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Abstract 

The Ontario Clean Water Act (2006) mandated that eight and two municipal drinking water 

intakes in the Cataraqui Region Conservation Authority (CRCA) and the Ganaraska River 

Source Protection Agency (GRSPA) jurisdictions respectively, be protected from contaminants 

released into the surrounding waters through the delineation of Intake Protection Zones (IPZs). 

Toward these objectives, the Estuary and Lake Computer Model (ELCOM) was applied 

to simulate the hydrodynamics and contaminant transport in the eastern Lake Ontario and upper 

St. Lawrence River. Model hydrodynamics were comprehensively validated against field data 

collected during April-October, 2006. The flow was found to be predominantly wind induced in 

the southwestern lacustrine portion of the domain and hydraulically driven in the northeastern 

riverine portion with storm events resulting in river flow reversals. The modeled surface currents 

were applied to delineate IPZs surrounding the drinking water intakes. Passive tracers were 

simulated as surrogates for combined sewer outflows, tributary flows, municipal/wastewater and 

industrial discharges identified by CRCA as threats to drinking water intakes. Wind was found to 

be the most dominant forcing to transport contaminants, both in the Kingston Basin and the St. 

Lawrence River, whereas the St. Lawrence River outflow was found to influence the transport of 

contaminants along the river.  

The hydrodynamics and contaminant transport in the near-shore region of Lake Ontario, 

from Port Hope to Cobourg was also simulated using ELCOM and the results were 

comprehensively validated against field data collected during April-September, 2010. Upwelling 

and downwelling events caused by south-westerly and north-easterly winds were found to be the 

predominant hydrodynamic process. These events generated barotropic geostrophic alongshore 
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currents or ‘coastal jets’ of ~20 cm s-1. Discharges from river plumes and sewage treatment 

plants were simulated as tracer releases.  

The tracer concentrations were primarily influenced by the close proximity of the intakes 

to the effluent release points, the volume and direction of the discharge from the intakes and the 

physical processes driving the flow dynamics. 
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Chapter 1 

Introduction 

1.1 Motivation and Background 

The Great Lakes contain twenty percent of the world’s fresh surface water. They serve as an 

invaluable water source for municipal, industrial, agricultural, transportation and recreational 

uses for approximately 60 million people in the United States and Canada. The lakes also serve 

as sink for waste water disposal, as a consequence of human activities. 

 The coastal zone of Lake Ontario is the area of most immediate concern in this thesis. It 

is the region where there is direct municipal and industrial impact. Rapid urbanization increases 

the load on the utilization of the water resources of the lake. Many coastal problems that are now 

being encountered include the accumulation of contaminants and pollutants in coastal areas, 

erosion, and the rapid decline of habitats and natural resources (Rao and Schwab, 2007; Lick, 

1982). The presence of contaminated sediments in Lake Ontario poses a serious environmental 

problem with long-term consequences to the population.  

 Contaminants enter the lake ecosystem through a variety of mechanisms; including 

atmospheric deposition, direct discharges from industrial and municipal waste streams, combined 

sewage overflows, accidental spills, ballast water and other direct marine vessel discharges, 

runoff from land, aquaculture facilities, etc (Holeton et al., 2011). Contaminants released to air, 

soil, or water in these watersheds can be picked up by rainfall and snow melt and carried over 

land, in rivers and streams, through the air, in groundwater, or through drainage systems to the 

coast. Human activities, such as fishing and shipping, and the release of contaminants into these 

coastal areas are also a major concern. 
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Drinking water protection has been given lot of importance by the provincial government 

of Ontario (Clean Water Act, 2006). Under the Clean Water Act, a Source Water Protection 

study was initiated by the Ministry of Environment (MOE). It mandated that drinking water 

intake protection zones (IPZs) be delineated surrounding the municipal drinking water intakes. 

As most wastes are discharged into the coastal waters, which are the primary source of drinking 

water and recreation, understanding the circulation and mixing in the nearshore region of Lake 

Ontario is very important for the loading, pathways and fate of contaminants and also for 

planning locations of water intakes and waste water discharges. However, the nearshore/coastal 

regions are not isolated but are coupled by exchanges with the mid-lake waters involving the 

transport of mass, momentum and energy. 

The effect of the coast on the hydrodynamics of the flow is most pronounced in the 

coastal boundary layer (CBL), characterized from the shore to ~10 km offshore, having a depth 

of the order of 10 m. It can be defined as a boundary layer within which the mid-lake motions 

tend to adjust to the presence of shore (Csanady, 1977). In this zone, the presence of shoreline 

acts as a lateral constraint on water movements, resulting in the currents to be persistently shore-

parallel. Because of relatively shallow depth, currents near the bottom are often much larger than 

in the offshore (deeper) areas. The CBL (Fig. 1.1) is conveniently divided (Rao and Schwab, 

2007) into the frictional boundary layer (FBL) and the inertial boundary layer (IBL). The FBL is 

dominated by bottom and lateral friction. At around 3 km from shore an outer boundary layer, 

known as IBL, develops due to the adjustment of the mid-lake inertial oscillations to shore 

parallel flow (Rao and Murty, 2001a). In the open lake the momentum imparted by the wind 

stress is balanced by the Coriolis force, frictional forces are small, and wave-induced bottom 

agitation is small. The swash and surf zones, between and shore and the FBL, are characterized 
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by wave breaking and the wave run-up and run-down on the beach. The width of these zones, 

combined, is very small compared to the CBL. The surf and swash zones are not explicitly 

modeled in this study as they are below the grid scale and are generally well-mixed. 

As part of the Source Protection study, the contaminant dynamics in the CBL of two 

study sites in Lake Ontario are investigated (Fig. 1.2): (1) The Kingston Basin in eastern Lake 

Ontario and the headwaters of the St. Lawrence River and (2) the Port Hope-Cobourg area along 

the north shore. These study sites come under the Cataraqui Region Conservation Authority 

(CRCA) and the Region of Peel (Ganaraska River Source Protection Agency; GRSPA) 

jurisdiction and are characterized by different bed topography and flow conditions potentially 

leading to different physical transport behavior in the local coastal boundary layer. 

The Kingston Basin and the headwaters of the St. Lawrence River: The circulation in the 

Kingston basin is characterized by the existence of complicated hydraulic and wind-induced 

circulation patterns (Tsanis et al., 1991). The flow is strongly influenced by bottom topography 

and the circulation is affected by the presence of numerous islands. During the summer months, 

the flow in the Kingston Basin is stratified, resulting in two-layer flow at the boundary between 

the basin and Lake Ontario. The mean currents in the epilimnion move toward the St. Lawrence 

River mouth while the mean currents in the hypolimnion move toward Lake Ontario through 

three deep channels. The flow in the St. Lawrence River is approximately 55% in the channel 

south and 45% in the channel north of Wolfe Island (Tsanis and Murthy, 1990) and is controlled 

by the Moses Saunders dam.  

Port Hope – Cobourg area along the north shore: The flow dynamics in this region vary 

seasonally (Csanady, 1972a,b, Rao and Murthy, 2001a,b). During spring, significant water 

current motion is confined to the vicinity of the CBL. Coastal jets are the dominant physical 
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process in the boundary layer (Csanady, 1972a). The thermal structure in the open lake is 

characterized by a surface temperature contrast which increases the effect of the wind stress in 

the CBL. Episodic events of upwelling and downwelling related to wind-storm events are also 

characteristic in the CBL (Simons and Schertzer, 1986). The flow characteristics of this region 

are typical basin-scale motions characterized by internal Kelvin was and Poincaré waves. These 

processes can lead to conditions of coastal entrapment (Csanady, 1970) and transport of 

contaminants over large distances (Troy et al., 2012; He and Droppo, 2011). The flow regimes in 

the nearshore regions are complex and govern the transport of contaminants. 

The flow in the nearshore region is complex, governs the transport of contaminants and is 

difficult to characterize with observations. Hence, new alternatives for predictive management of 

drinking water for the communities along the coastal areas involve implementing high-resolution 

hydrodynamic modeling of the transport of contaminants in these regions. Lake-wide 

hydrodynamic modeling in Lake Ontario started with the work of Rao and Murty (1970), who 

looked at steady-state circulation for different wind forcing and Simons (1971, 1972), who 

developed a four-layer model of the lake using the mode-splitting technique common in most 

large-scale hydrodynamic models to separate the calculations for free surface, vertically 

integrated (external mode) and fully three-dimensional (internal mode) motions. Simons’ model 

computed water levels and three-dimensional current and temperature fields. More recent 

hydrodynamic models for Lake Ontario have been more spatially resolved, particularly in the 

vertical direction, using either z-coordinate (Sheng and Rao, 2006, Rao and Sheng, 2008) or 

sigma coordinate descriptions. The most common sigma coordinate model used for Great Lakes 

applications is the Princeton Ocean Model (POM), which serves as the main driver for the Great 

Lakes Coastal Forecasting System (GLCFS, Bedford and Schwab, 1991; 
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http://www.glerl.noaa.gov/res/glcfs). Realistic wind forcing, has been shown to have a 

significant effect on resulting circulation patterns (Schwab and Beletsky, 2003). Beletsky and 

Schwab (2001) applied POM during the period 1982-83 and 1994-95 in Lake Michigan to study 

seasonal and interannual variability of lake-wide circulation and thermal structure. A random 

walk particle tracking model (PTM) linked to the POM hydrodynamic output, based on semi-

Lagrangian methods provides a convenient visualization of the resulting circulation patterns 

(Prakash et al., 2007). Nested-grid modeling approaches have been applied in the Great Lakes to 

study the circulation, thermal structure (Sheng and Rao, 2006), and pollutant transport (Shen at. 

al., 1995). Recently, He and Droppo (2011), applying MIKE-3 (Danish Hydraulic Institute; 

www.dhisoftware.com) in Lake Huron suggested that nearshore open boundaries can be treated 

as unspecified open boundaries during an unstratified period. Recently, Huang et al. (2010) 

performed basin-wide simulations of Lake Ontario using POM, CANDIE (Canadian Version of 

Diecast Model) and ELCOM (Estuary and Lake Computer Model). They found that the modeled 

lake surface temperatures from POM and CANDIE agreed better with observations than 

ELCOM, which showed a cold bias during summer. They reasoned that this could be due to 

differences in the parameterization of vertical mixing. However, ELCOM provided better results 

in the mixed layer depth compared to the other models in the offshore areas. FVCOM (Finite-

Volume Coastal Ocean Model) was also used to simulate the monthly climatological circulation 

in the Kingston Basin of Lake Ontario and found that the horizontal resolution in Kingston Basin 

(due to the presence of numerous islands) was a limiting factor in simulating the currents in 

comparison to observations during 1986-1987 (Shore, 2009).  

POM model employs the Smagorinsky eddy parameterization method (Smagorinsky, 

1963) for horizontal mixing. The vertical mixing coefficients in POM model are determined by 

http://www.glerl.noaa.gov/res/glcfs/
http://www.dhisoftware.com/
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the second-order Mellor-Yamada (MY) level 2.5 turbulence closure parameterization (Mellor 

and Yamada, 1982). In this scheme, the vertical diffusivities for momentum (KM) and heat (KH) 

are defined according to KM = lqSM and KH = lqSH, respectively, where l, the turbulent length 

scale, and q2/2, the turbulent kinetic energy (TKE), are solved by prognostic equations. The 

coefficients SM and SH are functions of the gradient Richardson number. 

CANDIE model adopts the Smagorinsky eddy parameterization method (Smagorinsky, 

1963) for horizontal mixing. The horizontal turbulent Prandtl number is set to 0.1 (similar to 

POM). The first-order K-profile parameterization (KPP) scheme of Large et al. (1994) is 

employed for vertical mixing. Following this scheme, the vertical viscosity (KM) and diffusivity 

(KH) are related to the wind stress in the upper mixed layer and to the gradient Richardson 

number in the stratified interior. The background values are set to 5 × 10−4 m2s−1 for vertical 

viscosity and 10−5 m2s−1 for vertical diffusivity. 

FVCOM employs a constant value or the Smagorinsky eddy parameterization method 

(Smagorinsky, 1963) for the horizontal diffusion coefficient. For vertical mixing, the MY level-

2.5 (q - ql) and (k -ɛ) turbulent closure models (where k = q is the turbulent kinetic energy and ɛ 

is the turbulent dissipation). The k -ɛ model is an alternative turbulent closure model that is very 

similar in dynamics to the MY-2.5 turbulent closure model. 

In comparison to the models mentioned above, ELCOM has been previously simulated 

with reasonable success in the Laurentian Great Lakes (Erie and Ontario), Northern Great Lakes 

(Great Slave Lake and Great Bear Lake), and Lake Winnipeg in Central Canada, to reproduce 

the thermal structure and circulation patterns (e.g., Léon et al, 2012, Huang et al. and Boegman 

and Yerubandi, 2010). ELCOM can also be coupled to the Computational Aquatic Ecosystem 

Dynamic Model (CAEDYM), a water-quality model for simulating major biogeochemical 
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processes in an aquatic environment (e.g., Léon et al, 2012). Further, ELCOM is used in this 

study to maintain compatibility with the earlier work at Queen’s University (Hall, 2008) for the 

source water protection study. 

The numerical models described above have been used for simulation of the flows and 

validated against observations (e.g., Beletsky et al., 1997). However, no real effort has gone to 

simulate and understand what physical processes affect the flow patterns in the nearshore and 

how well does the model reproduce these physical processes, except in lake-wide simulations 

(Boegman and Rao, 2010; Huang et al., 2010).   

  The main objectives of this study are to (1) to characterize the dominant physical 

processes in the CBL in the two hydrodynamically distinct study regions through spectral 

analysis of the field data in comparison to previous studies (Csanady, 1972a,b; Mortimer, 2006; 

Rao and Schwab, 2007), (2) to determine the ability of the Estuary and Lake Computer Model 

(ELCOM) to reproduce these processes, (3) to delineate the Intake Protection Zones around the 

drinking water intakes based on model results and (4) to determine the implications of the 

physical processes on contaminant transport in the CBL.  

1.2 ELCOM 

ELCOM is a three-dimensional hydrodynamics model used to predict variations in velocity, 

temperature and salinity distribution in space and time for stratified water bodies with 

environmental forcing. The model is capable of simulating baroclinic and barotropic responses, 

rotational effects, tidal forcing, wind stresses, surface thermal forcing, inflows, outflows, and 

transport of salt, heat and passive scalars. Hodges (2000) and Hodges et al. (2000) give a full 

description of the model. 



 

8 

ELCOM solves the unsteady, viscous Reynolds-averaged Navier-Stokes and scalar 

transport equations. The Boussinesq approximation is applied and the non-hydrostatic pressure 

terms are neglected. The change in free surface height is obtained from vertically integrating the 

continuity equation on which kinematic boundary condition is used. Standard bulk transfer 

models are used to simulate heat transfer through the surface of the water. A complete set of 

equations and variables can be found in Hodges (2000).  

The non-linear terms that are a result of the Reynolds-averaging filter are replaced by 

eddy-viscosity terms. Molecular viscosity is ignored as turbulent transport and numerical 

diffusion are generally dominant. Eddy-viscosity is used to represent the horizontal turbulence 

closure, but for the vertical direction ELCOM can apply either a constant vertical eddy viscosity 

or a mixed-layer model. The use of a mixed-layer model to simulate the vertical turbulent 

transport of momentum and scalars, rather than solving a vertical diffusion equation, is where 

ELCOM differs to those models mentioned above.  

In each time step a 1D integral mixed-layer model is applied to each column in the model 

domain. The mixing model starts at the free surface and considers the top cell and the cell 

immediately below. Potential energy increases if there is a difference in density, scalar 

concentration or grid-scale velocity between the cells. Mixing occurs depending on turbulent 

kinetic energy (TKE) available for mixing. TKE is parameterized from unstable density 

gradients, wind stirring, internal shear and the TKE from the previous time step. If TKE is 

greater than the potential energy required for mixing then mixing occurs. The model then 

considers the next cell down and the process is repeated. Only a fraction of mixing occurs, if the 

mixing timescale is greater than the timestep. The fraction is determined by the ratio of 

computational time step to the mixing timescale (parameterized based on local shear).  
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The mixing model has some limitations in its derivation and implementation. The 

primary advantage of the mixing model is its ability to capture the correct depth of the wind-

mixed layer at coarse vertical grid resolutions, and thereby obtain the first-order dynamic forcing 

of the thermocline. A secondary advantage of the present mixing model is that it eliminates the 

need for the solution of the vertical diffusion equation. Algorithm limitations of the present 

mixing model include the use of a simple downward sweep through the water column to 

determine mixing layers, which leads to a bias in the direction of mixing. Limitations in the 

model derivation include the neglect of the entrainment time and a characterization of shear that 

is fundamentally grid-dependent. The former problem leads to the assumption that the wind is 

capable of mixing the surface layer to the mixed-layer depth in a single time step without explicit 

reference to the mixed-layer depth at the previous time step; thus, the mixing dynamics are not 

invariant to the size of the model time step. The lack of temporal dynamics in the entrainment 

results in a deeper wind-mixed layer than might be otherwise predicted during the onset of the 

wind. Numerical diffusion and damping are the limitations of the mixing scheme in the model. 

However, In ELCOM, a scalar variable equation of the TKE is solved, which can be done 

relativity accurately, as opposed to a vector equation in POM, CANDIE and FVCOM models, 

where Reynolds stresses are modeled from the resolved flow using the prognostic equations for 

TKE and turbulent length scale. The solution of the prognostic equations is dependent on the 

models ability to simulate the horizontal velocity and vertical stratification. Hence ELCOM does 

not have several coefficients that must be tuned for each application unlike in POM, CANDIE 

and FVCOM and essentially runs calibration free. ELCOM model performance is similar and/or 

slightly better in simulating the mixed layer in the near-shore and offshore regions of semi-
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enclosed and enclosed basins to the other models mentioned (e.g., Boegman and Yerubandi, 

2010, Huang et al., 2010, etc). 

The energy transfer across the free surface is separated into non-penetrative components 

of longwave radiation, sensible heat transfer and evaporative heat loss, complemented by 

penetrative shortwave radiation. Non-penetrative effects are introduced as sources of temperature 

in the surface-mixed layer, while penetrative effects are introduced as source terms in one or 

more grid layers based on an exponential decay and an extinction coefficient (Beer’s law). In 

ELCOM, an approach that is grid-independent for vertical grid resolution of one meter or less is 

employed. The surface heat transfer is modeled as occurring over the first one meter below the 

free surface with an exponential decay such that 98% of the surface heat transfer is absorbed in 

this region. 

1.2.1 Numerical Techniques 

The ELCOM numerical method takes its basic structure from the TRIM scheme of Casulli and 

Cheng (1992) with adaptations for accuracy, scalar conservation, numerical diffusion and 

implementation of a mixed-layer model.  

The discrete equations are based on a finite-difference scheme on a staggered grid. The 

solution grid is constructed of rectangular Cartesian cells horizontal grid spacing, Δx and Δy, and 

a vertical Δz spacing that can vary as a function of z but is horizontally uniform. The grid stencil 

is the Arakawa C-grid that defines the velocities on the grid faces, and the scalar properties and 

free surface height at the cell centres. 

The momentum equations are discretized using a semi-implicit formulation that solves 

for the new velocity field from an explicit source term and an implicit free surface term. A first-

order backwards-Euler method is used for the advancement in time of the free surface evolution. 
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The explicit source term is constructed from the separate second order discretization of the 

advective, baroclinic and horizontal turbulent diffusion components. Scalar transport uses a 

conservative third-order explicit scheme, employing the ULTIMATE QUICKEST algorithm 

(Leonard, 1991).  

The use of a conservative scalar transport scheme is advantageous over non-conservative 

methods, since the latter allow for the artificial loss of mass and momentum, overly rapid 

dissipation of internal waves, and the incorrect elimination of the strong gradients that drive 

underflows (Hodges and Dallimore, 2006). The ULTIMATE flux-limiting filter applied with 

third-order QUICKEST interpolation (Leonard, 1991) performs particularly well in maintaining 

monotonic scalar fields while limiting numerical diffusion. Scalar transport in ELCOM is 

modeled using a three stage numerical algorithm (Hodges, 2000). Firstly, scalar sources are 

introduced via the mixing model according to the heat transfer schemes.. The scalars are 

advected by the velocities solved by the momentum equation (using semi-implicit) method at the 

horizontal grid scale spacing and the horizontal diffusion of scalars (solved by the ULTIMATE-

QUICKEST scheme) by turbulent motion. Since the scalar concentrations are updated at the cell 

centers, the ULTIMATE flux-limiting filter applied with third-order QUICKEST interpolation 

(Leonard, 1991) is used to for interpolation for cell face values. 
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Figure 1.1. Schematic diagram of the coastal boundary layer (Source: Rao and Schwab, 2007). 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. The location of the study areas in the north-shore of Lake Ontario (red box) and 
eastern Lake Ontario and upper St. Lawrence River (blue box). 
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Chapter 2 

Hydrodynamics of Eastern Lake Ontario and Upper St. Lawrence River 

2.1 Introduction 

There are eight municipal drinking water intakes in eastern Lake Ontario and the upper St. 

Lawrence River (Fig. 2.1). Of the approximate 100,000 m3d-1 of water drawn from these intakes, 

46% is for domestic use servicing approximately 175,000 residents. There are also six 

wastewater treatment plant outfalls, as well as numerous combined sewers, storm sewers, and 

industrial outfalls located on the Canadian side of this waterway.   

Under the Clean Water Act (2006), it was mandated that drinking water Intake Protection 

Zones (IPZs) be delineated surrounding these intakes, whereby land use will be managed within 

a zone extending over a 2 hr water travel time from each intake. To delineate IPZs, an 

understanding of the hydrodynamics is required throughout the region, which extends from the 

Kingston Basin in eastern Lake Ontario to Brockville in the upper St. Lawrence River. 

 The Kingston Basin (Fig. 2.1) separates the main body of the lake from the entrance to 

the St. Lawrence River and is characterized by numerous underwater ridges, channels, and 

islands. Observational studies have shown the existence of complicated hydraulic and wind-

induced circulation patterns (Tsanis et al., 1991). Tsanis et al. (1991) found that the mean flow 

(0.8-1.8 cms-1) is strongly influenced by bottom topography and the circulation is affected by the 

presence of the islands. For example, the flow around Amherst Island is 180o out of phase with 

the wind, and the currents exhibit high variability due to the barotropic pressure gradients 

induced by the wind-driven water level setup. The flow in the Kingston Basin is stratified during 

summer months. The application of a finite volume model (FVCOM) to Lake Ontario (Shore, 
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2009) revealed that the flow of water from the main body of Lake Ontario into the Kingston 

Basin occurs when the depth exceeds 20 m and that a reverse flow back into the lake can occur 

in shallower regions. Shore’s (2009) application applied monthly mean meteorological data and 

had relatively coarse representation of the islands in the region (e.g., Amherst, Wolfe, and 

Frontenac). Tsanis and Murthy (1990) calculated the outflow of water from the Kingston Basin 

to the St. Lawrence River to be 8300 m3s-1. The flow distribution was estimated at 55% and 45% 

in the channel south and north of Wolfe Island respectively.  

