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Abstract 

Water quality degradation, in the form of undesirable algae, occurs near the Nottawasaga River 

mouth and along Wasaga Beach, located in southeastern Georgian Bay, Ontario. Runoff from 

fertilized agricultural areas, in the Nottawasaga River basin, is major source of nutrients 

(phosphorus (P) and nitrogen (N)) entering Nottawasaga Bay through the river, which stimulate 

the growth of excessive phytoplankton along Wasaga Beach.  

Coupled three-dimensional hydrodynamic and ecological models ELCOM – CAEDYM 

(ELCD) were applied to investigate (i) the advection and dispersion of a passive tracer, flowing 

from the Nottawasaga River, to examine the physical processes that can trap nutrients along 

Wasaga Beach and (ii) the difference, in model results, between using literature and observed 

values for P fractions and phytoplankton community distributions in Nottawasaga Bay. Model 

hydrodynamics were comprehensively validated against temperature and current profiles 

collected during May-September, 2015, with root-mean-square errors (RMSE) between 1.5 oC 

to 2.5 oC and ~0.06 m/s, respectively.  For an average river discharge rate of 17.6 m3/s, the 

tracer concentration and occurrence were dominated either by wind speeds >2 m/s or by river 

discharge for wind speeds < 2 m/s. Hydrodynamics also controlled the distribution of total 

chlorophyll-a (TChl-a) in Nottawasaga Bay. After model initialization, the initial condition 

predominated, until an upwelling event in northern Nottawasaga Bay propagated along Wasaga 

Beach. This caused a sudden drop in the simulated TChl-a and the model to reset from the lake 

initial conditions. Thereafter, Nottawasaga River inputs, trapped nearshore, regulated Wasaga 

Beach water quality.  

The simulations did not show much discrepancy between using constant literature and 

observed values for phytoplankton community initial and boundary conditions in Nottawasaga 
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Bay, where calculated RMSE were ~1.2 g chl-a/L. However, there was a noticeable influence 

in including particulate inorganic P as a measured P fraction on simulated TChl-a (RMSE = 

1.06 mg chl-a/L). Neglecting PIP in the total P budget, as is commonly done in model 

applications, resulted in all particulate organic P (POP), from the Nottawasaga River, being 

available for uptake by phytoplankton, causing spurious algal growth in the P limited system. 
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Chapter 1 

Introduction 

The Laurentian Great Lakes are economically and ecologically important freshwater systems, 

as they provide drinking water and valuable ecosystem services to both Canada and the United 

States, and contain ~18% of the world’s surface fresh water (Assel et al., 2004). Georgian Bay, 

is the largest bay of Lake Huron. It contributes substantially to the provincial economy by 

supporting seasonal recreational activities and operating aquaculture net-pens. The presence of 

provincial parks, as well as the development of the cottages on the beaches around Georgian 

Bay, has made it an ideal location for recreation and leisure along the year. However, water 

quality degradation in the form of undesirable algae, occurs near Nottawasaga River mouth and 

along Wasaga Beach, southeastern Georgian Bay resulting from urban and agricultural lands. 

This includes blooms containing cyanobacteria that can release toxins that are detrimental to 

human and animal health (O’Neil et al., 2012; Paerl, 2014; Taranu et al., 2012). Occurrences 

of high cyanobacteria biomass, often referred to as harmful algal blooms (HABs), can also 

affect oxygen levels through biomass decay in the sediment layer. Some species of 

cyanobacteria can release cyano-toxins into the water when cells begin to break down, which 

can adversely affect wildlife and can make the water hazardous for human consumption and 

recreational activities (Chorus and Bartram, 1999; Lévesques et al., 2014; Waller, 2015).  

Within lakes, rivers and streams, phosphorus (P) and nitrogen (N) are thought to be the 

most important limiting nutrients for algal growth (Biggs, 2000; Bothwell, 1989; Dodds et al., 

1997; Rier and Stevenson, 2006). The Nottawasaga River plume discharges approximately 47 

tons of P annually into Nottawasaga Bay (Charleton and Mayne 2012). Therefore, it plays a 
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significant role in the water quality of near the river mouth and along the beach. Moreover, the 

physical processes in the Great Lakes occur over several temporal and spatial scales (eg. water 

temperature, wind and horizontal transport), influence the transport and deposition of nutrients 

and contaminants in the lakes (Rao and Schwab 2007, Zhao et al., 2012). They are considered 

a dominant mechanism in mediating biological and geochemical processes in lakes. 

Environment and Climate Change Canada (ECCC) scientists find that their ability to 

manage the water resources and aquatic habitats of this area is generally compromised by a lack 

of monitoring and science (Charleton and Mayne 2012; Clark et al., 2015). For example, the 

existing ECCC-led monitoring program is measuring the total chlorophyll-a concentration, as 

a surrogate for species-specific measurements of algal biomass, as well as only some of the P 

fractions (typically total P, PO4 and total dissolved P are measured). This provides limited 

insight on the causes of problem algal blooms and, as a consequence, the computer based 

ecosystem management models used by ECCC modelers are starved for input and validation 

data, which must be estimated. The objectives of this research are: 

 To investigate the physical processes that trap the nutrients discharged from 

Nottawasaga River plume into the bay and along Wasaga Beach, to better 

understand how circulation and mixing influence algal bloom formation. 

 To quantify the improvement in computationally simulating P and algae 

distributions when using typical limited ECCC observations, versus the direct 

observation of P fractions and algae species. 

The findings will provide information on the value of additional data collection and will 

improve environmental monitoring, assessment and scientific information required to measure 

the effectiveness of control strategies, and identify and assess alternative approaches to 
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reducing P discharges. In addition to improving future ECCC modeling by developing better 

tools for management of water quality. 
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Chapter 2 

Literature Review 

2.1 Introduction 

Collingwood, Wasaga Beach, Midland and other regions of Nottawasaga Bay in Southeastern 

Georgian Bay are popular summer vacation destinations that attract millions of dollars annually 

from tourism and recreation. However, increases in the cultural eutrophication of surface waters 

due to human activities, such as intensive agriculture and urbanization, as well as the effects of 

climate change, have resulted in an increase in algal blooms (Taranu et al., 2015) in this area.  

This includes blooms containing cyanobacteria that can release toxins which are detrimental to 

human and animal health (O’Neil et al., 2012; Paerl, 2014; Taranu et al., 2012). In 2004, the 

Lake Huron Science Committee (LHSC) led by the Ontario Ministry of the Environment 

(MOE) conducted a scientific examination of inputs to beaches of the Huron County Shoreline 

(LHSC 2005, Zhao et al., 2012), it was found that algal blooms occur in nutrient-enriched 

waters in some parts of Lake Huron. Moreover, localized elevated concentrations of nutrients 

in some watercourses along the eastern shoreline and Georgian Bay also resulted in algal 

blooms (LHSC 2005, Zhao et al., 2012). Within lakes, rivers and streams, P and N are thought 

to be the most important limiting nutrients for algal growth (Biggs, 2000; Bothwell, 1989; 

Dodds et al., 1997; Rier and Stevenson, 2006), while N and silicon were important in 

phytoplankton-nutrient dynamics (Bierman and Dolan, 1981). The Nottawasaga River plume 

discharges approximately 47 tons of P annually to Nottawasaga Bay and, therefore, plays a 

significant role in the water quality of Nottawasaga Bay near the river mouth and along the 

beaches during post-precipitation events (Charleton and Mayne 2012). In Saginaw Bay (Lake 
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Huron), Bierman and Dolan (1981) indicated that temperature and light were more growth rate 

limiting than nutrients, on an annual average basis. However, as a consequence of nutrient 

depletion, nutrients became relatively more important during times of peak phytoplankton 

growth (Bierman and Dolan, 1981). 

Furthermore, physical processes in the Great Lakes occur over several temporal and 

spatial scales and influence the transport and deposition of nutrients and contaminants in the 

lakes (Rao and Schwab 2007, Zhao et al., 2012). They are also considered a dominant 

mechanism in mediating biological and geochemical processes in lakes. For example, the rate 

of horizontal mixing and dispersion of nutrients and contaminants, originating from river 

plumes, determines the concentration gradients and their persistence to affect lake biology and 

chemistry (Zhao et al., 2012). Several authors noted that retention time scales relative to 

reaction rates influences lake biology and in the formation of algal blooms (Imberger et al., 

1983; Martin 2003, Zhao et al., 2012).  

2.2 Phytoplankton 

Phytoplankton can be an especially important basal resource to higher trophic levels in some 

estuaries and their growth and abundance can determine the potential productivity of the entire 

ecosystem (Wissel and Fry, 2005; Czubakowski, 2010). Phytoplankton are unicellular, pelagic 

primary producers with communities composed of numerous species with a broad range of 

physiological responses to their environment (Pinckney 1999; Czubakowski, 2010). Due to 

short generation times, phytoplankton can respond quickly to changes in their aquatic 

environment and changes in phytoplankton may indicate when significant physical, chemical 

or biological changes occur in the water column (Hotzel and Croome, 1999; Czubakowski, 

2010).  
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Different groups of phytoplankton include cyanophyta, chlorophyte, chrysophyceae, 

diatomeae cryptophyceae and dinophyceae. In Nottawasaga Bay, the two most dominant groups 

are chrysophytes and dinophytes (Severn Sound, 2014). Their growth depends on the 

availability of sunlight, and nutrients such as nitrate, phosphate, silicate, and calcium at various 

levels depending on the species. Moreover, Bierman and Dolan, (1981) indicated that 

phytoplankton production is extremely sensitive to variations in the light extinction coefficient 

in the water column, and relatively insensitive to variations in incident solar radiation.  

2.3 Nutrients 

In a balanced ecosystem, phytoplankton are primary producers grazed upon by higher trophic 

levels (e.g., zooplankton). When too many nutrients are available, phytoplankton may grow out 

of control and form HABs. Their consequences often include water quality degradation, death 

of aquatic life, odor and taste problems, and release of toxins harmful to fish and even livestock 

(Yeoman et al., 1988). Therefore, determining which nutrients limit phytoplankton growth is 

an important step in the development of effective lake and watershed management strategies 

(Dodds and Priscu, 1990; Elser et al., 1990; Smith et al., 2002; Dzialowski et al., 2005). 

N and P are often considered as the limiting factors for phytoplankton, as well with light 

intensity. While bioassay experiments have often been used to determine which nutrients limit 

phytoplankton growth in a particular water body (Elser et al., 1990; Smith, 1998; Mallin et al., 

2004), the water column ratio of total N to total P (TN:TP) may provide an additional tool for 

assessing nutrient limitation (Smith, 1998; Schelske et al., 1999; Guildford and Hecky, 

2000; Dodds, 2003; Dzialowski et al., 2005). Several ranges of TN:TP ratios have been 

suggested for use in the classification of nutrient limitation within a lake or reservoir (Smith, 

1998; Guildford and Hecky, 2000; Dzialowski et al., 2005). These classification ranges were 

javascript:;
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originally based on the Redfield ratio (or Redfield stoichiometry) which reveals the molecular 

ratio of C, N and P in phytoplankton as C:N:P = 106:16:1 (Redfield, 1934; Liang, 2011). Since 

carbon is considered as limitless, because it exists in the atmosphere, algae growth could be 

limited by the deficiency of either N or P, and the limiting one is controls the eutrophication 

process (Liang, 2011). But generally, the limiting nutrient in most fresh waters is P, but in most 

ocean waters is N (Liang, 2011).  

2.3.1 Phosphorus 

P is an essential nutrient for plants, animals and humans. Under normal water flows, roughly 

two-thirds of the total P load to lakes and rivers comes from cropland runoff, urban runoff, non-

agricultural rural runoff, etc. A relationship exists between P and phytoplankton biomass (as 

indicated by chlorophyll) in a variety of aquatic habitats (Schindler, 1977; Hecky and Kilham, 

1988; Knowlton and Jones, 1993; Smith, 2003; Dzialowski et al., 2005). Therefore, P has been 

considered to be the primary nutrient limiting phytoplankton growth in freshwater ecosystems 

(Smith et al., 2002; Havens and Walker, 2002; Dzialowski et al., 2005). Bridgeman et al.  

(2011), tracked several forms of P in Maumee River and Lake Erie. The results of their study 

showed that the concentrations and forms of P can vary considerably between the river and lake 

and over the course of the growing season. At times, the majority of the P can be present as 

dissolved organic P, a form that is not detected in standard analyses for dissolved reactive P but 

may also be available for growth of phytoplankton (Bridgeman et al., 2011).  

Furthermore, sediment plays an important role in the overall nutrient dynamics of the 

shallow parts of the lakes. As external P inputs are controlled, release of internal P accumulated 

in lake sediments becomes the most important source of P in lake systems (French and Petticrew 

2007; Zhou et al., 2001; Wu et al., 2001; Zhu et al., 2013). Mortimer (1988) found that the 

javascript:;
javascript:;
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southern basin of Lake Michigan is subjected to recurrent episodes of sediment resuspension 

caused by storm induced waves and currents. These resuspension events are suggested as the 

main mechanism for reintroducing nutrients and contaminants stored in sediments into the 

water column (Eadie et al., 1996; Rao and Schwab, 2007). P releases from the sediment into 

the lake water may be so intense and persistent that it prevents any improvement of water 

quality for a considerable period after the loading reduction (Granéli, 1999; Scharf, 1999; 

Søndergaard et al., 2003).  

2.3.2 Nitrogen 

Although N is abundant naturally in the environment. Some nitrate is introduced into water as 

the result of runoff of fertilizers, sewage or enters the water from the atmosphere. Excess N can 

cause overstimulation of growth of aquatic plants and algae. Most of cyanobacteria can fix N 

(N-fixation) from the atmosphere and convert it into bioavailable forms of dissolved inorganic 

N (DIN). This process can cause toxic blooms even if P is reduced as they have unlimited 

supply of N from the atmosphere. 

2.4 Physical Processes 

Physical processes in the Great Lakes occur over several temporal and spatial scales and 

influence the transport and deposition of nutrients and contaminants in the lakes (Rao and 

Schwab 2007; Zhao et al., 2012). For example, the residence time and degree of accumulation 

of nutrients and contaminants in the sediments (suspended as well as bottom) are partly 

controlled by the physical exchange processes (Rao and Schwab 2007). Horizontal transport 

(advection and mixing) is important in regulating the dilution of nutrients and hence the local 

concentrations. Small rates of mixing can result in long nutrient residence times, which affect 
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lake biology (e.g., Morillo et al., 2008; Oveisy et al., 2015). Thus, it is necessary to have a 

thorough understanding of the coastal physical processes responsible for the distribution and 

redistribution of geochemical and biological species in the study area. 

