initiated to 
measure the hypolimnion exchange flow between the Central and Eastern 
basins. 

Figure 7.8 shows the measurement network employed in 1978. 
Based on temperature profile data, isotherms were produced in vertical 
cross section across the ridge. These were drawn representative of 
48-hour means. Using these isotherms, estimates of the mesolimion 
boundaries could be determined. Figure_7.9 gives the range between 
maximum and minimum depths of the upper and lower mesolimnion bounda- 
ries and midpoint of the mesolimnion for the stratified period. These 
maximum and minimum depths are due to the variations in the transverse 
(y) direction of the lake, i.e. from station 1 to "station 12 in 
Fig. 7.8. Superimposed on these values are the mean positions of the 
mesolimnion boundaries determined from the Central Basin based on the 
thermocline model and objective analysis discussed earlier. vAs 

indicated, there is reasonably good correspondence between measured 
Pennsylvania Ridge thermal structure and computed one-dimensional (2) 
profile values of the Central Basin. Topographic effects of the Penn- 
sylvania Ridge are obvious from these figures. Maximum depth of the 
Pennsylvania Ridge is 21 m, whereas the Central ‘Basin has a maximum 
depth of 25 m. These effects reflect some of the inaccuracies 
inherent in the six-box and nine-box mass balance models, in which the 
layer positions and thicknesses for Central Basin are used, if appro- 
priate, for the other two basins. To simulate these spatial details, 
a finer grid resolution in both the y and 2 directions is required 
,(see Section 8.3).
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7.4.2 Verification: averaged temperatures for box models, 1967 to 
1978 t" 

Figure 7.10 shows the computed positions of the thermocline 
as well as the upper and lower boundaries of the Central Basin for 
1967 to 1978. Their importance as an integral part of the lake 
response to different meteorological forcing has been discussed in 
Section 6.2. A direct application of the computed layer positions is 
in the derivation of averaged temperatures which can be used in the 
six-box and nine-box mass balance models (Chapters 5 and 6). The 
results for these averaged temperatures in 1978 have been demonstrated 
in F1gu'ree 6.2 and 6.8. As part of the ver'ifi_ca'tion of the 
oneedimensional thermocline model, the long-term results for 1967 to 
1978 are presented in Figures 7.l1a to e for the six-box model 
and Figures 7.12a to g for nine+box model. (Strictly speaking, 
results for l970 are calibration results.) The computed. averaged 
temperature for the upper layers (Figures 7.lla, b, d) and the epi1im- 
nion (Figures 7.l2a, b, e) showsexcellent agreement_with the observa- 
tion. The lower layers, e.g. 1978 (Figures 7.11c and e), and the 
hypolimnia, e.g. 1968 (Figures 7.l2d and g), however, sometimes show 
some underprediction, partly due to the addition) of water level 
adjustment" at the surface. - Since the" one—dimensiona1 thermocline 
model uses a constant depth for each of the basins based on the 1955 
»water level (Subsection 4.2.6), the computed temperature profiles are 
then adjusted with the? computed su“r‘faee’»tea;1pera‘ture with the top of 
the actual water level (Fig. 4.8). The imbalance due to the shifting 
of the whole computed profile is at the lower layer or hypolimnion, 
the bottom portion of which is assumed to have the same temperature as 
the bottom value computed in the profile. The fact that these imbal- 
ances do not always show up in the lower layers indicates that the 

method of adjustment is reasonable (see also Subsection 5.7.3). 

The statistical errors and sensitivity analysis of the 
one-dimensional thermocline model will be discussed in Chapter 9.
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An important consequence of surface energy exchange is the 
modification of the surface water temperature as well as the vertical 
gradients of meteorological components such _as air temperature. 
However, the major limitation in investigating this energy exchange in 
large lakes is the paucity of overilake data. This necessitates the 
use of observed land—based meteorological data to extrapolate to 
over-lake values, and the interpolation of surface water temperature 
from limited cruise data. This basic procedure was adopted in the 
one-dimensional thermocline model computations (Section 7.3). A more 
elaborate approach is to estiate water surface temperature and 
overlying air temperature by a feedback procedure in order to achieve 
consistency in the vertical gradients at the air-water interface. 

Figure 7.13 is a schematic depicting the computational pro+ 
cedure for the feedback process. In general, either annually inter- 
polated/observed or long—term ean water surface temperatures are used 
in combination with estimated air temperatures as first estimates for 
inputs to the heat balance model. Computed surface heat fluxes, 
either unmodified or modified by the SIT- method as discussed in 
Section 5.3, are used as input into the thermocline model which is 

capable of providing, as well as new surface temperatures, estimates 
of water temperature with depth (Figures 7.6 and 7.7). These revised 
estimates of daily water surface temperatures are then_fed back to the 
heat flux model. 

Table 7.2 shows the result of one feedback cycle of the 

coupled heat flux - thermocline model approach. Model estimates of 

water surface temperature were averaged over individual cruise periods 
for comparison with all the data from 1967 to 1978. The best estimate 
is given by using the annually observed/interpolated water surface
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Table 7.2. Accuracy (o = standard error) of Surface Water 
Temperature (Ts in °C) Calculations by Coupled Heat Flux - 
Ihermocline Model Approach 

Annually Long-term (1967-78) 
observed/interpolatedr mean/interpolated 

Ts Ts 

Heat filux modified
V 

by SIT 5 = i1.l5°C U = il.27°C 
Heat flux with no 
modification 0 = il.92°C o = i2.53°C 
SIT 2 Scaling and Interpolation Technique
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- temperature in combination with the surface heat flux: modified by 
SIT. The mean standard error of :l.15°G is a significant achievement, 
considering that the number of cruises in any particular year ranged 
from only etwo to eight. The worst estimate (standard error of 
i2.53°C) is given using long-term mean water surface temperature data 
with no modification on the estimated heat flux. In the latter case, 
although the water surface temperature and air temperature have been 
forced. to some consistency. erjftors remain in the estimation of the 
vertical heat flux and in the omission of lateral heat transports. 
The merit of the feedback approach is therefore not too clear, 
particularly in the absence of observed water temperature data.



CHAPTERS 

Synthesis Models of Finer Spatial Resolutions 

8.1 Introduction 

Limological phenomena can be studied at different time 
and spatial, scales, depending on the objective of the scientific. 
investigation. This is particularly true in the development of water 
Vquality models, On the one hand, long-term water management problems 
require reasonable predictive capability for simulating the overall 
ecosystem response of the whole lake to control strategies. On the 
other hand, scientific experiments are often conducted in confined 
areas, but with high sampling frequencies and for a short duration. 
Modellers are often faced with the rather difficult task of either 
extrapolating scientific findings from a specific site to the whole 
lake, or grouping data over selected homogeneous zones. A major deci- 

,sion is therefore required concerning the model complexity and the 
methodology thought to be capable of achieving the desired details. 
There is also concern about the degree of complexity in the compart- 
mentalization of water quality variables, but the present discussion 
is limited to the dynamic and spatial complexity from the perspective 
of integrating physical and biochemical processes. 

The simulation of the dynamic and spatial details of the 
distribution-of water quality parameters requires models of finer grid 
resolution. For example, to obtain the thermal layer thicknesses for 
the six-box or nine—box mass balance model, it is necessary to develop 
a one-dimensional model for simulating the physical processes 
involved. Even then, the one-dimensional thermocline model (see 
Chapter 7) assumes knowledge of the flow field and spatial homogeneity 
in the other'two_dimensions. Thus, one can, in principle, develop 
models of higher dimensions. The more complex models, however, are



limited by the available knowledge and by the practicality of using 
them for long-term prediction (Simons, 1976a). The alternative is to 
keep the spatial complexity as low as possible for some'variables 
(e.g. the six-box three variable model) and to depend on results of 
models of higher complexity (e.g. one-dimensional thermocline model) 
for those variables) which need higher spatial resolutions. Thus, 
instead of simulating all variables with the same grid resolution, 
some (e.g. oxygen and phosphorus) are simulated with a coarse grid 
and, others (e.g. temperature), with a fine grid. 

This concept of using a hierarchy of models of varying com- 
plexity, as opposed to using only one model with fixed spatial com-' 
plexity, is the main discussion of this chapter. Specifically, let x, 
y, z be longitudinal distance, transverse distance and depth of the 
lake. In Section 8.2, the one-dimensional (z) dissolved Oxygen model 
is discussed. Section 8.3 contains the discussion on the two-dimené 
sional (x-z) model for temperature and flow field. Another kind of a 
two-dimensional (x-y) model, for total phosphorus, is discussed in 
Section 8.4. Finally, an example of a three-dimensional model is given 
for chloride in Section 8.5. For each of these examples, emphasis is 
placed on the additional spatial details, which the increase in dimen- 
sionality of the model can produce. Thus, in the onefidimensional (2) 
model, the effects of the turbulent eddy.diffusion on the vertical 
dissolved oxygen profile are discussed. In the two-dimensional (x-z) 
model, the interbasin transports, the thermoclinic oscillations, and 
the _phosphate -and ammonia distributions are highlighted; in the 
two-dimensional (x-y) model, the relationship between the horizontal 
distribution of wind~wave generated turbulence energy on the physical 
resuspension of sediment particles is explored. In the three—dimen- 
sional model, the effects of upwelling and downwelling transports and 
the anticlockwise and clockwise circulations associated with rota- 
tional basin dynamics on the distribution of chloride are discussed.



All these effects have been simplified somewhat in the six-box or 
nine-box mass balance models but are now elaborated further in this 
chapter. A summary of the interrelationships among the different 
models is also included. 