 The flow through this region of the St. Lawrence is controlled by the Moses Saunders 

hydroelectric dam near Cornwall, ON. Potok and Quinn (1979) applied a one-dimensional 

transient hydraulic model and found the model flow to be sensitive to Manning’s n roughness 

coefficient and the flow through the dam. Thompson et al. (2008) applied a two-dimensional 

(depth averaged) hydrodynamic model to the upper St. Lawrence River downstream from Lake 

Ontario and found that uncertainties in Manning’s n contributed to model uncertainties in water 

levels and velocities. A two-dimensional (depth-averaged) Lagrangian model was also applied to 

simulate the transport of chemical spills in the upper St. Lawrence River (Shen et al., 1995).  

This model was not comprehensively validated against field observations. 

 The objective of our study was to simulate the dynamics of both the Kingston Basin and 

upper St. Lawrence River and to apply the model to delineate IPZs. This was the first application 

of a transient three-dimensional model to the region, which was directly forced with observed 

meteorology, had detailed representation of the islands, and was comprehensively validated 

against detailed field observations. We applied the three-dimensional, hydrostatic, Estuary and 

Lake Computer Model (ELCOM; Hodges, 2000) which has been shown to accurately simulate 

the dynamics of stratified lakes and reservoirs (e.g., Laval et al., 2003). For lake applications, 
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ELCOM outperforms FVCOM in the simulation of the vertical thermal structure (Boegman and 

Rao, 2010; Shore, 2009) and also has the capability for water quality simulation (León et al., 

2005). Recently, Huang et al. (2010) performed basin-wide simulations of Lake Ontario using 

several hydrodynamic models. They found that the modeled lake surface temperatures from 

POM (Princeton Ocean Model) and CANDIE (Canadian Version of Diecast Model) agreed 

better with observations than ELCOM, which showed a cold bias during summer. They reasoned 

that this could be due to differences in the parameterization of vertical mixing. ELCOM provided 

better results in the mixed layer depth compared to the other models in the offshore areas. All the 

models showed substantial error in simulating subsurface currents. The model has not been 

comprehensively verified in high-resolution application to nearshore regions with an open 

boundary to the main lake.  

 ELCOM has been previously applied to coupled lake-river systems. Morillo et al. (2008) 

investigated the interaction of two rivers flowing into Couer D’Alene Lake and found that basin 

morphology and wind speed and direction have influence on the fate and transport of inflowing 

water from rivers to the lake. Vidal et al. (2005) applied ELCOM to the Sau reservoir, which was 

formed by damming the Ter River, and found that period of the prevailing wind coincided with 

period of the third vertical mode. Other applications of ELCOM to reservoirs and reservoirs 

connected to a river can be found in the literature (e.g., Botelho and Imberger, 2007). ELCOM 

has not been applied to a system consisting of the headwaters of a river emanating from a large 

lake, where the water level is controlled by a downstream hydraulic structure – as in our 

application.  
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2.2 Methods 

2.2.1 Model description 

We applied the Estuary and Lake Computer Model (ELCOM; Hodges et al., 2000). It is a three-

dimensional, hydrodynamic, z-coordinate model used for predicting the velocity, temperature, 

and salinity distribution in natural water bodies subjected to external environmental forcing such 

as wind stress, surface thermodynamics, and inflows and outflows. It is designed to facilitate 

modeling studies of aquatic systems over seasonal time scales, although the limit of 

computational feasibility depends on the size of the lake, the resolution requirements, and 

available computational resources. The model solves the unsteady, viscous Navier-Stokes 

equations for incompressible flow using the hydrostatic assumption for pressure (Dallimore and 

Hodges, 2000). Modeled and simulated processes include baroclinic and barotropic responses, 

rotational effects, tidal forcing, wind stress, surface thermal forcing, inflows, outflows, and 

transport of salt, heat, and passive scalars. The hydrodynamic algorithms in the model are based 

on the Euler-Lagrange method for advection of momentum with a conjugate-gradient solution 

for the free-surface height (Hodges, 2000). ELCOM has an eddy-viscosity/diffusivity closure 

scheme for horizontal turbulence correlations and employs the ULTIMATE QUICKEST 

advection scheme for scalars. Vertical mixing was computed using an explicit turbulent kinetic 

energy budget closure scheme that was applied to each individual water column of the three-

dimensional (3D) flow matrix during each model time step (Hodges et al., 2000). Turbulent 

kinetic energy was introduced at the surface from surface wind stress and at the lake bed through 

a bottom shear drag coefficient parameterization. The extent of mixing performed in a single 

model time step was limited by a mixing time scale, allowing for partial mixing of vertically 
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adjacent cells (Laval et al., 2003). Momentum was introduced into the water column by wind 

stress at the surface and was distributed vertically by the 3D mixed-layer model. 

2.2.2 Model setup 

The model grid had a uniform horizontal resolution of 300 m x 300 m. The vertical grid had 73 

layers with varying resolution, chosen to reproduce the observed vertical temperature 

stratification with reasonable computational effort (see Hall, 2008; Boegman and Rao, 2010). 

The top three layers were at 0.1 m spacing and the next 40 layers (through the epilimnion and 

metalimnion) at 0.5 m spacing. The lower layer spacing (in the hypolimnion) ranged from 1 m to 

5 m, at the maximum depth of 70 m. The model grid covered the region from the Sandhurst 

Shores intake in the southwest to the Brockville intake in the northeast (Fig. 2.1). A grid 

sensitivity study using a 200 m x 200 m horizontal grid showed negligible differences in the 

simulated mean flow relative to the results presented herein. The bottom boundary was modeled 

as a turbulent boundary layer. Stress at the free surface due to wind was modeled as a momentum 

source applied to the surface wind-mixed layer (Hodges et al., 2000). The wind drag coefficient 

was taken as 1.3 x 10-3.  

The bathymetric grid (Fig. 2.1) was generated using datasets from two sources. 

Bathymetric soundings (331,706 in total) were interpolated for the region between Kingston and 

Cornwall (Aaron Thompson, Environment Canada). Gridded bathymetric data with 3 sec 

resolution was used for the region between Kingston and Prince Edward County. The gridded 

data were obtained from the National Geophysical Data Centre (www.ngdc.noaa.gov). The 

horizontal datum was in UTM coordinates, Zone 17, NAD83; the vertical datum was IGLD 85. 

ELCOM was run for a period of 190 days, from 13 April 2006 to 19 October 2006 with a 

time step of 5 min. Simulations were cold started (i.e., the fluid was at rest). The initial condition 



 

18 

for the temperature field was provided by the thermister mooring at Station 1263 (Fig. 2.1). The 

surface boundary conditions were specified, uniformly across the domain, using measured over-

lake meteorological parameters (described in the next section) from Station 1263 in the Kingston 

basin. While spatial variability of winds is likely over the region, two-dimensional hydraulic 

models have shown flows to not significantly differ when spatially variable winds were applied 

as opposed to uniform winds (Aaron Thompson, personal communication). This is likely because 

the hydrodynamic response was predominantly wind driven in the eastern portion of the model 

domain (near Station 1263) and hydraulically driven in the northern section (away from Station 

1263). Moreover, application of spatially variable meteorology was not computationally feasible 

with the number of surface grid points used in this application.      

The open boundary to Lake Ontario was forced with observed water levels from the 

Kingston gauge station (www.meds-sdmm.dfo-mpo.gc.ca) and the observed temperature profile 

data from Station 1263. Flows at the boundary were computed internally within ELCOM from 

the water level and temperature profile data to ensure conservation of volume. Sensitivity 

analysis (Hall, 2008) showed the nearshore simulations to be worse when the model was forced 

with output from a lake-wide model due to model errors in water levels and temperature at the 

location of the open boundary. The St. Lawrence River outflow was specified using 

measurements at Cornwall (Moses Saunders hydroelectric dam; Len Falkiner, Great Lakes St. 

Lawrence Regulation Office, Environment Canada), and the effect of the control structure on 

water levels was included by specifying the outflow water level from the Brockville gauge 

station. Flows from tributaries into the St. Lawrence River were not included, since they account 

for only 2% of the total river flow (Tsanis et al., 1991). 
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2.2.3 Observational data 

The forcing data for the model included measured shortwave radiation (Wm-2), net longwave 

radiation (Wm-2), surface air temperature (oC), wind speed (ms-1) and wind direction (degrees 

clockwise from north), relative humidity, atmospheric pressure (pa), and rainfall amount (mmd-1) 

and were input at 10 min intervals. These were measured by the meteorological buoy at Station 

1263 mounted 3.3 m above the water surface. The predominant wind direction is southwesterly 

(Fig. 2.2). Four storm events (winds > 20 ms-1) were observed during days 168, 178, 185, and 

192.  

Water temperature data were recorded using Onset Tidbit temperature loggers at four 

thermister chain locations (Stations 1262, 1263, 1264, and 1265; Fig. 2.1, Table 2.1). At Station 

1262, water current speed and direction were recorded using a two-axis MAV ultrasonic current 

meters. Vertical profiles of currents were obtained at Stations 1263 and 1264 using an upward 

looking RDI Workhorse Acoustic Doppler Current Profiler (ADCP) with 1 m vertical bins. 

Hourly water levels measured at Kingston and Brockville gauges were also available. 

Quantification of model error 

Time series of simulated water levels, temperature, and currents were compared to measured 

data to assess the model performance. The ability of the model to reproduce the dominant 

oscillatory barotropic (surface) and baroclinic (internal) processes was determined by calculating 

energy spectra. Root Mean Square (RMS) error was used to quantify the agreement between 

model simulated and observed water levels, temperature, and currents                                              

                                                RMS = �1
𝑀
∑ (𝑓𝑖𝑚 − 𝑓𝑖𝑜)2𝑀
𝑖=1 �

1/2
,                                                  (1) 

where 𝑓𝑖𝑚 and 𝑓𝑖𝑜 are modeled and observed water levels, temperature and currents for sample 

case i (out of M sample cases). 
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 To provide a quantitative comparison between modeled and observed currents, 

normalized Fourier norms were calculated (e.g., Huang et al., 2010)  

                                Fn= �1
𝑀
∑ �𝑉𝑚����⃗ −  𝑉𝑜���⃗ �

2𝑀∆𝑡
𝑡=∆𝑡 �

1
2 �1

𝑀
∑ �𝑉𝑜���⃗ �

2𝑀∆𝑡
𝑡=∆𝑡 �

1
2�                                                   (2) 

where 𝑉𝑚����⃗  and 𝑉𝑜���⃗  are modeled and observed currents, respectively. The smaller Fn, the better the 

model results fit the observations. Fn can also be thought of as the relative percentage of 

variance in the observed currents that is unexplained by the calculated currents. In the case of 

perfect prediction, Fn=0.  

2.3 Results 

2.3.1 Water Levels 

The modeled water levels at Kingston and Brockville were compared to the observed gauge 

water level data (Fig. 2.3). The modeled water level at Brockville (Fig. 2.3a) is slightly larger in 

amplitude than the observed; the RMS error between the modeled and the observed was 4.5 cm. 

However, at Kingston (Fig. 2.3b) the modeled water level amplitude was consistent with the 

observed and the RMS error was 1.1 cm. Modeled results were consistent in phase. The 

favorable comparisons are not unexpected because the gauge data used for comparison here, 

which are in close proximity to the data shown, were also applied to force the open boundaries. 

Spectral energy plots of the water levels at Kingston (Fig. 2.4a) demonstrated statistically 

significant peaks in the model results and field data at 24 hrs, 12 hrs, and at the periods of the 

first (5.06 hr), second (3.21 hr), and third (2.32 hr) longitudinal surface seiche modes (Hamblin, 

1982). However, the modeled spectra showed a peak for the fourth (1.71 hr) longitudinal seiche 

mode. This peak was not seen in the observed spectra as the data sample frequency was 1 hr 

(Hamblin, 1982). At Brockville (Fig. 2.4b) the significant peaks represented the 24 hrs, 12 hrs 
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and the first and the third longitudinal surface seiche modes. The 24 hr peak was due to the wind 

forcing (Fig. 2.4c). There was also evidence of a broad ~10 day peak in the wind and water level 

spectra, resulting from frontal storm systems characteristic to the region (Hamblin, 1987). The 

model underestimated these low frequency (5-10 days) surface oscillations caused by wind-

induced set-up of the free-surface, potentially due to the constant surface drag formulation. At 

much lower energy levels, significant peaks corresponding to the first (45 min) transverse seiche 

mode (Denison, 1908) are found in the modeled Kingston spectra but the second (22.5 min) 

transverse seiche mode was not present. This was likely associated with a north-south barotropic 

oscillation.  

2.3.2 Temperatures 

Comparisons between modeled and observed temperatures north of Amherstview and Wolfe 

Islands at Stations 1262 and 1264, respectively (Figs. 2.5a,e and 2.5c,g) showed the modeled 

mixed layer depth to be shallower than observed. This resulted in a cold bias during the summer 

of 2 oC. Overall the model captures the seasonal evolution of the temperature profile.   

Stations 1263 (Fig. 2.5b,f) and 1265 (Fig. 2.5d,h) showed a sharp observed thermocline 

at depth 15 m. The modeled thermocline was not as abrupt as observed, potentially due to 

numerical diffusion (Laval et al., 2003) and for the discrete nature of the vertical grid resolution. 

The warming of the water column, temporal evolution of the stratification, erosion of 

stratification, and fall cooling were also well simulated at these locations.   

The RMS error between modeled and observed temperatures was typically 1–2 °C (Table 

2.2) with a maximum of 3 °C (Fig. 2.6a-d). A cold bias of ~2 °C in the model result was seen at 

Stations 1262 (Fig. 2.6a), 1263 (Fig. 2.6b) and 1264 (Fig. 2.6c). The maximum error (2–3 °C) 

was observed through the thermocline, where the strong temperature gradient and phase 
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differences between observed and modeled internal waves caused small errors in model skill to 

lead to larger RMS errors (Dorostkar et al., 2010). These results were consistent with the 

application of ELCOM and other models to temperate lakes (e.g., Rao et al., 2009; Huang et al., 

2010), which have shown maximum errors through the thermocline. 

Vertical mode one baroclinic oscillations (internal waves) were evident in the modeled 

and observed temperature profiles. The strength of these motions may be quantified using the 

integrated potential (IPE) energy of the water column (Antenucci and Imberger, 2001). Figure 

2.7a,b shows IPE spectra for Stations 1262 and 1263, respectively, where 24 hr and 12 hr 

oscillations were evident in the spectra, with the exception of Station 1263 where the significant 

energy peak was at the inertial period (~17 hrs). The lack of an inertial peak in the modeled data 

likely resulted from the model domain being too small to completely resolve internal Poincaré 

waves, and these waves were not propagating to the domain through the open boundary (see 

Schwab, 1977; Rao and Schwab, 2007). The IPE spectral peaks at Stations 1264 and 1265 (Fig. 

2.7c,d) also showed peaks at 24 hr and 12 hr. These two stations were at the confluence of the St. 

Lawrence River and the lake, and the peaks resulted from diurnal processes (e.g., sea-breeze 

winds and day-to-night heating and cooling). 

2.3.3 Currents 

A comparison between modeled and observed, east (Fig. 2.8a) and north (Fig. 2.8b) components, 

MAV currents at Station 1262 shows that the current direction was consistent with the field 

observations. The RMS errors for the east and north component velocities were 5.7 cms-1 and 3.8 

cms-1, respectively (Table 2.2). The model did not appear to be systematically over/under 

estimating current velocities, and the RMS errors appeared to result from error in modeled 

direction (Fig. 2.8) as opposed to speed. 
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Comparison of the modeled east-west current profiles at Station 1263 (Fig. 2.9a,e) 

reveals that the directions were well modeled, but the model occasionally overestimated the 

depth to which the strong surface currents penetrated (e.g., day 135 and day 190); comparison of 

the observed and modeled north-south current profiles at Station 1263 (Fig. 2.9b,f) shows similar 

results (e.g., day 185 and 190). These differences may be due to the topographic differences 

between the 300 m bathymetric grid and the actual bathymetry (Hall, 2008). The RMS error 

magnitude for the east-west and north-south velocity components was 4.0 cms-1 and 5.1 cms-1 

respectively (Table 2.2). 

At Station 1264, the hydraulic flow through the St. Lawrence River was evident with 

observed and modeled currents having an easterly mean flow component of ~5–10 cms-1 (Fig. 

2.9c,g).  A baroclinic velocity structure in the modeled data, with a flow reversal about the mid-

water column (~5 m depth), is not observed. During this time, the water column was fully mixed 

(Fig. 2.5c), and so these flow dynamics did not result from an internal wave but were likely due 

to wind-induced and hydraulic flow being in opposite directions. The modeled north–south 

velocity (Fig. 2.9h) was over-estimated in magnitude at mid-depth with a strong southerly 

component in comparison to the observed velocity (Fig. 2.9d) but was consistent in direction. 

A wind-induced flow reversal of the St. Lawrence River was observed near days 237-

247, 255, and 258 (Fig. 2.10b), resulting from strong (~10 ms-1) easterly winds (Fig. 2.10a). A 

combined sewer overflow occurred around day 245, making this reversal important for source 

water protection, as City of Kingston Municipal Engineers were not aware of these flow 

dynamics, which have the potential to rapidly transport waste up-river toward drinking water 

intakes. The model reproduced the flow reversals, but the observed currents were stronger at 

depth and the modeled currents were elevated near the surface (Fig. 2.10b,c). These differences 
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may result from spatial variability in the surface winds, which were not implemented in the 

surface forcing. Uniform winds have been applied from Station 1263, but these may be sheltered 

from the east by Simcoe Island. Winds further along the St. Lawrence River are channeled in an 

east-west direction through the river valley (Fig. 2.1). Overall, at Station 1264 the model 

underestimated the north-south current magnitude by ~4 cms-1 in the surface layer (Fig. 2.9d,h).  

The water column RMS error profiles for current magnitude at Stations 1263 (Fig. 2.11a) 

and 1264 (Fig. 2.11b) showed that model currents were much stronger in magnitude than 

observed, especially at the surface. The RMS errors were between 1 and 10 cms-1. The east 

component velocity RMS error at Station 1264 was higher near the bottom due to the riverward 

flow in the bottom layers around Wolfe Island (Tsanis et al., 1991). Computed Fourier norms 

ranged from 0.8 < Fn < 1.2 (Table 2.2). The errors were slightly larger in our nearshore 

simulations compared to lake-wide simulations (Huang et al., 2010) where it was 0.4 < Fn < 0.9. 

This could be due to the complicated topography and presence of numerous islands in the present 

model domain (see discussion in Hall, 2008). In Lake Michigan, Beletsky et al. (2006) reported 

0.55 < Fn < 1.59. 

Correlation coefficients (corrcoef function in MATLAB; Source: www.mathworks.com) 

were calculated for daily averaged east and north velocity components at stations 1263 and 1264 

at the surface and near-bottom depths along with p-values as a test of statistical significance 

(p<0.05). Overall, the values ranged from 0.5 to 0.7 at the surface and 0.2 to 0.5 at the bottom 

(Appendix C; Table C.1). The correlations were statistically significant except at station 1264 

(east component; near-bottom). The time-series plots are also shown for both the components 

(Appendix C; Figure C.1).  

http://www.mathworks.com/
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2.4 Case Study – IPZ delineation 

Given the above-mentioned importance of local hydrodynamics on spill transport in the upper St. 

Lawrence River, we present sample IPZ delineations for the Kingston region. Intake Protection 

Zone One (IPZ-1) was defined as a 1 km radius around an intake, and an IPZ-2 was defined as 

the distance from each intake where a fluid parcel would undergo a 2 hr travel time to reach the 

intake during 10-yr storm conditions (Ontario Ministry of the Environment, 2005). The 2 hr 

travel time was requested by the drinking water treatment plant operators so that they could shut 

down the intake in the case of a spill. To reproduce these conditions, ELCOM was run with 

surface winds scaled such that the maximum gust observed during the spring (21.5 ms-1on day 

168), summer (24.0 ms-1 on day 192), and fall (15.6 ms-1 on day 286) seasons matched 10-yr 

conditions (23.3 ms-1) as observed at the Kingston Airport (Fig. 2.1) located nearby on the shore 

of Lake Ontario (National Building Code of Canada, 2005). Wind events were scaled during 

each season to account for seasonal differences in wind direction, lake level, and stratification. 

The above validation of the model hydrodynamics to observed data provides faith in the model 

results, and these results are used to delineate the IPZs.  

The 10-yr, 1 hr average wind gusts at Kingston Airport were measured at 10 m above the 

surface, and so were scaled from 10 m to the 3.3 m height of the Station 1263 wind anemometer 

using a power law relation (Schertzer, 1987), giving 19.89 ms-1. The winds were then adjusted 

over 24 hr storm duration (maximum gust plus/minus 12 hrs) such that the maximum 1hr 

average wind gust matched the 10-yr condition corrected to 3.3 m. This procedure was repeated 

for the spring, summer, and fall storm events. IPZ delineations were then constructed at each 

intake using 2 hr reverse progressive vector (RPV) diagrams calculated from the modeled 

surface currents at the eight intake locations during the 24 hr storm events. RPVs were deemed 
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sufficient to capture the flow dynamics surrounding each intake because the modeled velocities 

did not change dramatically within 1-2 km of each intake.  

RPV diagrams are similar in principle to reverse particle tracking, whereby fluid parcels 

continuously released at the intake are tracked backward in time, such that their position within 

the flow domain 2 hours prior to release may be determined. The RPV diagram for Kingston 

Central (Fig. 2.12a) and West (Fig. 2.12b) intake shows the effect of seasonal variability in wind 

direction and storm intensity on transport of fluid parcels near the intake. It can be seen that the 

storm event during fall was much weaker (RPV is ≤ 2km) than during spring and summer at both 

the intakes, with a change in direction at the Kingston Central intake. The fall storm event 

showed a more eastwardly movement of water parcels at the Kingston Central intake. The IPZ-2 

was delineated as the maximum extent of the 2 hr RPV diagrams surrounding each intake. The 

error associated with the IPZ-2 can be estimated from the model error in simulating current 

velocity. At the surface (Fig. 2.11a,b) the RMS errors ranged from 4-10 cms-1, which 

corresponds to an error of around 300-700 m in the IPZ-2, over the 2-hr travel time. 

Offshore Kingston, the Kingston Central, and West intake IPZ-2 (Fig. 2.12c) are oriented 

parallel to shore. This is consistent with the primary flow from the south-west along the St. 

Lawrence River hydraulic axis, which is also coincident with the predominant wind direction 

(Fig. 2.2) and the shore parallel boundary condition required by inertial currents (Rao and 

Schwab, 2007). Reversal of the St. Lawrence River flow is seen during easterly storm events that 

cause the IPZs, at both these locations, to overlap each other and include the majority of the 

Kingston waterfront, with the exception of Cataraqui Bay. Similar IPZ-2 was computed for the 

six other intakes in the Cataraqui Region Conservation Authority jurisdiction (Paturi and 

Boegman, 2008; Appendix A). In the upper St. Lawrence River, close to Gananoque (Fig. A.4c) 
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and Brockville (Fig. A.4d) intakes, the IPZ-2 showed a strong polarization from the hydraulic 

riverine flow. At Gananoque, the effect of flow reversal during easterly wind events were 

reduced, relative to offshore Kingston, due to wind sheltering and reduced fetch lengths. 