Water temperature also directly affects the growth of algae (Berger et al., 2007). Paerl 

and Huisman (2008) showed that rising temperature favors HABs. Reynolds (2006) found that 

cyanobacteria grows better in high-temperature environment (often above 25°C) than other 

phytoplankton species. Cyanobacteria can trap the gasses they produce in bubbles to control 

their buoyancy allowing them to rise in the water column to optimal levels of light intensity and 

they may increase water temperature conversely through intensifying the absorption of light 

(Cai et al., 2012). 

2.4.1 Thermal Variation 

Water temperature places an upper limit on the actual growth rate that can occur at any given 

time, independent of light and nutrient conditions (Bierman and Dolan., 1981), which favor the 

growth of HABs. Wells and Parker (2010) illustrated a major source of temperature variability 

in the Great Lakes occurs during summer, when large amplitude internal waves lead to 

oscillations in the depth of the thermocline with frequencies between 12 and 24 h. These large 

amplitude internal waves have been documented in all the Great Lakes (eg. Lake Michigan 

(Troy et al., 2012) and Lake Ontario (Hall, 2008)). Sheng and Rao, (2006) showed that the 

mean sub-surface temperature in May was relatively uniform and about 4~5 oC in the central 

regions Georgian Bay and relatively warmer and about 6 oC along the narrow coastal regions 

while in August the mean subsurface temperature reached 22 oC in the central regions of 

Georgian Bay. The surface temperature variations in summer can lead to vertical stratification 

of the water column and the entrapment of phytoplankton in the warmer regions of the euphotic 

http://www.sciencedirect.com/science/article/pii/S0380133010000924#bib35
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zone. Up to a point, warmer temperature and ample solar energy stimulate phytoplankton 

productivity (Prezelin et al., 1991). Moreover, more sediment exposure to warm epilimnetic 

water following thermocline deepening should lead to greater mineralization rates and 

associated nutrient release (Cantin et al., 2011). 

The thermal bar appears to be an important factor in controlling the early spring changes 

in abundance and composition of the phytoplankton assemblage. It significantly affects the flow 

and thermal characteristics of the Great Lakes and may have significant influence on their 

ecological functioning (Scavia and Bennet, 1980; Rao and Schwab, 2007). Its circulation can 

have an impact on the distribution of dissolved and suspended material within the nearshore 

zone that results in trapping the nutrients from the freshet. At Lake Ontario experiment, Rao et 

al. (2004) observed that the thermal bar was stationary for several days, although mean cross-

shore flow decreased during the thermal bar period as the flow was depth-dependent. In 2007, 

Rao and Schwab found that the magnitude of both alongshore and cross-shore exchange 

coefficients decreased when the bar was in the nearshore zone.   

2.4.2 Wind and Currents 

It has long been recognized that wind induced water motions influence the distributions of 

phytoplankton in lakes (Cao et al., 2006). Such motions determine the availability of light and 

nutrients necessary for their growth. Due to the stratification of light intensity and water 

properties in lakes, it is the vertical distribution of phytoplankton cells that principally 

determines the physical and chemical environments of their populations (Webster, 1990). In 

2002, Leshet et al., combined the satellite imagery with in situ measurements of water 

temperature and wind velocity of Lake Michigan to show that the bloom was triggered by a 

brief wind event. It was sufficient to cause substantial vertical mixing (even though the lake 
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was already stratified) that initiated an unusual early summer phytoplankton bloom in southern 

Lake Michigan. 

In 2006, Sheng and Rao modelled the surface currents in Georgian Bay. They illustrated 

that the February mean near-surface currents were almost southwestward over the central region 

and southeastward (alongshore) over the eastern and western coastal regions. The February 

mean sub-surface (19.5 m) circulation in Georgian Bay was characterized by relatively strong 

currents in western and eastern shallow water regions and relatively weak and spatially variable 

currents in the deep-water regions. The mean near-surface currents were approximately 

southward in Georgian Bay, except for the southwestern and northwestern coastal regions. The 

near-surface currents at Nottawasaga Bay were southeastward (alongshore) over the coastal 

region and southeastward (offshore) over the coastal region near Manitowaning Bay in 

Georgian Bay.  
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Chapter 3 

Hydrodynamics and transport of Nottawasaga River 

plume in eastern Nottawasaga Bay  

Abstract 

Water quality degradation, in the form of undesirable algae, occurs near the Nottawasaga River 

mouth and along Wasaga Beach, Ontario, from nutrients discharged into Nottawasaga Bay, 

located in southeastern Georgian Bay. The three-dimensional hydrodynamic Estuary and Lake 

Computer Model (ELCOM) was applied to investigate the advection and dispersion of a passive 

tracer, flowing from the Nottawasaga River, to examine the physical processes that can trap 

nutrients along Wasaga Beach. Current and temperature profiles, simulated for spring and 

summer 2015, had root-mean-square error (RMSE) between 1.5 oC to 2.5 oC and ~0.06 m/s, 

respectively. The river plume was modelled as a semicircular bulge region with an average 

radius of 815 m, immediately offshore of the river mouth, which propagated along the shoreline. 

The location and amount of passive tracer was influenced by the river discharge rate, wind 

speed and wind direction. In general, for an average river discharge rate of 17.6 m3/s, the tracer 

concentration and occurrence were dominated either by wind speed greater than 2 m/s or by 

river discharge for wind speed less than 2 m/s. 

3.1 Introduction 

Collingwood, Wasaga Beach, Midland and other regions of Nottawasaga Bay in Southeastern 

Georgian Bay (Fig. 3.1) are popular summer vacation destinations that attract millions of dollars 

annually from tourism and recreation. At the southern end of Georgian Bay, this region has 14 

km of beautiful and accessible sand beach. However, water quality degradation (dense algal 
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blooms and low dissolved oxygen concentrations) occurs in the bay downstream of its 

tributaries. There is a need to protect the beach and the bay from these adverse influences, in 

particular the lower and middle Nottawasaga River reaches that have the lowest stream health 

with high P concentrations and turbidity (Charelton and Mayne, 2012). The Nottawasaga River 

plume discharges approximately 47 tons of P annually to Nottawasaga Bay, it plays a significant 

role in the water quality of the bay near the river mouth and along Wasaga Beach (Charleton 

and Mayne 2012). Environment and Climate Change Canada (ECCC) scientists find their 

ability to manage water resources in Nottawasaga Bay is generally compromised due to lack of 

monitoring and science (Charelton and Mayne 2012). 

The objective of this research is to apply a three-dimensional hydrodynamic model to 

simulate the dynamics of the Nottawsaga River plume along Wasaga Beach. Plume transport 

will be characterized by motion of a passive tracer within the river water. The model will be 

further applied for coupled hydrodynamic-biogeochemical simulations (Chapter 4). 

3.2 Study Area 

Georgian Bay is a large bay of Lake Huron, in Ontario (Fig. 3.1). It is located in the northeastern 

side of the lake (45.4062° N, 81.1132° W) and is approximately 190 km long by 80 km wide, 

with a maximum depth of 156 m near the main channel that leads to Lake Huron. Its surface 

area is approximately 15000 km2 which makes it nearly 80% the size of Lake Ontario. It is 

separated by a limestone spine from Lake Huron which extends northwest up the Bruce 

Peninsula. It has the world’s longest fresh water sandy beach (Wasaga Beach) stretching 14 km 

in length and is noted for tourism. Wasaga Beach is located on Nottawasaga Bay, at the 

southeastern side of Georgian Bay. Nottawasaga Bay is cottage country, with populations often 

tripling over summer months and beach areas are used for recreation. 

http://www.thecanadianencyclopedia.ca/article/bruce-peninsula/
http://www.thecanadianencyclopedia.ca/article/bruce-peninsula/
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Figure (3.1): Map shows locations of Lake Huron, Georgian Bay and stations location for boundary and 

initial data in Georgian Bay and Nottawasaga Bay 

3.3 ELCOM Model 

The Estuary and Lake Computer Model (ELCOM) was developed at the Centre for Water 

Research at the University of Western Australia and is presently available as AEM3D from 

Hydronumerics (http://hydronumerics.com.au/). It has been successfully applied to many large 

lakes including Lake Erie (Leon et al., 2005) and Lake Ontario (Paturi et al., 2012). ELCOM is 

a three-dimensional (3D) hydrodynamics model used to predict the velocity and temperature 

distribution in natural water bodies subjected to external environmental forcing, such as wind 

stress, surface heating or cooling as well as inflows and outflows. ELCOM uses the hydrostatic 

pressure assumption to solve the unsteady Navier-Stokes equations while maintaining 

conservation of volume. The horizontal momentum equation uses a constant eddy viscosity 
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parametrization; in the vertical direction, ELCOM uses a mixed-layer approach derived from 

the energy budgets (Hodges, 2000). The governing equations used for three-dimensional 

transport and surface thermodynamics are:  

Momentum: 

𝜕𝑈𝛼
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+ 𝑈𝑗  
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Continuity: 

𝜕𝑈𝑗

𝜕𝑥𝑗
= 0,                                                                                                                           eq. (3.2) 

Transport of Scalar: 

𝜕𝐶
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+  

𝜕

𝜕𝑥𝑗
(𝐶𝑈𝑗) =

𝜕

𝜕𝑥1
{𝜅1

𝜕𝐶
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𝜕

𝜕𝑥2
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𝜕𝑥2
} +

𝜕

𝜕𝑥3
{𝜅3

𝜕𝐶

𝜕𝑥3
} + 𝑆𝑐            eq. (3.3) 

3.4 Model Setup 

‘Offshore’ and ‘nearshore’ grids were created to model the hydrodynamics of Georgian Bay 

(Fig. 3.2) and Nottawasaga Bay (Fig. 3.3), respectively. The nearshore grid was implemented 

to save computational costs when coupled to a biogeochemical model (Chapter 4) and keep 

run-times < 3 weeks. The offshore Georgian Bay-wide model provided the temperature profiles 

at 3 different locations along the nearshore grid open boundary (e.g., Shen et al., 1995; 

Marsaleix et al., 2006; Leon et al., 2012). The offshore grid was forced with water levels and 

temperature profiles observed at Tobermory for the open boundary connecting Georgian Bay 

and Lake Huron. 
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Other studies have showed significant errors in nearshore simulations when nearshore 

grids are forced with output from a lake-wide model (eg. Hall, 2008; Paturi et al., 2015). 

Therefore, in a sensitivity analysis, the nearshore grid was also directly forced, at the open 

boundary, with the Tobermory observations (‘Tobermory’ grid). The model ran for 109.8 days, 

starting May 28, 2015 and ending September 15, 2015. The time step was 45 seconds to satisfy 

the Courant-Friedrichs-Lewy stability condition. 

3.4.1 Bathymetry 

Georgian Bay bathymetry at 500 m x 500 m x 1 m was provided by Environment and Climate 

Change Canada (ECCC), which was originally obtained from the General Bathymetric Chart 

of the Oceans (www.gebco.net) in 2014. The deepest part of the bay is located in the western 

side near the main channel that is connected to Lake Huron with maximum depth of 156 m. A 

non-uniform grid was used to increase resolution near the Nottawasaga River. The ‘offshore’ 

grid has a fine grid size of 50 m x 50 m at the Nottawasaga River inlet (Southeast), which 

increases gradually until it reaches 5000 m x 5000 m at the main channel (West), as shown in 

Fig. (3.2). The number of grid cells in the x-direction (East-West) is 140, in the y-direction 

(North-South) is 155 and 35 levels are in the vertical direction with non-uniform resolution, 

starting with 1 m at the surface and increasing gradually to reach 25 m below the thermocline. 

The ‘nearshore’ grid is 50 m x 50 m at the Nottawasaga River and the grid cells increase 

gradually until they reach 2000 m x 2000m (Fig. 3.3). The number of grid cells in x-direction 

(East-West) is 114, in the y-direction (North-South) is 129 and 33 levels in the vertical 

direction, starting with 1 m resolution at the surface and increasing to 15 m below the 

thermocline. 

 

https://na01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.gebco.net&data=02%7C01%7C15dhmh%40queensu.ca%7Ca099fde68962425a322908d4de997df6%7Cd61ecb3b38b142d582c4efb2838b925c%7C1%7C0%7C636378198210085683&sdata=utsKPVWHEdzcTNPSEF4wybqcO9%2FAvgNyXLZWoHrDafg%3D&reserved=0
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Figure (3.2): Non-uniform offshore grid (Georgian  

Bay) bathymetry  

Figure (3.3): Non-uniform nearshore grid 

(Nottawasaga Bay Southeastern 

of Georgian Bay) bathymetry 

3.4.2 Observational Data 

Five sets of observational data were available for spring and summer 2015. The first set was 

obtained from an ECCC buoy (station 45143 at www.ndbc.noaa.gov) that measured wind 

speed, wind direction, relative humidity, air temperature and atmospheric pressure in 

southeastern Georgian Bay. The buoy data was applied uniformly over the surface area of the 

three grids. The second set was water level data from Fisheries and Oceans Canada (http://tides-

marees.gc.ca/eng) recorded at Tobermory and Parry Sound stations 11690 and 11375, 

respectively. The third set was Nottawasaga River discharge data obtained online from ECCC 

(https://wateroffice.ec.gc.ca) near the Edenvale station 02ED027. The fourth set was provided 

by ECCC (person. comm. R. Yerubandi) as a time series of vertical temperature profile 

observations, acoustic Doppler currents and light transmission at several moorings during 2015 

(Table 3.1). Shortwave radiation and incoming long-wave radiation data were also measured 

from a land-based 3 m tripod on an island off Honey Harbor. All the data were classified as 

boundary and initial conditions according to their location (Fig. 3.1) to run the model. 

http://www.ndbc.noaa.gov)/
http://www.dfo-mpo.gc.ca/index-eng.htm
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Table (3.1): Summarized available dataset in the offshore and nearshore areas 

Station 

no. 

Type Location 

(Lat., Long.) 