8.2 One-Dimensional (z) Dissolved Oxygen Mpdel 

The two main results of the one-dimensional (z) thermocline 
model discussed in Chapter 7 are the ‘computed temperatures (e.g. 
Figures 7.6 and 7.7) and the computed vertical eddy diffusivities 
(e.g. Figures 7.4b and 7.10). Both of these results have been 
condensed and used in the mass balance box models (Chapters 5 and 6). 
If the spatial details in these computed results are to be investiga- 
ted, the one-dimensional (z) framework can be used directly to 
simulate the water quality variables. The details can be enhanced, if 
we include the interbasin transport at each grid point of the 
one—dimensiona1 model, such as in the case of the one-dimensional 
total phosphorus model proposed by Lam gt_§l, (1982). For simplicity, 
a one-dimensional dissolved oxygen model is presented here, in which 
the interbasin transports are omitted, as in the case of the 
one-dimensional temperature computations. 

The one-dimensional mass conservation equation for oxygen 
can be written as 

6D0__1__§_ ano _ _ 52- A azAKz3z——+(PR) s (8.1) 

where D0 is the oxygen concentration; P is the oxygen production rate 
during photosynthesis by algae and R is the oxygen consumption rate 
during algal respiration; S is a general source and sink term; z, A, 
and K2 are the depth, cross—sectional area and the vertical eddy 
diffusivity as defined in Equations 7.1 to 7.4. The photosynthesis 
and respiration terms may be obtained from a nutrient-plankton
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submodel (e.g. Simons and Lam, 1980). For the present discussion, to 
eliminate the dependency on a submodel, suppose that the net oxygen 
produced by reaeration and photosynthesis in the epilimnion, i.e. as 
defined by Equations 7.2 to 7.4, is always so much that the layer is 
saturated with oxygen. In other words, the oxygen in this layer can 
be simulated by the relationship of saturated oxygen. concentration 
with water temperature (see Table 6.1) 

DOS = 14.48 — 0.36 T + 0.0043 T2 (8.2) 

where DOS is the saturated oxygen concentration and T is the water 
temperature. For the mesolimnion, it is assumed that for the Central 
Basin, the production of oxygen by photosynthesis balances the loss of 
oxygen by respiration. Furthermore, it is assumed that the interbasin 
transport of oxygen can be omitted, so that only the vertical eddy 
diffusion regulates the oxygen concentration in this layer. Of 
course, these assumptions are rather incorrect, in view of the find- 
ings. of Chapter 6. However, for demonstration purposes, it is 

interesting to know how different spatial scale assumptions can affect 
the calculated oxygen concentration. For the hypolimmion, it is 

simply assumed that the sediment and water oxygen demand, expressed as 
a constant, in mg 02/m2 day, dominates the oxygen processes. With 
these assumptions,.it is possible,_then, to solve Eq. 8.1 by itself. 

Figure 8.1 shows the computed oxygen concentration for the 
Lake Erie Central Basin for 1970. It is found that a combined sedi- 
ment and water oxygen demand of about 0.5 mg 02/mzday is required to 

fit the observed concentration at the bottom one metre. The sediment 
portion in this combined rate should therefore be within the range of 
the sediment oxygen demand rates (0.15 to 0.5 mg 02/mzday) used in the 
box models. (Sections 6.2 and 6.3). The major deviation of the‘ 

computed concentration from the observed occurs near the mesolimnion 
for the September 25 profile. As expected, this error is due to the
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incorrect assumption at this layer. On the other hand, the computed 
and observed ‘oxygen concentrations agree well in the epiliminion, 
showing that the assumption of oxygen saturation is valid. As for the 
hypolimnion concentration, the inaccurate assumption of the mesolim- 
nion tends to affect this layer too, except for values at the bottom 
one metre. Figure 8.2 shows the computed and observed oxygen concen- 
tration for the bottom one metre in the Central Basin, as achieved in 
the calibration of the combined sediment and water oxygen demand. The 
oxygen depletion rate for this volume is a constant, showing a linear 
decline of oxygen concentration from June to September. The anoxic 
condition, i.e. less than 0.5 mg 02/L, extends for about three to four 
weeks in September and October. Note that the use of 0.5 mg 02/L for 
defining anoxia (cf. 1.5 mg 02/L in box models, Sections 6.2 and 6.3) 
is possible with the spatial details of the one-dimensional (z) 

model. The recovery to saturated condition for this volume occursh 

very quickly afterwards, as the fall overturn induces large vertical 
mixing (see also Fig. 7.5 for the computed thermocline position, and 
Fig. 7.4 for the temperature and eddy diffusivities). 

The simple, one-dimensional (z) dissolved oxygen model 
demonstrates the strong dependence of the vertical dissolved oxygen 
profile on the thermal characteristics. Using a simple approach to 

the nutrient-plankton relationship, the computed oxygen concentration 
can be brought quite close to the observational data. However, the 
significance of the constant sediment and water oxygen demand used in 
the simple model must not be overemphasized, since it is more of a 

lumped model coefficient, specific to the one-dimensional model, than 

a meaningful biochemical kinetic constant with universal applicability 

to other lakes.



8.3 Two—Dimensional (x-z) Temperature and Flow Model 

One of the limitations of the box models discussed in 
Chapters 5 and 6 is the assumption of flat horiaontal thermal layer 
interfaces. While this simple assumption is shown to be adequate for 
the simulation of the seasonal, basin—wide distribution of water 
quality variables, the box models cannot explain in detail the effects 
of oscillatory and curved interfaces. The spatial oscillation and 
deformation of the thermal layers are direct results of the energy and 
momentum balances in the thermal and flow regimes. In the 
oneedimensional (z) thermocline model, a simple logarithmic velocity 
profile (Eq. 7.12) is assumed in order to achieve closure in the 
description of the turbulent eddy diffusion (Equations 7.2 to 7.4). 
Again, while this assumption proves to be adequate for the seasonal 
simulation of the basin-averaged, vertical temperature profiles, the 
lateral transports of heat have been omitted in the model and the 
logarithmic velocity profiles may not necessarily be valid for all 
times. Consistency in both the temperature and the velocity 
distributions requires an accurate description of" the turbulent 
interactions between these two physical regime in the 
threeidimensional space. An example of three-dimensional flow field 
computed from observed thermocline depths will be given later in 
Section 8.5. 

To explore the main connection between the flow and thermal 
regimes, however, a two-dimensional (x-z) analysis -can adequately 
reveal the major spatial variations of the thermal layers and the 
interbasin transports. In particular, the oxygen replenishment of the 
Central Basin from the Eastern Basin can be more precisely examined. 
In the (x-z) models, the variations in the lateral (y) directions are 
assumed to be uniform. For example, in Hollan and Simons (1978), the 
two-dimensional continuity, momentum and energy conservation equations 
are solved, under the assumption of rigid lid and hydrostatic flow.



The effects of the earth's rotation are simulated through the Coriolis 
parameter, but are confined to the x-z planes at the centre line and 
the two shorelines of an oblong lake.‘ An alternative, however, is to 
ignore the rotational effects by fully assuming no variations in the y 
direction, for which the governing equations become for the centre 
plane 

on aw = V 

ma ’=.L 2 2. a_u _ 6. n 3:’ " 
6:: Ah ‘as: ""62" Av az ax (P + Q) <8”) 
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where u; v and w are the velocities along the three coordinates X, y, 
z, respectively; Av and Ah are the horizontal and vertical eddy 
viscosities, Kh and KV are the horizontal and_ vertical thermal 
eddy diffusivities; T is temperature; P and Q represent the barotropic 

- and baroclinic pressure components as defined below 

P = gn + Pen»; 0 = Hz dz; fie = <zr(T-4)2 (8.6) 

where n denotes the free surface elevation; g is the gravitational 
acceleration; P5 is atmospheric pressure; aT is a thermal expan- 
sion coefficient. 

The boundary conditions at surface (s) and bottom (b) are 

Bu _ - OT = “Av 5?-S _ Tsx ?nd- pCpKv 33's q (8°7)



6T EEb‘° pAv %%1b = Tbx and (8.8) 

where 18 is the wind stress and Tb is the bottom stress formulated 
as a quadratic function of the bottom velocities. For the horizontal 

Ah and Kh, the of 
107 cm2/s (Simons, 1976a) and 5 x 105 cmz/s (Lam and Simons, 1976), 

The vertical thermal eddy diffusivity, Kv, 

turbulent eddy parameters, constant values 

respectively, are used. 
‘is given by Equations 7.2 to 7.4 for which the computed velocities are 
used to define the Richardson number instead of using a logarithmic 
profile. The vertical eddy viscosity, Av, is generally considered 
to be greater than its thermal counterpart. 

be ,equal for Richardson numbers 
Av % SKV, otherwise. 

For simplicity, they are 
assumed to less than 1, but 

To approximate the irregular topographical variations 
better, the finite-element method with triangular elements is used. 
Figure 8.3 shows the finite-element grid used; note that the boxes are 
triangular, varied in size, and aligned in vertical sections. Because 
of the matching required in the definition of Equations 7.2 to 7.4, an 
iterative procedure is used to solve Equations 8.3 to 8.8, as 
discussed in Lam (1982). 

Briefly, two types of basis functions are used: the quad- 
ratic basis function [¢] is used for u and w, and the linear basis 
function [w] is used for T. This mixed interpolation function 
approach is quite analogous to the staggered grid approach used in 
finite-difference (e.g. Hollan 1978). - A 
predictor-corrector time integration method (Lam, 1981) is used to 
advance the solution from the one time level to the next, at time 

methods and Simons, 

steps of 1.5 hours. Compared with time steps of one day used in the 
one-dimensional thermocline model, this shorter time step corresponds 
to the smaller spatial scales used in the- two-dimensional model.
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Notice that_ whereas the baroclinic pressure component, Q, can be 
evaluated in the predictor-corrector scheme, the barotropic component 
P is evaluated as a correction term based on the kinematic boundary 
condition 

an 6 n _ —— +3; { f_D udz} — o (8.9) 

where D is the mean depth. Because of the rigid lid approximation, 
Eq. 8.9 indicates that the total lateral (x) transports across any 
vertical (2) section (e.g. Fig. 8.3) should be equal to the hydraulic 
inflow and hence the outflow. Since the pressure should distribute 
evenly along this vertical section, the evaluation of the pressure 
term P consists of simply correcting each of the velocities along the 
section by a tuflform amount such that the total lateral transport 
obeys Eq. 8.9. 