2.5 Discussion and Conclusions 

The ELCOM model was applied to simulate the hydrodynamics in eastern Lake Ontario and the 

upper St. Lawrence River and the results were comprehensively validated against observations 

collected during April–October, 2006. Spectral analysis revealed a significant wind-induced 

circulation in the Kingston Basin; consistent with the previous studies (Tsanis et al., 1991; 

Boegman and Rao, 2010) in the region. Strong interconnectivity between the lacustrine and 

riverine systems is evident. Wind and lake seiche effects are found in the St. Lawrence River as 

far as Brockville and flow regulation from the dam at Cornwall is evident at Wolfe Island. Here a 

riverward flow of the bottom water also occurs. The transient hydrodynamics of the region are 

thus mostly wind influenced, and storm events result in flow reversals, which can have 

significant impacts on the transport of contaminants. 

To accurately model water levels throughout the domain, the influence of the 

downstream control structure at Cornwall was accounted for, by specifying both the flow rate 

and water level at the outflow boundary. This suggests that the dam is regulating the upstream 

water level causing an M1 flow profile in the river, where the flow depth is greater than the 

uniform depth that would occur without the downstream control structure. Overall, our water 

level simulations were 10 times more accurate than the ±0.16 m error reported using a depth-

averaged model (Thompson et al., 2008). 

Kelvin waves were not observed or modeled within the domain. This was expected 

because lake-wide simulations (Boegman and Rao, 2010) have shown the Kelvin wave does not 
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propagate from the main lake-basin into the shallower Kingston Basin over the Duck-Galoo 

Ridge. A weak near-inertial Poincaré wave signal was observed at Station 1263. This mooring is 

within the frictional boundary layer, and consequently a strong Poincaré wave signal was not 

expected (Rao and Schwab, 2007); the inertial circles became shore parallel and strongly damped 

to satisfy the no-flux boundary condition. Moreover, the single mooring used for the open-lake 

boundary condition was insufficient to propagate basin-scale inertial oscillations into the model 

domain (Schwab, 1977). 

Previous modeling of the Kingston Basin flow, with FVCOM, has shown a favorable 

comparison between modeled and observed summer averaged currents during 1986–87 (Tsanis 

et al., 1991; Shore, 2009). Comparisons between our 2006 results and these data are not in direct 

agreement, differing in magnitude but agreeing in direction. These differences may easily result 

from the variability in wind forcing events and river flows for the different simulation years. 

However, some similarities are evident; for example, both ELCOM and FVCOM simulated a 

counter-clockwise gyre in the Bay of Quinte region (Fig. 2.13a). Counter-clockwise gyres are 

also simulated by ELCOM in the channel north of Amherst Island, north off Wolfe Island, and 

south of Kingston Basin (between Amherst Island and Wolfe Island). Tsanis et al. (1991) 

observed that the 24 hr peak in the spectral signal of water currents around Amherst Island was 

coherent with the wind but was 180° out of phase with the wind direction. We found a similar 24 

hr peak in the wind and IPE spectra at nearby Station 1262, which could be due to sea-breeze 

effects. Similarly, the 24 hr signals at Station 1265 could result from daily river flow regulation 

by the hydroelectric dam at Cornwall (Tsanis and Murthy, 1990). The averaged currents at 20 m 

(Fig. 2.13b) showed a return flow from Kingston Basin into Lake Ontario, similar in direction 
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but smaller in magnitude, in comparison to 1986–87 data by Tsanis et al. (1991) and from the 

application of FVCOM by Shore (2009). 

Overall, the modeled hydrodynamics agree well quantitatively and qualitatively with 

field observations. The RMS error in temperature is approx 1-2 oC through the epilimnion when 

the thermocline deepens during summer. The current speed errors are ~5-8 cms-1 and appear, at 

times, to be a result of inconsistencies in flow direction as opposed to momentum transfer from 

the wind. Current velocity errors are mostly found at exposed regions with large fetch lengths, 

Stations 1263 and 1264, during strong wind events and consequently may be due to the inability 

of the open boundary to capture momentum transfer from the 400 km fetch to the southwest. 

ELCOM thus reasonably captures the dynamics of the flow regimes in the nearshore region.  

In agreement with Rao et al. (2009), the present hydrostatic model application with ~300 

m grid resolution was unable to reproduce observed high-frequency temperature 

fluctuations. These processes are likely associated with nonlinear/non-hydrostatic waves and 

shear instabilities (e.g., Boegman et al., 2003), and their resolution requires a non-hydrostatic 

pressure solver and ~1-10 m grid resolution. Such simulations are not presently feasible over 

seasonal timescales (e.g., Botelho and Imberger, 2007; Dorostkar et al., 2010).  Future work will 

apply the validated ELCOM model to investigate the transport of river plumes and industrial and 

wastewater effluents within the model domain.   
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Table 2.1. Table listing details of deployment at the mooring stations by NWRI, Environment 
Canada. All the moorings were deployed in 2006. The accuracy of the thermister 
was ±0.2oC, and that of the MAV and the ADCP was ±0.3 cms-1 and ±0.25 cms-1. 
The data measured from MAV was averaged from a 60 min burst of 128 2Hz 
samples. 

 

Station Parameter Instrument 
Deployment 

Period 
(times in GMT) 

Sampling 
Interval 

(min) 

Depth of 
measurement 

(m) 

1262 

 
Temperature 

 

Onset Tidbit 
Temperature Logger 

12 April (12:00) – 
26 July (02:10)  

10 
 

 
[1  3  5  7  9.5  
13  15 16.5] 

 
27 July (13:50) -   
15 Nov (16:10) 

 
Current 

 
MAV 12 April (12:00) - 

26 July (14:00) 

 
60 
 

 
[11] 

 

1263 

 
Temperature 

 

Onset Tidbit 
Temperature Logger 

12 April (12:00) - 
26 July (13:00)  

10 
 

 
[1 3 5 7 10.8 12 

14 16] 
 

27 July (15:20) -  
19 Oct (12:30) 

Current ADCP 12 April (12:00) - 
26 July (12:00) 

 
30 
 

 
[0 0.5:1:15.5] 

 

Meteorological MET buoy 11 April - 26 Dec 10           3.3          
(above surface) 

1264 

 
Temperature 

 

Onset Tidbit 
Temperature Logger 

12 April (12:00) - 
26 July (17:10) 

10 

 
[1  3  5  7 10 12 

14 15] 
 

27 July (12:00) -  
15 Nov (18:10) 

Current ADCP 27 July (12:00) -  
15 Nov (15:00) 30 [0:15] 

1265 
 

Temperature 
 

Onset Tidbit 
Temperature Logger 

12 April (12:00) - 
26 July (16:00)  

10 
 

 
[1 3 5 7 9.5 13 

15 16.5] 
 

27 July (12:00) -  
15 Nov (17:40) 
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Table 2.2. Mean RMS (Root Mean Square) error between model and observation for 
temperature and currents and Normalized Fourier norms (Fn) for currents.  

 
 

Station 
 

Temperature RMS 
(oC) 

Current RMS (cms-1) 
Fn 

East North 
1262 1.86 5.68 3.80 0.8 
1263 1.45 3.98 5.10 1.2 
1264 1.50 6.30 2.61 1.0 
1265 1.45 - - - 

 
  



 

32 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 2.1. Map showing the nearshore bathymetric grid with 300 m horizontal resolution along 
with locations of the eight municipal drinking water intakes (1-Brockville, 2-
Gananoque, 3-Kingston Central, 4-Kingston West, 5-Fairfield, 6-Bath, 7-
A.L.Dafoe & 8-Sandhurst Shores), observational moorings Stations (a-1262, b-
1263, c-1264, d-1265) and the wind data for the stations along St. Lawrence River 
(Kingston airport-e). The solid blue lines are the open boundaries. The wind rose 
diagram for Station 1263 is shown in Figure 2.2. 
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Figure 2.2. Wind rose diagram at Station 1263. The length of each wedge denotes percentage of 

occurrence from a particular direction and the colour indicates the wind speed. 
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Figure 2.3. Comparison of hourly water level data measured at (a) Brockville and (b) Kingston 

gauges with hourly modeled output of water surface height at Brockville and 
Kingston, respectively. 
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Figure 2.4. (a) Spectra of water level at Kingston (observed and modeled), (b) spectra of water 
level at Brockville (observed and modeled) and (c) spectra of wind speed collected 
(10 min) at Station 1263 (observed). The red dotted line is the 95% confidence 
level.  
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Figure 2.5. 10 min observed (a,b,c,d) and modeled (e,f,g,h) temperature profile comparisons at 

Stations 1262, 1263, 1264 and 1265. The times are in EDT. 
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Figure 2.6. RMS error profiles for temperature at (a) Station 1262, (b) Station 1263, (c) Station 

1264, and (d) Station 1265. 
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Figure 2.7. Integrated Potential Energy (IPE) of the observed and modeled temperature data at 

(a) Station 1262, (b) Station 1263, (c) Station 1264, and (d) Station 1265. 
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Figure 2.8. Daily averaged observed and modeled (a) East (U - component) and (b) North (V-
component) velocity comparison at 11 m depth at Station 1262. Times are in EDT. 
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Figure 2.9. Daily averaged observed (a - East, b – North) and modeled (e - East, f – North) 

velocity comparison at Station 1263, and observed (c - East, d – North) and 
modeled (g - East, h – North) velocity comparison at Station 1264. Times are in 
EDT. 
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Figure 2.10. (a) Hourly averaged east and north component of wind speed collected at Station 

1263. The shaded region is the Combined Sewer Outflow event (b) 30 min east 
velocity component measured at Station 1264 and (c) 30 min modeled east velocity 
component at Station 1264.  
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Figure 2.11. RMS error profile for currents (east and north velocity components) at (a) Station 
1263 and (b) Station 1264. 
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Figure 2.12. Reverse progressive vector (RPV) diagram for (a) Kingston Central intake and (b) 

Kingston West intake for spring (red), summer (blue), and fall (magenta) seasons; 
(c) IPZ-2 (blue) at the Kingston Central and Kingston West intake. The red circle 
(1 km radius) is the IPZ-1. 

 

 

 

 

 

 

 



 

44 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2.13. Model velocity vectors averaged over June-August at (a) 12 m depth and (b) 20 m 
depth. The 20 m depth contour is shown in green. 
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Chapter 3 

Transport of municipal, industrial and tributary discharges in eastern 

Lake Ontario and upper St. Lawrence River 

3.1 Introduction 

Freshwater lakes and rivers, such as Lake Ontario and the St. Lawrence River system, serve as 

sources for drinking water as well as sinks for municipal/wastewater and industrial discharges. 

Industrial effluents, accidental spills and discharge of sewage to the environment, as combined 

sewer outflows (CSOs) and/or treated and untreated discharges from municipal wastewater 

treatment plants (WWTPs), can have negative impacts on human health and on the aquatic 

ecosystem including: eutrophication, bacterial contamination and toxicity from heavy metals and 

pharmaceuticals. This requires development of new wastewater treatment technologies and other 

control measures, which are an expensive proposition. Management and research studies are 

needed to minimize discharges, understand their transport pathways and mitigate their effects on 

public health (Holeton et al., 2011).  

To make optimum use of these water bodies, we must protect the source water for the 

drinking water intakes from the waste discharges. As part of the drinking water protection study, 

under Clean Water Act (2006), eight municipal drinking waters intakes (Fig. 3.1) in the Kingston 

Basin in eastern Lake Ontario and the upper St. Lawrence River system were mandated to be 

protected based on the Technical Rules (MOE, 2009) prepared by the Ontario Ministry of 

Environment (MOE), by delineating three Intake protection Zones (IPZs) around each drinking 

water intake. The IPZ-1 is a set-area of 1 km radius around each intake. The IPZ-2 is a zone 

defined around each intake that considers 2-hr travel time during a 10-yr return period wind 

event. The IPZ-2s have been delineated in a previous study (Paturi et al., 2012). The IPZ-3 is 
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defined as the area where the water could reasonably travel to the intake during a potential 

contaminant spill or discharge. The area is to be determined by the percentage of concentration 

of the release that could reach each of the eight intakes and be a potential source of 

contamination. 

To achieve these goals, understanding the hydrodynamics and the processes that affect 

the transport of contaminants is essential. The Kingston Basin and the St. Lawrence River system 

(Fig 3.1) have complicated hydraulic and wind-driven flow hydrodynamics (Tsanis et al., 1991). 

The mean flow (0.8-1.8 cms-1) is strongly affected by the presence of numerous islands and 

complicated topography. The flow distribution in the St. Lawrence River is approximately 55% 

and 45% in the channel south and north of Wolfe Island respectively (Tsanis and Murthy, 1990) 

and is hydraulically driven (Tsanis and Murthy, 1991). The flow in the Kingston Basin is 

affected by thermal stratification during summer months. Lake stratification (Shen et al., 1995; 

Laborde et al., 2010), basin morphology (Morillo et al., 2008) and earth’s rotation (Laborde et 

al., 2010) have strong influence on pollutant transport and increase horizontal dispersion of 

pollutants. The mean lakeward flow in the Kingston Basin’s hypolimnion is against the 

prevailing wind (southwest), through three deep channels (Tsanis et al., 1991) that cause oxygen 

replenishment in the hypolimion in the Kingston Basin (Ahrnsbrak and Wing, 1998).  Paturi et 

al. (2012) found significant wind-induced circulation in the Kingston Basin, evidence of lake-

effects as a far as Brockville in the St. Lawrence River system and a riverward flow of the 

bottom water. Storm events result in flow reversals of the river (Paturi et al., 2012), which can 

have significant impacts on the transport of contaminants. The mean summer circulation (June –

August) showed a counter-clockwise gyre in the Bay of Quinte region (Paturi et al., 2012; Shore, 

2009) and also in the channel north of Amherst Island, north of Wolfe Island and south of 
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Kingston Basin (Paturi et al, 2012). Mean depth-averaged circulation and gyres were found to 

play an important role in the transport and distribution of contaminants in the Hamilton Harbour 

(Rao et al., 2009) and Lake Winnipeg (Rao and Zhao, 2010; Zhao et al., 2012). Wind-driven 

currents, turbulence, bottom stress, surface seiches and internal waves are important in the 

dispersion of the contaminants in stratified lakes (Lick, 1982). Wind speed and direction 

(Morillo et al., 2008), pollutant levels and proximity of the intakes to the pollutant sources from 

local sewers, rivers and WWTP discharges contribute to concentration levels measured at intakes 

(Hurdowar-Castro et al., 2007). The August 1, 1992 tritium spill from the Pickering Nuclear 

Generating Station was modeled to be transported ~200-400 km westward along the north-shore 

of Lake Ontario under the influence of prevailing alongshore winds (Hurdowar-Castro et al., 

2007).  

Surface circulation is analogous to wind-driven circulation and can have significant effect 

on the transport of contaminants. Satellite–tracked drifters have been used to study the surface 

circulation at the mouth of the Niagara River (Pal et al., 1998), Kingston Basin (Tsanis et al., 

1991) and the flow distribution in the St. Lawrence River system at Wolfe Island (Tsanis and 

Murthy, 1990). Tsanis et al. (1991) found the circulation close to north and south channels of the 

St. Lawrence River to be hydraulically dominated and predominantly wind-driven away from it. 

They suggested a counter-clockwise eddy in the Kingston Basin to the northwest of the North 

Channel and y-like motions in the central basin. Coastal jets and thermal bar influence the 

transport of contaminants in the south shore of Lake Ontario during spring and lake stratification 

during summer and fall seasons (Pal et al., 1998). Stocker and Imberger (2003), using 

Lagrangian GPS drifters in Lake Kinneret, examined that for a time scale smaller than few 

inertial periods, internal waves lead to strong divergence and convergence events and was a 
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significant driving force for horizontal dispersion. Beletsky et al. (2006) and Prakash et al. 

(2007) coupled a particle tracking model to Princeton Ocean Model (POM) to study and evaluate 

the mean surface circulation in Lake Michigan and Lake Ontario, respectively. Furnans et al. 

(2004) compared field-observed and modeled surface layer drifter tracks in Lake Kinneret and 

observed that variability in wind direction causes changes of 0.5-4 km in modeled drifter 

position over duration of 3 days. Including physical characteristics (drag, inertia, mass) of 

drifters is important in differentiating a drifter from a perfect Lagrangian particle (Furnans et al., 

2008).  

Drifters have both advantages and disadvantages when compared to tracers (Stocker and 

Imberger, 2003). Drifter studies are characterized by a greater experimental flexibility and the 

possibility of a much higher sampling frequency whereas tracers include spreading due to 

vertical shear dispersion and therefore represent the total fate of a diffusive substance (Peeters 

1994). Drifters are representative of the behavior of diffusive substances only when vertical 

shear dispersion is small compared to horizontal shear dispersion, usually in unstratified periods. 

The goal of this present study is to (1) delineate the IPZ-3 using a set of 29 potential 

release locations of sewer outfalls, tributary and wastewater discharges, modeled as passive 

tracers using the Estuary and Lake Computer Model (ELCOM; Hodges, 2000; Hodges et al., 

2000), (2) to elucidate the dominant physical processes that could transport contaminants to 

drinking water intakes and (3) determine whether the contaminants would travel to the intake or 

not.  

The rest of the paper is structured as follows. The field observations, model setup and 

simulations are described and the output is validated against field observations. Results are 

analyzed to determine the concentration of threats at each intake and the maximum concentration 
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occurring within the water body. A sensitivity analysis is undertaken to determine the physical 

processes governing effluent transport to each intake. 

3.2 Methods 

3.2.1 Instrument moorings 

Moored temperature and current velocities were used to validate the model hydrodynamics. 

Water temperature data were measured at Stations 1262, 1263, 1264 and 1265 (Fig. 3.1a) using 

Onset Tidbit temperature loggers (10 min sampling frequency) moored on thermistor chains 

during Apr.-Nov, 2006. During the same period, vertical profiles of currents were recorded using 

an upward looking RDI Workhorse acoustic Doppler current profiler (ADCP) with 1m vertical 

bins (sampled every 30 mins at 1200 kHz) at Stations 1263 (106 days) and 1264 (111 days). For 

a detailed description of the data please see Table 3.1. 

3.2.2 Drifter deployments 

Satellite-reporting ARGOS/GPS drifting buoys (Clearwater Instrumentation) were used to track 

the surface circulation in eastern Lake Ontario and upper St. Lawrence River and validate 

modeled advection. The drifters have excellent water tracking capability with very low direct 

wind- and wave-induced horizontal motion to the drifter (Davis, 1985). The drifter consists of a 

1 m long tube that houses the electronics and battery pack. Attached to the housing are four 

drogue/vanes directed radially outward at 90° intervals with a small surface float attached at the 

outward end of each vane. The drifter has a center-of-effort at approximately 0.8 m below the 

water surface. Only GPS data, measured every hour with 10 m accuracy, were used in the 

analyses because of the combination of higher accuracy and more frequent positions relative to 

ARGOS (150 m accuracy). In contrast to typical oceanic applications, all drifters were retrieved, 

upon entering shoal water, rather than deemed expendable.  
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3.2.3 Drifter error quantification 

Errors in drifter position and modeled velocity accumulate with time, causing a divergence in the 

observed and modeled trajectories (Furnans et. al., 2004). The data from the observed drifter 

experiments were provided in the form of latitude and longitudes over the sampled time horizon. 

In order to compare the movement of the drifters with the corresponding model results, the 

distances were converted to UTM coordinates in easting and northing (Table 3.1). These 

distances, coupled with the time of movement from point to point, were used to calculate the 

observed drifter U and V-velocities in the x-and-y directions. The observed versus modeled 

drifter velocities were evaluated based on a statistical comparison of variances following Schwab 

et al. (1989)  

𝛾1 =  ∑�(𝑈𝑑−𝑈𝑐)2+ �𝑉𝑑−𝑉𝑐)2�
∑[(𝑈𝑑)2+ (𝑉𝑑)2]                                                      (1)  

  

𝛾3 =  ∑�(𝑈𝑑−𝑈𝑐−𝑎𝑈𝑤)2+ (𝑉𝑑−𝑉𝑐−𝑎𝑉𝑤)2�
∑[(𝑈𝑑)2+ (𝑉𝑑)2]                                      (2) 

γ1 represents the ratio of the variance of the observed drifter velocities and the modeled current 

velocities and γ3, the ratio of the variance of the difference between the observed drifter 

velocities and the combined computed velocity (current plus windage) to the variance of the 

observed drifter velocities. Here (Ud, Vd) are the observed drifter velocity components; (Uc, Vc) 

the modeled current velocity components; (Uw, Vw) the recorded wind velocity components and 

a, the windage factor. The windage factor was computed using a least squares approach 

following 

                                                                𝑉�⃗ 𝑑 =  𝑉�⃗𝑐 +  𝑎𝑉�⃗𝑤                                                                     (3) 
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where 𝑉�⃗ 𝑑 represents the drift velocity; 𝑉�⃗𝑐 represents the modeled current velocity; 𝑉�⃗𝑤 represents 

the wind velocity; and a, the windage factor. The values for 𝛾1 and 𝛾3 range from zero (best) to 4 

(worse). 

 The Root Mean Square (RMS) error was also used to quantify the agreement between 

model simulated and Satellite-tracked drifter position 

                                                RMS=(1
𝑀

 ∑ (𝑓𝑖𝑚 − 𝑓𝑖𝑜)2𝑀
𝑖=1  )1/2                                                    (4) 

where 𝑓𝑖𝑚 and 𝑓𝑖𝑜 are modeled and observed drifter position in UTM coordinates for sample case 

i (out of M samples). 

3.2.4 Model description 

The Estuary and Lake Computer Model (ELCOM; Hodges, 2000; Hodges et al., 2000) was 

applied to model the hydrodynamics, passive tracers and drifters in the study region. ELCOM is 

a three-dimensional (3D), Z-coordinate hydrodynamic model. It solves the unsteady Boussinesq 

viscous Reynolds-averaged 3D Navier-Stokes equations using a semi-implicit formulation for 

momentum with the addition of a quadratic Euler-Lagrange discretization with a conjugate-

gradient solution for the free-surface height (Casulli and Cheng, 1992). The hydrostatic 

approximation was applied for these simulations. The vertical turbulent transport was computed 

with a mixing model to each water column. Baroclinic and barotropic responses, rotational 

effects, wind stresses, surface thermal forcing, inflows, outflows and transport of heat and 

passive scalars are included in the code. The horizontal advection terms of the advection-

diffusion were modeled with a third-order accurate QUICKEST scheme (Leonard, 1979) 

combined with the ULTIMATE limiter (Leonard, 1991) that avoids overshooting and 

undershooting near sharp changes of concentration. The horizontal diffusion terms were 

discretized using a second-order stencil. 
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3.2.5 Model set-up  

Simulations were conducted on a 300 m x 300 m horizontal grid resolution with 73 vertically 

varying levels. The top three layers were at 0.1 m spacing and the next 40 layers (through the 

epilimnion and metalimnion) at 0.5 m spacing. The lower layer spacing (in the hypolomnion) 

ranged from 1 m to 5 m; at the maximum depth of 70 m. Simulations on a 200 m x 200 m 

horizontal grid confirmed the results to be grid independent at the basin-scale (Paturi et al., 

2012). The model grid covered the region from the Sandhurst Shores intake in the southwest to 

the Brockville intake in the northeast (Fig. 3.1a). The bathymetric grid (Fig. 3.1a) was generated 

using datasets from two sources. More than 331,000 bathymetric soundings were interpolated for 

the region between Kingston and Cornwall (Aaron Thompson, Environment Canada) and 

gridded bathymetric data with 3 sec resolution was used for the region between Kingston and 

Prince Edward County. The gridded data were obtained from the National Geophysical Data 

Centre (www.ngdc.noaa.gov). The horizontal datum was in UTM coordinates, Zone 17, NAD83; 

the vertical datum was in IGLD 85. 