Sampling 

interval 

(mins) 

Instrument/ 

Depth 

Deployment 

date and time 

(in GMT) 

45143 Meteorology 44.94o, -80.63o 60 mins Buoy  

11690 Water level 45.24o, -81.67o 60 mins   

11375 Water level 45.30o, -80.03o 60 mins   

02ED027 River discharge 44.48o, -79.96o 60 mins   

Honey 

Harbor 

Meteorology 44.86o, -79.82o 10 mins Land base tripod May 21, 20:50 

- Dec 31, 23:50 

700 Currents 44.54o, -80.02o 60 mins ADCP/(5m) May 26, 14:00 

- Oct 27, 15:00 

701 Temperature 44.54o, -80.03o 10 mins Tidbit logger/(1, 

3, 5m) 

May 26, 14:40 

- Oct 27, 14:30 

702 Temperature 45.59o, -80.02o 10 mins Tidbit logger/(1, 

3, 5, 7m) 

May 26, 15:00 

- Oct 27, 13:50 

703 Temperature 44.51o, -80.07o 10 mins Tidbit logger/(1, 

3, 5, 7m) 

May 26, 15:30 

- Oct 27, 14:10 

975 Temperature 45.34o, -81.72o 10 mins Tidbit logger/(8, 

10, 12, 14, 16m) 

May 28, 11:40 

- Sept 9, 14:00 

3.4.2.1 Model Boundary Conditions 

Tobermory Station 

Water levels and temperature profile data were applied at the boundary connecting Georgian 

Bay and Lake Huron for the offshore grid and the open boundary of the Tobermory grid. During 

stratification period, the epilimnion depth was 7 m in early summer time and then increased to 

16 m depth by the end of summer. The water levels and temperature profiles were used to force 

an open boundary for simulating the hydrodynamics of the whole Bay (offshore grid (Fig. 3.2)) 

in order to get temperature profiles at the new boundary line for the nearshore grid.  
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Figure (3.4): Observed Tobermory data, water levels at st. # 11690 and temperature profile at st. #975 

Relative Humidity, Atmospheric Pressure and Air Temperature 

Air temperature increased at the beginning of summer (day 172) to reach a maximum of 25 oC 

(Fig. 3.5c). The relative humidity decreases during this period (Fig. 3.5a).  

Solar Radiation and Longwave Radiation 

Longwave radiation data were in W/m2; however, shortwave solar radiation data were in KJ/m2, 

so data were converted to W/m2 using 1 (KJ/m2) = 600 sec = 1000/600 W/m2 (Fig. 3.5b). 

Water Surface Temperature and River Discharge at Nottawasaga River Mouth 

At the Nottawasaga River mouth, the water surface temperature was observed every 2-3 weeks 

by ECCC at station Wasaga 5 and used for the river inflow boundary condition (Fig. 3.5c). The 

hourly Nottawasaga River inflow has an average discharge 18 m3/s and reaches a maximum of 

53 m3/s (Fig. 3.5d). 
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Wind Speed and Wind Direction 

Buoy data were observed at 3 m height above the water surface. Wind direction was measured 

clockwise from north. The prevailing wind direction changes over the year, depending on the 

season. During late spring and summer 2015, the measurements show that the predominant 

wind direction is mainly approaching from southwest to northwest affecting Wasaga Beach 

with an average hourly wind speed of 5 m/s (Fig. 3.5e and f).  

Tracer 

A tracer is set to flow into Nottawasaga Bay through the Nottawasaga River inflow boundary 

cells. A 100% tracer concentration was specified in the Nottawasaga River inflow and 0% 

concentration was set to the bay cells. The passive tracer is released continuously with a 

constant value (100%) during the simulation. 
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Figure (3.5): Time series of surface meteorological data and Nottawasaga River discharge a) relative 

humidity and atmospheric pressure, b) short-wave and long-wave radiations, c) air 

temperature at buoy and water surface temperature at Nottawasaga River mouth, d) river 

discharge, e) wind speed, and f) wind direction 

3.4.2.2 Model Initial Condition 

Water temperature profiles were observed by ECCC for different depths at 9 stations along 

Wasaga Beach (Fig. 3.6) and another 3 stations further offshore (Fig. 3.1). Stations 701, 702 

and 703 are set as initial condition profiles and also are used to calibrate the simulated 
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temperature profiles. The initial water temperature ranges between 10 and 14 oC at Wasaga 

Beach stations (Wasaga 1 to 10) and ranges between 8 and 13oC at stations 701, 702 and 703.   

  

Figure (3.6): Location of Wasaga Beach stations (provided by ECCC) 

3.5 Results: Model Validation 

The model was validated against three temperature moorings (St. 701, 702 and 703; Fig. 3.7 a-

c) and ADCP (St. 700) to assess ELCOM performance in reproducing the temperature profiles 

and currents in Nottawasaga Bay. Fig. (3.7d-f) and (3.7g-i) illustrate the modelled temperature 

profiles resulting from the offshore and nearshore grids, respectively. The model showed 

warmer water temperature in late spring and colder temperature in summer, than the 

observations. Flow visualization shows that this is due to interpolation of the initial conditions 

throughout the domain. Warm water in the shallows near Wasaga Beach is interpolated with 

colder water at Tobermory, resulting in overly warm initial condition water and open boundary 

water in Nottawasaga Bay. The initial condition was cooler on the Tobermory grid (Fig. 3.7j-

l), where temperature profiles from Tobermory observations were applied at the open boundary. 
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To quantify the difference between the observed and modelled temperatures, the RMSE values 

were calculated at different water depths of stations 701, 702 and 703 (Fig. 3.8). Fig. (3.8a-c) 

and Fig. (3.8d-f), had RMSE ranging between 1~2 oC at the 5 m depth for station 701 and 

increase to 2.5 oC at both stations 702 and 703. These RMSE values are acceptable compared 

with calculated RMSE for temperature (by Paturi et al., 2012) in Lake Ontario that was between 

1~3oC. While the initial condition was cooler, the Tobermory grid gave higher RMSE (2~3oC). 

Results for the offshore and nearshore grids were comparable; however, the nearshore grid uses 

fewer cells with higher resolution and has more reasonable ruin-times. Therefore, the remainder 

of the results are presented from the nearshore grid. 

A comparison between modelled and observed velocities at 5 m depth (Fig. 3.9), shows 

the model predicted the N and E components with a RMSE of 0.06 m/s. This is similar to a 

study by Paturi et al., (2012), where RMSE in eastern Lake Ontario was between 0.04 and 0.06 

m/s at 11 m depth.  
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Figure (3.7): Temperature profiles at Stations 701, 702 and 703 a), b), c) are temperature profiles observed 

by ECCC, d), e), f) are temperature profiles modelled using the offshore grid, g), h), i) are 

temperature modelled using the nearshore grid j), k) and l) are temperature profiles modelled 

using the Tobermory grid (Tobermory data at nearshore grid boundary) 

 

 

 

 

          St. #701                  St. #702           St. #703 
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Figure (3.8): Calculated RMSE temperature for stations 701, 702 and 703, a), b), c) are RMSE for modelled 

temperature resulted from simulating the whole domain, d), e), f) are RMSE for modelled 

temperature resulted from nested grid, g), h) and i) are RMSE for modelled temperature 

forced with Tobermory observations 

 

      St. #701              St. #702                      St. #703 
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Figure (3.9): E and N velocities at 5-m depth for the nearshore grid (station 700) 

3.6 Results: Tracer modelling 

The model was used to simulate the advection and dispersion of a passive tracer in the 

Nottawasaga River plume and examine the physical processes that can trap the tracer along 

Wasaga Beach. Results are presented for 9 stations (from Wasaga 1 to Wasaga 10 except 

Wasaga 5), since Wasaga 5 is a boundary condition at the river mouth. To validate the river 

plume movement, the tracer distributions were plotted against the percentage of observed river 

water (Fig. 3.10), calculated from observed salinity (conductivity) difference between the lake 

and river (Farrow and Ackerman, 2017). 

Tracer concentration peaks occur when the river discharge increases (Fig. 3.10). 

Stations Wasaga 1, 2 and 3 show the maximum tracer peak to occur at the same time (day 

184.42; Fig.3.10a-c) due to wind blowing from WSW (Fig. 3.5) which kept the tracer at these 

stations. At stations Wasaga 4, 6, 7 and 8, the tracer concentration peaks occur between days 

165 to 195. Station Wasaga 6 has the largest tracer concentration, in comparison with other 
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stations (Fig. 3.10), due to the vicinity of the station location to the river mouth (Fig. 3.6). 

Stations Wasaga 9 and 10 have the lowest concentration (Fig. 3.10). 

To show the spatial extent of the tracer, surface concentration snapshots were taken at 

the maximum peak of the tracer for each station (Fig. 3.10). These shows that the presence of 

the tracer and its movement from one station to another is also governed by the wind direction. 

To generalize this result, the wind speed, wind direction and river inflow values for the 

maximum three peaks at each station were plotted (Fig. 3.12). The maximum tracer values, for 

all three peaks, mainly occur at high river inflows (from 30 to 53 m3/s) with winds from the 

west ranging to northwest and southwest. Westerly winds will trap the river plume nearshore 

(Fig. 3.11a-c) and northerly winds will push the plume south towards stations 9 and 10 (Fig. 

3.11d-g). Masse and Murthy (1992) and Hickey et al., (1998) observed that river plumes turn 

to the right (in the northern Hemisphere) by the Coriolis force and eventually form a current 

along the right-hand coast when it is discharged from a large-scale river into an otherwise 

quiescent basin. In combination with the westerly on-shore winds, Coriolis may be acting to 

transport the plume toward the north (Fig. 3.11a-c). The reduced flow in the coastal current may 

have important consequences for transport of sediments, nutrients, and contaminants typically 

carried by river water since the coastal current is the primary means of removing river water 

from the vicinity of the river mouth.  

Horner-Devine et al., (2008) found that plume bulge growth is arrested, presumably by 

wind or longshore current. Analytically, Whitney and Garvine (2005) quantify the influence of 

alongshore winds versus river flow on plumes in terms of velocity scales representative of the 

wind and buoyancy forcing, 

𝑊𝑠 =  
𝑢𝑤𝑖𝑛𝑑

𝑢𝑑𝑖𝑠
                                                           eq. (4) 
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Where uwind = [(ρair C10)
1/2 (ρCDa)

-1/2 U] and udis = K-1(2g’Qf )1/4. Here, K is the Kelvin number 

(defined as the ratio of the plume width to the internal Rossby radius ((wp/R)), g’ is the reduced 

gravity on the basis of density difference between the river and the bay, Q is river discharge, f 

is Coriolis parameter calculated according to latitude, C10 and CDa are surface and bottom drag 

coefficients, respectively, and U is the wind speed. In eq.(4) udis and uwind represent plume 

velocities due to buoyancy and wind, respectively. The average plume width wp = 2500m and 

the internal Rossby radius R = (2Qg’/f 3)1/4 = 815 m, since R depends directly on the river inflow 

time-series measurements. Therefore, the parameters used to calculate Ws are C10 = 1.3x10-3 

(Paturi et al., 2012), CDa = 0.008 (used in ELCOM), K = 3 and f = 1.022 x 10-4 s-1 (www.mt-

oceanography.info/Utilities/coriolis.html). A value of Ws > 1 indicates that wind exerts a 

dominant influence on the dynamics of the plume. Combining these values with the river 

discharge and wind time-series for the three maximum peaks (Fig. 3.13), Ws exceeds 1 for three 

stations south of the river mouth (Wasaga 6-8; Table 3.2a-c), which in agreement with Fig. 

(3.12), indicates that north winds are controlling the tracer values at these stations. The other 

stations, to the north of the river mouth (e.g., Wasaga 1-4) are, therefore, more affected by 

Coriolis forces acting on the river discharge and should have concentration peaks during times 

of low winds and high river discharge, in agreement with Fig. (3.12).  
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Table (3.2a): Percentage of 1st Max. tracer peak and alternative river discharge (Q), wind speed (U)  and 

wind scale (Ws) values at Wasaga Beach stations 

St.# Max. tracer 

value (%) 

Time at max. tracer 

value (day of year 2015) 

Q 

(m3/s) 

U 

(m/s) 

Wind 

Direction (o) 

Ws 

Was 1 38.28 184.42 52.71 1.2 249 0.45 

Was 2 42.83 184.42 52.71 1.2 249 0.45 

Was 3 52.31 184.42 52.71 1.2 249 0.45 

Was 4 65.45 185.17 52.30 1.3 284 0.49 

Was 6 73.77 185.92 50.11 3.7 260 1.41 

Was 7 37.18 177.83 29.98 3.8 18 1.65 

Was 8 37.25 167.92 29.67 4.0 336 1.74 

Was 9 13.67 183.00 48.00 1.8 291 0.69 

Was 10 6.75 190.83 30.98 3.3 293 1.42 

Table (3.2b): Percentage of 2nd Max. tracer peak and alternative river discharge (Q), wind speed (U)  and 

wind scale (Ws) values at Wasaga Beach stations 

St.# Max. tracer 

value (%) 

Time at max. tracer 

value (day of year 2015) 

Q 

(m3/s) 

U 

(m/s) 

Wind 

Direction (o) 
Ws 

Was 1 31.43 184.92 52.52 1.0 269 0.38 

Was 2 34.09 186.58 47.38 1.9 137 0.74 

Was 3 46.76 184.17 52.39 2.8 254 1.06 

Was 4 63.59 184.0 52.08 3.8 251 1.43 

Was 6 72.77 183.58 50.75 3.7 302 1.41 

Was 7 36.86 167.83 29.50 4.9 321 2.13 

Was 8 35.89 182.5 45.18 5.6 312 2.19 

Was 9 12.55 168.0 29.83 2.2 26 0.96 

Was 10 5.52 168.0 29.83 2.2 26 0.96 

Table (3.2c): Percentage of 3rd Max. tracer peak and alternative river discharge (Q), wind speed (U)  and 

wind scale (Ws) values at Wasaga Beach stations 

St.# Max. tracer 

value (%) 

Time at max. tracer 

value (day of year 2015) 

Q 
(m3/s) 

U 
(m/s) 

Wind 

Direction (o) 
Ws 

Was 1 30.88 186.58 47.38 1.9 137 0.74 

Was 2 33.34 184.75 52.80 0.8 1 0.30 

Was 3 43.03 186.58 47.38 1.9 137 0.74 

Was 4 59.66 186.33 48.63 2.4 240 0.92 

Was 6 70.47 183.75 51.29 3.7 284 1.41 

Was 7 35.31 184.67 52.70 2.1 38 0.79 

Was 8 34.94 182.83 46.94 3.9 298 1.51 

Was 9 11.72 170.83 30.85 1.6 334 0.69 

Was 10 5.10 170.83 30.85 1.6 334 0.69 
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Figure (3.10): Simulated tracer time series showing three maximum peaks (*) at Wasaga Beach stations 

against calculated river water percentage (  ) 
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Figure (3.11): Snapshots for the occurrence of maximum tracer percentage at Wasaga Beach stations a) St. 