Figure 8.4 shows the computed and observed velocities 
(averaged values of stations 5, 6, 8 and 9, Fig. 7.8), and 
Figures 8.5a and b show the observed and computed temperature distri- 
bution. The main finding is that the internal gyre, as discussed in 
its simplest form in Section 5.8, is much more complex, and the 
effects on the temperature distribution vary in space. For example, 
whereas the Visotherms near the thermocline follow fairly straight 
lines parallel to the lake bottom in the Central Basin,_they are 
distorted, by the internal gyre flow’ near the "Eastern Basin. The 
14°C-isotherm shows a break or gap at the basin boundary. Some\down- 
welling feature can be seen with the 16°C-isotherm at the eastern end 
of the Eastern Basin. On the other hand, the upwelling activities in 
the Central Basin are also discernible, e.g., in the l8°C—isotherm. 
These physical regime computations are also consistent with the 
two-dimensional contours of soluble reactive phosphorus, dissolved 
oxygen, and ammonia shown in Figures 3.2 and 3.4. Indeed, Eq. 8.5 can
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be modified to simulate the two-dimensional distribution of these 
water quality parameters. Preliminary test results of combining the 
dissolved oxygen model (Eq. 8.1) and the transport model (Eq. 8.5) are 
quite encouraging. 

Another finding is that the earth's rotational effects 
appear to be not too important in the x-z model, in which the length 
along the x-direction is much longer than the breadth in the 
y-direction. This may be due to the larger velocity component, u, in 
the x-direction than, v, in the y direction. Therefore, it is expec- 
ted that in y-z models (e.g. Heinrich 35 El., 1981), in which the 
longitudinal length (x) is again longer than the lateral distance y, 
the Coriolis rotational effects will become more prominent. Observa- 
tional data in 1977-1978 (Boyce gt El}, 1980) often show a shallower 

’thermocline near the northshore than near the southshore along the 
Pennsylvania Ridge (Fig. 7.9). 

8.4 Tho-Dimensional (x-y) Model 

The most comonly used two-dimensional models are the x-y 
models, which assume homogeneity in the vertical direction and are 
valid for full mixing periods such as in the winter. Of particular 
interest is the transport and dispersion of pollutants from the 
outfall to the nearshore zones and then to the offshore regions (e.g. 
"Lam gt_al., 1981; Lam and Simons, 1976). The physical mechanisms for 
these different stages of pollutant transports are complex and very 
much different in terms of the horizontal dispersion characteristics 
(Murthy, 1976). For simplicity, an example using constant horizontal 
eddy diffusivity for the lake-wide transport of phosphorus is given 
below, although it is well known that a variable eddy diffusivity is 
more appropriate for the nearshore zones (Lam and Simpson, 1978). 

In 1970, there were high wind periods in November and Decem- 
ber, which caused substantial resuspension of phosphorus from the
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sediments. The wind forcing has two main effects on the water move- 
ments: one effect is associated with the mean circulation and the 
other with wave and oscillatory motions. Whereas the mean circulation 
is responsible for the transport of the pollutant,— the horizontal 
fluctuations can be parameterized by an eddy turbulent diffusivity and 
the wave orbital velocity. Of these three processes, the wave orbital 
motions are considered to be the main component of lifting forces for 
the resuspension of sediment particles. Based on these assumptions, 
Lam and Jaquet (1976) simulated the physical resuspension episodes in 
1970. Briefly, the wave characteristics were hindcast with the 
Sverdfup-Munk¥Betschneider (SM) method. The bottom orbital velocity 
was derived from the wave characteristics and the excess velocity over 
a threshold value for a given particle size was computed. The shear 
stress due to the excess velocity was then formulated with the 
oscillatory boundary layer assumption. The upward flux of phosphorus 
resuspended from the sediment was simulated with the following 
empirical formula

n 
J = K p —-—————-——— u - uc.) 0 P (8.10) 

where J is the upward flux of resuspended phosphorus (nonapatite inor- 
ganic phosphorus and organic phosphorus, in pg/s cm2); ps is the dry 
sediment density (about 2.6 g/cm3); Kr is a dimensionless proporf 
tionality constant equal to 6.4 x 10-1"; ua is 1 cm/s as reference 
velocity; ucr is critical shear velocity (cm/s); um is bottom 
orbital velocity (cm/s); and 93 is the resuspension-prone phosphorus 
portion of the sediment (PPM). For mass balance models, Eq. 8.10 can 
be reformulated into a lumped and much simpler form, relating the 
upward flow directly to the wind speed (Somlyody, 1979), as given by 
rw in Tables 6.1 and 6.2. Figure 8.6 shows the structure of the 
wind-wave sediment resuspension submodel.
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The formula (8.10) defined the source term, G = 10'6J, of 
phosphorus in the two-dimensional mass conservation equation 

ah[rP]/at = - a(u[TP])/ax — 6(v[TP])/by 
+ 6(KHh6[TP]/ax)/ox + a(KHh6[TP]/by)/by 
— o[PP] + G + s[ (8.11) TP] 

where x,y = spatial variables (cm) 
t = time (s) 
h = depth (cm) 

[TP] = concentration of total phosphorus (g/cma) 
[?P] = concegtration of particulate phosphorus 

(g/cm ) 

u,v = verticallg integrated velocities over the entire 
depth (cm /s) i 

KH = horizontal diffusion coefficient (5 x 105 cm2/s) 
= settling rate (cm/s)o 

G’= regeneration flux (g/s cm2) 

S[TP]n TP source term from rivers, etc. (g/s cmz). 

The deptheaveraged water circulations computed by the Simon's model 
(Simons, 1976a) were used to define the transports u and v in 
Eq. 8.11. Figure 8.7 shows the mean computed wave bottom orbital 
velocity distribution for November 1970. Note that the wave 
turbulence is shown to be the highest to the northwest shores, i.e., 
areas which have longer wind fetch. By assuming that 60% of the total 
phosphorus concentration is particulate, the resuspended and settled 
amounts of phosphorus were computed and are shown in Figures 8.8a and 
b. Since the resuspended portion is much larger than the settled 
portion during this period, the lake concentration of total phosphorus 
increases from about 0.6 to 1.0 pmoles/L. Comparison of the computed 
and observed total phosphorus distribution shows close agreement (see 
Lam and Jaquet, 1976).



Whereas detailed calculations reveal the basic differences 
in mean currents and wave motions and their roles in the 
sediment~water cycling of phosphorus, the physically resuspended phos- 
phorus in the winter is not all completely available for biological 
uptake and settles quickly. Therefore, it is possible to lump the 
wind~wave processes into a simpler formula for box models achieving 
satisfactory results (see Subsections 6.2.6 and 6.3.5). The contrast 
of using such different modelling complexities to attain different 
objectives for the same limnological phenomenon is a good example of 
the difference between short-term and long-term studies. These 
studies are complementary and could indeed be closely interrelated, 
particularly if the long-term emphasis shifts to site-specific prob- 
lems. This point on the relationship between models of different time 
and spatial scales will be elaborated further in the following 
section. 

8.5 Three-Dimensional (x-y-z) Hbdels 

Three-dimensional models are capable of providing 
information in great spatial detail. By simulating the horizontal and 
vertical variations of water quality variables, the computed results 
and kinetics can be tied in with the observational data mre directly 
from station to station, instead of grouping the data in a specific 
direction. The obvious advantage of the three-dimensional models is 

to test the applicability of model coefficients, e.g. turbulent eddy 
diffusivity, in different locations. The disadvantage is that they 
are time-conS§m1ng to run and usually provide too much information for 
management problems (Simons, 1976b; Simons and Lam, 1978). From the 
point of view of multidisciplinary research, however, the influences 
of the physical and biochemical processes upon each other can- be 

examined very closely with the three-dimensional mode1;A For example, 
in Lam and Simone (1976), the horizontal and vertical transports of 

the water quality variable chloride ion concentration were simulated
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for Lake .Erie, for the stratified period in 1970. The resulting 
spatial’ distribution revealed patterns which were related to the 
loading site and local circulation. The following is a brief summary 
of the threerdimensional results. 

In contrast with the two-dimensional x-z model in which the 
flow field and the temperature are both computed, the approach used by 
Lam and Simone’ (1976) is based on computed. currents and observed 
temperature data (Simons, 1976a). The observed temperature is used 
mainly to define the two vertical layers. Figure 8.9 shows the 

computed and observed currents for the epilimnion and hypolimnion for 
the period July 16 to August 16, 1970. The main feature is the two 
distinct clockwise gyres in the epilimnion of the Central Basin, which 
are a direct result of the spatial variation in the epilimnetic depths 
which are deeper in the interior than in the nearshore zones (Simons, 
1976a). In the hypolimnion, the flow is clearly northwesterly, indi- 
cating an active downwelling area in the southeastern corner and an 
upwelling area in the northwestern corner of the Central Basin. 

Figure 8.10 shows the computed and observed chloride distribution for 
the two layers for the period July 28 to August 2, 1970. It can be 

seen that the contour of 650 umoles/L conforms to the epilimnetic gyre. 
in the Central Basin and the contours of 700 umoles/L in both layers 
conform to the locations of the loading tributaries and downwelling 
activities in the southern shores. 

Such three-dimensional details are certainly beyond what the 
box models (Sections 6.2 and 6.3) can simulate. In principle, one 

could extend the three-dimensional models to solve the flow field and 

temperature field simultaneously, to link up nearshore and lake-wide 

models, and to interface surface water models with climatic models and 

groundwater mmdels. En practice, however, the complexity of water 

quality models is influenced by the objectives of the study. It is, 

therefore, important to pause here and re-examine what has been
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Figure 8.10. Computed and observed chloride distributions 
for epilimnion and hypolimnion, July 28 to August 2, 1970.



achieved in terms of understanding the spatial complexity of the Lake 
Erie water quality problems. 