ELCOM simulations were run for a period of 190 days, from 13 April to 19 October, 

2006 with 5 min time step. Simulations were cold started (i.e., the fluid was at rest). Temperature 

profile measured by the thermistor mooring at Station 1263 (Fig.3.1a) was provided as the initial 

condition in the model. Uniform surface boundary conditions were specified as shortwave 

radiation (Wm-2), net longwave radiation (Wm-2), surface air temperature (oC), wind speed (ms-1) 

and wind direction (degrees clockwise from north), relative humidity, atmospheric pressure (pa), 

and rainfall amount (mmd-1) at 10 min input intervals. These were measured by the 

meteorological buoy at Station 1263 mounted 3.3 m above the water surface. The predominant 

wind direction was southwesterly (Paturi et al., 2012). Four severe storm events (winds > 20 ms-

1) were observed during days 168, 178, 185, and 192 (Fig. 3.2a). These storm events can be 
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responsible for transporting contaminants to the intake over long distances (Hurdowar-Castro et 

al., 2007) in case of a spill and discharges of municipal and industrial wastes. 

3.2.6 Tracer simulations and estimation of boundary flows 

ELCOM allows for 10 passive tracers to be released per simulation (Hodges and Dallimore, 

2007). Hence, the 29 discharge locations, identified by the Cataraqui Region Conservation 

Authority (CRCA) as potential sources of contamination to the drinking water intakes (Table 

3.2) were divided into four sets of flows, depending on their type: combined sewer outfalls (O-

1to O-9), tributary flows (T-1 to T-10), municipal wastewater (W-1 to W-6) and industrial 

discharges (I-1 to I-4). They were simulated as passive tracers, within the flow where each tracer 

had an initial concentration of 1.0. The fractional dilution can then be evaluated by the reduction 

in concentration as the tracers are simulated to move through the computational domain. We 

ignore decay effects. The locations where these flows enter the domain are shown in figure 3.1. 

Each of the flows was estimated using measured flow data or prorated flow data (as described 

below) based on drainage area using the relationship: 

𝑄2 = 𝑄1 ∗ �
𝐴1
𝐴2
�
n
                                                     (5) 

where Q1 and A1 are the flow and drainage area for the original location, Q2 and A2 are the flow 

and drainage area for the location of interest, and “n” is an empirical exponent (see Watt, 1989). 

Daily stream-flow from eight of the ten tributaries (T-1 to T-7 and T-10) was specified 

from long term hydrometric gauging stations maintained by Water Survey of Canada (WSC), 

Ontario Ministry of Natural Resources (MNR), and the Cataraqui Region Conservation 

Authority (CRCA). Daily and monthly gauged flows for T-4, T-5 and T-10 and T-1, T-2, T-3, T-

6 and T-7, respectively, were pro-rated to the river mouths using equation (5). Gauged data was 

not available for T-8 and T-9, for which monthly average flows were estimated using the long 



 

54 

term average monthly flow estimates from the CRCA Tier 1 Water Budget and Water Quantity 

Stress Assessment report (XCG, 2009).  

Nine combined sewer outfalls (CSOs) were modeled to estimate their flows; the drainage 

area to the CSOs was calculated from municipal sewer mapping. The average monthly flow for 

each CSO was calculated based on mapping of the drainage area of the sewer network and the 

drainage area of the nearest creek with a hydrometric gauging station. For all of the CSOs except 

O-9, there is a local stream with a hydrometric gauge station. O-9 discharge was based on direct 

flow measurements recorded by the municipality. 

The wastewater discharges included flows from six municipal wastewater treatment 

plants and four industrial plants (Table 3.2). A diesel spill occurred at I-4 on Oct 1, 2008, as the 

modeling work was being undertaken. This spill has been modeled by introducing the spill 

volume (8 x 10-6 m3s-1; Source: http://www.thewhig.com, dated Oct 02, 2008) as an 

instantaneous slug flow. Industrial flows from I-1, I-2 and I-3 were not available and were 

estimated as being equal to the daily water intake volumes. Table 3.2 provides the sample 

frequency of all the flows and the maximum discharges. 

3.3 Results 

3.3.1 Temperature 

The modeled temperatures have been quantitatively compared to temperature time-series 

observations at all four field sites in Paturi et al. (2012). The temperature comparison at Station 

1263 is reproduced in figure 3.2(b,c). The modeled mixed layer depth appears to be shallower 

than the observed and shows a cold bias during summer of about 2 oC. The model thermocline is 

more diffuse compared to observed thermocline, which is believed to be due to numerical 

diffusion (Laval et al., 2003). The root mean square (RMS) error between observed and modeled 

http://www.thewhig.com/
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temperature was ~1-2 oC (Paturi et al., 2012). These results are comparable to other model 

validations in the Great Lakes (Huang et al., 2010). The model also shows good skill in 

reproducing the seasonal evolution of spring warming and fall cooling.  

3.3.2 Currents 

The modeled currents were quantitatively compared to observed current time-series at all four 

field sites in Paturi et al. (2012). As an example, the comparison at Station 1263 is shown here 

(Fig. 3.3). The modeled current directions are consistent with observations, but at times the 

model simulates a stronger eastward current (Fig. 3.3b). This could be due to the difficulty in 

accurately capturing topography with a gridded model (Hall, 2008). The model shows a strong 

bias for southerly currents during days 140 and 160, while the northerly current magnitudes are 

underestimated (Fig. 3.3d). A strong northerly wind was observed on these days and the modeled 

error is likely due to the surface drag coefficient being parameterized for smaller lakes (1.3 x 10-

3), as opposed to the lower Great Lakes values (0.8 x 10-3; Royer et al., 1986). The RMS errors 

for the currents are between 1-10 cms-1, and are larger at the surface (Paturi et al., 2012).  

3.3.3 Drifters 

Nine drifters were deployed during two cruises in 2006 and drogued at 1m depth. The model 

predicts drifter movement by determining the wind and inertia forces acting on the drifter motion 

(Furnans et al., 2008). Modeled and observed drifter tracks were quantitatively compared (Fig. 

3.4 and Table 3.1). Three drifters were released during 06-08 June, in the channel north of Wolfe 

Island (D1), Amherstview Island (D2) and near Station 1263 (D3). A second set of three drifters 

were released during 26–28 September (D4, D6 & D8). The drifters were recovered when they 

shoaled and re-released at different locations (D5, D7 & D9). 
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Both modeled and observed D1 travelled in a north westerly direction, eventually 

shoaling (Fig. 3.4a). Under these conditions, the modeled drifter is not removed from the 

domain, and continued along the shore in a westerly direction.  

D2 travelled eastward along the North Channel. The corresponding modeled drifter 

traveled eastward for 1 day when the wind was south westerly (Fig. 3.2a). The wind direction 

changed to north easterly after day 158.5 (Fig. 3.2a) and the modeled drifter reversed direction 

similar to the model predicted surface current (see Fig. 3.13a) and moved westward. The reversal 

is more likely a consequence of the counter-clockwise gyre in the Bay of Quinte region (Paturi et 

al., 2012; Shore, 2009). 

Both modeled and observed D3 travelled southward toward Simcoe Island for a day, in 

opposition to the wind direction, which was south westerly. The observed drifter then reversed 

direction and travelled northward, when the wind was north easterly. This is most likely a 

consequence of the wind-induced lake-wide circulation whereby a counter-clockwise gyre-like 

circulation was established resulting in upwind transport. The satellite-tracked drifter was 

impeded by the poor bathymetric resolution near Simcoe Island (Fig. 3.1; Hall, 2008) travelling 

south west, then north. 

Tracks for D4, D6 and D7 (Fig. 3.4b) followed the St. Lawrence River hydraulic flow 

(Paturi et al, 2012; Shore, 2009; Tsanis et al., 1991). The model predicted drifter (D4) deviated 

southward after half a day and shoaled on the shore of Wolfe Island, under the influence of the 

winds changing from south westerly to north westerly (Fig. 3.2a). D5 travelled lake-ward for 

three-quarters of a day and shoaled at Simcoe Island; due to the effect of the islands on the 

circulation in the Kingston Basin (Tsanis et al., 1991). D6 and D7 travelled riverward under the 

influence of the hydraulic flow at 60% of the modeled current speed. The difference in tracks can 
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be due to shoreline geometry and bottom bathymetry as these are in the nearshore waters and in 

the frictional boundary layer (Rao and Schwab, 2007). 

D8 and D9 (Fig. 3.4c) also show the hydraulic effect on the surface currents in the 

channel north of Wolfe Island and the local wind effects as opposed to the uniform surface wind 

forcing in the model could cause the error in the drifter track positions (Furnans et al, 2004). 

Each of the second set of model drifters released during 26-28 September, 2006 had a trajectory 

with the same general characteristics of the observed drifters. 

The mean RMS error (Table 3.1) in UTM distances for east and north directions ranged 

from 0.45 km to 4.4 km. The mean RMS error was smaller for drifters (D5, D7 & D9) released 

for shorter duration (<1 day) and in the fall season, when no storms occurred. The minimum and 

maximum errors ranged from as low as 0.0 km to 7.0 km. In addition to the bathymetric issues 

discussed above, these errors could be due to using uniform wind forcing as opposed to spatially 

variable winds. Furnans et al. (2004) observed that a small change in wind direction (+1o) causes 

changes of 0.5-4.0 km in the model drifter position over duration of 3 days.  

γ1 (Eq. 1) values ranged from 0.99 to 3.94 (Table 3.1) and were maximum (> 3) for D2, 

D5 and D7. For D2, this is due to reversal in the model drifter track due to the presence of 

counter-clockwise gyre like circulation in the North Channel (Paturi et al., 2012; Shore 2009) 

and D5 and D7 were very near to the shore. Overall, the addition of the calculated current plus 

windage factor in calculating γ3 (Eq. 2) did not improve the error estimates significantly, as was 

observed by Schwab et al. (1989) except for D1, D4 and D9 where it was a slightly better 

predictor of modeled drifter velocities. This difference could be due to the inclusion of drifter 

properties (drag, inertia, mass) in ELCOM (Furnans et al., 2008) which was not the case in Lake 

St. Clair (Schwab et al., 1989).  
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3.3.4 Scalar Transport Simulations 

We applied the validated hydrodynamic model to simulate the transport of the 29 discharges 

listed in Table 3.2 during 13 April through 19 October 2006. The discharge locations (Fig. 3.1) 

and flow rates (Fig. 3.5) and maximum flows are given Table 3.2. Maximum flows include a 1.5 

m3s-1 CSO event (O-9), an industrial discharge of 65 m3s-1 (I-1), a wastewater flow of 1.04 m3s-1 

(W-2), and a tributary flow of 39.2 m3s-1 (T-9). Model results were then analyzed to determine 

the concentrations of the passive tracers within the flows at the locations of the eight municipal 

drinking water intakes and characterize the hydrodynamic processes governing scalar transport 

to each intake throughout the domain.  

3.3.5 Concentration and processes driving transport at intakes 

Tracer concentrations at each of the 8 drinking water intakes are shown in figures 3.6-3.13 for 

the four sets of discharges. All conservative tracers were initialized to a concentration of 1.0 at 

their source and do not have source or sink terms, consequently, the near-surface concentration 

variations are due to advection and dilution by diffusion. Table 3.3 shows the maximum 

concentration of each tracer at each intake over the entire simulation. Concentrations above 0.5 

(i.e. 50% dilution of tracer) at the intakes are shown in bolded text. Figures 3.14–3.16 show the 

maximum simulated surface concentration contours for the four sets of tracers modeled.   

To determine the physical processes driving transport of contaminants in the model 

domain, the passive tracers were also simulated by switching off wind forcing, surface 

thermodynamics, Earth’s rotation, hydraulic flow through the St. Lawrence River and forcing the 

model open boundary with mean daily and 2 week averaged water levels to remove dynamical 

forcing from surface seiches (5 hr period) and storm surges (~10 day period), respectively. 

Cross-correlation coefficients (xcorr2 function in MATLAB; Source: www.mathworks.com) 

http://www.mathworks.com/
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were calculated, at 6 hr intervals, between the surface concentrations simulated with all driving 

processes included and concentrations with each process switched off to quantify the effect of 

each physical process in overall transport (Table 3.4). The smaller the cross-correlation 

coefficient, greater the deviation from the full simulation and more important the particular 

process in governing transport. The overall mean cross-correlation values were 0.63, 0.99, 0.94, 

0.90, 0.99, 0.98 for no-wind, no-rotation, no-hydraulic flow, no-thermodynamics, daily average 

water level and 2-week average water level forcing, respectively, indicating that wind driven 

transport is the most dominant process controlling the contaminant pathways in the surface 

waters of eastern Lake Ontario and the upper St. Lawrence River; the remaining processes being 

relatively negligible. The temporal variation of the cross-correlation coefficient for the no-wind 

scenario (Fig. 3.17) for all the 29 discharges is used to explain the peaks in concentration at each 

intake (Figs. 3.6–3.13). Discharges with peaks less than 0.1 are ignored, as these have been 

considered to have sufficient dilution that, there is no risk of contamination to the drinking water 

system (personal communication, CRCA). 

Sandhurst Shores intake: Discharges closer to the intake, T-1 (Fig. 3.1c) and W-6 (Fig. 

3.1d) result in higher concentrations (0.33 and 0.45; Table 3.3) along with concentrations of 01-

0.2 (Table 3.3) from T3 and T-4. Discharge from I-1 results in the highest concentration (0.63; 

Table 3.3) at the intake and is transported westward (Fig. 3.16g) in conjunction with the model 

drifter path, D2, when the flow reverses after day 158.5 from south-westerly to north-easterly 

(Fig. 3.2a). A peak concentration of 0.12 (Table 3.3) from O-8 (Fig. 3.6i) is seen at the intake 

due to the storm wind event during day 168 (Fig 3.2a).  

 A.L. Dafoe intake: Discharge from O-8 results in concentration of 0.1 (Fig. 3.7i) peaking 

during the strong wind event on day 168 (Fig. 3.2a). Concentrations ranging from 0.13 to 0.36 
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(Table 3.3) are seen from discharges T-1, T-3, T-4, W-1 and W-6, as these are closer to the 

intake (Fig 3.1c,d) and are confined to the shore and spread westward (Fig. 3.15a,c,d; Fig. 

3.16a,f). This intake is sheltered by the presence of Amherstview Island and the flow is 180 

degrees out of phase with the south-westerly wind (Tsanis and Murthy, 1991). The presence of a 

counter-clockwise gyre also advects the tracers in the south-westerly direction. The discharge 

from I-1 and I-2, being closer to the intake (Fig. 3.1d)  result in a concentration of 0.97 and 0.38 

(Table 3.3) respectively and are confined nearshore and around the intake (Fig. 3.16g,h), with I-1 

completely being seen at the intake. 

 Bath intake: The intake located in the North Channel (Fig. 3.1a) has a concentration of 

0.1 and 0.15 (Table 3.3) is seen from O-5 (Fig. 3.8h) and O-8 (Fig. 3.8i) and the concentrations 

particularly peak during the four storm events (days 168, 178, 185 and 192; Fig 3.2a). The 

discharges get advected westward under the influence of the counter-clockwise gyre in the 

channel north of Wolfe Island (Fig. 3.14e,h). Flows from T-3 and T-4, located close to the intake 

(Fig. 3.1c), result in concentrations of 0.87 (Fig. 3.8i; Table 3.3) and 0.42 respectively at the 

intake. The tracer distribution is confined in a smaller area around the intake (Fig. 3.15c,d) as 

they are caught in the counter-clockwise gyre. The flow from W-1, closer to the intake (Fig. 

3.1d), has peak concentration of 0.63 (Table 3.3) during storm wind events (Fig. 3.2a). 

Discharges from I-1, I-2, I-3 and W-6 (Fig. 3.8b,c) also result in concentrations of ~0.4 (Table 

3.3) and are advected westward (Fig. 3.17g-i) in conjunction with the modeled drifter track D2 

(Fig. 3.4a) when the surface current reverses direction due to change in wind direction. The 

transport is predominantly wind-driven in the region around the intake (cross correlation 0.49-

0.59; Table 3.3). 
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 Fairfield intake: CSOs from O-5 and O-8 results in concentrations of 0.19 (Fig. 3.9h; 

Table 3.3) and 0.27 (Fig. 3.9i; Table 3.3) respectively and are predominantly wind-driven (cross-

correlation 0.5; Table 3.4). Tributary flows from T-3, T-4 and T-5 result in concentrations of 

0.11, 0.23 and 0.22 (Fig. 3.9d,e) respectively. The transport of tracers is sheltered by the 

Amherstview Island and are transported westward (Fig. 3.15c-e) when the winds are from the 

south-west (Fig 3.2a), as the flow is 180 degrees out of phase with the wind (Tsanis and Murthy, 

1991). Flows from W-1, W-6, I-1 and I-2, being closer and west of the intake (Fig. 3.1d) result in 

concentrations of 0.20, 0.26, 0.15 and 0.17 (Fig. 3.9a-c; Table 3.3) respectively. The tracers are 

transported during eastward (Fig. 3.16a,f,g,h) during south-westerly winds (Fig 3.2a) and are 

also re-circulated due to the presence of the counter-clockwise gyre.  

 Kingston West intake: The intake located at the mouth of the Kingston Basin (Kingston 

Harbour; Fig. 3.1a) and in closer to the CSOs O5 to O-9 (Fig. 3.1b), concentrations of 0.29, 0.18, 

0.61 and 0.43 (Table 3.3) are seen from O-5, O-6, O-8 and O-9 (Fig. 3.10h,i), since they have 

higher flow volume than O-7. O-8 having the highest continuous discharge (Fig. 3.5c; Table 3.2) 

results in highest concentration among the CSOs at the intake. The discharge from T-7, being 

closest to the intake (Fig. 3.1c) results in a concentration of 0.41 (Table 3.3) with the peaks being 

higher during the four storm wind events (days 168, 178, 185, 192; Fig. 3.2a; Fig. 3.10e). The 

transport of tracers from the CSOs and tributary are aligned along the south-west axis (Fig. 

3.14e-i; Fig. 3.15h) of the St. Lawrence River flow north of Wolfe Island (Tsanis and Murthy, 

1990). Concentrations of 0.29 (Fig. 3.10a; Table 3.3) and 0.25 (Fig. 3.10c; Table 3.3) resulting 

from W-3 and W-6 discharges are seen at the intake under similar conditions (as discussed 

below) as the Kingston Central Intake due to the proximity of the discharge location to the intake 

(Fig. 3.1d). Smaller concentrations of ~0.15 also result from I-1, I-2 and I-4 industrial flows. 
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 Kingston Central intake: O-5 and O-6, being in close proximity to the intake (Fig. 3.1b) 

result in a concentration of 0.42 and 0.29 (Fig. 3.11h). The tracers are advected into the St. 

Lawrence River (Fig. 3.14e) due to the hydraulic flow and the dominant south-westerly winds 

(Fig. 3.2a) are channeled to the east by the surrounding islands. A peak concentration of 0.8 from 

O-8 is seen at the intake (Fig. 3.11i). The transport of the tracers from O-8, with a higher flow 

volume (Table 3.2) is mostly due to the lake-wide wind-driven circulation (cross-correlation 

0.51; Table 3.4) and results in a peak concentration of 0.8 (Table 3.3) during the storm event 

(day 168; Fig. 3.2a). The tributary flows (T-4, T-7 and T-8) are closer to the intake (Fig. 3.1d) 

resulting in concentrations of 0.15, 0.11, 0.33 (Fig. 3.11d,e; Table 3.3) respectively. The flow 

from T-7 (Fig. 3.15g) and T-8 (Fig. 3.15h) is south-west along the St. Lawrence River hydraulic 

axis, which is consistent with the predominant wind direction and also due to the flow reversal 

observed at Station 1264 (Paturi et al., 2012) under strong easterly storm events (Fig. 3.2a). The 

wastewater discharge concentrations at the intake range from 0.1 to 0.24 (Table 3.2). Notably, a 

maximum concentration of 0.24 (Fig. 3.11c) results from W-6 discharge. The tracer is advected 

eastward (Fig. 3.16f) under the predominant southwesterly wind event and channeled by the 

presence of Amherstview Island. The diesel spill at the Wolf Island release (I-4) results in a 

concentration of 0.15 (Fig. 3.11c) at the intake and remains localized in the channel north of the 

St. Lawrence River (Fig. 3.16j) due the counter-clockwise gyre (Paturi et. al., 2012). 

Gananoque intake: T9 has a higher flow rate than other discharges (Fig. 3.5d; Table 3.2) 

and is located close to the Gananoque intake (Fig 3.1c), resulting in a high concentration at the 

intake (Fig. 3.12f) and the surrounding region (Fig. 3.15i). The tributary flow appears to be 

constrained nearshore, with the islands reducing mixing to the main St. Lawrence River channel 

(Fig. 3.15i). The transport of T9 is primarily driven by surface winds (cross-correlation of 0.64; 
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Table 3.4), with hydraulic flow and surface thermodynamics also important. The concentration at 

the intake scales directly and inversely with the seasonal variation in the T9 and St. Lawrence 

River flow rates, respectively (Figs. 3.12f; Fig. 3.5d; Paturi et al., 2012) indicating that local 

dilution and riverine advection reduce the concentration during mid-summer. O-5 and O-8 have 

higher flow rates (Fig. 3.5c) and are located in the channel north of Wolfe Island (Fig. 3.1b). 

Concentrations of the order of ~20% (Fig. 3.12h,i; Fig. 3.14e,h) reach the intake only during 

days 150-200 when severe storm winds were observed (Fig. 3.2a). The transport of contaminants 

is primarily driven by wind (cross correlation ~0.51; Table 3.4) and are constrained nearshore 

(Fig. 3.14e,h) similar to T-9. For the no-wind scenario, the cross-correlation coefficients are 

smaller during storm wind events and higher otherwise (Fig. 3.17b,c). The municipal/wastewater 

discharges show a concentration of 0.15 at the intake from W-6 (Fig. 3.12c) due to wind-driven 

surface currents, when the winds are southwesterly (Fig. 3.2a) as seen from the smaller cross-

correlation coefficient (0.64; Table 3.4). The discharge is transported more than 60 km from west 

to east (Fig. 3.16f). 