#1, 2, and 3, b) St. # 4, c) St. #6, d) St. #7, e) St. #8, e) St. #9 and f) St. #10 

 

 

 

 

 

 

a) b) c) 

d) e) f) 

g) 
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Figure (3.12): Wind speed, wind direction and River discharge values for maximum tracer peaks at Wasaga 

Beach stations, a) 1st max. peak, b) 2nd max. peak and c) 3rd max. peak 

Wasaga Beach stations 

a) 

b) 

c) 
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Figure (3.13): Velocity scales time series (Ws), (+) represent stations with 1st max. peak, (o) represent stations 

with 2nd max. peak and (*) represent stations with 3rd max. peak 

3.7 Conclusion: 

The hydrodynamic model ELCOM was applied to investigate the transport and mixing of a 

passive tracer in the Nottawasaga River plume, discharging into Nottawasaga Bay. The model 

was validated using temperature profiles (St.# 701, 702 and 703) and currents (St.# 700) 

observations. The nested grid had the least RMSE for the temperature (1~2.5oC) compared with 

forcing the model directly with Tobermory data at the new boundary (2~3oC). However, the 

modelled temperature profiles were warmer than the measurements, which shows the 

importance of having good spatial coverage for initial conditions especially for large and deep 

lakes with strong horizontal temperature gradients between nearshore and offshore waters in 

spring. 
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To illustrate the movement and occurrence of the tracer at Wasaga Beach stations, the 

importance of Nottawasaga River discharge, wind speed, wind direction and velocity scales 

were investigated on peaks of the tracer percentage. It was found that maximum tracer 

percentages occurred near the beach at high river discharge with west and north winds. River 

plume exists at north stations (Wasaga 1-5) due to Coriolis forces acting on the river discharge, 

they should have concentration peaks during times of low winds and high river discharge while 

north winds will push the plume towards south stations (Wasaga 6-10). At high wind events 

and low river discharge, west winds will trap the river plume nearshore also Coriolis may be 

acting to transport the plume towards south. 

The calculated velocity scale Ws indicated that stations located north the river mouth 

are often influenced by river discharge (Ws < 1), and only three stations south the river mouth 

are impacted by wind (Ws > 1). Generally, Ws will exceed 1 for a minimum wind speed of 2 

m/s and a river discharge of 17.6 m3/s. 
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Chapter 4 

Impacts of phosphorus fractions on phytoplankton in 

eastern Nottawasaga Bay 

Abstract 

Increases in cultural eutrophication of surface waters and changes in climate, have resulted in 

an increase in algal blooms worldwide including blooms containing cyanobacteria that can 

release toxins have detrimental effect on human and animal health. Runoff from agricultural 

areas located along Nottawasaga River is major source of nutrients (phosphorus (P) and 

nitrogen (N)) entering Nottawasaga Bay through the river, which can stimulate the growth of 

excessive plankton blooms along Wasaga Beach. Coupled three-dimensional hydrodynamic 

and ecological models can be applied to investigate the causes of eutrophication and 

effectiveness of remediation strategies. Often these models lack the requisite observed data for 

model initialization and forcing, making model results difficult to accurately interpret. In this 

research the difference, in model results, between using literature and observed values for P 

fractions and phytoplankton community distributions in Nottawasaga Bay is investigated. The 

simulations did not show much discrepancy between using literature and observed 

phytoplankton data, where calculated root-mean-square error (RMSE) were 1.26 g Chl-a/L 

and 1.22 g Chl-a/L, respectively. However, there was a noticeable influence in using measured 

P fractions on simulated total chlorophyll-a (TChl-a) (RMSE = 1.06 g Chl-a/L). Literature 

fractions neglect particulate inorganic P(PIP) in the total P budget, resulting in all particulate 

organic P (POP), from the Nottawasaga River, being available for uptake by phytoplankton, 

causing spurious algal growth in the P limited system. Hydrodynamics also controlled the 
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distribution of TChl-a in Nottawasaga Bay. After model initialization, the initial condition 

predominated, until an upwelling event in northern Nottawasaga Bay propagated along Wasaga 

Beach. This caused a sudden drop in the simulated TChl-a and the model to reset from the lake 

initial condition. Thereafter, Nottawasaga River inputs, trapped nearshore, regulated Wasaga 

Beach water quality. 

4.1 Introduction 

Eutrophication is one of the leading causes of pollution in lakes and reservoirs throughout the 

world (Smith, 2003; Dzialowski et al., 2005). Excess nutrient inputs can stimulate algal blooms 

leading to decreases in light penetration and hypolimnion oxygen levels (Smith et al., 2002; 

Dzialowski et al., 2005), decreases in lake aesthetics and shifts to algal taxa (i.e. cyanobacteria) 

that are associated with objectionable taste and odor events (Downing et al., 1999; Saadoun et 

al., 2001; Dzialowski et al., 2005). In past decades, many lakes worldwide have been impacted 

by excessive nutrient loading from point sources and diffuse loading from farmland (OECD, 

1982; Wetzel, 1992; Trolle et al., 2008). P loading was identified as a primary cause of high 

phytoplankton biomass and production rates (Nicholls et al., 1988). A limnological survey of 

Georgian Bay area in 1973 and 1974, after implementation of Ontario's detergent P legislation, 

showed that the southern Georgian Bay embayments were characterized by high densities of 

planktonic algal species which were typical of eutrophied environments (Nicholls et al., 1977; 

Nicholls et al., 1988). In 2004, the Lake Huron Science Committee (LHSC) led by the Ontario 

Ministry of the Environment and Climate Change (MOE) conducted a scientific examination 

of inputs to beaches of the Huron County Shoreline (LHSC 2005, Zhao et al., 2012), it was 

found that algal blooms occur in nutrient-enriched waters in some parts of Lake Huron. 
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Moreover, localized elevated concentrations of nutrients, in some watercourses along the 

eastern shoreline and Georgian Bay, also caused algal blooms (LHSC 2005, Zhao et al., 2012).  

River inflows are the main source of nutrients, organic material, and suspended 

sediments for many lakes and reservoirs (Ford and Johnson 1986; Dallimore et al. 2003; Morillo 

et al. 2008; Vilhena et al., 2010). Since the Nottawasaga River plume discharges approximately 

47 tons of P annually to Nottawasaga Bay, it plays a significant role in the water quality of 

Nottawasaga Bay near the river mouth and along Wasaga Beach (Charleton and Mayne 2012). 

Environment and Climate Change Canada (ECCC) scientists find that their ability to manage 

the water resources and aquatic habitats of southeastern Georgian Bay is generally 

compromised by a lack of monitoring and science (Charlton and Mayne 2012). Application of 

computational models, for diagnostic and management simulations, is hindered by the limited 

initialization and forcing data (specifically P fractions and phytoplankton community structure). 

This assertion is supported by Leon et al. (2011), who argued that a lack of knowledge of P 

fractions in Great Lakes tributaries, results in overestimation of both bioavailable and total P in 

management models; they also lacked observational data to validate modelled phytoplankton 

succession in Lake Erie. In this study, the coupled three-dimensional hydrodynamic model 

(ELCOM) and the computational aquatic ecosystem dynamics model (CAEDYM) are applied 

in the nearshore portion of Nottawasaga Bay. The model performance is evaluated against 

observations, using both literature values and direct observations, of P fractions and 

phytoplankton community structure. This study focusses on the model results, with details on 

the observations being published elsewhere. 
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4.2 Study Area 

Georgian Bay is a large bay of Lake Huron, in Ontario (Fig. 4.1). It is located in the northeastern 

side of the lake (45.4062° N, 81.1132° W). Georgian Bay is approximately 190 km long by 80 

km wide, with a maximum depth of 156 m near the main channel leads to Lake Huron. Its 

surface area is approximately 15,000 km2, which makes it nearly 80% the size of Lake Ontario 

(18960 km2). It is separated by a limestone spine of the Niagara Escarpment from Lake Huron. 

It has the world’s longest fresh water sandy beach (Wasaga Beach) stretching along 14 km 

length and is noted for its tourism. Wasaga Beach is located on Nottawasaga Bay, which lies at 

the southeastern side of Georgian Bay. Nottawasaga Bay is popular cottage country, 

populations often triple over summer months and beach areas are used for recreation. 

 

Figure (4.1): Map shows locations of Lake Huron, Georgian Bay and stations location for boundary and 

initial data in Nottawasaga Bay and Near Wasaga Beach 

http://www.thecanadianencyclopedia.ca/article/niagara-escarpment/
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4.3 Methods  

4.3.1 CAEDYM Model 

The Computational Aquatic Ecosystem Model (CAEDYM) is a biogeochemical model that can 

resolve species or group specific ecological interactions; it was developed at the Centre for 

Water Research at the University of Western Australia. CAEDYM is coupled with the Estuary 

and Lake Computer Model (ELCOM), which provides three-dimensional hydrodynamic 

transport (Chapter 3). The models are presently distributed by Hydronumerics as AEM3D 

(http://hydronumerics.com.au/). CAEDYM can simulate suspended solids, inorganic and 

organic matter, dissolved and particulate forms of carbon (C), N and P. The ELCOM – 

CAEDYM (ELCD) model allows for up to 7 different groups defined as is common in similar 

ecosystem models (e.g. Bierman and Dolan, 1981; Arhonditis and Brett, 2005; Mieleitner and 

Reichert, 2008) by a mixture of taxonomic and functional characteristics. 

4.3.2 Bathymetry 

Georgian Bay bathymetry at 500 m x 500 m x 1 m was provided by ECCC obtained from the 

General Bathymetric Chart of the Oceans (www.gebco.net) in 2014. A nearshore grid was 

implemented to save computational costs and keep run-times < 3 weeks. It has a maximum 

depth of 99.5 m. The non-uniform grid was used to increase the resolution near Nottawasaga 

River, which was comprised of a fine 50 m x 50 m horizontal grid along Wasaga Beach that 

increased gradually to 2000 m x 2000 m in the west part of Georgian Bay (Fig. 4.2). There were 

114 grid cells in the x-direction (east-west), 129 in the y-direction (north – south) and 33 vertical 

levels, starting with 1 m resolution at the surface and gradually increasing to 15 m below the 

thermocline. The model ran for 69.4 days starting July 8, 2015 and ending September 16, 2015. 

https://na01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.gebco.net&data=02%7C01%7C15dhmh%40queensu.ca%7Ca099fde68962425a322908d4de997df6%7Cd61ecb3b38b142d582c4efb2838b925c%7C1%7C0%7C636378198210085683&sdata=utsKPVWHEdzcTNPSEF4wybqcO9%2FAvgNyXLZWoHrDafg%3D&reserved=0
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The time step is 45 seconds to satisfy the Courant-Friedrichs-Lewy stability condition with 

133248 iterations. 

 

Figure (4.2): Non-uniform nearshore grid bathymetry (Nottawasaga Bay in Southeastern Georgian Bay)  

4.3.3 Observational Data 

The meteorological data was applied uniformly over the domain (Table 3.1, Fig. 3.3 and Fig. 

3.5 (chapter 3)). Temperature profiles at Wasaga Beach stations (Fig. 3.6; App. A), water 

surface temperatures and river discharge at Nottawasaga River mouth (Fig. 3.5c-d) were applied 

to initialize and force ELCOM. The open boundary was forced with temperature profile data 

resulted from a lake-wide model and observed water levels (chapter 3, section 3.5; (Fig. 3.7 and 

Fig. 3.8). Nutrient and Chl-a data for 2015 were provided by ECCC at six stations nearshore 

Wasaga Beach (Fig. 4.1) and 2014 data were available at seven offshore stations in Nottawasaga 

Bay from Great Lakes Surveillance Program, ECCC (Fig. 4.1). They were used as initial, 

boundary condition and validation data for the model (Tables 4.1 and 4.2). Available data used 

to simulate phytoplankton species were: five dissolved inorganic nutrients (PO4, NO3, NH4, 

DIC and Si), three dissolved organic nutrients (DOC, DOP (DOP = TDP - SRP) and DON), 

three forms of particulate organic matter (POC, POP and PON), one form of particulate 
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inorganic matter (PIP), an inorganic suspended solids size class (SS1) and calculated internal P 

(IP) for each group. The model simulates PO4 but operational measurements are conventionally 

termed soluble reactive P (SRP; Leon et al., 2011). The observed 2015 data were collected at 2 

to 3 week intervals (Table 4.1), while 2014 Bay-wide data, used for the initial condition, were 

obtained only in May (Table 4.2). For the river boundary conditions, 2015 data for station WAS 

5 was set as the Nottawasaga River inflow and average values for stations 21 and 22 in 2014 

were set at the open boundary offshore in Nottawasaga Bay and assumed to remain constant 

during the simulation (Fig. 4.1). A vertical homogeneity was assumed for all nutrient and 

phytoplankton data used to initialize the model, since only surface data were available. 