In terms of scientific investigation, the inclusion of some 
spatial details, such as the separation of the water column into epi- 
limnion and hypolimnion and the lake into horizontal segments by ba- 

sins, offers a more realistic framework for simulating the limnologi- 
cal processes. For example, the_ three-box model discussed in 
Chapter 3 is capable of diagnosing the net settling'and return amount 
of total phosphorus between the sediment and the water column. The 

six-box model, on the other hand, has the simplest model structure 
which addresses both vertical and horizontal variations; Crucial to 

the design of the six-box model structure is the incorporation of 

dynamically changing layer thicknesses. This dynamical feature allows 
for both entrainment and diffusive transports across the layer inter- 

face. Had the thicknesses been held constant, the diffusive transport 
could be used as the only turbulent mechanism, which would lead to 

excessive vertical mixing, when used in a coarse grid. Indeed, accu- 

rate simulation of the diffusive process calls for even finer spatial 

resolution than the six-box model. For example, the addition of a 

middle layer in the six-box model reduces the excessive intrusion of 

oxygen in the hypolimnion of Central Basin and prompts the use of a 

sediment oxygen demand rate which is more consistent with observa- 

tions. In the one-dimensional (z) thermocline and oxygen models, the 

grid resolution is fine enough to allow the use of the diffusion 
transport as the only vertical turbulent mechanism. The resulting 

temperature profiles then supply the dynamic information of the ther- 

mal layer thicknesses. It is also found that the sediment and water 

oxygen demands create a gradient in the vertical oxygen profile in the 

hypolimnion, so that the anoxic condition is rather confined to the 

waters adjacent to the sediment. Hence, a realistic definition of 

anoxia (0.5 mg 02/L) applied at this confined region. The effects of 

the lateral transports can be incorporated in the two-dimensional
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(x—z) model, e.g., the interaction of flow and thermal regimes, 
A 

Chemically regenerated phosphorus under anoxic conditions is further 
shown to have been confined to the western part of the Central Basin 
hypolimnion because of interbasin transport. Similarly, the 
two-dimensional (x-y) model shows the preferred zones of physically 
resuspended phosphorus at the more intense wave-turbulent areas during 
winter storms. Finally, in the three-dimensional mdels, the effects 
‘of the circulation patterns and upwelling and downwelling episodes on 
the nearshore and offshore distributions of water quality variable in 
relation to the loading sites are simulated. Undoubtedly, the more 
spatially complex the model is, the more details of the interactions 
of the physical and biochemical regimes can be disclosed. 

In terms of water management objectives, however, the 
spatial details of the water quality variables are often considered as 
transient effects, particularly in the nearshore zone. While these 
are concerns of local contaminant problems, the emphasis has been on 
the long-term trend of the 1ake~wide water quality variables. Thus, 
models of intermediate Vspatial resolution, e.g. the six-box or 
nine-box models, are often adequate to address such problems as the 
long—term lake response to nutrient loading control strategies. Our 
normal tendency is to think in the form of extremes; we consider a 
spatially simple one-box model, or else a spatially complex, 
three-dimensional model consisting of hundreds of boxes. However, 
when we come to describe models of intermediate spatial complexity, we 
must accustom ourselves to the description of a collection of models 
with progressively complex spatial resolution. In other words, models 
of intermediate complexity must depend, directly and indirectly, on 
inputs from models of finer, and sometimes coarser resolution. For 
example, the six-box and the nine-box models require the input of 
dynamic positions of the thermal layer interfaces and thicknesses as 
computed by the one-dimensional (z) thermocline model. The assumption. 
of the vertical velocity profile in the one-dimensional model must be
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ascertained and can be replaced by the computation of the flow and 
temperature field in the two-dimensional (x-z) models. Similarly, the 
internal flow gyres (Eqs. 5.31, 5.59 and 5.60) used in the six-box and 
nineebox must be confirmed and be integrated with the two-dimensional 
(xFz) results. Likewise, the upward flux formula (Eq. 8.10) used in 
the two—dimensiona1 (x-y) model for winddwave resuspension of sedi- 
ments has been modified for use in the box models. The upwelling and 
downwelling episodes from the three—dimensional computations also 
supports the patterns of internal flow gyre shown in the six-box, 
nine-box and in the two-dimensional (x-2) model results. However, the 
external forcing.factors, such as wind or nutrient loading, remain 
unmodified. Indeed, because of this consistency of external input 
data, the computed lake concentrations from a three-dimensional model, 
when compressed into a lake-wide mean value, should give the same 
results as thel box-models within the statistical variances of the 
observed data (see Simons, 1976b). Consequently, the outputs from 
models of intermediate complexity, which may have been enriched with 
computed results of models of higher spatial complexity, are still 
functions of the same external forcing factors. The lake responses to 
water management strategies can then be simulated according to these 
functions from the intermediate complex models. The extent and number 
of models involved depend on the management objectives, e.g. nearshore 
vs. lake-wide problems, and the scientific rigor associated with the 
objectives, for example, the dynamic changes of anoxic volumes vs. the 
long-term trend of lake-wide concentration of total phosphorus. 
Figure 3.11 shows some of the interrelationships among the models of 
different spatial complexity. Note that the box-models have been 
classified as "O-dimensional models" to indicate that they are less 
spatially complex than the 1-dimensional models.



CHAPTERS 

Model Application: Estimated Lake Responses to 
Meteorological and Loading Effects 

9.1 Potentials and Pitfalls 

VThe mode1ler's dilema is obvious. On the one hand, the 
scientific knowledge is incomplete, and even if it is complete, the 

mode; will become too complex and demand very accurate inputs.‘ On the 
other hand, the model may appear to "simulate" some processes and be 
capable of predicting them within a given tolerance. Thns,_while the 
immediate model application may be considered as simplistic by some 
modellers, its partial success in simulation could be deemed good 
enough by others to allow the making of predictions. When speaking of 
model sapplications, therefore, one must introduce some words of 
caution. 

There tare many models discussed in this report: their 
complexities and assumptions have been explored in Chapters 6, 7 and 
8. It is not possible to discuss the model applications of each case, 
but the nine-box three-variable model proposed in Section 6.3 can be 
used as an example. Being a model of intermediate spatial complexity, 
the nine¥box model depends on the more complex one-dimensional (z) 
theriizoeltine model for the computed thermal 1a$'et_‘ thicknesses and water 
temperature as inputs. »While these computed inputs could be one 
potential source of uncertainty as a result of the model formulation, 
the thermocline model in turn uses meteorological data as inputs which 
can introduce an additional source of errors on predictions. 
Similarly, the biochemical _formulation of the nutrient-plankton 
relationships introduces errors in the computed lake concentrations, 
and the loading estimate is probably one of the major uncertainties.



In addition, there is the problem of interactions of proces- 
ses of different time scales. The calibration of the kinetic coeffi- 
cients formulated for these processes is often based on short-term 
(e.g. one-year) data, which are adequate for fast processes such as" 

nutrient uptake and plankton respiration. However, accurate calibra- 
tion of such kinetic coefficients as sedimentation rate and sediment 
oxygen demand rate requires long-term data (Vollenweider and Janus, 
1981) because the response of these coefficients to nutrient loading 
and lake concentration changes is rather slow. The pitfalls of 
extlrapolating short-term calibrations to long-term predictions hav’e 

been discussed in Simons and Lam (1980). The same pitfalls apply to 
the verification of the Lake Erie nine-box model which is performed 
‘over a 12-year period. Since the coefficients used are the same as 
set by the calibration with the 1978 data (see Section 6.3), 
recalibration based on the twelve-year data of the coefficients, e.g. 
the sediment-oxygen demand rate, is necessary. 

With these limitations in mind, we can now proceed to 
discuss the potential applicability of the nine-box model to the Lake 
Erie water management problems. In this chapter, Section 9.2 summa- 
rizes the error analysis of the six-box and ninefibox models and the 
adjusted nine-box model results of applying a linear approximation of 
the sediment oxygen demand rate in response to phosphorus loading 
reduction. Section 9.3 shows the sensitivity analysis of the adjusted 
nine-box model results to changes in meteorological and phosphorus 
loading inputs. Section 9.4 describes the simulated longiterm 
responses of dissolved oxygen and total phosphorus concentrations to 
phosphorus loading reduction. Section 9.5 describes the simulated 
long-term water quality responses to lake water level changes. 
Section 9.6 outlines the strength and weakness of the nine-box model 
and a proposal for conducting further water qoality modelling 
research.
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There are many statistical methods of estimating the errors 
in the results as compared with the observed data.i A 
straightforward method is to define the mean relative error, E, as 

N A 
1 2 c-c|/c = 1 1 E='fi 11 1 (9.1) 

where c1 and Q1 are the ith computed and observed concentrations, 
and N is the number of observations. The difficulties of using 
Eq. 9.1 have been the poor behaviour of E at low values of Q1 and 
the fact that the variability in the data would not be recognized. It 
is also poor if 31’ is much greater than c1. A more commonly 
adopted error statistic (Thomann and Segna, 1980) is the median rela- 
tive error, for which N is only half (i.e. 50% percentage frequency) 

— of the total error samples which have been sorted and arranged in 
increasing order, according to the magnitudes of the individual rela~ 
tive errors. Of course, it is also possible to use the extreme values 
such as 10% or 90% frequency of error, but the median relative error 
is conventionally regarded as useful in comparisons between models 
(ihomann and Segna, 1980). 