  Brockville intake: CSOs from O-1 to O-4 are close to the intake (Fig. 3.1b) resulting in 

higher concentrations of ~0.35 (Table 3.3; Fig. 3.13g,h) and spread across the St. Lawrence 

River channel (Fig. 3.14a-d), even though the discharge volumes are smaller (Fig. 3.5c; Table 

3.2), during the days 130-230 and have the highest peaks when the storms events occur (days 

168, 178, 185, 192; Fig 3.2a). The transport is primarily driven by wind (cross correlation ~0.72; 

Table 3.4; Fig. 3.17g,h), the St. Lawrence River outflow (cross correlation ~0.73; Table 3.4) and 

also by the surface thermodynamics (cross correlation ~0.83; Table 3.4). Concentrations of ~0.1 

are also seen from O-5 and O-8, having the highest CSO volume (Fig. 3.5c; Table 3.2), at the 

intake during the fall season. These discharges are released in the Kingston Harbour area (Fig. 
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3.1b) and are transported ~60 km (Fig. 3.14e,h) by wind and the river outflow. T-10 (Fig. 3.1c) 

and W-5 (Fig. 3.1d) are closer to the intake, resulting in higher concentrations of 0.75 and 0.39 

respectively.  

3.4 Delineation of IPZ-3 

The IPZ-3 (Fig. 3.18) was delineated by overlapping the extent of the maximum concentration 

(from the entire simulation) contour around each intake (Watt, 2010). The extent of the 

maximum concentration contour up to 0.1 was included. The maximum concentration contours 

provide the worst case scenario when the contaminant can be found at the intake. The IPZ-3 

extends into north of the Brockville intake in the St. Lawrence River system, the North Channel 

in the Bay of Quinte and the regions surrounding south of the Amherstview Island and the Wolfe 

Island in the Kingston Basin. The IPZ-3 delineation will be used to provide a direct link between 

the discharge point and the drinking water intake in order to identify a discharge location as a 

significant threat. This will help the municipalities to make an informed decision to reduce the 

contaminants in the flows and improving the water treatment technology.  

3.5 Summary and Conclusions 

We applied ELCOM to simulate tracers as surrogates for the CSOs, tributary flows and 

municipal/wastewater and industrial discharges to understand the physical forcing responsible 

for the transport of contaminants and whether they travel to the intake or not. These were 

identified by the CRCA as potential sources of contaminants that could reach the eight municipal 

drinking water intakes and pose a threat to the drinking water system.  

The Lagrangian transport was studied by simulating model drifters and the effect of wind, 

mass and inertia on the drifters was taken into account (Furnans et al., 2004). The RMS error in 

the drifter motion of 0.5-4.0 km was consistent with previous model results (Furnans et. al., 
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2004) over duration of 3 days. The hydraulic flow was dominant close to the channel north of the 

St. Lawrence River and influenced by wind away from it. The movement of the modeled drifters 

was mostly driven by surface circulation and not by wind, in contrary to results in Lake St. Clair 

(Schwab et al., 1989).  

Tracer concentrations at the intakes are driven primarily by wind forcing in the Kingston 

Harbour, Kingston Basin, and North Channel. In the St. Lawrence River channel, the river 

outflow, surface thermodynamics and wind were found to be predominant forcings. The St. 

Lawrence River outflow controlled by the Moses Saunders Dam contributes to the transport of 

contaminants along the river and was hydraulically driven. Closer the intake location is to the 

discharge location, the higher the concentration of the tracer. The tracers are mostly confined to 

the nearshore region due to lake stratification. Mean circulation and gyres are also responsible 

for transport of contaminants.  

The delineation of the IPZ-3 will help the municipalities to have better understanding of 

the transport of contaminants and they can take steps to mitigate the effect of contaminants on 

the drinking water intakes. 
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Table 3.1. Drifter deployment dates, duration and error statistics for the year 2006. Drifter IDs 
correspond to those shown in Figure 3.4.  

 

Drifter 
ID 

Start Time 
(DOY) 

End Time 
(DOY) 

Duration 
(days) 

RMS (km) 

γ1 α γ3 Mean Min Max 

UTM 
east 

UTM 
north 

UTM 
east 

UTM 
north 

UTM 
east 

UTM 
north 

D1 07 June  
( 158.709) 

08 June 
(159.726) 1.017 4.40 1.43 0.08 0.01 7.00 3.50 0.9978 -0.0007 0.9969 

D2 06 June 
 (157.696) 

08 June  
(159.54) 1.844 2.50 0.45 0.01 0.02 6.60 1.50 3.8300 0.0014 3.8400 

D3 06 June  
(157.588) 

08 June 
(159.625) 2.037 4.40 4.30 0.26 0.07 6.40 6.70 2.4562 0.0006 2.4580 

D4 26 Sept 
(268.7183) 

27 Sept 
(269.7292) 1.0109 1.42 1.35 0.21 0.69 2.15 2.41 1.4622 -0.0003 1.4681 

D5 27 Sept 
(269.8542) 

28 Sept 
(270.625) 0.7708 0.67 0.92 0.00 0.02 2.07 1.56 3.6500 -0.0003 3.6571 

D6 26 Sept 
(268.5826) 

27 Sept 
(269.5833) 1.0007 3.76 3.20 0.01 0.19 6.29 4.77 1.9130 -0.0004 1.9090 

D7 27 Sept 
 (269.875) 

28 Sept 
(270.625) 0.75 0.65 1.01 0.00 0.03 2.01 1.72 3.9400 -0.0002 3.9412 

D8 26 Sept 
(268.59472) 

27 Sept 
(269.625) 1.03028 0.78 1.27 0.02 0.01 1.92 3.78 1.7300 -0.0001 2.0938 

D9 27 Sept 
(269.87498) 

28 Sept 
(270.5625) 0.68752 0.59 1.46 0.02 0.03 1.36 2.27 1.1096 -0.0002 0.9739 
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Table 3.2. Table showing the types, names, discharge estimates (measured by Cataraqui Region 
Conservation Authority) and the tracer identification (O-Combined sewer outfalls, 
T-Tributary flows, W-Municipal/Wastewater and I-Industrial) of the 29 discharges 
identified by CRCA as potential threats. The discharge estimates were specified as 
inflow (m3s-1) in ELCOM. 

 

Type of 
discharge Discharge location  

Discharge 
estimate  

(from CRCA) 

Tracer 
identification  

Maximum 
discharge 

(m3s-1) 

Combined 
sewer 

outfalls 

Brockville Storm Sewer Outfall 87 Monthly average O-1 0.002 
Brockville Storm Sewer Outfall 84 Monthly average O-2 0.005 
Brockville Storm Sewer Outfall 04 Monthly average O-3 0.017 
Brockville Storm Sewer Outfall 34 Monthly average O-4 0.003 
Signal Avenue Storm Sewer Outfall Monthly average O-5 0.027 

West Street Storm Sewer Outfall Monthly average O-6 0.036 
Fort Henry Storm Sewer Outfall Monthly average O-7 0.018 

Portsmouth Avenue Storm Sewer Outfall Monthly average O-8 0.081 
Collingwood Street Storm Sewer Outfall Event specific O-9 1.500 

Tributary 
flows 

Unnamed Creek near Sandhurst Shores Monthly average T-1 0.210 
Bath Creek Monthly average T-2 0.520 

Unnamed creek in Bath Monthly average T-3 0.080 
Millhaven Creek Daily values T-4 4.660 

Collins Creek Daily values T-5 12.50 
Highgate Creek Monthly average T-6 0.160 

Little Cataraqui Creek Monthly average T-7 2.740 
Cataraqui River Monthly average T-8 9.800 

Gananoque River Monthly average T-9 39.20 
Buells (Butlers) Creek Daily values T-10 2.700 

Municipal/ 
Wastewater 
discharges 

Bath Sewage Treatment Plant Outfall Monthly average W-1 0.033 
Ravensview Sewage Treatment Plant Monthly average W-2 1.040 

Kingston West Sewage Treatment Plant Monthly average W-3 0.415 
Gananoque Sewage Treatment Plant Daily discharge W-4 0.073 
Brockville Sewage Treatment Plant Daily discharge W-5 0.342 

Bay of Quinte Monthly average W-6 3x10-5 

Industrial 
discharges 

Lennox Power Station Daily values I-1 65.19 
Lafarge Cement Plant Daily values I-2 0.142 
Invista Industrial Plant Daily values I-3 1.750 

Wolfe Island Ferry Dock Event specific I-4 8x10-6 
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Table 3.3. Maximum model predicted tracer concentration of discharges at each of the 8 intakes. Concentration values that exceed 0.5 
are shown in bold. 

 

Discharge location Tracer 
identification 

Sandhurst 
Shores A.L.Dafoe Bath Fairfield Kingston 

West 
Kingston 
Central Gananoque Brockville 

Combined sewer outfalls 
 Brockville Storm Sewer Outfall 87   O-1 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.38 
 Brockville Storm Sewer Outfall 84   O-2 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.28 
 Brockville Storm Sewer Outfall 04   O-3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 
 Brockville Storm Sewer Outfall 34   O-4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 
 Signal Avenue Storm Sewer Outfall   O-5 0.06 0.10 0.12 0.19 0.29 0.42 0.18 0.11 
 West Street Storm Sewer Outfall   O-6 0.03 0.04 0.05 0.08 0.18 0.29 0.06 0.03 
 Fort Henry Storm Sewer Outfall   O-7 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 
 Portsmouth Avenue Storm Sewer 
Outfall   O-8 0.12 0.14 0.16 0.27 0.61 0.57 0.18 0.11 

 Collingwood Street Storm Sewer 
Outfall   O-9 0.00 0.00 0.01 0.01 0.43 0.19 0.00 0.00 

Tributary flows 
 Unnamed Creek near Sandhurst 
Shores   T-1 0.33 0.13 0.05 0.02 0.02 0.01 0.01 0.01 
 Bath Creek   T-2 0.01 0.01 0.09 0.01 0.01 0.00 0.00 0.00 
 Unnamed Creek in Bath   T-3 0.11 0.15 0.87 0.11 0.07 0.06 0.03 0.02 
 Millhaven Creek   T-4 0.17 0.20 0.42 0.23 0.17 0.15 0.06 0.05 
 Collins Creek   T-5 0.01 0.01 0.01 0.22 0.01 0.01 0.00 0.00 
 Highgate Creek   T-6 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
 Little Cataraqui Creek   T-7 0.02 0.03 0.03 0.11 0.41 0.11 0.02 0.01 
 Cataraqui River   T-8 0.02 0.03 0.04 0.06 0.12 0.33 0.03 0.02 
 Gananoque River   T-9 0.00 0.01 0.01 0.02 0.03 0.06 0.91 0.11 
 Buells Creek   T-10 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.75 
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Discharge location Tracer 
identification 

Sandhurst 
Shores A.L.Dafoe Bath Fairfield Kingston 

West 
Kingston 
Central Gananoque Brockville 

Municipal/Wastewater discharges 
 Bath Sewage Treatment Plant   W-1 0.24 0.28 0.63 0.20 0.19 0.18 0.07 0.05 
 Ravensview Sewage Treatment Plant   W-2 0.02 0.03 0.04 0.08 0.09 0.16 0.06 0.03 
 Kingston West Sewage Treatment 
Plant   W-3 0.02 0.02 0.02 0.06 0.29 0.08 0.02 0.01 
 Gananoque Sewage Treatment Plant   W-4 0.00 0.00 0.00 0.00 0.00 0.01 0.09 0.02 
 Brockville Sewage Treatment Plant   W-5 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.39 
 Bay of Quinte   W-6 0.45 0.36 0.32 0.26 0.25 0.24 0.15 0.09 

Industrial discharges 
 Lennox Power Station   I-1 0.63 0.97 0.32 0.15 0.14 0.10 0.06 0.04 
 Lafarge Cement Plant   I-2 0.24 0.38 0.45 0.17 0.16 0.12 0.08 0.06 
 Invista Industrial Plant   I-3 0.07 0.08 0.13 0.09 0.06 0.05 0.02 0.02 
 Wolfe Island Ferry Dock   I-4 0.03 0.03 0.03 0.04 0.08 0.14 0.06 0.04 
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Table 3.4. Table showing the mean cross-correlation values for each tracer released in ELCOM 
for the four sets of discharges (O-Combined sewer outfalls, T-Tributaries, W-
Municipal/ Wastewater and I-Industrial discharges), the tracer number to identify 
the tracers released and the physical processes switched off. 

 

Discharge location Tracer 
identification no wind no rotation no flows no thermo daily mean  2wk Avg 

Combined sewer outfalls 
Brockville OF87 O-1 0.73 0.99 0.73 0.83 0.99 0.93 
Brockville OF84 O-2 0.72 0.99 0.71 0.83 0.98 0.91 
Brockville OV04 O-3 0.72 0.99 0.71 0.83 0.98 0.91 
Brockville OF34 O-4 0.74 0.99 0.72 0.85 0.98 0.91 
Signal Avenue O-5 0.50 0.99 1.00 0.91 0.92 0.93 
West Street O-6 0.51 0.99 0.95 0.90 0.99 0.99 
Fort Henry O-7 0.93 1.00 1.00 0.96 1.00 0.99 
Portsmouth Ave O-8 0.51 0.99 0.94 0.91 0.99 0.99 
Collingwood O-9 0.49 0.99 0.95 0.84 0.99 0.99 
  Mean 0.65 0.99 0.86 0.87 0.98 0.95 

Tributary flows 
Sandhurst Shores T-1 0.67 0.99 0.99 0.93 0.99 0.99 
Bath Creek T-2 0.79 0.99 0.99 0.97 0.99 0.90 
Bath T-3 0.58 0.99 0.98 0.91 0.99 0.99 
Millhaven T-4 0.59 0.99 0.97 0.90 0.99 0.99 
Collins T-5 0.88 0.99 0.99 0.97 0.98 0.98 
Highgate T-6 0.93 0.99 0.99 0.98 0.99 0.99 
Little Cataraqui Creek T-7 0.58 0.99 0.97 0.92 0.99 0.99 
Cataraqui River T-8 0.79 0.99 0.98 0.92 0.99 0.99 
Gananoque River T-9 0.64 0.99 0.88 0.87 0.99 0.96 
Buells Creek T-10 0.68 0.99 0.71 0.84 0.98 0.92 
  Mean 0.71 0.99 0.95 0.92 0.99 0.97 

Municipal/Wastewater discharges 
Bath WPCP W-1 0.60 0.99 0.97 0.90 0.99 0.99 
Ravensview WPCP W-2 0.47 0.99 0.94 0.91 0.99 0.98 
Kingston West W-3 0.71 0.99 0.98 0.94 0.99 0.98 
Gananoque W-4 0.75 0.99 0.94 0.92 0.99 0.98 
Brockville WPCP W-5 0.73 0.99 0.73 0.83 0.98 0.92 
Bay of Quinte W-6 0.69 0.99 0.97 0.91 0.99 0.99 

 
Mean 0.66 0.99 0.92 0.90 0.99 0.97 

Industrial discharges 
Lennox - OPG I-1 0.62 0.99 0.98 0.88 0.99 0.99 
Lafarge Cement Plant I-2 0.64 0.99 0.97 0.89 0.99 0.99 
Invista Industrial Plant I-3 0.56 0.99 0.98 0.90 0.99 0.99 
Wolfe Island I-4 0.57 0.99 0.96 0.89 0.99 0.99 
  Mean 0.60 0.99 0.97 0.89 0.99 0.99 

Total Mean 0.63 0.99 0.94 0.90 0.99 0.98 
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Figure 3.1. Figure showing the (a) Bathymetric grid (300 m x 300 m horizontal resolution) along 

with the locations of the four field observation stations and the eight drinking water 
intakes (The blue solid lines are the open boundaries in the model), the locations of 
b) Combined sewer outfalls (CSOs), (c) Tributary flows and (d) 
Municipal/Wastewater (1 to 5 and 9) and Industrial discharges (6 to 8 and 10). The 
types of discharges are described in Table 3.2. 
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Figure 3.2. Figure showing (a) 10 min wind speed and direction, daily averaged (b) observed 

and (c) modeled temperature profile comparison at station 1263. Observed data (10 
min) were collected by Environment Canada using Onset Tidbit temperature 
loggers located at depth of 1, 3, 5, 7, 10.8, 12, 14 and 16 m. Modeled temperature 
data was interpolated at the depth of the observed data. The times are in EDT. 
Wind direction is measured clockwise from north. 
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Figure 3.3. Daily averaged east (a-observed and b-modeled) and north (c-observed and d-

modeled) velocity comparison at station 1263. Observed data were collected by 
Environment Canada using an RDI Workhouse acoustic Doppler current profiler 
with 1 m vertical bins and 30 min sampling frequency. The times are in EDT. 
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Figure 3.4. Satellite-tracked (colour lines) drifter tracks compared to model predicted drifter 

tracks (black dashed-dot) alongwith locations of field observation stations (black 
dots). (a) Drifters D1, D2 and D3 were released during 06-08 June, 2006. Drifters 
D4 to D7 (b) and D8 and D9 (c) were released during 26-28 September, 2006. The 
coloured squares are sites of drifters release. Details of the drifter IDs, release dates 
and duration are listed in Table 3.1. 
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Figure 3.5. Inflow volume (m3s-1) of tracers for a) Combined sewer outfall (CSO) event 

measured at Collingwood , b) Municipal/Wastewater (W-1 to W-6) and Industrial 
(I-1 to I-4) discharges, c) CSOs and d) Tributary flows specified in the model. The 
discharge locations corresponding to the tracer identification numbers are detailed 
in Table 3.2 and the discharge release locations are shown in Figure 3.1. 
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Figure 3.6. Time series plots (a, b, c – Municipal/Wastewater (W-1 to W-6) and Industrial (I-1 to I-4) discharges, d, e, f – Tributary 

discharges and g, h, i – Combined sewer outfalls) of model calculated tracer concentrations at Sandhurst Shore intake. 
The discharge locations corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge 
release locations are shown in Figure 3.1. 
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Figure 3.7. Time series plots (a, b, c – Municipal/Wastewater (W-1 to W-6) and Industrial (I-1 to I-4) discharges, d, e, f – Tributary 

discharges and g, h, i – Combined sewer outfalls) of model calculated tracer concentrations at A.L. Dafoe intake. The 
discharge locations corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge release 
locations are shown in Figure 3.1. 
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Figure 3.8. Time series plots (a, b, c – Municipal/Wastewater (W-1 to W-6) and Industrial (I-1 to I-4) discharges, d, e, f – Tributary 

discharges and g, h, i – Combined sewer outfalls) of model calculated tracer concentrations at Bath intake. The discharge 
locations corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge release locations 
are shown in Figure 3.1. 
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Figure 3.9. Time series plots (a, b, c – Municipal/Wastewater (W-1 to W-6) and Industrial (I-1 to I-4) discharges, d, e, f – Tributary 

discharges and g, h, i – Combined sewer outfalls) of model calculated tracer concentrations at Fairfield intake. The 
discharge locations corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge release 
locations are shown in Figure 3.1. 
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Figure 3.10. Time series plots (a, b, c – Municipal/Wastewater (W-1 to W-6) and Industrial (I-1 to I-4) discharges, d, e, f – Tributary 

discharges and g, h, i – Combined sewer outfalls) of model calculated tracer concentrations at Kingston West intake. The 
discharge locations corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge release 
locations are shown in Figure 3.1. 
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Figure 3.11. Time series plots (a, b, c – Municipal/Wastewater (W-1 to W-6) and Industrial (I-1 to I-4) discharges, d, e, f – Tributary 

discharges and g, h, i – Combined sewer outfalls) of model calculated tracer concentrations at Kingston Central intake. 
The discharge locations corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge 
release locations are shown in Figure 3.1. 
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Figure 3.12. Time series plots (a, b, c – Municipal/Wastewater (W-1 to W-6) and Industrial (I-1 to I-4) discharges, d, e, f – Tributary 

discharges and g, h, i – Combined sewer outfalls) of model calculated tracer concentrations at Gananoque intake. The 
discharge locations corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge release 
locations are shown in Figure 3.1. 
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Figure 3.13. Time series plots (a, b, c – Municipal/Wastewater (W-1 to W-6) and Industrial (I-1 to I-4) discharges, d, e, f – Tributary 

discharges and g, h, i – Combined sewer outfalls) of model calculated tracer concentrations at Brockville intake. The 
discharge locations corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge release 
locations are shown in Figure 3.1. 
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Figure 3.14. Maximum concentration contours (during the entire simulation) for the nine CSO events (a-O-1, b-O-2, c-O-3, d-O-4, e-

O-5, f-O-6, g-O-7, h-O-8 and i-O-9). The discharge locations corresponding to the tracer identification numbers are 
detailed in Table 3.2 and he discharge release locations are shown in Figure 3.1. The red dots are the locations of the 
drinking water intakes. 
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Figure 3.15. Maximum concentration contours (during the entire simulation) for tributary flows (a-T-1, b-T-2, c-T-3, d-T-4, e-T-5, f-

T-6, g-T-7, h-T-8, i-T-9 and j-T-10). The discharge locations corresponding to the tracer identification numbers are 
detailed in Table 3.2 and the discharge release locations are shown in Figure 3.1. The red dots are the locations of the 
drinking water intakes. 
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Figure 3.16. Maximum concentration contours (during the entire simulation) for six Municipal/Wastewater (a-W-1, b-W-2, c-W-3, d-

W-4, e-W-5 and f-W-6) and four Industrial discharges (g-I-1, h-I-2, i-I-3 and j-I-4). The discharge locations 
corresponding to the tracer identification numbers are detailed in Table 3.2 and the discharge release locations are shown 
in Figure 3.1. The red dots are the locations of the drinking water intakes. 
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Figure 3.17. Time series plots of cross-correlation coefficient (no-wind scenario) for Municipal/Wastewater and Industrial discharges 

(a,b,c), Tributary flows (d,e,f) and Combined sewer outfalls (g,h,i). The discharge locations corresponding to the tracer 
identification numbers (W-1 to W-6, I-1 to I-4, T-1 to T-10 and O-1 to O-9) are detailed in Table 3.2 and the discharge 
release locations are shown in Figure 3.1. 
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Figure 3.18. Map showing the delineation of IPZ-3 around the eight drinking water intakes in the CRCA jurisdiction. (Source: Watt, 

2010). 
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Chapter 4 

Three-dimensional simulation of Lake Ontario north-shore 

hydrodynamics and contaminant transport 

4.1 Introduction 

The coastal zones of oceans and lakes are dynamic systems where the operation of municipal 

infrastructure (e.g., drinking water intakes and outfalls) is influenced by the ambient 

hydrodynamics. Understanding the physical processes occurring in coastal zones is therefore 

important for water resources management.  