Table (4.1): Initial (WAS 1, 6 and 10) and boundary (WAS5) condition nutrient data in 2015 at nearshore 

stations starting from July 8 to Sept. 16  

Stations 
WAS 1 WAS 6 WAS 10 WAS 5 

Initial Conditions River Boundary Condition 

Date (2015) July 8 July 8 July 24 Aug. 6 Aug. 27 Sept. 3 Sept. 16 

SS (mg/L) 1.32 6.76 2.69 11.01 7.11 7.56 8.67 8.63 5.54 

TP (mg/L) 0.006 0.015 0.003 0.033 0.018 0.019 0.018 0.016 0.016 

TDP (mg/L) 0.004 0.005 0.002 0.014 0.006 0.007 0.006 0.005 0.006 

PO4 (mg/L) 0.000 0.002 0.001 0.007 0.001 0.002 0.001 0.001 0.002 

DOP (mg/L) 0.003 0.009 0.001 0.007 0.005 0.005 0.005 0.004 0.004 

NO3 (mg/L) 0.51 0.52 0.32 0.74 1.04 1.34 1.09 1.20 1.03 

NH4 (mg/L) 0.023 0.019 0.011 0.030 0.026 0.021 0.013 0.006 0.010 

DON (mg/L) 0.17 0.22 0.16 0.39 0.39 0.39 0.40 0.33 0.37 

PON (mg/L) 0.044 0.068 0.035 0.069 0.120 0.087 0.075 0.089 0.072 

DOC (mg/L) 4.40 5.40 2.40 9.40 7.25 5.10 5.00 3.80 4.70 

DIC (mg/L) 30.20 35.40 19.50 55.50 49.20 42.90 56.50 44.40 47.00 

POC (mg/L) 0.40 0.49 0.27 0.59 0.78 0.50 0.59 0.56 0.39 

TChl-a (g/L) 0.12 2.20 0.70 0.70 8.40 3.60 3.20 7.20 3.00 
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Table (4.2): Initial (St. 16, 17, 18, 19 and 20) and boundary (21 and 22) condition nutrient data in 2014 at 

offshore stations, available in May 

Stations 

16 17 18 19 20 Average (St. 21-22) 

Initial Condition 
Open Boundary 

Condition 

Date (2014) May 13 

SS (mg/L) 0.225 0.225 0.225 0.190 0.190 0.080 

TP (mg/L) 0.002 0.0052 0.0029 0.0017 0.003 0.0017 

TDP (mg/L) 0.0008 0.0005 0.0008 0.0005 0.000 0.0004 

PO4 (mg/L) 0.0005 0.0036 0.0012 0.0002 0.002 0.0005 

DOP (mg/L) 0.291 0.284 0.280 0.272 0.274 0.277 

NO3 (mg/L) 0.007 0.007 0.006 0.005 0.005 0.007 

NH4 (mg/L) 0.257 0.170 0.122 0.204 0.107 0.179 

DON (mg/L) 0.008 0.008 0.009 0.007 0.010 0.008 

PON (mg/L) 1.750 1.740 1.720 1.710 1.710 1.760 

DOC (mg/L) 1.700 1.700 1.700 1.650 1.600 1.700 

DIC (mg/L) 17.100 17.100 17.10 17.00 16.90 17.00 

POC (mg/L) 0.072 0.072 0.072 0.049 0.073 0.060 

TChl-a (g/L) 0.100 0.200 0.300 0.100 0.330 1.500 

4.3.4 Phytoplankton 

Five groups were simulated that are known to be important in the Great Lakes (Leon et al 2011), 

these groups are: Early Diatoms, which bloom in spring, Late Diatoms that occur later in the 

seasonal succession, Cyanophytes, Flagellates and Other phytoplankton (see Leon at al., 

(2011)). Phytoplankton dynamics account for variations in potential growth rates (gross 

photosynthesis), losses to respiration, excretion and mortality, and the difference between 

settling and resuspension rates (Leon et al., 2011). The present model calibration is based on 

the Lake Erie study by Leon et al (2011), with some adjustments to the phytoplankton rate 

coefficients (Luis Leon, person. comm.; App. (B)).   

Two sets of phytoplankton data were used for the initial and boundary conditions in the 

simulations. First, literature phytoplankton observations were applied from previous studies 
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(Munawar and Munawar, 1988) and apportioned into the five phytoplankton groups being 

simulated (person. comm. Ralph Smith; Table 4.3). Second, detailed phytoplankton community 

structure data were sampled at six nearshore stations, in 2015, using a FlowCam (WAS 1, 3, 5, 

6, 8 and 10; Fig. 4.1; phytoplankton bio-volume fractions Table (4.4)). These data were 

provided by the University of Guelph (person. comm. Chris Farrow and Josef Ackerman) and 

apportioned into the five CAEDYM groups (person. comm. Ralph Smith). Three stations (WAS 

1, 6 and 10) were used to initialize the model; phytoplankton bio-volumes at WAS 3 and WAS 

8 were only collected later in the summer (July 24) after model initialization. 

Table (4.3): Literature phytoplankton biomass percentage for each group in Georgian Bay during 1974 by 

(Munawar and Munawar 1988 and person. comm. Ralph Smith) 

Phytoplankton Group TChl-a Percentage 

Early Diatoms 40% 

Late Diatoms 10% 

Flagellates 25% 

Cyanophytes 10% 

Other 15% 

 

Table (4.4): Observed FlowCam phytoplankton bio-volume percentage for each group applied for cases 7 

and 8 at Wasaga Beach stations by (Chris Farrow and Josef Ackerman) 

Stations 

Phytoplankton bio-volume % observed by FlowCam 

WAS 1 WAS 6 WAS 10 WAS 5 

Initial Conditions Boundary Condition 

Date (2015) July 8 July 8 July 24 Aug. 6 Aug. 27 Sept. 3 Sept. 16 

Early Diatoms 50 % 27 % 21 % 33 % 15 % 10 % 14 % 14 % 14 % 

Late Diatoms 24 % 17 % 17 % 32 % 41 % 57 % 35 % 30 % 31 % 

Flagellates 14 % 27 % 35 % 12 % 19 % 18 % 25 % 26 % 27 % 

Cyanophytes 2 % 12 % 13 % 9 % 11 % 7 % 11 % 11 % 8 % 

Other 10 % 18 % 14 % 13 % 14 % 8 % 15 % 19 % 8 % 
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4.3.5 Phosphorus 

Since the Nottawasaga River plume discharges ~ 47 tons of P annually into Nottawasaga Bay, 

it plays a significant role in the water quality near the river mouth and along the beach 

(Charleton and Mayne 2012). CAEDYM requires initial and boundary condition data to solve 

the following P budget: 

 TP = TDP + PP + Phyto P = (DOP + SRP) + (POP + PIP) + Phyto P eq. (4.1) 

Total P (TP), total dissolved P (TDP) and soluble reactive P (SRP) measurements are commonly 

measured by ECCC (Table 4.1). Internal phytoplankton P (Phyto P) was estimated using 

Redfield Ratios as: 

 Phyto P (mg P/L) = Phyto C / 41000        eq. (4.2) 

Where, internal phytoplankton carbon (Phyto C) was calculated as discussed in Table (4.5) 

according to each study case. Taking DOP = TDP – SRP, this leaves particulate organic P (POP) 

and particulate inorganic P (PIP) as unknowns. Typically, in the literature, (eq. (4.1)) is 

rearranged to solve for POP under the assumption PIP is negligible. This approach may 

overestimate the P available for uptake by phytoplankton (Leon et al 2011) because PIP is not 

available for uptake. The present study applied direct observations of PIP (provided by Ralph 

Smith at University of Waterloo) to test the implications of neglecting PIP. 

4.3.6 Study Cases 

Eight study cases were simulated to examine the importance of using measured PIP and 

measured seasonal changes in phytoplankton community structure as input and boundary 

conditions (Table 4.5).  ‘Literature’ P fractions (cases 1, 3, 5 and 7) calculated POP from (eq. 

4.1) with PIP neglected, while ‘measured’ P fractions (cases 2, 4, 6 and 8) include PIP in (eq. 

4.1). The observations show PIP averages 44% of the total particulate P at the river mouth, 38% 



 

45 

 

in the lower river and 22% at Wasaga Beach stations, during early summer. Therefore, the 

following fractions were adopted: PIP ≈ 0.41 x (TP-TDP) for the Nottawasaga River inflow 

(WAS 5) and PIP ≈ 0.22 x (TP-TDP) for the nearshore and offshore stations.  

‘Literature' phytoplankton community structure (cases 1 and 2; Table 4.5) was 

calculated using published fractions (Table 4.3) applied to the observed TChl-a data at each 

station (Table 4.2). To calculate Chl-a biomass (g/L) for each phytoplankton group, the 

FlowCam observed phytoplankton bio-volumes (m3/L) were multiplied by density (1 g/cm3), 

species specific fractions were used to estimate Phyto C from phytoplankton biomass as 10 % 

(cases 3-4) and 7.5% (cases 5-6) then ratios of Phyto C:Chl-a = 60:1 (g /L) (cases 3-4) and 

Phyto C:Chl-a = 40:1 (g /L) (cases 5-6) were applied (pers. comm., Ralph Smith and Josef 

Ackerman) (Table 4.5). However, both ratios underestimated the TChl-a compared with 

observed TChl-a extractions from ECCC (Table 4.6). This may be because the FlowCam did 

not image large and small cells; large cells were removed by filtering (>100 µm) during sample 

collection and processing and small cells (3-15 µm) have weak fluorescent signals compared 

with the high threshold of detector (Hantzsche, 2010). Therefore, to include phytoplankton 

community structure observations from the FlowCam, but maintain TChl-a from ECCC 

extractions, in cases 7 and 8, the phytoplankton group fractions from the FlowCam (Table 4.4) 

were applied to apportion the TChl-a extraction data amongst groups. This method is similar to 

what was done for cases 1 and 2, with the exception that phytoplankton group fractions varied 

spatially and temporally with the FLowCam observations, as opposed to being fixed at Table 

(4.3) values. 
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Table (4.5): Study case description with calculated POP, PIP, Phyto P and phytoplankton species for cases 

1- 2 (as Table 4.3), cases 3-6 (FlowCam observed data) and cases 7-8  (as Table 4.4) 

Case 
Study Case 

Description 

Description 

Phytoplankton Phosphorus 

1 

Literature P and 

Literature 

Phytoplankton data 

(No PIP) 

 TChl-a from extractions distributed 

as in Table (4.3): 

Early Diatoms          40% 

Late Diatoms            10% 

Flagellates                25% 

Cyanophytes            10% 

Other                        15% 

 POP = TP-TDP-Phyto P          

from eq. (4.1). 

 Phyto P: 

Phyto C : Chl-a = 50 : 1  (g/L) 

Phyto P calculated from eq. (4.2) 

2 

Measured P and 

Lit Phytoplankton 

data (With PIP) 

The same as case (1) 

 POP = TP - TDP - Phyto P –PIP   

from eq. (4.1). 

 PIP at WAS (1, 6, 10) = 0.22 (TP-

TDP) 

 PIP at WAS 5 = 0.41 (TP-TDP) 

 Phyto P calculated, eq. (4.2) 

3 

Literature P and 

Measured 

Phytoplankton 

groups (No PIP) 

 Using observed Phytoplankton bio-

volume by FlowCam to calculate 

Chla for each group as: 

- Phyto C = 10% observed 

phytoplankton biomass for 

each group. 

- Chl-a for each group (Redfield 

ratio). 

Phyto C : Chl-a =  60 : 1 (g/L) 

 POP  calculated from eq. (4.1) 

where, Phyto P is calculated 

directly from new Phyto C using 

eq. (4.2) 

4 

Measured P and 

Measured 

Phytoplankton data 

(With PIP) 

The same as case (3) 

 POP calculated from eq. (4.1) 

 PIP at WAS (1, 6, 10) = 0.22 (TP-

TDP) 

 PIP at WAS 5 = 0.41 (TP-TDP) 

 Phyto P calculated from eq. (4.2) 

5 

Literature P and 

Measured 

Phytoplankton data 

(No PIP) 

 Using observed Phytoplankton bio-

volume by FlowCam to calculate 

Chl-a for each group as: 

- Phyto C = 7.5% observed 

phytoplankton biomass for 

each group. 

- Chl-a for each group (Redfield 

ratio). 

Phyto C : Chl-a = 40 : 1  (g/L) 

 POP  calculated from eq. (4.1) 

where, Phyto P is calculated 

directly from new Phyto C using 

eq. (4.2) 
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6 

Measured P and 

Measured 

Phytoplankton data 

(With PIP) 

The same as case (5) 

 POP calculated from eq. (4.1) 

 PIP at WAS (1, 6, 10) = 0.22 (TP-

TDP) 

 PIP at WAS 5 = 0.41 (TP-TDP) 

 Phyto P calculated from eq. (4.2) 

7 

Literature P and 

Measured 

Phytoplankton data 

(No PIP) 

 TChl-a from extractions distributed 

into fractions as observed with 

FlowCam (Table 4.4). 

 To calculate Phyto C for each 

group: 

Phyto C : Chl-a  = 60 : 1 (g/L) 

 POP  calculated from eq. (4.1) 

where, Phyto P is calculated 

directly from new Phyto C using 

eq. (4.2) 

8 

Measured P and 

Measured 

Phytoplankton data 

(With PIP) 

The same as case (7) 

 POP calculated from eq. (4.1) 

 PIP at WAS (1, 6, 10) = 0.22 (TP-

TDP) 

 PIP at WAS 5 = 0.41 (TP-TDP) 

 Phyto P calculated from eq. (4.2) 

 

Table (4.6): Comparison between TChl-a from FlowCAM for cases (3-6) and observed TChl-a extractions 

at WAS 1, 6 and 10 (initial data) and WAS 5 (boundary data) 

Stations 
WAS 1 WAS 6 WAS 10 WAS 5 

Initial Conditions Boundary Condition 

Date (2015) 

 

 Phyto C : Chl-a 

(g/L) 

July 8 July 8 July 24 Aug. 6 Aug. 27 Sept. 3 Sept. 16 

60:1     (Cases 3-4) 0.12 0.12 0.07 0.13 0.56 0.34 0.26 0.30 0.26 

40:1     (Cases 5-6) 0.24 0.25 0.14 0.26 1.12 0.67 0.52 0.61 0.52 

Obs. TChl-a  (ECCC) 0.12 2.20 0.70 0.70 8.40 3.60 3.20 7.20 3.00 

4.4 Results 

4.4.1 Model Validation 

Hydrodynamics: ELCOM was validated against data from three temperature moorings and an 

acoustic Doppler current profiler (Chapter 3) deployed in Nottawasaga Bay. The calculated 

root-mean-square-error (RMSE) were 1 - 2.5 oC and 0.064 - 0.058 m/s. These values are similar 
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those found in the literature, for example, RMSE of 1 - 3 oC and 0.04 - 0.06 m/s in eastern Lake 

Ontario (Paturi et al., 2012). 

Phosphorus: Observed and simulated TP and SRP (simulated as PO4) were positively correlated 

(R2 (TP) = 0.98 and R2 (SRP) = 0.77 at WAS 8 for cases 7 and 8, respectively (eg. Leon et al., 

2011; R2 (TP) = 0.48 and R2 (SRP) = 0.71)) and minimum RMSE for TP 1.6*10-3 mg/L (case 7) 

and 1.7*10-3 mg/L (case 8) at WAS 10, and for SRP 3.5*10-4 mg/L (case 7) and 3.6*10-4 mg/L 

(case 8) at WAS 8 (App. C; Fig. (C-1) and Fig. (C-2)). 