Figure 9.1a shows plots of the mean relative errors, E, in 
relation to error frequencies for total phosphorus (TP) and soluble 
reactive phosphorus (SRP), based on the verification (1967 to 1978) 
results from the six-box model of Section 6.2. Results for the 
Western Basin hypolimnion are not shown, because it exists only for a 
short time in any year. The observed concentrations are the available 
data as discussed in Chapter 3. The computed results of SRP are 
generally poorer than those of TP in terms of accuracy, particularly 
in the Western Basin. This is due to the fact that the uncertainties 
of soluble reactive phosphorus loading are the greatest in the Western
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Basin, and the observed SRP concentrations are small (0.5 to 
2.5 pg/L). Specifically, the overall median relative error for total 
phosphorus for all basins and layers is 14.9% and is 29.8% for the 
entire sampling distribution (i.e. 1002 frequency). On the other 
hand, the overall median relative error for soluble reactive phospho- 
rus is 35.6% and the hundred percentile frequency error is 66.5%. The 
large errors in SRP results are systematic in that the model consis- 
tently overpredicts the SRP concentration by about- 50%, indicating 
that the inorganic and organic portions of the soluble phosphorus have 
not been accurately simulated. The use of the formula PP=0P-S (see 
Table 6.1) could be in question. Nevertheless, if total phosphorus 
is used as a general indicator of the water quality, then this over; 
prediction becomes slight in terms of the total concentrations and is 
therefore not a serious problem. 

By contrast, the results of dissolved oxygen from the 
six-box model and the results of temperature from the one-dimensional 
thermocline model as used in the six-box model are much more accurate 
than the phosphorus results. As shown in Fig. 9.lb, the error 
distributions of dissolved oxygen and temperature are very similar, 
particularly in the upper layer. This is because most of the time the 
dissolved oxygen in the upper layer reaches saturation, as there is 
always an ample supply from reaeration and photosynthesis. Since 
oxygen saturation is a strong function of water temperature, the 
errors in the dissolved oxygen computation reflect those in the 
temperature. Furthermore, the computed dissolved oxygen in the lower 

_ 

layer is also largely affected by the computed layer thickness, which 
is strictly a result of the balance between wind mixing and thermal 
buoyancy. Thus, the accuracy of both the computed dissolved oxygen 
and temperature depends mainly on the accuracy of the meteorological 
inputs.



Table Median Relative Errors in Z (hundred percentile, relative errors in 
brackets) of the Variables in the Six-Box Model Based on Computed 
and Observed Results for 1967 to 1978 

ASo1u1;1eM re~a7<:‘t‘ive-MA 
9 

Dissolved 
Total phosphorus phosphorus H oxygen Temperature 

Western Basin (11.2 
A 4 

53.1 - 

MA 9 

45.7 (L 49.2747 
Upper Layer (32.7) (132.8) (10.4) (37.7) 

Central Basin 24.3 36.7 1.9 2.5 
Upper Layer (36.1) (65.3) (4.7) (14.2) 

Eastern Basin 9.8 32.1 1.9 2.4 
Upper Layer (24.1) (56.2) (5.1) (14.8) 

Central Basin 22.3 24.8 
_ 

3.7 4.9 
Lower Layer (37.1) (53.6) (25.5) (23.5) 

Eastern Basin 7.0 31.2 3.8 H11.4 
Lower Layer ‘ 

(19.1) (54.6) (10.5) (35.9) 

Lakewide 14.9 35.6 3.4 
‘ 

6. 1 

Mean .(29.8) (66.5) (11.3) (25.2)



The meteorological inputs are more frequently and accurately 
measured than the loading inputs. In particular, the estimated heat 
flux has been modified by a scaling and interpolation technique with 
the available heat content measurements (see Section 5.3). Compared 
with the errors of total and soluble reactive phosphorus, the errors 
of dissolved oxygen are rather small, for example, the overall median 
relative error of dissolved oxygen is 3.4% and the hundred percentile 
error‘ is 11.32, and those of temperature are 6.1% and 25.22, 
respectively. It is therefore very important to differentiate the 
loading effects from the meteorological effects in the error analysis 
of the model. Table 9.1 shows the median relative errors. 

The same conclusions apply to the nine-box three-variable 
model results (see Fig. 9.2 and Table 9.2), which again show the 
distinctively different effects of loading and meteorological inputs. 
The overall mean median relative errors for total phosphorus, soluble 
reactive_phosphorus and dissolved oxygen are 11.4%, 38.1% and 4.2%, 
respectively (cf. 14.9%, 35.62 and 3.4% for the corresponding six-box 
model results). Thus, in spite of the different layer thicknesses, 
the results of the two models are quite similar. The temperature 
results offer more interesting comparison, because they originate from 
the same one-dimensional model. In the nine-box case, the mean median 
relative error for temperature is 4.6%, whereas it is 6.1% in the 
six-box model, showing a slight improvement in favour of the nine-box 
model. 

The other factor in favour of the nine-box model is the use 
1 

of a sediment oxygen demand rate, 0.15 g/mzday, which is in line with 
experimental results (e.g. Mathias and Barica, 1980). The value of 
0.5 g/mzday for the six-box model has been used in the calibration but 
is actually considered to be too high, because of the extra oxygen 
inputs due to excessive diffusion in a twoelayered model structure 
(see Section 6.2). On the other hand, although the nine=box model
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Table 9.2. Median Relative Errors in Z (hundred percentile, relative errors in 
brackets) of the Variables in the Nine%Box Model Based on Computed 
and Observed Results for 1967 to 1978 

Soluble reactive Dissolved 
Total phosphorus phosphorus’ oxygen. Temperature 

1 Western Basin (13.2 48.2 . 4.8 1 2.2 
'4 Epilimnion ' 

’ (32.6) 1 (130.4) (9.6) (15.5) 

Central Basin 11.7 4 32.1 _1.2_ 2.7. 
Epilimnion (25.9) (65.4) (4.0) '(14.6) 

' . 
_ 

.
2 

Eéfitéfn Basin 9.6 33-9. 1-9, 2.9. 
. Epilimnionh - (21.6) (48.4) (4.7) (15.8) 

D - -

. 

‘ Cehtral Basin 16.4 41.1 _ 5.8 5.7 
Mesolimhion (31.9) (70.5) (2.0) (30.8) 

Eastern Basin _9.8 37.0 4.6 
_ 

3.1 
-Mesolimnion . (22.9) (53.2) (16.7) 

_ 

A (18.9) 

Central Basin '1 
. 12,2 

4 

37.4 
1 

(2.5 5.3 . 

Hypolimnion (32.7) (66.5) (35.6) (32.4) 

Eastern.Basin 7.1 
H 

142.8 3.8 10.1 
Hypolimnion (18.4) (59.6) (12.8) (34.7) 

Lakewide 
‘ 

11.4 
’ 

38.1 4.2 4.6 
Mean (26.6) 

V 

(70.6) (12.2) (23.2)



produces very 'accurate results for dissolved oxygen over the 
twelveryear period, it is not possible to pinpoint the sediment oxygen 
demand rate for 1ong—term simulation purposes. Indeed, the good accué 
racy is associated more with the prediction of seasonal cycles than 
with the long-term trend. The long-term changes due to phosphorus 
loading variation could only be confirmed over a much longer time 
span, e.g. 30 or 50 years. As such, the constant rate of 0.15 g/mzday 
is a very crude approximation and is not able to provide a simulation_ 
which is responsive to long-term loading changes and feedback. 
Ideally, accurate simulation of the feedback and transport mechanisms 
across the sedimentdwater interface should involve a mass balance sub- 

model in order to ensure a consistent budget of dissolved oxygen and 
other chemical constituents in both sediment and water. In practice, 
like the air-water interface submodel for temperature, the available 
long-term data appropriate for calibrating the sedimentéwater submodel 
are limited. Therefore, a modification on the sedient oxygen demand 
rate discussed below is proposed as a simpler alternative. 

While the nine-box model accurately simulated the strong 
anoxic conditions in the Central Basin in 1970 and 1977, it missed 
those in 1969 (see Figures 6.l0d and 6.11d), for a sediment oxygen 
rate of 0.15 g’/m2 day. From a meteorological point of view, the 

computed thermal layer boundaries for 1969 have been classified as the 
"reversal entrainment" type (see Fig. 6.3 and Section 6.2), i.e. the 

one which is supposed to be the most resistant to the formation of 

anoxia. If the anoxic events in 1970 and 1977 could be attributable 
to meteorological forcing, then the event in 1969 must have been the 

result of a larger oxygen demand from the.sediment. This leads to the 

suspicion, then, that the sediment oxygen demand rate, calibrated as 

0.15 g/mzday by using the 1978 data, is underestimated for 1969. By 

rerunning the model with higher rates, it is found that, to let the 

anoxic condition occur in that year, a value of 0.23 g/mzday at least 

must be used. If we assume a rate of 0.25 g/mzday and a lake~wide



~ 

total phosphorus load of 25 000 MT for 1967, and a rate of 
0.15 g/mzday and a load of 15 000 MT for 1978 (see Chapter 2), then it 
is possible that the sediment oxygen demand rate follows a linear drop 
from 0.25, to 0.15 g/mzday over the twelve-year uperiod. Assuming 
further that the loading of total phosphorus also drops linearly from 
25 000 MT to 15 000 MT over the same period, then the sediment oxygen 
demand would indeed be a linear function of the total phosphorus load 
during this period: 

Ks = L(TP) x 1o‘5 (9.2) 

where K8 is the sediment oxygen demand rate in g/mzday and L(TP) is 
the lake-wide total phosphorus load in MT. '0f.course, these assump- 
tions are based on very crude information from the verification phase 
of the nine-box model. At best, Eq. 9.2 is only a first- order_ 
approximation over the twelve-year period. For example, application 
oi Eq. 9.2 to the nine-box model slightly enhances the accuracy of the 
dissolved oxygen simulation (the mean hundred percentile 'relative 
error drops from 35.6% to 33.6%), whereas the error statistics of the 
other variables remain practically the same as those in the case of 
constant sediment oxygen demand rate. In the following sensitivity 
analysis and model response calculations, whenever Eq. 9.2 is assumed 
to hold, it is meant to be within, not outside the twelve-year period. 