The coastal zones are not isolated but are coupled, to a greater or lesser degree, by 

exchange with basin-scale processes driving mid-lake circulation (Rao and Schwab, 2007). The 

flow regimes of the coastal zone are not all uniform from nearshore to offshore areas. The 

nearshore areas are characterized by relatively strong longshore and weak cross-shore surface 

currents. This discrepancy in surface current strength has important consequences for nearshore 

dispersal of effluents (Csanady, 1970). The nearshore area of Great Lakes includes the coastal 

boundary layer (CBL), extending ~10 km offshore (Rao and Schwab, 2007), where the effect of 

the coast on the hydrodynamics is more pronounced. The mid-lake motions adjust to the forcing 

from the open lake in the CBL (Csanady, 1977). The CBL can be conveniently divided into a 

frictional boundary layer (FBL) and inertial boundary layer (IBL) (Rao and Schwab, 2007). The 

FBL, extending 3 km from the shore, is dominated by bottom and lateral friction. The IBL 

(beyond the FBL ~10 km offshore) develops due to the adjustment of inertial oscillations to 

shore parallel flow (Rao and Murthy, 2001a).  

The current regime in the CBL changes seasonally (Csanady, 1972a,b; Rao and Murthy, 

2001a,b). During spring, the currents in the IBL are low with average velocities of ~5 cms-1, 
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compared to~20 cms-1 in the FBL, which is characterized by the thermal bar (Boyce et al., 1989; 

Rao et al., 2004). Flow within the thermal bar is cyclonic (counter-clockwise), whereas flow 

away in the offshore is anti-cyclonic. Sediments and contaminants are trapped nearshore of the 

thermal bar and advected by strong alongshore currents, with limited flushing to the deeper 

offshore waters (Rao et. al., 2004). 

During summer, the current motions are associated with significant wind events that 

cause up- and downwelling of the thermocline along the shore. Within the CBL a balance exists 

between the wind stress, Coriolis force and the internal pressure gradient.  If the coast is on the 

left (in the northern hemisphere) of the prevailing winds, the wind induced Ekman transport will 

be away from the coast (to the right) in the surface layer and upwelling occurs near the coast. 

During this period an onshore and upslope transport occurs below the surface. On the other hand, 

if the coast is on the right of the wind, downwelling occurs and the associated Ekman transport is 

towards the coast. The main distinctive characteristic of the FBL is the dominance of relativity 

persistent bands of currents, also called coastal jets. Coastal jets are generated when the Coriolis 

force balances the cross-shore pressure gradients, generated by the alongshore winds, resulting in 

geostrophic equilibrium (Csanady and Scott, 1974; Lass and Talpsepp, 1993). Coastal jets are 

also associated with the thermocline displacements during the passage of the internal Kelvin 

waves in large lakes, where the wave energy is concentrated near shore (Csanady, 1976; 

Antenucci, 2009). The jets resulting from these two processes remain difficult to differentiate 

(Csanady, 1982). 

Upwelling events are characterized by reduced low frequency motion (>1 day) and 

significant near-inertial (~17 hrs) currents (Rao and Murty, 2001a). The width of the CBL 

decreases during upwelling and increases during downwelling events; the offshore distance over 
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which these events take place depends on the wind stress and nearshore bathymetry (Csanady, 

1982) and is known as the Rossby radius of deformation (typically of the order of 3–5 km). In 

this zone, a typical changeover from up- to downwelling is accompanied by marked changes in 

the thermal structure, in a period of 4–5 days, exposing the sediment area to either epilimnetic or 

hypolimnetic water, depending upon the situation (Troy et al., 2012). Up- and downwelling have 

the potential to produce large onshore-offshore transport of material.  

As part of the source water protection plan under the Clean Water Act (2006), research 

was undertaken to assess the potential threats for all drinking water intakes in Ontario. The 

objective of the present study is to investigate the two drinking water intakes (Port Hope and 

Cobourg) in the Ganaraska River Source Protection Area (GRSPA), which are located within the 

CBL of the north shore of Lake Ontario (Fig. 4.1), and assesses the potential for contamination 

from contaminant spills. Potential contaminant sources include the Ganaraska River, Cobourg 

Brook and discharges from the Port Hope and Cobourg 1 and 2 sewage treatment plants (STPs).  

We apply the three-dimensional, hydrostatic Estuary and Lake Computer Model 

(ELCOM) to simulate both hydrodynamics and contaminant transport in the study region. 

ELCOM has been applied to simulate the hydrodynamics in Lake Ontario (Hall, 2008; Huang et 

al., 2010) and has been shown to accurately model lake stratification and the fundamental 

processes driving the basin-scale circulation (Boegman and Rao, 2010). It provides better results 

in simulating mixed layer dynamics compared to the Princeton Ocean model and CANDIE 

(Canadian Version of Diecast Model) but tends toward a cold bias during summer (Huang et al., 

2010). The model has not been comprehensively validated in high-resolution application to 

nearshore regions of Lake Ontario with an open boundary to the main lake, except in a similar 

study in the Kingston basin (Paturi et al., 2012), where the dynamics are considerably different 
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than those investigated herein due to the presence of multiple islands, reefs and the St. Lawrence 

River outflow. 

The paper is divided into four sections. After the Introduction, we describe the 

hydrodynamic model, model setup and simulations followed by the description of the collected 

field data. The data is applied to validate the model results (water level, temperature and 

currents) and determine the physical mechanisms driving the hydrodynamics and contaminant 

transport in the region. 

4.2 Methods 

4.2.1 Model description 

We applied the Estuary and Lake Computer Model (ELCOM; Hodges et al., 2000). It is a three-

dimensional (3D), hydrodynamic, z-coordinate model and solves the unsteady, viscous, Navier-

Stokes equations for incompressible flow using the hydrostatic assumption for pressure 

(Dallimore and Hodges, 2000). The hydrodynamic algorithms in the model are based on the 

Euler-Lagrange method for advection of momentum with a conjugate-gradient solution for the 

free-surface height (Hodges, 2000). ELCOM has an eddy-viscosity/diffusivity closure scheme 

for horizontal turbulence correlations and employs the ULTIMATE QUICKEST advection 

scheme for scalars. Vertical mixing is computed using an explicit turbulent kinetic energy budget 

closure scheme that was applied to each individual water column of the 3D flow matrix during 

each model time step (Hodges et al., 2000). Turbulent kinetic energy is introduced at the surface 

from surface wind stress and at the lake bed through a bottom shear drag coefficient 

parameterization. 
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4.2.2 Field Data 

Water level, temperature and currents were measured during the 2010 Environment Canada field 

campaign in the study area (Fig. 4.1b). A mid-lake meteorological buoy at station 403, mounted 

3.3 m above the water surface, measured shortwave radiation , net longwave radiation, surface 

air temperature, wind speed and wind direction, relative humidity and atmospheric pressure at 10 

min intervals. Strong westerly winds (Fig. 4.2a) persisting for 4-5 days were seen during days 

181-186 and 249-255 along with strong easterly winds during days 194-197, 212-217, 225-228 

and 234-238. The predominant wind direction is south-westerly (Fig. 4.2b).  

Eight thermistor chains were deployed (stations 1345, 1346, 1347, 1348, 1349, 1350, 

1351 and 1352) to measure water temperature at 10 min intervals using Onset Tidbit and 

RBRTR-1050 temperature loggers. Vertical profiles of currents were obtained (stations 1345, 

1346, 1347 and 1348) using upward looking RDI Sentinel acoustic Doppler current profilers 

(ADCPs) with 0.5 m (station 1345; 1200 kHz), 1m (station 1346 and 1347; 600 kHz) and 2 m 

(station 1348; 300 kHz) vertical bins. The locations of the ADCPs and thermistor stations along 

the cross-section of the CBL (Fig. 4.1b) are shown in Fig. 4.3. Stations 1345 and 1346 are 

located within the FBL and stations 1347 and 1348 are located within the IBL. Water levels were 

also measured at station 1346 using an RBR Tide and Wave Recorder (TWR-1050) and at 

stations 1351 and 1352 using RBR Temperature and Depth Recorders (TDR-1050). Table 4.1 

lists the duration, sampling interval and deployment depths for all the field stations. 
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4.2.3 Dissipation measurements 

A Nortek Vector acoustic Doppler velocimeter (ADV) was used to estimate the rate of 

dissipation of turbulent kinetic energy, ε at station 1346 (Fig. 4.1b) during days 152-227. The 

ADV was operating in bursting mode recording the 3D velocity at 1 m above the lake bed over a 

5 min burst at 16 Hz every 40 min. The inertial dissipation method was used to estimate ε from 

the spectrum of fluctuation of velocity, S(k), assuming that the turbulent flow is isotropic and 

homogeneous (Wuest and Lorke, 2003): 

                                                         2/3 5/3( )i i iS k a kε −=                                                                 (1) 

with i = 1 being the along stream component (i =2 and 3 the across stream and vertical 

components respectively), 𝛼1 = 1.56 and 𝛼2 = 𝛼2 = 4 3⁄ 𝛼2 and k the wavenumber. To 

automate the selection of the inertial subrange, S(k) has been multiplied by 𝑘5 3⁄  and the 

procedure identified, when possible, the resulting plateau. The final ε was estimated by 

lognormally averaging the three components. 

4.2.4 Model set-up 

The model grid covered the region of near-shore Lake Ontario from 10 km west of Port Hope to 

Cobourg (Fig. 4.1b), spanning 22 km from east to west and bounded 12 km to the south. The 

model had a uniform horizontal resolution of 200 m x 200 m; simulations with higher grid 

resolution (100 m x 100 m) have shown grid independence when simulating mean flow 

dynamics (Paturi et al., 2012). The grid had 63 layers in the vertical with varying resolution, 

chosen to reproduce the observed vertical temperature stratification with reasonable 

computational effort. The top three layers were at 0.1 m spacing and the next 40 layers (through 

the epilimnion and metalimnion) at 0.5 m spacing. The lower layer spacing (in the hypolomnion) 

ranged from 1 m to 5 m (see also Hall, 2008; Boegman and Rao, 2010; Huang et al., 2010, who 
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model all of Lake Ontario with ELCOM on horizontal grids ranging from 2 km x 2 km to 600 m 

x 600 m, with much coarser vertical resolution). The grid was generated using 3 sec resolution 

data from the National Geophysical Data Centre (www.ngdc.noaa.gov). The horizontal datum 

was in UTM coordinates, Zone 18, NAD83; the vertical datum was IGLD 85.  

ELCOM was run for a period of 152 days, covering the summer stratification, from 20 

April to 19 September, 2010 with a time step of 2.5 min. Simulations were cold started (i.e., the 

fluid was at rest). The initial condition for the temperature field was provided by the thermistor 

moorings (stations 1345, 1346, 1347, 1348, 1349, 1350, 1351 and 1352; Fig. 4.1b). The surface 

boundary conditions were specified, uniformly across the domain, using measured over-lake 

meteorological parameters (described in the previous section) from station 403 (Fig. 4.1a). 

The model grid was bounded by three open boundaries (western, southern and eastern) in 

Lake Ontario (Fig. 4.1b). The western and eastern boundaries were forced with measured water 

level and temperature profile data from stations 1351 and 1352, respectively. The water level 

logger at station 1350 failed, and so water level forcing data for the southern boundary was taken 

from observed values at station 1346, while the temperature profile data was from station 1350. 

Flows at the boundary were computed internally within ELCOM from the water level and 

temperature profile data to ensure conservation of volume. Sensitivity analysis for simulations in 

the Kingston Basin (Hall, 2008) showed the nearshore simulations to be worse when the model 

was forced with output from a lake-wide model due to model errors in water levels and 

temperature propagating from the open boundary to the model domain. 

The bottom boundary was modeled as a turbulent boundary layer with a bottom drag 

coefficient of 0.005. Wind stress at the free surface was a momentum source applied to the 
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surface mixed layer (Hodges et al., 2000). The wind drag coefficient was 0.8 x 10-3, consistent 

with observations in Lake Erie (Royer et al., 1987). 

4.2.5 Scalar transport simulations 

The flows from the Ganaraska River, Cobourg Brook and the Port Hope and Cobourg STPs (Fig. 

4.1b) were simulated as passive tracers with an initial concentration of 1.0. Stream flow gauge 

data for the Ganaraska River (station 02HD012) and Cobourg Brook (station 02HD019) were 

obtained from the Water Survey of Canada at 24 hrs and 30 min intervals, respectively. Daily 

discharge flows from the Port Hope STP and monthly maximum flows were available from the 

Cobourg STP plants 1 and 2. The STP locations, pipe dimensions and flow volumes were 

provided by the GRSPA (Table 4.2). Since measurements of flow temperatures were not 

available, we followed the standard practice of using 3 day averaged air temperature from the 

meteorological station 403. 

4.2.6 Quantification of model error 

Root Mean Square (RMS) error is used to quantify the agreement between model simulated and 

observed water levels, temperature and currents. The RMS error is defined as 

                                             RMS=�1
𝑀
∑ (𝑓𝑖𝑚 − 𝑓𝑖𝑜)2𝑀
𝑖=1 �

1/2
                                                        (2) 

where 𝑓𝑖𝑚 and 𝑓𝑖𝑜 are modeled and observed water levels, temperature and currents for sample 

case i (out of M sample cases). 

Normalized Fourier norms (Fn) provide a quantitative comparison between modeled and 

observed currents. Fn were calculated following Huang et al. (2010) 

                                          Fn=�1
𝑀
∑ �𝑉𝑚����⃗ − 𝑉�⃗𝑜�

2𝑀∆𝑡
𝑡=∆𝑡 �

1/2
�1
𝑀
∑ �𝑉𝑜���⃗ �

2𝑀∆𝑡
𝑡=∆𝑡 �
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�                                (3) 
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Where𝑉�⃗𝑚and 𝑉�⃗𝑜are modeled and observed currents, respectively. The smaller Fn, the better the 

model results fit the observations. Fn can also be thought of as the relative percentage of 

variance in the observed currents that is unexplained by the calculated currents. In the case of 

perfect prediction Fn = 0. 

4.3 Results 

4.3.1 Comparison between observed and modeled water levels 

The comparison between observed and computed water level at station 1346 (Fig. 4.4a) shows 

good agreement. The RMS error for station 1346 is 1.07 cm; consistent with the recent 

application of ELCOM in eastern Lake Ontario (Paturi et al., 2012). 

 The observed and modeled water level spectra at station 1346 (Fig. 4.4b) show 

significant peaks at 12 hrs, the semi-diurnal peak resulting from the sea-breeze effect, and at the 

period of the first (5.06 hr) longitudinal surface seiche mode (Hamblin, 1982). Higher 

longitudinal and transverse (Denison, 1908) modes are either not significant or aliased by the 1 

hr observational period. Lower frequency synoptic (5-10 days) surface oscillations, caused by 

storm events were not evident in the spectra (e.g., Boegman et al., 2001). 

4.3.2 Comparison between observed and modeled temperature profiles 

Comparisons of observed and modeled temperatures (stations 1345, 1346, 1347, 1348 and 1349; 

Fig. 4.5) show that the model was able to capture the seasonal temperature evolution and up- and 

downwelling events associated with south-westerly and north-easterly winds, respectively. For 

example, two strong upwelling events (days 181-186 and 249-255) and four strong downwelling 

events (194-197, 212-217, 225-228 and 234-238) are clearly seen at all stations (Fig. 4.5); 

associated with strong westerly and easterly winds (Fig. 4.2a), respectively. Station 1347 (Fig. 

4.5e,f) showed the thermocline to downwell to a depth of ~30 m, which was deeper than 
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modeled. This resulted in a cold bias of ~2 oC. Similar patterns was seen at stations 1348 (Fig. 

4.5g,h) and 1349 (Fig. 4.5i,j). The more diffuse modeled thermocline is potentially due to 

numerical diffusion (Laval et al., 2003) and the discrete nature of the vertical grid resolution. The 

upwelling front is seen to extend ~10 km offshore. At the southern end of Lake Michigan, Troy 

et al. (2012) observed an upwelling front to extend ~2.5 km or less over duration of 1-2 days. 

The longer duration (5 days) and larger extension (~6 km) of the upwelling front in our study 

region could be due to the alignment of the major lake axis and associated coastline to upwelling 

favourable winds, which was not the case in Lake Michigan. 

Vertical mode one baroclinic oscillations (internal waves and upwelling/downwelling 

events) were evident in the modeled and observed temperature profiles (Fig. 4.5). The strength 

and frequency of these motions can be quantified using spectra of the integrated potential energy 

(IPE) of the water column (Antenucci et al., 2000). The IPE spectra (stations 1345, 1346, 1347, 

1348 and 1349; Fig 4.6), show significant peaks at 12 hrs in the observed data, associated with 

the sea breeze and the semi-diurnal cycle of heating and cooling due to solar radiation; the 

associated peaks  in the modeled spectra are not significant at the 95% confidence level. 

Noticeably, significant energy peaks at the inertial period (17.35 hrs) in the observed spectra are 

missing from the modeled spectra. The inertial signals get stronger at offshore stations as 

currents associated with inertial circles become less influenced by the shoreline. The lack of an 

inertial peak in the modeled data likely resulted from the model domain being too small to 

completely resolve internal Poincaré waves, which have three nodes spanning across Lake 

Ontario from Oshawa to Olcott (Csanady, 1973). Moreover, the spatial structure of these modes 

will not propagate into the model domain from the single profiles of temperature and water level 
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we have applied as boundary conditions along each boundary axis (see Schwab, 1977; Rao and 

Schwab, 2007). 

4.3.3 Comparison between observed and modeled current profiles 

A comparison between observed and modeled, east-west (Fig. 4.7a-h) and north-south 

(Appendix B) currents along the cross-shore transect (stations 1345, 1347, 1347 and 1348) 

shows that the current direction was consistent with the field observations and the model 

underestimated the east component current more than the north component current.  

 At stations 1346 (Fig. 4.7c,d), 1347 (Fig. 4.7e,f) and 1348 (Fig. 4.7g,h), the modeled 

currents had higher alongshore current magnitude associated with upwelling (easterly; Fig. 4.5e-

h; day 181-186, 249-255) and downwelling (westerly) events (Fig. 4.5e-h; day 194-197, 212-

217, 225-228, 234-238). These stations also show strong baroclinic (internal wave) oscillations 

due to Poincaré waves (Boegman and Rao, 2010), as seen in the observed spectra (Fig. 4.6c,d) 

which tend to be shore parallel due to interaction with bottom topography. The up- and 

downwelling fronts extend ~10 km from the shore as can be seen from strong alongshore current 

components at station 1347 (Fig. 4.7e,f) and station 1348 (Fig. 4.7g,h) with the presence of 

strong coastal jets with mean speeds of ~30 cms-1 (Csanady, 1982; Rao and Schwab, 2007). 

4.3.4 Quantitative error analysis 

The RMS error between modeled and observed temperatures was ~2 oC (Table 4.3) and ranged 

from 1.93-2.26 oC (Fig. 4.8a). A cold bias of ~2 oC occurred through the water column (stations 

1345, 1346, 1347 and 1348 except at station 1349). The maximum error of 2-3 oC was observed 

in the thermocline only at station 1349. These results were better than the previous application of 

ELCOM and other models to temperate lakes (e.g., Rao et al., 2009; Huang et al., 2010), which 
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have shown maximum errors through the thermocline; likely because of the high-resolution grid 

and forcing with observed temperature profiles along the open boundaries. 

The RMS error current profiles (Fig. 4.8b; stations 1345, 1346, 1347 and 1348) showed 

that the error is larger near the surface; with the model currents being stronger than observed for 

stations 1345 and 1346 (Fig. 4.7a-d). The model underestimated the currents relative to 

observed, throughout the water column at stations 1347 and 1348 (Table 4.3; Fig. 4.7e-h). The 

RMS errors for the north component were smaller than the east component because the north-

south currents are much weaker in magnitude compared the east-west currents, due to the 

northern boundary. 

Computed normalised Fourier norms (Fn) ranged from 0.45 < Fn < 1.17 (Table 4.3). The 

errors were consistent with the lake-wide simulations (Huang et al., 2010) where 0.4 < Fn < 0.9 

and better than the values of 0.55 < Fn < 1.59 reported by Beletsky et al. (2006) in Lake 

Michigan.  

Correlation coefficients (corrcoef function in MATLAB; Source: www.mathworks.com) 

were calculated for daily averaged east and north velocity components at stations 1345, 1346, 

1347 and 1348 at the surface and near-bottom depths along with p-values as a test of statistical 

significance (p<0.05). Overall, the values ranged from 0.3 to 0.6 at the surface and 0.2 to 0.5 at 

the bottom (Appendix C; Table C.1). The correlations were statistically significant except at 

station 1345 (east component; near-bottom). The time-series plots are also shown for the both the 

components (Appendix C; Figure C.2-east; Figure C.3-North). 

4.3.5 Comparison between observed and modeled dissipation of turbulent kinetic energy  

The mixed layer scheme in ELCOM apportions turbulent kinetic energy (TKE) to dissipation of 

TKE and diascalar mixing. Correct simulation of the vertical temperature profiles provides 

http://www.mathworks.com/
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indirect evidence that diascalar mixing is correctly parameterized. The energy apportioned to 

dissipation may be directly compared to the rate of dissipation computed from the ADV. The 

distribution of dissipation shows observed (Fig. 4.9a) and modeled (Fig. 4.9b) mean values of 

order 10-8 Wkg-1, which are within the same order of magnitude. Bouffard et al. (2012) and 

Lorke (2007) found similar dissipation of ~10-8 Wkg-1 in the nearshore regions of Lake Erie and 

Lake Constance, respectively, showing consistent turbulence characteristics in the nearshore 

regions of large lakes. It is interesting to note that the larger observed valued are not modeled, 

which is contrary to other Great Lakes model applications (e.g., Boegman et al., 2001), where 

modeled dissipation is elevated to account for the lack of sub-grid-scale dissipation.   

4.3.6 Near-inertial motions and Poincaré wave dynamics 

Advective transport in the CBL is investigated by plotting near-surface progressive vector 

diagrams of the modeled and observed and calculated currents (stations 1345, 1346, 1347 and 

1348; Fig. 4.10). In the FBL, the currents are weak, confined to the nearshore and predominantly 

shore parallel due to the no-flux condition at the boundary (Fig. 4.10a).  Offshore, in the IBL, the 

inertial circles become more circular (Fig. 4.10c,d), with currents rotating clockwise with a 

period of 17.35 hrs (i.e., the inertial period). It is interesting to note that although the model does 

not reproduce internal Poincaré wave dynamics (Fig. 4.6), wind forced inertial circles are clearly 

simulated with radii U/f ~ (0.1 ms-1)/(10-4 s-1) ~ 1000 m (Antenucci, 2009), in agreement with 

observations. This behavior should occur when the model domain is much greater than the 

Rossby radius. The coastal jets manifest themselves as high speed shore-parallel currents that 

move in the direction of the component of the wind (Fig. 4.10a-d). The model errors in 

alongshore velocity components (Fig. 4.7; Fig. 4.8) results in the large model simulated eastward 

transport during upwelling (days 181-186 and 249-255) especially at station 1347 (Fig. 4.10c). 
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The alongshore distances are of the order of 200-600 kms from the point of origin; showing that, 

despite the oscillatory nature of lake hydrodynamic processes, contaminants are able to be 

transported throughout the Lake Ontario basin over seasonal timescales. These distances are 

consistent with observations in southern Lake Michigan (Troy et al., 2012) and north-shore of 

Lake Ontario (Boyce et al., 1989), especially during summer (day 200-240). The August 1, 1992 

Pickering Nuclear Generation Station tritium spill was simulated to travel 200-400 kms west of 

Pickering in Lake Ontario (Hurdowar-Castro et al., 2007). These alongshore distances are 

significant in transporting the contaminants, especially during summer with alongshore 

favourable winds. 