Nitrogen: Simulated nitrate and ammonium were visually consistent with observations, the 

RMSE for nitrate is between 0.067 mg/L (WAS 1) and 0.105 mg/L (WAS 6), and for 

ammonium is between 0.002 mg/L (WAS 1) and 0.0054 mg/L (WAS 8) (App. C; Fig. (C-3) 

and Fig. (C-4)).  

Phytoplankton: The simulated TChl-a time-series, from the eight simulations cases, was 

compared to observed ECCC extractions at five stations (WAS 1, 3, 6, 8 and 10; Fig. 4.3). Cases 

3-6 underestimate the initial condition, in agreement with the observation that the FlowCam 

underestimated the TChl-a (Table 4.6). Cases 1-2 and 7-8 had improved simulation of TChl-a 

at the start of the simulation, as they were initialized with the TChl-a extraction data. Cases 1-

2 had good prediction, compared with observations especially at stations WAS 6-8, on day 205 

and WAS 10 on day 218 (error < 0.1 g/L). Cases (7-8) best captured the variation in the 

observed TChl-a; with case 8, which included PIP, capturing both the high initial condition and 

late summer reduction in Chl-a.  
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Figure (4.3): Modelled time series for the eight study cases vs observed TChl-a, a) at station WAS 1, b) at 

station WAS 3, c) at station WAS 6, d) at station WAS 8 and e) at station WAS 10 
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4.4.2 The impact of available organic P: POP vs. PIP  

Case 8 includes a PIP fraction that reduces POP relative to case 7, where PIP is neglected (see 

equation (4.1)). The inclusion of PIP gives improved simulation of low Chl-a during late 

summer (Fig. 4.3). When PIP is modelled, the river delivers less bio-available, labile P because 

PIP is not available for uptake.  When PIP is neglected, POP is increased (to keep TP constant 

at observed values in equation (4.1)); this fraction is labile and will break down to give bio-

available PO4 to phytoplankton, thereby increasing Chl-a concentrations in late summer (Fig. 

4.3). For example, simulated POP and TChl-a time series for cases 7 and 8 (Fig. 4.4), show 

POP in case 7 (no PIP) to increase sharply (days 191 and 195) at all stations due to the incoming 

river flow (area (1) in Fig. 4.4a), which directly increased TChl-a. This also occurred at stations 

WAS 1 and 3 (Fig. 4.4b-c) where POP for case 7 increased on day 196 and the TChl-a for case 

7 is more than case 8 (line (2)). Even when there is a small increase in the POP for case 7 (~0.5 

g/L), where the maximum POP value is (~ 5 g/L) (Fig. 4.4), there is an increase in TChl-a 

(~0.4 g/L) during days 222 to 227 (area (3)). This agreed with a same finding when Tett et al. 

(1975) provided data for a coastal phytoplankton bloom, the resulting ratio averaged over the 

water column was 1 mg Chl-a / 1 mg particulate P (Lauenroth et al., 1983). This strong response 

of TChl-a to changes in available P shows the domain to be P limited and confirms the 

importance of P fractions other than PO4 in regulating growth.  

To better quantify the difference between observed and modelled TChl-a, the RMSE 

values were calculated for each case at each station (Table 4.7). It was found that case 8 had 

the lowest RMSE (1.06 g/L) in support of the qualitative comparison that case 8 was closest 

to the observations (Fig. 4.3). 
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Table (4.7): Calculated RMSE for the eight simulated study cases at each station (Fig. 4.3) 

Study Case  
RMSE TChl-a at each station (g/L) Average 

RMSE (g/L) W1 W3 W6 W8 W10 

1   (No PIP) 1.17 0.96 2.28 0.95 0.96 1.26 

2   (With PIP) 1.12 0.95 2.27 0.91 0.90 1.23 

3   (No PIP) 0.36 0.81 3.05 1.51 0.50 1.24 

4   (With PIP) 0.65 0.77 2.73 1.40 0.57 1.22 

5   (No PIP) 0.60 0.71 2.68 1.32 0.51 1.16 

6   (With PIP) 0.64 0.73 2.70 1.34 0.55 1.19 

7   (No PIP) 0.97 0.98 2.40 0.98 0.79 1.22 

8   (With PIP) 0.78 0.73 2.35 0.89 0.55 1.06 

 

4.4.3 The impact of hydrodynamics on nearshore phytoplankton  

Fig. (4.3) shows a sudden ~1 g/L decrease in TChl-a between days 223 and 226 at all stations, 

suggesting a large-scale circulation event. Plots of wind speed, wind direction, surface 

temperature and TChl-a for case 8 show an upwelling event occurred at this time (Fig. 4.5). The 

event took place when a strong wind of 10 m/s from the north (Fig. 4.5), which deflects surface 

currents to the right by Coriolis, caused upwelling of cold hypolimnetic water toward along the 

eastern shore (Fig. 4.5a). When the wind changed direction from north to west, the cold water 

to propagate south towards Wasaga Beach (Fig. 4.5b-d). This event affected phytoplankton, by 

initially reducing concentrations (to <0.25 g/L) characteristic of hypolimnion water. As the 

upwelling water mass moved toward the south, Nottawasaga River water became trapped 

nearshore (Fig. 4.5a-d), which resulted in the domain along Wasaga Beach resetting from being 

associated with the lake initial TChl-a condition (Fig. 4.3; days 190-225) and becoming 

dominated by Nottawasaga River inputs, where P fractions – in the river water – control 
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phytoplankton growth (Fig. 4.3; days 225-260) along Wasaga Beach. As the wind turned south 

(day 225.5), warm surface water and TChl-a was advected back towards north to northwest 

(Fig. 4.5e-g and l-m). These results, that initial conditions regulate TChl-a simulation in the 

nearshore regions a large waterbody, until hydrodynamics physically trap high-nutrient river 

plume water nearshore, are evident in Fig. (4.3), where Case 8 initially tracks with the other 

cases with the same ECCC observed TChl-a initial condition and then deviates, after the 

upwelling event, to track with the other cases that include PIP.     
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Figure (4.4): The impact of modelled POP on TChl-a time series for cases 7 and 8 at areas have high river 

flow (areas (1 and 3) and line (2)), a) Nottawasaga River inflow, and their corresponding lines 

for POP and TChl-a at; b) at station WAS 1, c) at station WAS 3, d) at station WAS 6, e) at 

station WAS 8 and f) at station WAS 10 
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Figure (4.5): Snapshots for the simulated water temperature and TChl-a for case 8 during the upwelling 

event, a) – g) are simulated water surface temperature between days 223 and 226, h) – n) are 

simulated TChl-a between days 223 and 226 
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4.4.4 Phytoplankton succession  

A comparison between the simulated phytoplankton fractions (case 8) and those observed with 

the FlowCam is shown in Fig. (4.6). Near day 205, the model did not capture the increase in 

Early Diatoms (stations WAS 1, 3 and 8), compared with observations (Fig. 4.6a-b and d). This 

difference may have occurred (at WAS 3 and 8) due to the lack of the initial measurements at 

the beginning of the run, only WAS 1, 6 and 10 were used to initialize the model. The figure 

also illustrates that early and late diatoms reached 50% in early summer (day 196) and then 

decreased to an average 10% for all stations, which agreed with observations. Flagellates were 

simulated with an average of 35%, while other phytoplankton had a maximum percentage 

(~70%) by the end of the study period, but both do not match observations after day 230. 

Finally, Cyanobacteria didn’t increase as observed to ~80% (especially Fig. 4.6a-b and d); they 

ranged from 10% to 20%. This latter result may be because the model parameters are not suited 

for cyanobacteria growth.  The present setup follows that by Leon et al. (2011) for Lake Erie, 

where cyanobacteria was modelled and observed to be negligible. The cyanobacteria simulation 

may be improved by tuning the model growth parameters, which – given the 3 week ELCD 

run-times for this setup – is beyond the scope of the present work. The inability to model 

nearshore cyanobacteria may also be related to the lake resetting from the initial condition 

during the upwelling event on day 224.5 (Fig. 4.3). After this event, cyanobacteria predominates 

in the FlowCam observations (Fig. 4.6) as the Nottawasaga River plume becomes trapped 

nearshore (Fig. 4.5) and regulates water quality (Fig. 4.4). The FlowCam will not capture 

delivery of pico-plankton or large flocks of cyanobacteria (see section 4.3.6) from the 

Nottawasaga River plume, which may seed growth in the lake. However, cyanobacteria 

predominate in the FlowCam observations (Fig. 4.6; Table 4.4). 
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Figure (4.6): Simulated phytoplankton groups time series for case 8 with observed FlowCAM data in 

percentage, horizontal red lines represent the simulated phytoplankton groups (Early 

diatoms, late diatoms, flagellates, other and cyanobacteria) at a) WAS 1, b) WAS 3, c) WAS 

6, d) WAS 8 and e) WAS 10 
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4.5 Conclusions: 

ELCD was applied to investigate the importance of including the PIP fraction as well as direct 

observations of phytoplankton succession in initial and boundary condition data to predict 

eutrophication along Wasaga Beach. The best results, in comparison to observed TChl-a, was 

for case 8 (TChl-a RMSE = 1.06 g/L), where PIP was included in the P budget and 

phytoplankton group fractions observed with a FlowCam were scaled to match total biomass 

from Chl-a extractions. Neglecting PIP in this simulation increased the RMSE to 1.22 g/L 

(case 7). 

By neglecting PIP, POP increased in the P budget to maintain observed TP.  This had direct 

impact on TChl-a, with an increase in POP (~0.5 g/L) accompanied by an increase in TChl-a 

(~0.4 g/L) from there being more available P in the river input. Using FlowCam data to 

reproduce seasonal variations in phytoplankton load from the initial condition and Nottawasaga 

River did not cause a significant improvement in RMSE relative to literature values of average 

fractional distributions of phytoplankton (Table 4.7). This may be improved by adjusting 

CAEDYM parameters to better simulate succession and in particular late summer growth of 

cyanobacteria. The FlowCam underestimated total biomass, and so Chl-a extraction data is 

recommended for modelling.       

Nearshore, TChl-a was also influenced by hydrodynamics, with upwelling resetting the 

influence of the lake initial condition and trapping Nottawasaga River water near Wasaga 

Beach, where P fractions in river water were able to regulate phytoplankton growth. When 

coastal trapping does not occur, the Nottawasaga River plume becomes diluted in the vast 

oligotrophic offshore waters of Georgian Bay (Chapter 3) and inclusion of PIP in the P budget 

was less significant (e.g., at the initial condition of the present simulations).  
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The model failed to capture observed late summer cyanobacteria growth. This likely results 

from the model parameters being tuned against Lake Erie observations, when cyanobacteria 

was negligible. Future work should attempt to improve this aspect of the simulation, by tuning 

CAEDYM to reproduce the cyanobacteria bloom. 

The simulations show available P, in summer when cyanobacteria predominate, is from the 

Nottawasaga River discharge. This increases with river flow, particularly at station Was 6 near 

the Nottawasaga River mouth (Fig. 4.4; App. C, Fig C-1). Reducing available P in the 

Nottawasaga River during summer may reduce the incidence of cyanobacteria growth. 
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Chapter 5 

General Conclusions 

Wasaga Beach, southeastern Georgian Bay, is suffering from water quality degradation due to 

runoff from urban and agricultural lands causing an increase in algal blooms containing 

cyanobacteria that can release toxins in the bay. Insufficient information from a lack of 

monitoring and science has hampered the ability to manage the water resource by providing 

limited insight on the causes of the algal bloom problem as well as its consequences. The 

findings of this research provided information on the value of additional data collection that 

will improve environmental monitoring, assessment and scientific information required to 

measure the effectiveness of control strategies. In addition to improving future ECCC modeling 

by developing better tools for management of water quality. 

ELCOM showed that maximum tracer percentages occurred near the beach at high river 

discharge with west and north winds. The calculated velocity scale (Ws) indicated that stations 

located north of the river mouth (stations 1-5) are often influenced by the Coriolis force acting 

on the river discharge (Ws < 1). Concentration peaks occurred during times of low winds and 

high river discharge. Conversely, north winds pushed the plume towards stations south the river 

mouth (6-10), where Ws > 1. At high wind events and low river discharge, west winds will trap 

the river plume nearshore.   

Total chl-a (TChl-a) was influenced by hydrodynamics at high wind (~9m/s) causing 

upwelling that reset the influence of the lake initial condition and trapped Nottawasaga River 

water near Wasaga Beach. Bio-availability of P in river water then regulated phytoplankton 

growth. Consequently, the model could not predict the change in observed TChl-a at Wasaga 

Beach stations after the upwelling. 
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FlowCam data provided by University of Guelph underestimated total biomass, and so 

chlorophyll extraction data is recommended for model forcing and validation. Using TChl-a 

from extractions distributed fractionally into algal groups, according to the FlowCam 

observations, to reproduce seasonal variations in phytoplankton load from the initial condition 

and Nottawasaga River boundary flow did not cause significant improvement in RMSE, relative 

to using published literature values of average seasonal fractional distributions of 

phytoplankton.  

Neglecting PIP increased POP in the P budget, to maintain conservation of observed 

TP. This had a direct impact on TChl-a, with an increase in POP (~0.5 g/l) accompanied by 

an increase in TChl-a (~0.4 g/l) by providing more available P from the river. This response 

of TChl-a to changes in available P shows the domain to be P limited and confirms the 

importance of P fractions, other than PO4, in regulating growth. The simulations showed 

available P, in late summer when cyanobacteria predominate, is from the Nottawasaga River 

discharge. This increases with river flow, particularly near the Nottawasaga River mouth 

(station WAS 6). Reducing available P in the Nottawasaga River during late summer may 

reduce the incidence of cyanobacteria growth. 

This study would be more comprehensive if observational data were available to start 

the model in time to capture the spring phytoplankton bloom. This is recommended as future 

work. The CAEDYM model parameters should also be adjusted for cyanobacteria growth, since 

the model failed to capture observed late summer cyanobacteria growth; likely as a result of the 

model parameters being specified from a calibration against Lake Erie observations, when 

cyanobacteria was negligible. Given the 3 week ELCOM-CAEDYM run-times, for these 
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simulations, comprehensive calibrations of CAEDYM to reproduce the cyanobacteria bloom 

was beyond the scope of the present work.  