9.3 fiensitivi Analysis 
~ ~ 

The error analysis of the nine-box mode1.clearly identifies 
two main possible error sources in the inputs: the meteorological and 
the loading inputs. In terms of management control strategies, it is 
important not only to establish the ecosystem response to man—made 
loading changes but also to know the‘ sensitivity of the aquatic 
ecosystem to extreme meteorological conditions. Furthermre, the lake
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response to another possible management alternative, namely water 
.level control, should also be examined. The nine-box model offers the 
basis for quantifying the water quality response to these man~made and 
natural changes. 

From the meteorological point of view, the conditions of 
1970 and 1972 offer two extremes, the "shallow hypolimnion" case and 
the "reversal entrainment" case, respectively. The former strongly 
favours, and the latter strongly resists, the formation of anoxia in 
the Central Basin hypolimion. If we let one of these conditions 
repeat each year for the twelve-year period and then let the other one 
repeat likewise, the resulting two curves would probably constitute 
the meteorological upper and lower bounds of the anoxic condition for 
each year over the same_ period. Figures 9.3 and 9.4 show the 
simulated results for total phosphorus and dissolved oxygen, respec- 
tively, in the Central Basin hypolimnion using, for each year, the 
meteorological data of (i)_ the actual observations, (11) 1970 and 
(iii) 1972. The other inputs, such as phosphorus loadings, are the 
same_as those used in Section 6.3 for cases (1), (ii) and (iii), 
except that Eq. 9.2 is used for the sediment oxygen demand rate. Note 
that as discussed in Section 9.2, the chemical regeneration" of 
phosphorus in 1969 is now simulated (see Fig. 9.31; cf. Fig. 6.lld). 
On the‘ other hand, case (ii) in Fig. 9.3 shows that the anoxic 
phosphorus release occurs each year, whereas case (iii) shows no such 
condition at all. This means that weather extremes alone could have 
caused or discouraged the onset of anoxia for any year during 1967 to 
1978. Furthermore, the wind~wave resuspension of phosphorus which‘ 
occurs during stormy conditions also differs in the three cases, for 
example, the lake concentration of total phosphorus is about 23, 29 
and 26 pg/L at the beginning (i.e. fully mixed) part of 1969 and about 
16, 17 and 16 us/L at the start of 1978 for cases (i), (ii) and (iii), 
respectively. Thus, while there is a decrease in lake concentration 
between 1969 and 1978 owing to the loading reduction, the weather
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could have introduced substantial seasonal variations on the decreas- 
ing trend. In general, the effects on the epilimnetic concentrations 
are much smaller. Figure 9.4 further confirms the persistent occur- 
rence of anoxia in the Central Basin hypolimnion each year for the 
1970 meteorology and its absence for the 1972 meteorology. The actual 
case is of course somewhere (namely case (1)) between the two weather 
extremes. 

Of the factors influencing Lake Erie water quality, weather 
is uncontrollable. However, there are two other important input 
factors which have been frequently regulated to some extent during 
1967 to 1978, namely phosphorus loading and water level. Thus, a 
sensitivity analysis of these two factors can be conducted with the 
nine-box model. The model can be recalibrated with better loading 
estimates which would reduce the present high degree of_uncertainty. 
In the meantime, the model sensitivity to changes in the current load- 
ing estimates can be investigated. A. straightforward test is to 
assume, say, a 30% increase in the total phosphorus loading data for 
the entire period, since the error analysis shows there is about 30% 
error in the lake concentration. Simons and Lam (1980) have shown 
that different proportions of particulate and soluble reactive compo- 
nents in the assumed change in the total phosphorus load can lead to 
different responses of the lake concentrations. Tb simplify the 
proportionality problem, then, it has been further assumed that the 
30% increase applies simultaneously to the existing portions of the 
particulate and soluble components in the load estimates in each of 
the three basins. Again, the sediment oxygen demand formula, Eq. 9.2, 
is used, and the meteorological and other conditions remain the same 
as observed. 

Figure 9.5 shows the computed total phosphorus concentration 
in the Central Basin hypolimnion, before and after the hypothetical 
30% load increase (curves (1) and (ii),: respectively). The load 
increase appears to accentuate the chemical regeneration of phosphorus
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during the strongly anoxic years of 1969, 1970 and 1977, and to bring 
about moderately anoxic conditions for 1974 and 1975. The fully mixed 
lake concentration in early spring would become 27 pg/L in 1969 and 
17 P3/L in 1978 for the Central Basin, up from 23 pg/L and 16 pg/L 
before the hypothetical load increase. On the other hand, the effect 
of the loading increase on epilimnetic dissolved oxygen, while not 
shown here, is very small. 

Finally, the water level changes have been incorporated in 
the nine-box model (see Section 5.8 and Fig. 5.21). Conceptually, 
raising the water level allows almost an equivalent additional volume 
of water in the hypolimnion, provided that the water is added onto the 
surface before the, thermal stratification, i.e., at a low enough 
temperature to ensure subsequent heat storage. A sensitivity test of 
this concept is to allow the water level to increase by 0.5 m more 
than its actual value (Fig. 4.8) each day during 1967 to 1978. The 
observed loading and meteorological inputs and Eq. 9.2 are the same as 
used in the results of case (i) of Fig. 9.3. The response of the 
hypolimnetic total phosphorus concentration to this hypothetical water 
level increase is shown in Fig. 9.5, curve (iii). The main result is 
that while the_anoxic condition in 1969 almost vanishes, those in 1970 
and 1977 remain. 

9.4 Estimted Water Quality Response to Phosphorus Loading 
ggduction "’“’” 

The results under discussion so far pertain to dynamic 
changes of lake concentrations, which may or may not be at equilibrium 
with the loadings. 

I 

It is obviously not possible" to use dynamic 
results to infer the lake equilibrium response to loading changes. 
For a given set of initial lake concentrations, constant loading 
inputs and. a fixed annual weather cycle, the‘ lake concentrations 
computed by the nine-box model require five or six years to reach 90%



steady state for Lake Erie. It would probably take an even longer 

time if variability in the annual weather cycle was included. For 

simplicity, if the twelve-year period, 1967 to 1978, was chosen as a 

long weather pattern in itself and if the loadings were made constant, 
then the estimated lake concentrations at the twelfth year could 

indeed be regarded as “weathered” steady state results. Such a steady 
state approach is adopted here as the basis for estimating the water 

quality response to loading reduction. 

Again, the linear loading feedback formula, Eq. 9.2, will be 
used.‘ Thus, by varying the loading, different weathered steady state 
concentrations can be obtained, and response curves can be construc- 

ted. For each of these curves, e.g., springtime total phosphorus 

concentration in Western Basin versus loading, it is also pertinent to 

indicate the upper and lower bounds of the meteorological influences. 

Based on the twelve-year results, we can then choose the fourth year 

(i.e. 1970) result as one extreme case and the sixth Year (i.e. 1972)‘ 

result as the other extreme case. In other words, we shall construct 

three response curves from each twelve-year simulation: curve (1) is 

the "weathered" steady state result of the twelfth year; curve (2) is 

the "shallow hypolimnion” result of the fourth year, and curve (3) is 

the "entrainment reversal" result of the sixth year. In broad terms, 

the "shallow hypolimnion"' year often consists of a calm and warm 

summer to be followed by a stormy winter, whereas the "entrainment 

reversal" year is for a stormy and cool summer to be followed by a 

calm winter. Figure 9.6 shows these different meteorological effects 

on the summer epilimnetic total phosphorus concentration, averaged 

over Julian days 150 to 260 and responding to Changes in lake-wide 

total loads. While the curves (2) and (3) envelope the steady state 

curve (1) for the Western Basin, they become very close to curve (1) 

for the Central Basin and fall on the same side of curve (1) for the
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Eastern Basin. This indicates lesser meteorological influence on the 
summer epilimnetic concentration in the latter two basins. Of course, 
the loading effects on the hypolimnetic total phosphorus concentration 
,are more sensitive for different weather conditions, cf. Figures 9.3 

and 9.5. In general, reduction of total phosphorus loading leads to 

decreases in the ‘lake epilimnetic total phosphorus ,concentrations, 
with a faster decreasing rate for the Western Basin than for the other 
two basins. It is rather difficult to substantiate these steady state 
curves with observed concentrations, which, as remarked earlier, may 
or may not be at equilibrium with the loading. Nevertheless, if the 

observed total phosphorus concentrations are chosen for the period of 
Julian days 150 through 260 from selected years for which there are no 
major transient effects of large loading pulses, then they may lend 
some support to the estimated response curves. Indeed, as shown in 
Figure 9.6, the scatter of such selected data, while slightly wider 
than that provided-by the estimated meteorological margins, conforms 

to the generally linear trend of the response curves. 

The epilimnetic dissolved oxygen concentration is less 

sensitive to phosphorus loading changes. For Lake Erie, the most 
sensitive area is the hypolimnion of the Central Basin and can be 

demonstrated with the mean dissolved oxygen concentration averaged 
over Julian days 150 through 260 (Fig. 9.7a), and with the dissolved 
oxygen concentration just before the fall overturn (Fig. 9.7b). As 

shown in Fig. 9.7a, reduction in total phosphorus load tends to reduce 
the degree of oxygen depletion. However, two important points must be 

emphasized here. The estimated results are mainly due to the 

application of Eq. 9.2, a first~order approximation to the interaction 
between phosphorus loading and sediment chemistry. The approximation 

is derived from trend observations (Section 9.2) and applicable only 

for the ftwelve—year period. Beyond ’this period, extrapolation of 

curves such as those given in Fig. 9.7a is subjected to.much larger 
uncertainties. Within the period, the meteorological uncertainties
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are equal to or surpass those associated with Eq. 9.2. For example, 
the estimated steady state hypolimnetic oxygen concentration increases 
from 5.3 mg/L to 6.9 mg/L, should the total phosphorus loading be 

reduced from 28 000 MT to 10 000 MT, whereas the difference between 

the estimated concentrations of the two weather extremes is at least 
1.6 mg/L for any given loading. This difference becomes even greater, 
about 4 mg/L (see Fig. 9.7b), if the hypolimnetic oxygen concentra- 
tions just before the fall overturn are compared. This implies that 

for a given loading, the basin may or may not become anoxic, depending‘ 

on the meteorological conditions as the primary deciding factor. 