4.3.7 Geostrophic dynamics 

The effect of the wind on the flow dynamics is investigated through the application of a 

geostrophic current dynamics model. The depth-averaged observed and modeled alongshore 

current component was compared to the geostrophic equation (Gill, 1982) 

                                                                𝑈 = −  𝑔
𝑓
�∆𝑧
𝑙
�                                                                (4) 

where g is the gravitational acceleration, f (10-4 s-1) is the Coriolis parameter at 45o latitude, Δz is 

the slope of the model calculated cross-shore difference in water level and l (11 km) is the cross-

shore distance from the shore to the southern boundary (station 1350; Fig. 4.1b). The geostrophic 

current arises due to balance of Coriolis force and the pressure gradient force and follows the 

direction of the wind (Csanady and Scott, 1974). The depth-averaged east-west current for both 

observed and modeled currents were calculated at the four ADCP stations (Fig. 4.11). Stations 

1347 (Fig. 4.11c) and 1348 (Fig. 4.11d) compare well with the solution of the geostrophic 

equation (eq. 4) as they are located within the IBL, compared to stations 1345 (Fig. 4.11a) and 

1346 (Fig 4.11b), which are located in the FBL. The currents in the FBL are influenced by 
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bottom friction, are much weaker than those predicted by the geostrophic model and are thus not 

a true representation of the balance between the Coriolis and the pressure gradient force (Rao 

and Schwab, 2007). It is somewhat surprising that eq. (4) captures the depth-averaged current 

dynamics in the deeper offshore stratified water column of the IBL, where baroclinic currents are 

expected (Fig. 4.5), but are not observed (Fig. 4.7). The currents in this region are thus barotropic 

and have minimal influence of internal wave dynamics, such as internal Kelvin and Poincaré 

waves. This model confirms that the strong coastal jets (20-25 cms-1) arise out of wind-induced 

geostrophic dynamics and not the passage of internal Kelvin waves as suggested by Csanady 

(1972). Internal Kelvin waves have periods of ~10 days (Rao and Murthy, 2001a; Rao and 

Schwab, 2007; Csanady, 1972a,b) and will be reset by new wind events (Gomez-Giraldo et al., 

2006). More than 5 days of calm winds are infrequent to the Great Lakes region (Loewen et al., 

2007) where strong semi-diurnal, diurnal and ~10 day synoptic events are characteristic 

(Hamblin, 1987). While these effects combine to limit the possibility of internal Kelvin wave 

generation and propagation in Lake Ontario, storm-induced Kelvin-wave-like internal surges 

have been occasionally observed (Mortimer, 2006; Simons and Schertzer, 1987). 

4.3.8 Tracer concentrations at drinking water intakes 

Now that ELCOM has been shown to reproduce the characteristic hydrodynamics of the region, 

the model is applied to investigate the transport of tributary and wastewater discharges, relative 

to drinking water intakes. Tracer concentrations in the Port Hope, Cobourg plant 1 and 2 STPs, 

Ganaraska River and Cobourg Brook discharges were initialized with a unit concentration equal 

to 1.0. Simulations showed maximum and minimum concentrations of 0.38 and 0.025 at 

Cobourg and Port Hope intakes (Figs. 4.12–4.14), respectively. Noticeably, the variation in 

concentrations at the intakes, due to upwelling and downwelling events under the influence of 
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westerly and easterly winds, respectively, occurred during summer stratification (days 180-260; 

Fig. 4.2a; Fig. 4.5; Fig. 4.12; Fig. 4.13). During spring (days 120-180), the concentrations at the 

intakes were influenced by the volume and proximity of the discharges to the intake (Fig. 4.5; 

Fig. 4.12-4.14). 

The Port Hope intake is located south-west of the Ganaraska River and west of the Port 

Hope STP discharge locations (Fig. 4.1b; Fig. 4.14). Higher concentrations from these sources, 

at the intake, were found during easterly wind events (Fig. 4.12; Fig. 4.13; Fig. 4.15f-j) from 

both the Ganaraska River and Port Hope STP discharges. The concentrations from the Port Hope 

STP discharge had higher concentration, than from the Ganaraska River, because of the 

proximity of the discharge to the intake (Fig. 4.14a,e); although the discharge volume of the 

Ganaraska River was higher than the STP discharge. The influence from the Cobourg Brook and 

Cobourg plants 1 and 2 discharges were negligible (typically concentrations of ~0.01) as they 

were further east of intake (Fig. 4.1b) and the winds (Fig. 4.2a) and currents (Fig. 4.7a,b) were 

not strong enough to transport the discharges to the intake. The maximum concentration contour 

(Fig. 4.14e) showed that the high concentrations were mostly very close to the shore leading to 

coastal entrapment (Csanady, 1970).  

The Cobourg intake is located east of Cobourg Brook and Cobourg plant 1 and west of 

Cobourg plant 2. Higher concentrations (~0.3) at the intakes are seen during strong easterly wind 

events (Fig. 4.15c), likely upwelling the Cobourg plant 2 discharges. Concentrations of ~0.1 also 

occur from Cobourg plant 1 during strong westerly winds (Fig. 4.15b). The Cobourg plant 2 is 

discharged at a depth of 5.5-7.5 m below the surface (Table 4.2). The influence of upwelling is 

clearly seen at the intake, even though the volume of discharge from plant 1 is higher than plant 
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2 (Fig. 4.13). Concentrations of ~0.2 (Fig. 4.13) are also seen from Cobourg Brook flows at the 

intake during westerly wind events (Fig. 4.14e; Fig. 4.15e). 

4.4 Discussion and Conclusions 

ELCOM was applied to simulate the Lake Ontario north-shore hydrodynamics and contaminant 

transport from two tributary and three STP outfalls. Hydrodynamic results were comprehensively 

validated against water level, temperature and current observations during April through 

September, 2010.  

Spectral analysis revealed the presence of Poincaré-wave oscillations in the observed 

temperatures but the model was unable to capture the Poincaré-wave oscillations as the single 

mooring used for the open-lake boundary condition was insufficient to propagate basin-scale 

inertial oscillations into the model domain (Schwab, 1977). Wind driven currents were seen to be 

shore-parallel in the FBL, under the influence of bottom and lateral friction and to rotate 

clockwise with periods of 17-18 hrs in the IBL. The inertial oscillations adjusted to shore-

parallel flow (Rao and Murthy, 2001a).  

In contrast to what is suggested in previous studies (Csanady and Scott, 1974), internal 

Kelvin waves were not modeled or observed in the model domain. Observations of the 

alongshore (east-west) wind velocities showed that the wind direction was quite variable and 

extended periods of winds, especially strong winds, in a certain direction (Beletsky et al., 2006; 

Boegman and Rao, 2010) were infrequent and insufficient to excite a Kelvin wave that would 

cause a coastal jet. The observed coastal jets were, rather, found to be in response to geostrophic 

equilibrium occurring during wind-induced up- and downwelling events. 

The model was able to capture these up- and downwelling events very well, which lasted 

about 4-5 days and extended ~10 km offshore. The offshore distance over which the events take 
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place depends on the wind stress, nearshore bathymetry (Csanady, 1982) and scales with the 

Rossby radius of deformation (typically of the order of 3–5 km for Lake Ontario). Upwelling 

events have also been simulated by ELCOM along the north-shore of Lake Ontario with a much 

coarser (2 km x 2 km horizontal) lake-wide grid under favourable south-westerly winds (Huang 

et al., 2010). The alignment of the long axis of Lake Ontario with the prevailing winds (south 

westerly; Fig. 4.2) during summer is favourable for upwelling along the north-shore (Boyce et. 

al., 1989; Beletsky et al., 1997; Simons and Schertzer, 1987). This is in contrast to the shore of 

southern Lake Michigan (Troy et al., 2012), where upwelling events lasted only 2-5 days.    

 The tracer concentrations from river plumes and STP outfalls were influenced by wind-

driven circulation, episodic up- and downwelling events and the subsequent wind-induced 

geostrophic currents. The concentrations at the intakes were primarily a function of the proximity 

of the intake to the discharge source, with the Port Hope and Cobourg intakes receiving the 

highest concentrations (~0.3) from the Port Hope and Cobourg plant 2 STPs. Concentrations 

from the remaining discharges were very low (< ~0.1). Future work should consider winter and 

non-seasonally stratified conditions, such as the effects of the thermal bar on contaminant 

trapping during spring. 
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Table 4.1. Details of deployments at the mooring stations by Environment Canada during 2010. 
The accuracy of the thermistor, ADCP and the water level recorders (TWR & 
TDR) was ±0.2oC, ±0.3 cms-1 and 0.05%fs. The data from the TWR was averaged 
from a 60 sec burst of 1024 2Hz samples. 

 

Station 
No Parameter Instrument Deployment Period 

(times in GMT) 
Sampling 

Interval (min) 

Depth of 
measurement 

(m) 

1345 
Temperature 

Onset Tidbit 
Temperature 

Logger 

28 April (19:10) – 
26 Oct (11:40) 10 [1  3  5  10] 

Current ADCP 28 April (20:00) – 
26 Oct (11:00) 60 [1:0.5:11.5] 

1346 

Temperature 
Onset Tidbit 
Temperature 

Logger 

28 April (18:50) – 
26 Oct (11:40) 10 [1:2:19] 

Current ADCP 28 April (19:00) – 
26 Oct (13:00) 60 [1:19] 

Water Level TWR 28 Apr (16:00) – 
26 Nov (22:00) 15 [19] 

Current ADV 28 April (16:00) – 
26 Nov (20:17) 40 [19] 

1347 
Temperature 

Onset Tidbit 
Temperature 

Logger 

28 April (13:50) – 
27 Oct (16:20) 10 [1:2:11 15:2:21 

25:2:29] 

Current ADCP 28 April (16:00) – 
03 Nov (18:00) 60 [1:29] 

1348 
Temperature 

Onset Tidbit 
Temperature 

Logger 

21 April (12:00) – 
26 Oct (15:00) 10 [1:2:23 25:5:40] 

Current ADCP 28 April (15:00) – 
26 Oct (15:00) 60 [5:2:35] 

1349 Temperature 
Onset Tidbit 
Temperature 

Logger 

21 April (12:00) – 
26 Oct (17:30) 10 [1:2:23 25:5:50] 

1350 Temperature 
Onset Tidbit 
Temperature 

Logger 

21 April (21:00) – 
26 Oct (18:20) 10 [3:2:23 25:5:60] 

1351 
Water Level TDR 28 April (16:04) – 

26 Oct (10:26) 1 20 

Temperature RBR Temperature 
Logger 

28 April (16:20) – 
26 Oct (10:30) 10 [3:2:19] 

1352 
Water Level TDR 28 April (12:00) – 

26 Oct (12:37) 1 20 

Temperature RBR Temperature 
Logger 

27 April (14:00) – 
26 Oct (12:40) 10 [1:2:19] 

403 Meteorological MET buoy 20 April (18:40) – 
28 Sept (00:00) 10 3.3 

 (above surface) 
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Table 4.2. Description of discharge flow volumes, measurement station (WSC- Water Survey of 
Canada; GRSPA – Ganaraska River Source Protection Agency), frequency of data, 
availability of data and depth of release of the flow. The simulation period was 
from day 120-271.  

 

Flow Station Data Maximum 
Discharge (m3s-1) Days Depth of 

release 

Ganaraska 
River 

02HD012 
(WSC) Daily 6.50 120-271 Surface 

Cobourg Brook 02HD019 
(WSC) 30 min 29.0 166 -271 Surface 

Port Hope STP GRSPA  Daily 0.12 120-271 1 m 
 (below surface) 

Cobourg Plant 1 
STP GRSPA  Monthly 0.40 120-271 Surface 

Cobourg Plant 2 
STP  GRSPA  Monthly 0.11 120-271 5.5 - 7.5 m    

(below surface) 

 

 

Table 4.3. Mean RMS (Root Mean Square) error between model simulated and observed 
temperature and currents and Normalized Fourier norms (Fn) for currents. 

 

Station No RMS Temp (⁰C) 

 
RMS Current (cms-1) 

 
Fn 

 
East North 

1345 1.93 6.3 3.1 1.17 
1346 2.05 7.2 2.3 0.94 
1347 2.24 6.3 1.08 0.45 
1348 2.26 7.53 1.43 0.71 
1349 1.94  -  
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Figure 4.1. (a) Location of the study region (red box), the meteorological station (403) and the 
(b) bathymetric map (200 m x 200 m horizontal grid), locations of field stations, 
intakes (Port Hope and Cobourg), tributary (Ganaraska River and Cobourg Brook) 
and sewage treatment plants (Port Hope and Cobourg plant - 1 and 2) discharges. 
The depth contour isobaths are at 10 m intervals. The maximum depth is 73.62 m. 
The black line is the transect of the coastal boundary layer (CBL) shown in Figure 
4.3. 
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Figure 4.2. a) 2-hourly east-west and north-south wind components and b) wind rose from the 
meteorological station 403 for the summer months (day 120 to 271 – measured 
every 10 mins). Concentric rings (5, 10, 15 and 20) give percentage of time wind is 
from that particular direction and colors within the wedge represent the relative 
portion of time the winds are of a certain magnitude. 
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Figure 4.3. Cross-shore dimensions of the CBL with the field stations along the transect. The 
locations of the cross-shore transect (black line) and the field stations are shown in 
figure 1. The frictional boundary layer (FBL) extends to ~3 km from the shore and 
the inertial boundary layer (IBL) extends to ~6 km from the FBL, offshore. The 
FBL and IBL together constitute the CBL. The circles are the depths at which 
temperature and currents (Station - 1345, 1346, 1347 and 1348) were measured 
from the Onset tidbit temperature (10 min sampling) sensors and ADCP (60 min 
sampling), respectively. 
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Figure 4.4. Observed and modeled a) hourly water level elevation comparison and b) spectral 
energy plot at station 1346. The observed and modeled temperatures were every 1 
hr and 2.5 minutes, respectively. The red dotted line is the 95% confidence level.  
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Figure 4.5. Temperature (10 min) profile comparisons at stations 1345 (observed-a and 

modeled-b), 1346 (observed-c and modeled-d), 1347 (observed-e and modeled-f), 
1348 (observed-g and modeled-h) and 1349 (observed-i and modeled-j). The 
modeled temperatures were interpolated to the Onset Tidbit temperature logger 
depth at each station. The accuracy of the Onset Tidbit temperature logger was 
±0.2oC. The duration when the temperature was not recorded by the thermistor is 
masked in white. 
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Figure 4.6. Integrated potential energy (IPE) spectral plots for modeled (red line) and observed 
(blue line) temperatures at stations 1345 (a), 1346 (b), 1347 (c) 1348 (d) and 1349 
(e). The red dotted line is the 95% confidence level. The observed and modeled 
temperatures were every 10 mins and 2.5 mins, respectively. 
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Figure 4.7. Comparison of hourly east velocity component at Station 1345 (observed-a and 

modeled-b), 1346 (observed-c and modeled-d), 1347 (observed-e and modeled-f) 
and 1348 (observed-g and modeled-h). The model simulated velocity component 
was interpolated to the ADCP depth at every station. The accuracy of the ADCP 
was ±0.2 cms-1. The positive speeds are easterly and the negative speeds are 
westerly currents. 
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Figure 4.8. Root mean square (RMS) error comparison profile of a) temperature (Station: 1345, 
1346, 1347, 1348 & 1349) and b) east and north-component velocities (Station: 
1345, 1346, 1347 & 1348) at depths of field stations. 
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Figure 4.9. Histogram of (a) observed and (b) modeled dissipation at station 1346.  
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Figure 4.10. Observed (red lines) and modeled (blue lines) progressive vector diagrams (PVD) 
throughout the simulation at the ADCP stations – 1345 (a), 1346 (b), 1347 (c) and 
1348 (d). Sample 18 hour PVD (inertial circles) for observed (red line) and 
modeled (blue line) currents, at the ADCP locations are also shown. The black dot 
and square represent the start and the end of the progressive vectors respectively. 
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Figure 4.11. Geostrophic current comparison between calculated, depth-averaged modeled and 

observed currents of east-west velocity component at stations 1345 (a), 1346 (b), 
1347 (c) and 1348 (d). 
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Figure 4.12. Tracer concentrations from the Port Hope and Cobourg 1 & 2 sewage treatment 

plants (STP) (a) at Cobourg (b) and Port Hope (c) intakes. The STP discharges 
were specified as passive tracers within the flow in ELCOM with a concentration 
of 1.0. 
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Figure 4.13. Tracer concentrations from the Ganaraska River and Cobourg brook discharges (a) 
at Cobourg (b) and Port Hope (c) intakes. The tributary flows were specified as 
passive tracers within the flow in ELCOM with a concentration of 1.0. 
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Figure 4.14. The maximum tracer concentration contours throughout the simulation for (a) Port 
Hope STP, (b) Cobourg plant 1 STP, (c) Cobourg plant 2 STP, (d) Ganaraska River 
and (e) Cobourg Brook discharges. The locations of the intakes are also shown. The 
STP and tributary discharges were specified as passive tracers within the flow in 
ELCOM with a concentration of 1.0. 
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Figure 4.15. Scatter plot of daily tracer concentrations at Cobourg (left panels) and Port Hope 
(right panels) intakes with wind direction for the Port Hope STP (a & f), Cobourg 
plant 1 STP (b & g), Cobourg plant 2 STP (c & h), Ganaraska River (d & i) and 
Cobourg Brook (e & j) discharges. The wind directions are measured clockwise 
from north (270-west, 90-east). 
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Chapter 5 

Conclusions 

The Estuary and Lake Computer Model (ELCOM) was applied to simulate the hydrodynamics 

and contaminant transport (during the ice-free, summer stratification period) in two study regions 

of Lake Ontario – 1. The Kingston Basin in eastern Lake Ontario and the headwaters of the St. 

Lawrence River and -2. The Port Hope-Cobourg area along the north shore. The model results 

were comprehensively validated against temperature and current data collected during April-

October, 2006 in the Kingston basin and April-September, 2010 in the north-shore. The main 

conclusions of this study are:  

1. The transient hydrodynamics of the region include significant wind-induced circulation in the 

Kingston Basin and hydraulically dominated flow, with flow reversals during easterly storm 

events in the St. Lawrence River. The presence of first mode transverse seiche indicates the 

influence of lake effects being felt in the St. Lawrence River system as far as Brockville. Kelvin 

waves were not observed or modeled within the domain, since these do not propagate from the 

main lake-basin into the shallower Kingston Basin over the Duck-Galoo Ridge (Boegman and 

Rao, 2010). A weak near-inertial Poincaré wave signal was observed in the Kingston Basin as 

the inertial circles became shore parallel and strongly damped to satisfy the no-flux boundary 

condition (Rao and Schwab, 2007). Anti-cyclonic gyres were simulated in the channel north of 

Amherst Island, north off Wolfe Island, and south of Kingston Basin (between Amherst Island 

and Wolfe Island). A return flow from Kingston Basin into Lake Ontario was seen during 
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summer. These results were directly applied to delineate Intake Protection Zones (IPZ-2) 

surrounding the eight municipal drinking water intakes in the study region (see Appendix A).  

2. Wind was found to be the most dominant forcing to transport contaminants both in the 

Kingston Basin and the St. Lawrence River, whereas the St. Lawrence River outflow controlled 

by the Moses Saunders Dam was found to influence the transport of contaminants along the 

river. It is evident from the drifter tracks that hydraulic effect is dominant close to the channel 

north of the St. Lawrence River, while away from it the variability is greater and is mostly 

influenced by wind. The tracers concentrations at the municipal drinking water intakes were 

influenced by the volume and proximity of the discharges to the intakes and were mostly 

confined to the nearshore region due to lake stratification.  These results were directly applied to 

delineate an Intake Protection Zones (IPZ-3), which range from 10% to 100% (see Fig. 3.18). 

3. Upwelling and downwelling events caused by south-westerly and north-easterly winds were 

found to be the predominant hydrodynamic process along the Lake Ontario north shore from 

Cobourg to Port Hope. The upwelling fronts were seen to extend ~10 km offshore and scale with 

the Rossby radius of deformation (typically of the order of 3–5 km for Lake Ontario). The 

observed coastal jets were found to be in response to geostrophic equilibrium occurring during 

wind-induced up- and downwelling events instead of internal Kelvin waves, as previously 

suggested (Csanady and Scott, 1974). The tracer concentrations from river plumes and sewage 

treatment plant outfalls were influenced by wind-driven circulation, episodic up- and 

downwelling events and the subsequent wind-induced geostrophic currents. The concentrations 

at the intakes were primarily a function of the proximity of the intake to the discharge source.  
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Overall, ELCOM simulated a cold bias of ~2 oC, consistent with previous studies (Huang 

et al., 2010). Basin-scale waves (Poincaré) were observed and not modeled. For both model 

domains, the single mooring used for the open-lake boundary condition was insufficient to 

propagate basin-scale inertial oscillations into the model (Schwab, 1977). The delineation of the 

Intake Protection Zones will help the municipalities to have better understanding of the transport 

of contaminants and they can take steps to mitigate the effect of contaminants on the drinking 

water intakes.  

The results from this work will help in the overall understanding of the 

nearshore/offshore exchange process, what physical processes govern them and how these 

processes affect the contaminant transport pathways. This is expected to provide as a guide for 

further studies on transport pathways for contaminants in other areas of Lake Ontario and in the 

other Great Lakes region. Future work should consider winter and non-seasonally stratified 

conditions, such as the effects of the thermal bar on contaminant trapping during the spring 

freshet. Forcing the near-shore model with boundary conditions from a low-resolution lake-wide 

model would help in considering the effects of basin-scale waves on hydrodynamics and 

consequently on contaminant transport.  

 

 

 



 

 

127 

References 

Ahrnsbrak, W. F. and Wing, M. R. 1998. Wind-induced hypolimnion exchange in Lake 
Ontario’s Kingston Basin: Potential effects on oxygen. J. Great Lakes Res., 24 (1): 145-151. 
 
Antenucci, J. P., Imberger, J. and Saggio, A. 2000. Seasonal evolution of the basin-scale internal 
wave field in a large stratified lake. Limnol. Oceanogr., 45(7), 1621-1638. 
 
Antenucci, J. P. and Imberger, J. 2001. On internal waves near the high frequency limit in an 
enclosed basin. J. Geo. Phys. Res. (Oceans), 106 (C10): 22465-22474. 
 
Antenucci, J. P. 2009. Currents in Stratified Water Bodies 3: Effects of Rotation. G.E. Likens, 
eds., Encyclopedia of Inland Waters. volume 1, 559-567. Oxford: Elsevier. 
 
Bedford, K. W. and D. Schwab. 1991. The Great Lakes Forecasting System—Lake Erie 
Nowcasts/Forecasts. Proc. of Marine Technology Society Annual Conference (MTS’91). 
Washington, DC: Marine Technology Society, 260–264. 
 
Beletsky, D., O’Connor, W. P., Schwab, D. J. and Dietrich, D. E. 1997. Numerical Simulation of 
Internal Kelvin Waves and Coastal Upwelling Fronts. J. Phys. Oceanogr., 27: 1197–1215. 
 