The results from this research will help in estimating the occurrence and distribution of 

the nutrients and phytoplankton along Wasaga Beach, what physical processes govern them 

and how these processes affect the transport pathways. Moreover, it showed the importance of 

observing more P fractions (specifically PIP) and its impact on prediction of Chl-a. This is 

expected to guide further study on phytoplankton occurrence in other areas of Georgian Bay 

and in other Great Lakes regions.  
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Appendix A 

Wind rose and initial temperature profiles data 

 

 

Figure (A-1): Wind rose data (wind speed and wind direction) were available at buoy no. 45143, Georgian 

Bay 
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Figure (A-2): Temperature profiles at Wasaga Beach stations used to initialize and force ELCOM model on 

Day 148.5 (Chapter 3) and Day 189 (Chapter 4) 
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Figure (A-2): Temperature profiles at stations 701, 702 and 703 used to initialize and force ELCOM model 

on Day 148.5 (Chapter 3) and Day 189 (Chapter 4) 
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Appendix B 

Phytoplankton parameters definition and values 

Table (B-1): Parameter definitions and values for phytoplankton characteristics and processes (Leon et al., 

2011) with some adjustments (Luis Leon, person. comm.) 

Parameter CYANO OTHER FLAG. E DIAT  L DIAT References  Description 

YC:Chla 50 40 180 50 50 1, 2, 3, 4 Ratio of C to chla (mg C 

(mg chla)-1) 

mmax  1.1 0.8 1.0 1.7 1.99 5, 6, 7, 8, 9, 

10 

Maximum growth rates 

of algae (d-1)  

J 1.09 1.06 1.06 1.048 1.075 Optimized Temperature multiplier 

for growth (-) 

R 0.17 0.11 0.20 0.13 0.15 11, 10, 12 Algal respiration, 

mortality, and excretion 

(d-1) 

JRi 1.06 1.08 1.08 1.09 1.035 Optimized Temperature multiplier 

for respiration (-) 

fdom 0.7 0.2 0.4 0.4 0.4 22 Fraction of mortality & 

excretion that is DOM 

(remainder is POM) 

fresp 0.5 0.2 0.2 0.3 0.3 22 Fraction of algal losses 

that is respiration 

(remainder is mortality 

and excretion) 

UPMAX 1.0 2.0 0.7 0.4 1.0 8, 13 Maximum phosphorus 

uptake rate (mg P (mg 

Chla)-1 d-1) 

KP 0.009 0.003 0.003 0.009 0.005 2, 13, 14, 

19 

Half saturation constant 

for phosphorus uptake 

(mg P L-1) 

IPMAX 1.0 2.0 1.0 1.8 1.3 8, 13, 14, 

15 

Maximum internal 

phosphorus concentration 

(mg P (mg Chla)-1) 

IPMIN 0.1 0.3 0.1 0.18 0.13 8, 14, 9, 15 Minimum internal 

phosphorus concentration 

(mg P (mg Chla)-1) 

UNMAX 1.5 1.5 1.5 1.5 1.5 1, 8 Maximum nitrogen 

uptake rate (mg N (mg 

Chla)-1 d-1) 

KN 0.045 0.06 0.045 0.045 0.045 3, 8, 11, 19 Half saturation constant 

for nitrogen uptake (mg 

N L-1) 
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INMAX 4.0 9.0 4.0 4.0 4.0 1, 8 Maximum internal 

nitrogen concentration 

(mg N (mg Chla)-1) 

INMIN 2.0 3.0 2.0 2.0 2.0 1, 8 Minimum internal 

nitrogen concentration 

(mg N (mg Chla)-1) 

Ik 130 100 40 60 60 See text Onset of light saturation 

of photosynthesis (μE m-2 

s -1) 

ηA  0.02 0.014 0.014 0.02 0.02 16 Algal effect on the 

extinction coefficient ((g 

chla m-3)-1 m-1) 

KSi N/A N/A N/A 0.150 0.055 8, 14, 17, 

18 

Si ½ saturation constant 

for algal uptake (mg Si02 

L-1) 

𝑇𝑆𝑇𝐷𝐴
 20 20 19 7 19 22, 23 Standard temperature for 

algal growth (°C) where 

fT1 = 1.0 

𝑇𝑂𝑃𝑇𝐴
 25.0 25.0 21.0 9.8 23.0 22, 23 Optimum temperature for 

algal growth (°C) where 

fT1 = maximum 

𝑇𝑀𝐴𝑋𝐴
 35.0 31.0 27.5 18.5 31.0 22, 23 Maximum temperature 

for algal growth (°C) 

where fT1 = 0 

vs 0.07 0.02 0.02 0.09 0.09 8, 19, 20, 

21 

Settling velocity at 20 °C 

(m ds-1) 

 

1. Healey & Hendzel 1980 

2. Istvanovics et al. 1994 

3. Zevenboom 1980 

4. Smith et al. 2007 

5. Seip & Reynolds 1995 

6. Morgan & Kalff 1979 

7. Butterwick et al. 2005 

8. Lehman et al. 1975 

9. Grover 1991 

10. Bierman & Dolan 1981 

11. Schladow & Hamilton 1997 

12. Geider & Osborne 1989 

13. Smith & Kalff 1983 

14. Romero et al. 2004 

15. Istvanovics et al. 2000 

16. Megard et al. 1980 

17. Ferris & Lehman 2007 

18. Paasche 1973 

19. Reynolds, 1984 

20. Scavia et al. 1988 

21. Fahnenstiel et al. 1989 

22. Leon et al., 2011 

23. Kim et al. 2014 
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Appendix C 

Plots for modelled vs observed nutrients 

 

Figure (C-1): Modelled time series vs observed total phosphorus (TP) with calculated RMSE for case 7 (No 

PIP) and case 8 (With PIP) at each station, a) at station WAS 1, b) at station WAS 3, c) at 

station WAS 6, d) at station WAS 8 and e) at station WAS 10 
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Figure (C-2): Modelled time series vs observed soluble reactive phosphorus (SRP) (simulated as PO4) with 

calculated RMSE for case 7 (No PIP) and case 8 (With PIP) at each station, a) at station WAS 

1, b) at station WAS 3, c) at station WAS 6, d) at station WAS 8 and e) at station WAS 10 
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Figure (C-3): Modelled time series vs observed nitrate (NH4) with calculated RMSE at each station, a) at 

station WAS 1, b) at station WAS 3, c) at station WAS 6, d) at station WAS 8 and e) at station 

WAS 10 
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Figure (C-4): Modelled time series vs observed ammonium (NO3) with calculated RMSE at each station, a) 

at station WAS 1, b) at station WAS 3, c) at station WAS 6, d) at station WAS 8 and e) at 

station WAS 10 
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Appendix D 

CAEDYM simulation files 

This appendix provides an overview on the configuration of CAEDYM simulation. There have 

been 4 main files that were used as the CAEDYM input for each study case: *.con 

(configuration file) that contains the general details of the CAEDYM modeling, *.bio 

(biological parameters file) that contains different biological parameters, *.sed (sediment 

characteristics file) that contains different sediment related biological and chemical parameters 

and *.chm (chemical parameters file) that contains different chemical parameters mainly related 

to nutrients. Following are the *.con, *.bio, *.chm and *.sed: 

*.con file: 

! CAEDYM v3 Configuration File:  Georgian Bay 

3.3           CAEDYM Version Number 

! Biological Configuration: 

! Phytoplankton 

 5   Number of PHYTOPLANKTON groups to simulate 

  2 4 5 6 7  Chosen groups to simulate 

 1   Currency (units): 1=Chl;2=C.&Chl params;3=C. &C params 

 5    Number of phyto groups with variable int. nitrogen stores 

  2 4 5 6 7  Chosen groups with variable IN 

 5   Number of phyto groups with variable int. phosphorus stores 

  2 4 5 6 7  Chosen groups with variable IP 

1e-2   Minimum allowable biomass for phytoplankton 

 T   Direction of advection of motile phytoplankton 

! ---------------------------------------------------------------------------------------------------------! 

*.bio file: 

! Biological parameters  

LIGHT constants    

!-- Extinction   Fraction of Incident SW       Bandwidth                                     ! 

     1.00000            0.410               : NIR, Near Infra-Red                                   ! 

     0.20000            0.450               : PAR, Photosynthetically Active               ! 

     1.80000            0.035               : UVA, UV-A Region                                 ! 

     2.50000            0.005               : UVB, UV-B Regin                                 ! 

PHYTOPLANKTON constants  

! Pmax (/day) : Maximum potential growth rate of phytoplankton                 ! 
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     0.60000            !1-DINOF 

     1.10000            !2-CYANO 

     1.20000            !3-NODUL 

     0.80000            !4-CHLOR  

     1.00000            !5-CRYPT  

     1.70000            !6-FDIAT  

     1.99000        !7-FDIAT 

! Ycc (mg C/mg chla) : Average ratio of C to chlorophyll a                     ! 

    300.0000           !dinof  

    50.00000            !cyanobacteria 

    50.00000            !nodularia  

    40.00000            !chlorphytes 

    180.0000            !cryptophytes 

    50.00000            !freshwater diatoms 

    50.00000            !freshwater diatoms 

! Light limitation (2=no photoinhibition, 3=photoinhibition)                   ! 

! algt (no units) : Type of light limitation algorithm                         ! 

           3 

           2 

           2 

           2 

           2 

           2 

           2 

! IK (microE/m^2/s) : Parameter for initial slope of P_I curve                 ! 

    140.0000  

    130.0000            

    100.0000            

    100.0000 

     40.0000 

     60.0000             

     60.0000             

! ISt (uEm^-2s^-1) : Light saturation for maximum production                   ! 

   390.0000           

   1300.000             

   200.0000            

   100.0000            

   200.0000            

    70.0000             

    70.0000            

! Kep (ug chlaL^-1m^-1) : Specific attenuation coefficient                        ! 

     0.01400             

     0.02000            

     0.02000             
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     0.01400             

     0.01400             

     0.02000             

     0.02000             

! Nutrient Parameters                                                                                    ! 

! KP (mg/L) : Half saturation constant for phosphorus                                ! 

     0.00383      

     0.00900      

     0.00800      

     0.00300     

     0.00300     

     0.00900      

     0.00600      

! Po (mg/L) : Low concentrations of PO4 at which uptake ceases                                 !  

     0.00000             

     0.00000             

     0.00000             

     0.00000             

     0.00000             

     0.00400             

     0.00150           

! KN (mg/L) : Half saturation constant for nitrogen                                                      ! 

     0.01980             

     0.04500      

     0.04500             

     0.06000             

     0.04500      

     0.04500      

     0.04500      

! Sicon (mg Si/mg Chla) : Constant internal Silica concentration                               ! 

     0.00000            dinoflagellates 

     0.00000            f'water cyanobacteria 

     0.00000            nodularia 

     0.00000            chlorophytes 

     0.00000            cryptophytes 

     60.0000          f'water diatoms - JRR 08/05 Harrison et al (1971) 

     40.0000          f'water diatoms - JRR 08/05 Harrison et al (1971) 

! KSi (mg/L) : Half saturation constant for silica                                                         ! 

     0.00000             

     0.00000             

     0.00000             

     0.00000             

     0.00000             

     0.15000 
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     0.05500   

! Sio (mg/L) : Low concentrations of Si at which uptake ceases                                  !  

     0.00000             

     0.00000             

     0.00000             

     0.00000             

     0.00000             

     0.1000             

     0.0200             

! KCa (mg/L) : Half saturation constant for carbon                                                          ! 

     2.00000             

     2.00000             

     2.00000             

     2.00000             

     2.00000             

     2.00000             

     2.00000            

! INmin (mg N/mg Chla) : Minimum internal N concentration                                      ! 

     36.0000            

     2.00000            

     2.00000           

     3.00000             

     2.00000                

     2.00000            

     2.00000            

! INmax (mg N/mg Chla) : Maximum internal N concentration                                    ! 

     45.0000            

     4.00000            

     4.00000            

     9.00000             

     4.00000             

     4.00000            

     4.00000            

! UNmax (mg N/mg Chla/day) : Maximum rate of Phytoplankton nitrogen uptake     ! 

   6.3            

   0.15000E+01                                                              

   0.15000E+01                                                               

   0.15000E+01                                                              

   0.15000E+01                                                               

   0.15000E+01                                                               

   0.15000E+01                 

 ! IPmin (mg P/mg Chla) : Minimum internal P concentration                                    ! 

     1.50000             

     0.10000     
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     0.10000   

     0.30000 

     0.10000 

     0.18000 0.1   

     0.13000 0.1   

! IPmax (mg P/mg Chla) : Maximum internal P concentration                      ! 

     21.0000 

     1.00000   

     0.50000   

     2.00000              

     1.00000               

     1.80000   

     1.30000  

! UPmax (mg P/mg Chla/day) : Maximum rate of phosphorus uptake                 ! 

   0.45000E+00       

   0.1000E+01         

   0.1000E+00                                                               

   0.20000E+01        

   0.70000E+00      

   0.40000E+00        

   0.10000E+01       

 ! ICmin (mg C/mg Chla) : Minimum internal C concentration                      ! 

    48.00000 

    15.00000 

    15.00000 

    15.00000 

    15.00000 

    15.00000 

    15.00000 

! ICmax (mg C/mg Chla) : Maximum internal C concentration                      ! 

   136.00000 

    80.00000 

    80.00000 

    80.00000 

    80.00000 

    80.00000 

    80.00000 

! UCmax (mg C/mg Chla/day) : Maximum rate of carbon uptake                   ! 

    20.00000 

    50.00000 

    50.00000 

    50.00000 

    50.00000 

    50.00000 
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    50.00000 

! IPcon (mg P/mg Chla) : Constant Internal P ratio if no int P is modelled         ! 

    0.30000       

    0.40000 

    0.40000 

    0.30000 

    0.30000 

    0.40000 

    0.40000 

! INcon (mg N/mg Chla) : Constant Internal N ratio if no int N is modelled     ! 

    3.00000 

    4.00000 

    4.00000 

    3.00000 

    3.00000 

    4.00000 

    4.00000    

! NFixationRate (mg N/mg Chla /day): Maximum nitrogen fixation rate         ! 

    2.00000   

    2.00000 

    2.00000 

    2.00000 

    2.00000 

    2.00000 

    2.00000 

! gthRedNFix () : Growth rate reduction under maximal N fixation                ! 

    1.00000   

    1.00000 

    1.00000 

    1.00000 

    1.00000 

    1.00000 

    1.00000 

! Temperature representation                                                                          ! 

! vT (no units) : Temperature multiplier                                                         ! 

     1.06000 

     1.09000   

     1.07000  

     1.06000 

     1.06000 

     1.04800 

     1.07500 

! Tsta (Deg C) : Standard temperature                                                                        ! 