That is, the lake oxygen concentrations respond in a much less defini- 

tive manner than the lake total\phosphorus concentrations to loading 

reduction. This is supported again by the somewhat incompatible 
(i.e. dynamic) observed data as plotted in Fig. 9.7a, which are 

volume~weighted means of the cruise data for the selected years. 
‘Similar observational support is also given in Fig. 9.7b by the oxygen 
concentrations measured closest to the fall overturn. It is obvious 

that-for the range of phosphorus loading for the twelve-year period, 

anoxia could always'occur for the weather patterns of 1970 and 1977, 
‘but would not occur for that of 1972. 

The effect of phosphorus loading on the oxygen depletion 

problem therefore exists, but could become more understandable if 

long-term data were available. The case of anoxia in 1969 is an 

example (see Section 9.2). 

9.5 Egtigated Water Quality Response to Hater-Level Changes 

The main meteorological effect on Lake Erie water quality 

relates to the thermal layer thicknesses and positions. The question 

to be considered is whether the thermal layer thicknesses and_posi- 

tions can be regulated by water management technologies. For small 

reservoirs, one "destratification" method (e.g. Henderson-Sellers,



1979) is to use high—velocity jets to force the stratified layers to 
mix. For a basin as large as the Central Basin, this mechanical 
method ‘is obviously impractical. The other possible way is to 
regulate the water level. As demonstrated in Section 9.3, an increase 
of water ,level with clever timing leads to a larger hypolimnetic 
volume. ‘However, an increase of water level may not be favourable in 
terms of ecological considerations and other aspects, e.g. the benthic 
organisms in the Western Basin (Burns, personal communication), 
shoreline erosion and wetland habitats. The following analysis 
therefore pertains to hypothetical cases of water level settings and 
the estimated water quality response to these settings in Lake Erie. 

As demonstrated in Figure 9.5, the anoxia in 1969 could have 
been averted if the water level had been 0.5 m higher during that 
year. To investigate the water level effects further, we construct 
dissolved 0XY8en response curves for the Central Basin hypolimnion 
similar to those of Fig. 9.7 for the twelve-year period, but at 
different water levels. Thus, for each twelve-year computation, the 
observed phosphorus loading and meteorological data are used as 
inputs, but a constant water level is used throughout the period. 
Again, the results of the fourth year (1970) and the sixth year (1972) 
are plotted as meteorologically extreme cases, while the twelfth year 
(1978) result represents the steady state result for the chosen water 
level. 

Figure 9.8a shows the mean hypolimnetic dissolved oxygen 
concentration in the Central Basin for Julian days 150 through 260, in 
response to water level variations from the 1955 water level datum, 
~i.e. the zero level. In general, the estimated results support the 
plausibility of using the water level to regulate the dissolved oxygen 
condition in the Lake Erie Central Basin. When water level rises, the 
oxygen concentration rises. Some nonlinear variation is exhibited in 
the water level response curve because of the more complex changes in



interbasin transports, vertical entrainment and hydraulic and internal 
flows. By contrast, the linear variation of the phosphorus loading 
response curve is a direct result of Eq. 9.2. However, like the 
loading response, the water level response could be drastically 
altered by meteorological conditions. For example, there would be a 
very slight variation in the oxygen concentration ,with respect to 
water level changes, should a strong "reversal entrainment" weather 
pattern like the one in 1972 prevail (curve (3), Fig. 9.8a). This 
dependence on weather pattern can be further demonstrated by the 
estimated dissolved oxygen concentration just before the fall 
overturn. As shown in Fig. 9.8b, e.g., for 1 m above the 1955 water 
level, the oxygen concentration before the overturn could vary from 
0.8 mg/L to 4.5 mg/L depending on the weather condition. It is rather 
,difficult to confirm estimated response curves with. observed 
results because each point on the curve represents the “steady state“ 
oxygen concentration with respect to a constant water.level. However, 
if we plot some typical observed concentrations, but bear in mind that 
the observations are not necessarily at equilibrium with the water 
levels, then the scatter shown in the observed data still conforms to 
the margins defined by the weather extremes. In Fig. 9.8a, the 
observed water levels have been averaged and the observed‘ oxygen 
concentrations are volume—weighted means for selected years in which 
there were two or more survey cruises during Julian days 150 through. 
260. In Fig. 9.8b, each of the observed oxygen concentrations shown 
is the one which is closest to the overturn point estimated by the 
one-dimensional thermocline model. 

9.6 Further Research: for Erie Water Quality Hodellinj
_ 

Both the estimated and the observed results presented in 

this chapter show that the dissolved oxygen and total phosphorus con- 

centrations, particularly in the Central Basin hypolimnion, of Lake
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Erie are strongly influenced by meteorological effects. The segmenta- 
tion of the lake into homogeneous layers must be based dynamically on 
the well-defined boundaries in the thermal regimes. Wind and solar 
heating have been identified as two of the more conspicuous meteorolo- 
gical factors which can drastically alter these thermal boundaries. 
.Since wind, solar radiation and many other meteorological data are 
observed on a much more frequent basis than, for example, phosphorus 
loading, it is not surprising that the water temperature can be better 
simulated than the phosphorus components (cf. Figures 9.1 and 9.2). 

Indeed, simulation of water quality variables, such as the epilimnetic 
dissolved oxygen, which are strong functions of temperature, can also 

be improved. In such cases, we feel that the advancement of water 
quality modelling certainly relies on better inputs and models for 
simulating the thermal regimes in Lake Erie. 

By contrast, the phosphorus dynamic simulation suffers 
mainly from the uncertainties of loading estimates, particularly those 
"on the available and nonavailable forms of phosphorus for the Western 
Basin. The long-term trend of phosphorus concentration which is 

expected from the loading reduction, during 1967 to 1978, is strongly 
obscured by the large seasonal variability. Only until the seasonal 
variability is reasonably simulated, and thus isolated, would the 
trend be uncovered. The seasonal variability, itself, ties in 

closely with the meteorological effects, such as the chemical regene- 
ration and physical resuspension of phosphorus from the sediment. 
Therefore, accurate phosphorus dynamics simulation requires both 
reliable physical models and long-term loading and lake concentration 
data. Of course, the model formulation of the nutrient-plankton rela- 

.tionship itself is an important step, which has not been advanced 
further than a" previous attempt (Simona and Lam, 1980), but it 

certainly still requires further development and good measurements. 
The effect of phosphorus loading on the sediment oxygen demand is also 

poorly understood. The formula Eq. 9.2 is only a first-order



approximation of a phenomenon, which is of a time scale much longer 
than the twelve years under consideration. 

On the whole, therefore, there are three main areas off 

future research for modelling Lake Erie water quality: 

(1) climatic influences on water quality, 
(2) interrelationships of long-term nutrient loading, lake 

concentrations and sediment chemistry, and 
(3) implementation of models of intermediate complexity 

following the hierarchy concept of spatial scales. 

In terms of the weather influences on the lwater quality 
variables, there are actually more input factors than just wind and 
solar radiation which have been used in the Lake Erie models. 
Figure 9.9 shows how these meteorological inputs have been used in the 
models and connected to future linkages with other models, leading to 
more accurately estimated ecological responses. Since there are 
excellent meteorological input data available, their usage should 
sharpen the predictions of seasonal variability in the water quality 
variables. This seasonal variability and its influence on the 
estimated ecological response have been amply discussed in Sections 
9.4 and 9.5. For example, the crucial question of whether or not a 
strong anoxia in any one year would occur in the Central Basin hypo- 
limion could only be answered if the weather pattern for that year 
was known first. For long-term predictions, therefore, the knowledge 
of the future weather patterns is a major problem. Perhaps by using 
the one-dimensional thermocline model, a statistical study on the 

V 

frequency of occurrence of the three types of patterns, classified as 
"normal", "shallow-hypolimnion" and “entrainment reversal" in Section 
6.2, over a sufficiently long period from past records may assist in 
gaining some hindcasting knowledge. An alternative is to make use of 
long-term climatic trend predictions as well as short-term weather



forecasts from climatic models. In both hindcasting and forecasting 
cases, the feedback from the thermocline and other" models to the 

.climatic models and data can be incorporated iteratively, as proposed 
in Section 7.5. 