Beletsky, D. and Schwab D. J. 2001. Modeling circulation and thermal structure in Lake 
Michigan: Annual cycle and interannual variability. J. Geophys. Res., 106: 19,745–19,771. 
 
Beletsky, D., Schwab, D. J. and McCormick, M. 2006. Modelling the 1998-2003 summer 
circulation and thermal structure in Lake Michigan. J. Geo. Phys. Res., 111, C10010, 
doi:10.1029/2005JC003222. 
 
Boegman, L., Loewen, M. R., Hamblin, P. F. and Culver, D. A. 2001. Application of a two-
dimensional hydrodynamic reservoir model to Lake Erie. Can. J. Fish. Aquat. Sci., 58: 858-869. 
 
Boegman, L., Imberger, J, Ivey, G. N. and Antenucci, J. P. 2003. High-frequency internal waves 
in large stratified lakes. Limnol. Oceanogr., 48: 895-919. 
 
Boegman, L. and Rao, Y. R. 2010. Process oriented modeling of Lake Ontario hydrodynamics. 
Proceedings 6th International Symposium on Environmental Hydraulics, Jun. 23-25, Athens, 
Greece. 
 
Botelho, D. A. and Imberger, J. 2007. Dissolved oxygen response to wind–inflow interactions in 
a stratified reservoir. Limnol. Oceanogr., 52 (5): 2027–2052. 
 



 

 

128 

Bouffard, D., Boegman, L. and Rao, Y. R. 2012. Poincaré wave induced mixing in a large lake. 
Limnol. Oceanogr., 57 (4): 1201–1216.  
 
Boyce, F. M., Donelan, M. A., Hamblin, P. F., Murthy, C. R. and Simons, T. J. 1989. Thermal 
structure and circulation in the Great Lakes. Atmos-Ocean., 27 (4): 607-642. 
 
Casulli, V. and Cheng, R. T. 1992. Semi-Implicit finite difference methods for three-dimensional 
shallow water flow. Int. J. Numer. Meth. Fl., 15: 629-648. 
 
Csanady, G. T. 1970. Dispersal of effluents in the Great Lakes. Water Res., 4: 79–114.  
 
Csanady, G. T. 1972a. The coastal boundary layer in Lake Ontario, Part I: The spring regime. J. 
Phys. Oceanogr., 2: 41-53.  
 
Csanady, G. T. 1972b. The coastal boundary layer in Lake Ontario: Part II. The summer-fall 
regime. J. Phys. Oceanogr., 2: 168–176.  
 
Csanady, G. T. 1973. Transverse internal seiches in large oblong lakes and marginal seas. J. 
Phys. Oceanogr., 3: 439–447. 
 
Csanady, G. T. and Scott, J. T. 1974. Baroclinic coastal jets in Lake Ontario during IFYGL. J. 
Phys. Oceanogr., 4: 524–541.  
 
Csanady, G. T. 1976. The coastal jet conceptual model in the dynamics of shallow seas. Marine 
Modelling, 4 (6): 117-144.  
 
Csanady, G. T. 1977. The coastal boundary layer. Estuaries, geophysics and the environment, 
National Research Council, National Academy of Sciences, Washington DC. 57-68.  
 
Csanady, G. T. 1982. Circulation in the Coastal Ocean. D. Reidel Publishing Co., Boston, 
Massachusetts. 
 
Dallimore, C. J. and Hodges, B. R. 2000. The Estuary and Lake Computer Model ELCOM. 
Science Manual, Centre for Water Research, University of Western Australia. 
 
Davis, R. E. 1985. Drifter observations of coastal surface currents during CODE: the method and 
descriptive view. J. Geophys. Res., 90 (C3): 4741-4755. 
 
Denison, N. F. 1908. Lake undulations. J. Roy. Astron. Soc. Can., 251. 
 



 

 

129 

Dorostkar, A., Boegman, L., Diamessis, P. and Pollard, A. 2010. Sensitivity of MITgcm to 
different model parameters in application to Cayuga Lake. Proceedings 6th International 
Symposium on Environmental Hydraulics, Jun. 23-25, Athens, Greece, 6 pp. 
 
Furnans, J. E., Hodges, B. R. and Imberger, I. 2004. Lake Kinneret surface circulation with 
particle tracking. 17th ASCE Engineering Mechanics Conference, June 13-16, 2004, University 
of Delaware, Newark, Electronic Proceedings. 
 
Furnans, J. E., Imberger, J. and Hodges, B. R. 2008. Including drag and inertia in drifter 
modelling. Environmental Modelling and Software., 23: 714-728. 
 
Gill, A. E. 1982. Atmosphere-Ocean dynamics. Academic Press, San Diego, California, USA, 
International Geophysical Series., Vol 30.  
 
Gomez–Giraldo, A., Imberger, J. and Antenucci, J. P. 2006. Spatial structure of the dominant 
basin-scale internal waves in Lake Kinneret. Limnol. Oceanogr., 51: 229–246. 
 
Hall, E. 2008. Hydrodynamic modeling of Lake Ontario. M.Sc Thesis. Department of Civil 
Engineering, Queen’s University, Kingston, ON. 
 
Hamblin, P. F. 1982. On the free surface oscillations of Lake Ontario. Limnol. Oceanogr., 27 : 
1039-49. 
 
Hamblin, P. F. 1987. Meteorological forcing and water level fluctuations on Lake Erie. J. Great 
Lakes Res., 13: 436-53. 
 
He, C. and Droppo, I. 2011. Numerical modeling of fine particle plume transport in a large lake. 
J. Great Lake Res., 37: 411-425. 
 
Hodges, B. R. 2000. Numerical Techniques in CWR-ELCOM, Technical report, Centre for 
Water Research, University of Western Australia, Nedlands, Western Australia, 6907. 
 
Hodges, B. R., Imberger, J. and Saggio, A. and Winters, K. 2000. Modelling basin-scale internal 
waves in a stratified lake. Limnol. Oceanogr., 45: 1603-1620. 
 
Hodges, B. R. and Dallimore, C. 2007. Estuary and Lake Computer Model: ELCOM. v2.2 User 
Manual, Center for Water Research, University of Western Australia. 
 
Holeton, C., Chambers, P. A. and Grace, L. 2011. Can. J. Fish. Aquat. Sci., 68: 1836-1859. 
 
Huang, A., Rao, Y. R., Lu, Y. and J. Zhao. 2010. Hydrodynamic modeling of Lake Ontario: An 
intercomparison of three models. J. Geophys. Res., 115, C12076, doi:10.1029/2010JC006269. 



 

 

130 

Hurdowar-Castro, D., Tsanis, I. and Simanovskis, I. 2007. Application of a three-dimensional 
wind driven circulation model to assess the locations of new drinking water intakes in Lake 
Ontario. J. Great Lake Res., 33: 232-252. 
 
Laborde, S., Antenucci, J. P., Copetti, D. and Imberger, J. 2010. Inflow intrusions at multiple 
scales in a large temperate lake. Limnol. Oceanogr., 55 (3): 1301-1312. 
 
Lass, H. U. and Talpsepp, L. 1993. Observations of coastal jets in the southern Baltic. Cont. 
Shelf Res., 13: 189-203. 
 
Laval, B, Hodges, B. R. and Imberger, J. 2003. Reducing Numerical Diffusion Effects with 
Pycnocline Filter. J. Hydraul. Eng. ASCE, 129 (3): 215-224. 
 
León, L. F., Imberger, J., Smith, R. E. H., Hecky, R. E., Lam, D. C. and  Schertzer, W. M. 2005. 
Modeling as a tool for nutrient management in Lake Erie: A hydrodynamics study. J. Great 
Lakes Res., 31(Suppl. 2): 309-18. 
 
Leonard, B. P. 1979. A Stable and Accurate Convective Modelling Procedure Based on 
Quadratic Upstream Interpolation. Computer Methods in Applied Mechanics and Engineering, 
19: 59–98. 
 
Leonard, B. P. 1991. The ULTIMATE Conservative Difference Scheme Applied to Unsteady 
One-Dimensional Advection, Comput. Method. Appl. M., 88: 17–74. 
 
Lick, W. 1982. The transport of contaminants in the Great Lakes. Ann. Rev. of Earth and 
Planetary Sci., 10: 327-353. 
 
Loewen, M. R., Ackerman, J. D. and Hamblin, P. F. 2007. Environmental implications of 
stratification and turbulent mixing in a shallow lake basin. Can. J. Fish. Aquat. Sci., 64: 43–57. 
 
Lorke, A. 2007. Boundary mixing in the thermocline of a large lake. J. Geophys. Res., 112, 
C09019, doi:10.1029/2006JC004008. 
 
Mellor, G. L. and Yamada, T. 1982. Development of a turbulence closure model for geophysical 
fluid problems, Rev. Geophys., 20, 851–875. 
 
MOE. 2009. Assessment Report: Technical Rules. Ontario Ministry of Environment. Toronto. 
ON. 
 
Morillo, S., Imberger, J, Antenucci, J. P. and Woods, P. F. 2008. Influence of wind and lake 
morphometry on the interaction between two rivers entering a stratified lake. J. Hydraul. Eng. 
ASCE, 134: 1579–1589, doi:10.1061/ (ASCE)0733-9429(2008)134:11(1579). 



 

 

131 

Mortimer, C. H. 2006. Inertial oscillations and related internal beat pulsations and surges in 
Lakes Michigan and Ontario, Limnol. Oceanogr., 51 (5): 1941–1955. 
National Building Code of Canada. 2005. National Research Council. 
 
Ontario Ministry of the Environment. 2005. Assessment Report: Guidance Modules. Source 
Water Implementation Group. 
 
Pal, B. K., Murthy, R. and Thomson, R. E. 1998. Lagrangian Measurements in Lake Ontario. J. 
Great Lakes Res., 24 (3): 681-697. 
 
Paturi, S. and Boegman, L. 2008. Delineation of Intake Protection Zones in the CRCA 
jurisdiction – Modeling Approach. Technical report prepared for the Cataraqui Region 
Conservation Authority. Glenburnie, ON. 
 
Paturi, S., Boegman, L. and Rao, Y. R. 2012. Hydrodynamics of Eastern Lake Ontario and upper 
St. Lawrence River. J. Great Lakes Res., 38: 194-204. 
 
Peeters, F. 1994. Horizontale Mischung in Seen (Horizontal mixing in lakes). Ph.D. thesis, 
Eidgenossische Technische Hochschule, Zurich. 
 
Potok, A. J. and Quinn, F. H. 1979. A Hydraulic transient model of the upper St. Lawrence River 
for water resource studies. Water Resources Bulletin. American Water Resources Association, 
Vol 15, No. 6. 
 
Prakash, S., Atkinson, J. F. and Green, L. M. 2007. A semi-lagrangian study of circulation and 
transport in Lake Ontario. J. Great Lakes Res., 33: 774-790. 
 
Rao, D. B. and Murty, T. S. 1970. Calculation of the steady-state wind-driven circulation in Lake 
Ontario. Arch. Meteor. Geophys. Bioklim., A19: 195–210. 
 
Rao, Y. R. and Murthy, C. R. 2001a. Coastal Boundary Layer Characteristics during Summer 
Stratification in Lake Ontario. J. Phys. Oceanogr., 31: 1088–1104.  
 
Rao, Y. R. and Murthy, C. R. 2001b. Nearshore currents and turbulent exchange characteristics 
during upwelling and downwelling events in Lake Ontario. J. Geophys Res., 106 (C2): 2667–
2678. 
 
Rao, Y. R., Skafel, M. G. and Charlton, M. N. 2004. Circulation and turbulent exchange 
characteristics during the thermal bar in Lake Ontario. Limnol.Oceanogr., 49: 2190–2200.  
 
Rao, Y. R. and Schwab, D. J. 2007. Transport and mixing between the coastal and offshore 
waters in the Great Lakes: A review. J. Great Lakes Res., 33: 202-218. 



 

 

132 

Rao, Y. R. and Sheng, J. 2008. Application of a Nested-grid hydrodynamic model for circulation 
and thermal structure in the coastal boundary layer of Lake Huron, Aquatic Ecosystem Health & 
Management., 11 (2): 161–166. 
 
Rao, Y. R., Marvin, C.H. and Zhao, J. 2009. Application of a numerical model for circulation, 
temperature and pollutant distribution in Hamilton Harbour.  J. Great Lakes Res., 35: 61-73. 
 
Rao, Y. R. and Zhao, J. 2010. Numerical simulation of the influence of a Red River flood on 
circulation and contaminant dispersion in Lake Winnipeg. Nat Hazards., 55: 51–62. 
 
Royer, L., Hamblin, P. F. and Boyce, F. M. 1986. Analysis of continuous vertical current profiles 
in Lake Erie. Atmos. Ocean., 24: 73-89. 
 
Royer, L., Chiocchio, F. and Boyce, F. M. 1987. Tracking short term physical and biological 
changes in the central basin of Lake Erie. J. Great Lakes Res., 13: 587–606.  
 
Schertzer, W. M. 1987. Heat balance and heat storage estimates for Lake Erie. J. Great Lakes 
Res., 13 (4): 454-467.  
 
Schwab, D. J. 1977. Internal free oscillations in Lake Ontario. Limnol. Oceanogr., 22 : 700-8. 
Schwab, D. J., Clites, A. H. and Murthy, C. R. 1989. The effect of wind on transport and 
circulation in Lake St. Clair. J. Geophys. Res., 94 (C4): 4947–4958. 
 
Schwab, D. J. and Beletsky, D. 2003. Relative effects of wind stress curl, topography, and 
stratification on large-scale circulation in Lake Michigan, J. Geophys. Res., 108 (C2), 3044, 
doi:10.1029/2001JC001066. 
 
Shen H., Tsanis, I. K. and D’Andrea, M. 1995. A Three-Dimensional Nested Hydrodynamic / 
Pollutant Transport Simulation Model for the Nearshore Areas of Lake Ontario. J. Great Lakes 
Res., 21 (2): 161-177. 
 
Shen, H. T., Yapa, P. D. and Zhang, B. 1995. A simulation model for chemical spills in the 
Upper St. Lawrence River. J. Great Lakes Res., 21 (4): 652-664. 
 
Sheng, J. and Rao, Y. R. 2006. Circulation and thermal structure in Lake Huron and Georgian 
Bay: Application of a nested-grid hydrodynamic model. Cont. Shelf Res., 26: 1496–1518. 
 
Shore, J. A. 2009. Modelling the circulation and exchange of Kingston Basin and Lake Ontario 
with FVCOM. Ocean Modelling, 30: 106-114. 
 
Simons, T. J. 1971. Development of numerical models of Lake Ontario. Proc. Conf. Internat. 
Assoc. Great Lakes Res., 14: 654-669. 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B984D-4VM2KH7-4&_user=1025668&_coverDate=03%2F31%2F2009&_rdoc=9&_fmt=high&_orig=browse&_srch=doc-info%28%23toc%2359068%232009%23999649998%231000124%23FLA%23display%23Volume%29&_cdi=59068&_sort=d&_docanchor=&_ct=21&_acct=C000050549&_version=1&_urlVersion=0&_userid=1025668&md5=e83ce1dacb3997b9f4f0466ba392596a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B984D-4VM2KH7-4&_user=1025668&_coverDate=03%2F31%2F2009&_rdoc=9&_fmt=high&_orig=browse&_srch=doc-info%28%23toc%2359068%232009%23999649998%231000124%23FLA%23display%23Volume%29&_cdi=59068&_sort=d&_docanchor=&_ct=21&_acct=C000050549&_version=1&_urlVersion=0&_userid=1025668&md5=e83ce1dacb3997b9f4f0466ba392596a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B984D-4VT0V8S-2&_user=1025668&_coverDate=12%2F31%2F1995&_rdoc=2&_fmt=high&_orig=browse&_srch=doc-info(%23toc%2359068%231995%23999789997%23964123%23FLP%23display%23Volume)&_cdi=59068&_sort=d&_docanchor=&_ct=11&_acct=C000050549&_version=1&_urlVersion=0&_userid=1025668&md5=42d97d8d62fa39f0753892721e72ab66#aff2


 

 

133 

Simons, T. J. 1972. Development of numerical models of Lake Ontario, Part 2. Proc. Conf. 
Internat. Assoc. Great Lakes Res., 15: 655-672. 
 
Simons, T. and Schertzer, W.M. 1987. Stratification, Currents, and Upwelling in Lake Ontario, 
Summer 1982. Can. J. Fish. Aquat. Sci., 44 (12): 2047-2058. 
 
Smagorinsky, J. 1963. General circulation experiments with the primitive equation: I. The basic 
experiment, Mon. Weather Rev., 12, 99–165. 
 
Stocker, R. and Imberger, J. 2003. Horizontal transport and dispersion in the surface layer of a 
medium-sized lake. Limnol. Oceanogr., 48 (3):  971–982. 
 
Thompson, A., Guo, Y. and Moin, S. 2008. Uncertainty analysis of a two-dimensional 
hydrodynamic model. J. Great Lakes Res., 34: 472-484. 
 
Troy, C. D., Ahmed, S., Hawley, N. and Goodwell, A. 2012. Cross-shelf thermal variability in 
southern Lake Michigan during the stratified periods. J. Geophys. Res., 117, C02028, 
doi:10.1029/2011JC007148. 
 
Tsanis, I. K. and Murthy, C. R. 1990. Flow distribution in the St. Lawrence River system at 
Wolfe Island, Kingston basin, Lake Ontario. J. Great Lakes Res., 16 (3): 352-365. 
 
Tsanis, I. K., Masse, A., Murthy, C. R. and Miners, K. 1991. Summer circulation in the Kingston 
Basin, Lake Ontario. J. Great Lakes Res., 17 (1): 57-73. 
 
Vidal, J., Casamitjana, X., Colomer, J. and Serra, T. 2005. The internal wave field in Sau 
reservoir: Observation and modeling of a third vertical mode.  Limnol. Oceanogr., 50 (4): 1326–
1333. 
 
Watt, S. 2010.  Intake Protection Zone 3: Discharge Concentration Modeling Report for 
Consideration of Significant Threats. Cataraqui Region Conservation Authority, Glenburnie, 
ON. 
 
Watt, W. E.  1989.  Hydrology of Floods in Canada - A Guide to Planning and Design. National 
Research Council Canada, Ottawa, ON. 
 
Wuest, A. and Lorke, A. 2003. Small-scale hydrodynamics in lakes. Annu. Rev. Fluid Mech., 35: 
373 – 412. 
 
XCG.  2009.  Tier 1 Water Budget and Water Quantity Stress Assessment. XCG Consultants 
Ltd., Kingston, ON. 
 



 

 

134 

Zhao, J., Rao, Y. R. and Wassenaar, L. I. 2012. Numerical modeling of hydrodynamics and 
tracer dispersion during ice-free period in Lake Winnipeg. J. Great Lakes Res., 38: 147-157. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

135 

Appendix A 
Reverse Progressive vector diagrams, IPZ-1 and IPZ-2 calculated from 

surface modeled currents at the eight municipal drinking water intakes in the 
CRCA jurisdiction. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1. Reverse progressive vector (RPV) diagram for (a) A.L Dafoe and (b) Sandhurst 
Shores intake for spring (red), summer (blue) and fall (magenta) seasons; (c) IPZ-2 
(blue) at the A.L. Dafoe and Sandhurst Shores intake. The red circle (1 km radius) 
is the IPZ-1. 
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Figure A.2. Reverse progressive vector (RPV) diagram for (a) Fairfield and (b) Bath intake for 

spring (red), summer (blue) and fall (magenta) seasons; (c) IPZ-2 (blue) at the 
Fairfield and Bath intake. The red circle (1 km radius) is the IPZ-1. 
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Figure A.3. Reverse progressive vector (RPV) diagram for (a) Kingston Central intake and (b) 
Kingston West intake for spring (red), summer (blue), and fall (magenta) seasons; 
(c) IPZ-2 (blue) at the Kingston Central and Kingston West intake. The red circle 
(1 km radius) is the IPZ-1. 
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Figure A.4. Reverse progressive vector (RPV) diagram for (a) Gananoque and (b) Brockville 
intake for spring (red), summer (blue) and fall (magenta) seasons; IPZ-2 (blue) at 
the (c) Gananoque and (d) Brockville intake. For definition of IPZ-1 please see 
(Paturi and Boegman, 2008). 
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Appendix B 
The north-south velocity component comparisons between observed and 

modeled currents at the ADCP stations. 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
 
Figure B.1. Comparison of hourly north velocity component at Station 1345 (observed-a and 

modeled-b), 1346 (observed-c and modeled-d), 1347 (observed-e and modeled-f) 
and 1348 (observed-g and modeled-h). The model simulated velocity component 
was interpolated to the ADCP depth at every station. The accuracy of the ADCP 
was ±0.2 cms-1. The positive speeds are northerly and the negative speeds are 
southerly currents. 
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Appendix C 
Time-series of east-west and north-south velocity component comparisons 

between observed and modeled currents at the ADCP stations. 

 

Table C.1. Table showing correlation coefficients and p-values of east and north velocity 
components at stations 1263, 1264, 1345, 1346, 1347 and 1348 at surface and near-
bottom depths. 

 

Station 
East North 

Surface p-value Bottom p-value Surface p-value Bottom p-value 
1263 0.65 0.000098 0.48 0.00022 0.45 0.000012 0.32 0.00092 
1264 0.70 0.000015 0.20 0.98 0.53 0.00017 0.55 0.000029 
1345 0.55 0.000012 0.20 0.07 0.51 0.000017 0.56 0.000005 
1346 0.50 0.000048 0.31 0.00025 0.25 0.0015 0.48 0.000019 
1347 0.58 0.000082 0.25 0.00078 0.36 0.00041 0.41 0.000016 
1348 0.60 0.000002 0.21 0.0068 0.32 0.000073 0.26 0.0014 
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Figure C.1. Comparison of daily east and north velocity component at Station 1263 (east 
surface-a, east bottom-b, north surface-c and north bottom-d) and Station 1264 (east surface-e, 
east bottom-f, north surface-g and north bottom-h). The model simulated velocity component 
was interpolated to the ADCP depth at every station. The positive speeds are easterly and 
northerly and the negative speeds are westerly and southerly currents. 
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Figure C.2. Comparison of daily east velocity component at Station 1345 (east surface-a, east 
bottom-b), 1346 (east surface-c, east bottom-d), 1347 (east surface-e, east bottom-f) and 1348 
(east surface-g, east bottom-h). The model simulated velocity component was interpolated to the 
ADCP depth at every station. The accuracy of the ADCP was ±0.2 cms-1. The positive speeds are 
easterly and the negative speeds are westerly currents. 
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Figure C.3. Comparison of daily north velocity component at Station 1345 (east surface-a, east 
bottom-b), 1346 (east surface-c, east bottom-d), 1347 (east surface-e, east bottom-f) and 1348 
(east surface-g, east bottom-h). The model simulated velocity component was interpolated to the 
ADCP depth at every station. The accuracy of the ADCP was ±0.2 cms-1. The positive speeds are 
northerly and the negative speeds are southerly currents. 
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