    20.00000     
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    20.00000    

    20.00000    

    20.00000    

    19.00000     

    7.00000     

    19.00000    

! Topt (Deg C) : Optimum temperature                                                                    ! 

    22.00000    

    25.00000    

    22.0000                                                               

    25.00000    

    21.00000                

    9.80000    

    23.00000    

! Tmax (Deg C) : Maximum temperature                                                               ! 

    28.00000    

    35.00000    

    35.00000                                                               

    31.00000    

    27.50000         

    18.50000    

    31.00000    

! Respiration mortality and excretion.                                                                   ! 

! kr (/day) : Respiration rate coefficient                                                                ! 

     0.07000   

     0.17000  

     0.10000   

     0.11000  

     0.20000   

     0.13000  

     0.15000 

! vR (no units) : Temperature multiplier (no units)                                             ! 

     1.04000                                                               

     1.06000                                                               

     1.06000                                                               

     1.08000                                                               

     1.08000                                                               

     1.09000                                                               

     1.03500                                                               

! Fraction of respiration relative to total metabolic loss rate                            ! 

     0.60000E+00            (DINOF)                                 

     0.50000E+00            (CYANO)   

     0.25000E+00            (NODUL)   

     0.20000E+00            (CHLOR)   
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     0.20000E+00            (CRYPT)   

     0.30000E+00            (FDIAT)   

     0.30000E+00            (FDIAT)  

! Fraction of metabolic loss rate that goes to DOM (rest goes to POM)        ! 

     0.10000E+00            (DINOF)   

     0.70000E+00            (CYANO)   

     0.30000E+00            (NODUL)   

     0.20000E+00            (CHLOR) 

     0.40000E+00            (CRYPT)   

     0.40000E+00            (FDIAT)   

     0.40000E+00            (FDIAT) 

! Salinity limitation                                                                                       ! 

! maxSP (psu) : Maximum potential salinity                                                ! 

    36.00000        dinoflagellates                                    

    36.00000            f'water cyanobacteria                              

    36.00000            nodularia                                          

    36.00000            chlorophytes 

    36.00000            cryptophytes 

    36.00000            marine diatoms   

    36.00000            f'water diatoms  

! Sop (psu) : Minimum bound of salinity tolerance                                      ! 

    18.00000                                                               

     3.00000                                                               

    28.00000                                                               

    14.00000                                                               

    20.00000                                                               

    1.00000                                                               

     1.00000                                                               

! Bep (no units) : Salinity limitation value at S=0 and S=maxSP                ! 

     1.00000                                                               

     3.00000                                                               

     2.00000                                                               

     2.50000                                                               

     2.00000                                                               

     5.00000                                                               

     5.00000                                                               

! Aep (no units) : Salinity limitation value at S=Sop                                    ! 

     1.00000             

     1.00000             

     1.00000             

     1.00000             

     1.00000                                                               

     1.00000                                                               

     1.00000                                                               
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! Vertical migration and settling  (0-stokes, 1-constant, 2-motile w/o photoinhibition 3-motile w/ 

photoinhibition! 

! phvel (no units) : Type of vertical migration algorithm                              ! 

           3                                                               

           1                                                               

           1                                                               

           1                                                               

           1                                                               

           1                                                               

           1                                                               

! c1 (kgm^-3min^-1) : Rate coefficient for density increase                         ! 

     0.90000            dinoflagellates                                    

     0.124000            

     0.90000            nodularia                                          

     0.90000            chlorophytes                                       

     0.90000            cryptophytes                                       

     0.90000            marine diatoms                                     

     0.90000            f'water diatoms                                    

! c3 (kgm^-3min^-1) : Minimum rate of density decrease with time            ! 

     0.04150            dinoflagellates                                    

     0.02300             

     0.04150            nodularia                                          

     0.04150            chlorophytes                                       

     0.04150            cryptophytes                                       

     0.04150            marine diatoms                                     

     0.04150            f'water diatoms   

! c4 (mhr^-1) : Rate for light dependent migration velocity                           ! 

     0.60000  

     0.30000            f'water cyanobacteria                              

     0.30000            nodularia                                          

     0.30000            chlorophytes                                       

     0.85000            cryptophytes                                       

     0.85000            marine diatoms                                     

     0.85000            f'water diatoms   

! c5 (mhr^-1) : Rate for nutrient dependent migration velocity                    ! 

     0.60000    

     0.30000            f'water cyanobacteria                              

     0.65000            nodularia                                          

     0.30000       chlorophytes                         

     0.65000            cryptophytes                                       

     0.65000            marine diatoms                                     

     0.65000            f'water diatoms   

! IKm (uEm^-2s^-1) : Half saturation constant for density increase           ! 

    26.00000                                      
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   278.00000             

    25.00000                                                      

    25.00000                                                   

    25.00000                                                   

    25.00000                                                 

    25.00000             

! min_pd (kg/m^3) : Minimum phytoplankton density                              ! 

   980.00000            dinoflagellates                                    

   990.00000            f'water cyanobacteria                              

   980.00000            nodularia                                          

   980.00000            chlorophytes                                       

   980.00000            cryptophytes                                       

   980.00000            marine diatoms                                     

   980.00000            f'water diatoms 

! max_pd (kg/m^3) : Maximum phytoplankton density                            ! 

  1050.00000          dinoflagellates                                    

  1002.00000            f'water cyanobacteria                              

  1050.00000            nodularia                                          

  1025.00000            chlorophytes                                       

  1050.00000            cryptophytes                                       

  1025.00000            marine diatoms                                     

  1025.00000            f'water diatoms                                    

! pw20 (kgm^-3) : Density of water at 20 deg C                          ! 

  1000.00000 

! dia (m) : Diameter of phytoplankton                                          ! 

 0.50000E-04                                                               

 0.50000E-04                                                               

 0.50000E-04                                                               

 0.80000E-05                                                               

 0.10000E-04                                                               

 0.10000E-04                                                               

 0.10000E-04                                                               

! ws (ms^-1) : Constant settling velocity                                      ! 

 0.00000E+00                                                               

-0.08500E-05                                                         

-0.08500E-05        

-0.23000E-06                                                          

-0.23000E-06        

-1.00000E-05        

! Resuspension                                                                           ! 

! tcpy (N/m^2) : Critical shear stress                                         ! 

     0.02000      dinoflagellates                                  

     0.00100            f'water cyanobacteria                             

     0.00100            nodularia                                         
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     0.00100            chlorophytes                                      

     0.00100            cryptophytes                                      

     0.00100            marine diatoms                                    

     0.00100            f'water diatoms                                    

! alpPy (mg Chla/m^2/s) : Resuspension rate constant              ! 

 0.008 

! KTPy (mg Chla/m^2) : Controls rate of resuspension                           ! 

     0.00000      dinoflagellates                                  

     0.00010            f'water cyanobacteria                             

     0.00010            nodularia                                         

     0.01000            chlorophytes                                      

     0.00010            cryptophytes                                      

     0.00010            marine diatoms                                    

     0.00010            f'water diatoms                                    

! DTphy (days) : Phytoplankton sediment survival time                          ! 

     2.00000                                                               

     2.00000                                                               

     2.00000                                                               

     2.00000                                                               

     2.00000                                                               

     2.00000                                                               

     2.00000 

! Algal toxin and metabolite dynamics                                          ! 

! IXmin (mg/L (mg Chla/L)^-1) : Internal metabolite concentration when growth is zero        ! 

     0.00000                                                               

     0.20000                                                               

     0.20000                                                               

     0.00000                                                               

     0.00000                                                               

     0.00000                                                               

     0.00000  

! IXmax (mg/L (mg Chla/L)^-1) : Internal metabolite concentration when growth is Pmax        ! 

     0.00000                                                               

     2.00000                                                               

     2.00000                                                               

     0.00000                                                               

     0.00000                                                               

     0.00000                                                               

     0.00000  

! mX  : Temperature decay constant for metabolites                             ! 

     0.00000                                                               

     0.01000                                                               

     0.01000                                                               

     0.00000                                                               
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     0.00000                                                               

     0.00000                                                               

     0.00000  

! ---------------------------------------------------------------------------------------------------------! 

*.chm file: 

OXYGEN constants 

  50.00000   PCmax (g/m^2)  : Maximum limit of polychaete biomass          ! 

   2.66667   YOC   (mg C/mg O) : Respiration stoichiometric ratio of C to O2   ! 

   0.10000   fox   (no units)  : Frac of net DO allocated to seagrass roots     ! 

   2.66667   YSG   (mg sgC/mg O) : Stoichiometric factor, seagrass  C : DO         ! 

   2.66667   YOJ   (mg jelC/mg O) : Stoichiometric factor, jellyfish C : DO          ! 

   0.03000   oxmin (mg/L)  : Minimum DO in the bottom layer (mg/L)     ! 

   0.02000   prc   (no units)  : Photo-respiration phytoplankton DO loss      ! 

 

   CNP CYCLING Constants 

! ORGANIC PARTICLES (POM) ------!                                              !  

   0.10   POC1max (/day)    : Max transfer of POCL->DOCL             ! 

   0.0050  POC2max (/day)    : Max transfer of POCR->DOCR             ! 

   0.10   POP1max (/day)    : Max transfer of POPL->DOPL      ! 

   0.0050  POP2max (/day)    : Max transfer of POPR->DOPR              ! 

   0.10   PON1max (/day)    : Max transfer of PONL->DONL            ! 

   0.0050  PON2max (/day)    : Max transfer of PONR->DONR            ! 

! POMDiameter (m)      : Diameter of POM particles                             ! 

   0.50000E-04          

   0.50000E-04          

! POMDensity (kg/m^3)  : Density of POM particles                              ! 

   0.10050E+04          

   0.10050E+04          

! tcPOM (N/m^2)        : Critical shear stress for respn                             ! 

   0.0020               

   0.0020              

! KePOC (mg/L/m)       : Specific attenuation coefficient of POC          ! 

   0.04700E+00          

   0.04700E+00 

! DISSOLVED ORGANICS (DOM)                                                      ! 

   0.003            DOC1max (/day)    : Max mineralisation of DOCL->DIC     ! 

   0.001                       DOC2max (/day)    : Max mineralisation of DOCR->DIC     ! 

   0.026                       DOP1max (/day)    : Max mineralisation of DOPL->PO4      !         

DOP2max (/day)    : Max mineralisation of DOPR->PO4      ! 

0.006                       DON1max (/day)    : Max mineralisation of DONL->NH4     !          

DON2max (/day)    : Max mineralisation of DONR->NH4     ! 

! KeDOC (mg/L/m)       : Specific attenuation coefficient of DOC               ! 

   0.0100E+00         !  DOC1 (eg. LABILE)                           ! 
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   0.0100E+00         !  DOC2 (eg. REFRACTORY)               ! 

! Salinity bounds for DOCr flocculation                             ! 

   1.0000              Smindoc                                                      ! 

   10.000              Smaxdoc                                               

! kfloc: flocculation rate constant                           ! 

   0.50000                                                                                ! 

! kSWNP: Rate of DOCr Photolytic Decay   ! 

   0.00100       ! 

! DISSOLVED INORGANICS                                              ! 

! Adsorption/Desorption                                                         ! 

     0.00000           Kadd1NH4                                                 ! 

     0.00000           Kadd2NH4                                                 !                       

     0.00000           Kadd1PO4                                                 ! 

     0.00000           Kadd2PO4                                                 ! 

! Nitrification/Denitrification                                                 ! 

     1.08000           vN2  (-)  : Temp multiplier for denitrification !  

     0.01000           koN2 (/day) : Denitrification rate coefficient       ! 

     0.50000           KN2  (mg/L) : Half sat const for denitrification    ! 

     1.08000           vON  (-)  : Temp multiplier for nitrification    !  

     0.05000           koNH (/day) : Nitrification rate coefficient           ! 

     2.00000           KOn  (mg O/L) : Half sat constant for nitrification   ! 

     3.42857           YNH  (mg N/mg O): Ratio of O2 to N for nitrification  ! 

! ---------------------------------------------------------------------------------------------------------! 

*.sed file: 

! Sediment parameters  

   STATIC SEDIMENT constants 

! Theta(sed)           : Temp multiplier of sediment fluxes                      ! 

     1.05                                                                      ! 

!-- SEDIMENT OXYGEN DEMAND 

     1.20000   rSOs   (g/m^2/day) : Sediment exchange rate         ! 

     0.50000   KSOs   (mg O/L) : 1/2 sat. constant for static DO sediment flux   ! 

!-- NUTRIENT FLUXES                                                            ! 

! PO4 sediment flux                                                                ! 

     0.00260           SmpPO4 (g/m2/day) : Release rate of PO4               ! 

     0.5000             KOxS-PO4 (g/m^3)  : Controls sed release of PO4 via O      ! 

! NH4 sediment flux                                                                     ! 

     0.01900           SmpNH4 (g/m2/day) : Release rate of NH4               ! 

     0.5000             KDOS-NH4 (g/m^3)  : Controls sed release of NH4 via O    ! 

! NO3 sediment flux                                                                  ! 

     -0.01000           SmpNO3 (g/m2/day) : Release rate of NO3                ! 

     0.5000              KDOS-NO3 (g/m^3)  : Controls sed release of NO3 via O   ! 

! Si sediment flux                                                                   ! 

     0.3000              SmpSi (g/m2/day)  : Release rate of Si                 ! 
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     4.0000              KDOS-Si (g/m^3)   : Controls sed release of Si via O         ! 

! DOC sediment flux                                                                    ! 

     0.01000           SmpdocL (g/m2/day): Release rate of DOCL        ! 

     0.08000           SmpdocR (g/m2/day): Release rate of DOCR                      ! 

     0.50000           KDOS-doc (g/m^3)  : Controls sed release of DOC via O     ! 

! DOP sediment flux                                                                ! 

     0.00001           SmpdopL (g/m2/day): Release rate of DOPL                         ! 

     0.00001           SmpdopR (g/m2/day): Release rate of DOPR                 ! 

     0.50000           KDOS-dop (g/m^3)  : Controls sed release of DOP via O     ! 

! DON sediment flux                                                            ! 

     0.00001           SmpdonL (g/m2/day): Release rate of DONL                   ! 

     0.00001           SmpdonR (g/m2/day): Release rate of DONR                   ! 

     0.50000           KDOS-don (g/m^3)  : Controls sed release of DON via O    ! 

! ---------------------------------------------------------------------------------------------------------! 

 