Of course, there are water quality variables such as the 
total phosphorus concentrations in the epilimmion of the Central and 
Eastern basins that are not so drastically affected by the thermal 
regimes (see Figures 6.1lb and 6.1le). For these ‘variables, the 
long-term response resulting from loading reduction is more apparent, 
albeit such a response is relatively weak (see Fig. 9.6). For other 
variables, this response can only be seen when the strong seasonal 
noises have been removed. In either case, techniques must be derived 
to provide better loadings estimates designed for long-term mass 
balance calibration of sedimentation and sediment oxygen demand rates, 
in conjunction with the long-term surveilléhce of lake concen- 
trations. As pointed out in Simons and Lam (1980), the formulation of 
the phosphorus dynamics, particularly the primary production,_ is 
surrounded with a high degree of uncertainty. The phosphorus and 
other nutrient dynamics must therefore be further investigated to pin- 
point the nutrient-plankton relationship, so that- more appropriate 
formulations‘ can be incorporatediin the models. Furthermore, the 
effects of toxic contaminants on the plankton primary production rates 
should also be included, if significant. Another major gap of know- 
ledge lies with the transfer of chemical ions at the sediment-water 
interface, which may affect, for example, the sediment oxygen demand 
rate, and the chemical equilibria in both sediment and water. A 
multi-layer diffusion model structure for the sediment analogous to 
that of the one-dimensional (z) model for the water column must be 

used to assess the effects of the deeper sediment in terms of storing 
nutrients and depleting oxygen.
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Finally, as indicated ‘in Figure 9.9, there are different 
types of models which utilize the climatic and other inputs to arrive 
at different ecological responses. Essentially, this multi-model 
methodology is necessary for developing the so-called models of inter- 
mediate complexity (see Chapter-8). Recognizing that it is not possi- 
ble to simulate the entire lake ecosystem, we have resorted to the use 
of models with appropriate spatial complexity for individual limnolo- 

. gical processes. For example, _the' proposed sediment chemistry 
submodel should involve a multi-layer structure in order to discern 
the ‘diffusive processes between deep sediments and the overlying 
water. However, for the simulation of seasonal basin-wide-transports 
of water quality variables, the nine-box model suffices. Thus, the 
modeller can choose the complexity of the model for different scienti- 
fic or water management objectives. The more complex model may not 
only ascertain the limnological processes but also may provide essen- 
tial information such as the estimates of thermal layer thicknesses 
and dynamic sediment oxygen demand rates to less complex models. 
Conversely, the less complex models can serve as diagnostic procedures 
for checking the consistency of models and data, before the more 
complex ones are developed. However, the exact algorithms and the 
criteria to switch from one model to another have not been clearly 
established. Perhaps the solution to the problem of an efficient 
design of intermediate complex models is also the key to unlock the 
modeller's dilemma mentioned in the introduction to this Chapter.
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APPENDH 

Inter polation Scheme for Lake Erie Water 
Qual ty ata 

A . 1 Interpolation Scheme 

Noting the importance of spatial considerations in the 
am;-1y;si_s of Lake Erie chemistry, we have developed a package of compu- 
ter programs capable of interpolating lake data three-dimensionally" 
and incorporating the influence of ‘thermal stratification. The main 
~i_nterpolat_ion routine is called "T'W3lST"', a Three-diim‘e_n_s’ionalnly 

fleighted _I_nterpo1ation using the §tructure of Temperature. This 
program» is a derivation of an earlier program named "SURVEY 8" (Hanson 

3 53., 1977). 

The -interpolation scheme is extended over the three basins 
of Lake Erie. The bathymetry of Lake Erie has been digitized to a 
2-km grid density by Robertson and Jordan (1978). Initial trials in 
computation using a 2-km grid required excessive amounts of computer 

‘time and storage. To alleviate these difficulties a 6-km grid was 
used with each (l,J) grid cell assigned the mean batihymetric depth of 
the nine 2-.-km grid cells within the new cell. This grid realignment 
produces a_ (70,19) matrix which satisfies both vertical and horizontal 
requirements for interpolation of the chemistry data. 

In recognition of nearshore effects upon water quality due 
to many‘ factors such as wind-wave act_ion on shorelines and loading 
d_is’ch_ai'ges from tributaries and municipalities, a nearshore boundary 
of two grid cells (12 km from the shore) was established. This 
boundary has the effect of lessening the impact of highly variant 
nearshore data upon the interpolation routine, To apply the 
i-nterpolation procedure, each station is assigned to a grid cell 
determined by its latitude and 1_ongitude. The interpolation then 
Pfoceeds with the vertical component followed by the horizontal 
component .



.-_—corIO.éfI.1ra}tior1— surface 

de = Epilimnion Depth 
an : Hypolimnion Depth 
d_b=Grid Debth 
d =Samp|ing Depfh’ 
C =C.Oncentration - ‘Sampling Point 

Figure A-l. Idealized station structure. 

A.l.l Verticial interpolation 

The thermal structure is of significance due to the restrice 
tive nature of the density gradient established between the e‘pi1im— 

netic and hy‘polim'net‘ic water masses. ‘During strongly s_.tratified 

periods in the Central Basin" of the lake, hypolimnetic oxygen’ is 
depleted due to aerobic decay processes at the sediment-water inter- 
face. "The thermocline (mesolimnion) inhibits significant transfer of 
oxygen from the saturated epilimnion waters. Under anoxic conditions 
redox potentials become very low and become negative with the onset of 
reduction. Th_1é procegjs‘1ti the 'cerjj:_tra1 Basin of the lake causes a 

release of sediment material including nutrients into the hypo1im4 
nion. Under ’conditions of ‘reduction, significant quantities of 
ammonia are also observed. Thus; significantly different concentra- 
tions of various parameters become“quasi-isolated based on the thermal 

_ structure of the water'column} Vfypiéally, the Central Basin hypolimf 
nion may be two to four metres in thickness. Clearly, an accurate 
method must be used to estimate concentrations within individual theré 
mal'layers.



For all stations .occupied on all cruises studied between 
1967 and 1978, an examination of the electronic bathythermograph 
(EST) or mechanical bathythermograph profiles was made to delineate 
the thermal structure. From each trace (e.g. Fig. A-1) a determina- 
tion was made of the depth (m) of the top (de) and bottom (dn) of 
the. mesolimnion and the lake depth, db. Vertical interpolation 
proceeds _a priori from the surface to the lake bottom at station 
locations only. To achieve fine-scale interpolation, the water column 
was segmented into 20 sub-layers (10-epilimnion, 5-mesolimnion and 
5—hypolimnion). Note that the total thicknesses of the epilimnion, 
mesolimniofi and hypolimnion are ‘ET = dé. MT 2 dn - de and ET — 

db ** dn, respectively. .Thus, the thicknesses of sublavers in the 
epilinmion, m.écsoV11tn.If1}ion and h')'*po1.1mt'11on are E'fL_"I‘ =- Er/10, 'MfLT = MT/5 
and HLT = HT/5, respectively. Furthermore, the midpoints (EM, MM and 
HM, respectively) of these sublayers are: 

for epilimnion, EM1 = ELT/2; Em m= EM m_1+ ELT, m=2,3...l0; 

for mesolimnion, MM; de + MLT/2; MMm 2 Mm_1 + MLT, m=2,3...5; 

‘for hypolimnion, HM1i dn + HLT/2;iHMfi = Hm_1 + HLT, m=2,3...5 

The vertical interpolation scheme can be illustrated with an example 
of an idealized station structure given in Fig. Aél, in which there 
are six observed concentrations (cl, c2..ac5) at sampling depths of 
d1,d2...d6, respectively. Suppose d1, d2, d3 are found to belong to 
the epilimnion; dq belongs to the mesolimnion; and d5,d5, belong to



the hypolimnion. Then, the concentration CEm at the midpoint 
(EMm) of the mth epilimnion sublayer is given- by, for In .= l,2...10, 

CEm=c1, . if mm: a1 

C2-C1 
CEm = c1 + E3-:73:-(EME - d1), if d1 < EMfi 5 d2 

C3 _ C2 
. —.

. 

CE“! = C3, if (13 ‘ EMm -<- de 

By assigning concentrations of c3 and c5 at de and. dn, 
respectively, the concentration CM“, at the midpoint of the 
mth mesoli-mnetic sublayer is given by-, for m=1,2...S, 

CL, - C3 . 

(mm = c3 + (MMm —' de) if de < MMm 5. d1, 

05 ‘- cu 
. = —— _ 

‘ 

» v s CMm C1, + dn _ dk (MMm dg) if dz, < MMm , dn 

The concentration CI-In at the midpoint min‘ of‘ the mth hypolimnetic 
sublayer is given by, for m=1,2...5, 

C5, 
V 

if dn<HmSd5 

C5-cs 
CH =c5 —————-HM-d, ifd H m +d5-d5(m .5) 5<m M ca. ax 

CHm=c5, 1fd5<HmSdb



A-.1_.-..2_. 'i;Ior'iz_onta_1 interpolation 

After the vertical interpolation at each sampling station, 
the concentrations at the midpoints of the’ 20 sublayers are all 
known. The next step is to interpolate horizontally, using the 
values. Considering only grid cells located in each of the three 
basins independently, horizontal interpolation proceeds using a 
volume-weighted polynomial procedure accessing each of the vertical 
layers throughout each basin. The procedure interpolates only layers 
that are defined as being of the same classification, i.e., epi1im- 
nion, mesolimnion, or hypolimnion and of the same vertical position 
with respect to the 20 layers identified previously. 

At conclusion, volume-weighted estimates which are fully 
interpolated for every grid cell both horizontally and vertically 
along thermal surfaces are produced for all cruises and parameters 
under study. 

A.l.3 fiimgnsional resolution 

Although it would be possible to use the "TWIST" results in 
the form available at the conclusion of their run, it is preferable 
for modelling purposes to reference lake concentrations by depth 
rather than layer, as the layer thicknesses vary for every (I,J) grid 
cell. To this end a program named "TWISTER" was developed. Essen+ 
tially, the function of "TWISTER" is to replace in the matrix the 
depth scale based upon the bathymetric depth for each (I,J) grid 
cell. In the first instance for the whole lake a three-dimensional 
(7Q, 19, 66) matrix of parameter concentrations with depth as the z 

coordinate is produced which maintains the characteristics inherent in 
"TWIST".. This three-dimensional information is suitable for detailed 
resolution modelling.



A two-dimensional scheme is achieved by compressing one of 
the axes of the threeédimensional labe matrix; Any direction could be 
chosen;’ However, since horizontal gradients. are significant in the 
longitudinal axis of the lake and delineation by depth is required, 
the transverse axis was compressed by computing the arithmetic mean 
for each depth interval ofil m across the lake. The resulting matrix 
presents a twoédimensional _array of fully. interpolated concentra- 
tions. Similarly, the two-dimensional matrix can produce one-dimen- 
sional vertical concentration profiles. At this stage of reduction 
significant depth-related effects occurring within thermal layers mayb 

still be identified, although the averaging process lessens the dis- 
.t1nction. Finally, the one-dimensional vector can be reduced to yield 
a single volume~weighted concentration for each of the three basins 
for a given parameter. If desired, a twoilayered or threevlayered 

. structure can be retained for each basin.
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